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Abstract

In large scale naval field, the propulsion system is usually electrical, in order to
allow a free placement of the internal combustion engines (ICE), more flexible
coupling with the power transmission and noise reduction. What is more, ships usually
travel in steady speed, meaning that their load is steady and therefore their waste
heat is steady. On that basis organic Rankine cycles (ORCs) are a promising technology
to utilize the available waste heat in order to increase the efficiency and reduce fuel
consumption. The design of the system must be as to maximize the power production
and not to alter the working point of the ICEs. What is more its stability and safety
must be guaranteed.

Simulation models are a convenient tool to both design and simulate the
behavior of a system. After the design models are created, the design point can be
determined for various fluids with a simple change of inputs. Also dynamic simulations
are a cheap, fast and reliable way to evaluate systems stability and performance in
dynamic conditions and allow the definition of the control strategy.

In this thesis flexible design point models of ORCs have been created in order to
optimize the power output and determine the working fluid with the best
performance. In addition to this, the basic parameters of the heat exchangers have
been calculated and also performance parameters of other components. These data
are used in order to create a dynamic model to simulate the cycles’ dynamic response
and develop a control strategy. The application of the models is done in a LNG carrier

Three different ORC layout are considered in this study. Single-stage, two-stages
both subcritical, and two stages with the high pressure stage to be supercritical. The
power output respectively for the best scenario in each layout are: 383,61 kw, 625,61
kW and 720,16 kW respectively. The control strategy proposed is the control of the
superheating and subcooling temperature difference for the subcritical evaporators
and condensers and entropy in the supercritical turbine’s inlet. The results show
that the systems reach steady state conditions within 150 seconds after the end of
the inputs’ variation.






NepiAnyn

Ita mAola peyaAou pey€Boug, To cloTNUA POWONG Eivatl cuvhBwWE NAEKTPLKO,
Tpo¢ eAeVBEPN TOMOBETNON TWV UNXAVWV EC0WTEPLKNG kKavong (MEK), éxovtag mio
€UEAIKTN oUvdeon He To cuoTnua petadoong Kivnong Kal pelwvovtag Tov B8opufo
napdAAnAa. Ta mAoia tagdevouv ouvnBwg pe otabepn TaxUTNTA, KAT EMEKTOON KOl
otaBepo Poptio kal otabepd MOOA AMOPPUNMTOUEVNG Beppotntag. To meptBaiiov
outd kablota tnv eykataotacn Opyavikwv KOkAwv Rankine (ORC) pia moAAad
UTtOOXOUEVN Texvoloyia yia aflomoinon tng BepudtnTag AUTHC, LE OTOXO TNV avénon
Tou BaBuou anddoong Kal TNV HElWON TNG KAatavaAwong Kauaoipou. O oxedlaouog
TOU OUOCTNHOTOC TPETEL VA YIVEL £TOL WOTE VA PEYLOTOMOLELTAL N Ttapaywyr) Loxvog,
Slxwg va petaPfarletal to onueio Asttoupylog Twv MEK. EmumAéov mpémel va €xel
EYYUNUEVN 0TOOPOTNTA KOl AohAAELQ.

To MPOCOUOLWTIKA HOVTEAQ eival pio pEBodog oxeSlaopol CUCTNUATWY Kal
TPOCoOoUOiwoNG TNG CUMUNEPLPOPAC TOUG. Me TNV KATAOKEUN UOVIEAWV oXeSLOOUOU
umopel va PBpebel to BEATIOTO Onuelo OXESLOOHOU TOU CUOCTHUOTOG Yla EUPELC
ouvBnkeg Asttoupyiag, yla dtadopa opyavikd péca, aAAAlovtag LOVo TG LETABANTEG
€10680u Tou povtéAou. Emiong, Ta SUVAULKA LOVTEAX TTPOCOUOLWONG AmoTeEAOUV Evav
$Onvo, ypriyopo Kat alomioto Tpomo va kTN Oel n otabepotnta Kal n cupnepidpopd
TOU OUOTHMOTOC O£ SUVOLLKEG CUVONKEC AELTOUPYLOC, ETUTPEMOVTIAC TAUTOXPOVA KOl
ToV oxeSlaouo KataAAnAou cuoTrpatog eAEyxou.

H mapovoa OSutAwpatik adopd TNV KOTOOKEUN EUEAKTWY HOVIEAWV
oxedlaopou Kat mpocopoiwong ORC. Ta povtéAda oxedlaopou untoAoyilouv To onpeio
oxeblaong tou KUkAou Tou PeAtiotomolel TNV Tapaywyn toxvog, yla Siadopa
opyavika peoa. EmumAéov SlaoctacloAoyouv Bactkd e€apTriuato TOU KUKAOU OMwG oL
evaAAdkteg Bepuotntag. H StaotactoAdynon eival avaykaia yia tnv dnulouvpyila Twv
SUVAULIKWY HOVTEAWV, TIOU TIPOCOMOLWVOUV TNV HETAPATik Asltoupyla Ttou
OUOTNUATOG O aAAayr TWV eEWTEPIKWV TTAPAUETPWY. AUTO ETUTPETEL TNV OVATITUEN
€VOG ouoThUaToC EAEyXou Tou Ba Kpatdel TNV Asttoupyia os aodaleic ouvOnkeg. H
epappoyn Twv HovtEAwv €ylve oe €va LNG carrier.

Tpelg Sladopetikol KUKAOL PeEAETwVTAL OTnV Topoloo epyacia. Mia
umokpiown mieon atpomnoinong, 8U0 UMOKPICIUEG TILECEL atpomoinong Kat Suo
TUECELG ATUOTOLNONG €K TWV OTolwv N Hia eival umepkpiown. H mapaywyr oxvog
elval 383,61 kw, 625,61 kW kot 720,16 kW avtiotolya. H otpatnykr Tou CUGTAUATOC
eAéyxou eilval va kpoatael otabepry tnv unmouén, tnv umePOBEpUOvON yla TOUG
UTTOKPIOLOUG ATHOTIOINTEG KAl TNV EVIPOTIAL £L00O0U OTOV UTIEPKPIOLUO oTpOBLAo.
Mpog eniteuén tou HeTABAAEL TIG OTPOGDES TWV OVTALWY KOL TNV TtApoXr Tou KpUoU
PEVHATOG OTOV CUUTIUKVWTH. Ta amoteAéopata S€ixvouV MW To cUCTNUA AUTO Elval
EMOPKEG KAl TWG TO OUCTAMOTA LooppPOomouv 150 O&eutepOAemTal PETA TNV
otaBeponoinon Twv PETABOAWV TWV MAPAUETPWY L0OS0U.
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Nomenclature

Surface [m?]
Baffle spacing [m]

Specific heat at constant
pressure [J/kg K]

Tubes’ inner diameter [m]
Tubes’ outer diameter [m]
Shell’s inner diameter [m]
Density [kg/m3]

Specific enthalpy [J/kg]
Stodola coefficient [m?]
Tube length [m]

Mass flow rate [kg/s]
Nusselt number

Number of tubes
Pressure [kPa]

Pinch between tubes [m]
Pinch point [K]

Prandle number
Reynolds number

Heat transfer rate [W]
Specific entropy [J/kg K]
Temperature [K]

fluid velocity [m/s]

Overall heat transfer

coefficient [kW/m?K]

v

ICE

Volumetric flow rate [m3/s]

Internal Combustion Engines

LNG
w

wf
ATy

ATsub

Liquefied Natural Gas

Power [kW]

Working fluid

Superheating temp. difference

Subcooling temp. difference

Greek letters

dynamic viscosity [Ns/m?]

Convection coefficient
[kW/m?K]

Efficiency

Heat recovery factor

Abbreviations, apexes and subscripts

hot
cold
cond
evap
pre
sub
sup
dp
odp

hot source stream
cold source stream
condenser
evaporator
preheater
subcooling
superheating
design point

off design point
inlet

outlet

isentropic

optimum



HP high evaporation pressure
LP low evaporation pressure

turb  turbine



Introduction

Heat engines are machines that operate between two temperatures to
generate mechanical work. They absorb high temperature heat from a medium and
after producing mechanical power they reject heat at different temperature levels.
The process of waste heat utilization uses this heat to produce additional power and
reject the rest of the heat at lower temperature. The Organic Rankine Cycle (ORC) is a
system able to operate with a low temperature heat source. Water-steam Rankine
cycles are unable to produce power with high efficiency if the hot source temperature
is low, while ORC can achieve good efficiency. Typical efficiencies are in the range of
5% to 23% depending on the heat source characteristics and working fluid.

The correct choice of the ORC design point is of critical importance, as it
determines the overall efficiency of the system both at design and off-design point
conditions. Additionally, a high priority matter is to guarantee a safe and efficient
operations of the system at off-design conditions. Dynamic models predict transient
and equilibrium behavior of the system under different external constraints, so
helping in the creation of safe operating conditions and good control strategies prior
to the creation of the system.

Attention must be paid to the selection of the organic fluid that will be used as
a working medium because it has a major impact both on thermal and overall system
efficiency. As Karellas et. al. [3] show, for the same conditions of low temperature
waste heat recovery different working fluids have up to 7% difference in the system
performance. Although the number of working fluids is high, there are some studies
which give indications of the characteristics that an organic fluid should have
according to each particular case, such as the critical point temperature as suggested
by Vivian et. al. [4].

An interesting field of ORC application is waste heat recovery. Ships have large
amounts of waste heat due to the usage of internal combustion engines (ICE) as
Spouse et. al. [5] shows. Shu et. al. [6] also reviewed the waste heat recovery on two-
stroke IC engine aboard ships and indicate that ORC is the best system to recover heat
at this low grade. Soffiato et. al. [7] indicate the possible hot streams that can be
utilized by an ORC in an LNG carrier and have studied this particular occasion. Also it
should be noticed the ships travel most of the time at a constant speed, which makes
it convenient to install an ORC. In naval applications safety is of great importance and
if a system is to be applied it must have proven its reliability and safety.

Dynamic models are a convenient way to check the models performance at
partial loads and to design a control strategy. Wei et. al. [8] made a comparison study
between different kind of models and concludes that different kinds have big
differences both in accuracy and computational time. Vaja [13] presents a simple and
flexible way to model an ORC system by connecting discrete components. His



approach is being followed in this thesis due to the simplicity that has. Quoilin et al.
[10] designed a dynamic model of an ORC and used it in order to develop a control
strategy, showing the usefulness of dynamic models.

The aim of this thesis is to create general and flexible models in order to
determine the design point of three different ORC systems and develop flexible
dynamic models in order to simulate and control them. The three different ORC cycles
that considered in this study are: one pressure level, two subcritical pressure levels
and two pressure levels, one of which is subcritical and the other supercritical. The
models are also applied to a LNG carrier. The goal is to exploit waste heat energy from
the ship ICE through an ORC waste heat recovery system. To this end, design point
models are applied to calculate the optimum design point of the cycle for different
fluids. Also basic characteristics of the system components are calculated, as length
and number of tubes in shell-n-tube heat exchangers. In addition to this, dynamic Off-
design models are applied at variable loads of the ship engine and a control strategy
is presented to validate the stability and safety of the system, which is a high priority
matter in naval applications.
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1. Literature review

In this chapter review in the literature is done. There are presented important
publications that have contributed in the scientific fields that affect the current study.
The review is focus in ORC architecture for waste heat recovery, in the choice of
different working fluids, the coupling of ORCs with ICE and the dynamic models.
Unfortunately, the literature in dynamic modeling of ORCs is not considered sufficient.
The modeling approaches proposed by authors are limited and they are not explained
fully enough as to be understood and applied. This is because the dynamic modelling
of ORCs is a still growing field and there is no global model to predict the behavior of
all systems.

1.1 Review on ORC architecture for waste heat recovery

ORC is a commonly accepted way to convert low temperature heat sources
into power. Their design allows them to operate without human presence and their
maintenance needs are low. As a result, several units are in operation currently and
ORC is a field that keeps growing. Except the simple cycle, more architectures are
proposed in the literature, giving more possible designs in order to recover waste heat
and transform it into power. Lecompte [22] made a review in the different kinds of
ORC.

As a reference, he considered the most common one, the subcritical ORC
(SCORC or basic ORC). Its layout is shown on the next figure. It is consisted by a pump,
an evaporator, an expander and a condenser. The pump forces the working fluid into
the evaporator where it evaporates and exits as vapor, usually superheated. Then it
expands through the expander, producing the useful mechanical work, which is
commonly transformed into electricity by a generator. After this it enters in the
condenser as a superheated vapor, changes phase and exits as liquid. Then it is
pressurized again by the pump, closing the cycle.

11
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Fig 1.1 Subcritical ORC [22]

Several author propose the use of a recuperator (RC) after the expander. This
is done in order to transfer heat from the superheated expanded vapor to the
subcooled liquid after the pump. Because of this, dry fluids have better potential when
a recuperator is used. This may lead to a big increase in thermal efficiency. But if there
is no limitation in the outlet temperature of the hot source this will not result in higher
power output, while having the cost of an additional component. A typical case that
recuperation is used is when exploiting heat from flue gases, due to the limitations in
their output temperature as acid dew point must not be reached.

a

Fig 1.2 ORC with recuperator [22]

Another alternation of the basic ORC is the regenerative ORC (RG). This is
usually done by a turbine’s bleeding as it is done in steam Rankine cycles. In this way
the thermal efficiency is increased and the irreversibility of the cycle is decreased. But
as stated in cases of waste heat recovery there is no need to increase the thermal
efficiency without increasing the power output on the same time, unless there is a
problem like the ADP of flew gases.

12
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A different approach is the organic flash cycle (OFC). In this case the liquid does
not change phase in the evaporator towards becoming vapor. Instead, after the
preheating of subcooled liquid, the liquid is throttled down to a lower pressure flash
tank. In the tank the saturated liquid is separated from the saturated vapor. The vapor
is leaded to the expander to expand. The liquid depending on the case can be leaded
to the condenser or can be throttled again in order to provide more vapor, of lower
pressure, which will be expanded afterwards. The OFC has in general good heat
recovery as no phase change is happening during the heat transfer but has lower
thermal efficiency due to the irreversibility that is caused by the throttle. Attention
must be paid to the fluid selection because if the fluid that is used is wet, then in the
end of the expansion there will be two phase mixture. This may cause problem to the
expander due to the existence of droplets.

@

Flash tank | ] I Expander

C10\

Fig 1.4 OFC cycle [22]
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The trilateral (triangular) cycle (TLC) in T-s diagram resembles a OFC. It also
does not evaporate the fluid during the heat exchange. Its main characteristic is that
the expansion begins from the liquid phase without any flash and ends in the two
phase region. In this way the heat recovery is very good as in OFC and also the
irreversibility of the flash is avoided. Again the thermal efficiency is lower but the
overall efficiency may be better than the one of the basic ORC due to the good heat
recovery. The main problem in this case is the expander, because the expansion is
done inside the two phase region and the efficiency is low.
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- Condenser
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Fig 1.5 TLC [22]

In the literature, instead of the usage of pure organic fluid, is proposed the
usage of mixtures of fluids. This involves the use of zeotropic mixtures. In this way the
phase change is not done any more under constant temperate. The result of this is the
decrease of the irreversibility of the cycle and therefor the increase in the exergy
efficiency. Although there is some improvement in comparison with the basic ORC, it
is around 3% the difference, so the writer proposes thermos-economic investigation
to be done before choosing to design a ORC using a zeotropic mixture of fluids.

Evaporator m @
Expander

if‘HTF
@

Fig 1.6 ORC with zeotropic mixtures [22]
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Following the same evolution path as the one of steam Rankine cycle,
transcritical (supercritical) ORCs are now possible to be designed with good efficiency
and no undesirable problems. By reaching supercritical pressure the heating is be
done without phase change, leading to better heat recovery. Usually it has less
thermal efficiency but due to very good heat transfer it may result in bigger power
output. Of course the selection of working fluids is limited to the ones which have
critical temperature lower to the one of the heat source. Also depending on the fluid
the heat exchange in the condenser may be done in supercritical conditions or in the
two phase region, resulting different design of the condenser. In the layout there is no
change of the component there is no change in comparison with the basic ORC.
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Fig 1.7 Supercritical ORC [22]

Instead of having only one evaporation level, more pressure levels can be more
effective as they have the possibility to decrease the heat’s sure temperature more.
more pinch point temperature differences are introduced to the cycle, but they are
between different streams and so higher heat recovery is possible. Losses in two
pressure level evaporator can be as low as 26% of the total irreversibility while in basic
ORC are from 30% to 77%. The pressure levels of the evaporators must be chosen
carefully and some methodologies for choosing them are proposed in the literature.
As the pressure levels increase the cycle turn to be similar to the theoretical Lorentz
cycle. On the one hand this might sound very promising, on the other the total UA
required is bigger, meaning biggest components, and the complexity of the system is
increased as more pumps and expanders are introduced too. The layout changes too.
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1.2 Review on the working fluids

The organic Rankine cycle, as is indicated by the name, is a Rankine cycle which
uses an organic medium instead of water in order to produce energy. Although it is
said organic, the medium doesn’t necessarily have to be an organic one in order for
the cycle to obtain the name. For example, CO2 and ammonia can be used in an ORC.
Due to the vast difference in the applications that organic fluids are used and the big
differences that their properties have, attention must be paid to the selection of the
cycle’s fluid. According to Velez [15] some of the parameters that are usually
exanimated are:

Environmental: All refrigerants have an impact on the ozone layer and global warming.
These impacts are measured by Ozone Depletion Potential (ODP) which is defined and
limited by Montreal Protocol and Global Warming Potential (GWP) which is by Kyoto
Protocol. These International Agreements have been made in order to promote the
usage of more environmental friendly chemical substances among other.

Security: As chemical substances the refrigerants can be toxic and flammable. These
factors make a leakage dangerous and must be taken into account when designing a
system. ASHRAE has developed a classification system especially for refrigerants in
order to indicate the danger level that their usage has. This is shown on Fig. 2.9:

16
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Fig 1.9 ASHRAE classification system

Stability: heat source’s temperature restricts the usage of some fluids. These is
because if they are exposed to temperatures above a certain point and on the
chemical structure is altered and the cycle is affected as a result. Also the danger might
be increased in case of leakage.

Pressure: high pressure is required in order for the cycle to operate. As the pressure
increases the cycle’s efficiency increases in some cases, but complexity and resistance
of the equipment are increased also, leading to increased installation cost.

Availability and low cost: for obvious reasons fluids with high availability and low cost
are preferable to the ones that are not.

Latent heat and molecular weight: high molecular weight and latent heat results in
more energy absorbed from the hot source and also contributes towards the
reduction of the size of system’s components as less mass and volume flow rates are
required.

Low freezing point: freezing point must be low enough to assure the lack of freezing
condition during cycle’s operation.

Saturation curve: every fluid has a unique saturation curve which leads to a unique
slope in the saturated vapor area in a T-s diagram. If the slope is vertical, then the fluid
is called isentropic. If it is negative or positive, it is called wet or dry respectively. Dry
fluids cannot end the expansion inside the two phase area and that is an advantage
compered to wet fluids as water, which needs superheating. The next figure clarifies
the differences between these fluids.

17
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Fig. 1.10 Possible saturation curves

In general, the selection of the proper fluid for the ORC is not easy due to the
many different criteria in which this choice is based. The peculiar situation of the ships
and the regulations that they have make this choice very crucial. Soffiato [7] chose to
study the following liquids for an ORC-WHR process on board a ship: R-134a, R-125,
R-236fa, R-245ca, R-245fa, R-227ea. Larsen [16] in his study about choosing fluid for a
marine application find out that the following fluids are suitable and have a low hazard
level: R-245ca, R-236ea, RC-138, C5F12, C-Propane, R-245fa, considering fire hazard,
health hazard and physical hazard. Senian He [17] in his study about fluid selection on
an LNG-carrier analyzes the following fluids to find the optimum one: C4F10, CF31, R-
236ea, R236fa, RC-318.

1.3 Review on coupling engines-ORC

ORC are commonly used in waste heat recovery as to increase total
energy production and improve the overall efficiency of the system. A very promising
opportunity is to couple an internal combustion engine (ICE) with an ORC system. ICE
have large amounts of waste heat energy aborted to the environment. The hot
exhaust gases, the intercooler of the compressed air, the cooler of the jacket water
and lubricating oil are the biggest part of them. A Sankey diagram of a typical tanker
ship as proposed by Dimopoulos et. al. [32] is shown in Fig 2.11. This Sankey diagram
is used to indicate the magnitude of waste heat losses in a ship’s engine and the

18



possible gain of utilizing this waste. Although it is very promising to utilize the hot
streams shown above, attention must be paid to the design of a system like this. In
the literature there are several studies of coupling like this.

Propulsive
Thrust

Electrcity

Heat
Service steam

Cooling losses Exhaustgas Mechanical & transmission
losses losses

Fig 1.11 Typical energy flow diagram of a modern tanker at sailing condition [32]

Wang [18] performed an analysis of a novel system combining a dual loop ORC
with a gasoline engine. In his study he recovered hear from an 130KW BL18T gasoline
engine both from the cooling system and the exhaust gases and produced power
through two expanders. The high pressure evaporator used the exhaust gases and was
containing R-245fa while the low pressure evaporator was using the waste heat from
the cooling system and was containing R-134a. The high pressure circuit after the
expansion was preheating the low pressure circuit like in regenerative cycles. After
them coupling of the two systems the maximum power is increased by 32 kW,
meaning a 25% increase. The system’s configuration is in Fig 2.12:
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Fig. 1.12. Schematic of a dual loop ORC system combined with a gasoline engine [18]

Another analysis of ICE combined with a dual loop ORC was performed by Song
[19]. The configuration was similar with the one performed by Wang [18] and the two
circuits also use different working fluids. The ICE uses diesel fuel and has a 996 kW
power output at 1500 rpm. In this analysis for the HT loop cyclohexane, benzene and
toluene are selected while for the HT loop R-123, R-236fa and R-245fa are chosen. In
the end the results show that the maximum power output is obtained by cyclohexane
in the HT loop and R-236fa in the LT and is 111.2 kW. This leads to a 11.2% increase in
the total power of the ICE. A T-s diagram in Fig. 2.13 shows the two loops:

Engine exhaust gas

Jacket coolW
3 ) [ 4
2/ LT loop /> 5
L //-6

Fig. 1.13. T—s diagrams the dual loop ORC system for engine waste heat recovery [19]
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Yu [20] also utilized waste heat from an internal combustion engine. He used
R-245fa and used one loop. The as well used both jacket’s water and exhaust gases
waste heat, but he used a thermal oil to transfer heat from the exhaust gases to the
organic fluid. The diesel engine he studied had 6 cylinders and was driving a generator,
so the rotational speed was constant at 1500 rpm. Albeit the speed was constant the
load was not. The study involves five different loads of the engine, at 285.3 kW, 235.8
kW, 211.6 kW, 176.2 kW and 117.7 kW. After the optimization of the cycle the power
that the ORC produces in each case is 15.5 kW, 14.5 kW, 13.7 kW, 11.3 kW and 7.2 kW
respectively.
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S e | rtemmAL: | o orking g Turbine 1R}
Py " o circuir 2 | exchangers Power Output
S Hi
g
g sPoint 4
& 4 ORCCIRCUIT
* Point 2 .
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JACKET ek CON, g
. . re-heater Condensers| ©o
Diesel Engine | WATER CON, g
g CIRCUIT 5
S
< _—
Point 1 A Point 5
Pump of working fluid
w— EXHAUST GAS FLOW JACKET WATER FLOW w3 WORKING FLUID FLOW

—> THERMAL OIL FLOW » COOLING WATER FLOW

Fig. 1.14. Schematic diagram of the bottoming ORC [20]

Usitalo [21] made an experimental study in exploiting waste heat energy from
the supercharged air before entering the ICE using one circuit with R-245fa and
isopentane. He used a shell tube heat exchanger evaporator with a small superheat in
order to be sure that there would be no liquid droplets in the expander. Both steady
state and transient tests were run in order to evaluate the performance of the system.
The steady state result showed that by increasing the evaporation pressure the heat
rate introduced in the evaporator was decreased and the mass flow rate of the organic
fluid too. Also the available heat drops significantly with the loads decrease from a
certain point and on. The transient test showed that the ORC reaches steady state
conditions 10 minutes after the start of the ICE’s operation.
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Fig. 1.15. A simplified process diagram of an ORC utilizing charge air heat [21]

1.4 Review on dynamic models and control strategies

The dynamic Off-Design models are a convenient way to predict the
performance, safety and stability of a real system. They also allow the development
of the proper control strategy, by evaluating the impact it has on the system’s
behavior through simulations. Off-design models are proposed in the literature and it
is a scientific field that keeps developing as there is no global model to predict
correctly the behavior of all the systems.

Astrom etc. [28] analyzed the complex dynamic behavior of a drum filled with
vapor and liquid. His analysis indicates a way to predict the drum’s behavior when the
external parameters are known, such as mass flow rate entering and leaving and heat
transferred to the drum. The calculations are done by solving the mass and energy
balance equations that characterize the system. Astrom in order to avoid complex
calculations proposes that the tubes temperature can be supposed to vary in the same
way as the drums fluid does.
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Fig. 1.16. Schematic of a drum [28]

Wei [8] made an experimental analysis in a real ORC system in order to validate
the models he constructed. He considered two different types of models for the
evaporator and the condenser, one moving boundary and one discretized. The moving
boundary model does not have fixed bounders, but they are moving as the zones of
different phases change. For example, as Wei stated, for the evaporator three zone
are enough to form the model, one for the subcooled liquid, one for the two-phase
mixture and one for the superheated vapor.
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m. . m
- L=T'=T" [ L
h, } : {hm
A L,
L
—— i Le i Ls o,

Fig. 1.17 Schematic of general moving boundary model [8]

For each of the three zones above the heat and mass balance equations are solved in
order to obtain the results.

For the discretized model on the other hand, more areas are required in order
to model the heat exchangers. Their boundaries are not moving as in the previous
approach. They remain steady and in each cell friction and heat transfer are
calculated. In his model Wei does not calculated mass entering and leaving cells
through momentum balance, but it is a boundary condition for his model. Mass
balance and energy balance problem in formulated for each unique cell as is usually
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done for discretized models. The next figure is a nomenclature for his discretized
model (design boundary conditions are shown in brackets, but these might be
changed as required).

/ Momentum balance Volume cell
[ho ] [m| ] :I mz :2 ";'t ::i mﬂl mu :‘ mn +1 [ pn +1 ]
1 - 2 - 7 = L]
T ¥, T, ¥, T Yin T,
/A 23 Pi Py
x, X, X, X,

Fig. 1.18 Schematic of fixed boundary model [8]

Finally, Wei states that his fixed boundary model achieves an error of 4% and
simulated the systems behavior correctly and without oscillations and chattering
(which are common problem in dynamic simulations). What is more he states that the
moving boundary models are less complex as they are characterized by a smaller order
higher computational speed and so they are preferable for control design applications.
His results indicate that the discretized model is more accurate than the moving
boundary as is shown in his diagrams that follow:

1.90E6
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17566 ],
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— experimental data
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1.55E6 T T T T T T T T T T T T T

time (s)

Fig. 1.19. Results of turbine inlet pressure for the dynamic simulation [8]
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Fig. 1.20. Results of evaporator outlet temperature for the dynamic simulation [8]

Bamgbopa [9] also introduced a dynamic model of an ORC system and validate
it through the comparison with other models proposed in the literature. He also used
a finite volume model for the heat exchangers in his study.

o ox ]

-

| |
) L 1

Fig. 1.21. Representation of a counter flow heat exchanger [9]

He tested his model to check the independence of the grid. His test variable

EN—Eexpected

was the errory which was defined as errory = . The letter € is used to

Eexpected
symbolize the efficiency of heat exchanger. The results were that at 80 finite volumes

the error was close to zero but at 70 volumes there was a good combination of
accuracy and computational time.
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Fig. 1.22. Grid independency tests for N = 10, 20, 40, 60, 70, 75 and 80 [9]

Willatzen et. al. [11] in 1997 published a general dynamic simulation model for
evaporators and condensers in refrigeration. Their model was a moving-boundary one
with heat exchange. The analysis that was performed in mass and energy balance in
the working fluid is very precise and has been the basis for further development of
moving boundary models with phase change. The balance equations are developed
for each of the three different phase regions and are properly connected together,
forming a solvable system of equations by having as inputs the heat transferred in
each region.

Fig. 1.22. A general two-phase heat exchanger structure [11]

Vaja [13] made an extensive research in various methodologies and tools for
dynamic simulation. In his study he categorizes variables of dynamic systems
according to their properties in two categories: flow variables and level variables. After
this, he categorizes the components into two categories according to the way their
performance is affected by the variables: flow control components and
capacity/reservoir components.
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Fig. 1.23. Example of connection between state determined and not state
determined components (reservoir and flow control devices) [13]

Vaja [13] also created an ORC power plant model with tools from Simulink®
library. His approach is to model the overall system by connecting together models of
individual components. The model that he used for the heat exchangers is shown in
Fig. 224. Note that the counter flow heat exchanger with phase change that is used is
connected with a capacity block. By using this approach Vaja separated the complex
problem of modeling the heat exchanger into two different ones: one heat transfer
problem and one mass and energy storage problem. As he states, it is necessary to
take into account the mass and energy storage phenomena as they have significant
impact on the cycles behavior.
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Fig. 1.24. Simulink® model of an evaporator-drum system [13]

Mazzi, et. al. [12] in their study also follow a similar approach. They subdivided
the heat exchangers in two parts, one heat transfer component and one capacity
component. The capacity component needs the initial values of pressure and
temperature in the outlet and the values of inlet temperature and of mass flow rates
at inlet and outlet during the simulation. The flow control components require the
temperature at the inlet and pressure at the inlet and outlet in order to function. The
heat transfer block requires the input conditions which are taken by the closest flow

control component and capacity. The correct linking between the components is
shown below.
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CAPACITY

Fig. 1.25. Links between variables and heat exchangers sides in the off-design model:
the capacity is downstream of the heat exchanger side (a) and capacity is upstream
of the heat exchanger side (b). [12]

Quoilin [10] in his study tried to define the optimal control strategy for a small
ORC application with a volumetric expander. For this, he created dynamic and steady
state models to simulate the components of the cycle. He took into account the
following general statement:

1. The condensation pressure must be maintained as low as possible

2. The superheating in the evaporator must be as low as possible

3. The optimal evaporation temperature results of an optimization of the
overall heat recovery efficiency

In order to meet the following conditions, he considered two degrees of freedom:
the rotational speed of the pump and the rotational speed of the expander. By
changing these two he was able to control the main working conditions: evaporation
pressure and superheating. Three different control regulations were introduced:

1. Constant evaporation temperature

e [ kot v,
P t ret
T(’l’
Pl
AT o o E K_'b+L X

Fig. 1.26. First regulation strategy: constant evaporating temperature [10]
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2. Optimal evaporation temperature. This required the predefinition of the
optimal evaporation temperatures in various conditions with steady state
models, which are stored in the control system

rof

e

Fig. 1.27. Second regulation strategy: optimal evaporating temperature
[10]

3. Correlated pump speed. This approach uses also data obtained by steady
state model and tries to achieve faster response to varying conditions. The
expander speed is selected because it constitutes an indirect measurement
of the flow rate for a given evaporating temperature. Therefore, the
correlated mass flow rate is the one which obtains the optimum
evaporation temperature.

7 Con- | | X
hf | su g trol o 1+T1-5 o »p
T(‘d

Fig. 1.28. Third regulation strategy: correlated pump speed [10]

e

He used Pl controllers in all the cases above. The reasons that lead to the choice of Pl
over PID is their satisfactory behavior in the test that were run and their lack of
sensitivity to noise.
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1.5 Conclusions

In this chapter review in the literature that is connected with the thesis is done. It is
shown that the choice of organic fluid is strictly depended on the application and the ORC
layout. The layout is also depended on the application as different layout vary in the heat
recovery factor, the thermal efficiency and the complexity. What is more different
approaches for dynamic modelling have been presented. Unfortunately, this is a domain
that is still developing and the literature is found relatively small since the authors neither
describe precisely the work done nor publish all the results, as Vaja [13] also states. The
current study follows the approach proposed by Vaja [13] and Mazzi [12] and the heat
exchangers are modeled by two different blocks, on heat transfer and one capacity. Finally, a
simple and effective control strategy found in literature and is presented. Considering the
above, a moving boundary model is preferred to a fixed one, as it is simpler and faster.
Three type of ORCs are considered, basic ORC, dual pressure subcritical and dual pressure
supercritical. Also the working fluids that are available for usage are limited to the ones
allowed onboard ships. Finally, the control variable of pump rotational speed is considered a
proper one and easy to apply in any case. The speed of the turbine in this study will be
constant, as in the ships there are many generators and it is considered more possible to
operate in steady rotational speed than in changing.
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2.Case study

The case that is studied in this thesis is a LNG carrier which was previously
studied by Soffiato [7, 29]. Soffiato studied the LNG carrier’s engine obtaining data for
the ship’s performance by the manufacture’s brochure and after 3.5 years of
measurements. It is considered that 3.5 years of measurement are enough in order to
obtain a good statistic sample for the average year. The thesis was in developing
design point models for different loads of the engine and performing an economical
evaluation of the ORC installation. The data of this thesis will be used in order to select
the hot streams which be utilized.

2.1 Main engine description

The plant is composed of four Dual Fuel Diesel Electric engines (DFDE) that
supply electric power to the ship. No. 1 and No. 4 Diesel engines are Wartsila 12V50DF
type, and No. 2 and No. 3 are Wartsila 6L50DF type. All the engines are four-stroke
turbocharged inter-cooled ones and the pumps of the cooling systems are of the
engine driven type. Each engine can be fueled either with natural gas or with heavy
fuel oil (HFO). In case of natural gas, a small amount of Light Fuel Qil (LFO) is required
as pilot injection. Wartsila 6L50DF is a six cylinders in-line engine and Wartsila
12V50DF is a twelve cylinders V engine.

©

L

Fig 2.1 Cross section of the 6L50DF in-line engine (left) and of the 12V50DF V-engine
(right) [29]
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The design main characteristics of the two different engines are presented in Table
2.1. Most of the information that is reported is taken from the “Product guide” of the
engines, as Soffiato states. The rest of the data are found by thermodynamic
calculations. Considering the composition of this plant and the data of Table 2.1, the
maximum available electrical power at generators outlet is 33000 kW.

Table 2.1 Main characteristic of the Diesel generator engines, [Wartsila (2012);

Energy and steam balance of the ship] [29]

| Unit | 12Vv50DF | 6L50DF
[Wiirtsild (2012)]
Mechanical output kW 11400 5700
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
[Energy and steam balance of the ship]
Electric output kw 11000 5500
Generator efficiency % 96.49 96.49

All main engines that compose the generating power plant of the present ship
have a similar cooling system that rejects heat at certain temperature levels to the
cooling water provided by the “central cooler”. This last component is a system mainly
composed of heat exchangers which in turns dissipate heat to seawater.

In particular, the cooling system of each engine is composed of the low
temperature circuit (LT) and of the high temperature one (HT) as shown in Fig. 2.2. In
these circuits, the cooling flows (water) coming from the central cooler pass through
various components and absorb heat, which increases their temperature.

The figure shows that the cooling flow in the HT circuit passes through the
cylinder jackets and heads thus being heated from state w1 to state w2. Then, it passes
through the first stage of the charge air cooler (cooler AC1 in the figure). A control
valve after this cooler keeps the temperature of the HT water flow (Tw3) at an
appropriate level, re-circulating a certain quantity of water. An additional valve is
installed before the engine in order to maintain the temperature T, approximately

constant.

The cooling flow of the LT circuit coming from the central cooler (state w7)
passes through the second stage of the charge air cooler (cooler AC2 in the figure) and
then absorbs heat from the lubricating oil at the lubricating oil cooler (LOC). A charge
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air temperature control valve regulates the mass flow rate of the LT cooling water
through the second stage of the charge air cooler (partly bypassing the cooler), in
order to set the temperature of the air at state a4. Note that LT water flow comes
directly from the central cooler so that its temperature depends on the operation of
this component also in response to the climate conditions.

A tank of the lubricating oil is located just below the engine. From this, the oil
is pumped into the lubricating oil cooler (LOC) where it is cooled down by transferring
heat to the LT cooling flow, it passes through the engine and the turbocharger (7/C)
and comes back to the tank. A temperature control valve is installed after the
lubricating oil cooler to keep oil temperature constant at the engine inlet.

The arrangement shown in Fig 2.2igure 2.2 is valid for the two types of engines.
The figure shows that the heat associated with the exhaust gas after the turbine of
the T/C (state eg2) is exploited by an exhaust gas boiler (EGB).
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............ HT cooling circuit

—r—— Losses
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Fig 2.2 Arrangement of Main Engine and cooling circuits [29]
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Thermodynamic calculations are done for many possible loads by Soffiato et. al. [29].
The results are on the table 2.2.

Table 2.2 Summary of the operating parameters [29]

Wartsilé 6L50DF

Wairtsilé 12V50DF

Par. | Unit 100 | 90 | 85 | 75 | 50 100 | 90 | 85 | 75 | 50
T | °C 74 |746| 75 | 76 | 78 76 |76.4| 76.6 | 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, | °C 83 [82.2| 8 | 8 | 82 85 |833| 83 | 83 | 82
T,, | °C 36 | 36 | 36 | 38 | 38 36 | 36 | 36 | 36 | 36
Te | °C 45 |43.7|43.1|43.9 |41.4 || 45 |43.7| 431 |419 394
T.o | °C 54.2 | 52.6 | 51.9 | 52.6 | 49.7 | | 54.2 | 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
Ts | °C 97.8 (952 94.1 | 91.1 | 79.3 | | 96.3 [ 94.9 | 93.7 | 91.1 | 79.6
T.a | °C 44 | 446 | 45 | 46 | 50 45 |442| 44 | 45 | 51
Tega | °C 390 | 397 |409.7| 441 | 438 | | 390 | 397 [409.7 | 441 | 438
T | °C 76 | 754 (753|751 |73.6|| 76 |75.4| 753 |75.1|73.6
Toa | °C 61 | 61 | 61 | 61 | 61 61 | 61 | 61 | 61 | 61
my, | ke/s 18.1 [18.1 | 18.1 | 18.1 | 18.1 | | 36.2 | 36.2 | 36.2 | 36.2 | 36.2
Ty, | k8/s 31.5 | 42.7 | 42.6 | 41.3 | 41.7 | | 82.1 | 93.9 | 93.2 | 82.6 | 83.4
My, | ke/s 13.3 [13.3 [ 133 | 13.3 | 13.3 | | 26.6 | 26.6 | 26.6 | 26.6 | 26.6
g | ke/s 9.15 [ 8.27 | 7.78 | 6.9 | 5.26 | | 18.3 |16.64| 15.67 |13.81|10.52
Mergz | k8/s 94 | 85| 80 | 71 | 5.4 | |18.8 |17.1| 16.1 | 14.2 | 108
Poar | bar 1.028 (1.028|1.028|1.030{1.031| [1.015|1.015| 1.015 |1.016{1.016
P, |[parg]l | 24 |214| 2 | 17 | 1 23 |216| 2 | 16 | 09
P | bar 3.15 | 3.15 | 3.15 | 3.15 | 3.15 | | 3.15 | 3.15 | 3.15 | 3.15 | 3.15
P.; | bar 3.15 | 3.15 | 3.15 | 3.15 | 3.15 | | 3.15 | 3.15 | 3.15 | 3.15 | 3.15

of temperature and mass flow rates for 100% load.

In order to help the reader, understand better the results the Fig 2.3 shows the
arrangement of the Wartsila 12V50DF Main Engine and cooling circuits with the values
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Fig 2.3 Arrangement of Wartsila 12V50DF Main Engine and cooling circuits; load

100% [29]

Exhaust GasIegB

The two fresh water generators are not coupled with any engine in particular
as to be more flexible. This is done because engines operate better at high load, so in
normal voyage conditions it is preferred to operate three out of four in high load than
all of them in medium load. Their main features are shown in the table 2.3.

Table 2.3 Main characteristics of the fresh water generators

First model

Generator capacity m3/24h 30
Inlet temperature of the feeding water (range) °C 55+95
Inlet temperature of the feeding water (design) °C 91
Outlet temperature of the feeding water °C 73
Operation point steam flow kg/s 11.8
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Heat absorbed ‘ kw ‘ 891.7
Second model

Generator capacity m3/24h 30

Operation point steam flow kg/s 7.08

Heat absorbed kw 535.0

Power demands of a vessel are different in each phase of a trip and generally
are a function of its service speed Vs. Propulsion represents the most important power
need of a ship and, depending on the case, it can be satisfied directly by the
mechanical power generated by the main engine plant or indirectly after conversion
to electric energy. In this last case, electrical needs of the vessel can be expressed as:

VVe(Vs) = VVe,p (Vs) + VVe,ep(Vs)

where W, ,, (V) is the electrical power demand for propulsion (usually proportional to
the cube of the service speed) and We,ep(l/;) represents the requirements of the
additional electric loads (i.e., the electric loads except of propulsion). Considering the
maximum electrical power that can be made available by the generation plant when
all the diesel generators are in operation at the condition of 100% load (equal to 33000
kW) the maximum speed of the carrier in each case is:

Vslladen = 20.45 kn

Vs,ballast =20.75 kn

The results for various speed values are reported in Table2.Error! Reference
source not found.4 for the laden and ballast voyage.

Table 2.4 Electrical needs of the ship, laden (left) and ballast (right) voyage [29]

Vs Wep | Weep | Weaden Vs Wep | Weep | Webaliast
kn kw kw kw kn kw kw kW

8 1848 | 1300 | 3148 8 1756 | 1170 2926
10 3609 | 1300 | 4909 10 3429 | 1170 4599
12 6237 | 1300 | 7537 12 5925 | 1170 7095
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14 9904 | 1300 | 11204 14 9409 | 1170 | 10579

16 14784 | 1300 | 16084 16 14045 | 1170 | 15215
18 | 21050 | 1419 | 22469 18 19998 | 1277 | 21275
20 | 28875 | 1581 | 30456 20 | 27432 | 1423 | 28855

The operating profile of a vessel is a document which describes numerically
how the vessel is operated during the year. The operating profile of the present LNG
carrier considers three operating modes: “laden voyage”, “ballast voyage” and
“staying in port”. Figure 2.4 presents the percentage of the time and the number of
hours of the operation in each mode. During the “staying in port” only an engine-
generator set is usually kept into operation and the result is low waste heat
availability.

Laden time
38.74%
3394 h

Ballast time
35.78%
3134 h

Fig 2.4 Operating modes of the current ship [29]

The vessel speed distribution profile is provided for laden and ballast modes.
The overall range of the service speed (from 0 kn to 21 kn) is divided into 21 intervals
of 1 kn, and for each of them, the number of hours is given as a percentage of total
time in the mode; the number of hours of each interval is attributed to its average
speed. The profile is presented in Fig. 2.5,Error! Reference source not found. where
values for the service speed below 6 kn are not considered. The two percentages that
are reported for each interval are referred to the laden and ballast modes,
respectively. Note that most of the time the speed of the vessel is lower than the
maximum value. Thus, the vessel sails in “slow steaming” mode: a lower service speed
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leads to a significant reduction in power for propulsion reducing at the same time the

fuel consumption.
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Fig. 2.5 Distribution profile of the vessel speed at laden and ballast voyage. The

percentages are referred to the hours in laden and ballast modes, respectively. [29]

Soffiato [7, 29] during his study made two assumptions in order to overcome
the missing information and calculate all the necessary data: the electrical power is
generated by the lowest possible number of engine-generator sets, and tried to
operate them at a load that is closed to the maximum efficiency; the second
assumption considers that the total electric load is distributed to the operating
generators in proportion to their nominal power.

Table 2.5 shows the electrical power that has to be generated, in case of laden
voyage. For each condition, the engines that are kept in operation are presented and
the corresponding power production is reported in accordance with the two
aforementioned assumptions. The load of the engines is reported as well. Table 2.6
Table 2.provides similar information relating to the case of ballast voyage.
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Table 2.5 Operating profile of the engines, laden voyage [29]

No. | Aoo8® [ Hours | Hours | we | o0 | o O e | Load
- kn % - kW kw kW kw kw %
1 7.5 3.5 117.1 | 2823 0 0 2823 0 51
2 8.5 0.0 0.0 | 3517 - - - - -
3 9.5 1.3 43.8 | 4395 0 0 4395 0 80
4 10.5 3.7 125.2 | 5478 0 0 5478 0 100
5 11.5 6.2 | 211.8 | 6789 0 0 0 6789 62
6 125 5.3 180.6 | 8350 0 0 0 8350 76
7 13.5 11.4 | 386.6 | 10180 0 0 0 10180 93
8 14.5 10.5 | 357.7 | 12304 0 0 4101 8202 75
9 15.5 22.6 | 766.4 | 14741 0 0 4914 9827 89
10 16.5 14.2 | 483.3 | 17514 0 4378 4378 8757 80
11 17.5 9.6 | 326.5| 20711 0 5178 5178 10355 94
12 18.5 43 | 146.6 | 24315 | 9726 0 4863 9726 88
13 19.5 7.3 248.1 | 28302 9434 4717 4717 9434 86

Table 2.6 Operating profile of the engines, ballast voyage [29]

No. A;/;;chje Hours | Hours We 12;]/301DF 6:;150(.)? 6&?? IZQIISSLDF Load
- kn % - kW kW kW kW kW %

14 6.5 0.7 22.3 2112 0 0 2112 0 38

15 7.5 0.0 0.0 2617 - - - - -
16 8.5 0.0 0.0 3276 - - - - -
17 9.5 0.0 0.0 4110 - - - - -
18 10.5 0.5 14.7 5139 0 0 5139 0 93
19 11.5 6.2 192.8 | 6385 0 0 0 6385 58

20 12.5 7.4 | 2323 | 7867 0 0 0 7867 72
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21 13.5 14.2 | 444.1 | 9607 0 0 0 9607 87
22 14.5 5.6 175.5 | 11624 0 0 3875 7749 70
23 15.5 179 | 561.4 | 13939 0 0 4646 9293 84
24 16.5 34.5 | 1079.8 | 16573 8287 0 0 8287 75
25 17.5 10.1 | 317.5 | 19607 9804 0 0 9804 89
26 18.5 3.0 94.0 | 23027 9211 0 4605 9211 84

2.2 Previous study ORC configurations

With the current data Soffiato [29] considered that the ORC will be designed for
the operating point that is presented in Table 2.6. Three engines are in operation while
the engine No.2 is turned off. The load of the working engines is equal to 85%. The
choice takes into consideration the observations on the speed distribution profile of
the vessel that have been presented.

Table 2.7 Operating point for the engines [29]

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

The choice allows the calculation of the thermal flows that are rejected to the
engines cooling systems. The quality of the heat (in terms of temperature) that is
possible to exploit coupling an ORC system with the cooling systems depends on their
configuration. Soffiato considered three different layouts of coupling the ORC with the
engines, utilizing many hot streams. In the current study not all of them are going to
be utilized as this involves the design of many different components which excides the
point of the current study.

In the first case of Soffiato, the ORC system absorbs heat from the cooling flows of
the engines cooling circuits and no modification in the layout of the cooling systems is
introduced. Fig 2.6 presents this first cooling system configuration showing the
coupling with the ORC system and the FWG. Two thermal sources are available from
each engine-generator set that is considered as operating in accordance with the
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choice of the operating point. The ORC system absorbs heat from the water flows of
the HT and LT circuits at the point HEZ and HE2, respectively. HE1 and HE2 are defined
as positions where heat can be transferred. The data after the calculations for the
available heat for extraction are presented in Table 2.7

t\,‘@ leueI

Operating Engines

eg2
egl \ T
w2
w8 L T/C
c al
Air

g

TO CENTRAL ;
COOLER K

FROM CENTRAL
COOLER

LT cooling circuits
— — — Lubricating oil circuits

Fig. 2.6 Configuration of the cooling systems and coupling with the ORC, first case

[29]

Table 2.8 Calculation of various parameters, first configuration [29]

Parameter Unit Value
Tw3 °C 82.8
Twi °C 76.3
Tw7 °C 36.0
Two °C 51.9
Mwa Kg/s 21.67
Mw1 Kg/s 229.0
Mwio Kg/s 10.97
Mwi1 Kg/s 196.36
Mw7 Kg/s 66.5

41



In the second case, Soffiatio investigates the possibility to split the LT cooling
circuits into two parts as shown in Fig2.7. This allows a direct heat transfer between
lubricating oil and organic fluid of the ORC system at the point HE3. The water flows
heated by the charge air in the heat exchanger AC2 are also considered as thermal
sources even if the quality of the heat associated with is low. These flows transfer heat
to the ORC system at the point HE2. Water flows belonging to the HT circuits represent
the third thermal source for the ORC system (HE1). The data after the calculations for
the available heat for extraction are presented in Table 2.8

t\"Q,‘ leuel eg2
T

egl

Operating Engines

TO CENTRAL } J \ A
COOLER N
FROM CENTRALMW ¢  {
COOLER

LT cooling circuits =~ === HT cooling circuits
— — — Lubricating oil circuits

Fig. 2.7 Configuration of the cooling systems and coupling with the ORC, second case
[29]

Table 2.9 Calculation of various parameters, second configuration [29]

Parameter Unit Value
Tws °C 82.8
Twi °C 76.3
Tw7 °C 36.0
TWS °C 43.1
Tlol °C 75.3
Tloz °C 61
Mwi1 Kg/s 196.36
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Mw7 Kg/s 66.5
Mio Kg/s 90.5

The third study case considers the possibility of proposing a new design for the
engines cooling systems in order to better exploit the quality of the rejected heat.
According with this new design presented in Fig. 2.7 Fig, thermal sources for the ORC
are the jacket water, the lubricating oil and the charge air that has to be cooled after
the compressor of the T/C. This layout allows the higher heat extraction to be
performed. The temperature of the air at the beginning of the cooling (state a2) is
relatively high so that the removal of the intermediate heat transfer with the HT
cooling flows allows the occurring irreversibility to be reduced significantly. As it is
shown in the figure, the water flow resulting from the mixing of the jacket flows is split
into three flows: one of them is heated by the air and then feeds the FWG, another
one is exploited by the ORC system and the third one is bypassed in order to keep the
temperature at the state w6 at an appropriate value. In Table 2.8 the results of the

study are presented
tHQ, fJFuel eg2
T

egl 2\
(o) ing Engi e
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| ORc S @
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TO CENTRAL ; ) A
COOLER ;
FROM CENTRALNN ¢
COOLER
| — — — Lubricating oil circuit Charge air ~ --emeeeeees Jacket water

Fig. 2.8 Configuration of the cooling system and the heat sources of the ORC, third
case [29]

Table 2.10 Calculation of various parameters, second configuration [29]
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Parameter Unit Value

Taz °C 169.75

Taa °C 44.15

TWZ DC 7966
Twl DC 763

Mwis kg/s 186.05
Mw17 kg/s 21.29
Ma kg/s 39.12

2.3 Current study ORC configurations

In the current study some of the hot sources shown above are chosen in order to
utilize and produce electrical power. Three different case are studied. For these, also
the configurations of the system are changed. The fresh water generator in all cases
is coupled with the hot oil stream, as there is enough energy and high temperature
for its operation. The first configuration refers in utilizing the jacket water and
supercharge air by a one evaporation pressure level ORC. The second utilizes both
jacket water and supercharge air by two different subcritical evaporation pressure.
The third utilizes both jacket water and supercharge air by two different evaporation
pressure levels, one subcritical and one supercritical, as proposed in the second
layout. The cases are presented below, showing the coupling of the cooling system
with the heat exchangers of the ORC, the ORC layout, the design point values of the
hot steams and the constrains in temperature.

1) Only jacket water’s heat is utilized, one subcritical pressure level
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Fig. 2.9 Configuration of the cooling system and the heat sources of the ORC for case
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Fig. 2.10 Schematic of first ORC system

Table 2.11 Calculation of various parameters, first case
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2) Both jacket water’s and supercharged air heat are utilized, two subcritical

Parameter Unit Value
Tw3 OC 83

Tw6min DC 76.3

Mwi1 Kg/s 229.1

pressure levels exist

HT cooling circuit

—r—r—  |osses

LT cooling circuit

Exhaust Gas IegS

TO CENTRAL
COOLER

FROM CENTRAL
COOLER

Fig. 2.11 Configuration of the cooling system and the heat sources of the ORC for

case 2
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Fig. 2.12 Schematic of second ORC system

Table 2.12 Calculation of various parameters, second case

Parameter Unit Value
Tw2 °C 79.2
Tws °C 76.3
Mw1 Kg/s 229.1
Taz °C 177.0

TaS,min °C 44.2
Ma2 Kg/s 41.6

3) Both jacket water’s and supercharged air heat are utilized, one subcritical and one
supercritical pressure levels exist. The configuration is the same as to case number
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Fig. 2.13 Configuration of the cooling system and the heat sources of the ORC for
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Table 2.13 Calculation of various parameters, third case

Parameter Unit Value
Tw2 °C 79.2
Tw6,min DC 76.3

Mw1 Kg/s 229.1

Ta2 °C 177.0
Ta3,min oc 442
Ma2 Kg/s 41.6

2.4 Conclusions

In this chapter the case study is presented. First the main engine is analyzed
and then the operation profile of the ship is given. After, the possible configurations
that were proposed on the previous study are presented. Then, from the analysis of
the hot streams that was done by Soffiato three new cycles are proposed and studied,
by changing the placement of the two fresh water generators and introducing new
heat exchangers. These choices will lead to deferent results in comparison with the
previous study, as not all possible hot sources are utilized. This is done because it is
very difficult to construct dynamic models for such a complex system that contains
many heat exchangers.
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3.Methodology-Modelling approach

In this chapter the methodology that is followed and the modeling approach
that is done are presented. Design point models, design of components, dynamic off-
design models and control systems are created in this thesis. The design point models
have as objective function to maximize the net power at the design point conditions.
This is achieved by choosing properly the cycle parameters as pressure. After the
determination of the design point, it is possible to calculate the components
characteristics. The design of components includes essential data for the off-design
dynamic models such as number of tubes in the shell-n-tube heat exchangers and
operation maps of some components. The dynamic off design models are created in
order to simulate the dynamic behavior of the system as the ship load changes. This
has an impact on the hot sources that are utilized and as a result the operating point
of the cycle changes. The control systems are developed to reassure that the ORC
system is operating steadily and safely, which is critical on board a ship.

3.1 Methodology

In this subchapter he methodology that is followed in this study is presented. Two
different kinds of models are developed in this thesis, design point and dynamic. The
purpose of the two kinds of models is different and so, different methodologies are followed
in order to create each model

3.1.1 Design point methodology and components’ design

In this subchapter the way that the design point functions will be explained.
Decision variables are the evaporation pressures for subcritical the cycle and both
evaporation pressures and the entropy in the turbine inlet for the supercritical
pressure level. The objective function is the maximization of the power output. The
condensation pressure is not a decision variable as it is maintained as low as possible.
Each hot source from the engine corresponds to a different pressure level and all the
different pressure level ORC’s streams end after the expansion in the same low
pressure level where condensation takes place. Input data for the model are the inlet
temperature and mass flow rate of hot sources, the inlet temperature of the cold sink,
the values of the Pinch Point temperature differences and the minimum exit
temperature of the hot source. This allows the mass flow rates of ORC and cooling
water of the ORC to be calculated through the heat balance. Superheating and
subcooling are included even though they decrease the performance, as they
guarantee safe operation for the components. The Design model also designs the type
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E shell-tube heat exchangers. Approximations that are done is the efficiency of the
pumps are 0.7 and for high pressure turbines 0.75 respectively. For low pressure
turbines a correlation from the literature is used to predict the efficiency. No pressure
drops are taken into account in this study.

3.1.2 Dynamic models methodology

In this subchapter the way that the off-design model functions will be
explained. The model has to simulate the dynamic behavior of a thermodynamic cycle.
A thermodynamic cycle is a series thermodynamic transformations in order to absorb
or to produce energy. The system is preferred to reach equilibrium conditions
although it usually operates under transient ones. In real systems the pressure and
temperature reach equilibrium conditions due to the existence of components that
are having the function of a capacity. Capacity function means the ability keep
pressure and temperature relatively constant by mass and energy storage. In real
systems other components exist also, mass flow control components, that allow the
communications between capacities by mass transfer.

A thermodynamic cycle is carried out by components which perform
thermodynamic changes as stated. They are asked to increase or decrease enthalpy in
order to perform the desired changes. Components that increase the enthalpy are
pumps, heat exchangers, combustion chambers etc. components that decrease the
enthalpy are turbines, heat exchangers, valves etc. we make a distinction between
components that change enthalpy through work transfer and components that
change enthalpy through heat transfer. The formal fixes the mass flow rate passing
through them, given the values of pressure at inlet and outlet. These values are
imposed by the capacities, which are at the inlet and outlet of the components
respectively.

Every component is modeled as individual block or blocks receiving input
variables and calculating the output variables which feed other blocks respectively.
This makes the overall system very flexible, as it is easy to replace a component
without changing the rest of the model. Thermo-fluid systems can be described by
two types of variables as Vaja [13] indicates. These are:

Level variables: in general, they are differential variables provided by fundamental
equations (exp. mass balance equation) that indicate the magnitude of
thermodynamic properties stored inside a component (exp. pressure). They are an
expression of state variables in state determined systems.

Flow variables: they usually refer to fluxes of extensive properties through boundary
surfaces or components and can be considered as outputs of not state determined
systems (exp. mass flow rate).
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Fig 3.1.1 Schematic of the connections of reservoirs-flow control components [13]

The simulation starts from the design point that all variables values are known
and then calculates the systems behavior by solving the equations that characterize
it. The model is consisted by three types of blocks as is proposed by Mazzi et. al. [12],
flow control components, capacities and heat transfer blocks. In the current study the
volumes of each different phase area are calculated by the heat exchanger block and
the capacity only solves the heat and mass balance equation, as will be explained
below.

Flow control blocks: they receive level variables as input variables and have in general
flow variables as outputs. Their behavior is characterized by the characteristic curves
(operation maps). In the current study the flow control components that are used
more specifically receive as inputs the inlet enthalpy and pressure, the outlet pressure
and rotational speed and calculate the mass flow rate that runs through them and the
outlet enthalpy (or enthalpy flow rate).

Capacities/Reservoirs blocks: They act as storage tank, storing mass and energy. They
receive as input variables both level variables and flow variables and calculate as
output only level variables. In this study the capacities that are used have as inputs
the inlet and outlet mass flow rate, inlet enthalpy, the heat that is transferred to them
and the volume of the various phases of the organic fluid inside them. They have as
outputs the pressure change and outlet enthalpy change. By feeding them with the
initial pressure and outlet enthalpy they calculate the pressure and enthalpy values
throughout the simulation.

Heat transfer block: They are like flow control components but they are fed also by
flow variables. They receive as input variables but the mass flow rate of both the
organic fluid and the hot (or cold) heat sources. They calculate the heat that is
transfers to the organic fluid and the volumes of each different phase inside
(superheating area or two phase area for example).

Between two flow control components there is a capacity/reservoir and
between two capacities there is a flow component so that they feed each other
respectively. After connecting all the blocks together, a loop is created that keeps
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feeding its blocks as simulation time progresses, representing the overall systems

behavior in the end. This is shown in the next figure.

CAPACITY D, {4

CAPACITY

Fig 3.1.2 Connections between capacities and flow control components [12]

In the present work the components of the cycle are modeled as following:

Centrifugal one stage Pump: flow control component

Axial one stage turbine: flow control component

Subcritical Evaporator: capacity coupled with a heat exchanger

Supercritical Evaporator: capacity coupled with a heat exchanger

Condenser: capacity coupled with a heat exchanger

After the connection of the components the feed each other respectively

throughout the simulation as the figure indicates
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Fig 3.1.3 Correct connection of the different types of blocks [12]

It is important to clarify that the arrows represent signals and not mass flow
between the components. They are used to show the block which calculates each
variable (having the same color) and the inputs that each individual block needs (arrow
point at them). The model with the one evaporation temperature is presented as
example below in order to make the way the connections function clearer. In the
single stage ORC, the pump is followed by the evaporator, meaning one heat
exchanger block and one capacity block. The evaporator is followed by the turbine,
which expands till the pressure of the condenser that follows. In the end the pump is
pumping fluid from the condenser to the evaporator and the cycle is completed.

T

Evaporator

Turbine

Pump —

/

T

Condenser

Fig 3.1.4 First case ORC, one evaporation pressure level
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Now the signal flow will be explained. The signal flow is different from the mass
flow and is presented in the following figure. The color shows which block calculates
the signal. The arrows represent the block which is feed by the specific signal. For
example, the pump calculates the mass flow rate and enthalpy outlet as a flow control
component and it is feed by the pressure in its inlet an outlet (calculated by the
capacities) and the enthalpy inlet.

P - QV,—
m.h Heat transfer m.h o P,h
block
T | P
1T w
Capacity
@ Turbine —]
Pump
1 Capacity m,h
P T
Heat transfer m.h
block
T
1—|P

Fig 3.1.5 Schematic of the signals of the first case ORC

The same approach is used and to the two other cases that are studied
respectively for each pressure level.

3.1.3 Control strategy

The safety of the process and the high efficiency are necessary to be guaranteed
in every application. To this end, a proper control strategy must be developed
according to the specific needs of each application. It is obvious that the liquid level
inside the heat exchangers cannot be measured easily, as is done inside the drums in
water-steam Rankine cycles, because it is located in the tube side and the ship
oscillations. The pump needs to receive subcooled liquid in order to avoid cavitation
and the turbine needs to be fed at least with saturated vapor in order to avoid
corrosion in its blades in most cases. In the current one, the ship oscillations make
superheating a necessary safety factor against liquid drops. The control strategy
proposed in this thesis is to measure the superheating of the subcritical evaporators
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and the subcooling of the condenser and alter the pump’s rotational speed and the
mass flow rate of cooling water respectively. For the supercritical evaporator in the
third case studied, as measured variable is proposed the entropy instead of the
superheating. The measurement of the values of the control variables can be
calculated by a software which receives the measured temperature and pressure. To
change the pump’s rotational speed and the mass flow rate of the cold water PI
controllers can be used as is also proposed by Quoilin [10]. The reasons for this choice
are:

1) Pl controllers will not amplify the noise that exists on ships

2) Will result a steady state error of zero with the time of inputs that the system
has

3) There is no need for a fast response as changes are slow in these systems

For the above reasons the Pl controller is thought to be the proper one. The gains
of the system are chosen according to the needs of the system through multiple
simulations. In the next figure a schematic of the control strategy for the subcritical
evaporators, the supercritical evaporators and the condensers is shown.

Superheating

Turb. Entropy

cold source

Subcooling

Fig. 3.1.6. Control strategies
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3.2 Design models of the cycles

The way the design point models function is explained in the subchapter.
There are three different cycles studied in this thesis. A different design point model
is created for each cycle, as to obtain the maximum power output in each case.

3.2.1 One pressure level subcritical cycle

The way the one pressure level design point model functions is explained in the
subchapter. As stated above, decision variable is only the evaporation pressure (Peygp)
of the cycle and not condensation pressure (P.,,4) as it affects the cycle’s efficiency
always in the same way. Input data are the organic fluid, the inlet temperature and
mass flow rate of heat source, the inlet temperature of the cold sink, and the values
of the Pinch Point temperature differences (4T),,) which are equal to 10 °C. The
approximations that are done is the efficiency of the pump is 0.7 and not taking
account of the pressure drops. Also an important feature taken into account is the
return temperature of the hot source in the jacket. Turbines efficiency is calculated by
a correlation of Luca Da Lio et. al. [23]. The correlation uses as input the fluid’s critical
temperature (T,,), the expansion ratio (VR) and size parameter (SP). The literature
defines them as:

— Pin Sp = mO'S

VR
Pout .Douto'5 ) (hin - hout)o'25

After all the parameters needed are defined the calculation starts. The models
start the calculation from choosing the maximum available evaporation pressure. This
can be defined either by the critical pressure of the fluid or by the hot source if it’s
temperature is lower than the critical temperature plus the superheating. The
optimum evaporation pressure is between the maximum one and the condensation
pressure.

Ntotal = f(Pevap)

Pevap,max = min [Pcritr Psat (Thot - ATsup)]

Pevap,max < Pevap,opt < Peona
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Tho t,out > Thot,out,min

A loop solves the problem for every pressure. After this all the cycle’s points
are known for this pressure except the point after the expansion as it needs the
expanders efficiency, which calculated by the correlation of Da Lio et. al. [23]. The
correlation gives the turbine’s efficiency by knowing the fluid’s critical temperature
T,,, the expansion ratio VR and size parameter SP, so the correlation needs both the
inlet and output conditions of the turbine in order to calculate the efficiency.

Ngis = f(Tcr' VP,SP)

To solve the problem another loop is added which is starting by an initial value
of 0.75 and calculates all the cycle points. Then a first value of the n, ;¢ is obtained and
is used in the next loop. When the n, ;s converges all the cycle point are known and
by energy balance equations in the pinch point both the ORC mass flow and the cold
water’s mass flow are obtained. The power now can be easily calculated. Also the
thermal efficiency, heat recovery factor and total efficiency are calculated:

Whet = W — %
Whet

Nthermal= "

Qin
o= Qin
ml'wt ’ (Thot - Tcold)

Ntotal = Nthermal * P

The same procedure is followed for all the possible evaporation pressures by
the external loop. After that, the optimum pressure is obtained and all the points of
the cycle are recalculated for this pressure. The useful results are being obtained in
the end.
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N° of variables: 42

VP/ SP' Tcrl Nt is)» Np,iss Wnetl Wt; M/pf Pevap,optl Thot,in: Thot,out » Mpot, Cphot:

Tcold,inr Meoid, Cpcoldr Tcold,outr Pcondr ATsup: ATsub: ATpp: Wf, mwfr Ntotal» Nthermal,

(bl Z?:l Ti ’ Z?:l Si

N° of dependent variables: 33

VP, SP: Tcrr nturb,is: npump,is: W, Wturbr Vl/pumpr Pevap,opt: Meoia, Pcondr mwfr

8 8
Ntotal» Nthermal» MHR» Thot,outr Tcold,outr Zi:l Ti » j=15i

N° of independent variables: 6

Thot,ins Mhots CPhot» CPcotdr Teotd,ins WE

N° of fixed variables: 4

ATgyp, ATsyp, ATpp, Ny is

N° of output variables: 29

Niis, Wnetr Wtr M/pr Pevap,optr Meoia, Pcondr mwfr Ntotal) Nthermals d)r Thot,outr
8 8
Tcold,outr Zi:l Ti ’ Zi:l Si

A flow chart of this program is presented below in order to make these steps clearer:
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Inputs for design point:

Thot, Tcold, Mhot, CPhot, CPcold , W, Npump, ATsup; ATsub: pp

Calculations

Pevapmax, Pcond

Pevap,dummy

Calculations

8 8
i=1 i, Zi=1 Si, Morc, Mcold,

t,new= Nt
Thot,out, Tcold,out, Nturb,new n n

Does n: converge?

Calculations

Wdummy, Pevap,dummy,new

Pevap,dummy,new >Pcond?

Recalculate everything for Pevap,opt

Outputs:

8 8
Whet, Pevap,zizl iy Zizl S; MoRrc, Mcold,
Thot,out, Tcold,out, Nturb, d), n
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3.2.2 Two pressure level subcritical cycle

In the case of the two evaporation pressure levels the principles that have been
followed are the same as in the one pressure level. Again there is a small subcooling
in the evaporator and a small superheating in both the evaporators. The correlation
that was used to calculate the turbine’s efficiency is used only in the lower pressure
turbine as the higher pressure turbine operates out of the range of the correlation.
Also now the AT, is equal to 10K for the LP evaporator and the condenser, while it is
20K for the HP evaporator due to the big size that the heat exchanger has otherwise.
A constrain for the outlet temperatures of hot sources exists here as well. An efficiency
equal to 0.75 is supposed for this reason. Each pressure level is optimized
independently, as the condensation pressure is not a decision variable. In the end the
characteristics of the cycle for the optimum pressures are obtained.

Ntotal = f(Pevap,LP' Pevap,HP)
Pevap,LP,max = min[Pcritr Psat (Thot,LP - ATsup,LP)]
Pevap,LP,max < Pevap,LP,opt < Pcond
Pevap,HP,max = min[Pcrit' Psat (Thot,HP - ATsup,HP)]
Pevap,HP,max < Pevap,HP,opt < Pcond
Thot,out,LP > Thot,out,LP,min

Thot,out,HP > Thot,out,HP,min
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N° of variables: 71

VRip, SPip, Ter, Nt 1pis) Mp,up,is» Ne,Lp,is) Mp,1p,iss Whet, Hp» Wewrb,Hpr Wpump,up»
Pevap HP,opt, Thot,HP,inr Thot,HP,out ’ mhot,HPr Cphot,HPr Wnet,LPr Wturb,LPr Wpump,LPr
Pevap LP,opt Thot,LP,inr Thot,LP,out ’ mhot,LPr Cphot,LP: Tcold,inr mcold: Cpcoldr Tcold,outr
Pcond' ATsup,HP lATsup,LP ’ ATsubl ATpp,LPf ATpp,HPr Wf/ mwf,HPr mwf,LP: Ntotal,

14 14
Ntotal,HP» Nthermal,HP» PHP) Ntotal,LP» Nthermal,Lp, PLP Yic1 Ty, XiZysi

N° of dependent variables: 57

VRip, SPip, Ter, Neup,iss Mpupis) Nerpis: Mp,ip,iss Wnet,upr Wenpr Wy up,
Pevap HP,opt, Thot,HP,out ’ Wnet,LP' Wt,LP: Wp,LP' Pevap LP,opt» Thot,LP,out ’ Tcold,inf Meotas
Teoiaouts Peondr Mwr,aps Mwr s Meotalr  Mtotal, pr Nthermat,Hpr PHP, Ntotal,Lps

14 14
Nehermat,Lpr PLp 2iz1 i » Xie1 Si

N° of independent variables: 9

Thot,HP,in ’ mhot,HPf Cphot,HP' Thot,LP,inr mhot,LPr Cphot,LPr Tcold,inr Cpcoldf wf

N° of fixed variables: 8

ATsup,HP ’ ATsup,LP , ATsubr ATpp,LPr ATpp,HPr NturbHP,is» npumpHP,isr npumpLP,is

N° of output variables: 51

nt,LP,isr Wnet,HP' Wt,HPr Wp,HPr Pevap HP,opt Thot,HP,out ’ Wnet,LP: Wt,LPr Wp,LPr

Pevap LP,opt, Thot,LP,out ’ Tcold,in' Meotd, Tcold,outr Pcond' mwf,HP' mwf,LPr Ntotalr
14 14
Ntotal,up» Nehermal,zp» PHP, Ntotal,LP» Nthermat,Lpr PLp Ji=1Ti » ii=1Si

3.2.3 Two pressure level supercritical cycle

For the lower evaporation pressure the principles that are applied are the
same as in the one pressure level. The supercritical pressure though was approached
in a different way. In the supercritical area there is no superheated vapor, as it is a
different state of matter. For pressure above the critical there is no vapor, but a state
different from solid, liquid and vapor. This is shown in Fig 3.2.1
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Fig. 3.2.1 States of matter

The negative result that superheating had on the cycle efficiency then is not
valid for this occasion. So both the enthalpy and the pressure of the fluid in the turbine
inlet are decision variables. In order to determine the range in which the entropy
varies some calculations need to be done first. The maximum entropy of saturated
vapor curve from condensation pressure till critical pressure is found. If entropy in the
outlet of the evaporator is greater than this value, then even with 1., ;s there will

be no two phase state in the expander during the expansion. The Fig 3.2.2 and 3.2.3
are used to show this clearer:
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Fig. 3.2.2 Supercritical ORC of wet fluid
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Fig. 3.2.3 Supercritical ORC of dry fluid

In Fig. 3.2.2 and Fig. 3.2.3 two pressure level ORCs are depicted. The area which
can be the end of the supercritical evaporation is marked by the yellow lines and the
arrows. In this way the expansion does not enter the two phase area in any point, both
for dry and wet fluids. Pinch Point temperature differences are set again as AT, .p =
10K , ATy, yp = 20K. For the subcritical evaporator the pinch point is obviously going
to be at the point of saturated liquid, and by energy balance between the two streams
(organic and hot source) the mass flow rate of the low pressure level of the ORC is
calculated. For the supercritical evaporation the pinch point position is not known a
priori. To solve the problem of the supercritical mass flow rate, the temperature
difference is calculated through energy balance in 90 points along the evaporation
curve, for various mass flow rates. The mass flow rate starts from zero and increases
till the pinch point difference reaches the value of 20K in at least one point. After this,
the maximum mass flow rate of the cycle is obtained and the power is calculated for
this evaporation pressure and turbine inlet entropy. The procedure is followed for all
possible evaporation pressures and turbine inlet entropy in two loops. In the end the
optimum pair is obtained.

Ntotal = f(Pevap,LP' Pevap,HP' Sturb,in,HP)
Pevap,LP,max = mln[Pcrit' Psat (Thot,LP - ATsup,LP)]
Pevap,HP,max < Pevap,HP,opt < Pcond
Pevap,HP,max = mln[Pcrit: P(Thot,HP' Smax )]

Pevap,HP,max < Pevap,HP,opt < Pcond
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Sturb,in,HP,min — maX[Ssat vapor]

J

Sturb,in,HP,max = Sturb,in,HP,min T 100
kg-K

Sturb,in, HP,max < Sturb,in,opt,HP < Sturb,in,HP,min
Thot,out,LP > Thot,out,LP,min

Thot,out,HP > Thot,out,HP,min

N° of variables: 67

VRLP/ SPLPr Tcr' NiyurbHP,is npumpHP,isr NeurbLp,is» npumpLP,isr WHPr Wturb,HPr
Wpump,ps Pevap Hp,opts Thotup,ins Thot,upout + Mhot,upr CProtpr Wiry Wewrn,Lp)
Wpump,LPr Pevap LP,opt Thot,LP,in: Thot,LP,out » Mpot,LP, Cphot,LPr Tcold,inr Meotd,
Cpcoldr Tcold,outr Pcond' Sturb,in,opt,HP ’ ATsup,LP , ATsubr ATpp,LPr ATpp,HPr Wfr mwf,HPr

. 12
Myr,Lpr Ntotal, Mtotal,HP» Nthermal,HP» TTHR,HP» Mtotal,LP» NMthermal,LPs THR,LP Yiz1Ti,
12
i=1°i

N° of dependent variables: 51

VRLP: SPLPr Tcr: nturbLP,is: WHPr Wturb,HPr Wpump,HP' Pevap HP,opt/ Thot,HP,out
’ WLPr Wturb,LPr Wpump,LP' Pevap LP,opt» Thot,LP,out ’ Tcold,inr Meord, Tcold,outr Pcondr
My s ap, Mwr,LPs Ntotalr NMtotal, HP» Mthermal,HP» MHR,HPs Ntotal,LP+ Nthermal,LPs THR,LP

12 12
i=1Ti,» LiZ1Si

N° of independent variables: 9

Thot,HP,in ’ mhot,HPr Cphot,HPr Thot,LP,inf mhot,LPf Cphot,LPr Tcold,inr Cpcold: wf

N° of fixed variables: 7

ATsup,LP ’ ATsub' ATpp,LPr ATpp,HPr NtyrbHP,is npumpHP,is: npumpLP,is

N° of output variables: 48

NtyrbLp,iss Sturb,in HP» WHP: Wturb,HPr Wpump,HPf Pevap HP,opt, Thot,HP,out ’ WLPf

Wturb,LPf Wpump,LPf Pevap LP,opts Thot,LP,out ’ Tcold,inr Meotd, Tcold,outf Pcondr mwf,HP'
. 12

Myf,LPs Ntotalr Ntotal, HP» Nthermal,HP» NHR,HP» Ntotal,LP) Nthermal,LP» THR,LP iz Ty,

12
i=1Si
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3.3 Design models of the components

After the basic parameters of the ORC are defined the calculation of some
characteristics of the components is done. This involves the following: pump, turbine,
heat exchangers. These characteristics are going to be used in the dynamic model to
calculate the transient response of the ORC system

3.3.1 Subcritical heat exchangers

The heat exchangers are type E shell-n-tube. The reason for this choice is the
small space for oscillations that exists in the tubes side. It is considered the best
scenario for the phase change. The assumptions that are made are the following:

1) They are adiabatic, meaning heat losses are neglected

2) No pressure losses have been calculated

3) The axial heat transfer is not taken into account

4) Thermal resistance of the tubes is neglected as it is considered too small
compared with the convection ones

5) The properties of the heat source are calculated one time only in the inlet of
the exchanger while the properties of the organic fluid are calculated again for
each different phase area

The selected layout is the following:

1) The organic fluid is in the tube side and the heat source in the shell side
2) The tubes are in triangular pitch formation
3) The heat exchange is done counter-currently

The following characteristics are predefined in the model and therefor are as inputs:

1) Inlet diameter of the tube, d;,
2) Reynolds number of organic fluid in the liquid area.

The inputs from the design point model are:

1) Mass flow rate of organic fluid and the outer source
2) Temperatures and specific enthalpies in inlet and outlet of the heat

eXChanger TORC,inr TORC,out» TSource,in' TSource,out' hORC,in' hORC,out
3) Temperature and pressure of phase change T,¢, Psat
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All the needed fluid properties are calculated using the Refprop®. In order to
calculate the total length of the exchanger, it is subdivided in three areas, according
to the phase that exists in the interior of each area. In the case of the evaporator these
are the preheater (subcooled area), the evaporation area (two phase area) and the
superheater (superheating area). In the case of the condenser there are respectively
the same areas. The number of tubes is defined by the Reynolds number of organic
fluid in the liquid area that the heat exchange will take place and the tube’s inner
diameter d;,.

Nt = f(Re, din)

Then all the other crucial parameters of the heat exchangers geometry can be
calculated by empirical correlations except from the length. These are the outer
diameter of the tube d,, the triangular pitch P, of the tubes, the baffles spacing B,
the inner diameter of the shell Dy, the shell-side cross flow area Ag, and the shell-side
hydraulic diameter D,. All the equations used except the estimation of outer diameter
are proposed by Edwards et. al. [25] and Kern et. al. [2] and can be found on the
Appendix.

dout = 1.2djy
P = f(dout)
Bs = f(dout)
Ds = (P, Nt)

Ag = f(dout, P, Bs, Ds)
De = f(doutf Pt)

After the calculation of these geometrical parameters it possible to evaluate
the velocity of the fluid in the shell side and as result the Reynolds number too.

u’ = f(As'rnsource)

Re"” = f(u”,D,)
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Fig. 3.3.1 Type E counter flow shell and tube heat exchanger

For each area, all the unknown temperatures of the heat source are calculated.
Then the heat transfer problem is solved for each area separately and in the end the
total length of the heat exchanger is the sum of the length of the different areas. The
equations that define the problem are:

Qi = mogc * (hjour — hijin)
Qi = Mgource * CPsource * (Ti,in - Ti,out)
Qi = Ui Aj - ATpmrp
ATl - ATZ

AT mtp = T
ln(A_Tz)

Ai:Nt'T['din'Li

a’ is calculated by the Nusselt number that Dittus-Boelter equation predicts as
a function of Reynolds and Prandle numbers. This is for single phase flow

Nu = 0.023 - Re®8 - Pr?
where n = 0.4 for heat and 0.3 for cooling

_ Nu-A
din

!

a
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For the evaporation heat transfer coefficient, the Dittus-Boelter equation
cannot be used as it is not valid for this conditions. Instead, Winterton [14, 24]
correlation is used, which takes into account various phenomena that take place when
evaporation takes place:

a’evap = \/(F ) a’L)Z +(S- aIpool)z , Where

A
a'y, = 0.023 - (=) - Re?8 - pr0*
din

pL 0.35
F = [1+x-PrL<——1)]
Pv

2
aIPOOI =55 PcrO'12 - q3 - (—logyg Pp) 7055 - M 705

1
S =
1+ 0.055 - FO1 - Re016

For the condensation heat transfer coefficient also the Dittus-Boelter is not
valid. A correlation proposed by Cavallini et. al. [30, 31] is used:

’ AL
a’ cong = 0.023 - (d_-) -Redd - Pri33
n

1

where the equivalent Reynolds number can be expressed as

PL\%° Hy
Reeq = ReV . (E) . E + ReL

a”’ is calculated as a function of Reynolds and Prandle numbers as proposed by
John Edwards [25] for the equivalent outer diameter De

Nu = 0.36 - Re®55 - pro:33 (&)0.14
™
. Nu-A
T De
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Finally, the total length of the shell-n-tube is obtained by the sum of the single
lengths and total area is calculated respectively

Liotal = Z L

Atotal = Nt 10 dj - Liotal

The previous procedure is presented in flow chart:

Inputs f design point: . .
NptiLs Trom design poin Variables defined by user:

14
MoRrc) Msources Psatl Tsat' h ins

’
h/ TH' TII Re ’ din
out ins out

Calculations _
Calculation

T”i, T’i, h,l
B, P:, D, Ag, D,
Properties of both fluids

Calculations

Re';, Re", Pr';, Pr", Nu';, Nu", a';,
a”, LMTD;, U;, Q; A;, L;

Outputs:
Re';, Re”, Pr';, Pr", a’;,

r
a, Atotalf Ltotal
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3.3.2 Supercritical heat exchangers

The supercritical heat exchanger is different from the subcritical ones
as no phase change takes place inside. The equations that define the heat transfer
properties of the shell side are the same as in the subcritical one. The correlation that
is used for the supercritical heat transfer Nusselt number is Jackson’s correlation [34,
35]. It is proposed by Karellas et. al. [26] because the Dittus-Boelter equation that is
used usually for subcritical heat transfer does not predict that quarterly the heat
transfer coefficient near the critical point.

Nup = 0.0183 - Rel:#2 - Pros (p—w)03 <E>n
° ° po/  \Cpo

_ hy—h,
-

If pc is the pseudo-critical point, then the exponent n is defined as:

n=04forT, <Ty <Tycand Ty, > T, > 1.2 Ty

T,
n= 0.4+o.2<T—W—1> for Ty < Tpe < Tw
pc

Tw Ty
n=04+02(-=-1){1-5(=—1]| for Toe < T, <12-Ty
pc pc

500 Jackson

400 —— DittusBoelter

2 300
Z
200+

100

T

40 70 100 130 160 190 220
T [°C]

Fig. 3.3.2 Nusselt number, according to Jackson and Dittus Boelter, as a function of
temperature of the organic fluid [26]
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3.3.3 Pumps

The pump is a centrifugal one stage pump which provides the necessary head
in order for the cycle to operate. It’s speed at the design point is 3000 rpm. In the off-
design conditions it is changed by the control system in order to keep the cycle’s
parameters steady. The operation and performance are described by the operation
map, which indicates the head provided in accordance to the volume flow rate and
the rotational speed of the pump. The map also provides information about the
efficiency of the pump according to the head, the volume flow rate and the rotational
speed. Useful data can be exported from the design point model in order to create an
operation map which will be used in the off-design point conditions. These are the
nominal head of the pump, the volume flow rate, the nominal rotational, the
efficiency at that point and the volume flow rate in which the head is equal to zero,
dead flow rate. The equations that provide these values are:

Pout_Pi

Y. =
P pin g

LV
Voar =07

Nis,ap = 0.7 = known

wgp = 3000rpm = known

The efficiency of the pump and the rpm at the design point are known as they
are values defined in the design point model. The characteristic curve of the pump,
for constant RPM, is assumed to be a second order polynomial function (parabola)
with symmetry around the Y axis and the efficiency is calculated by the correlation
that Vaja [13] proposes:

Np,is = Np,is,dp *

o)
Zf_ .
Vap Vap

The characteristic curve is fully defined for the nominal rotational speed. In the
off-design conditions the rotational speed changes and so the affinity laws are used
to predict the performance of the pump. As the speed varies, the parameters of the
pump change as shown below:
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Fig. 3.3.3 Affinity laws

By applying the affinity laws to the design point and the dead volume flow rate
point two new operation point for the new speed are obtained. Then by applying the
assumption of the parabola, the characteristic curve in the new speed is fully defined
The isentropic efficiency is calculated by the correlation that Vaja [13] proposes:

- ()
Zf_ -
Vap Vap

Where the V('ip is the one at the nominal rotation speed, wgy,. In this way the

operation map of the pump is created. A figure is shown below just to give an
example of an operation map of a pump.

Np,is = Np,is,dp *
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3.3.4 Turbines

Head h, ft
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Fig. 3.3.4 Pump operation map example

K, = Map
s . (P2 _ p2
Pin,dp (Pin,dp Pout,dp)
.. m05
_ Mgy Tin,dp
mR,dp - 2
indp

Neis,ap = known

The turbine is a one stage axial turbine, working on constant RPM. It is the
component producing the power, so it is a very crucial component to the cycle. In the
literature seems that there is not yet a standard correlation to define the performance
of a turbine expanding organic fluid in all operating conditions. This is because of the
very big number of organic fluids in usage and the different operation conditions that

Since the turbine revolves at constant speed it's map is actually a curve. In
order to create the curve, information must be exported from the design point
conditions. The Stodola coefficient K and the non-dimensional mass flow rate mp
proposed by Mazzi et. al. [12]. The isentropic efficiency of the turbine at the design
point 7 ;s ap is known.
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These values are used to create the curve as shown below. The efficiency is
calculated by the correlation that Vaja [13] is proposing:

m:Ks'pin'(PiZn_Pozut)

m'Tl?‘LS
mR=—
Pin

2
2 mpg mpg
Ntis = Ne,is,dp -
Mpap  \MR,dp

Note must be taken in the fact that K is constant in all operating conditions

while my changes. Since the turbine is axial and one stage the cone law describes the
operation as shown in Fig 3.3.5

Fig. 3.3.5. Stodola law of eclipse

3.4 Dynamic off-design models

In this chapter the dynamic off-design models of the components are
presented. In this study the components are modeled by one or more Simulink®
blocks. The pump and the turbine are modeled by one block each, while the shell-n-
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tube heat exchangers are modeled by two. The creation of the models needs data that
are taken from the design point model, such as mogc,dp-

3.4.1 Pump block

The pump is a one stage centrifugal pump with variable speed. It is a flow
control component. It mainly receives level variables and calculates flow variables.
The mass and energy storage of the component is neglected, as it is considered very
small in comparison with the one of the shell-n-tubes. No mass and energy storage is
taken into account because the mass and energy storage phenomena of the heat
exchangers are considered much more impactful. Also its inertia is neglected. The
equations that characterize the block are the following:

Mass balance equation:

dm . . .
E=0(_) m =0 e my, = Mg,

Energy balance equation:

dE
E:OHZE:OHEout:Ein'i_Wpump

Wpump = rhpump * (houe — hin)

The inputs from other blocks are: h;y, Pin, Pout, W

The outputs towards other blocks are: myump, hout

This is shown in the next figure:
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D Pout
mpump [
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hout [»
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Pump

Fig. .3.4.1. Pump Simulink® block

In order to calculate the outputs, the map developed in the design of the
components is used. The volume flow rate is determined by the present rotational
speed w and head implied in the pump, Y. This means that the pump’s mass flow rate
is determined by speed w, pressure difference in inlet and outlet and the inlet density

Pin-

rhpump = f(Pin, Pouts Pin, @)

The enthalpy in the outlet is calculated using the inlet enthalpy, the isentropic
efficiency 17, ;s of the pump and the isentropic enthalpy hg s

4 ( 4 >2
Zf_ e
Vdp Vdp

hout is hin
houe = hip +
np,is

Npump,is = Npump,is,dp *

All the fluid properties needed are calculated by the Refprop® program in
Matlab® environment.

3.4.2 Turbine block

The turbine is a one stage axial turbine operating at constant speed. It is a flow
control component as the pump and mainly receives level variables and calculates
flow variables. Also the mass and energy storage of the component is neglected as
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done in the pump, as it is considered very small in comparison with the one of the
shell-n-tubes.

Mass balance equation:

dm . . :
E=0<—> m =0 e my, = Mg,

Energy balance equation:

dE
a:0<—>z:E=0<—>EOUItZEm—Wturb

Wiurb = Meyrp * (hin — houe)

The inputs from other blocks are: h;,, Pin, Pout

The outputs towards other blocks are: my, hyyt

This is shown in the next figure:

> Pout
mturbine >

Y hin
> Pin hout >

Turbine

Fig. .3.4.2. Turbine Simulink® block

In order to calculate the outputs, the curve developed in the design of the
components is used. The turbine’s mass flow rate is determined by pressures in inlet
and outlet and the inlet density pj,.

Meyrp = f(Pin' Pout pin)
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My = K * pin (Pizn - Pozut)

The enthalpy in the outlet is calculated using the inlet enthalpy, the isentropic
efficiency 7, ;s of the turbine and the isentropic enthalpy hg,¢is. Also the non
dimentional mass flow rate my is used, as indicated below:

. . m0.5
myg Tin
P in

2
2 mg mg
Nturb,is = Nt is,dp * -
mR,dp mR,dp

hoye = hip — Ne,is * (hin - hout,is)

mR:

All the fluid properties needed are calculated by the Refprop® program in Matlab®
environment.

3.4.3 Subcritical heat transfer block

The subcritical heat transfer block belongs in the block category of heat
exchangers. It is one of the two block that models a subcritical shell-n-tube exchanger.
Itis similar to a flow control component as it calculates flow variables (heat transferred
between two fluids) but it receives both level variables, such as pressure, and flow
variables, such as mass flow rate, as input. It is important to clarify from the beginning
that the subcritical heat transfer blocks do not have mass and energy storage
phenomena, and these phenomena are taken into account in the capacity blocks, with
which they are coupled. In the capacity block that follows the storage phenomena are
taken into consideration for the organic fluid only. For the hot or cold source fluid are
not taken into account in general as they go further than the purpose of this study.
The mass flow rate of the organic fluid with which the calculations are done is the one
that enters the shell-n-tube, meaning is the one calculating from the previous flow
control component. This means that for the evaporator is the pump’s mass flow rate
and for the condenser the turbine’s.

Mevaporator = Mpump

Mcondenser = Mturbine
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The subcritical heat transfer block is subdivided in three parts according to the
phase of the organic fluid inside:

Preheater: the part of the heat exchanger from the inlet of the organic fluid till the
two phase region

Evaporator/Condenser: the part in which the phase change is done

Superheater/Subcooler: the part of the heat exchanger after the two phase region in
which the superheating/subcooling is done, which in the last area of the heat
exchangers and stretches till the outlet.

For each of the areas above the block calculates the amount of energy that is
transferred and the surface/length that is required for the heat exchange also. So the
different phases volumes inside the tubes are calculated in this bock. The inputs and
outputs that the block receives and gives from and to others blocks of the models
during the simulation are presented below. The model also receives inputs that have
been calculated during the design-point model and the components design programs.
These are information related to the geometry and heat transfer as well

!

N . "
Inputs from other model blocks: m';,,, Mgources T iny N'ins Pin

Inputs from design-point conditions: di, , dout , De , Leotal » Nt, @' qp , @"idp

Msource,dp, Mwf,dp- PI'wf,i,dp

Outputs: T ,ue, Vi, Q;

The volumes occupied inside the tubes be different organic fluid phases and
the energy given to each area are the V; and Q; respectively. A figure of the Simulink®
block is shown in order to give a supervisory view the variables. On the left side are
the input variables, while on the right are the output ones.
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Fig. .3.4.3. Subcritical evaporator heat transfer Simulink® block

The equations that define the problem are:

Mass balance equations:

For the organic fluid:

N N 4
mjy = M gyt

r ot e
m mn, — m outg — My ¢

For the source’s fluid:

< I N/ .
m jp = M gyt = Mgource

Energy balance equations:

ZE 0 dE 0
= (—)—:
d

Q, =Q"=Q
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QI — QII

For the organic fluid:
QI = r.n,in ’ (h,out - h,in)
Q’l = My (Ah’i)

For the source’s fluid:

" o__ . . oo
Q = Mgource Cpsource (T in T out)

Q”l = Myource * CPsource * (AT"})

Heat transfer:
Qi = Ui A - ATymrp,i
Ai = Nt'T['din'Li
1
1 dip

a'y  De-a'y

Ui:

For the convective coefficients in the off-design points, a correlation proposed
by Manente et. al. [33] is used. By using this correlation, the calculation of the heat
transfer coefficients in each area is simple. The correlation is the one following:

. nl n2
2. =a . < Myt ) ( 1:)rwf,i >
i— 4idp -~ B
Inwf,dp Prwf,i,dp

m n3
source,od
a'' = a”dp . < : p>

msource,dp
where i = pre, evap/cond, sup/sub

In the current case that Dittus-Boelter, Winterton , Cavallini and Edward correlations
are used the exponents are:
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n, = 0.8
n, = 0.3 for the evaporator and 0.4 for the condenser

n3 = 055

The temperatures in the heat exchanger outlet are unknown and cannot be
found without interactions. Therefor a superheating (subcooling for the condenser) is
assumed for the organic working fluid (4T, or A4T,;) and by solving the energy
balance equation the temperatures and enthalpies of both fluids are calculated in
every characteristic point for the current time step.

z T"; = known
z h'; = known

After this assumption, by solving the heat transfer problem for this situation
the total surface needed for the heat exchange is calculated. Then it is compared to
the actual one. If it is not equal to the actual one, the assumption of the ATy,,, (or
ATs,p) in the outlet changes and the calculations are repeated. When the surface
converges the problem is solved and the outputs can be obtained in order to feed the
capacity block that follows.

A = Qi
(Ui - ATLmtp i)
3
Atotal dummy = Z A = Apre + Aevap/cond + Asup/sub
i=1

After the determination of the heat exchange areas, the volume occupied by
each phase is calculated. For the determination of the volume occupied by saturated
vapor, and the one by saturated liquid, in the saturated area the average void fraction
vy is used. The homogenous model proposed by Butterworth [27] is used for reasons
of simplicity:

Y_fl = P dx
x=0X"PL+t (1 —%)-py

where x is the vapor quality
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The variables used by the block are summarized:

N° of variables: 45

J : rn ! rn !
Myf, Mgources T in» h in» l:)inr T out’ Vi' Qir din ’ dout ’ De ’ Ltotal ’ Nt, a idp »
14} . . ! 14 14 !
A dp, Msource,dp » Mwf,dp » Prwf,i,dp' Ah ir Cpsourcel AT ir Uir ATLMTD,i ’ Ai: a ,ayy

N° of independent variables: 5

. . 144 !
My £, Mgoyrces T in» hin: Pinr

N° of dependent variables: 26

17 " ’ "o
T out’ Vir Qir AT ir Ah ir Uil ATLMTD,i ’ Air a,ajy

N° of fixed variables: 13

! rn . .
din ’ dout , De, Ltotal ,Nt, a idp » a dp- msource,dp , mwf,dp , PI'wf,i,dpr Cpsource

N° of outputs: 7

n
T out» Vir Qi
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Inputs from

: . Inputs from model: Assumptions for
design point:

calculationS:
mwf: hinr Msources

!
geometry, a idp
Tsource,inr Pi ATsup or ATsub

"
a dp

Calculations

AT”i, Ahli, Uir ATLMTD,i ; Ai, a”,

! r
a iAtotaldummyr hout: T out

New assumptions

Is Atotaletotaldummy B AT. or AT
sup sub

Calculations

17
T out’ Vi' Qi;

Outputs:
T”outl Vir Qi
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3.4.4 Subcritical capacity block

The capacity block is the second block used to model the shell-n-tube, together
with the heat exchanger one. It receives flow variables as inputs (such as mass flow
rate) and calculates level variables (such outlet enthalpy). Its role is to simulate the
storage phenomena that exist in the system. The two storage phenomena that are
modeled are the mass and energy storage of the organic fluid. The heat sources
phenomena are not taken into account. It is a very important component as it
describes very crucial parameters of a thermodynamic cycle.

Inputs from the design point model: d;,,, dout, Ni, CPrubes Levap,tots Pinitials

!
h out,initial

. . !
Inputs from other blocks: MgRgrc in, MoRrc outr N'ins Vir Qi

Inputs from previous interaction: Py eyviews, h’out,previews

Outputs: Prew, h'outnews ATsup o ATgyp

mout
min
Qpre
Qevap
Qsup
Vpre
Vsatlig
Vsatvap

Vsuper

AVAR VIR VIR VIR VIR VIR VIR VIR VIRV

hin

hout

phigh

superheat

p

p

Evaporator's Capacity

Fig. 3.4.4. Subcritical evaporator capacity Simulink® block

86



The equations that are solved are the mass balance, energy balance and volume
preservation. The analysis is similar to the one done by Willatzen et. al. [11], with the
difference that here the thermal inertia of the tubes is added to the energy balance of
the working fluid and is not written as a separate equation. In the Fig.3.4.5 the general
structure is shown:

Q1 Qo Qs
m m
in out
— = mi mo ———
hin hou
= hy h, —
Va > Vs , y .

Fig. .3.4.5. Subcritical evaporator capacity structure

The Volume preservation in differential form is written as:

dv )
S N
dt ’
dv, dvg dvg
dt + dt + dt 0

The Mass Balance equation in differential form is written as:

7 r dM
mln_moutza
dp  d(p-u)
E-I_ 0z =0

After the integration in the hole volume of the heat exchanger it is written for each of
the three different areas as:

First area (preheating/precooling):
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dVA dpq .
(pl pl) Va—— dt = m;, — my

Second area (evaporation/condensing):

dpL dP dVB dVA_ L A
(Vs VA) Y+(1— )dP dt+dt( 2= P2) — t(Pz—Pl)—m1—m2

Third area (superheating/subcooling):

dVB . )
(pz —-p3) + (V- VB) = My — Moyt

The Energy Balance equation in differential form is written as:

. . dE
En — Eout = a

d(ph — P) d (mtube ) Cp,tube ’ (Ttube - Tref)) d(p-u-h)
+ + =
ot dt 0z

The reference temperature of the tube does not change, so:

d (mtube ) Cp,tube * (Teube — Tref)) _ d(mtube . Cp,tube . Ttube)
dt B dt

What is more, the tube temperature is assumed to change in the same way as
the one of the organic fluid, as is proposed by Astrom et. al. [28], meaning:

dTiubei  dTwe;

dt dt

88



After the integration in the hole volume of the heat exchanger it is written for each of
the three different areas as:

First area (preheating/precooling):

dv — dp _ dh; dP d(Teube,
—= (p1h1 pihy) +Vy (hl oL Py t) T Meype,1 - Cp,tube% =
mlnhm mlhl + Ql
Second area (evaporation/condensing):
d(pyvhy) d(pLhr) dv =
(Vg —Va) [vay+(1—y)%—1] +_B chz—chz)—
dv d(Trupe, .
—= (pzhz p1h1) + Meype,2 * Cp tube % m,h; —myh; +Q,
Third area (superheating/subcooling):
dv = — dp _ dh dp d(Teupe,
— (pzhz pihy) + (V- Vg) (h3 =243 b E) + Meype,s Cp,tube% =

mZhZ rrlouthout + Q3

can be written as a function of the

Each thermodynamic magnitude like Eipt‘)

temperature and pressure derivative over time for the single phase regions 1 and 3:

d(pi)_<6p dT+6p dP)
dt  \aT dt 0P dt

For the two phase region the pressure and the temperature are not
independent values, so the derivative of the temperature can be expressed as a

function of the pressure derivative. Therefore, for the saturated region

(p)

thermodynamic magnitudes I|ke 5 can be written as:
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_(0p OT dp

d(p) (dp dT 0Jp dP dP
at ( )—(ﬁ ﬁ“Lﬁ) @

a \aT at Tap @

For the area of the preheating/precooling it is supposed that the fluid inside
has average temperature equal to the average between the inlet and the saturation
one. For the area of the superheating/subcooling it is supposed as well that the
average temperature is equal to the average between the saturation and the outlet
one.

_ Tin + T — — Teat + T
T1 — 1n sat ) T3 — Tsat, 3 — sat out
2 2
And so:
= dT'n deat = = deat ClTo t
dTy _qc T ac  dTs_dTae dTs _ g * dt
dt 2 ’ dt dt * dt 2

The outlet enthalpy derivative is expressed as:

dhoye _ . dTow  Oh dP

dt P T4t TP at

All the fluid’s properties like Z—g are calculated with the Refprop® tool. In the

end there is a system of linear equations, containing 7 equations and 7 unknown
variables. Through its solution the outputs of the capacity are obtained. Note that
AT, or AT,y is not an independent value, as it is calculated from Pyey, h'outnew-

7 equations: 3 mass balance equations, 3 energy balance equations, lvolume
preservation

_dP  dhgyt . . dva dvg dvg
7 unknowns: ==, — =, Msathg, Msatvapr ~gqr * ar ’ ar.
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N° of variables: 24

dP dh
S : ! 4 out
My fin, Mwfouts h in'Vi' Qil l)pr'eviews' h out,previews- E’ dt ’

. . dva dvg dvg
Mgat liq Msat vap - TR T ATsup or ATy,

N° of independent variables: 12

. . ! !
My fin, Mwf,outs h in Vi: Qir Ppreviews; h out,previews- ATsup or ATsub

N° of dependent variables: 7

dP  dhgyt . dVy dVg dV¢
at’ dt » Mgat ligy Msat vap, dt ' dt’ dt

N° of fixed variables: 5

dinr doutl Nt, Cptuber Levap,tot

N° of outputs: 3

!
Pnewr h out,new, ATsup or ATS'U,b
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The next flow chart presents the way that calculations are done:

Inputs from design point: Inputs from model:

Geometry, tube properties, Min, Rin, Mout, Qexchngeads

! . .
Pinitial' h out,initial PprevLeWSrVI

Mass and energy balance
equation, Volume preservation:

apP dh |,
E ;Pnew: E: h out,new

Outputs:

!
Pnewr h out,new-

ATsup or ATsy,p

The Fig. 3.4.6 that following shows the overall connections in the one pressure
level dynamic model. The connections are the signals representing values of
thermodynamic values as is already stated.
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Fig.3.4.6 Simulink® model of one pressure level

For comparison, in figure 3.4.7 is shown the ORC model created by Vaja. As the

Figure indicates, the modeling approach and the connections between the
components are similar.

J—»mntkg!ﬂ f
: _— -+ + Teatn =]
L2 * lein
J—fpr in [Pa] @ M, [K9/5] N, 6]
) b, Tkifkg]
. Fout
m,, T 2R e [ Lo, wora E‘ o [kPa]
. kg r
= = m,  [kois] p{m, [Fas] v
i 3 p, IkPa] ﬂ_—l— - ot 1 4ot + v
] E Heat Exchanger 2F Drum L g g
< c = 5
o J:E a’
Purmp
Vapour Turing| E
™ — =
j - :n Pume Cantrol ;2 2 3
L =
T £ £ a
b m,, lkg’s] <—| )
[EJ#Ta N 1] - =
Tyo K] - |
h:ut [kJ/ka] L [ka/s] p—! o b, In ePal 1—E
n_[klikg]
pIkPal n, [kig] ™ S| - oL
Ny, Ikg]
E"Vl"“m My [kgis] Mt out legis] - +’ﬁ P, [¥Fa]
Drumi Heat Exchanger 2F_1

Fig. 3.4.7. Simulink® model of an ORC power plant [13]

93



3.4.5 Supercritical heat transfer block

The supercritical heat transfer block belongs in the block category of heat
exchangers. It is one of the two block that models the supercritical shell-n-tube
exchanger. The supercritical heat transfer block does not have mass and energy
storage phenomena, and these phenomena are taken into account in the capacity
block which follows and are taken for the organic fluid only. The mass and energy
storage phenomena for the hot source fluid are not taken into account in general as
they go further than the purpose of this study. The mass flow rate of the organic fluid
with which the calculations are done is the one that enters the shell-n-tube, meaning
is the one calculating from the previous flow control component. This means that for
the supercritical evaporator is the pump’s mass flow rate and for the condenser the
turbine’s.

Meyap,super = Mpump

Mass balance equations:

For the organic fluid:

.« / e S
mjp = M gyue=Myyf

For the source’s fluid:

< 11 e )
mj, = M oyt = Mgource

Energy balance equations:
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For the organic fluid:

Q’ = My (hlout - h,in)

For the source’s fluid:

" o__ . . oo
Q = Mgource Cpsource (T in T out)

Heat transfer equations:

Q=U-A-ATymrp
A=Nt-m- din ’ Ltotal
1
1 d;

— 4 10
a; De-a;

U=

. nl n2

' ’ My ¢ Prwf . . .

a’'=a'gqp- - . ,where Pr, ¢ is calculated in the inlet only
mwf,dp l:)rwf,dp

M n3
source,1
au — a”dp . < )

Msource,dp

In the current case that Jackson’s correlation and the one proposed by Kern
are used the exponents are:

1’12 = 03

The temperatures in the outlet of the heat exchanger are considered unknown
and cannot be found without interactions. Therefore, an output temperature is
supposed for the organic working fluid and by solving the energy balance equation the
temperatures and enthalpies of both fluids are calculated in each point for this
temperature.

T" out = known

h'out = known
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After by solving the heat transfer problem for this situation the total length
needed is calculated. Then it is compared to the actual one. If it is not right the
assumption of temperature in the outlet changes and the calculations are repeated.
When the length converges the problem is solved and the outputs can be obtained in
order to feed the capacity block that follows.

Q

A=
(U - AT M)

Now the inputs and outputs that the block receives and gives from and to
others blocks of the models during the simulation will be presented

. . . 12 !
Inputs from other blocks: myf, Mgources 1 iny Niny B

Inputs from design-point conditions: di, , doyt , D€, Lyotar » Nt, @'ap , @""dap

mwf,dpJ msource,dpr PrORC,i,dp

Outputs: T o, Q V

Mind that the volume V does not change during the simulation, so the block
has as output a constant value.

) Thotsourcein
Thotsourceout >
) mhotsourcein
) min Q >
M Pin
vh
M hin

Supercritical Evaporator's heat transfer block

Fig. .3.4.8 Supercritical evaporator heat transfer Simulink® block
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Inputs from

. . Inputs from model: Assumptions for
design point:

7 . calculationS:
h in» Myf, Mgoyurces

!
geometry, a’i 4p , )
T i, P;

r
a dp

Calculations

AT", Ah', U, AT m1p , @i 0dp /

44 1
A odp, Atotaldummyf houtr T out

New assumption
Is Atotaletotaldummy ?

Calculations

THout' Vr Qr

Outputs:
THoutr Vi; Qi
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3.4.6 Supercritical capacity block

In the supercritical shell-n-tube heat exchanger the capacity block that is used
to model the storage phenomena is different from the subcritical one. This is because
there is only one phase inside. This results in a different dynamic response as the mass
balance and energy balance equations that are used are different. Also the volume
preservation equation has no impact as there is no volume change between different
phases.

Inputs from the design point model: d;y,, doyt, Nt, CPrybes Levap,tots Pnitial: D outinitial

Inputs from other blocks: Mgrc in, Morc outr N'in, Vs Q

Inputs from previous interaction: Py eyviews, h’out,previews

. 1 1 1
Outputs: lDnew* h out,news S out,new’ T out,new

mout
> hout [»
> min
phigh [»
Y apre
sout >
N Vpre
Y hin tout [y

Supercritical evaporator's capacity block1

Fig. .3.4.9. Supercritical evaporator capacity Simulink® block

The equations that define the problem are:
Mass balance:

d(p)_V dp dT Jdp dP

dt (ﬁ'EJ’aP'dt)

My, — Moyt = V-
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Energy balance:

. . d(u) d(p) d(Teube)
myy - hin — Myye - hout +Q=p- VT +u- VT +Myype Cp,tube ) %
Where:
d(p) (ap dT N ap dP)
dt ~ \oT dt aP dt
d(u) <6u dT N du dP)
dt ~ \oT dt 0P dt
— Tin + Tout
2

The tubes temperature Ty ,pe is Supposed to change in the same way as the T,,;. The
procedure is synopsized in the next flow chart:

Inputs from design point: Inputs from model:

Geometry, tube Min, hinr Mout, Qexchngedr

properties, Pinitiar,s Ppreviews

hout initial

Mass and energy balance
equation, Volume preservation:

dpP dh h
E; new: E' out new

Outputs:

Pnew; hOut new,

!/ !
S out,new: T out,new
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3.5 Conclusions

In this chapter the design point models and the off-design dynamic models are
explained, for all three cases that are studied. The design point models construct the
ORC cycle that produces the maximum power in the specific conditions and with the
assumption that are done. What is more, they calculate essential data for the dynamic
models such as the Stodola coefficient K; and the number of tubes that the heat
exchangers have N;. The off-design dynamic models are realized by the proper
connection of individual blocks. The blocks are used to simulate the behavior of the
cycle components in dynamic changes. The approach proposed by Vaja is followed in
the current study. The heat exchanger is modeled with a moving boundary model,
which is not very accurate but it is simple, fast and is preferable when it comes to
control design. It is known that the dynamic models contain errors due to the
assumptions that are made, but the overall approach is sufficient. Unfortunately,
there is no real system in order to be used to check the accuracy of the models.
Additionally, no experimental data were found in the literature, describing precisely
all the parameters of an ORC in transient conditions. Although the accuracy of the
models is unknown, the flexibility is achieved in both the design point and dynamic
models. The initial parameters, which are defined by the user, make the design models
easy to apply in every hot source stream. The dynamic models are flexible also as they
are formed by discrete blocks. These blocks can be easily altered to simulate an
existing system, if the equations proposed in this study are not valid for a specific
application or better fitting equations are known. In conclusion, the goal of flexibility
is achieved.
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4. Modeling tools

In this chapter the modeling tools that were used are presented. The tools are
used to realize the modelling approach that is been developed. This involves the
MATLAB® programming language and its modelling tool, Simulink®.

4.1 MATLAB®

MATLAB® is a high-performance language for technical computing. It integrates
computation, visualization, and programming in an easy-to-use environment where
problems and solutions are expressed in familiar mathematical notation. Common
uses are:

¢ Mathematics and computation

e Algorithm Development

¢ Modeling, simulation, and prototyping

o Data analysis, exploration, and visualization

e Scientific and engineering graphics

e Application development, including Graphical User Interface building

MATLAB® is an interactive system whose basic data element is an array that does
not require dimensioning. This allows the solving of many technical computing
problems, especially those with matrix and vector formulations, in a fraction of the
time it would take to write a program in a scalar non interactive language. The name
MATLAB® stands for matrix laboratory. MATLAB® was originally written to provide
easy access to matrix software developed by the LINPACK and EISPACK projects, which
together represent the state-of-the-art in software for matrix computation.

MATLAB® has evolved over a period of years with input from many users. In
university environments, it is the standard instructional tool for introductory and
advanced courses in mathematics, engineering, and science. In industry, MATLAB® is
the tool of choice for high-productivity research, development, and analysis.
MATLAB® features a family of application-specific solutions called toolboxes. Very
important to most users of MATLAB®, toolboxes allow the learning and applying
specialized technology. Toolboxes are comprehensive collections of MATLAB®
functions (M-files) that extend the MATLAB® environment to solve particular classes
of problems. Areas in which toolboxes are available include signal processing, control
systems, neural networks, fuzzy logic, wavelets, simulation, and many others.
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4.2 Simulink®

Simulink®” is a block diagram environment for multi-domain simulation and
Model-Based Design. It supports system-level design, simulation, automatic code
generation, and continuous test and verification of embedded systems. Simulink®
provides a graphical editor, customizable block libraries, and solvers for modeling and
simulating dynamic systems. It is integrated with MATLAB®®, enabling the
incorporation with MATLAB® algorithms into models and exporting simulation results
to MATLAB® for further analysis.

Key Features

e Graphical editor for building and managing hierarchical block diagrams

e Libraries of predefined blocks for modeling continuous-time and discrete-time
systems

¢ Simulation engine with fixed-step and variable-step ODE solvers

e Scopes and data displays for viewing simulation results

e Project and data management tools for managing model files and data

e Model analysis tools for refining model architecture and increasing simulation
speed

e MATLAB® Function block for importing MATLAB® algorithms into models

e Legacy Code Tool for importing C and C++ code into models

4.3 REFPROP®

REFPROP® is an acronym for REFerence fluid PROPerties. This program,
developed by the National Institute of Standards and Technology (NIST), provides
tables and plots of the thermodynamic and transport properties of industrially
important fluids and their mixtures with an emphasis on refrigerants and
hydrocarbons, especially natural gas systems.

REFPROP® is based on accurate pure fluid and mixture models. It implements
three models for the thermodynamic properties of pure fluids: equations of state
explicit in Helmholtz energy, the modified Benedict-Webb-Rubin equation of state,
and an extended corresponding states (ECS) model. Mixture calculations employ a
model that applies mixing rules to the Helmholtz energy of the mixture components;
it uses a departure function to account for the departure from ideal mixing. Viscosity
and thermal conductivity are modeled with either fluid-specific correlations, an ECS
method, or in some cases the friction theory method.
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5.Results and Simulations

In this chapter the results of the simulation are presented and remarks are
made upon them. The modeling approach that is presented in chapter 3 is followed in
order to create the models. In the begging, the design point of each case is calculated.
This includes a comparison study between different organic fluids as working
mediums in order to determine the one that maximizes the power output. After this,
basic parameters of the components are calculated by the design point model, such
as the Stodola coefficient of the turbines and the length of the shell-n-tube heat
exchangers. In this way, all the essential parameters for the dynamic simulations are
obtained. Dynamic simulations are done for a load increase of the engines, from 85%
to 100% within 50 seconds. The results show that the system, of each of the cases
studied, is operating safely and that the control strategy proposed is acceptable,
reaching its goals. What is more the results are smooth and without oscillations, which
is a common problem in dynamic models. The overall behavior of the system is the
expected one.

The cases which are studied are presented:

1) Only jacket water’s heat is utilized, one subcritical pressure level

2) Both jacket water’s and supercharged air heat are utilized by using two
subcritical pressure levels

3) Both jacket water’s and supercharged air heat are utilized by using one
subcritical and one supercritical pressure level
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5.1 First case

The one hot source-one pressure level model is applied for the first case for
several working fluids in order to find the one that maximizes the power output. The
working fluids that are thought to be suitable for the application are the following: R-
134a, R-125, R-245ca, R-245fa, R-227ea, RC-318. The results are summarized in the

next table

Table 5.1 First case design point for various working fluids

R-245ca | R-134a R-125 R-227ea | R-245fa RC-318
Povap (kPa) 355,34 | 1799,89 | 3368,92 | 1256,93 500,52 898,8
P.ona (kPa) 120,99 766,88 | 1562,54 526,09 176,84 363,88
Tevap (°C) 62,94 63,04 62,93 62,93 62,94 62,93
Teona (°C) 30 30 30 30 30 30
ATsup (°C) 5 5 5 5 5 5
AT, (°C) 5 5 5 5 5 5
out (°C) 76,3 76,3 76,3 76,3 76,3 76,3
Nis.turb 0,61 0,74 0,76 0,73 0,65 0,72
Nis,pump 0,7 0,7 0,7 0,7 0,7 0,7
Morc (kg/s) 27,62 32,84 54,56 47,33 29,28 49,13
Meora (kg/s) 169,05 176,79 182,52 162,08 169,54 157,78
Wiewrp (KW) 344,06 423,67 440,63 394,69 366,99 377,1
Woump (KW) 6,67 40,05 117,23 35,53 10,11 25,02
Whet (KW) 337,39 383,61 323,4 359,16 356,88 352,08
¢ (%) 9,56 9,56 9,56 9,56 9,56 9,56
Nthermal (%) 5,17 5,88 4,96 5,5 5,47 5,4
Ntotar (%) 0,49 0,56 0,47 0,53 0,52 0,52

The optimum scenario as it can be seen is usage of R134a as working fluid. For this,

the T-s diagram is constructed:
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Fig 5.1 First case T-s diagram

For the optimum scenario, the shell-n-tube heat exchangers are designed and
their mean features are shown in the table below:

Table 5.2 First case, characteristics of shell-n-tubes

Evap Cond
din (mm) 14 14
dyye (MM) 16,8 16,8
Nt 1513 1628
pe (mm) 23,52 23,52
B, 1,4 1,4
D, (m) 1,09 1,13
De (mm) 19,51 19,51
Re” 30049,76 | 6165,66
o (KW/mA2*K) 4,62 2,69
Re; 10002,91 | 9999,15
Oy (KW/mA2*K) 0,31 0,32
Aevap/ Acona (KW/mA2*K) 1,66 1,74
sup/ Uy (KW/mA2*K) 0,42 0,33
L (m) 6,64 6,97




The dynamic behavior of the system can be studied at this point. The case is
the increase of the engines load from 85% to 100% within 50 seconds. This results in
a change both in the of jacket’s water temperature and mass flow rate. The
temperature is increasing 1.62 K and the mass flow rate decreasing 33.4 kg/s during
the transient period.

The system starts from the design point of 85% load as stated before and
remains as it is for 50 secs in order to assure it starts from a stable condition. Then
from 50 secs till 100 secs the load change takes place and from 100 secs till 250 secs
the system reaches steady state conditions again, with superheating and subcooling

returning to their nominal values. The results are presented below in the form of
diagrams:

Inputs:
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Fig 5.2 First case, jacket water mass flow rate
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Fig 5.3 First case, jacket water temperature
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Fig 5.4 First case, evaporation pressure
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Fig 5.7 First case, turbine mass flow rate
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Fig 5.9 First case, subcooling
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Fig 5.11 First case, cold source mass flow rate
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Fig 5.12 First case, turbine inlet enthalpy
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Remarks:

1)

2)

3)

4)

5)

6)

7)

The superheating is increasing as the ships load is increasing and the
temperature of the hot source is increasing as well

The control system starts to increase he RPM of the pump as a response to the
rise of the superheating. This results in bigger mass flow rate passing through
the pump and so the pressure in the evaporator is rising

The power produced by the ORC is increasing as the load of the ship changes.
This is done because both bigger mass flow rate of organic fluid runs through
the system and the specific work of the turbine and is increasing

An increasing cooling power is demanded from the condenser, throughout the
transient period, while the control system tries to maintain subcooling at the
nominal value. This happens because both the mass flow rate of the ORC and
superheating are increasing

Through various simulations it was found that superheating has a dominant
impact in the condenser. As vapor has much lower a’ than liquid, an increase
in superheating means that there is much less available surface in the heat
exchanger to cool the liquid in the desired conditions

The pressure of the condenser is relatively constant, only a small change is
happening. The pressure is relatively constant because the condenser contains
mainly low density compressible vapor and because the temperature of the
cold source remains constant

Finally, the control strategy proposed is able to maintain the cycle under safe
conditions in the transient period and reach steady conditions after, without
oscillations and overshoots
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5.2 Second case

The two hot sources-two subcritical pressure levels model is applied for several
working fluids in order to find the one that maximizes the power output. The working
fluids that have been thought to be suitable for the application are the following: R-
134a, R-125, R-245ca, R-245fa, R-227ea, RC-318. The results are summarized in the
next table

Table 5.3 Second case design point for various working fluids

R-245ca | R-134a | R-125 | R-227ea | R-245fa | RC-318
Peyap,p (kPa) 319,8 | 1653,99 | 3121,74 | 994,65 | 452,12 | 705,61
Povap.up (kPa) 885,16 | 2164,24 | 2313,46 | 1684,67 | 1284,76 | 1632,41
P.ona (kPa) 120,99 | 766,88 | 1562,54 | 526,09 | 176,84 | 363,88
Tevap,Lp (°C) 59,35 59,45 | 59,45 53,37 59,35 | 53,37
Tevap,up (°C) 98,1 71,14 | 46,14 75,68 | 100,86 | 89,12
Teona (°C) 30 30 30 30 30 30
ATgp,1p (°C) 5 5 5 5 5 5
ATsup,HP (°C) 5 5 5 5 5 5
ATy, (°C) 5 5 5 5 5 5
ot.p (°C) 76,3 76,3 76,3 76,3 76,3 76,3
Tovenp (°C) 79,8 46,12 | 44,15 44,15 77,91 | 44,15
Nis.curb,Lp 0,63 0,74 0,77 0,76 0,67 0,75
Nis.turb.HP 0,75 0,75 0,75 0,75 0,75 0,75
Nis,pump 0,7 0,7 0,7 0,7 0,7 0,7
Morc.Lp (k&/s) 13,16 15,53 | 25,49 23,1 13,94 | 24,19
Morc.up (K8/S) 16,05 28,34 | 47,69 40,17 17,35 | 39,26
Meora (ke/s) 178,72 | 236,2 | 244,8 | 216,68 | 181,2 | 203,75
Wirp.ip (KW) 152,69 | 182,42 | 190,51 | 145,84 | 161,01 | 140,82
Woump,Lp (KW) 2,69 16,27 | 47,31 11,12 4,09 7,87
Woet.p (KW) 150 166,14 | 143,2 | 134,71 | 156,92 | 132,95
oLp (%) 4,74 4,74 4,74 4,74 4,74 4,74
Nehermarrp (%) 4,88 5,41 4,66 4,39 5,11 4,33
NeotarLp (%) 0,23 0,26 0,22 0,21 0,24 0,21
Wirp.up (KW) 468,72 | 446,05 | 211,21 | 455,55 | 489,18 | 525,44
Wyump,up (KW) 12,62 | 46,74 | 42,76 47,76 20,49 | 47,35
Woee.np (KW) 456,1 | 399,31 | 168,45 | 407,74 | 468,69 | 478,09
©Oup (%) 58,91 79,32 | 80,52 80,52 60,05 | 80,52
Nehermatup (%) 10,81 7,03 2,92 7,07 10,89 8,29
Ntotarup (%) 6,37 5,57 2,35 5,69 6,54 6,67
Waet.tor (KW) 606,09 | 565,46 | 311,65 | 542,45 | 625,61 | 611,04

The optimum scenario as it can be seen is usage of R245fa as working fluid. For this,
the T-s diagram is constructed:
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Fig 5.13 Second case T-s diagram

For the optimum scenario the shell-n-tube heat exchangers are designed and
their mean features are shown in the table below:

Table 5.4 Second case, characteristics of shell-n-tubes

Evap HP Evap LP Cond
din (mm) 5 10 10
doyut (Mmm) 6 12 12
Nt 1076 434 1041
p, (mm) 9,6 16,8 16,8
B 1,51 1,09 1,09
D, (m) 0,37 0,42 0,64
De (mm) 10,94 13,94 13,94
Re” 8541,77 | 69062,76 | 14771,81
a" (kW/mA2*K) 0,34 10,35 5,55
Re; 9995,75 9992,49 | 10001,68
apre(kW/m"Z*K) 1,11 0,55 0,83
Aevap/ Acona (KW/mA2*K) 6,84 6,57 5,32
Asyp/ Asyp (KW/mA2*K) 2,19 0,93 0,54
L (m) 12,59 5,25 6,52
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The dynamic behavior of the system during an increase of ships load from 85%
to 100% within 50 seconds is being studied here. This results in a change of both jacket
water temperature and mass flow rate. The temperature is increasing 1.62 K and the
mass flow rate decreasing 33.4 kg/s during the transient period.

The system starts from the design point of 85% load as stated before and
remains as it is for 50 secs in order to assure it starts from a stable condition. Then
from 50 secs till 100 secs the load change takes place and from 100 secs till 250 secs
the system reaches steady state conditions again, with superheating and subcooling
returning to their nominal values. The results are presented below in the form of
diagrams:

Inputs:
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Fig 5.14 Second case, supercharge air mass flow rate
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Fig 5.15 Second case, supercharge air temperature
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Fig 5.16 Second case, jacket water mass flow rate
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Fig 5.17 Second case, jacket water temperature
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Fig 5.18 Second case, high evaporation pressure
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Fig 5.19 Second case, low evaporation pressure
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Fig 5.21 Second case, net power
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Fig 5.22 Second case, high pressure turbine mass flow rate
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Fig 5.23 Second case, low pressure turbine mass flow rate
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Fig 5.24 Second case, high pressure level superheating
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Fig 5.25 Second case, low pressure level superheating
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Fig 5.26 Second case, subcooling
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Fig 5.27 Second case, high pressure pump rotational speed

117



3002

3000

2998

2996

(RPM)

2994
2992

2990
0 50 100 150 200 250

time (s)

Fig 5.28 Second case, low pressure pump rotational speed
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Fig 5.29 Second case, cold source mass flow rate
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Fig 5.30 Second case, high pressure turbine inlet enthalpy
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Fig 5.31 Second case, low pressure turbine inlet enthalpy

Remarks:

1)

2)

3)

4)

5)

The superheating of the high pressure level is increasing as the ships load is
increasing and the temperature of the supercharge air is increasing as well
The subcooling is decreasing as it is expected, because the mass flow rate
running through the condenser is increasing and also the superheating of the
high pressure level is increasing. The air temperature and mass flow rate
change much more than the water ones, demanding an increasing cooling
power from the condenser in order to maintain subcooling at the nominal
value

The control system starts to increase he RPM of the high pressure pump. This
results in bigger mass flow rate passing through the pump and so the pressure
in the high pressure evaporator in rising

Because the subcooling is decreasing, in the begging the superheating of the
low pressure level is increasing although the mass flow rate of the water is
decreasing. After 25 seconds it starts decreasing for 50 seconds, obtaining
value lesser than 5 °C, and by the end of the simulation it reaches the nominal
value of 5 °C again.

The high pressure evaporator pressure is increasing 120 kPa while the low
pressure is decreasing 1,2 kPa. This is done because the thermodynamic
characteristics of the supercharge air change much more than the ones of the
jacket water and the control system of each evaporator reacts separately. The
final pressure is formed by the Stodola coefficient K;, as it connects the
pressure levels with the mass flow rate passing through the turbine
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6)

7)

8)

The pressure of the condenser is relatively constant, as the one of the high
pressure evaporator is increasing and the one of the low pressure evaporator
is decreasing. Also it contains mainly low density compressible vapor and the
temperature of the cold source remains constant.

The power produced by the ORC is increasing significantly as the load of the
ship changes. This is done because both bigger mass flow rate runs through
the high pressure turbine and also the its specific power is greater. On the
other hand, in the magnitudes which are connected to the jacket water
happens the opposite, but the increase of the HP magnitudes is much greater
Finally, the control strategy proposed is able to maintain the cycle under safe
conditions through the transient period and reach steady conditions after,
without oscillations and overshoots in most of the magnitudes
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5.3 Third case

The two hot sources-two pressure levels model, one subcritical and one
supercritical, is applied for several working fluids in order to find the one that
maximizes the power output. The working fluids that have been thought to be suitable
for the application are the following: R-134a, R-125, R-227ea, RC-318. The results are
summarized in the next table

Table 5.5 Third case design point for various working fluids

R-134a R-125 | R-227ea | RC-318
Pevap,p (kPa) 1620,5 | 2642,27 | 1132,28 807
Pevap,up (kPa) 6279,25 | 8257,65 | 5708,83 | 4514,25
Peona (kPa) 766,88 | 1562,54 | 526,09 363,88
Tevap,p (°C) 58,59 51,95 58,59 58,6
Tevap,np (°C) 138,53 | 123,57 | 143,73 | 141,71
Teong (°C) 30 30 30 30
ATsup,LP (°C) 5 5 5 5
ATsyp (°C) 5 5 5 5
Sturb,in (KJ/kg'K) 1,72 1,53 1,56 1,52
sut,Lp (°C) 76,3 76,3 76,3 76,3
Touenp (°C) 59,83 48,17 52,51 49,96
Nis,turb,LP 0,74 0,78 0,74 0,73
Nis,turb,HP 0,75 0,75 0,75 0,75
Nis,pump 0,7 0,7 0,7 0,7
Morc,LP (kg/s) 15,55 25,33 22,63 23,59
Morc,up (k8/9) 23,6 39 33,1 36,2
Meoa (kg/s) 210,78 | 215,22 | 190,84 | 191,99
Wewrp.Lp (KW) 178,66 | 153,04 168 161,33
Wyump,Lp (KW) 15,68 32,62 14,1 9,95
Wiet.p (KW) 162,98 | 120,42 153,9 151,38
Prp (%) 4,74 4,74 4,74 4,74
Nthermal,LP (%) 5,31 3,92 5,01 4,93
Neotat,Lp (%) 0,25 0,19 0,24 0,23
Wiurp,up (KW) 709,77 | 738,78 | 721,89 705,4
Woump,p (KW) 152,59 | 305,98 | 174,73 | 142,18
Whet,up (KW) 557,18 432,8 547,16 | 563,22
Oup (%) 71,01 78,08 75,45 77
Nenermarip (%) 10,95 7,74 10,12 10,21
Neotarzp (%) 7,78 6,04 7,64 7,86
Wiet.cor (KW) 720,16 | 553,22 | 701,07 714,6
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The optimum scenario as it can be seen is usage of R134a as working fluid. For this,

the T-s diagram is constructed:
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Fig 5.32 Third case T-s diagram
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For the optimum scenario the shell-n-tube heat exchangers are designed and
their mean features are shown in the table below:

Table 5.6 Third case, characteristics of shell-n-tubes

Evap HP | Evap LP Cond
din (mm) 6 14 14
doye (mm) 7,2 16,8 16,8
Nt 2449 718 1941
pe (mm) 11,52 23,52 23,52
B 1,73 1,4 1,4
Dg (m) 0,68 0,75 1,23
De (mm) 13,12 19,51 19,51
Re” 4938,26 | 41718,68 | 9769,76
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a" (kW/mA2*K) 0,21 5,6 3,16
Re| 10001,57 | 9998,62 | 9999,54
Apre(KW/mMN2*K) 0 0,31 0,16
Aevap/ Acona (KW/mA2*K) 0 0,4 0,3
asup/asub (kW/m72*K) 0 1,73 1,74
asupercrit(kw/mAZ*K) 0,63 0 0
L (m) 12,11 5,56 7,5

The dynamic behavior of the system is being studied now. The case that is
studied is the increase of ships load from 85% to 100% within 50 seconds. This results
in a change both in the of jacket’s water temperature and mass flow rate. The
temperature is increasing 1.62 K and the mass flow rate decreasing 33.4 kg/s during

the transient period.

The system starts from the design point of 85% load as stated before and
remains as it is for 50 secs in order to assure it starts from a stable condition. Then
from 50 secs till 100 secs the load change takes place and from 100 secs till 300 secs
the system reaches steady state conditions again, with superheating and subcooling
returning to their nominal values. The results are presented below in the form of

diagrams:
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Fig 5.33 Third case, supercharge air mass flow rate
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Fig 5.34 Third case, supercharge air temperature
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Fig 5.36 Third case, jacket water temperature
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Fig 5.38 Third case, low evaporation pressure
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Fig 5.39 Third case, condensation pressure
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Fig 5.41 Third case, high pressure turbine mass flow rate
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Fig 5.45 Third case, subcooling
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Fig 5.47 Third case, high pressure turbine inlet specific enthalpy
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Fig 5.48 Third case, low pressure turbine inlet specific enthalpy
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Fig 5.49 Third case, high pressure pump rotational speed
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Remarks:

1)

2)

3)

4)

5)

6)

7)

8)

The Tyyrp,in,np @Nd Sgyrp in @re increasing as the ships load is increasing and the
temperature of the supercharge air is increasing as well

ATy is decreasing as it is expected, because the m,,r yp increases and also
the temperature of the HP is increasing. The air temperature and mass flow
rate change much more than the water ones, demanding an increasing cooling
power from the condenser in order to maintain 4Ty,,; at the nominal value
The control system starts to increase he RPM of the HP pump. This results in
bigger mass flow rate passing through the pump and so the pressure in the
high pressure evaporator in rising

The high pressure evaporator pressure is increasing 700 kPa while the low
pressure is decreasing 1 kPa totally in the end of the simulation. This is done
because the thermodynamic characteristics of the supercharge air change
much more than the ones of the jacket water and the control system of each
evaporator reacts separately. What is more, the supercritical evaporator is
containing incompressible working fluid, meaning that its pressure changes
drastically with small variations between inlet and outlet mass flow rate. The
final pressure is formed by the Stodola coefficient K;, as it connects the
pressure levels with the m,,

The pressure of the condenser is relatively constant, as the one of the high
pressure evaporator is increasing and the one of the low pressure evaporator
is decreasing. Also the temperature of the cold source remains constant. What
is more, the condenser contains mainly compressible vapor.

The power produced by the ORC is increasing significantly as the load of the
ship changes. This is done because both bigger m,,r yp runs through the
system and the Ahy,,p yp is increasing significantly. On the other hand, 1, 1 p
and Ahy,,p, 1p, Which are connected to the jacket water, are slightly degreasing,
but the increase of the HP magnitudes is much greater

Because ATy, is decreasing, in the begging the AT, ; p is increasing although
the mass flow rate of the water is decreasing. After 25 seconds it starts
decreasing for 50 seconds, obtaining value lesser than 5 °C, and by the end of
the simulation it reaches the nominal value of 5 °C again. This behavior is
similar to the one that is seen in the second case

Finally, the control strategy proposed is able to maintain the cycle under safe
conditions through the transient period and reach steady conditions after,
without oscillations and overshoots in most of the magnitudes
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5.4 Conclusions

In this chapter the results are presented for all three cases that are studied. A
comparison study between different fluids is done in case in order to find the one that
maximizes the power output. For the first and third layout R134a has the best
performance and for the second R245fa. After the definition of the design point the
basic parameters of components like heat exchangers where calculated. Dynamic
simulations are presented, in order to prove the safety of the ORC unit. In all three
cases the system operates steadily and was able to reach equilibrium conditions
shortly after the end of the hot sources characteristic variation. It is reminded that the
Pl control system of each case is tuned separately in order to provide optimum results.
Specific comments about each case are done separately after the demonstration of
the results.
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6.Conclusions

The aim of this work is to create flexible design and dynamic models of single
and dual pressure ORC and apply them to the ICE of a LNG carrier for waste heat
recovery. The design point models are created using the Matlab® programming
language and dynamic off-design point models by using both Matlab® and Simulink®.
The objective function for the design point models is the maximization of the power
output. The approach for the dynamic model is the one proposed by Vaja [13]. The
data for the LNG carrier are obtained from the diploma thesis [29] and the publication
[7] of Soffiato et. al. The design point that is chosen is the same point that Soffiato
chose (85% load of three engines), while the transient input for the dynamic model is
the increase of engines load from 85% to 100%, assuming a linear increase within 50
seconds.

Three different layouts for the ICEs-ORC combined cycle have been proposed,
based on a single-stage, a two-stage subcritical and a two-stage supercritical ORC. Off-
design dynamic models have been developed for each solution. The design point
models have general characteristics and can be applied to many cases for obtaining
the optimum design point. They are easy to adjust because important parameters
such as working fluid and AT, are inputs. For the development of the dynamic model,
the calculation of some components critical characteristics is done. For the pump, the
operation map is designed by correlations proposed by Vaja and the affinity laws,
while for the turbine the operation curve is calculated by correlations proposed by
Vaja and Stodola law. The heat exchangers are type E counter flow shell-n-tube and
their basic parameters are calculated using the Kern method and proper correlations
proposed in the literature. The off-design dynamic models approach is similar to the
one proposed by Vaja, realized by separated blocks and splitting the heat transfer and
storage problem into two different blocks. This modular approach offers flexibility to
the models, as it is possible to change any block and obtain again a properly working
system model without needing to affect the rest of the code. This characteristic makes
the model user friendly and easy to change. It is considered a big advantage as it offers
the opportunity to simulate the behavior of systems before their construction and
existing systems also, after proper tuning. Finally, a control system is designed for each
case, to keep the operation under safe conditions. The usage of Pl controllers is found
to be sufficient through literature review and result analysis.

The results of both the design and dynamic models are found satisfactory. For
the one pressure level ORC the maximum power outcome is 383,61 kW, while for the
two subcritical pressure levels is 625,61kW. The supercritical cycle in found to produce
720,16kW, making it the most productive cycle. The input for the transient simulations
is the increase of the engines load from 85%, that is the design point, to 100% within
50 seconds. In all transient simulations the system operates safely and reaches steady
state conditions within 100 seconds after the end of the transient input. The
superheating and subcooling are always at a safe level in all cases studied. This
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indicates that the control strategy proposed is acceptable. As an outcome can be said
that the transient phenomena of the ICE of a ship do not prevent the installation of an
ORC for WHR on-board. The oscillations of the vessel during voyages are not modeled
in this study. It is considered that they will affect the real system as the continuous
altering of gravity force will affect the heat exchange where two phase area exists. The
existing layout, having the organic medium inside the tubes, is considered to be the
best scenario, as there is less space for oscillations than all the other possible layouts.

It is known that the approach that has been followed in the dynamic
models has simplifications of the real problem. The main one is the split of the
dynamic model of the heat exchanger in two blocks. The literature is found insufficient
in this aspect, as there are only few models proposed and also there is not enough
information on how to realize them. Although there are simplifications, the results are
good and are considered to simulate the phenomena in a correct way. There are no
oscillations in any physical magnitude, which is a common problem in dynamic
models. For further validation of the models experimental data are need, which do
not exist. The models can be changed in future work, following different approaches,
in order to estimate the effect that they have on the final results.

Future work proposed to continue this study:

1) The study can be repeated with finned tubes instead of smooth ones in order
to reduce the size of the shell-n-tube heat exchangers

2) The type E heat exchangers could be replaced by type F or J to compare the
difference in the system size and dynamic response

3) A fixed boundary model can replace the current one for the evaporators and
the condenser

4) A variable rotational speed turbine can be added so as to keep the pressure
levels steady

5) An interesting topic is a techno-economic study as to find out the most
profitable configuration and the most profitable working fluid.

6) An economic evaluation of the current system could be done, calculating the
annual earning using the results of the dynamic model for partial loads
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7.Appendix

The equations that were used to solve the heat transfer problem and were
found in the Edwards book for designing heat exchangers [25] and Kern’s book for
process heat transfer [27]. There the following are proposed:

for triangular pitch of 45 degrees a usual value is P, = 1.4d;

Bg max = 7Odout°'75, here a value of Bg = 30d0ut0'75 is chosen

Ds =R (0 91'[)
_ Ds ' Bs ' (Pt - dout)
A = B,
PN\%2 T
V3(3) —gW@ow)”
D. =8

T Aoyt
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EAANVLKO THAOL

Mhaywavog I'eopyrog Havayratng

EvélMkTto povtéda Yo TOV 6(€010010 KOl OVVOILKNY
rertovpyia Opyavikov Kdkimv Rankine, povig kat dutingg
nieong: epappoyn o€ £va whoio petapopag LNG
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Elcaywyn

OL BeplIKEG pNXOVECG AetToupyoUV PeTOEL SU0 BEpUOKPOCLWYV TIPOG TTaPAYWYH
HNXOVLKOU €pyou. Amtoppodouv Bepudtnta amno tnv nnyn vPnAng Bepuokpaciag kat
HETA TNV TOpOywyn €PYou QMOPPUTITOUV TNV UTIOAELMOUEVN Bepuotnta os doxela
XounAotepng Bepuokpaciag. H Swadikaocia aflomoinong amoppumtoUeVnG
BepuOTNTOC EKUETAANEVUETOL TNV UTIOAEUTOUEVN QUTH BgpuoTNTA TIPOC MOpAywyn
ETWTAEOV €PYOU KOL OTNV CUVEXELO QMOPPUTITEL BepUOTNTA O aKOUA XOUNAOTEPN
Bepuokpacia. O Opyavikdog Kukhog Rankine (ORC) StaBétel tnv kavotnta va
Aeltoupynoel He Bepun TNy OXETIKA XOMNAAG BepUoKpOOlOg KOL LKOVOTIOLNTLKA
anodoon oe avtiBeon pe tov kavovikd KukAo Rankine. Tumikég TipéG tou Babuou
anodoong eivat anod 5% pPExpL 23%, avaloya Le TV Bepun Ny KOLTO OPYAVLKO LECO.

H owotn emloyr) tou onueiou oxediaong tou ORC eival kplowun, kabwg
KaBopilel TNV cUVOALKN) AOS00N TOU CUOTUATOG TG0 0To (610 To onueio 600 Kal
€KTOG autoU. Eva okOpa onuavtiko Béupa esivat n e€aodpaiion tng achaAng Kot
amodoTIKNG AelToupylolG TOU OUCTAUATOC OTIC OUVONKEG €KTOC TOU Onueiou
oxedloong. Ta duvauikd povtéla eival tkava va mpoPAéPouv 1600 Ta LETARATIKA
dawvopeva KAtw and PeTABoANOUEVEG EEWTEPIKEG OUVONKEG 00O Kal TIG CUVONKEG
Aewtoupylog ektog onueiou oxediaong. Etol, Bonbouv otnv dnuloupyia aohoAwv
ouvOnKWv AeLToupylag Kal 0TNV aVATTUEN CWOoToU CUOTHHATOG EAEYXOU.

H emloyn tou opyavikou pEcou xpnlel blaitepng mpoooxng adou E€xel
kaBoplotik emidpacn otov  Bepulkd Kot OUVOAKO Babuod amoddoong.  Itnv
BBAloypadia moapatnpeital and tov KapéAda [3] OTL yia TG (6le¢ OUVONKEG
aflomoinong Bepuotntag xapnAng Oepuokpaciag, SlLadopeTIKA OpyovIKA HECQ
UITOPOUV va €XOUV MEXPL Kal 7% amokAlon otov Babuo anddoong. Mapolou mou o
0pLOPOC TWV OPYOVIKWY HECWV Elval TepAoTLOC, divovtal KATEUOUVTIAPLEG YPOUUEG
otnv BBAoypadia anod epeuvntég 6mwg ol Vivian et. al. [4], yla Tnv cwoth emAoyn,
BAoeL YapaKTNPLOTIKWVY OTWG N Kplowun Beppokpaocia.

Eva e€alpetikd evdladépov nedio epapuoyng twv ORC eival n aglomoinon
QTOPPUTITOUEVNG Bepuotntag. Ta TAOLO AMOPPUTTOUV TEPAOTLA TTOCA AOYyw TNG
XPNONG UNXAVWV ECWTEPLKAG kKaonc (MEK) omwg deiyvel n peAétn twv Spouse et. al.
[5]. Ot Shu et. al. [6] av@Aucav tnv ekpetdA\evon Bepuotntac and évav Sixpovo
VAUTIKO Klvnthipa Kat katéAnfav oto cuumépaocpa nmw¢ o ORC eival to BEATioTo
ocvotnua. O Soffiato et. al. [7] avaluoav ta ev Suvapel ekpetalevotpa ano ORC
Bepud pevpata otnv MEK evog LNG carrier. Mpénel va TovioTtel oTo onpeio auto mwg
OTLG VOUTIKEG €PapUoyEC N aocdAAEld ATIOTEAEL TNV TPOTEPALOTNTA, £TCL TPOTOU
epapuootel Eva kalvolpylo cloTnua Ba pemel va €xeL amodeifel tnv alomiotia Tou
€K T(pOOLUioUv.
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Ta duvapika povtéla eival Eévag BoAlkdg Tpomog va eAeyxBet n ouunepidopad
CUOTNUATWY OTa UeEPKA doptia Kol xpnoldomololvIal €miong otnv avamtuén
ocuotnuatwy gAéyxou. OL Wei et. al. [8] mpaypatonoincav pia avaluon mavw ota
Sladopetika Suvapka poviéda ORC, dsixvovtag OTL UTAPXOUV UEYAAEG SladopEg
TO00 oTnV aKpifela 600 KAl OTOV UTOAOYLOTIKO XpOvo mou amattouv. O Vaja [13]
TIAPOUOLAZEL OVAAUTIKA TNV KOTAOKEUN €VOC amAoU Kol eUEAIKTOU poviéAou ORC,
OTTOTEAOULEVOU QTO UEUOVWHEVA MMAOK. H mpoogyylon tou akoAouBeital otnv
gepyacia auti Aoyw ¢ amAétntdg t¢. O Quoilin et. al. [10] kataokevacav éva
Suvaplkd povtédo ORC Kol OTNV CUVEXELO TO XPNOLUOTOLINCAV Yyl TNV KATAOKEUN
ouoTnuatog eAéyxou, delxvovtag £TOL TNV LEYAAN XPNOLLOTNTA TOUC.

O oKkomog auTAG TNG SUTAWMATLKAG EPYAOCLOG EIVOL VOL KATOLOKEUAOEL EVEALKTA,
VEVIKAG XPNONG HOVIEAA yla Tov KaBoplopd Ttou onueiou oxedlaopol TpLwV
Sladopetikwv KUKAwWV ORC, KaBwg Kol EVEAKTA SUVOULKA LOVTEAQ E OKOTIO VL T
TIPOCOUOLWOEL Kal va Ta eAéyEel. OL TpeLg StadopeTikol KUKAOL TTOU HEAETWVTAL Elval
UE pla umokpiown Tieon atpomoinong, U0 UMOKPICLUEG TILECELG ATUOTIOINONG Kal
600 TIECELG ATHOMOINONG €K TWV omolwv n upia eival unepkpiown. Ta poviéAa
epapuodotnkav oe €va LNG carrier yla eKUETAAAELCN QMOPPUTITOUEVNG BepUOTNTOG
ano tnv MEK. Ma to okomo auto ta povtéAa Tou onpueiov oxediaong epapudotnkav
TPOG eUpeoN Tou BEATIOTOU Kal StaotacloloynBnkav kUpLa e€optrHaTa Tou KUKAOU,
OMWG TO HMAKOC TWV eVOAAOKTWV BegpudTnTac. TNV CUVEXELX £PapUOOTNKAV T
SUVOULKA MOVTEAQ yLO TA LEPLKA dopTia TNG UNXAVAE KAl avamtuxdnkav cuothuata
eAéyxou yla va Staopaiicouv tnv otabepdTnta Kol aopAAELD TOU CUCTHHATOG.
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9.MpwTN MEPLTTWON KOl TOLPOATNPAOCELC

210 MopOV KeAAALO, TA AMOTEAECUATA TNE TPWTNG OO TLG TPELG TIEPUTTWOELG
TIou LEAETNORKav TTapoucLAlovTal Kal Yivovtol mopatnpnoeLg e’ auvtwy. ApXLKA, To
onueio oxedlaopoL tng e€etalopevng nepimtwong umoAoyiletal. Auto mephapPavet
pio ouykpltik HeAETn petafl Slddopwv OPYAVIKWY UYPWV TIPOG €UPECN TOU
€pyalOLEVOU LECOU TIOU HEYLOTOTIOLEL TNV TOPAYOUEVN LoXU. Yotepa, PAOCLKEG
TIAPAUETPOL TWV EEAPTNUATWY UToAoyilovtal amod Ta HOVIEAQA TOU OnUElou
oxedlaong, onwg n otabepd tou Stodola yia toug otpofiloug Kol 0 aplBPog Twy
OCWANVWV ylo TOUG €eVAANAKTEG. Katd autd Ttov TpOmo, OAEG OL QMOPALTNTEG
TIOPAMETPOL Yl TG OUVAUIKEC TIPOCOUOLWOELS ommokTwvtal. H  duvautki
mpooopoiwaong yivetal yla avénon tou doptiov Twv MEK amno 85% oe 100% péoa os
50 SeutepoAenta. Ta anoteAéopata deiyvouv OTL TO cUOTNUA AELTOUpPYEL AoDaAWC
KOlL N OTPATNYLKA EAEYXOU TIOU TIPOTELVETAL Elval OOSEKTH], TETUXALVOVTAC TOV OTOXO

ne.
OL peletnBeloec mepUMTWOELG Elval TPELG:

1) Movo To veEPO TOU XITWVIOU XPNOLUOTIOLELTAL, LE MO TILECNC ATHOTIOWMNoNG

2) Xpnolgomolouvtal TO VEPO TOU XITWVIOU Kal 0 a€PAC TNEG UMEPTANPWONC, LUE
600 UTTOKPIOLUEG TILECELG aTOTIONONG

3) XpnoluomoloUvtal TO VEPO TOU XLTWVIOU Kal 0 aéPag TG UTEPTIANPWONG, UE
HLOL UTIOKPLoUN Kal pia uTtepKpioLun Ttieon atuomnoinong

MNpwtn nepintwon

To povtéla pilog Bepung mnyng-KLag mieong atpomnoinong epapudletal otnv
TPWTN Mepimtwon yLa SLadopa 0pyaviKA PEUCTA YLO EUPECH OLUTOU TTOU PEYLOTOTOLEL
™V mapayopevn woxL. Ta péoa mou Bewpouvtal KatdAAnAa ival ta akoAouBa: R-
134a, R-125, R-245ca, R-245fa, R-227ea, RC-318. Ta amoteAéopata cuvolilovrtatl
otov akoAouBo mivaka.

Mivakag 9.1 Znueio oxedlaopol mpwtng nepimtwong ywa Stadopa péoa

R-245ca | R-134a | R-125 | R-227ea | R-245fa | RC-318
Poyap (kPa) 355,34 | 1799,89 | 3368,92 | 1256,93 | 500,52 | 898,8
P.ona (kPa) 120,99 | 766,88 | 1562,54 | 526,09 | 176,84 | 363,88
Tevap (°C) 62,94 | 63,04 | 62,93 62,93 62,94 62,93
Toona (°C) 30 30 30 30 30 30
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ATy (°C) 5 5 5 5 5 5
AT, (°C) 5 5 5 5 5 5
7 (°C) 76,3 76,3 76,3 76,3 76,3 76,3
Nis.turb 0,61 0,74 0,76 0,73 0,65 0,72
Nispump 0,7 0,7 0,7 0,7 0,7 0,7
More (kg/s) 27,62 32,84 54,56 47,33 29,28 49,13
Meorq (Kg/S) 169,05 | 176,79 | 182,52 | 162,08 | 169,54 | 157,78
Wierp (KW) 344,06 | 423,67 | 440,63 | 394,69 | 366,99 377,1
Woimp (KW) 6,67 40,05 | 117,23 35,53 10,11 25,02
W,er (KW) 337,39 | 383,61 | 323,4 359,16 | 356,88 | 352,08
$ (%) 9,56 9,56 9,56 9,56 9,56 9,56
Nenermat (%) 5,17 5,88 4,96 5,5 5,47 5,4
Neotar (%) 0,49 0,56 0,47 0,53 0,52 0,52

To BéATioto oevaplo Onw¢ daivetal eivat n xprion tou R-134a yia epyaldpevo HEoO.
Kataokeualetal to Staypappa T-s.
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Ewkéva 9.1 T-s SLaypappa mpwtng mepimtwong

Na Tto PEATIOTO Oevaplo, oL €VOAAAKTEG TUTIOU QUAWV-KEAUDOUG
Slaotacloloyouvtal Kal Ta KUpLo XaPOKTNPLOTLKA TOUC MapouoLlalovTal 0Tov KATwoL

mivoka:

Mivakac 9.2 MpwTtn MepIMTWoN, XOPAKTNPLOTIKA TWV EVAAAAKTWV

Evap Cond
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din (mm) 14 14
d oyt (Mm) 16,8 16,8
Nt 1513 1628
Pe (mm) 23,52 23,52
B, 1,4 1,4
Dy (m) 1,09 1,13
De (mm) 19,51 19,51
Re” 30049,76 | 6165,66
o' (kW/mA2*K) 4,62 2,69
Re; 10002,91 | 9999,15
Apre(KW/MA2*K) 0,31 0,32
aevap/acond (kW/m~2*K) 1,66 1,74
Asup/Asyp (KW/mA2*K) 0,42 0,33
L (m) 6,64 6,97

H Suvauikn cupunepldpopd Tou cuotiuatog duvartal va HeAeTnOel oto onpeio
auto. H peletnBeioa mepimtwon ival n avgnon tou poptiou Twv pnxavwy anod 85%
o€ 100% péoa og 50 SeutepOAemTa. AUTO €XEL ETUIMTWON TOCO OTNV TOPOXH VEPOU AT
TO XITWVLIO 600 Kal otnVv Bepuokpacia avtou. H Bepuokpacia aveBaivel 1.62K Kt n
niapoxn Hetwvetot 33.4 kg/s katd tnv petaBatikr nepiodo.

To ocvotnua £ekvasl amo to onueio oxedlaopou, dnhadn 85% doptio kat
TapapEVEL eKel yla 50 deutepOAenta MpoKeLEVOU va SLaoPaALOTEL OTL EeKVAEL Ao
ouvOnKkec npepiag. Tote, anod ta 50 pgxptta 100 SeutepoAenta cupPaivel n petafoln
Tou doptiou wv pnxavwv kot anod ta 100 péxpt ta 250 deutepOAenta To cUOTNUA
dtavel ouvOnkeg npeuiag favd, pe TNV umepBépupavon kat tmv umoyuén va
AapuBdvouv TIC OVOUOOTIKEG TLMEG TOuG. Ta amoteAéopata mopoucialovial ota
Slaypdppoata mou akoAouBouv:

Eloodot:
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‘E€oboL:

Ewkova 9.2 Mpwtn nepintwon, mapoxn nalag vepou xitwviou
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Ewova 9.3 Mpwtn nepintwon, Beppokpaacia vepol XITwviou
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Ewova 9.4 Mpwtn mepimtwon, mieon atponoinong
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Ewkova 9.11 Mpwtn nepimtwon, napoxn palag Puxpol pevUATOC
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Ewova 9.12 Npwtn nepimtwon, 161k evBaATia elocdédou otpoBilou

MNoapatnpnoeLc:

1)

2)

3)

4)

5)

6)

H unepbépuavon aufavetal kabwg to ¢optio tou mAoilou aufavetal,
odnywvtag €tol o avénon tng Bepupokpaciag Kot tng mapoxng palag tng
Bepung mnyng.

To cuotnua eAéyxou apxilel va auavel TIC oTPOdEG TIG AVTALAG, AVTISPWVTOG
otnv av&non tou uttepBépuavon. AuTO €XEL oav QTIOTEAECUA LEYAAUTEPN
napoxn Halag va SlatpexeL TNV avtAila Kal Tautoxpova va aveBaivel n mieon
OTOV QTHOTOLNTA

H mapayoéuevn woxug and tov ORC audvetal kabwg to doptio Tou TAoLoU
aveBaivel. Auto oupBaivel yloti peyaAutepn mapoxn MAlag Tou Opyavikou
uypoU TEPVAEL amO TO oUOTNHA Kol ylati To €dko €pyo tou otpofilou
auavel

Mta av€avopevn PUKTIKA LOXUC QTALTETAL And TOV CGUUMUKVWTA KATA TNV
petapatikn nmepiodo, kabBw¢ to cuotnua eAéyxou mpoomabel va Slatnproel
Vv unoPuén otnV OVOPAOoTIKA TNG TLUA. AuTo cupPaivel ylati mapoxn palog
TOU 0pyQVLKOU KUKAOU Kal n uttepBéppavon avéavovtal.

Méoa amnod npooopolwoels Bpednke OTL N untepBEpavon umepBépuavon €xeL
KaBoplotikn emidpacn otov cUUTMUKVWTH. Emeldn o atpog €xel xapunAotepn
OUVAYWYLLOTNTA OO TO UYPO, Hia avénon otnv unepBEpuavon onuaivel otL
UTTAPXEL apPKETA Alyotepn SlaBéolun emidpAvVELQ OTOV CUMITUKVWTH Yl val
PUE&eL TO LYPO OTLG EMBUUNTECG OUVONKEG

H niieon otov cupnmukvwTn elval oxetikad otabepn, He pia pikpi aAayn povo
va Tpaypatomnoleital. Autd cupPaivel ylatli 0 CUUTTIUKVWTAG TIEPLEXEL KUPLWG
XQUNANG TTUKVOTNTAC OCUUTILECTO ATUO Kal MELdN n Bepuokpaacia tng Yuxpng
TtNYNC MOPAUEVEL oTaBepn
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7) T€MNog, n otpatnylkn €Aéyxou mou mpotabnke eival tkavr va dtatnpioeL Tov
KUKAO KATw amd aodalelc ouvOnKkeg Aettoupyeiag o OAn TNV UeTOPATIKN
nieplodo kat va ptaocel oe otabepég cUVONKeG LOTEPA, XWPLG TAAQVTWOELS KOl
UTIEPAKOVTLOELG

JUMtEpACHATOL

O OKOTIOC QUTAG TNC TapoU o SUTAWUATIKAC EIVAL VOl KATAOKEUAOEL EVEALKTOL
HOVTEAQ yla TOo oXeSLAoUO Kal TNV Suvaplkn povtehomoinon evog kat dUo emumedwv
atponoinong ORC kal va ta edpapuoosl oe éva LNG carrier yla eKHeTAAAEUON
QTIOPPUTITOUEVNC BeppudTnNTaC. Ta HOVTEAQ ONnUeiou oXeSLAOUOU KATAOKEUAOTNKAV
OTO TIPOYPAUUATIOTIKO TiepBaAlov tn¢ Matlab® evw ta SuUVOUIKA HOVTEAQ OTO
nieptBarov tou Simulink® pe tautdxpovn xprnon kwdika Matlab®. H aviikelpevikn
OUVAPTNON TIOU LKAVOTIOLOUV Ta MOVTEAQ OXeSLACUOU €lval n peylotomoinon tng
Tapayouevng LoxLog. H mpooéyylon mou akoAouBnbnke ota SuVapLKA LOVTEAQ €lval
ouTh Tou mpoteivetal and tov Vaja [13]. Ta dedopéva yla tnv pnxavn Tou mAoilou
napOnkav ano tnv SutAwpatiky 6€on [29] kat tnv dnpoacievon [7] twv Soffiato et. al.
Zav onueio oxedSlaopou emAéxBnke To 16Lo onpeio mou ixav StaA€el kat ot Soffiato
et. Al. (85% ¢doptio oe Tpelg unXaveg), evw oav petaBatiki elcodoc yla to Suvapko
HOVTEAO xpnoluomnoltnke pia av§non tou poptiou Twv pnxovwy ano 85% oe 100%
pHéoa og 50 deutepotata, uoBETOVTAC YPAUULKA OAAay).

Tpelg dtadopetikol kUKAoL ORC mpoteivovtal, Baclopévol otov amAo, otov
SUTAO Kal otov SumAG umtepkpiolwo ORC. Auvaulkd povtéAa avamtuxbnkav yla kabe
Sladopetikd KUKAO. Ta LOVTEAQ OXESLOOUOU TOU onUelou Asltoupylag €XOUV YEVIKO
XOPAKT PO KAl UtopolV va €bappooTolV o€ SLadOPETIKES TTEPLTTWOELG, BplokovTtag
oe kaBe mepimtwon to PéATloTo onueio. Eival evkoAa mpoooppoolua yloTi ot
ONUOVTLKEG TIAPAMETPOL AELTOUPYLAC OMWE TO £pyalOpeVo HEOw Kal To pinch point
elval mapapetpol el0odouv kabopllopevol and Tov xprnotn. MNa Tnv avamtuén tou
Suvaplkol HOVTEAOU VIVETOL €K TwV TPOTEPWV OlactacloAoynon Baokwv
€€aPTNUATWY OO TA POVTEAQ OXESLOOUOU. Mo TNV avTAla, KATAOKEVATIETAL O XAPTNG
Aewtoupyiog oUudwva e TOUG VOUOUG OUOLOTNTAG KOL ULOL OXECHN TIPOTEWVOLEVN ATIO
Tov Vaja, yLa tov oTtpoBido n kapmuAn Asttoupyiag cUpdwva pe Tov vopo tou Stodola
Kal pia oxéon mpotelvopevn amo tov Vaja. Ot evaAlakteg Bepuotntag eival shell-n-
tube tUMoOU E, Aettoupyouv katd avtippor) Kol 0 oXeSLaoUoG ToUC £YLVE okoAouBwvtag
Vv uEBodo tou Kern. H mpoogyyilon mou akoAouBnBnke 0To KOUUATL TNG SUVOLKNAC
povtelomoilnong eivat n mpotewvopevn anod tov Vaja. Ta diadopa e€optrpata Tou
KUKAOU povtelomowBnkav pe Eexwplotd umAok. H petadopd Bepudtntag Kat n
amoBrikeuon palag KoL EVEPYELOG TTOU cupBaivel otoug evaAAdkTeg umoloyilovrtal
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and 6uvo Sladopetikd UmAoK. AuTH n TPOCEyyLon Tou TPOPANUaTog TipoodEpeL
gveli€ia, kaBwg Sivel Tnv duvatotnTa VA AVTIKATAOTAOEL TO OMOLOSATIOTE UITAOK LIE
GMo Kol oto TEAOG va TpoKUWPEL €va VEO MOVIEAO, XWPIC va XPELACTEL N
oAANAemidpaon e To UTIOAOUTA KOUMATLO TOU KwSLKA. TO XAPAKTNPLOTIKO AUTO KAVEL
TO MOVTEAO PIAKO OTO XPNOoTn KAl €UKOAO OTNV avampocappoyr. Oswpeital
ONUAVTIKO TTAEOVEKTN A KaBwG Sivel TNV eukalpla TPOCOUOLWONG TOCO CUCTNUATWY
TPV TNV KATAOKEUR TOUG 00O KAl UTIOPXOVIWY UETA oo KATAAAnAn mpooappoyn. H
xpnon Pl eAeyktwv BpéBnke va elval LkavomonTikn Toco péoa otnv BiAloypadia 6co
KOlL OO TNV AVAAUGCT TWV OTTOTEAECUATWV.

Ta anoteAéopata TOOWV UOVIEAWV OXESLOOUOU 600 KOl TWV SUVAULIKWV
Bpilokovtal kavomolnTka. MNa tov amAd KUKAO n HEYLOTN TapayOuevn LoXU ilval
383,61 kW evw yLa tov dutAo umnokpiotpo eival 625,61kW. O umtekpiolpog BpEOnke va
napayel 720,16kW, yeyovog mou Tov kablotd tov 1o anodotiko. H eicodog yia tnv
povtehomoilnon twv Hetafatikwyv ¢avopévwy elval n avg¢non tou ¢optiou twv
unxavwv anod 85% oe 100% péoa oe 50 Seutepolemta. OAeg oL UETAPATIKEG
anokpioelg Seiyvouv OTL Ta cuoTpata AElToupyouv achoAwg Kal ¢pTdvouv otnv
HOVIUN Kataotoon péoa o 100 SeutepOAenTa UETA TO TEAOG TNG UETABOANG TNG
€10660u. H unepBpuavaon kat n untoPuén datnpolvral mavtote os aodaln enineda,
0€ OAEC TIC TEPUTTWOELS TIOU HEAETHONKav. Autd umodnAwvel OTL N OTPATNYLKNA
€AEYXOU TIOU TIPOTEIVETAL £lval AMOSEKTH. 2OV YEVIKOTEPO CUUMEPAOCUO UIMOPEL va
AexBel ot ta petofatikd ¢awvopeva twv MEK evog mAolou Sev gpmodilouv tnv
gykataotaon ORC yla avaktnon Bepuotntag. Ot Talavtwoelg Tou mAoiou Sev €xouv
povtehomolnBel o autr) TN LEAETN. Oewpeital OtL emnpealouv TNV Asttoupyeia Tou
TPAYUATIKOU cuoTNUATog, KaBw¢ ol evaAlaooopeveg PBaputikeg Suvapelg Ba
ETNPEACOULV TNV HETAdOPA BEpUOTNTAC OTIC TIEPLOXEG TTOU UTIAPYOUV SUo daoelg. H
napovoa datafn, Ue TO OpYaAVIKO HECO OTO ECWTEPLKO TWV CWARVWY, Bewpeital n
KaAUtepn duvatn adol €xel To ALlYOTEPO XWPO yla TAAAVIWON amo OAEC TIG AAAEG
Slatacelc.

Elval yvwoto OtL n mpoaogyylon mou akoAouBnOnke mepLEXEL ATTAOTIOLOELG TOU
TPAYUATIKOU TtpoPBARpatog. H kuplotepn eival o Slaxwplopog tou SuVapLKoU
HOVTEAOU Tou evaAAaktn o€ duo umAok. H BiBAloypadia BpéBnke eAAUTAG oTov
OUYKEKPLUEVO TOPEN KABWG uTtdpXouV Alya TIPOTELVOUEVA HLOVTEAQ, TA OTola OUWG
bev efnyouvtal apKkeTA avaAuTIKA wote va avarnapaxbouv. MapoAo mou umdpxouV
QUTAOTIOLNOELG T amOTeEAEoMATA €lval KOAA Kol Bewpeital OTL povteAomolouv ta
UTIAPXOUCO. GULVOUEVO KOTA OWOTO TPOTIO. AEV UTIAPXOUV TAAAVIWOELG OE KOVEVA
duoko péyebog, To omoio amotelel Eéva cuvnBeg MPOPANUA oTa SUVOLLKA LOVTEAQL.
lMNa emumtAéov StakpiBwon Twv HOVTEAWV XpelalovTal TELPAUOTIKA SeSopéva, Ta omola
6ev umadpyxouv. Ta HOVTEAQ HmopolV va oAAAdfouv o€ MeAAOVTIKA SoUAeLq,
akoAouBwvtag SladopeTIKEC TPOoEYYIoELS, TTPOG SLamioTwon TwV EMUTTWOEWY TIOU
€XOUV OTa TEALKA amoTeAEéopATAL.

MeAAovTikry SOUAELA TTOU TIPOTELVETOL TTAVW OTNV apouoa epyacia ivat:
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1)

2)

3)
4)
5)

6)

H peAétn umopel va emavaAndBel pe cwAnveg pe mepiyela avtl Aelwv, pe
OKOTIO TNV HELWON TOU HeYEBOUG TWV EVAAAAKTWV.

Ot tumou E evaAAAKTEG pUmopolV va avikataotadouv pe tumou F i J, kat va
ouyKplBoUV ol Sladopeg To HéEyeDOG TOU CUOTHUATOC KL TNV HETABATIKA
anokpLon.

‘Eva povtélo fixed boundary pmopel va avtikaTaoTAOEL TO TWPLVO YLO TOUG

QTHLOTIOLNTEG KOL TOUG CUUTTUKVWTEC.

Mmnopel va eloaxBel pia toupumiva petafAntwv otpodwv, €ToL WOTE va
KPQTHOEL OTAOEPEG TIG TILEDELC.

Evéladépov BEpa anotelel pia Texvo-olkovouLkn HEAETN yia va BpeBel n o
ouudépouoa datagn Kabwg Kal To Lo CUPDEPOUCO OPYAVIKO LECO.

Ml OLKOVOLKN) EKTIHNON TWV TOPOVIWV CUCTNUATWY HUMOPEL va YIVEL,
uroAoyilovtag ta eTroLa KEPSN XPNOLUOTIOLWVTAG TA SUVAULKA LOVTEAQ YL VOl
UTtoAOYLOEL TNV Ttapaywyr oxUG oTta HEPLKA dopTia.
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