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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 transmissicand 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 he@ 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 moeéls 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 relilbway 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 warlg 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
FNB dzaSR Ay 2NRSNJ 2 ONXBIF GS ynanicesponsd O Y2 RS
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. Sstatge, twestages
both subcritical, and two stages with the high pressure stage to berstpcal. The
power output respectively for the best scenario in each layout 288;61kwW, 625,61
kW and720,16kW respectively. The control strategy proposed is the control of the
superheating and subcooling temperature differerioethe subcritical evaporators
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that the systems reach steady state conditions within 150 seconds after the end of
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Nomenclature

LNG
W
wf

[

w

Liquefied Natural Gas

Power [kW]

Working fluid

Superheating temp. difference

SN Y8
SuB‘coo(ﬁ)ng temp. difference

AYYSNI RALYSGSNI oY8

Greek letters

>

h

dynamic viscosity [Ns/fh

Convection coefficient
[KW/m?2K]

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

A Qirface[m?]
Baffle spacing [m]
G Specific heat at constant
pressure [J/kg K]
dn ¢ dz084Q AYYSNI RALYSG
ot ¢dz0SaQ 2dziSNJ RAFYSGSNI oY8
Ds { KStfQa
D Density [kg/nd]
h Specific enthalpy [J/kg]
K Stodola coefficient [
L Tube length [m]
H Mass flow rate [kg/s]
Nu  Nusselt number
Nt Number of tubes
P Pressue [kPa]
Pt Pinch between tubes [m]
pp Pinch point [K]
Pr Prandle number
Re  Reynolds number
Q Heat transfer rate [W]
S Specific entropy [J/kg K]
T Temperature [K]
u fluid velocity [m/s]
U Overall heat transfer
coefficient[kW/m?2K]
Volumetric flow ratdm?3/s]
ICE Internal Combustion Engines

optimum



HP  high evaporation pressure
LP  low evaporation presse

turb  turbine



Introduction

Heat engines are machinghat operate between two temperatures to
generate mechanicakork. They absorb high teperature heat from a medium and
after producing mechanical power they rejentat at differenttemperature levels
The process of waste heutilizationusesthis heatto produce additional power and
reject the rest of the heat at lower temperaturd@he @ganic Rankine Cycle (ORC) is a
system able taoperate with a low temperature heat sourc&Vater-steam Rankine
cycles are unable to produce power wihilghefficiency if the hot source temperature
is low, while ORC can achieyeod efficiency Typical efftiencies are in the range of
5% to 23% depending on the heat source characteristics and working fluid.

The correct choiceof the ORCdesign point is of critical importance, as it
determines the overall efficiency of the system bot#t design and offlesignpoint
conditions. Additionally, a high priority matter is to guarani@safe and efficient
operations of the systerat off-design conditionsDynamic models predict transient
and equilibrium behavior of the system under different external constraints, so
helping in thecreationof 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 willised as
a working medium becausehtis a major impadboth on thermal and overalsystem
efficiency. As Karellast. 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 fluidshigh,there are ®me studies
which give indications of the characteristics that an organic fluid should have
according to each particular case, such as the critical point temperatwseggested
by Vivianet. al. [4].

An interesting fieldf ORGpplicationis waste heat recovenyShips have large
amounts of waste heat due to the usage of internal combustion engf@g)as
Spouseet. al.[5] shows Shuet. al.[6] also reviewed thevaste heat recovery on two
stroke IC engine aboard ships and indicate that BRI best system to recover heat
at this low grade. Soffiatet. al.[7] indicate the possible hot streagrthat 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 tti@e at a constant speedavhich makes
it convenient o install an ORGn naval applications safety is of great importance and
if a system is to be applied it must have provenaigability and safety.

Dynamic models are a convenient way to check the el®gerformance at
partial loads andd design a control strategyVeiet. al.[8] made a comparison study
between different kind of modelsand concludes that different kinds have big
differences both in accuracy and computational tinvaja [13] presenta simple and
flexible way to model an ORC system by connecting discrete componéigs.



approach is being followed in this thesige to the simplicity that haQuoilinet al.
[10] designed a dynamic modeft an ORCGand used it in order talevelop a contol
strategy, showing the usefulness of dynamic models.

The aim of this thesis is toreate general and flexible modeis order to
determine the design point othree different ORC systemand developflexible
dynamic modedin order to simulate and contidéhem. The tree different ORC cyde
that considered in this studgre: one pressure level, two subcritical pressure levels
andtwo pressure levelspne of whichis subcritical and the other supercritical. The
models are alsapplied to a LNG carrierh& goal is to exploit waste heat energy from
the ship ICE through an ORC waste heat recosystem. To this enddesign point
modelsare appliedto calculate the optimum design point tiie cycle for different
fluids. Alsabasiccharacteristics of the symm componentsare calculatedas length
and number of tubes in shetitube heat exchangers. In addition to this, dynamic Off
design models arepplied at variable loads of the shgmgine and a conticstrategy
is presentedo validate the stabity andsafety of the system, whicis 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 fiettat affect the current study
The review is focus in ORC architecture for waste heat recovetipeichoice of
different working fluids, the coupling of ORCs with ICE and the dynamic models.
Unfortunately, the literature in dynamic modeling of GR€mt considered sufficient
Themodeling approaches proposed by authars limited andhey arenot explained
fully enough as to be understoaghd applied This is because the dynamic modelling
of ORCs is a still growing field and there is no global modaigdict the behavior of
all systems.

1.1Review 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 rewi@n 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 evaporato, 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 ird 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 11 Subcritical ORC [22]

Several author propose the useatecuperator (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 aibogease in thermal efficiencBut 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 expioig heat from flue gases, due to the limitations in
their output temperature as acid dew point must not be reached.

a

Fig 12 ORC witlnecuperator R2]

Another alternation of the basic ORC is the regenerative ORC (RG). This is
dza dzI £ £ @ R 2 ysDledtlig as it isiddriedn stgam 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 evagator 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 eapd. 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 happeningnd) 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 twdipse mixture. This may cause problem to the
expander due to the existence of droplets.

o)
2

Flash tank | ] I Expander

o vale e ©)
- ,ﬁ\l \ (@
- Condenser

Fig 14 OFC cycle [22]
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The trilateral (triangular) cycle (TLC) ks @diagram resembles a OFC. It also
does not evaporate the fluid during the heat exchange. Itsnnsharacteristic 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 avoéd. Again the thermal efficiencig lower but the
overall efficiency may be better than tlene 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.

a b

Two-phaseexpander

IGY
2)

(3)| Generator T

7 Z\‘j “hee=(6)
®

- Condenser
@)

Fig 15 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 resuls o the
decrease of thdrreversibility 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 therraosnomic investig@on
to be done before choosing to design a ORC using a zeotropic mixture of fluids.

@
Expander

Fig 16 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 possiblestddsigned 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 maguit 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 supercraoalitions 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.

A

2

Evaporator Mwe e
—mHTF*<\//\' j/l;xgjander
@ ® L =~
©) Generator T

_ m ®
® (St ®

@ il
g_d Condenser

pump

Fig 17 Supercritical ORC [22]

Instead of having only one evation level, more pressure levels can be more
STFSOUAL®S a (GKSe KI @S (KS LlaaroArtArde
more pinch point temperature differences are introduced to the cycle, but they are
between different streams and so higher dterecovery 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 choosihgrm 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] #re 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 nameRankine cycle which
uses an organic medium instead of water in order to produce energy. Although it is
daFrAR 2NHIYAOX (KS YSRAdzY R2SayQi ySOSaal NA
the cycle to obtain the name. For example,.@@d ammonia can be uden 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
OedtSQa TFtdzARDd ! OO2NRAY3A (2 =+ 3 Blalyomp8 &+
exanimated are:

EnvironmentalAll refrigerants have an impact on the ozone layer and global warming.
These impacts are measured ®yone Depletion Potential (OD#hich isdefined and
limited by Montreal Protocoand Global Warming PotentiaGWP)which isby 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 theisage has. This is shown on Fig: 2.9

16
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Figl.9 ASHRAElassification system

Stability: K ST & &2 dzNOSQa GSYLISNI GdzZNE NBadGNAROGa G
because if they are exposed to temperatures above a certain point and on the

chemical structure is altered and the cycle is affected asalt. Also the danger might

be increased in case of leakage.

Pressurehigh pressure is required in order for the cycle to operate. As the pressure
AYONBI aSa GKS 0eo0fSQa STFAOASyOe AYyONBlIasSa
of the equipment & increased also, leading to increased installation cost.

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

Latent heat and molecular weightigh molecular weight and lateriteat results in

more energy absorbed from the hot source and also contributes towards the
NBRdAzOGA2Yy 2F GKS &A1 S 2F aeaiasSvyqQa 02YLRySy
required.

Low freezing pointfreezing point must be low enough to assure theklaf freezing
O2YRAGAZ2Y RdzNAYy3d O20f SQa 2LISNI A2y ®

Saturation curveevery fluid has a unique saturation curve which leads to a unique
slope in the saturated vapor area in & @iagram. If the slope is vertical, then the fluid

is called isentropic. If 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 betwen these fluids.

17
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Fig 1.10 Possible saturation curves

In general, the selection of the prop#uid 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 thathey have make this choice very crucial. Soffiato [7] chose to
study the following liquids for an OREHR process on board a shipl®a, R125,
R236fa, RR45ca, R45fa, R227ea. Larsen [16] in his study about choosing fluid for a
marine application fid out that the following fluids are suitable and have a low hazard
level: R245ca, R36ea, R€38, C5F12,-Bropane, R45fa, considering fire hazard,
health hazard and physical hazard. Senian He [17] in his study about fluid selection on
an LN&carrier analyzes the following fluids to find the optimum one: C4F10, CF31, R
236ea, R236fa, R¥18.

1.3 Review on coupling engine®RC

ORC are commonly used in waste heat recovery as to increase total
energy production and improve the overall efficiency of fystem. 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 cooldneofacket water
and lubricating oil are the biggest part of therA. Sankey diagram of a typical tanker
ship as proposed by Dimopoulos et.[8R] is shownn Fig 2.11This &nkeydiagram
Ad dzaSR (2 AYRAOFGS GKS YI AyehgindzR8the ¥ o1 &
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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

Electncity

Heat
Service steam

Cooling losses Exhaustgas Mechanical & transmission
losses losses

Hg 1.11 Typical energy flow diagram of a modern tanker at sailing ¢mmdi32]

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 fom the cooling system and the exhaust gases and produced power
through two expanders. The high pressure evaporator used the exhaust gases and was
containing R245fa while the low pressure evaporator was using the waste heat from
the cooling system and waontaining R134a. 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,
YSEYAY3 | wp: AYyONGlatoSisnFgR® aeadsSyqQa O2y FA
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Another analysis of ICE combined with a dual loop ORC was performed by Song
[19]. The configuration was similar with the one performed by Wagand 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 looglR3, R236fa and RR45fa are chosen. In
the end the results show that the maximum power output is obtained by cyclohexane
in the HT loop and-R36fa in the LT and is 111.2 kW. This leads to a 11.2% increase in
the total power of the ICE. A&s diagramin Fig. 2.13hows the twdoops:

Engine exhaust gas

Temperature

Jacket cooling water 3
6
3 s
2/ LT loop /> 5
L 7

|

Fig.1.13. T¢sdiagramsthe dual loop ORC system for engine waste heat recovery [19]

Entropy
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Yu [20] also utilized waste heat from an internal combustion engine. He used
RHnp¥l FyR dzaSR 2yS 2210 ¢KS la ¢Sttt dzaSR
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 const&nt th
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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" o cireurt | HE: | exchangers Power Output
HE
il pump sPoint 4
\ ORCCIRCUIT
» Point 2 TR

smcker [ o
i 2 re-heater Cond
Diesel Engine | WATER ondenserst--— !
CIRCUIT

Point 1 A Point 5
Pump of working fluid

EXHAUST GAS FLOW

cooling water

=3 EXHAUST GAS FLOW JACKET WATER FLOW 2> WORKING FLUID FLOW

—>THERMAL OIL FLOW » COOLING WATER FLOW

Fig. 114. Schematic diagram of the bottoming ORQ]

Usitalo[21] made an experimental study in exploiting waste heat energy from
the supercharged air before entering the ICE using one circuit wi2d5R and
isopentaneHe used alsll 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 resushowed 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 onThe transient test showed that the ORC reaches steady state
O2yRAGA2Y & wmn YAydziSa FFGIGSNI GKS adl NG 27F O
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Fig. 115. A simpfied process diagram of an ORC utilizing charge air heat [21]

1.4Review on dynamic models and control stragies

The dynamic OfDesign models are a convenient way to predict the
performance safetyand stability of a real systenthey also allow the development
2F GKS LINRBLISN O2y iNRf &GN GS3esx o0& SgIft dz
behavior through snhulations.Off-design models are proposed in the literatuaed it
is a scientific field that keeps developing as there is no globadel to predict
correctlythe behavior of all the systems.

Astrom etc. [28] analyzed the complex dynamic behavior of endilled with
vapor and liquid. His analysilicates ¢ & (2 LINBRAOG GKS RNMzYQ3
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 madsenergy
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. 116.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 ndtave 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-plvase
mixture and one for the superheatevapor.

Ifl3

h

ot

AP A A L 0 20, 0 9 A A A 0 0 o

L
1 Ly i L3 o

Fig. 117 Schematic ogeneralmoving 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 requirecer
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 manentum 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 imamenclature forhis discretized
model (cesign boundaryconditions are shown in brackets, but these might be
changed as required).

[ 1,1

/ Momentum balance Volume cell
P . . P, Pu ;
h ' mz Pz ’”t hi mﬂ»l mu .h mn+l [ pnu ]
1 "{7 hz v‘, 7 !‘7 L]
T, 2 T, i T, [ T,
/A 23 Pi Py
x}l

Fig. 118 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 heiit 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 preferabtecbntrol design applications.

His results indicate that the discretized model is more accurate than the moving
boundary as is shown in his diagrams that follow:

Fig.
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119. Results of turbine inlet pressure for the dynamic simulation [8]
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Fig. 120. Results of evaporator outlet temperature for the dynamic simulation [8]

Bamgbopa [9&lso 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 volumemodel for the heat exchangers in his study.

o ox ]

Ve 3 m,y
refi : T
N d » = = -I da

| |
) L 1

Fig.1.21.Representation of a counter flow heakxchanger9]

He tested his model to check the independence of the grid. His test variable
was theQi 1 é&vhich was defined aQi i ¢ i———— . The letters is used to

symbolize the efficiency of heat exchangEneresults were that at 80 finite volumes
the error was close to zero but at 70 volumes there was a good combination of
accuracy and coputational time.
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Fig. 122.Grid independency tests fod = 10, 20, 40, 60, 70, 75 and 80 [9]

Willatzen et. al. [11] i1997 published general dynamic simulation model for
evaporatorsand conensers in refrigeration. Their model wamavingbounday 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.

A B

Fig. 122. A general twephase heat exchanger structure [11]

Vaja [13] made @ extensive research in various methodologies and tools for
dynamic simulation. In his study he categorizes varialdeslynamic systems
according to their properties two categories: flow variables and level variables. After
this, he categorizes the cgmnents into two categories according to the way their
performance is affected by the variables: flow control components and
capacityreservoircomponents.
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Fig. 123.Example of connection betweestate determinedandnot state
determinedcomponents (eservoir and flow control devices) [13]

Vaja[13] also created an ORC power plant model with tools ffork Y dzf A y' 1 t
library.His approach is to model the overall system by connecting together models of
individual compnents.The modethat he used fo the heat exchangers is shown in
Fig. 224Note 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 drifat ones: one heat transfer
problem and one mass and energy storage problem. As he siaissnecessary to

take into account the mass and energy storage phenomena as they have significan
impact on the cycles behavior.
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Fig. 124.{ A Y dzimadg¢lpofanevaporatordrum systen{13]

Mazzi,et. al.[12] in their study also follow a similapproach. They subdivided
the heat exchangers in two parts, one heat transfer component and one capacity
component. The capacity component needs the initial valoéspressure 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 reqthes
temperature at the inlet angbressure at the ilet and outletin order © 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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Fig. 125.Links between variables and heat exchangers sitdése offdesign model:
the capacityis downstream of the heat exchanger side (a) aagacityis 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 konetric 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 thevaporator 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 pumpna 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

b+1— N
7,).I> P tj- ror
Pl
Al b+— X

PP

ex,ev € K;-'

Fig. 126.First regulation strategy:anstant 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 sy

rof

e

Fig. 127.Second regulation strateggptimal 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 saited 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.

€X, eV
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cd
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Fig.1.28.Third regulatiorstrategy: corréated pump speed [10]

He used PI controllers in all the cases abdVve reason 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 eview in the literature that is connected with the thesis is ddhes
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 auttestiser
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 aeccapacity. 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 ORCpiéissure 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 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 stuelil in this thesisis aLNG carriewhich was previously
studied bySoffiato [7, 29. Soffiatostudied the] b D O I-eNgh& ddbaiding data for
0KS &KALIQA 0 8IS NIKSNIYIYYOISF | O dalds Q.8 ye@rN&K OK dzNB |
measurementslt is considered thia3.5 years of measurement are enough in order to
obtain a good statistic sample for the average yedre thesis was in developing
design point models for different loads of the engine gradformingan economical
evaluation of the ORC installatiorhe cata ofthis 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 DieseAgfiggd | NB 2 NNI &aAf N |
G8LISsE YR b2d H YR b2®d o INBE 2nMdk@a Af N c[ p
turbocharged intercooled ones and the pumps of the cooling systems are of the
engine driven type. Each engine can be fueled either with nat@slog with heavy
fuel oil (HFO). In case of natural gas, a small amount of Light Fuel Oil (LFO) is required
Fa LAf20G Aya2SOltAzy o 2 NNHANISN So[EfyBC VR R
12V50DF is a twelve cylinders V engine.

0

Fig 2.1 Cross segti of the6L50DHN-line engine (left) and of the 12V50DFengire
(right) [29]
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The design main characteristics of the two different engines are preseniezbie

2.1. Most of the information that is reported i { Sy FNRY (GKS at NBRdzO

engines as Soffiato states. The rest of the data doeind by thermodynamic
calculations. Considering the composition of this plant and the dafeabfe2.1, the
maximum avdable electrical power at generators outlet is 33000 kW.

Table2la Ay OKF N} OGSNRAGAO 2F GKS 5ASaS$s
Energyand steam balance of the ship] [29]

| Unit | 12V50DF| 6L50DF
W2 NNIGAAEN OHAMHUB
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 kKW 11000 5500
Generator efficiacy % 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
O22ftAy3 61 GSNI LINEPOARSR o0& KS ystanSnfidhyNI €
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 showig.2.2. In
these circuis, 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 bgineated from statevlto statew2. Then, it passes
through the first stage of the charge air cooler (coo¥Zlin the figure). A control
valve after this cooler keeps the temperature of the HT water flgws)(at an
appropriate level, recirculating a cgain quantity of water. An additional valve is
installed before the engine in order to maintain the temperatdgg approximately

constant.

The cooling flow of the LT circuit coming from the central cooler (state
passes througthe second stage of the charge air cooler (codl€2n the figure) and
then absorbs heat from the lubricating oil at the lubricating oil codl®)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 statl. Note that LT water flow comes
directly from the central cooler so that its temperature depends on the operation of
this componentalso in response to the climate conditions.

A tank of the lubricating oil is located just below the engine. From this, the oll
is pumped into the lubricating oil cooldt@Cyhere it is cooled down by transferring
heat to the LT cooling flow, it passesdhgh the engine and the turbocharger/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 Fig2.2igure 2.2s 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 (stateeg?) isexploited by an exhaust gas boil&GB.

L Bxhaust GaslegB
LT cooling circuit

............ HT cooling circuit

TO CENTRAL i \ 4

GOOLER

HROM CENTRAL R
QOOLER

Fig 2.2Arrangement of Main &gine and coolingircuits[29]
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Thermodynamic calculationg@done for many possible loads by Soffiato et. al. [29].
The results aren the table 2.2.

Table 2.2 Summaryf the operating parameters [29]

2 NNLaAft N cf 2 NNI aVG0DF M H
Par. | Unit 100 | 90 | 85 | 75 | 50 100 | 90 | 85 | 75 | 50
Ta | °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
Ts | °C 83 [82.2| 82 | 82 | 82 85 [83.3| 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| 43.1|41.9|39.4
T | °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/ 169.6/151.9/1131
Ts | °C 97.8(95.2| 94.1| 91.1| 79.3| | 96.3|94.9| 93.7 | 91.1| 79.6
Ta | °C 44 | 44.6| 45 | 46 | 50 45 | 44.2| 44 | 45 | 51
Tez | °C 390 | 397 |409.7| 441 | 438 | | 390 | 397 [409.7| 441 | 438
Ta | °C 76 |75.4|753|75.1|73.6|| 76 |75.4| 75.3|75.1| 73.6
Te | °C 61 | 61 | 61 | 61 | 61 61 | 61 | 61 | 61 | 61
a kg/s | | 18.1/18.1| 18.1| 18.1| 18.1| | 36.2| 36.2| 36.2 | 36.2| 36.2
a kg/s | | 31.5|42.7| 42.6| 41.3| 41.7 | | 82.1| 93.9| 93.2 | 82.6| 83.4
a kg/s | | 13.3|13.3| 13.3| 13.3| 13.3 | | 26.6| 26.6| 26.6 | 26.6 | 26.6
a kg/s | | 9.15|8.27| 7.78| 6.9 | 5.26| | 18.3|16.64 15.67|13.81/10.52
& kg/s 94 | 85| 80| 71| 54 ||188|17.1| 16.1|14.2|10.8
Poor | bar | |1.028]1.028 1.028|1.0301.031| |1.015/1.015| 1.015|1.016/1.016
p, |[bar-g]| | 24 |214| 2 | 17| 1 23 [216| 2 | 16|09
Pvi | bar 3.15|3.15| 3.15| 3.15| 3.15| | 3.15| 3.15| 3.15 | 3.15| 3.15
Py | bar 3.15|3.15| 3.15| 3.15| 3.15| | 3.15| 3.15| 3.15 | 3.15| 3.15

F NN} y3ISYSyi

In order to help the reader, understand better the results #ig 2.3hows the
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of temperature and mass flow rasfor 100%load.
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100%[29]

The two fresh water generators are not coupled with any engingarticular
as to be more flexiblelhis is done because engines operate better at high load, so in
normal voyage conditionisis preferred to operate three out of four in higbad than
all of them in medium loadl'heir main features are shown in thatie2.3.

Table 23 Main characteristicef the fresh water generators

First model
Generator capacity m?3/24h 30
Inlet temperature of the feeding water (range) c/ ppRd
Inlet temperature of the feeding water (design c/ 91
Outlet temperature of thededing water c/ 73
Operation point steam flow kg/s 11.8
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Heat absorbed | kw | 8917
Second model

Generator capacity m?3/24h 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 artdmanerally
are a function of its service spe¥®€ 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 asiore
to electric energy. In this last case, electrical needs of the vessel can be expressed as:

wherew ;  is the electrical power demand for propulsion (usually proportional to
the cube of the service speed) and; w represents the requirements of the
additional electric loads (i.e., the electric loads except of propulsi@onsidering 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:

Vs laden= 20.45 kn
Vs,ballast: 20.75 kn

The results for various speed values are reportedable2Error! Reference
source notfound.4 for the ladenand ballat voyage

Table2.4 Electrical needs of the ship, ladeeff) and ballast (right) voyge [2]

Vs Zep | Leep | Zeladen Vs Zep | Zeep | Z ebalast
kn kw kwW 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 whiclcdless numerically
how the vessel is operated during the year. The operating profile of the present LNG
OF NNASN) O2yaARSNE (GKNBS 2LISNIiAy3a Y2RSay
Gadl @Ay Figukey2.4 bieshidis éhe percentage of the time and nibenber of
K2dzNB 2F (GKS 2LISNI A2y Ay SIFOK Y2RS® 5dzNR\
generator set is usually kept into operation and the resgltlow waste heat
availability.

Laden time
38.74%
3394 h

Ballast time
35.78%
3134 h

Fig 2.4 Operatig modes of the current ship $2

The vessel speedsdribution 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; thenumber of hours of each interval is attributed to its average
speed. The profile is presented in Fig.,Eréor! Reference source not founavhere
values for the service speed below 6 kn are not considered. Thpdvoentages 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
YFEAYdzY Ol fdz2Sd ¢KdzAax GKS @Sa4St Hpead a Ay &
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leads to a significant reduction in power for propulsion reducing at the same time the
fuel consumption.

C 40% 14,24%
= 3504 34,45%

e
= 30% 11,39% 25 5804
= 1417% 17.91%

o

220% 8'?%‘,’//0 0,00%  3,69% 532% 1054% 06205 0,00%
G159, |, 000%  047% 741% 5460% 1013% 7,31%
G) 3,45% 1,29% 6,24% 13% 7/,
210% 0,00% 0,00% 6,15% 4,.32%
< 50 3,00%

6,5 75 85 9,510,511,512,513,514,515,516,517,518,519,5
Service speed [kn]

Laden mode = Ballast mode

Fig. 2.5 Distribution profile of the vessel speed at laden and ballast voyage. The
percentages are referred to the hours in laden dradlastmodes, respectively. &

Soffiato [7, 29Puring 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 enggenerator 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.

Table2.5 shows the electrical power that has to be geaied, 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
aforementicned assumptions. The load of the engines is reported as Wagtle 2.6
Table2.provides similar information relating to the case of ballast voyage.
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Table2.5 Operating profe of the engines, laden voyagaqd]

No. | "33 Hours| Hours| wie | 40727 Eo0f SRR A00PPT 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 12.5 5.3 | 180.6| 8350 0 0 0 8350 76
7 13.5 | 11.4 | 386.6| 10180 0 0 0 10180 | 93
8 145 10.5 | 357.7| 12304 0 0 4101 8202 75
9 155 22.6 | 766.4| 14741 0 0 4914 9827 89
10 16.5 14.2 | 483.3| 17514 0 4378 | 4378 8757 80
11 175 9.6 | 326.5| 20711 0 5178 | 5178 10355 | 94
12 18.5 4.3 | 146.6| 24315| 9726 0 4863 9726 88
13 19.5 7.3 | 248.1| 28302| 9434 4717 | 4717 9434 86
Table2.6 Operating profileof the engines, ballast voyage9p
No. | AY29% ours| ours | w, | 12VS0DF BLEODE BLEODF 12VEODF |
- kn % - kw kw kwW 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 | 115 6.2 | 192.8 | 6385 0 0 0 6385 | 58
20 12.5 7.4 | 232.3 | 7867 0 0 0 7867 72
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21 135 14.2 | 444.1 | 9607 0 0 0 9607 87

22 14.5 5.6 | 175.5| 11624 0 0 3875 7749 70

23 155 17.9 | 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
0

26 18.5 3.0 94.0 | 23027 9211 4605 9211 84

2.2 Previouws study ORC configurations

With the current dataSoffiato [B] considered that the OR®@ill be designed for
the operating point that is presented in Table 2.6. Three engines are in operatian whil
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.

Table2.7 Opeating point for the engines &

W 12V50DF No.1 6L50DF No. 4 6L50DF No. 3 12V50DF No.4 Load

kwW kW kwW kwW kwW %
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.Soffiatoconsidered threealifferent layoutsof couplingthe ORC with the
engines, utilizing many hot streams. In the current study notfathem are going to
be utilized as this involves the design of many different components which exceles th
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 systconfiguration showing the
coupling with the ORC system and the FWG. Two thermal sources are available from
each enginggenerator set that is considered as operating in accordance wih th
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choice of the operating poinfThe ORC system absorbs heat frdra tvater flows of
the HT and LT circuits at the polElandHEZ respectivelyHElandHE2are defined
as positions where heat can be transferrddhe data after the calculations for the
available heat for extraction are presented in Table 2.7

tH@ leue|

eg2

X egl T
Xe Operating Engines w2 s
K| p—
A
+wl
TOGENTRAL | ]
COOLER ¥
FROM CENTRAL
QOOLER

LT cooling circuits
— — — Lubricating oil circuits

Fig.2.6 Configuratiorof the cooling systems and coupd with the ORC, first case

[29]

Table2.8 Calculation of various pameters, first configuration [&]

Parameter Unit Value
Tw3 c/ 82.8
Tw1 c/ 76.3
Tw7 c/ 36.0
Two c/ 51.9
T wa Kg/s 21.67
[ Kgls 229.0
T wio Kgls 10.97
T wit Kgls 196.36
T wr Kg/s 66.5
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In the second case, Soffiatio investigates the possibility to split the LT cooling
circuits into two parts as shown in Big. This allows a direct heat transfer between
lubricating oil and organic fluid of the ORC system at the gdiE® The water flows
heated by the charge air in the heat exchangé€l2are 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 polHE2 Water flows belonging to the HT circuits represent
the third thermal source for the ORC systddiE(Q. The data after the calculations for
the available heat for extraction are presented in Table 2.8

tHQr flma

egl

eg2

Operating Engines -

TO CENTRAL
QOOLER

FROM CENTRAL
QOOLER

LT cooling circuits
— — — Lubricating oil circuits

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

[29]

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

Parameter Unit Value
Tw3 c/ 82.8
Tw1 c/ 76.3
Tw7 c/ 36.0
Tws c/ 43.1
Tio1 c/ 75.3
Tio2 c/ 61
T wit Kgls 196.36
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T wr Kg/s 66.5
[ Kg/s 90.5

Thethird 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 presentedFig. 2.#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 (st&jeis
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 tdkeep t
temperature at the statew6 at an appropriate value. In Table 2.8 the results of the

study are presented
t\"Qr fJFuel eg2
T

erating Engines | ‘
Operating Engines | oYy NI 7o

a2
-0 5 HE=|_
A A i iHF C
o2 1lol é ujé
- HESe | w3 Air
| oRe -
Le o 1 b e

iwl H wi6+ ‘w5
Y.NY.¥
+ W6
< N
AS
TO CENTRAL ; v 000
COOLER ;
FROM CeNTRALY. 2
QOOLER
| — — — Lubricating oil circuit ——— Chargeair - Jacket water

Fig 2.8Configuration of the cooling system and the heatmes of the ORC, third
case [3]

Table 210 Calculatiorof various parameters, send configuration [9]
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Parameter Unit Value
Ta2 c/ 169.75
Tas4 c/ 4415
Tw2 c/ 79.66
Twi c/ 76.3
1 wie kgls 186.05
T wiz kg/s 21.29
T a kg/s 39.12

2.3 Currentstudy ORC configurations

In the current study some of the hsources shown above are chosen in order to
utilize and produce electrical power. Three different case are studiedthese, also
the configurationsof the systemare changed.The fresh water generator in all cases
is coupled with the hot oil stream, abere is enough energy and high temperature
for its operation The first configuration refers in utilizing the jacket waterand
supercharge aiby a one evaporation pressure level OR@e second utilizes both
jacket water and supercharge air by two diffat subcritical evaporation pressure.
The third utilizes both jacket water and supercharge air by two different evaporation
pressure levels, one subcritical and one supercritical peoposed in the second
layout The cases are presented belpghowing tle coupling of the cooling system
with the heat exchangers of the ORC, the ORC layloaitdesignpoint values of the
hot steams and the constrains in temperature.

) hyte 20186 6FGiSNDRE KSHiG A& dzinaft Al SR=
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Fig. 29 Configuraton of the cooling system and the heat sources of the ORC for case
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Pump \
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Condenser

Fig. 210 Schematic of first ORC system

Table 2.1XCalculation of various parameters, first case
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Parameter Unit Value
Twa c/ 83
Twé min c/ 76.3

1w Kg/s 229.1

2) . 20K 2 Glaslsupadhargsd\aiR heat are utilized, two subcritical
pressure levels exist

Exhaust Gas IegS

——— LT cooling circuit

HT cooling circuit

—r—r—  |osses

W'"I B
! x
[
!
i
-i-wl w9 wf vaﬁ
*1 ------------------------------ ‘
TO CENTRAL i ¥ J L 4 o
COOLER N

FROM CENTRAL o
COOLER

Fig. 2.1 Configuration of the cooling system and the heat sources of the ORC for
case 2
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Fig. 2.2 Schematic of second ORC system

Talde 2.12Calculation of various paragters, second case

Parameter Unit Value
Twe c/ 79.2

Twe c/ 76.3

T w1 Kg/s 229.1

Ta2 c/ 177.0

Ta3,min c/ 44.2

T a2 Kag/s 41.6

3y .20K 2F01S0 41 GSNRA yR &adzZLlSNOKIFNASR | ANJ

supercritical pressure levels exi$ihe configuration is the sanas to case number
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Table 2.13alculation of various parameters, third case

Parameter Unit Value
Tw2 c/ 79.2
Twe,min c/ 76.3
T wi Kg/s 229.1
Ta2 c/ 177.0
Taz min c/ 44.2

T a2 Kg/s 41.6

2.4 Conclusions

In this chapter the case study is presented. Rinst main enginas analyzed
and then the operation profile of the ship given. After the possible configurations
that were proposed orthe previows gudy are presented Then from the analysisof
the hot streams that was done by Soffidtwee new cycles are proposed and studied,
by changing the placement of the two fresh water generators and introducing new
heat exchangersThese choices will lead to fi#ent 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 thas followed and the modeling approach
that is done are presenteddesign pointnodels design of componentglynamic off
design models and control systemre createdin this thesisThe design poit models
have as objective function to maximize the net power at the design paintitions
This is achieved by choosing properly thle parametersas pressureAfter the
determination of the design point, it is possible tmlculate the components
characteristics.The design of components includes essential data for theledfgn
dynamicmodelssuchas number of tubes in the shelttube heat exchangers and
operation maps osomecomponents. The dynamic off design models are created in
order to simdate the dynamic behavior of the sigm as the shigoad changesThis
has an impact on the hot sources that are utilized and as a result the operating point
of the cycle changesThe ontrol systems are developea treassurethat the ORC
system is operatig steadily and safely, which is critical on board a ship.

3.1 Methodology

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

3.1.1Design point methodology Y R 02 YLR ySydaQ RSaaAdy

In thissubchapterthe way that the design point functions will be explained.
Decisim variables are the evaporation pressurefor subcriticalthe cycleand both
evaporation pressures anthe entropy in the turbineinlet for the supercritical
pressure levelThe objective function is the maximization of the power outpthe
condensation pessure is not a decision varialas it is maintained as low as possible
Each hot sourcbom the enginecorresponds to a different pressure level andtlad
RAFTFSNBY (G LINE A adzNdBd afted & éxpaision i@ the saraeNiBv- Y &
pressure level Wwere condensation takes pladeput datafor the modelare the inlet
temperature and mass flow rate of hgources, the inlet temperature of the cold sink,
the values of the Prch Point temperature differences and the minimum exit
temperature of the hot surce This allows the mass flow rates of ORC and cooling
water of the ORC to be calculated through the heat balan&perheating and
subcooling are included even though they decrease the performance, as they
guarantee safe operation for the component$ie Design model also designs the type
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E sheltube heat exchangerdApproximations that are done is the efficiency of the
pumps are 0.7 andor high pressure turbine$.75 respectivelyFor low pressure
turbines a correlation from the literature is useal predict the efficiencyNopressure
drops aretaken into account in this study

3.1.2Dynamic modelsnethodology

In this subchapterthe way that the offdesign model functions will be
explained.The model has to simulate the dynamic behavior of artteynamic 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 peessul
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 storageal
systemsother 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 increakmrase 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 distinctioredre
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 he capacities, which are at the inlet and outlet the components
respectively.

Everycomponent is modeleds individual blockor blocksreceiving input
variables and calculating the output variables which feed other blocks respectively.
This makes the @rall system very flexible, as it is easy to replace a component
without changing the rest of the modeThermofluid systems can be described by
two types of variables as Vaja [13] indicaf€sese are:

Level variablesn general,they are differentialvariables provided by fundamental
equations (exp. mass balance equation) that indicate the magnitude of
thermodynamic propertiestored inside a componeniexp. pressure)They are an
expression of state variables in state determined systems.

Flow variabls: they usually refer to fluxes of extensive properties through boundary
surfaces or components and can be considered as outputs of not state determined
systemgexp. mass flow rate)
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flow
variables

Fig 3.1.1Schematic of the connections of reserveiiav control @mponents [13]

The simulatn siarts from the design point thall variables values are known
and then calculates the systems behauigrsolving the equations that characterize
it. The model is consisted Itigree types ofblocksas is proposed by Mazet. al.[12],
flow control components, capacities and heansfer blocksin the current study the
volumes of each different phase area are cal®daby the heat exchanger block and
the capacity only solves the heat and mass balance equation, asenékpiained
below.

Flow controlblocks they receive level variables as input variables and have in general
flow variables as outputd heir behavior is characterized by the characteristic curves
(operation maps)In the current study the flow control congments that are used
more specifically receivas inputs the inlet enthalpgnd pressurethe outlet pressure

and rotational speednd calculate the mass flow rate that runs thgh them and the
outlet enthalpy (or enthalpy flow rate).

CapacitiefReservais blocks They act as storage tank, storing mass and energy. They
receive as input variablelsoth level variables and flow variables and calculase
output only level variables. In this study the capacities that are used have as inputs
the inlet and outet mass flowrate, inletenthalpy, the heatthat is transferred to them

and the volume of the various phases of the organic fluid inside thémyhave as
outputs the pressure change and outlet enthalpy change. By feeding them with the
initial pressure ad outlet enthalpy they calculate the pressure and enthalfyues
throughout the simulation.

Heattransfer block They are ke flow control components but they are fed also by
flow variables. Theyeceive as input variabldsut the mass flow rate of botlthe
organic fluid and the hot (or cold) bBesources. 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 theris a capacityeservoir and
between two capacities there is a flow component so thatytfeed each other
respectively.After connecting all the blockgether, a loop & created that keeps
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feeding is blocks as simulation time progresses, representirgoverall systems
behavior in the end. This is shown in the next figure.

CAPACITY

Fig 3.12 Connections between capacities and flow control components [12]

In the present work the components of the cycle are modeletbbswing:

Centrifugalone stage Pumpflow control component

Axial one stage turbindlow control component

Subcritical Evaporatocapacity coupled with a heat exchanger

Supercritical Evaporatocapaciy coupled with a heat exchanger

Condensercapacity 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 31.3 Correct connection of the different types of blocks [12]

It is important to clarify that the arrows represent signals and matss flow
between the components. They are used to show the block which calculates each
variable (having the same color) and the inputs that each individuak bleeds (arrow
point at them). The model with the one evaporation temperaturés presented as
examplebelow in order to make the way the connections function cleader.the
single stageORC,the pump is followed by the evaporator, meaning one heat
exchanger block and one capacity block. The evaporator is followed by the turbine,
which expandsill the pressure of the condenser that follows. In the end the pump is
pumping fluid from thecondensetto the evaporatorand the cycle is completed.

T

Evaporator

Turbine

Pump

1

/

T

Condenser

Fig 31.4Firstcase ORC, one evaporation pressure level
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Now the signal flow will be explainetihe signaflow is different from the mass
flow and is presented ithe 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 anthalpy outletas 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
m.h Heat transfer
block
T P
Capacity
@ Turbine E:'
Pump
1 Capacity m,h
P T
Heat transfer m.h
block
T
1—|P

Fig 3.1.55chematic of the signals of the first case ORC

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

3.1.3Control strategy

The safety of the process and the high efficieaoynecessary to be guaranteed
in every applicationTo this end,a proper control strategymust be developed
according to the specific needs of each applicatitins obviousthat the liquid level
inside theheat exchangersannot be measuredasily asis doneinsidethe drums in
water-steam Rankine cyclesbecauseit is locaked in the tube side andhe ship
oscllations The pump needs to receive subcooled liquid in order to avoid cavitation
and the turbine needs tobe fed at leastwith saturated vapor inorder to avoid
corrosion in is bladesn most caseslin the current one, lte ship oscillationsnake
superheding a necessargafety factor against liquid drops. The control strategy
proposedin this thesigs to measure the superheag of the subcriticalevaporatos
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FYR (KS &ddzo022ftAy3 2F GKS O2yRSyaSNJ FyR |If
mass flow rateof cooling water respectivelfror the supercritical evaporator in the

third casestudied, as measured variable is proposed the entrdpgtead of the

superheating The measurement of the values of the control variables can be

calculated by a software wth receives the measured temperature and pressiie.

OKIFy3aS (KS LizyLlQa NRGFGA2YyLFE &aLISSR FyR (K.
controllers can be useds is also proposed by Quoilin [1The reasons for this choice

are:

1) Plcontrollerswill not amplfy the noise thagexists onships

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 reasathe PI controller is thought to be theroperone. The gains
of the systemare chosen according to the nesdf the system through multiple
simulations.In the next figure a schematic of the contsirategyfor the subcritical
evaporators the supercritical evaporator@nd the condensers is show

Superheating

Turb. Entropy

cold source

Subcooling

Fig. 3.1.6. Contraltrategies
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3.2 Design models of the cycles

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

3.2.10ne pressure level subcritical cycle

The way theone pressure levalesign point model functions explained in the
subchapter Asstated abovedecision variable isnlythe evaporatiorpressured )
of the cycle and notondensation pressur® )l & A0 | F¥FSOlacy i KS 00
always in the same wajnput data are theorganic fluid, theinlet temperature and
mass flow rate of heat source, the inlet temperatwf the cold sink, and the values
of the Pinch Point temperature differencde ) which are equal to 10C. The
approximations that are doa is the efficiency of the pumgs 0.7 andnot taking
account of the pressure drop#lso an important feaire taken into account is the
return temperature of the hot source in the jackdwrbines efficiency is calculated by
a correlationof Luca @ Lio et. al[23]. The correlatiomses as input th& f dzA RQ& ONXR { A
temperature ('Y ), the expansion rati (VR and size paramete(SB. The literature
defines them as:

” " 800 1 8

After all the parameters needed are defined the calculation starts. The models
start the calculation from choosing the maximum available evaporation pressure. This
Oy 0SS RSTAYSR SAGKSNI 68 0KS ONRGAOFft LINBa
temperature is lower than the critical temperature plus the superheating. The
optimum evaporation pressure tsetween the maximum oa and the condensation
pressure.
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Aloop solves the problem for every pressuteF &4 SNJ G KA & Fff G§KS O
are known for this pressurexceptthe point after the expansion as it needse
expanders efficiency, whictalculatedby the correlationof Da Lioet. al.[23]. The
O2NNBfIFGA2y IABSE (GKS WHKHADRYEOEQS TORNIOABSYIOR
“Y , the expansion rati%/R and size parameter & the correlation needs both the
inlet and output conditios of the turbinein order to calculate the efficiency.

Er QY ho YD

To solve the problem another loop is addedigbhis starting by amitial value
of 0.7 and calculates all the cygbeints. Then a first value of the; is obtained and
is usedin the next loop. When thet ; converges all the cycle point are known and
by energy balance equatig in the pinch point both the ORC mass flow and the cold
gl G§SNRA YI aa Fihepbwet Meds cas lie (easily yacRlatéddso the
thermal efficiency, heat recovery factor and total efficiency are calculated

The same procedure is followed for all the possible evaporation presbyres
the external loop After that, the optimum presure 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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A flow chart of this program is presented below in order to makesésteps clearer:
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Inputs fordesign point:
Thot, Teold, Mhot, Cot, CRold ,WF, ' pump, @ , W , PP

Calculations

Pevapmax Rond

4

Pevap,dummy

Calculations

B "Y,B {  morg Mo,

Thot,out, Tcold,out, I turb,new

Does' : converge?

Calculations

Wdummy, Pevap,dummy,new

Pevap,dummy,new> Rond?

Recalculate everything foreRp,opt

Outputs:

® PevapB Y,B [ More Meold,

Thot,out, -E:old,out, . turby > .
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3.2.2Two 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
thatwas @ SR (G2 OFf OdzA S GKS Gdz2NDAYSQa SFTFFAOAS
turbine as the higher pressure turbine operates out of the range of the correlation.
Also now thayp 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 asAwedfficiency
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.

- Qv
0 F f | ED M Y ; W ;i
0 & 0 sr O
0 & | ED Y i W ;i
0 & & 0 s O
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3.2.3Two pressure level supercritical cycle

For the lower evaporation pressutée principles that are applied are the
same as in the one pressure level. The supercritical pressure thoughppaoached
in a different way. In the supercritical area there is no superheated vapor, as it is a
different state of matter. For pressure above thgtical there is no vapor, but a state
different from solid, liquid and vapor. This is showrFig 3.21
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Fig. 3.2.1 States of matter

The negative result thiasuperheating had on the cyckfficiency then is not
validfor this occasion. So both the enthalpy and the pressure efliid in the turbine
inlet are decision variablesn order todetermine 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 thisale, tren even with- there will
be no two phase state in the expander during the expansidre 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

InFig. 3.2.2nd Fig. 3.2.8vo0 pressure level OR@redepicted. 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 eritex two phase area in any point, both
for dry and we fluids. Pinch Point temperature differences aetagainasw
PT,W | ¢ 1. 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 lowsptee level of the ORC is
calculated. For the supercritical evaporation the pinch pgositionis not known a
priori. To solve the problenof the supercritical mass flow rat¢he temperature
difference is calculated through energy balancethpoints dong the evaporation
curve, for various mass flow rateshélmass flow rate starts from zero and incresse
till the pinch point difference reaches the value2@Kin at leastone point After this,
the maximum mass flow rate of theycleis obtaned and he power is calculated for
this evaporation pressure and turbine inlet entrofjhe procedure is followefbr all
possible evaporation pressuwsand turbine inlet entropyn two loops.In the end the
optimum pair is obtained.
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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

3.3.1Subcritical heat exchangers

The heat exchangers are type E shelilibe. 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 changehe 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 consideredsnwal
compared with the convection ones

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

Theselected 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 &change is done countaurrently

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

1) Inlet diameter of the tubeA
2) Reynolds number of organic fluid in the liquid area.

Theinputs from the design point modeke:

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

exchangerd M ; M i n B R FE f
3) Temperature and pressure of phase chadgefD
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All the needed fluid properties are calculated using & F LINiRotdkr to
calculate the total length of the exchangéris subdivided in three areas, according
to the phase that exists in the interior of each area. In the case afthporator 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 areasThe number of tubes is defined by theelgnolds number obrganic
fluid in the liquid areai K+ & (G KS KSIFiG SEOKIy3aS gAatt (118
diameterA .

.0 2 M

Then all the other crucial parameters of the heat exchangers geometry can be
calculated by empirical correlations except from tlemgth. These are the outer
diameter of the tubeA | the triangular pitchO of the tubes, the baffles spacirig,
the inner diameter of the shefl , the shelside cross flow areh , and the shelkide
hydraulic diametef . All theequationsusedexcept the estimation of outer diameter
are proposed by Edwds et. al.[25] and Kernet. al. [2] and can be found on the
Appendix.

A P&A
0 A
$ MmMh O
| A R B
$ A

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

~
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Fig. 3.3.1 Type E counter flow shell and tube heat exchanger

For each areallthe unknowntemperaturesof the heat sourcare calculated.
Then the heat transfer problem is solved for each area separatad in the end the
total length of the heat exchanger is the sum of the length of the different afdaes.
equations that define the problem are:
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FQ Aa O lthe Nuelk nirSbRr thabittus-Boelter equatiorpredictsas
a function of Reynolds and Prandle numbérkis is for single @ise flow
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For the evaporation heat transfetoefficient, the Dittus-Boelter equation
cannot be used as it is not \dlfor this conditions. Instead, Wintertofl4, 24
correlation is used, which takes into account various phenomena that take place when
evaporation takes place

A &A 30A . where

) 1
A narqu.—czAf‘:oC?

.M 8
& p QCDOR P

A buw ® NO 1T @ 8o 8

P

3
p Mruwe P A

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

) |
A narqu—:)zA8:DC§

where the equivalent Reynolds number can be expressed as
Mm 8
2A 2A0% %zA

F QQ A & afdfinQidafof-RéyBdiis and Prandle marsas proposedy
John Edwards [25] fahe equivalent outer diameter De

8
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Finally the total length of the shelh-tube is obtained by the sum of the single
lengths and total area is @allated respectively

Thepreviousprocedure is presented iflow chart

Inputs from design point:
d L d L 6 L "Y H ,’Qa
Nee, e e

Variables defind by user
wSQ3

Calculations .
Calculation

e Qe wow o~ n
55 o,v,0,0,0
Properties of both fluids

Calculations

Y'Yk et oxdx
¢eeded "YOY,0 6,0

Outputs:

Y'Y @il krde
Geede 0
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3.3.2Supercritical heat exchangers

The supercritical heat exchangerdifferent fromthe subcitical ones
as no phase change takes planside. 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 transferdza & St Gy dzY ocSrielatibriid4, W O1 4 2 Y ¢
35]. It isproposed by Karellas edl. [26] because the DittuBoelter equation that is
used usually for subcritical heat transfer does not predict that quarterly the heat
transfer coefficient near the critical point.

Mm 8 #P
N 8 M #E
.0 mrpym KX coé*M m
#DE E
4 4

If pc is the pseudaritical point, then the exponent n is defined as:
T mAE40 4 4 ATHA 4 pg&A
R 4 N
I ™ ™ — p A40 4 4

4 4 oo

500 Jackson

400 —— DittusBoelter

= 300 1
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Fig.3.3.2Nusselt number, according to Jackson and Dittus Boelter, as a function of
temperature of the organifiuid [26]
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3.3.3Pumps

The pumpis a centrifugal one stage pump which provides the necessary head
in order forthe cycletooperatd. 1 Q& &ALISSR G UGKS. InRS&fA Ay LIR2AY
RSaA3dy O2yRAGAZ2Yya Al Aa OKIFIy3ISR o0& (GKS 02
parameters steadyTheoperation and performancare described by the operation
map, which indicates the head provided in accordance to the volume flowarade
the rotational speed of the pumpThe map also provides information about the
efficiency of the pump according the head, the volume flow rate and the rotational
speed.Useful data can be exporteidom the design poinmodelin order to create an
operation map which will be used in the afésign point conditionsThese are the
nominal head of the pump, the volumBow rate, the nominal rotationalthe
efficiency at that poineand the volume flow rate in which the head is equal to zero
dead flow rate.The equations that provide these values are:

C2
C2

" 0Q
, a
w ”
, w
A
T

s T QEe0E

1 ommmMa QEEUE

Theefficiency of the pum@nd the rpm at the design point akeownas they
are values defined in the design point modeThe characteristic curvef the pump
for constant RPMis assumed to bea second ordepolynomial function(parabola)
with symmetry around the Y ax@nd the efficiencyis calalated by the correlation
that Vaja [13 proposes

The characteristicurve is fully defined for the nominal rotational speé&tthe
off-designconditions therotational speedchanges and sthe affinity lawsare used
to predict the performance of the pump. Ake speed varieshe parameters of the
pump change as shown below:
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Fig. 3.3.3Affinity laws

By applying the affinity laws to the design point and dead volume flow rate
point two new operation point for the new speed are obtainddhenby applying the
assumption of the paraboldhe characteristic curven the new speed is fullgefined.
The isentropi@fficiency is calculated by the correlation that Vaja [i®poses:

W

A W
—h Thh C-—— —
W W

Where thew is the one at the nominal rotation spedd, . In this waythe
operation mapof the pump is createdA figure is shown below just to give an

example @& an operation map of a pump.
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Fig. 3.3.4 Pump operation map example

3.3.4Turbines

The turbine is a one stage axial turbine, working on consRiPM 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 all operating conditionsThis is because of the
very big number of organic fluidis usageand the different operation conditionthat
may exist.

{AYyOS (KS (dz2NDAYS NBZ2ft gSually & curveORRYy & 0 | y
order to createthe curve information must be exported from the design point
conditions The Stodolacoefficienty and the non-dimensionalmass flow ra¢ &
proposedby Mazziet. al.[12]. The isentropic efficiency of the turbine at the design
point—y i is known.

) a
U ” 5 5
R OV U
, a JY§
a g 7
R 0
—hh MEEOE
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These valuesare used to create the curvas shown belowThe efficiency is
calculated by the correlation that Vaja [13] is proposing:

) a JY8
o =
0]
A a a
h hh Cah ar

Note must be taken in the fact that is constant in albperatingconditions
whilead changesSince the turbine is axial and one stage theectaw describes the
operationas shown irFig 3.3.5

Fig. 3.3.5. Stodola law of eclipse

3.4Dynamic offdesign models

In this chapter the dynamic offesign models of the components are
presented. In this study the components are modeled by one a&rddS  { A Ydzf Ay {1
blocks. The pump and the turbine are modeled by one block each, while thenshell
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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, suchias .

3.4.1Pump block

The pump is a one stage centrifugal pump with variable speed.dtflow
control component It mainly receives level variables aaalculates flow variables.
Themass and energy storage of the component is neglected, as it is considered very
small h comparison vth the one of the shelh-tubes. No mass and energy storage is
taken into accountecause the mass and energy storage phenomena of the heat
exchangers are considered much more impactAlso its inertia is neglected. The
equations that chaacterize the block are the following:

Mass balance equation:

Al P i P i |
TAT[ T[
A

Enerqy balance equation:

A%

_ TTP 0 P o 0
AOn % TP % % 7

7 i JE E

The inputs from other blocks ar&& ,0 h0o .

The outputs towards other blocks aré: E

This is shown in the next figure:
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Fig. .3.4.1. Pump A Y dzblaci 1 1

Y

LJdzY LIz

In order to calculate the outputs, the map developedtlwe design of the
components isused. The volumediv rate is determined by the present rotational
0KS P CKAA

speed- YR KSIR AYLX ASR AY
is determined by speed, pressure difference in inlet and outlet and the inlet density

M .
AD 0w R

The enthalpy in the outlet is calculated using the inlet enthalpy, the isentropic
h

efficiency— ; of the pump and the isentropienthalpyE

(") )
2¢— 5
()] w

EE v
~h
All the fluid properties needed are calculated by tweS F LJIN@®Bgrdim in

a | { f dnvdrdnment.

3.4.2Turbine block
The turbine is a one stage axial turbine operating at constant speed. It is a flow

control componentas the pump and maly receives level variables and calculates

flow variables. Also the mass and energy storage of the component is negkected
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done in the pump as it is considered very small in comparisorhwite one of the
shelln-tubes

Mass balance equation:

Aowe o
TAT[ T[
A

Enerqy balance equation:

A%

. TIP 0 P 0 0
AOT[ % TP % % 7

7 i JE E

The inputs from other blocks arE ,0 hO

The outputs towards other blocks are: , E

Ths is shown in the next figure:

) Pout
mturbine >

Y hin
> Pin hout >

Turbine

Fig. .3.4.2. Turbing A Y dziblack | 1

In order to calculate the outputghe curvedeveloped in the design of the
components is usedheturbineQa Y| da Ff2¢ NI GS sininleRS G SNXYAY
and outlet and the inledensitym .
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The enthalpy in the outlet is calculated using the inlet enthalpy, the isentropic
efficiency —; of the turbine and the isentropic enthalpje . Also the non
dimentional mass flow raté is used, as indicated below:

, i oy?
a =
0
A a a
h h h CO(H ar

All the fluid properties needed are calculated by theS ¥ LINMBgkdi ina | G € | 6t
environment.

3.4.3bcritical heattransfer block

The subcritical heatransfer blockbelongs in the block category of heat
exchangers. Itis one of the tvimock that models a subcritical shaltube exchanger.
It is similar to a flow control component as it calculates flow variables (haadferred
between two fluids) but it receiveboth level variables, such as pressuaed flow
variables, such as maglow rate,asinput. It is important to clarify from the beginning
that the subcritical heat transfer blocks do not have mass and energy storage
phenomena, anthese phenomenare taken into account irhie capacity blocksvith
whichthey are coupled. lthe capacity block thabllowsthe storage phenomenare
takeninto consideratiorfor the organic fluicbnly. 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 @he organic fluid with which the calculations are done is the one
that enters the shelh-tube, meaning is th@ne calculating from the previauflow
O2y NRf O2YLRYSYylid ¢KA& YSIya O(GKIFIG F2N 0KS
and for the condensef®S (1 dzZND A Yy SQ&a @

79



The subcritical heatansfer blocks subdivided in three parts according to the
phase of the organic fluid inside:

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

Evaporator/Condensethe part in which the phase change is done

SuperheaterSulrooler. the part of the heat exchanger after the two phase region in
which the superheating/subcooling is done, which in the last arédhe heat
exchangerandstretchestill the outlet.

For each of the areas above the block calculates the amount of energy that is
transferredand the surface/length that is required for the heat exchamdso. So the
different phases/olumes inside theubes are calculateh this bock Theinputs and
outputs that the block receives and gives from and to others blocks of the models
during the simulatiorare presentedbelow. The modeklso receives inputs that have
been calculated during the desigroint model and the components design programs.
These are information related to the geometry and heat transfer as well

Inputsfrom other modelblocks | ahi MeedeEehO
Inputs from desigspoint conditions:A , A |, $ A , . DAy, Aeeee
I Fol R .0 O

Outputs 4eeah6 h1

The volumes occupied inside the tubes be different organic fluid phases and
the energy given to each area are theand1 respectivelyAfigure ofthel A Ydzt A y 1 t
block is shown in order to give a supervisory view the variallesthe left side are
the input variables, while on the right are the output ones.
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Fig. .3.4.3. Subcritical evapooatheat transfe{ A Y dzfblaci {1 t

The equations that define the problem are:

Mass balance equations

Enerqy balance equations:

| P

Al
o

For the organic fluid:

e |

C2NJ (KS

*e

| e | e

a2 dzZNDSQa

FfdzARY
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For the orgait fluid:

lee | @ DBe Ex
1 | D3E=

C2NJ KS &a2dz2NDOSQa ¥FfdzARY

laeael XD Ddxe 4

1 | ;D) D3dee

Heat transfer

For the convective coefficients in the @fésign points, a correlation proposed
by Manente et. al. [33is used. Byusing this correlationthe calculation of the heat
transfer coefficients in eactirea issimple. The correlation is the one following

0%«
o
O/

¢

xEADAD OAOCZE HOXOMD O A

In the current case thdDittus-Boelter, Winterton , Cavallirind Edward correlations
are usedhe exponents are:
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The temperatures in the heat exchangeoutlet are unknown and cannot be
foundwithout interactons. Therefora superheating (subcooling for the condenger)
assumedfor the organicworking fluid (¢ or @ ) and bysolvingthe energy
balance equation the temperatures and enthalpies of both fluids caeulatedin
every characteristic point for the current time step.

After this assumptia, by solving the heat transfer problem for this situation
the total surfaceneededfor the heat exchangés calculated. Theit is compared to
the actual one. If it is noéqual to the actual one, the assumption of the  (or
w ) in the outlet changes and the calculations are repeated. Whenstiréace
converges the problem is solved and the outpcan be obtained in order to feed the
capacity block that follows.

After the determination of the heat exchange areas, the volume occupied by
each phaseés calculatedFor the determination of the volume occupied by saturated
vapor, and the one by saturated liquith the saturaed area the average void fraction
1 is used. The homogenous model proposedBoyterworth [27] is used for reasons
of simplicity:

2m A
f oM  p O om

where X is the vapor quality
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The variables usedly the blockare summarized:

b ¢ va&idbles45

I hi h4eedExeh0 ,4:ah6hl A A | $A, o Ay,

Aee el Bl 5 ,00f ,3Ee#D ,3ded .zt !, Aedxe

b cfinflependentvariables: 5

[ hi h4cedExeho |

b ¢ dépé@ndent variables 26

deecch6hl ,34e@Exe5 31  f,! ,Axcbee

bc 2 Fvariiblek R

A 1A 1$Aa L @F\ a/é&&i F] 1|' F] ,OOﬁﬁ ’#D

bc 27F s:Zdzi Lidzi

4eeah6hl
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Inputs from
design point:

geometry A ; > :
Ar h W orw

Inputs from model: Assumptions for
calculatiors

a ,Q,a ,

Calculations

sde@Ee5 ,3t .,  Axa
Aod QL dee

New assumptions

W  orw

(3

Calculations

4eah6hl
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3.4.4ubcritical capacity block

The capacity blodkthe second blocksed to model the sheli-tube, together
with the heat exchanger one. It recevéow variables as inputs (suchraass flow
rate) andcalculates level variables (such outketthalpy). Its role is t@imulatethe
storage phenomena that esti in the systemThe two storage phenomenthat 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 thermioagyic cycle.

Inputs fom the design point mode2 ,Q ,0 ,6n ,0  ,0 h
Exe

Inputs from other blocks | H hExehb hil
Ee i

Inputs from previas interaction:0 hE

Outputs:0 hEe ; ,w orw

mout
min hout >
Qpre
Qevap
Qsup
phigh >
Vpre
Vsatlig
Vsatvap
Vsuper superheat >

hin

AVAR VIR VIR VIR VIR VIR VIR VIR VIRV

Evaporator's Capacity

Fig.3.4.4. Subcritical evaporator capacftyA Y dztblacy | t
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The equations that are solved atke mass balance, energy balance and wudu
preservation. The analysis is similar to the one don®Milatzen et. al. [11], with the
difference that here the thermahertia of the tubes is added to the energy balance of
the working fluid and is not written as a separate equation. InRige3.45the 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 evaporatapacity structure

TheVolume preservatiom differential form is written as:

A6 .
7o TP
A6 A6 A6
A0 RO Ao

The Mass Balance equation in differential form is written as:

i i A-
& & TN

A
T AmD

mw "

After the integration in the hole volume of the heat exchanijes written for each of
the three different areas as

First area (preheating/precooling):
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M M 6

A6 Am i i
- e

Second area (evaporation/condensing):

6 6 An Anw A0 A6 A6 i i
Ao P "Roro AO™ M EoM M
Third area (superheating/subcooling):
7o 6 6 ail I I
Ao™ M AO

% % A%
K6
AvE 0 A Hnp 04 4 AMOE
TO AO )

What is more the tubetemperature is assumed tchangem the samewayas
the one of the organic fluid, aspsoposed by Astrom et. al. [28], meaning:

AM 5 Mg
A O A O
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After the integration in the hole volume of the heat exchangés written for each 6
the three different areas as:

Firstarea (preheating/precooling):

— MmME ME 6 E— m— — | X5 i

p— — MmE MmE

Each thermodynamic magnitude like— can be written as a function of the
temperature and pressure derivative over tirfag the single phase regions 1 and 3

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 devative. Therefore, for the saturated region

thermodynamic magnitudes like— can be written as:
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A m A4 Tm AO wm
ig T ii s

A O

For the area of the preheating/precoolingis supposed that the fldiinside
has average temperature equal to the average between tiket iand the satwation
one. For the area of the superheating/subcooliiigis supposed as well that the
average temperature is equal to the average between the saturation and the outlet
one.

4 4 . 4 4
4 h 4 4 h 4
e G
And so:
M M iy ) M M
M TAO AGy M M M TAD TAD
A C AO AO AO C

The atlet enthalpyderivative is expresed as:

iy

O
b
O

1 ff GKS ¥ dzA R &d caltudd ditiNthek S LIS Latghe

end there is a stem of linear equationsgontaining7 equations and nknown
variables. Througlits solution the outputs of the capacity are obtainellote that
W orw is not an independent value, as it is calculated fidm hEse f

7 _equations: 3 mass balance equations, 3 energy balance equatidnslume
preservation

7 unknowns—, ——, I H , —, —,—
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b ¢ inflependent variables: 12

i rH  hEsemh1l,0 hEe , @

b c dépéndent variables: 7

S i _

b c fig&dvariabks: 5

Q.,Q ,Nt,6n ,0 j

bc 2F 2dziLyziay 0

0 hEe; ,w orw

or w
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The next flow chart presents the way that calculations are done

Inputs from design point: Inputs from moel:

Geometry, tube properties,
6 ,E& h

Mass ancenergy balance
eguation_Volume preservation:

_16 1_1E%F]

TheFig. 3.4.6 thatollowing shows the overall connections in the one pressure
level dynamic model. The connectionseathe signals representing values of
thermodynamic values as is already stated.
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For comparison, in figure 3.4.7 is shown the ORC nwdatedby Vaja. As the
Figure indicates, the modeling approach arkde connections between the
components are similar.
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3.4.5 Supercritical heattransfer block

The supercritical heat transfer block belongs in the block category of heat
exchangers. It is @ of the two block that models thesupercritical shelh-tube
exchanger. The gercritical heat transfer blockloes 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 mganic 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 theethat enters the shel-tube, meaning
is the one calculating from thgrevious flow control component. This means that for
0KS adzZLISNONRGAOIE S@FLERNIG2N Aa (KS LlzyLlQa
GdzZNDAYySQaod

Massbalance equations

Y
Tt ——. TT
A

For the organic fluid:

lee 1ed

C2NJ 0KS &a2dz2NDOSQa ¥FfdzARY

| ;e | @2 |
Energy balance equations:
o o A %
TTU -— TU
0 A O
1 laeae
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For the organic fluid:

lee | OB Ee

ForthesollDS Qa Ff dzARY
laeael XD

D4z 4

Heat transferequations

1 534
N« Yo' Ne)
P
5 I
A KA
o i 00 . s i o e n w2 m
A A O o055 xEAOABAAT AGHO\EBAA AO U
h h
o |’ ;
Aoz ceheo e

In the current case thatVl O | &ofrgfafdoh and the one proposed by Kern
are used the exponents are:

I T8 C
| ®
1 ™ U

The temperatures in the outledf the heat exchanger are considered unknown
and cannot be found without interactionslherefore,an output temperature is
supposed for the organic working fluid and by solving the energy balance equation the

temperatures and enthalpies of both fluids aoalculated in each point for this
temperature.
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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 thecakdtions 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.

53¢

Now the inputs and outputs that the block receives and gives from and to
othersblocks of the models durindné simulation will be presented

Inputs from other blocks i hi h4aedeExh0
Inputs from desigmoint conditionsA A ,$ A, . A Aex
I & hi h .00 ki

OQutputs: 4eex 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.&upercritical evaporator heat transférA Y dzblaci 1 t
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Inputs from
design point:
geometry,A j
Aee

Inputs from model: Assumptions for
” i N~ - ~ | | .
Qx| hl h calculatior8

e g0

Calculations

sdeatpUazt Ay
Feee, B ,'Q L deee

New assumption

Calculations

4eeah6hl,
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3.4.6 Supercriticalcapacityblock

In the supercritical sheli-tube heat exchangethe capacityblockthat is used
to model the storage phenomenadsferent from the subcritical one. This is because
there is only one phasinside. Thisesults ina different dynamic response as the mass
balance and energy balance equations that are used are diffefésd the volume
preservation equation has no impact as there is no volume change betdiferent
phases.

Inputs from the @sign pointmodel® ,Q ,Nt,6 B ,0  ,0 hEe j

Inputs from other blocks | H hExefhi1

Inputs from previog interaction:0 hEe

Outputs:0 hEe ; ,Qe ; 4@ j

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

Supercritical evaporator's capacity block1

Fig. .3.4.9Supercritical evaporator capacityA Y dzblaci( | t

The equationshat define the problemnare:

Mass balance:

1 edin eolndid T
AO M AO T AOD

98



Energy balance:

] ] . AOG . A ] A4
Where:

A Tm A4 Tm AO

RO FOROTW RO

AO TOA4 FOAO

RO TMOROTORO

4 4
4
C

The tubes tenperature4  is supposed to change in the same way as4he. The
procedure is synopsized in the next flow chart:

Inputs from design point: Inputs from model:

Geometry, tube
properties,0
Q

Mass ancenergy balance
equation,Volume preservation:

Outputs:

] houtnew,
Q@ 42




3.5Conclusions

In thischapterthe design point models and the edesign dynamic models are
explainedfor 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 suchas the Stodola coefficieni and the number of tubes that the heat
exchangers havé) . The offdesign dynamic models are realized by the proper
connection of individual blocks. The blocks are used to simulate the behavior of the
cycle componert in dynamic change$he 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 knen that the dynamic models contain errors due to the
assumptions that are made, but the overall approach is sufficignfortunately,
there is no real system in order to be used to check the accuracy of the models.
Additionally, no experimental data wefeund 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 arefitied 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. Theblcks can be easily alteredd simulate an
existing system, if the equations proposedtins study are not valid for a specific
application or better fitting equations are knowim conclusion, the goal of flexibility
is achieved.
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4. Modeling tools

In this chapter the modeling tools that were usa@ presentedThe tools are
used to realize the modelling approach that is been developed. This involves the
a! ¢ [ !programming language and its modelling tdolA Y dzf A y | t

41a! ¢!V .t

a! ¢ [ lis.athighperformance language for technical computing. It integrates
computation, visuafiation, and programming in an eagruse environment where
problems and solutions are expressed in familiar mathematical notatt@mmon
uses are

Mathematicsand computation

Algorithm Development

Modeling, simulation, and prototyping

Data analysis,loration, and visualization

Scientific and engineering graphics

Application development, including Graphical User Interface building

=A =4 =4 -4 4 -4

a! ¢ [ lis.artinteractive system whose basic data element is an array that does
not require dimensioning. This allowtke solving ofmany 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 niateractive languagerhe name
a! ¢ [ !stands for matrix laboratorya ! ¢ [ !wastoriginally written to provide
easy access to matrix software developed by the LINPACK and EISPACK projects, which
together represent the stat®f-the-art in software for matrix computation.

a! ¢ [ 'hastevolved over a period of years with input fronamg users. In
university environments, it is the standard instructional tool for introductory and
advanced courses in mathematics, engineering, and science. In incudtrg, [ lis. t
the tool of choice for higiproductivity research, development, and anaysi
a! ¢ [ !eattires a family of applicatiegpecific solutions called toolboxes. Very
important to most users o ! ¢ [ | tootboxes allowthe learning and applying
specialized technology. Toolboxes are comprehensive collectiona of¢ [ ! . T
functions (Mfiles) that extend thea ! ¢ [ !envitonment 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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42{ AYdzZ Ayt

Simuli/ {*1is a block diagram environment for muitomain simulation and
Model-Based Design. It supports systéenel design, simulation, automatic code
generation, and continuous test and verification of embedded systdms.Y dzf A y' 1 t
provides a graphical editocustomizable block libraries, and solvers for modeling and
simulating dynamic systems. It is integrated witn! ¢ [ 1, .ehabling the
incorporaton witha ! ¢ [ lalgotithms into models and expantg simulation results
toa! ¢ [ ffor fairther analysis.

Key Fatures

=

Graphical editor for building and managing hierarchical block diagrams
Libraries of predefined blocks for modeling continudmse and discreteime
systems

Simulation engine with fixedtep and variablestep ODE solvers

Scopes and data displays foewing simulation results

Project and data management tools for managing model files and data
Model analysis tools for refining model architecture and increasing simulation
speed

a! ¢ [ !Fundtion block for importing ! ¢ [ lalgotithms into models

1 LegacyCode Tool for importing C and C++ code into models

=A =4 =4 =4 =

]

43w9 Ct wht t

w9 Ct wik tart acronym for REFerence fluid PROPerties. This program,
developed by the National Institute of Standards and Technology (NIST), provides
tables and plots of the thermodynamic artdansport properties of industrially
important fluids and their mixtures with an emphasis on refrigerants and
hydrocarbonsespecially natural gas systems.

w9 Ct wdbaged on accurate pure fluid and mixture models. It implements
three models for the themodynamic properties of pure fluids: equations of state
explicit in Helmholtz energy, the modified Benedi¢ebb-Rubin equation of state,
and an extended corresponding states (ECS) model. Mixture calculations employ a
model that applies mixing rules toehHelmholtz 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 fluspecific correlations, an ECS
method, or in some cases the frictitimeory method.
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5.Results andsimulations

In this chapter the results of the simulation gpeesentedand remarks are
made upon themThe modeling approach that is presented in chapter 3 is followed
order to create the modeldn the begginghe 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 calculabgdhe design point modekuch
as the Stodola coefficient of the turbines and the length of the shélibe heat
exchangersln this wayall the essential parameters for the dynamic simulations are
obtained.Dynamic snulations are done foaload increasef the engines, from 85%
to 100% within 50 seconds. The results shbat the system of each of the cases
studied, is operating safely anthat the control strategy proposed is acceptable,
reaching its goal$Vhat is more the results are smooth and with@scillations, which
is @ common problem in dynamic models. The overall behavior of the system is the
expected one.

Thecases which are studieate presented

1) hyte 2F01S0 6! joBeNibaritickl fresduredesiel dzi A f AT SR

2) . 20K 21 O S (supéchaigsdNal heat ayeRutilized by usirgyo
subcritical pressure levels

3) . 20K 2 O1 SG erdhargedNaidsheat: afeRutilizedzby using one
subcritical and one swgrcritical pressure level
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5.1 First case

The one hot sourcene pressuredvel modelis appliedfor the first case for

several working fluids in order to find the one that maximizes the power output. The

working fluids thatare thought to be suitable for the application are the followirky:
134a, R125,R245ca, R45fa, R227eg RG318. The resultsra summarized in the

next table
Table 51 First case design point for various working fluids
R245ca | R134a| R125 | R227ea| R245fa | RCG318
0 (kPa) 355,34 | 1799,89| 3368,92| 1256,93 | 500,52 | 898,8
0 (kPa) 120,99 | 766,88 | 1562,54| 526,09 | 176,84 | 363,88
Y (°O 62,94 63,04 62,93 62,93 62,94 62,93
Y (O 30 30 30 30 30 30
w (°O 5 5 5 5 5 5
() °O 5 5 5 5 5 5
Y (°Q 76,3 76,3 76,3 76,3 76,3 76,3
- 0,61 0,74 0,76 0,73 0,65 0,72
- K 0,7 0,7 0,7 0,7 0,7 0,7
a (kg/s) 27,62 32,84 54,56 47,33 29,28 49,13
a (kg/s) 169,05 | 176,79 | 182,52 | 162,08 | 169,54 | 157,78
W (kW) 344,06 | 423,67 | 440,63 | 394,69 | 366,99 | 377,1
W (kW) 6,67 40,05 | 117,23 35,53 10,11 25,02
® (kW) 337,39 | 383,61 | 3234 359,16 | 356,88 | 352,08
. (%) 9,56 9,56 9,56 9,56 9,56 9,56
- (%) 517 5,88 4,96 55 5,47 54
- (%) 0,49 0,56 0,47 0,53 0,52 0,52

The optimum scenario ascan be seen is usage of R13&aworking fluidFor this,
the T-sdiagram is constructed:
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Fig 51 First case-$ diagram

For the optimum scenarjghe shelin-tube heat exchangers are designed and
their mean featuresre shown in the table below:

Table 52 First case, characteristics of shetubes

Evap Cond
Q (mm) 14 14
Q  (mm) 16,8 16,8
Nt 1513 1628
n (mm) 23,52 23,52
0 14 1,4
O (m) 1,09 1,13
De (mm) 19,51 19,51
wSQQ 30049,76| 6165,66
h* (KW/m”2*K) 4,62 2,69
YQ 10002,91| 9999,15
| (KW/m"2*K) 0,31 0,32
| /| (KW/m"2*K) 1,66 1,74
| (KW/m"2*K) 0,42 0,33
L (m) 6,64 6,97
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The dynamic behavior of the systeran be studied at this poinfThe case is
the increase othe enginedoad from 836 to 100% withib0 seconds. Thiesults in
achangeo 2 1K Ay (GKS 2F 2101SdQa o G3W) G§SYLISN
temperature is increasing 1.8 and the mass flow rate decreasid®.4 kg/s during
the transient period.

The systenstarts from the design point of 85load as stated &fore and
remains as it is fob0 secs in order to assure it starts froastable condition. Then
from 50 secs till 10 secs the load change takes @aand from 10 secdill 250 secs
the system reaches steady state conditions again, sitberheating and subcooling

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

Inputs:

235
—~ 230

tekg/
NN
N N
o o1

215
210
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200
195
190

0 50 100 150 200 250

time (s)

mass flow ratdkg/s

Fig 52 First casgacket watermass flow rate

85
84,8

)
o)
>
»

84,4
84,2
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83,8
83,6
83,4
83,2
83
0 50 100 150 200 250

time (s)

Temperature {C

Fig 53 First casgacket watertemperature

106



Outputs:
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Fig 54 First cae, evaporation pressure

766,9
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Fig 55 First case, condensation pressure
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Fig 56 First case, net power
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Fig 57 First case, turbine mass flow rate
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Fig 58 First case, superheating
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Fig 59 First case, subcooling
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Fig 511 First case, cold source mass flow rate

434,9
434.,8
434,7
434,6
434,5
434.4
434,3
434,2
0 50 100 150 200 250
time (s)

specific enthalpykJ/kg*K)

Fig 512First case, turbine inlet enthalpy
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Remarks:

1) The superheatingis increasing as the ships load is increasing and the
temperature of the hot source is increasing as well

2) The control gstem starts to increase HePMof the pumpas a response to the
rise ofthe superheatingThis results in bigger mass flow rate passing through
the pump and sdhe pressure in the evaporator igsing

3) The power produced by the ORC is increasing as tltedbthe ship changes
This is done because both biggeass flow rate of organic fluidins through
the system and thepecific work of the turbine anig increasing

4) An increasing cooling powé demanded from the condensdhroughout the
transient perod, while the control system tries to maintasubcoding at the
nominal value This happenbecause boththe mass flow rate of the ORahd
superheatingare increasing

5) Through various simulations it was found tretperheatinghas a dominant
impactintheO2 Yy RSY ASNX ! & @ LIRNJ KFad YdzOK f2¢S]
in superheatingmeans that there is much less available surface in the heat
exchanger to cool the liquid in the desired conditions

6) The pressure of the condenser is relatively constant, onlgnall£hangeis
happening. The pressureriatively constanbecause the condenseontains
mainly low density compressible vapor and because the temperatureof t
cold source remains constant

7) Finally, the control strategy proposed is able to maintaia diicleunder safe
conditionsin the transient periodand reach steady conditions after, without
oscillations and overshoots
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5.2 Second case

The two hot sourceswo subcritical pressure levels modglappliedor several
working fluids in ordeto 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, R125, R245ca, R45fa, R227ea,RG318. The results are summarized in the

next table

Table 53 Secand case design point for various working fluids

R245ca| R134a| R125 | R227ea | R245fa| RC318
0  (kPa) 319,8 | 1653,99| 3121,74| 994,65 | 452,12 | 705,61
0 { (kPa) 885,16 | 2164,24| 2313,46| 1684,67 | 1284,76| 1632,41
0 (kPa 120,99 | 766,88 | 1562,54| 526,09 | 176,84 | 363,88
Y n (O 59,35 59,45 | 59,45 53,37 59,35 | 53,37
Y n (°O 98,1 71,14 | 46,14 75,68 | 100,86 | 89,12
Y (°O 30 30 30 30 30 30
w ;5 (O 5 5 5 5 5 5
w § (°O 5 5 5 5 5 5
W °O 5 5 5 5 5 5
Y i (O 76,3 76,3 76,3 76,3 76,3 76,3
Y i (°O 79,8 46,12 | 44,15 44,15 77,91 | 44,15
- h B 0,63 0,74 0,77 0,76 0,67 0,75
- % A 0,75 0,75 0,75 0,75 0,75 0,75
— h 0,7 0,7 0,7 0,7 0,7 0,7
a  (kgls) 13,16 15,53 | 25,49 23,1 13,94 | 24,19
a f (kgls) 16,05 28,34 | 47,69 40,17 17,35 | 39,26
a (kgls) 178,72 | 236,2 | 244,8 | 216,68 | 181,2 | 203,75
W ;5 (kW) 152,69 | 182,42 | 190,51 | 145,84 | 161,01 | 140,82
W o (KW) 2,69 16,27 | 47,31 11,12 4,09 7,87
®w 5 (kW) 150 166,14 | 143,2 134,71 | 156,92 | 132,95
e (%) 4,74 4,74 4,74 4,74 4,74 4,74
- (%9 4,88 5,41 4,66 4,39 511 4,33
- 7 (%) 0,23 0,26 0,22 0,21 0,24 0,21
W ;5 (kW) 468,72 | 446,05 | 211,21 | 4555 | 489,18 | 525,44
) o (KW) 12,62 46,74 | 42,76 47,76 20,49 | 47,35
®W 5 (kW) 456,1 | 399,31 | 168, | 407,74 | 468,69 | 478,09
e (%) 58,91 79,32 | 80,52 80,52 60,05 | 80,52
- i (%) 10,81 7,03 2,92 7,07 10,89 8,29
- 7 6,37 5,57 2,35 5,69 6,54 6,67
®w 5 (kW) 606,09 | 565,46 | 311,65 | 542,45 | 625,61 | 611,04

The optimum scenario as it can be seen is usage2dbfaas working fluidFor this,
the T-sdiagram is constructed
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Fig 513 Second case-3 diagram

For the optimum scenario the shelltube heat exchangerare designedind
their mean features a shown in the table below:

Table 54 Second case, characteristics of shellbes

Evap HP| Evap LP| Cond
Q (mm) 5 10 10
Q  (mm) 6 12 12
Nt 1076 434 1041
n (mm) 9,6 16,8 16,8
o) 1,51 1,09 1,09
0 (m) 0,37 0,42 0,64
De (mm) 10,94 13,94 13,94
wSQQ 8541,77 | 69062,76| 14771,81
h* (kW/mA2*K) 0,34 10,35 5,55
Y'Q 999575 | 999249 | 10001,68
| (KW/mA2*K) 1,11 0,55 0,83
| /] (KW/m~2*K) 6,84 6,57 5,32
| (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 systeataring anincrease of ships &l from 85%
to 100% within 50 seconds being studied hereThis results ia change of both jacket
water temperature and mass flow rat&€he temperature is increasing 1.62 K and the
mass flow rate decreasing 33.4 kg/s during the transient period.

The sytem starts from the design point of 85% load as stated before and
remains as it is fob0 secs in order to assure it starts from a stable condition. Then
from 50 secs tillL00 secs the lod change takes place and fromQ8ecs till 250 secs
the system redages 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 514 Second casesupercharge air mass flow rate
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Fig 515 Second casesuperclarge air temperature
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Fig 518 Second caséhigh evaporation pressure

114



Pressure (kPa)

—

Pressure (kPa

Power (kW)

453,4
453,2

453
452,8
452,6
452,4
452,2

452

o
ul
o

100 150 200 250
time (s)

Fig 519 Second casdow evaporation pressure

176,85
176,84
176,83
176,82
176,81
176,8
176,79
176,78
176,77
176,76
0 50 100 150 200 250

time (s)

Fig 520 Second cse, condensation pressure

0 50 100 150 200 250
time (s)

Fig 521 Second casenet power

115



N
o

[EnY
L©
9]

[EnY
(o]

18,5

mass flow ratgkg/s)
&

[iny
= N
~N o

0 50 100 150 200 250
time (s)

Fig 522 Second caséhigh pressure turbine mass flow rate

13,94
13,93
13,92
13,91

13,9
13,89
13,88
13,87

13,86
0 50 100 150 200 250

time (s)

mass flow ratgkg/s)

Fig 523 Second casdow pressure turbine mass flow rate

Temperature (K)

o
[
o

100 150 200 250
time (s)

Fig 524 Second caséhigh pressure level superheating

116



5,08

o 5,04

4,96

4,92

Temperature (K

4,88

4,84
0 50 100 150 200 250
time (s)

Fig 525 Seond caselow pressure level superheating

51

4,9
4,8

4,7

Temperature (K)

4,6

4,5

o
()]
o

100 150 200 250
time (s)

Fig 526 Second casesubcooling

3300
3250
3200
3150
L 3100

3050

3000

2950
0 50 100 150 200 250

time (s)

RPM)

Fig 527 Second caséhigh pressure pump rotational speed

117



3002
3000
2998
2996

(RPM)

2994
2992

2990
0 50 100 150 200 250

time (s)

Fig 528 Second casdow pressure pump rotational speed

210

205
200
195
190

mass flow ratgkg/s)

185

180
0 50 100 150 200 250

time (s)

Fig 529 Second casecold source mass flow rate

484,5
484
4835
483
482,5
482
4815
481

specific enthalpykJ/kg*K)

o
ul
o

100 150 200 250
time (s)

Fig5.30Second caséhigh pressure turbine inlet enthalpy

118



453,05
453
452,95
4529
452,85

452,8

specific enthalpykJ/kg*K)

452,75
0 50 100 150 200 250

time (s)

Fig 531 Second casdow pressure turbine inlet enthalpy

Remarks:

1)

2)

3)

4)

5)

Thesuperheating of thenigh pressure levek increasing as the ships load is
increasing and the temperature of the supercparair is increasing as well

The subcoolings decreasing as it is expected, because ress flow rate
running through the condenses increasing and aldbie superheating of the
high pressure leveis 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 maintagubcoolingat the nominal
value

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

Becausehe subcoolings decreasing, in the begging teaperheating of the
low pressure leveis increasinglthough themass flow rate of the water is
decreasing After 25 seconds it starts decreasing for 50 seconds, obtaining
value lesser than &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 decreasy 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 separdiegy.
final pressure isormed by the Stodola coefficiet 0 , as it connects the
pressurelevels with themass flow rate passing through the turbine

119



6) The pressure of the condenser is relatively constast the one of the high

7)

8)

pressure evaporator is increasing and the one of the low pressure evaporator
is decreasingAlsoit contains mainly low density compressible vapor dmel
temperature of the cold source remains constant.

The power produced by the ORC is increasing significantly as the load of the
ship changesThis is done because both biggeass flav rate runs through

the high pressure turbine and also the its specific power is grederthe
other hand, in the magnitudeswhich are connected to the jacket water
happens the oppositebut the increase of the HP magnitudes is much greater
Finally, thecontrol strategy proposed is able to maintain tbgcleunder safe
conditions through the transient periodnd reach steady conditions after,
without oscillations and overshoots in most of the magnitudes
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5.3 Third case

The two hot sowcestwo pressure levelsnodel one subcritical and one
supercritical,is appliedfor 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 fadwing: R134a, R125, R227ea, R@G18. The results are
summarized in the next table

Table 55 Third case design point for various working fluids

R134a | R125 | R227ea| RG318
0 & (kPa) 1620,5 | 2642,27 | 1132,28| 807
0  (kPa) 6279,25 | 8257,65| 5708,83 | 4514,25
0 (kPa) 766,88 | 1562,54| 526,09 | 363,88
Y i (°O 58,59 | 51,95 | 58,59 58,6
Y 5 (°O 138,53 | 123,57 | 143,73 | 141,71
Y (O 30 30 30 30
®w i (O 5 5 5 5
w (0 5 5 5 5
O i (kI/kgK) 1,72 1,53 1,56 1,52
Y & (O 76,3 76,3 76,3 76,3
Y & (0 59,83 | 48,17 | 52,51 | 49,96
- K 0,74 0,78 0,74 0,73
- F 0,75 0,75 0,75 0,75
- 0,7 0,7 0,7 0,7
a  (kgls) 15,55 | 25,33 | 22,63 | 23,59
a  (kgls) 23,6 39 33,1 36,2
a  (kgls) 210,78 | 215,22 | 190,84 | 191,99
O 5 (kW) 178,66 | 153,04 168 161,33
o 5 (kW) 15,68 | 32,62 14,1 9,95
o 5 (KW) 162,98 | 120,42 | 153,9 | 151,38
. (%) 4,74 4,74 4,74 4,74
- E (%) 5,31 3,92 5,01 4,93
- 5 (%) 0,25 0,19 0,24 0,23
o 5 (KW) 709,77 | 738,78 | 721,89 | 705,4
o 5 (kW) 152,59 | 305,98 | 174,73 | 142,18
o 5 (kW) 557,18 | 432,8 | 547,16 | 563,22
. (%) 71,01 | 78,08 | 75,45 77
— F (%) 10,95 7,74 10,12 10,21
- & (%) 7,78 6,04 7,64 7,86
o [ (kW) 720,16 | 553,22 | 701,07 | 714.,6

121



The optimum scenario as it can be seen is usage of R134a as workingdhiids,
the T-sdiagram is constructed:
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Fig 532 Third case B diagram

For the optimum scenario the shelltube heat exchangerare designednd
their mean features are shown in the table below:

Table 56 Thirdcase, characteristics of shaltubes

Evap HP| Evap LP| Cond
Q (mm) 6 14 14
Q  (mm) 7,2 16,8 16,8
Nt 2449 718 1941
n (mm) 11,52 23,52 23,52
0 1,73 1,4 1,4
O (m) 0,68 0,75 1,23
De (mm) 13,12 19,51 19,51
wSQQ 4938,26 | 41718,68| 9769,76
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h (KW/mA2*K) 0,21 5,6 3,16
YQ 10001,57| 9998,62 | 9999,54
| (KW/m2*K) 0 0,31 0,16
| (KW/m"2*K) 0 0,4 0,3
| (KW/mA2*K) 0 1,73 1,74
| (KW/m"2*K) 0,63 0 0
L (m) 12,11 | 5,56 7,5

The dynamic behavior of theystem is being studied now. The case that is

studied is the increase of ships load from 85% to 100% within 50 seconds. This results

AY b

OKI y3SsS

020K

%

0KS

27

21 018604

temperature is increasing 1.62 K and the miew 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 fob0 secs in order to assure it starts from a stable condition. Then

from 50 secs till 10 secs the lodchange takes place and from 100 secs ti0) 36cs

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 533 Thirdcase supercharge air mass flow rate
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Fig 543 Thirdcase high pressure turbine inlet specific entropy
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