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Abstract

Potential reduction of smoke emission of marine diesel engines is investigated through the
installation ofan exhaust bypass system featuring two diesel particulate filters ih&heratory
of Marine Engineeringf the National Technical University of A&trs. This system differs from
the ones already in use in the automotive industry because it charges only during engine
transient loading in order to avoid early filter contaminatidhe exhaust flow is controlled by
the operation of two butterfly valves/Vhen the engine is idle or operating in steady state the
first valve is fully open and the exhaust gas #dlwrough the main duct unfiltered. In caséd o
engine transient loading, during whithere is high smoke emission, the second valve gradually
opensleading part of the exhaust gas into the filters. When it is almost fully gghenfirst one
closes and the exhaust gas is being fully filtered until the engine operates in steadier conditions.
Then, the valves are moved to their initial positions. THeiehcy of the method, in terms of
smoke emission reduction, is assessed by measuring the exhaust gas afiecithe filters.
Furthermore, the differential pressure across the filters is measured, as well as the system back

pressure, in order to estinta the soot load in the filters and its impact on the engine operation.

The project includes the supervision of the construction and proper installation of the
exhaust bypass systein the exhaust processing unit of the laboratory, the acquisition and
mourting of all sensors, the installation of the necessary subsystems and the conduction of the
experiments. In the context of this projeapacity measurements on high speed passenger
vesselare also carried out in order tevaluate the opacity sensor perfnance, as well a®
observe the smoke emission from an engine operating in real conditlanaddition, a brief
description of the radia; frequency soot sensing technology is performed in ordedécide
whether to use this or the state difie art differential pressure in order to estimate the soot load

in the filters.

The main objective is to devel@system that will reduce efficiently and in a safe way the
smoke emission of diesel engines without interfering in their overall operatiorihémore,
additional issues must be considered thatthe systemwill be suitable for retrofit in marine

engines.
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Introduction

This thesis is investigating the possibilities of obtaining lower smoke emissions in the
exhaust gas oi marine diesel engindy installing a bypass duct in the existing exhaust system
of the Laboratory of Marine Engineerirgf the National Technical University of Athemkich
will lead whole or part of the exhaust gago diesel particulate filters during engine transient
loading. This project was elaborated as part of a research program which is condhisted
period in the laboratonand includes thesupervision of theconstruction andnstallation of the
exhaust bypassystem and all necessary stgystems the acquisition and mounting of all
sensors and the experimental procedure which will decide the overall efficiency of the system

and its suitability for retrofit in marine engines.

The first chapteof the thesisprovides theproject overview offering aconciseview of the
general background and the existing problem as wellaabrief description of emission

abatement methods including the exhaust bypass system.

The second chapter provides information on the diesaitipulate filter technology It
includessome interesting factabout the particulate filtera short description oits operation

andproblems, aswell asthe reasoning of the DPF selection for the exhaust bypass system

The third chapter reviews the exhaust bypass system and describes in a detailed way every
part of the system as well as its operation. In fact, this chapter is the description of the system

as it was initially conceived.

The fourth chapter describes thastallation of the exhaust bypass system, including its
construction and assembly in the laboratory, the mounting of the sensorslkitide additional

tasks that had to be carried out for its proper operation.

The fifthchapter includes the opacity measments that were carried out on a high speed
passenger vessel in order to investigate the opacity sensor behaviour operating in real
conditions. Apart from the description of the tasks that had to be done in order to take these

measurements, it also inalies results analysis and discussion.

The sixthchapter covers the experimental procedure and all of its aspects such as the

preparation for the experiments and the results analysis.

The seventh and final chapterovides general conclusions, evaluates thé 3 1 SYQa 2 @S NJ
efficiency, mentions all the problems that were encountered afigrs recommendationgor

future work.



Chapter 1: Project Overview

1.1 General Background

Close to a century after the entry into service of the first oceangoing motor vessel, the
diesel engine enjoys almost total dominance in merchantl passengeiship propulsion
markets as well as in the heavy duty sectothaf automotive industry The mostimportant step
in strengthening the status of diesel engine, especially in marine propulsion, is its ability to burn
cheaper, heavier fuel oilwith high efficiency(1). In addition, pogressive advantages in the
efficiency of tubochargers has led to an increase of the overall efficiency of the marine
propulsion systems by exploiting the heat of the exhaust gas and supplement the main engine
effort or drive a generato2). However, its high thermagfficiency, which in simple terms
means high fuel economy, is opposed by tightening international controls and environmental

pressures that impose the continuing effort to reduce exhaust gas pollutants

Exhaust gas emissions from marine diesel enginesliargomprise nitrogen, oxygen,
carbon dioxide, and water vapour, with smaller quantities of carbon monoxide, oxides of
sulphur and nitrogen, partially reacted and nroombusted hydrocarbons and particulate
matter (1). The majorityof these emissions are considered pollutants due to their adverse effect
on the environment and on human healtffhus, several regulatory bodies have addressed the
issue and enforcement of legislation aimed to reduce marine emissions is in pr@8ydssthe
wake of this development the maritime industries are continuously seeking and implementing
emission abatement strategies such as the selective catalytic reduction sf@mteeducing NQ

emissionor the diesel particulateilfer technologyfor reducing PMemissions.

Besides environmentatonsiderations, howeverother factors influence the growth and
development in the maritime industry. This can be illustrated by the marked increase in the
number of passenger ferry servicegerating with highspeed vessels over the past decadlbis
trend is likely tocontinue with the increasing demands feinorter travel and deliverjimes (3).

These vessels usually operate in environmental sensitive areas such as island harbours where
the emission control is urgent. As a consequence, smokeless main and auxiliary engines
operation is requested because the smoke emissions are prominent due tocldan

environment and the bright backgrodrfound in these areas.



In general,legislation imposes that marine diesel engines operating in environmental
sensitive areashould burn light fuebils ¢ the socalled MDO, in order to reduce the pollutants
emitted. Marine mediumand high speed diesel engines can burn such a fuel, with typical
properties as shown in table 1, very efficientieavy fuel oils, which are very popular as typical
fuels of big low speed diesel enginesperating in big oceangoing merchant shipsoduce
smoke density almost two times that of MOflgure 1) due to the fact that HF@ontaina lot of
residues whictare impinged and adhered onto the piston crown during the ignition delay, their
evaporation is delayed and the combustion is deteriodat¢). Although this is not so obvious
when the engines work around the service load, it lmes prominent when theships are in

ports or narrow channels and the engines work at low loads.

Density at 15°C, gem 0.849 ® B ® oo
Met calorific value, MJ/kg 4252 =
WViscosity at 30°C, ¢St 3.03 Q wk *— o L]
Carbon, wt% B7.2 a
Hydrogen, wi% 139 % o
Nitrogen, wt% 0.006 dgf 77707
Oxyegen, wt% 0.z E
sulphur, witta XL —}: oL
o= L 1 1 Il ]
-16 -4 -12 10 -8
injection Timing ATDC deg.
Tablel: Properties of a typical MD@B) Figurel: Relationship between fuel

injection timing and smoke densitgs a
function of fuel quality(4)

For the time being, the majority of the emissiooEmarine dieselengines are controlled
with standards already in force (Tier I, Il, BRcept for the PM emissions for whidlo emission
standard has been adopted yetiowever manufacturers are required to measure and report
them (5). Neverheless this does not applyto on-road light or heavyduty, railway and
stationaly diesel engineswhose PM emissions are already regulatédom 2007 the PM
emissions of heawgluty highway engines operating in USA are limited @1 g/bhphr, while
for the nonroad diesel engines the limits range from 0.3gskhr to 0.03 g/bhphr (depending
on engine power (5). Moreover, the European Union has adopted the new Euro 6 standard
which limits the PM emissions of HDD engines0t01 g/kwWhr and that of non-road diesel
engines to 0.025 g/kwir (5). Similar standards havalreadybeen adopted in the rest of the
world (e.g. Japan(6) . In addition,in USArom 2014 PM emissiorsf medium power(2750 bhp
YXP < 6000bhp) marine diesel enginewill be controlled and limitedto 0.09 g/bhphr, posing
Y2NB LINBaadaNB 2y (GKS Sy3aaysS Yl ydgs) Od dzNB NA
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1.2 Problem Description

Marine engine designers in recent years have had to address the challenge of tightening
controls on noxious exhaust gas emissions imposed by national, regional and international
authorities responding to concern over atmospheric pollution and its impadtwnan health
and climate changeOne of the most characteristic, yet hazardous, emissions of diesel engines is
PM, which is a complex mixture of inorganic and organic compounds resulting from incomplete
combustion, partly unburned lube oil, thermal sglig of HC from the fuel and lube oil, ash in
the fuel and lube oil, sulphates and water. More than half of the total particulate mass is soot
(inorganic carbonaceous patrticles), whose visible evidence is smoke. Soot particles (unburned
elemental carbon) a not themselves toxic, but they can cause the bujdof aqueous HC, and
some of them are believed to be carcinogd$ Fortunately, particulates constitute no more
than around 0.003 percent of the engine exhaust gases, bist tiamber tends to increase

sharply during engine transient loadings when poor combustion conditions prevail.

The primary cause for soot (PEbrmation is that regardlesef the flame type (diesel cycle
is characterised by diffusion flames)f the combustion conditions are popr(elevated
temperature, poor mixing of fuel and oxidant ett)e fuel undergaes either pure or oxidative
pyrolysis. Some precursors of the fuel pyrolysigergo cyclization andreatean aromatc ring
The ring structurds thought to add alkyl groups, developing into polyclear aromatiqPAH)
structure that grows owing to the presence of acetylene and other vagthase soot
precursors These precursorarise as free radicals fromthe breaking of the bonds ofthe
hydrocarban  molecules due d the elevated temperature in the combustion chamber.
Eventually, the aromatic structures reach a large enough size to develop into particle nuclei.
Such condenseghase carbon particles contain large amounts of hydrogen. The particles
dehydrogenate in highemperature combustion field while physically and chemically absorbing
other gaseous hydrocarbon species thdghydrogenate. As a result the soot mass increases
rapidlyand the growing particles agglomerate and conglomerate. The absaiestes undergo
to a large degree chemical reformation, which results in a carbonaceous soot structure.
However, while these events are occurring, oxidative attack on the particles continues to form
gaseous productg7). Conseqently, the fuel properties and the conditions in which the

combustion takes place, determirtiee level ofsoot formation.

The PM emissions exhausted from diesel engines can be divided into s(Bigand
insoluble (ISF)organic fractions and sulphat€Bgure 2) Elemental carbon and ash constitutes

the ISF of PM and is not considered as hazardous as the SOF which is formed mainly by
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hydrocarbonsderiving fromthe lube oil and other harmful components such &AH thatare
contained in the fuel(8). The sulphur particles (sulphates) are formed by the interaction
between sulphur acid and water so their emission depends on the humidity and temperature of

the exhaust gas as well as on the sulphur content of the fuel.

Asfar as he particle form is concerne®M emissions are primarily formed in two separate
modes:

1 Nuclei node particleswhich consist mainly otondensed hydrocarbons and sulphates.
The gaseous precursors condense as temperature decreases in the exhaust system and
after mixing with cold air in the atmospher&@hey constitute part of the SOF and
sulphates.

1 Accumulation mode particulateshichare formed during combustion by agglomeration
of primary carboaceous particlesind other solid materialsis described aboveThe
majority of the accumulation mode particulates form in there of the burning fuel
spray and they constitute the ISFurther, gges and condensed hydrocarbon vapqurs

also part of the SOlye absorbed irdg the surface of the particlg®).

Particulate Emissions are considered a contributory factor in causing asthma, allergies and
various other human heditproblems. Smaller particulates are thought more likely to penetrate
deep in human lungs, the most minute of them perhaps even moving into blood sifBahm
addition, the condensed hydrocarbons in the nuclei mode particles @mdhe surface of the
accumulation mode particles contain toxic and carcinogenic hydroca®né K I 1 Qa g K& (K S

is a strong correlation between ambient PM concentrations and human health.

As mentioned before the most dangemmpart of the PM emissions of diesel engines is the
so-called SOF which consists of highly toxic and carcinogenic hydrocarbons. However, the ratio
of the SOF to the total PM emissiotepends on the engine load as it is shown in figur@nd
4, renderingthe need for reducing these emissions in the areas where the engines operate at

low loads(e.qg.island ports) urgent
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Figure2: Particulate emission composition of a largesfroke medium speed diesel engine
running on MDO asteady state high load8)
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Figure3: Relation between engine load and PM concentrationrg#oke marine diesel engine
with propeller load operation) (8)
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1.3  Smoke Emission Abatement Methods

The biggest challenge concerning the emissions reduction of diesel engines is that
pollutants are formed under different conditionsenderinga reduction method often suitable
for oneparticularemissionbut inappropriate for anotherFor example, wile NG are generated
thermally from nitrogen and oxygen at high combustion temperatures in the cylinder, as well as
for smallfuel to air ratio (lean burncombustion), PMis formed at intermediate temperatures
and forhighfuel to air ratio, where the soot preasors cannot be oxidisedhusforming species
that transform into soot(figure 5 (10). Therefore, special caution must be given and all
necessary parameters have to be taken into account for opitiithe potential abatement
method in order to achieve efficienengine operationwith reduced emissionsln order to
accomplish his, there must be either an improvement of the combustion process ot of
external devicesThe first one is called prevention method as it dealhwiite problem at its
origin, whilst the other is called mitigation method because it transposes the problem to a next

level of confrontation(11).

Equivalence Ratio

N

1000 1500 2000 2500 3000
Temperature

Figureb: Soot and NO concentrations as a functionfoél to air equivalence ratio and
temperature. Soot in g/m3, NO in mole fractions and temperature in degrees Kelvin (10)

As regards the combustion process improvement, for engine manufacturers it has been one
of the most important sales arguments fdecades. Consequently, focus has been for long on
improving the combustion process and reducing unburned compounds (e.g. HGPtkigre is

no large leap to be expected from further improveme(it®) This is proved by the fathat at
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very high engine loads, combustion in a state of the art medium speed diesel engine can be

modelled to give invisible smoke.

However this does not applat low service loads and especially during rapid stgrt
manoeuvres and load changeshen the turbochargers deliver less intake air than the engine
needs for complete fuel combustipso i K S Sy 3 A y(B. M&hy 3y8tdmS forimproving
combustion during transient loading have been proposed sitmetimesambiguousresults.

Such systems are

Turbochargepptimization for part load, with a waste gate
Charge air bypass below a certain engine load

Smaller Injection bores

Nozzles with short sac holes

Auxiliary blower for operation below a certain engine load
Fuetlwater emulsification

Retarded fuel injection below a certain engine load

= =4 4 A4 A A -a -

Common rail fuel system

From the systems cited above, the later provides the most promising results because it
offers the freedom to choose the fuel injection pressure and timing complételgpendent of
the engine load, whereas computerised control allows several key engine parameters to be
considered. The ability to maintain fuel injection pressures sufficiently, high at all engines loads
and speeds (even at the lowest levels and duringrtstg and transient load changes)
contributes to clean combustion with no visible smoke emiss{@hsin additionnew ideasare
currently investigatedfor eliminating the air to fuel mismatch in the combustion chamber
during transient loading. For example a smoke abatement method, which comprises a
compressedair injectionsystem(JA)and aclosedpulse turbocharging systefCPT,)has been
developedin the Laboratory of Marine Engineeringf the National Technical University of
Athens The system is activated during engine transient loading, vdoempressedir is injected
on the compressor impeller to increase itstational speed aswell as the air pressure and
guantity in the intake manifoldwhilethe constant pressuré&rbocharging systerturns to pulse
(figure 6) andexploits the high kinetic energy of the exhagsis(in form of high pressure tuned
pulses)to further improve the compressors response to the load chafigd. The results are
very promising as the opacityrisduced almost 8@5% (figure Y. In addition, the response time

of the turbocharger to the transient loading is extremely fast. As a resultctirapressor



reaches steady state condition very quickly indicating that the iregquamount of air is supplied

to the engine at the right tim¢14).

Although there is a limited scope to significantly reduce particulate emissions by improving
the combustion, methods of removing particulattem the exhaustgas areavailableas well
(1). Moreover, in contrast to the prevention methods, the use of exhaust afeatment
devices, offer the possibility to be installed in older or -offdate engines where no
modifications for improvingngine performance can be made. In other words they are suitable

for retrofit as the prerequisites for their installation are few.
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Figure6: The overall system satp with the air injection and the variable path exhest
manifold configuration (13)
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The most widely foundfter-treatment devices for reducing PM emissions:are
9 Diesel Particate Filters (DPF)
1 Bag Filters
9 Electrostatic Precipitators
9 Scrubbers

In Diesel Particulate filters the exhaust flow is forced through very small charmmals (
range) where solid particulate matter is collectdtigure 8. However, a large pressure
differenceis needed for forcing the exhaust flow through temall channels. Therefore, the
engine may experienceigh backpressure, which wi#ésult in high thermal loadindespite the
fact that this technology is used in some truck and rail engines, there édemonstrated DPF
G§SOKy2t23e | @FAflrofS F2NJ tFNES YINAYS - yR
I dzii 2 Y2 G A @S QMiditbrzhalleligdfbr itshudedindlarge scale applicatioa® the big

dimensions neededits mechanical strength antsiearly cloggingdue to ash presence in the

QX

exhaust gasAs a consequence, for the time being DPF is considered as a not feasiblensolutio

for marine application$12).

Bag filters or dust collectors argystems designed to enhae the quality of gases by
collecting dust(evenfor high volume dust loadsand other impuities that they may contain
They consist of a blower, dust filter, a fikeleaning system and a dust receptacle or dust
removal systemDust enters the bafiouse compartment through inlet on the hoppeffigure
9). Larger particles drop out while smaller dust particles collect on filter bags. When the dust
layer thickness reaches a level where flow through the system is sufficiently restrii@gd
cleanings initiated. Cleaning can be done while the {myseis still online (filtering) or in
isolation (offline). Once cleaned, the compartment is placed back in service and the filtering
process starts ovefl5). This system is abl® achieve relatively good particulate reduction, as
long as it is sufficiently large.2  S@SNE | WQLINRISOGA2Yy NBI3ISYyiQQ
filter from clogging.In addition the flue gas has to be cooled and a fan is needed due to high
pressire drop. At last but not least, there must be room for waste disposal regarding the
WQLINE (i S O ioxaadythe KovadSparticulateFor these reasons, bag filters are used
almost exclusively in largand based industrial sources and not in the marioe the

automobilesector(12).

Precipitators function by electrstatically charging the dust particles in the gas stream. The
charged patrticles are then attracted to and deposited on plates or other collection devices.

When enough dust has accumulated, the collectors are shaken tmldeskhe dust, causing it to
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fall with the force of gravity to hoppers below. The dust is then removed by a conveyor system
for disposal or recycling. Depending upon dust characteristics and the gas volume to be treated,
there are many different sizes, tgp and designs of electrostatic precipitatof$6) The
particulate reduction achieved is good, the pressure drop is low and the high exhaust gas
temperature does not pose additional problems. Howewtbese systems are extremehbulky

(figure 10)and too expensiveMoreover, the waste disposal problem remains and there are
additional electrical risks due to high voltagendering them not viable systems for marine
installations(12).

Scrubbers argpecial devicethat are used toremove particulategrom industrial exhaust
streams These systems workia the contact ofthe target compounds with ie scrubbing
solution whichmay simply bevater (for dust) or solutionsof reagents for targeting specific
compounds.Removal efficiency of pollutants is improved by increasing residence time in the
scrubber or by the increase of surface area of the scrubber sol(@i®nAlthough such systems
are very efficient concerning Gy reduction (figure 11) it remains unclear whether are

appropriate for reducing PM emissio(i2).

Figure8: Diesel particulate ifter FigurelO: Bag fiter (15)

Figure9: Cylindrical electrostatic Figurell: Desulphurisation scrubbefl8)
precipitator in waste incineration plant
17)

11



1.4 Exhaust Bypass System

The Exhaust Bypass System or EBS has been developed in thaboratory of Marine
Engineeringof the National Technical University of Athens as an emission control device for
reducing snoke of marine diesel engines of higheed vessels operating in environmental

sensitive areas.

The EBS mainly takes advantadgehe DPF technology as it features two diesel particulate
filters. Therefore, it can be considered as an afteatment emis®on abatement method
Although the reduction method is based on technology alreimdyzd S A G Q& GKS FANE
that is referring to marine application&n addition, this system is designed to éasilyapplied
to existing marine installations as atmofit solution for emission controlAs a consequence,
apart from some necessary modifications that tacbe made, the system functions aquite
different manner in relation to the usual DPF syste@snventional DPF applications consist of
a diesel prticulate filter that collects PM emissions throughout the whole engine operation.
Despite the fact that tis method produces good resultas the emissions reduction is
concerned, the system suffers from early filter contamination, due to clogging, dacls to
need for premature filter replacement. Filter manufacturersave developed many methods
(some of them somewhat sophisticated) for addressing this problem. Nevertheless, these
methods cannot be applied on vessels because of the stringent safaflatiegs.¢ K 4 Qa K& |
new systemfor achieving high smoke emission reduction and simultaneously avoiding early

filter contamination needed to be developed.

The EBS satisfies these prerequisites as it consists of a bypass duct which leads the exhaust
gasto two diesel particulate filterdor as long ast is required. In contrast to diesel engines
operating onroad, marine engines are more steadily loaded. Thus, the periods in which the
engines work in transient loadisgan be easily distinguished’he EB activates onlguring
these perioddy openingthe valve which leads the exhaust gasttee bypass ducandthen to
the filters, whilst the valve, which controls the exhaust gas flow through the main duct, closes
(figure 12) The filters colleciall unwanted products ofincomplete combustionduring the
transition of theengineload from low to high levelsand whenthe engine reachesteady state
conditions EBS deactivates via the reposition of the valves to their initial positiorikis case
the exhaust gas remains unfilteredut without increasing the smoke emission #e engine
works properlyand the combustion is completén this waythe filters are not burdened from
unnecessary soot loading and are kdphctional until their replacement which takes place

during ship maintenance intervals.
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EXHAUST BYPASS SYSTEM
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Valve 1,2: SOMAS Butterfly

E/P: Siemens Electro-pneumatic Positioner

DPF: Diesel Particulate Filter

Figurel2: The haust bypassystem (EBSat LME/NTUA
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Chapter 2:Diesel Particulate Filter Technology

2.1 The Particul ate Filter

Theparticulate filter is today the most efficient device for reducing diesel soot emissions,
attaining filtration efficiencies of the order of 90%, at nomimgderation conditions.Soot
filtering is especially important in the case of warat diesel engines with poorly controlled fuel
combustion. However, specific application problems have limited the use of particulate filters,
mainly on city buses, some delivery trucks and fork lift truiksire 13)(19). Due tothe new
emissionstandards (Euro VI, Tier Il, etc) that impose further PM control, intensive research is
being carried out aiming at developing diesel filter systems suitable for a wider application to
commercial vehicles or passenger cars. In additiotyréuPM emission limits, introduced by
United States Environmental Protection Agency-BP3\), render DPF technologies necessary

also for marine Diesel engines.

The particulate filter concept has focused research and development activities around the
world, and a variety of systems is offered by various manufacturers. A trap oxidiser system is
based on a durable temperature resistant filter, which removes particulate matter from the
exhaust before it is emitted in the atmosphere. The accumulated parteutdses the filter
backpressure, i.e. the pressure difference across the filter which is necessary to force the
exhaust through it. The typical backpressure level depends on the filter type, and increases as
the filter becomes loaded with particulate. Hidackpressure is undesirable becauseaises
the engine cycle pumping wornd eventually the exhaust gas enthalgys a consequence, it
reduces the availablenginepower andincreases the thermal &d and the fuel consumption of
the engine. Therefore minimizing mean backpressure levels while still maintaining acceptable
filtration efficiency in a reliable, durableompact and low cossystemconstitutes the major

goals of particulate filter desigf20).

The mostproof-worthy trap oxidiser for controlling diesel particulate matter is the wikdiv
ceramic monolith filter (figure 14) which is characterised by high trapping efficiency,
temperature tolerance, high demonstrated durability and moderate c¢20) Ceramic
monoliths are the most common type of diesel filter substrate. It is a honeycomb structure
made from porous ceramic material. The adjacent channels of the honeycomb are alternatively
plugged at each end in order to force theeskl aerosol through the porous substrate walls,
which act as a mechanical filter. The particulates cannot flow through the wall and are

deposited in the channel walls. To reflect this flow pattern, the substrates are referred to as the
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wall-flow monoliths(figure 15) The main advantage of the wall flow particulate filter is the high
surface area per unit volumeyhich combined with te high collection efficienciesnakes this
technique veryattractive. The filter walls have a porous structure thataefully controlled
during themanufacture process. Typical values of material porosity are between 45 and 50%

whiletheYSRA dzY LI2NB &aAT S OFNASE A®) GKS NIy3aS o6Si6S

Exhaust Flow (inlet) o o
Oxidization 4
\ A / Catalyst !
% 2 g . —

Diesel Particulate Filter

oxidization atalyst and a DPE21) flow pattern in a wall flow monolith(21)

The particulate collection mechanisms can be categorised as folRiys
91 Depth filtration where the particles with a mean diameter lower than the filter
porosity are deposited inside the porous material due to a combination of
mechanisms that are driven by various force fields
1 Cake filtration where the particles are deposited on the channel wall through

sieving
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The depth filtration relies on three mechamsof aerosol depositiori21).

9 Diffusionaldeposition
9 Inertialdeposition

1 Flow streardine interception

These mechaniss are illustrated in figure 16 wheréé large circlen the middle represents a
collecting body in the filter media; say a fiboé a filter. Diesel exhaust gas flows around the
filter media, as indicated by the streamlines. Témall blacked spheres represent diesel

exhaust particles travelling with theag stream.

(@) (b) ()

Figurel6: Depthfiltration mechanisms (a) Diffusionaldeposition, (b) Inertialdeposition, (c)
Flow streamline interception (21)

Diffusionaldeposition(a) depends on the Brownian movement exhibited by smaller particles,
particularly those below 0.3m in diameter. Those particles do not move uniformly along the
gas streamlines. Rather they diffuse from the gas to the surface ofdlecting body and are
deposited there.

Inertial depositionb), also called inertial interception, becomes more important with increasing
particle size (mass). While these bigger particles are approaching the collecting body, because of
their increasednertia, they cannot follow the streasines and they strike the obstruction.

Flow streardine interception (¢) occuis when a fluid streaMine passes withirone particle

radius of the collecting body. Then, a particle travellwhgng the streamline tothes the body

and iscollected without the influence of Brownian diffusion or inerfd.).

As far as the filter material is concernegia types are commonly establishecordierite
and silicon carbide Cordierite is a syntheticeramic developed for floshrough catalyst
substrates andsubsequently adapted for the filter application. Silicon carlmdeSiChas been
used for a long timein a number of industries for such applications as semiconductors,
abrasives, or hightemperatue/molten metal contact materials. More recently, it was
successfully introduced asdiesel filter material. Cordierite substrates perform satisfactory in

most heavyduty applications with high exhaust temperature. However, cordierite is more
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susceptibd to thermal stressesSiChas higher maximum operating temperature limits and

better durability in hgh thermal stress applications, but it also has higher weight and it is more

expensivg21).

Nowadays, in the automotive industmpetallic monolith is being developed as the best

material for trap oxidisers due its characteristics which induce some important advantages over

the ceramic monolithThe construction of this type of filters resembles a streamer as it consists

of two corugated metallic sheets, which are wrapped and formed in layers and via a welding

they compose the compact body of the monol{figure 17) The most commonly used material

is steel of high endurance to heat and corrosion and appropriate for weldimd) for

YOIl OOS LI AYy3IQQ ThiSaceheni df thedntetallic mOndlithiis’egs@raince there is

almost nodilatation between the monolith and thshell of the filterand there is no need for

the intermediate compensatory material which is necegsé&or the ceramic monolithIn

addition, due to the factthat metallic substrates havsinusoidalchannels while the ceramic

ones have square cells (figure 18)¢ metallic monolith exhibits smaller exhaust backpressur
for the same catalytic effect. Rinermore,i KS NR &1 F2NJ YSE GAy3 A&
thermal conductivityand the size is reducdoecause othe increased catalytic area. However,

the material for the construction of the metallic monolith is more expensive, it is more

vulnerable to high temperatures, especially those above 1X0@ndthere is alwayshe risk of

welding break which will lead to the separation of the two corrugated sh@as Therefore, for

the time being this type of filter is @&ppropriate for large DPF applications where the more state

of the art materials are dominant.
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Figurel7: Monolithic substrates(23)
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2.2 DPFRegeneration Strategies

The biggest challenge that DPF systems face is their@agyging due to accumulation of
the collected PM inside the filters. The reduction of the exhaust flow through the filters is
directly translated toan increase of theengine backpressurevhich isundesirable because it
leads toworse engine performancdhat is why it is necessary to clean the filter periodically by
burning off pxidizing the collected particulate; this process is known as regeneratiomer
the conditions met in diesel exhauststems regarding exhaust flow and oxygeaoncentration,
the required reaction rates for complete regeneration are attainedteahperatures above
550°C. Exhaust temperatures of that order are observed only at high load operation of the diesel
engine. Thus, special regeneration techniques are employed, that fall into three broad
categorieq19).

1 Thermal regeneration by use of engi measures or by the supply of external
energy
9 Catalytic regeneration (catalytically coated filter or fuel doping)

1 Aerodynamic cleaning (using compressed air to remove the soot)

In the first category, a significant fuel consumption penalty must be foreseesupply the
additional energy(i.e. burners, electrical igniters, et@quired for regular thermal regeneration.
This can be achieved with the incorporationaofair assisted burner or Hidbser. The latter is a
system where fuel is injecteabstreamof a special catalyst where the injected fuel is thermally
converted. Nevertheless, there is also the possibility of implementing engine measures in order
to raise thetrap inlet temperature For instancethe throttling of the engine exhaust results
rise of the engine cycle pumping work, and eventually to a rise of the mean effective pressure
and temperature of the higipressure loop of the engine cycl@he energy balance of the
exhaust throttled engine showthat an increased portion of the fuelnergy per cycle is
dissipated as exhaust gas enthalpy. This causes the onset of regendfi)orHowever the
PM oxidization atelevated temperatures may lead to local thermal shocks or in a worse case to

uncontrolled burning Wich can eventually destroy the filter.

Catalytic regeneration, on the other hand, is based on the use of catalysts to achieve the
onset of regeneration at significantly lower temperatures. The catalyst may impregnate the
porous ceramic wall or be used a fuel additive, which is emitted and accumulated in the filter
together with the particulate. The use of catalysts is critical to the design of a successful diesel

filter system, because it ensures minimum backpressure, as well as filter regeneration at
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temperaturesbelow 350C, although stochastic regenerations may be observed even down to
200°C(19).

The design of successful catalytic fuel additive assisted trap systems depends on the
solution of problems related to filtedurability and additive ash accumulation. The disadvantage
of the additive currently being used that it causes extra ash build up in the diesel particulate
filter and therefore, with increasinmileage accumulation, makes it necessary to clean the filte

or even to replace if21).

The catalysed ceramic trapsorwad2 | G SR FAf 6SNE 6SNB RS@GSt 2 LIS
first applications included diesel powered cars and, later, underground mining machinery. The
main componentof the filter is the ceramic (cordiad, SiC) walflow monolith whoseporous
walls are coated with an active catalyst. Many materithat are catalytically active isoot
oxidation, have been studied ithe last 20 yearsand have been testecs coatingof a
particulate filter.These materials armainly oxides of base metals (B2g, Ce, Co, Cr, Cu, Fe, La,
Mn andV) and noble metals (Pd, Pt) as well as mixtures of base and noble nidtalsnain
drawback of these systems is thptire contact between the catalytic coating and tkeot
particlesis indispensable. Therefore, if the distance is too higtalytic actioncannot take
place Only the particulates thaare in direct contact with the calgic coating are able to
oxidise. Another problem otatalysd filters is the generation of sulpltes by cataltic oxidation
of the exhaust SQto SQ, at high exhaust temperatures. The gase@@ can penetrate the
porous walls and freelleave the filter. Cmbining with water it formssulphate particulates that

increase the totaPM output especiallyin case of fuels with high sulphcontent(21).

Apart from the active regeneration systendescribed above, new systems for filter
regeneration have been develed. These systems are called passive regeneration systems
because filter cleanings continuous anddoes not need activatianThe CRT (Continuously
Regenerating Trap) particulate filter is a patented emission control technology that is based on
the presence of I in the exhaust gaseslhe main parts of a&CRT filter(figure 19)are a
Platinum (Pt) catalyst and a particulate filter. It is modularly engineered as a totally passive
emission control system, which does not reguithe use of supplementaheat. The CRT
particulate filterfunctions on the basis that soot wikidie in the presence of NCat a laver
temperature than with @ In fact, this lowetemperature is compatible with the typical exhaust
temperature from diesel engine3he device isnade up of two chambers where the oxidation
step is separate from the soaillection- combustion process. The first chamber contains a
substrate coated with groprietary, highly active Pt oxidation céat which is designed to

oxidie a portion of theNO in the exhaust to NOwhich is the key to the oxidation of soot
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collected by the CRfiter. The catalyst also converts CO and HC intpa@® HO. In the second
chamber, theexhaust flows through a particulate filter, where sootr@pped on the wdb of
the filter. The trapped soot then is destroyed by the ;N@oduced bythe catalyst in the first
chamber. This particulate filter may be uncoated or it may be coatiéldl Pt to further enhance
the reaction of soot with N© The basic requirements fonaximum PM reduction with the CRT
particulate filter are ultra low sulplr fuel, an averagexhaust temperature o260°C and a
NOXx/PM ratio of ateast 25. For use on higher suiptfuels the basic requirements are exhaust

temperaturesabove350°C with NOMPM ratio above 2521).

Except for the CRT, theigalsoa more advanced regeneration system capable to reduce
diesel particulate matteattaining low oxidation temperatures. This system takes advantage of
the sharp increase foot oxidation rate in air that haseenionised by an electric arc (thermal
plasma) atemperatures in the range ¢f00 to 450C. This is attributed to some reactive species
generated in plasma, such asa@d OH radicals or NQ@hat facilitate the oxidation of soot

particles at low temperatures.

Two reactor configurations have been proposed to achieve this objective in a plasma

device:

1 Twostage reactor, where diesel particulate filter (DPF) is positionddwnstream
of a plama generator. The role of plasma in theo-stage configuration is to
generateNQ, and, possibly, © which can oxidis particulatesn the filter. However
the applicability ofthis kind of systemis questionable, due to the production of
NO..

1 Singlestage reactor, where a packed bed plasma reactor acts as the PM trapping

device(figure 20)

Wall-flow
\  Filter

Honoycomb
Catadyst

Figure20: A plasma regeneratiogystem
(21)

Figurel9: ACRT filter systeni21)
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In both configurations the plasma generator may be controlled and actuated by the engine
management system in orddo operate intermittently according teeach engine operation

condition, which isharacterized by different soot emissiofsl).

Finally, the filters can alsobe aerodynamicallycleaned with compressed air, injected
periodically and in different positions in order to sweep the whole surface of the filtehis
case, badouses to collect the dislodged soot particlase needed, as well agadequate
compressed air supplyror the time being, such a system is only experimental and is considered
as part of an emission control device which features DPF foresn@gsion reduction and EGR
for reducing NQ production. The particulate trap is rotated and cleaned with intermittent
(pulsed) compressed air at specific time periods which allow low air consumption and lightly
soot loaded filter.The cleaning air streanafter passing through the traps conducted to a
fabric bag, enclosed in a sealed container (bagse), where the particulateare finally
collected while part of the soofree exhaust gas is led to the engine (EGR) to reduce the
cylinders peak temperatre and pressureThe collected soot is either discarded or burned in a

separate incinerato(24).

Although with the techniques described above the filters can be kept clean for a relatively
long period of operation, there is another factor that graduagwngrades the filtes function
and efficiency. This factor is the accumulatimmthe filter of non-oxidisable particulates, such
as sulphates and ash, which results in a bupdf residual pressure drofulphates production
can be limited by adopting either desulphurisation strategies or by using fuels with low sulphur
content. On the other hand, h production and accumulatioan the filter cannot be easily
controlled Neverthelessrecent studies have shed some light onto the ash mass balance puzzle
demonstrating that the amount of ash collected on filters might be less than 50% of the ash
expeced based on lube oil consumptiokloreover, he reason for thehigh ash accumuldbn
on filtersisdue to theirhightrapping efficiency of ultrafine particles, typically more than 99%, in
the size range of the fundamental ash partidhkawever, an initial ash layer is benefidialthe
filter function as it prevents the penetration of ultrafine soot particles into the walls which may
cause a marked increase in backpressus.far as the ashemovalis concerned, it can be
achieved aeroghamically by injecting compressed air in the filter. In addition, for removing
stubborn ash, water can be used although special caution must be given as it may impact mat

materials(6).
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2.3 DPF System Design for Marine Applicati ons

In order to achieve high trapping efficiency as well as prolonged period of proper operation
of a DPF system, several parameters have to be carsider optimizing the system design
especially if iis referringto marine applicationsvhere thereis not such experience as in the
automotive industry.These parameters include the DPF substrate material that is going to be
used, the filter dimensions, the cell density and finally the regeneration strategy that is going to

be followed.

As far as theDPF substrate selection is concerpedgeneral challenge is the limited ash
storage capacity of certain DPF substratessome cases the DPF was blocked after less than
700 operating hours contrary to the expected design maintenance interval of 3,08D00
hours.For marine applications, an acceptable duration would be in the range of a maintenance
interval, typical for marine Diesel engines after approximately 12,000 to 16,000 hours. In the
ideal casdt would be equivalent to approximately 24,000 36,000 hours before exchange of
the substrates is required. As a consequence, based on the actual achieved operating hours of
the filter mentioned above, a 17 to 51 times larger dRFuld berequired to reach the desired
operating hourg25). In addition, ash amount deriving from not only the lube oil, but also from
the fuel oil as welshouldalwaysbe considered due to the different ash content of the marine
distillate oil. Therefore, the DPF should have an ash storage capatiB0@to 400 liters
depending on the desiredperating hours(12,000¢ 16,000 hours)Furthermore, a a rule of
thumb from automotive, a filled DPF must not lose more than 20% of its free volume for ash
storage due to the induced backpressukence, the esulting free volume required is much
bigger rendering the DPF system very bulky since it would be 8 times larger than a typical SCR
system for the same engineThat is why, to circumvensuch unrealistic DPF space
requirements DPF substrates with loweMPreduction efficiency but ash penetration capability
need to be appliedThis can be achieved by selecting a special substrate cell stryfigues
21) as well as a suitable cell densifor choosing the appropriate cell density, a compromise
must be dund between maximising the available substrate surface area within a fixed volume
and the risk of blocking of the small cellsie to the lower trapping efficiency of the special DPF
substrate, a PM reduction of only 50% should be envisagedeover, a resulting backpressure
2- 5 times above the currently allowed for serial marine Diesel engines should be considered
depending on the DPF soot load (lower values for unloaded or respectively fresh regenerated

state, while higher values for load state respectively before regeneration).
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Figure21: Special DPF substrate variant with zoom of the cell structure

As far as the DPF regeneration strategy is concerned, active regeneration by an exhaust gas
burner upstreamthe filter is a trustworthy solution althougimoticeable increased fuel oil
consumption has to be consideré®5). However, according to automotive applications, passive
regeneration is also possibigith sulphur free fuelqthe upper limit of the sulphur content of
the fuel depends on the sulphur tolerance of the catalytic coating) and at exhaust gas
temperatures above 23C.A CRT system is of course the most desired option for this kind of
application.In addition, the requiredgxhaust gas temperature (above 28) can be provided by
marine Diesel engines under normal operating conditions. Nevertheless, a device for an
additional exhaust gas temperature rise above the normal operating conditions cannot be
omitted completely due to the required elevated exhaust gas temperatures for the
desulphurisation strategy of the catalytic coating. Moreover, a possibility for active regeneration
needs to be considered as a backup solution for as&d# DPF operation on board shipbhis
requires a temperature rise up to 6@50C,which is far beyond what is experienced today for
medium speed marine Diesel engines. Furthermore, for the desulphurisation of a catalytic
coating a temperature rise to 50850°C is neededFor these reasonghe incorporation of an
air assisted burneor a HGdoser is necessarywith the latter being a more compact and
probably less complex solutioiowever, the collected soot, respectively EC, as well as the
injected fuel of the H@oser poses a serious fileazard onboard a ship. For the time being,
AO0NROG al FSGe& NRedndhllatinioRbyiréiers zhg extiaudt dyste2ndlue to the
fire hazard, sotherd &y Qi | ye& SEAA&AGAYy 3 Ay mmihe futire tharel 2 F (K
for high PMreduction of marine diesel enginewill impose the installation of DPF systems on
ships Therefore,a thoroughly monitoring of the DPF system behaviour and additional control

measures are necessary before such a system can be operated safely on a vessel.
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By using special DPF substrates with reduced PM trapping ability, EC reduction is expected
to be almost on the same levelf a conventional DPF substrate of 99% trapping efficiency.
However, reduction of the organic fraction (SOF) is expected torited to 3060% for sulphur
tolerant but not precious metal catalytic coating. The biggest drawbackmfentionalprecious
metal catalytic oatings is that they deteriorate quickly due to the presence of catalyst poisons
in the fuels. As a consequenaanovative catalytic coatings have been developestently in
order to exploit their higher reduction capability of the SOF and at the same time to enable the
application of passive regeneration strategigdis provides the possibility for minimizing the

additional energy consumption for regeneration.
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2.4 DPF Selection for the Exhaust Bypass System

TheExhaustBypassSystem (EBS)that has been developed and installen the LME/NTUA,
takes advantage of the DPF technology as it featines particulate filtersfor reducing PM
emissionsDuring the EBS design three sadus regardindhe particulate filterwere suggested.
The firstconstructional solution was proposdm the companyHUG Engineering and included
one square DRFnade of SC,with a diameter of 500 mm anglolume of 175 liters. The cell
density of the filter was 177 cells per inch with an average wall thicknesaroild(thousandths
of an inch) Several computational simulations wecarried out and produced some interai
results that are presented in figure 2@/hen the filterwascleaned, thepressure dropnvas15
mbar while inthe loaded state (100g of sooff) only roseto 30 mba. Sucha low pressure drop
isundesirable since ieadsto significantmaldistributionof the flow inside the filter because the
exhaustgas fbws only through the central core of the filteand most of the sootis deposited
there (26). For this reason the suggested filter from HUG Engineering was rejected betause

was considered oversized.
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Figure22: Calculation of pessuredrop and regeneration temperatures of the HUG
Engineering filter based on a certain regeneration scenario with 100g initial filter soot load
(26).
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The second constructional solution, which was proposed from the company-Xline
included one cylindrical DPF made fraordierite, with a diameter of 350 mm and volume of
70 liters (much smaller from the first DPF proposed). The cell dendihediiter was 100 cells
per inch with an average wall thickness of 17 mils. The same computational simulations as in the
first case were carried out and demonstrated that when the filter was cleaned, the pressure
drop was higher (25 mbar) in relation the oversized filter, while in the loaded state (100g of
soot) it rose to 100 mba(26). A pressure drop of this level is considered acceptalslat is

below the limit(120 mbarthat manufacturers definéor proper engine operabn.

The third constructional solution was proposed from the compBx@Land included two
cylindrical DPFs made from cordierite. Each filter had a diameter of 267 mm and volume of 24.2
liters. The selected DPF substrate was the same as in the second case since the cell density was
100 cells per inch and the wall thickness was 17 iMiile. computational simulationdigure 23)
predicted an initial pressure drop o40 mbar for clean filtesand 140 mbar forthe loaded state
(26)
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Figure23: Calculation of pressure drop and regeneration temperatures of the DCL filter based
on a certain regeneration scenario with 100g initial filter soot load (26)
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In table 2 the threeproposed constructional solutiongegarding the DPF selectioare
presented (26). Although the secondsolution from MineX was considered suitable for the
specific application, difficulties regarding thdter supply, as well as the possibility for
investigating the performance of two D&iR the EBS led to the selection of the third solution
proposed from DCLThe two particulate filters were removed from trucks, then cleaned
(regenerated) and deliveredt the laboratory (figure 24)Despite the relatively high pressure
drop that was predicted in the loaded condition (140 mbar for 100g of ghetjnstallation of
two filters allows each time the removal of the more loaded filter so the sysidthout
interrupting the system operationAs far aghe selectedregeneration strategy is concerngthe
9.{ R2SayQi LINBRAOG Iye I OGA @S3lterdsNdaded atani &S
undesirable leveljt will be removed andblaced inspecial furnacesvhere the soot will be

oxidised Then the clean filter will be fimstalled on the system

Constructional solution 1% 2" 3
Manufacturer HUG Engineering Mine-X DCL
Diameter (mm) 500 (square) 350 (cylindrical) | 267 (cylindrical)

Length (mm) 700 570 432
Components 1 1 2
Overall volume 175 70 48.4
Cell density (cpsi)/Wall thick. (milg 177/12 100/17 100/17
Substrate material SiC Cordierite Cordierite
np clean filter (mbar) 15 25 40
np loaded filter (mbar) 30 100 140

Table2: Suggested solutions regarding the DPF selec{2®)

Figure24: The two DCL patrticulate filter®6)
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Chapter 3:Exhaust Bypass Syster@verview

3.1 System Description

The Exhaust Bypass System or EBS is antiément emission control devicehich
takes advantage of the DPF technology by featuring two particulate filters. However, it differs
from the conventional DPF systems sirit® design enableghe selectivereduction of the
prominentsmoke (PM) emissi@of marine diesel engineJhe system is named EBS because it
is characterised by the presence of a bypass duct connected to the main exhausThe
initially conceived idea comprises the actieat of the EBS only during engine transient
loadings such as engine stattp or sharp increase in the engine Igaghen there is high PM
(smoke) production The eventual smoke reduction is achieved by leading the exhaust gas
through this bypass duct andhien to the particulate filtersthat collect the increasedPM
emissions of the engife When theengine operates irsteadystate conditions andsmoke
emissions are less, the EBS deactivates by allowing the extasuptigs through the maiutuct
andthen to the atmosphereunfiltered. The selective exhaust filtering is far from being optional
since it is the only way to avoid early fikelogging due to the draust content in ash and PM
that contaminatesthe filters’. The exhaust gas flow control, which iscessary for the EBS
operation, is achieved by two butterfly valves which open and close alternately and determine
the EBS activation deactivation.The valves are positioned by pneumatic actuators which are

electro-pneumatically controlled via the respi@ce positioners.

The system efficiency is a measuretwd dependent variables:the accomplished smoke
emission reduction and the engine backpressure developed fhanfilters presenceThus, the
respective sensors that measure exhaugihoity and exhaust pressure across the filters are
considered as an integral part of the EB8rthermore, additionakensors that measuréhe
overall system backpressure and the exhaust temperabefere the filters and the bypass duct
are considerednajor parts of the EBSThe system parameters are limited only to the exhaust
gas flow control since the amount of the exhaust gas to be filtered determinegiely the
system efficiencyFinally, the system provides the potential of leading part of the aghgas
through the filters (by the simultaneous opening of ttweo valves) which can further increase
the system efficiency. As a consequenagyossible sensor that measures the exhaust gas flow

before and after the bypass duct has also been considerbd. EBS is presented in figure 25.

! See section 1.4 p.13
% See section 2.3 p.22
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EXHAUST BYPASS SYSTEM

Valve 1
Opacity |:| Pressure Flow pos.1

Exhaust Out Exhaust In
1 i = i
.
§ TWI'H Temperature
E/P [ E/F
Pressure U: :H
Valve 1,2: SOMAS Butterfly
E/P: Siemens Electro-pneumatic Positioner

DPF: Diesel Particulate Filter

Figure25: Theexhaust bypassystemoverview at LME/NTUA with sensors and actuators
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The EBS is to be installed in the exhaust gas processing unit (room 1.13) of the LME of the
NTUA. For the implementation of the necessary experiments the laboratory is equipped with a
state of the art engine testing facility which features two diesels r@ggi The first one is an
MAN-B&W Holeby L16/24-bylinder, 4stroke turbocharged diesel engimmé a maximum power
of 500 kW and maximum speed of 1200 rifigure 26) The engine is mainly used for ship
boardelectric power generation and is coupleth a shaft and an elastic couplingth an AEG
electric dynamometewhich allowscomplex transient loading©ne of themain features of the
MAN-B&W Holeby L16/24 engine isdt it offers the possibility fooptional fuellingwith HFO as
well as withMDQ The second engine is a Caterpillar 3176fréke turbocharged diesel engine
with 6 cylinders idine, having amaximum power of 448 kW and a maximum speed of 2300 rpm
and mainly used for propulsion of small vesgel$or electric power generatiofigure 27) This
engine is equipped with an electric starter and runs on diesel oil. doupled with a
Zoellnerhydraulic dynamometevia a cardan coupling and can simulate either stationary
operation(genset) or a propeller curve operatioBoth enginespecifications are presented in
table 3.The two engines have a common exhaust system that passes through the exhaust gas
processing unit and then to the funnéfigure 28) The outer diameter of the exhaust system
duct is 323.8 mm while the inner diametes 313.5 mm which is somewhat oversized
considering the latest exhaust gas flow measurements of the larger, especially in terms of
volume, engine (MAN B&W L16/24) which at 90% engine load provides 0.955 kg/s of exhaust
gas.However, the fact that thexhaustsystem iscommon andoversizedor both engines offers

the possibility for simultaneous engines operation.

Figure27: Caterpillar
3176B

Figure28: Exhaust
pipeline system
Figure26: MAN B&W
Holeby L16/24
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Engine MAN B&W Holeby L16/24 Caterpillar 3176B
Operationcycle 4-stroke 4-stroke
Cylincers number 5 6
Cylindersconfiguration In-line In-line
Diameter 160 mm 125 mm
Stroke 240 mm 140 mm
Volume 24 liters 10.3 liters
Compression ratio 155:1 16:1
Maximum pressure 180 bar -
Mean effective pressure 20.7 bar 22.7 bar
Maximum power 500 kW 449.3 KW
Nominalspeed 1200 rpm 1900 rpm
Maximumspeed 1200 rpm 2300 rpm

Table3: EnginesSpecifications

The majority of the experimentare to be conducted with the Caterpill@8176B engine so
during the DPF selectidffor the EBS a series of computanional simulations were conducted to

investigate the selected DPF performance (figure 29).
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Figure29: Calculation of pressure drop and regeneration temperatures of the DCL filteed
on a certain regeneration scenariwith the CAT 3176B engirend with 100ginitial filter soot
load (26).

% See section 2.4 p.286
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3.2 System Efficiency Evaluation

The EBS efficiency is assesbgdsimultaneously measuring the smoke emission reduction
achieved andhe backpressure developed across the two particulate filt€ree first variable is
a measure of the system performance while the second variable is a direct indication of the
system influence on the engine operatiddoth depend on the amount of the exiat gas being
bypassed and led to the filters ardle considered important since each one is proportional to
the other; higher smoke emission reduction means more PM being collected on the filters which
immediately increases the system backpressamd vie versaHigh backpressuris considered
undesirable since it increases the engine thermal load and the fuel consumtiothis reason
sensors that caraccuratelyestimate the smoke emission anthe pressure dropacross the

filters are considered vitgbarts of the EBS.

3.2.1 Smoke Emission Measurement

In order to estimate the smoke emission of an engine several methods have been proposed
which include either thermal processes (e.g. combustion) or optinak For the optimisation
of the EBS a quicknd accurate measurement of the smoke emission is necessary so a suitable

method must be selected

Thermal methods can provide information of the organic compoufmainly EC)n the
exhaust gasand several protocols have already been developed. Howepegial laboratory
equipment is eededas the particulate sample is collected and heated in ovémsrder to
measure the produced GOAs a consequence, thermal methods amnsideredinappropriate
for the specific application (EBS)they cannot satisfyhe need for quick and continuous smoke

emission measurements during engine transient loadings.

As far as the optical methods are concernethny standards have been developed since
their applicability has rendered them vergopula. These methods direlgt relate smoke
emission to light absorption so measurements depend highly on light wavelength and sampling
parameters.The most reliable instruments for measuring smoke, based on optical methods, are
the aethalometers or filter smoke meters. These instams measurdight absorption changes
due tofilter paperblackening caused by a sample gas drawn through the {ili2r Although
they are considered simple and robust instruments, they cannot measure smoke in transient

conditions due to the extended sampling period. For this reason, they are unsuitable for the
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EBSOther opticalinstruments for measuring smoke are the opacity metgtsch measure the

light attenuation caused by the sample gas. Although these instruments preindgle and

quick measurements, their accuracy is disputed since some light attenuation may be a result of
redirection (scattering) instead of absorptiorHowever, opacity meters are suitable for
measurements on engine transient loadings due to their sisathpling period. Therefore, a

sensor of this kind is to be installed on the EBS.

Several other methods for measuring smoke have also been propaseth as the
photoacousticone, which includesfiring the sample gaswith intense laser light. The light
absorptiveparticles, which are hit by the lasdreat up rapidly and make nois€hen, he noise
is detected andthe particulate concentration is evaluated. Although this methmodasures light
absorption directly, it des not give complete information of light over different wavelengths, it
requires dilution prior to measurements from diesel engines and has high maintenance

7
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Recently, new methods fosmoke identification have been developedlthough further
experience is needetlefore such methods are widely applied. For example, instruments that
measure PM(smoke) based on the triboelectric effect have been producddaturing a
protruding probe (figure 30)that isinsertedinto the exhaust flow and measus¢he electrical
charge whichthe soot particles experiencedue to friction (27). Unfortunately, despite the
simplicity of their operation, they require constant exhaust gas speed so they are not suitable in
diesel engines applicationk addition,new compact sensors for PM measuremeifiter DPF
applicationsare under developmentfigure 31) Such sensors contaispecial configurations
which due to PM depositiortreate conductivecontact between two electrodes that are under
constant voltageThe sensarmeasure the induced electric current which is directly related to
the PM depositionThen, the deposited PM is oxidised via regeneration processes so that new

measurements can be obtain€a8).

B

Figure30: PM measurement instrument
based on the triboelectric effecf27)

Figure31. PM compact sensof28)
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3.2.2 The G1000 Smoke Density Monitor

For measuring the reduction of the smoke emission achieved by the EBS, an opacity meter
capable of providing accurate and quick measurements has tleesen. The manufacturer is a
Danish company named Green Instruments A/S and the selaotedel is the G1000 Smoke
Density Monitor It is designed to monitor optically smoke emission in uptakes after boilers,
incinerators and engines and provides prompt and accurate response to the stankity since
it is positioned directly on the exhaufow I YR Al R2Say Qi NBI|jdasNB O2f f
result this smoke sensor is considered ideal forEBSas its sighal can be incorporated easily in
a closed lop automatic systemFurthermore,A i R2Say Qi RSLISYR 2y S|
ambient lidit and consideringts limited dimensionsthis monitor is suitable for applications

where flexibility and easy sensor mountiggemoval are required.

As a standard configuration, the G1000 Smolendity Monitor (SDM)consists ofthe

following main elenents(29).

1 Opposed optic heads with lens@figure 32 and 33)
1 Fiberoptic cablegfigure 33)

1 Purge air system

1 Monitoring unit with digital displayfigure 34)

The SDM uses a higlower infrared light beam. It is single pass system where the beam of light
is transmitted from the optical fiber of the transmitter across the exhaust gas stack to the
optical fiber of the receiver. The transceiver is an optic beamuteodmplifier which is placed
inside the monitoring unitThe beam is absorbed and scattered by smoke causing a reduction in
the amount of light received by the transceiver. The monitoring unit, which displays the opacity,
indicates 0% if there is no opaciand 100% if the light beam is totally blockéghart from the
digital display, the monitoring unit providesaloguesignalsin the form of current and voltage
outputs of 4-20mA and 6L0Vrespectively. Higher signal values (20mA a6d) correspond to

0% opacity while the lower ones (4mA and 0V) indicate 100% opaC€ite. SDM overall

specifications ar@resentedin appendix pagel13.

American regulations are in most cases based on absorption and employ the Ringelmann
method (published by Prof. Maxim@n Ringelmann in 189&) which a trained observer makes
visual estimate of the smoke appearantiehas a 5 levels of density inferred from a grid of black
lines on a white surface which, if viewed from a distance, merge into known shades of grey.

There is no definitive chart, rather, Prof. Ringelmann provides a specification; where smoke level
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'0' is represented by white, levels '1' to '4' by 10mm square grids drawn with 1mm, 2.3mm,
3.7mm and 5.5nm wide lines and level '5' by all bla¢®0). The Ringelmann chart servés

visual comparison of plume to the six levels of apyaas shownin figure 35 The alternative
Bacharach scale compares the darkness of spots resulting on a filter paper after percolating a
given amount of fumes (using a soot pump). Both methods are not directly convertible. The
Bacharach scale is employégl IMO in its regulations on shipboard incinerators (MARPOL V)
when limiting the emissions to Bacharach 3. Usually, this is interpreted to correspond to

Ringelmann 129).

Figure32: Optic heads of Figure33: Lengswith Figure34: The SDM
SDM fibre optic cables monitoring unit
0 1 2 3 4 5

0%  20%  40%  60%  80%  100%

Figure35: Ringelmann scale for smoke dens({30)

For the SDMrocess connectiorthe optic heads are positionazh socketpipes(figure 36)
made of ordinary mild steel, thare welded ontaeach side of the smoke channEurthermore,
the SDM includes a purge air system which supplies clean andird(gf 1-2 bar pressure)
through a non return valve, an air distributf(figure 37)and two hoses(figure 38)to the head
housings.The purge air supply is crucial to the SDM proper opematioce it averts the lenses

fouling from smoke.On the other hand, too much air velocity will affect the effective light path
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length as it blows the exhaust gas out of the way. Therefore, for securing a sufficient, but not
excessive air flow, an air suggiilter regulator and a flow meter are optionallygwided with

GKS aSyazaN® ¢KS @2fdzYSGNAO | A Nhnd dzhdbsfcantroliel 2 dzf R ¢
using the flow control screw at the purge air connection of the head hou&ag An overall

schematic representation of thé 1000 SDNprocess installatiois presented in figure 3

Figure36: Pipe sockets for Figure37: Air distributor Figure38: Air hoses of
process connection of purge air system purge air system

Figure39: Schematic representation of the G1000 SDM process installaf&ir)
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3.2.3  System Backpressure Measurement

In order to estimate the system backpressure that is developed due to the DPF soot loading,
pressure sensors must be installed across the filt@mssure sensormeasure either absolute
pressure (pressure related to perfect vacuum) or gauge pressure (pressure related to
atmospheric pressure). There are also pressure sensors that measure the difference between
two pressuresone connected to each side of the sensbhese are calledifferential pressure
sensors and are suitable for measuring pressure drops adiltess. As far as the sensing
technology is concernedhe majority of pressure sensorsre force collector typeswhich
generally use a force collectou@h a diaphragm, piston, bourdon tube, or bellows) to measure

strain (or deflection) due to applied force (pressure) over an area.

The most commorforce collectorpressure sensortake advantage of the piezorssive
strain gauge technologyThe applied; measured pressure deforms an elastic diaphragmo
the ends of which are located four strain gauges which are connectddriio a Wheatstone
bridge circuit The bridge balances when the applied voltage is zero. The deformation of the
elasic diaphragm is measured via the strain gaugks a result, the voltage output of the
Wheatstone bridgevaries accordingly to the applied pressufde elastic diaphragm is usually

made of silicor{32).
Several other types obfce collector pressure sensors exist sucli3gs

i Capacitive whichuse a diaphragm and pressure cavity to create a
variablecapacitorto detect strain due to applied pressure.

9 Electromagnetic which measure the displacement odiaphragm by means of
changes innductance(reluctance.

9 Piezoelectric which take advantage of the piezoelectric effect of some materials
(e.g. quartz) to measure the strain caused by the applied pres$tis.technology
is commonly employed for the mearement of highly dynamic pressures.

1 Optical which usehe physical change of an optical fibre to detect strain due to
applied pressureThis technology is employed in challenging applications where
the measurement may be highly remote, under high temper@ or may benefit
from technologies inherently immune to electromagnetic interference

1 Potentiometric which usehe motion of a wiper along a resistive mechanism to

detect the strain caused by applied pressure.
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For measuring the backpressure develofdhe two particulate filters, foupiezoresistive
pressure transducers have beehosen. The need for measuring backpressure in terms of gauge
pressure and not pressure drop has excluded the differential pressure sensors option. However,
differential pressure measurements are considered necessary for estimating the filters soot
loading. For this reason pressure sensors are to be installed before and after thé $ittetmt
simultaneous readings afystem backpressure and pressure drop across the rBltean be

achieved.

Thefour pressuresensorswere acquired by thé&serman company Wa and the selected
model is the 90 Pressure Transmittgffigure 40) This model offers continuous measuring
NI yasSa 6SGo6SSy nXndm YR nXmInnn o06FN FYyR A&
as exhaust gag4). However, to ensure proper sensor operation the media temperature has to
be mdntained under DO°C, so special configurations must be realised in order to cool the
exhaust gado the desired temperaturewithout affecting the sensor responsén order to
achieve accurate and prompt backpressure readings a proper measuring rangt df Bar

gauge pressure has been selected. The sensor protidesvire current output of 420mA and

AG&a | OOdaNY 08 A& RSTAYSR la fSaa Dekiedsersor ®p ks

specifications are provided appendix | pges114- 117.

Figure40: S10 presaure transmitter (34)

* See section 3.1 p.29
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3.2.4 DPF Soot Load Estimation

The system backpressure is highly related to the DPF soot loading since the accumulated
PMimpedesthe exhaustgasflow through the filters As a consequence, pressure drop across
the filters develops anthe system backpressure increases. For this reas@necise knowledge
of the actual trapped soot mass inside the DPF is requltad.a state of the art to egtiate
indirectlythe soot loading in a DPF via the measuremafithe differential pressure developed
across tke filter combined with the use daépecifc online models. However, this methoddghly
depends on soot charactistics and the exhaudtow rate through the fiter. In addition, the
estimation models need calibration in any new setup and to do this the sootdbdde DPF
must be known while tuning the parameters. Moreover, because dlifficult to knov the soot
distribution in the fiter, the mass estimation basedn the difierential pressure sesor can be

less accurate, especially for tan types of engine's operation cycléb).

However, a new approach, based on a microwave measurement technique, that enables
direct and contactless inperation soot load detectionhas been developed. Micowaves are
impressed into the fier by avector network housingvia coaxial antennas and theeattering
parameters (transmissiorreflection), which are a function of frequency, are measured. The
filter canning acts as cavity resonator, in which the eleatagnetic waves fornresonant
modes at characteristifrequencies These are highly fluened by the permisdbility and
conductivity of the fter. As the DPF is being loadede accumulated soot alters the system's
conductivity, due to the soot's diéirent dielectric propertieshence its resonant frequencies
(figure 41) As a result this shibf the resonantfrequenciesas well aghe respective changes in
the attenuation of the radio waves cde measured to detenine the soot load inside theltér.

This methodchas already been used to control the active regeneration of diesel particlillztes

in city busesDespite its merits, however, there is a major and obvious drawback concerning the
method's sensitivity. The high exhaust gas temperatures alter the resonator geometry and the
system's electrical conductivity, leading to a decreasggpnancefrequency(36). As a result,

the soot load measurements depend highly on the exhaust gas temperawmecessary

compensation hat be considered

In 2009 General Electric Sensing and Inspection Technologies andadinecACCUSOLVE
Advanced Diesel Particulate Soot Sensor, also named the "soot sensor”, which utilizes radio
frequency technology to enable accurate measurement of accumulated soot in DPF, providing
reaktime soot loading data and real time closed loop e¢ohbf the DPF regeneration process

(37). The launch of the R&ensor from GE demonstrated that the need for more precise
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measurements of DPF soot load will lead to the gradual abandonment of the differential
pressure measurement Although the RiSensor presents a clear temperature and soot
RAAGUNRARODzGA2Y RSLISYRSyOS:z Al R2SayQi

andmore accurate.

SLISYR 2y

For the time being, the lack of adequate experience, the R§kensor cost awell as the
need for obtainingmmediate reading of the system backpressure, ledthe selection of the
differential pressure measurement as the DPF soot load estimation method. For this reason
except for the pressure sensors that are to be installecbteethe two filters, two additional
similar pressure sensors are also to be installed afteffitters®, so by extracting the readings of

the pressure sensors across each filter, the respective soot load estimation can be derived.

— No Soot — Soot |

Mode 3 Mode 4 Mode 5
Increasing

. Mode 2 ﬂ, 'Lmﬁ;g flr\&___f/lr\ L _?/_Jf\ﬂ‘
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Figure4l: Resonant modes shift due to soot loadirig6)

Figure42: Accusolve advanced DPBdt sensor(37)

® Seesection 3.1 p.29
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3.3 Exhaust Gas Flow Control

The only parameter that determines tleverallsystem performance, hence its efficiency is
the exhaust gas flowhat is ledthrough the particulate filtersExcessive exhaust gas flow
through the filters will lead to a high increase of smoke emissemuction but also to an
increase of system backpressuceundesirable levelas well as to early filter contaminatio®n
the other hand, mall exhaust gas filtratiomay lead to less engine backpressure arateased
filter life span but the smoke redtion achieved may not be sufficientAs a consequence, the
exhaust gas flow control, which is to be achieved via wtierfly valve$, is crucial for the EBS

operation and optimisation

Initially, the exhaust gawill be totally bypassed until engineestdy state operation is
achieved. Thereforgahe acknowledgement of the exhaust gas flow that is led to the particulate
filters is easy since it can be derived from one single flow measurement across the main exhaust
duct. However, system optimisation mayposepartial bypassing of the exhaust g&s a result
in order to estimate the exhaust gas flow through the filteoge additional measurement
across the bypass dud@ necessaryFor obtaining these measurements a flow measurement

sensor has been comnkered in the EBS.

3.3.1 The SOMAS Butterfly Valves

The two special butterfly valvesmanufactured from the Swedish company SOMa®
wafer design so they are suitable to be mounted between flanGégy are made of stainless
steel (special alloys madye used for applications with aggressive media) drartnominalsize
ranges from DN80 to DN12d@r exhaust gas applications the maximum valve dimension is
limited to DN80O)n order to cover a vast range of pipe ductie main characteristic of these
valves is their advanced triple eccentdiesign which includes a unique disc shape made of solid
stainless steglor other suitable materialsjeat which remains unaffected by high flow velocities
and temperaturesandrenders the valves capable of handjia wide range of liquids, gases and
steam within a broad temperature rang@p to 600°C). Furthermore, they can be useas
control on/off and shutoff valves andtheir tightness class is in accordance wWiEN605344
Class V as standa(@8). According to the characteristic curve of the flow as regardsualve

opening angle (figure 43high flow increase is observed after °5@hile its maximumvalue

® See section 3.1 p.29
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(100%)is achieved for 80opening angleFor higher anglealues the flowstarts to decreaseue

to the increase of the pressure drop across the valve.

Flow
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Figure44. SOMAS butterfly alves for
exhaust gag38)

Figure43: Characteritic curve of the flow
as a function othe valve opening angle
(38)

For the specific application (EBS) which featwesaustpipe duct of 323.8mm outer and
313.5 mm inner diameter, th&OMASutterfly valve for exhaust gagfigure 44)DN 300has
been selectedlts overall specificationge.g. pipe geometry factor, capacity factoesistance

factor, etc) and selection tableare presented in appendix | pag#l8- 121

The SOMAS valves are deliveastsembled withpneumatic actuatorsThe actuatorsare
manufactured by SOMAS in a compact design lzank a torque curve corresponding to the
torqgue demand for balsegment, butterfly, and ball valveSheir main characteristic the low-
friction sealswhich allow for a low starting torqueMoreover,the springsof the actuatorsare

supplied in a cartridgen orderto reduce the risk of injury and to simplify maintenance.

The pneumatic actuators provided by SOMAGure 45)are divided into three categoeis:
1 Double acting actuators
1 Single acting actuatoxsspring to close

1 Single acting actuatorsspring to open
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All three typesconsist of a piston which receives the force appligdhe pressurised air (@8

bar) supplyand moves in a linear wa¥helinear motion from the piston is theoonverted into
a rotary motion via a linkage mechanism.figure 4 the curvethat shows the output torque
from the actuator as a funain of the actuator shaft angle is provideblaximum torque is
achieved in the cleed positionwhich corresponds to the demand of ball segmeatves, ball
valves and metal seated butterfly valvégr the latter the dynamic torque can be high case
of high differential pressure across the val¥&is increased torque demand is nodiyacovered

by the actuator selection tablg89).

Torgue (%)
M100

T~

50 Hfﬂk\
25 I
(1] 20° 40° 60° 80° 90°
Opening angle
Figure45: SOMAS pneumaticcauators Figure46: Characteristic curve dhe
(39) actuator torque output as a functiorof the
shaft angle(39)
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pressurised air supplffigure 47) On the other handthe single acting actuatorkave special
springs for the reverse operatioin single acting actuators the springjther close(SCor open
(SO)the valves in case of failurghile in DA actuators the fail safe operation is determined via
selecting the dsired depressurising strategyThe SOMAS pneumatic actuators overall
specifications as well as the selection tables are provided in appendix $ 42@e 124. The

selected model of the pneumatic actuators of the EBS is theD¥8HE14.

The SOMAS butteyflvalves are delivered fully assemblaad factory tested asomplete
units with the pneumatic actuators and the respective eleemoeumatic positioners. The
positioners provide a vital interface for the valves operation since they allow remote electronic
control of the butterfly valves. The selected model is the SIPART PS2 elpogamatic

positioner of the Siemens Company.
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The SIPART PS2 positioner affeany advantageslike simple installation and automatic
commissioning (sekdjustment of zero and span), possible local and remote operation, very
high-quality control thanks to an online adaptation procedure, negligible air consumption in
aGFGA2YEFNE 2hiSNFTUQAR yEdzyPQUMAK G0 SiyadzNBa Y| EAYdzy
valve seat) and few moving partsgence insensitive to vibrationft canalsobe used in various
applications (from the food and pharmaceutical industry to the chemical/petrochemical one)
and is suitable for single and double acting actuatés far as the process communication is
concerned, they are provided in versions of @@mA control communication without/with
HART signalr with eitherPROFIBUS BAFOUNDATION Fieldbus (FF) commuioicahterface.

The SIPART PS2 elegireeumatic positioner consists of a highihtegrated microcontroller
and works in a complete different way to normal positioners. The positioreres the actuator
to a valve position correspmling to the selected spbint. Additional function inputs can be
used to block the valve or to set a safety position. A binary input is present as standard in the
basic device for this purpos€omparison of the setpoint and the actual value takes place
electronically in the miacontroller. If the microcontroller detects a deviation, it uses-ady
switch procedure to control piezoelectric valves, which regulates the flow of air into and from
the chambers of the pneumatic actuator or it blows it in the opposite direction. The
microcontroller then outputs an electric control command to the piezoelectric valve in
accordance with the size and direction of the deviatigieviation between setpoint w and
control output x). The piezoelectric valve converts the command infmneumatic positional
increment.The positioner outputs a continuous signal in the area wihkege is a large control
deviation (highspeed zone); in areas ofoderate control deviation (slowpeed zone) it outputs
a sequencef pulses. No positioning signals aretmut in the caseof a small control deviation
(adaptive or variable dead zondjhe linear or rotary motion of the actuator is detected by the
mounting assembly and transferred to a highality potentiometermade of plastic conductive
material over a shafand anon-floating gear transmissiof#0).

The positioneralso offers the option for installing a module which provides a two wire 4
20mA position feedback signal. This module, namegdslindispensable for developing and
optimising the EBS. Apart from therhodule, the positioner offers an alarm module which
provides signalling of two limits of the travel or angle by binary signals. The two limits can be set
independently as maximum or minimum values. The alarm modubrtilso a second binary

input for alarm signals for triggering safety reactions (e.g. safety pos{ddn)

In figure 47 the SIPART PS2 elepineumatic positionei(detailed specifications provided

in appendix | pagel25- 131) is presented. fie pneumatic connectionsf the positionerfor the
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inlet air and the positioning pressurare located on theright-hand side. The positioning
pressure output ports Y1 and Y2 of the positioaeg connected vidwo small tubes made of
steel to the main chamber of the pneumatic actuator (figure 48). By alternating the pneumatic

connections Y1 and Y2 a different valve safety position of in case of failure can be achieved.

el

down™____ % up

Y2

1

Figure48: Pneumatic connection of
positioner and actuator(41)

Figure47: SIPART PS2 elecippeumatic
positioner (40)

Due to the fact that the electrpneumatic positioners were delivered mounted to the
pneumatic actuators, the pneumatic connections of the positioners and the actuators were pre
determined.In case of failure (pneumatic or electrical) the valves are sefldse as iis the
mandatory safety position for valves that correspond to marine applications. The butterfly
valves, the pneumatic actuators as well as the respective elgeteumatic positionersvere

deliveredin LME fullyassembled as complete unitsady for process installation (figure42).

. ,'d ‘ :’),’ ‘
—
g;- t.\‘
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Figure49: SOMAS butterfly valve as delivered LME
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3.3.2 Exhaust Gas Flow Measurement

Except for optimised exhausgfasflow control, the EBS imposes the need for exhaust gas
flow measurements.There is a variety of flow sensors now in the market, each of them
depending on different operation princige The most common flowsensors are thevelocity
flow meterswhich featue a special probe at the edge of which thereaigane wheel sensor.

This kind of sensors measures directly the flow velocity inside a duct. The probe is inserted in
the duct in a proper way so that the sensor is located right in the middle. The flova whgses
through the duct excites the vane wheel which starts rotating according to the flow velocity.
Then, the wheel rotation speed is measured and an estimation of the flow velocity can be
derived. Although these sensors are simple, easy to operate eayhble of measuring flow
velocity of aggressive medithe need for steady velocity profile, as well as the fact that they
interfere with the flow posesomelimits to their operation.In order to overcome these limits
additional flow sensors have been a@doped like the differential pressure flow meters which
calculate the flow by measuring the pressure drop over obstructions inserted in the flow, the
positive displacement flow meters which measure process fluid flow by predittiedh rotors as

flow measuring elements and the open channel flow meters which estimates flow through an
open channel by measuring the height of a liquid as it passes over an obstruction as a flume or
weir in the channel. Finally, there are also the mass flow meters which neeamss flow rate
directly and are divided in two categories. The therrflalv meters, whichcalculate flow by
measuring theheat loss conducted tothe passindfluid and theCoriolis flow meters The latter
feature rotating Ushaped tubes whicktart to ogillate due to the applied Coriolis force by the

passing fluid. The flow is calculated by measuring the inflicted oscillations.

For implementing exhaust gas measurements, LME disposes a velocity flow meter
manufactured by the German compariyontzsch.The flow meter featuresthe corrosion
resistantvane wheel sensoZS25(figure 50)which issuitable for exhaust gas measurements
(capable for operating up to 500)and yields alarge measuringspanof 1.4 to 120 m/sThe
vane wheel rotation speed scanning is realised via aauotact inductive proximity switch.
Moreover, the sensor can operate to a large extent irrespectivim®tiensity and composition
of the gas and keeps the pressure dryge to the sensor preserdo a low level.Finally, the
flow meter has an integrated transducer which produces output analogue signé2@h#(42).

Detailed sensor specifications are provided in appendix | pages 13@.

Despite the sensor applicability to exhaust gas applications the need for long straight duct

for implementing accurate measurements imposes a big challengease of full exhaust
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bypassing flow measurements can be limited to one and the procedure idif@ohsince a
suitable spot on the exhaust duct far from elbows and duct reductj@nlargement can be
found’. However if additional measurements on the bypass duct are needed (in case of partial
bypassing), the applicability of the sensor is highlyitdich considering the lack of sufficient
straight duct length Therefore, the accurateness of the measurements is disputed. As a result
obtaining a velocity profile in the selected measuring spot is necessary in order to determine the
preciseness of the flow measurements. The velocity profile is derived by meashirftpw

velocity in different sensor insertion lengths, on the same spot and for the same flow conditions
(figure 51)

Figure50: Hontzsch elocity flow sensor ZS2&12)
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Figure51: Measured fow velocity profile (43)

" See section 3.1 page 29 flow position 1
® See section 3.1 page 29 flow position 2
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3.4 Additional Measurements and Devices

For achieving optimised EBS control several additional sensors and electronic devices are
necessaryDue to the big dimensions of the exhaukict, the EBS is characterised by high heat
inertia. For this reason temperature readings are indispensable for identifying the exhaust gas
properties as well as for controlling the exhaust flow aigh system The necessary
temperature measurements are the obtained at three positions on the exhaust duct, two of

them before the particulate filters and one before the bypass dugarly tests did prove a

temperatureRA FFSNBYy OS 06Si46SSy GKS (g2 LI NIAOdZ 4GS F

a degreefrom the computational simulations during the system design. This temperature
difference may be an indication that the filters were not regenerated perfectly before their
delivery at LMEMoreover, in order to ensurelectrical isolation of the analoguésals, special
isolating amplifiers are needed support highquality measurementdrinally,for the analogue
signals reading a data acquisition unit, capable of providing numerous and simultaneous

analogue inputs and outputs, is incorporated in the EBS.

3.4.1 Temperature Measurement s

For temperature measurement many methods have been develppeibt of them relying
on measuring some physical property of a working material that varies with temperathee.

most common temperature sensors that are used in industrial applicationgldje

Thermistors
Resistance Temperate Detectors (RTD)
Thermocouples

Pyrometer

=A = = =4 =4

Infrared

A thermistor is a type of device whose resistance varies significantly with temperature,
more so than in standard resistors. The resistance variation of the thermistors is considered as
high and nodinear. As a result, they are useful as temperature déves within a limited
temperature range, typicaly®0°C to 136C. Thermistors armainly made of ceramic or polymer

materials(32).

% See section 3.1 page 29
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The RTDs share the same operation principle with the thermistors but due to the fact that
they are made of pure metals, their response is more linear and are useful over larger
temperature rangesMost RTD elements consist of a length of fine coiled wire wrapped around
a ceramic or glass core. The element is usually quite fragile, so it is ofteedpilaside a
sheathed probe to protect it. The RTD element is made from a pure material, typically platinum,
nickel or copper(45). A resistance made of nickel is characterised by high temperature
sensitivity leading to nofinearty, hence limited operation range. On the other hand, a
resistance made of copper varies linearly with temperature inusuch a way that leads to
extensive sensor dilatation. Therefore, for large temperature ranges dalinpm is considered
appropriateas itpresents linear behaviour even at very high temperatures (abové@0Bor
this reason Pt108 has been developed as an industry standard of which the majority of RTDs
are made(32).

Athermocoupleis atemperaturemeasuring device consisting of two dissimilar conductors
that contact each other at one or more spots. Any junction of dissimilar metals will produce an
electric potential related to temperature. Thermocouples for practical measurement of
temperature are junctions of specifalloyswhich have a predictable and repeatable
relationship between temperature and voltage. Different alloys are used for different
temperature ranges. Propertiesuch as resistance to corrosion may also be important when
choosing a type of thermocouple. Theocouples are usually standardd against a reference
temperature of 0 degreeselsius(46). The most common are the types T (cogpenstantart?),

E (chromel?/constantan), J (iron/constantan), and K (chromel/aluljekhich can be used in a

temperature span which ranges frof250°C to 1306C(32).

As far as the pyrometer and the infrared temperature senswesconcerned, they are nen
contacting devices which intercept and measure thermal radiation. While pyrometer operation
is based on measuring the irradiantef the target object(47), infrared temperature sensors
measure only the infrared zone of the thermal radiation which is directly connected to the
object temperature These measuring devicase suitedalmost exclusivelyo the measurement
of moving objects or any surfaces thanoat be reachedr touched but their accuracy is not

as high.

9pt100 is a RTD made of platinum that takes the value ofl&0X°C.

1559 Cu + 45% Ni

2 -90% Ni + 10%r

*959% Ni + 2% Al + 2% Mn + 1% Si

!4 StefanBoltzmann law defines irradiance ésﬂj ‘ﬂ[whereﬂ is the emissivity of the object,the
constant of proportionality and T the temperatu(é7).
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For implementing the necessary temperature measurements on the EBS and considering
maximum exhaust gas temperature of 3Q0to 350C, three RTDs made of Pt100 have been
acquired. The sensors are manufactured by the German company Wikhesdlected model
is the TR14C (figure 52) The sensor is connected via a three wire configuration (for eliminating
deviations due to the lead retance) to a T19 transmittgfigure 53)which is mounted within
the cap of the connection hea@8). The transmitter provideswo-wire analogue signal of-4
20mA which corresponds to a measuring span o @o 406C. The sensor masurement
deviation is defined according @IN EN 60778sp n ®p x> 2F (G KS aSf{490iSR
Detailed sensor and transmitter specifications are provided in appenpigéds 137 - 139 and

140-141

Figure52: TR16C resistance temperature
detector (48) Figure53: T19 transmitter(49)

3.4.2 Isolating Amplifiers and Data Acquisition  System

For achieving higlquality signals, hence more accurate measurementsse reduction of
the sensors outpughas to be ensuredvioreover, electrical isolation of the analogue signals is
essential for the safety of the system, since voltage variations could damageHhmosiensors
and the data acquisition system (DAQ). Furthermore, the sensors output signals are in the form
of anal@ue electrical current of 20mA. This signal form is suitable for lemavelling signals
(high distance between sensors and DAQ systeimce it ensures immune to voltageise
signals. Howeversignal conversion from electrical current to voltage isessary considering
the DAQ system input is the form ebltage, 0-10 V. For these reasonsspecial isolating
amplifiers capable of satisfying these requirementhave been purchasedThe selected
isolating amplifiers(figure 54) are small compact devicesnanufactured by the German
company Phoenix Contact, which providev8y electrical isolation afhe analogue signals, as
well as signal conversion for connecting the installed sensors tO#&®@ system.The selected

models are the MINI MCRBLI-U-4 and MINI MCRSLUI-UI-NC. The first providefixed signal
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conversionand isolationof input electrical current 20mAto output voltage 610 V(50). As a
consequence, it will bénterposed for the electrical connection of the outpugsals of the
sensors with the DAQ systerdn the other hand, the second providesimerous possible
combinations for signal conversions as the inputs and outputs can be configured via-tio@l in
package (DIP) switch¢s1). Therefore, it has been selected for the electrical connection of the
output signals of the DAQ system with the elegtrmeumatic positioners (W conversion) for
the valves operationBoth of them featureprompt response (at approximately 3.5 ms),
electrical isolation according t&N 6101Gnd limit frequency of 3 dB at approximately 100 Hz.

The technical specifications are provided in appendix | pad2- 146.

Figure54: Phoenix ContadviCR 3way isolaing amplifier (50)

As far as the DAQ system is concerned, LME disposes the DS1103 controllgfitpoerd
55) of the dSPACE company which is a powerful controller board for rapid control protatyping
The board fetures accurate and highpeed 16-bit channelsfor 36 A/D (16 multiplexed
channels equipped with 4 sample & hold A/D conveitersd 8 D/A converterdBoth input and
2dzi Lddzi NI y3S 27F (Ru$herDRey t@eSobNdidSndlides s pagalendigitald
I/O channels organisenh four 8bit groups and &ingleCAN channdb2). The DS1103 controller
board, whose technical specifications are presented in appendix |90b4j&- 148, is themain

controller of theCaterpillar 3176Bngine.

Figureb5: DS110%ontroller board(52)
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Chapter 4. Exhaust Bypass System Installation

4.1 Exhaust Bypass System Construction z Delivery - Assembly

The EBS is considered part of the research project SEKT#E¢ke Emission Abatement
System for Fast Passenger Ships ManoeuwnithgjandHarbours)that is currently conducted in
LME. In this context, the initial system design was conceived and created in the laboratory
(figure 56)and then it was delivered to a ging constructions industry named Loukiich
undertook the system construction due to gpeciaisationin marine exhaust system$he EBS
construction took place in the facilities of the Loukis industry in Pirdgfgisre 57)and it was
properly supervised in order to ensure compliance with all standarakto minimise possible
deviations from the original desigithe initial system designvhich is presented in appendix Il
pagel49, included five separate duct parts, connedtto each other via bolts, two wafer design
butterfly valves and two DPFs connectedthe exhaust duct via clamps$:or facilitating the
manufacture process and eliminating possibistakesthe two butterfly valves (complete units
with actuators and pdsioners) as well as one DPF were delivered in the piping industry so that
verification of the actual duct dimensions could be possible. Moreover, due to the fact that the
initial design included clamp connection of the two DPFs with the exhaust ductalspaation
was given for the manuféare of the connection surface3he EBS construction lasted almost
ten daysand it was followed by the system disassembly so that its transportation to the
laboratory could be possibl&he disassembled system was deted and reassembled in the

exhaust processing unit (room 1.13) of LME/NTUA on Thursday, June 6, 2013.

Figure56: Exhaust bypass system initial design
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Figure57: EBS construction in Loukis industry

The reassembly and installation of the EBS in LME started early in the morning and lasted

approximately 8 hourdnitially the whole system was delivered in separate parts (figure 58) and

it was transferred to the installation poirfroom 1.13)by an overlead crane and a couple of

manual pallet jacks (figuse59, 60 and 61). The butterfly valves were delivered separately

(figure 62)as complete units with the actuators and the positioners in their special boxes
provided by the manufacturer (figure3p Finally, the two DPFs of the EBS were collected

(figures 64 and 65)he first one delivered by Loukis industry, where it was given in order to

SHaS GKS LIALAY3I O02yaldNHzOlA2yT 6KAES (GKS aS0O2yR

Figure58: System delivery in separate
parts

Figure59: Parts transfer with the overhead
crane
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Figure60: Parts transfer to room 1.13
LME

Figure61: Parts deployment at room .13 Figure64: The first DPF adelivered by
Loukis industry

Figure62: Butterfly valves transfer in their Figure65: The two DP§&collected before
special boxes their installation
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With the completion of the system transfer to the deployment point, the necessary
preparation for its installation initisd. This included the uninstalling of tipeeviousexhaust
duct which was to be replaced by the exhauspdss duct. Initially, the installed insulation was
removed (figure 66) and a chain system, which worked like a manual lift, was installed in order
to hold and uninstall the previous exhaust duct (figure 6Xfer all previous gaskets were
removed, the assembly of the straight upper pafttbe EBS started. This consistefitwo
straight exhaust duct parts which wemonnected to each other via the firbutterfly valve
(figure 68).Since the valve is wafer desighetconnections at every point wasalised via bolts.
The assembled upper straight part wien lifted by chains to the installation poirtfigure 69)
and it was incorporated via bolt connéens to the existing exhaust duct (figure 70). For
achieving sealed connections between the flanges of the separate parts of the system, new
gaskets were installed to avoid exhaust gas leak&gen, the second butterfly valve and the
vertical part of theexhaust duct (figure 72\yere installed Due to the increased dimensions of
the butterfly valves, they were positioned properly in order to overcome encountered space
limits. The nexttask includedthe assembly of the two DPFs withe respectivetwo-channel
exhaust ductThe connections between the particulate traps and the exhaust duct were realised
via clampgfigure 72)whichimposed the need fospecial connection surfaces the ends of the
particulate traps and the exhaust dudh order toenable the installation of the lower straight
part of the EBShe assembled part of the DPFs had to be lifted by chdiiggre 73).Then, the
lower straight part was installed and connected via baltsl gaskets to the system (figure 74).
Finally, he uger edges of the lifted DPRsad to be connectedia clampgo the upper straight
exhaust duct at the respective receptdfigure 75) Although this connection methoftlamps)
offered some serious advantages (loast, reduced weight and flexibility cadering the easy
installationremoval in case of filters replacement), it proved thomnsuming as well as
inefficient in terms of exhaust duct sealing. Indeed, due to the fact that the filters were used
before their installation to the EBS, th@resentedsmall differences atheir edges. The exhaust
duct connection surfaces which would be the receptors of the particulate traps were
constructed based othe DPF which was delivered to Loukis industry. Therefore, the assembly
of the particulate traps to thexhaust duct proved very difficult and rose questioning regarding

the process sealing

The EBS installation was completed at the end of the(figyre 76)and a quick inspection
of all the existing connections (welds, flanges, clamps) was carried loibverall installation

was considered successful, although questioning regarding the DPFs connection remained.
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Figure66: Removal of the insulation Figure69: Lifting the assembledipper

straight part

Figure67: Removal of the previougxhaust Figure70: Installation of the straight upper
duct part

Figure68: Assembly of the upper straight Figure71: Installation of second butterfly
part valve and vertical part
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Figure72: DPFs connection with the two Figure74: Installation of the lower straight
channel duct part

o

Figure73: Lifting the DPFs part Figure75: Final irstallation of the DPFs

Figure76: The initially installed exhaust bypass system
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4.2 Exhaust Bypass SystemMaodifications

After the full installation of the system in LME, some early tests were carried out in order to
examine the system performance and check the duct sealing, especially at the clamp
connections of the DPF$he first tests were conducted whitgperating the Caterpillar 3176b
engine at about 40% load and only for the upper straight part of the(&#8& 1 openjlue to a
technical problem encountered in valve&hich remained closedVhile the upper straight part
of the EBS demonstrated the higjuality of the manufacture process of Loukis industry (the
welds were almost perfect), the complete tests which entailed tests carried out by the bigger
and older (hence smokWIAN B&W Holeby L16/2dngine at 90% load confirmed the existing
guestioning egarding the clamp connections sealirffigure 77) These proved almost
completely inefficient since except for the chocking smeatlanated by the leaky exhaust duct,
smoke deriving from the DPFs connections could be visually obsd@rkerefore, modifications
concerning the DPFs part, especially the four connections of the particulate traps with the
exhaust duct were necessary. Loukis industry undertook the project and suggested that the only
way to achieve higisealing and simultaneolys nonpermanent connections was via flanges.
However, this connection method would increase the total system weight and the process for
welding the flanges at the ends of the filters was somewhat sophisticated considering the small
and rough edges of thélters. Finallythis connection method imposed the need fimistalling
additional compensators in order to receive vibrations and vertical dilatatibims tasks lasted a
few days and included the removal of the DPFs,ftarges welding at the connectiopoints
and the compensators installation before the filt€figure78) Then, the extracted part was-re
installed on the EB®igure 79)and the tests demonstrated sufficient process sealing at all

points (both upper straight and bypass part).

Figure78: Flange connections and

Figure77: Initial clamp connections
compensator
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Figure79: Modified exhaust bypass system
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4.3 Sensors Process Connection

The sensors mounting included the installation of all temperature and pressure sensors, the
opacity meter and the flow meteilhe latter was not to be installed permanently on the system
since corrosion from the exhaust gas had to be avoidée sensors mounting started with the
installation of the G1000 SDM. The smdaemsor consists of twoptic headswhich feature a G
M Q Malefti¥eadfor process connection. Despite the fact that Green Instruments provided a
couple ofH n N YY fwadhg sock€Lfor connecting the optic heads with the smoke
channel,two special socket pipes were produced in the laboratgiyure 80) These featured
smaller overall length butilsoincreased thread lengtfor process connectiofdesign provided
in appendix Il pag&50). For the smoke monitor installation special configurati¢figure 81
were initially predicted during EBS desigtichalsoincluded a couple adealingflanges(figure
82). Thetwo sealingflangesKk F R MQQ FSYI S IHIRRBY RDAWOQAKESYRRE
circular pattern for bolt connectianThe socket pipes were inserted into the sealing flanges
which were respedtely connected to the exhaust duct via bol&pecial attention had to be
given to the alignment of the sockets, so that they were centred right opposite each other. In
order to verify proper alignment, a pipe longer than the funnel diameter was inséntedthe
socket holes (figure 83After the socket pipes installatiomhe optic headof the sensomvere
installedand the brass nuts were tightened to secure the optic cabitasally, the monitoring

unit was mounted on the plasterboard close to the seninstallation poin{figure 84)

o e B

Figure80: Socket pipes Figure81: Configurations Figure82: Sealing flanges
produced in the on the exhaust duct for
laboratory SDM installation
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Figure83: Inserting the pipe during Figure84: G1000 SDM installed on the
alignment check system

The pressuresensorswere LIN2 A RSR gAGK D oyQQ . wvhileNdBl R T2 N
SEKI dzali RdzOG 61 & Sl dALIISR 6AGK D oyQQ FAGGAYTAC
connected to the duct fittings, the need for exhaust gas cooling due to the limitedipgble
temperature of the measuring media (M@ RA OGF 6 SR (KS dzaS mmax FTAYyS
tubes. Therefore, special adaptors for the connection of the inox tubékdmsensors and the
exhaust duct had to be purchase@hese adaptors, manufactuteby the Parker Company,

F S| { dzNXB Bpeclal comicay r@@ptiof 2 NJ (G KS Ay2E (dzoSaFortffeR | 0Q!
connectionofthevk n @@t GKNBIFIR (2 GKS D sypeaeial vriohsSveréd K NS I R
LIN2E RdzOSR Ay G(KS ffdmale thidad Bri@nnegtibnivith tie Parkemaa@tors

YR D oyQQ FSYI ftHn with tNdSserRors{fRjiNg §0I8 sddithQ) in order to
O2yyS0G GKS tFN]ISN FRIFLG2NR G2 (KS RdzOG FAGAOAY
oyQQ Yreall Serelipiirchask All the adaptors, unions and tubes of the sensors process
connection are presented in table Bihe pressure sensors were mounted on a metal plate which

was tied with special clampm a rod positioned behind the filte($igure 8§. Acording to the

initial EBS design the rod was installed to enhance the mechanical strength of the agstesti

asto receive vertical dilatationgzinally, the inox tubes were cut at the desired length to connect

each pair of Parker adaptors (sengditting) after a sufficient number of spiral&as considered

to achieve exhaust gas cooling below the maximum permitted temperature
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Part No Name Description #
1 Union Union G 1/2" F/-G 1/4" F 4
2 Parker Fitting Parker adaptor G 1/4" M - Conical 1/8" M 8
3 Inox Tube Inox tube 1/8" 4
4 Hexagonal Union Union Hexagonal G 1/4"-F G 1/2" M 4

Table4: Accessories list for pressure sensors process connection

Figure85: Pressure sensor Figure86: Pressure Figure87: Pressure
- union - Parker adaptor sensors mounted on the Sensors process
plate connection

The threenew temperaturesensors (RTD® | R Hpn YY AYyAaASNIA2y fSy3
thread for process connection. According to the EBS design, the pipe duct at the temperature
aSyaz2NB AyadlttldAaz2y LRAYIGE KIR Iy SEGSNYyLFt RAL
100 mm long. Therefordhe two temperaturesensors, installed before the filters, (figure 88)
were insertedalmost in the middle of the pipe duct for ensuring more accuraasurements.

The third temperature sensor was mounted on a central position of the exhaust duct béfore t
EBS for measuring exhaust temperature, comparing it with the other temperature
measurementgbefore the filters)and estimating the EBS heat inertieor connecting the third
RTDon the exhaustduct, y 2 f R D obytte QipeldictvasiisedNI

Finally, near the third temperature sensor, another pressure sensor was installed, which
would act as an alarm unit in case of overall system backpressure increase. This(Baxsor
1400) made from Druck Company, was similar to the lyemcquiredpressuresensos (S10),
but it differed in themeasuring range (@ 6 bar absolute)lt featured current output of £0mA
and Go (einale thread for process connection. The sensor was installed in a similar way as the

other pressure sensors (Parker adaptqreox tubes) with the only difference thahe sensor
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could be directly connected to the Parker adaptor. The accessories for the PTX 1400 process
connection were: 2 Parker adaptadisD 0 QQ YIS GKNBFR (G2 OQlBokA Ot wm
tube with a suficient spirals number and 1 hexagonal unfeaturingGo QQ FSYIF S (2 D o
thread. The third temperature sensor and the PTX 1400 pressure sensor, all mounted on the

exhaust duct before the EBS, are presented in figure 89.

Figure88: Temperature sensors installed Figure89: Temperature and pressure
before the filters sensor mounted on exhaust duct before
EBS

Finally, as far as the flow meter installation is concerned, no permanent instrument
connection was considered. The flow measuring positions were two and the sensor would be
alternately installed according tthe desired measurement. The first position was the old
exhaust duct before the EBS, near the temperature and pressure seressuring positions
¢tKS Ft26 YSGSNI g2dzZ R 0S Ay a idigufe89pPwhichdmpbsedtheD ™  oyQ
needfort &dzZA Gl 0f S | RFLIWG2NI aAyOS (KS aSyaz2N) RAlYSH
adaptoras previousexhaust gas flow measurements had bedstainedin this position On the
other hand, he second position was on the bypass duct of the EBS. Thelgdditting was G 1
0QQ | YR {(iwhigh the Rabdrdfoddisposed RA Ry Qi FAG® 'a | NBadzZ G
O2yySOUAYy3a GKS Fft2¢g YSUSNI 42 (GKS LIALS Rdz0G d1
hexagonal nippldfigure 90)in which a metallic bael (figure 99 was insertedd 2 LINE GA RS
FAGGAYT F2NJ 0KS aSyaz2 N Lfigurd d2was niade fod Botes2 NI NB Y
sealing.The barrel was constrained via a M5 blind screw, while the sentmper by a smaller

M4 one. The adaptorwith the taper mounted is presented in figure3 Qvhile its design is
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provided in appendix Il pag&5l For ensuring sufficient process sealing at all measuring
positionson the exhaust dugtdifferent copper washers were used according to the required

si&.

_ Figure92: 1" taper for
Figure91: Barrel for process sealing
providing 1" fitting

Figure90: Hexagonal
Nipple

Figure93: Flow meter adaptor for the second measuring position

64



4.4 Electrical Connections

For facilitating theanstrumentselectricalconnectionsa metallicrail was mounted along the
plasterboard behind the EB8gure 94)in order to support the cablesf the signals and the
power supplyThen, two multichannel (12 pairs each) Li YCY cables were installed (figure 95) in
order totransferthe signals (room 1.13) to the DAQ system which is placed in the engine room.

Total syptem signals are presented in table 5.

Sensors
. . Physical
Item Instrument Signal Description Signal Sensor Type Manufacturer Physical value
Tag Range range unit
1 PT132 Exhaust Pressure, filter 1, 2-20mA Pressqre WIKA 0-1 bar [g]
outlet Transmitter
2 PT133 Exhaust Pressure, filter 2, 2-20mA Pressqre WIKA 0-1 bar [g]
outlet Transmitter
3 PT134 Exhaust P_ressure, filter 1, 2-20mA Pressqre WIKA 0-1 bar [g]
inlet Transmitter
4 PT135 Exhaust F_’ressure, filter 2, 2-20mA Pressqre WIKA 0-1 bar [g]
inlet Transmitter
5 PT131 Exhaust Pressure, main | 4-20mA Pressgre Druck 0-6 bar [a]
Transmitter
6 TT131 Exhaust Temperature, mainl 4-20mA Pt100 WIKA 0-400 deg°C
7 TT134 | Exhaust Tleri';‘f;rat“re' filter 4 20ma Pt100 WIKA 0-400 | deg’C
8 11135 | EXhaust Tzeri';]‘f;rat“re' filter 4 20ma Pt100 WIKA 0-400 | deg’C
9 FT131 Flow meter 4-20mA Vane Wheel Hontzsch 0.4120 m/s
10 OPA131 Opacimeter 4-20mA Opacity Green 0-100% N/A
Instruments
. ly Module- .
11 ZT131 Valve 1 Position Feedback 4-20mA " Siemens 0-100% N/A
Positioner
12 ZT132 | Valve 2 Position Feedbac 4-20ma | 'Y Module- Siemens | 0100% | N/A
Positioner
Actuators
. . Physical
Item Instrument Signal Description Signal Actuator Type Manufacturer Physical value
Tag Range range unit
1 ZY131 Valve 1Actuator 4-20mA | Electrepneumatic Semens 0-100% N/A
2 ZY132 Valve 2 Actuator 4-20mA | Electrepneumatic Siemens 0-100% N/A

Tableb: List of sensors actuators

For the sensors wiringi YCXables were usedhichconsist ofcopper conductorénsulated
by PVC and twisted in pairs. These separated by plastic from the tinned copper braid which
is covered by PVC jacket. These cables are suitabkdifisinating noise impact as long as the

tinned copper braid is grounded.
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All pressureand temperature sensors need 24 VDC power supply in otoldre activated
and provide 4¢ 20mA output signafpassive signalsThe flow meter also needs 24 VDC power
supply but it provides an active-2DmA signal. The opacity meteiis powered by 220 VAC,
providing 420mA active signalvhile the electrepneumaic positioners need 420mA input
current of voltage lesghan 10 VDQ@or their operation.Finally, the positioners dispose thg |
module which needs 24 VDC power supply to provide the output signal (valve position
feedback).

The signal cablesere conneded to terminals according to the signal type (aetpassive)
andthe respective power supply. Then, the signatse led to the multichannel cablegfigure
96), also connected to terminalsn order to be transferred to the engine roomll terminal
stations as well as the power suppliagere mounted in an electrical pandgl1) which was
installed in room 1.13The paneivasbased ortwo vertical beamgfigure 9704 A y OS A G 02 dzf R\

installed on the plasterboard because of its high weidls initial design is presented in

appendix Il pag&52

Figure96: Multi-channelcables ready to be
connected to terminals in panel Al

Figure97: Thepanel asinstalled in
Figure95: Multi-channel Li YCY cables room.13
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After the panel installation (figure 98) and its full assembly (terminal stations, power
supplies and internal cable connections) the multi channel cables were connected to the
respective isolating amplifiers which were located in panel-M12 in the engine room. This
panel includesthe Caterpillar 3176b engine controller since it contains all the necessary
electrical connections and the DAQ system (DS110Bgn, the isolating amplifiers (signal
converters), which were installed below the DAQ module in the panel, were connectée to t
DAQ system (figure 99) via Li YCY cables which featured BNC connectors at thiirtabtis6
the list of the installed isolating amplifiers is present&dr the opacity and the flow velocity
signals Mini MCiSLI-U-4 isolator type could be used, bdue to lowavailability, the supplier
provided only 10 isolators of this type. Therefore, for these signaldvitme MCRSLEUFUFNC
model was usedThe isolating amplifiers were mounted on a vertical rail, which was installed in
the panel, and they werdridged together for their power supply. Then, one of them was
connected to a 24 VDC power supply located in the paiedlly, all signals were given suitable
tags in order to be easily distinguished from one another and all cables were marked for

ensuiing correct recorrections in case of a sensor removal.

Isolating Amplifiers
Item Insttlyarlz]ent Signal Description %l:gt;?\l;tl ISr:g::;I Isolator Type Manufacturer
1 OPA131 Opacity 0-10 VDC 4-20mA Mini MCRSLEUFUENC Phoenix Contact
2 FT131 Flow Velocity 0-10 VDC| 4-20mA Mini MCRSLEUFUENC Phoenix Contact
3 PT131 Exhaust Pressure, main 0-10 VvDC 4-20mA Mini MCRSLI-U-4 Phoenix Contact
4 PT132 Exhaust Pressure, filter 1, outlet| 0-10 VDC| 4-20mA Mini MCRSLI-U-4 Phoenix Contact
5 PT133 Exhaust Pressure, filter 2, outlet| 0-10 VDC| 4-20mA Mini MCRSLI-U-4 Phoenix Contact
6 PT134 Exhaust Pressure, filter 1, inlet | 0-10 VDC 4-20mA Mini MCRSLI-U-4 Phoenix Contact
7 PT135 Exhaust Pressure, filter 2, inlet | 0-10 VDC| 4-20mA Mini MCRSLI-U-4 Phoenix Contact
8 TT131 Exhaust temperature, main 0-10 vDC 4-20mA Mini MCRSLI-U-4 Phoenix Contact
9 TT134 Exhaust temperature, filter 1, inlef 0-10 VDC| 4-20mA Mini MCRSLI-U-4 Phoenix Contact
10 TT135 Exhaust temperature, filter 2, inlef 0-10 VDC| 4-20mA Mini MCRSLI-U-4 Phoenix Contact
11 ZY131 Valve 1 Pneumatic Actuator 4-20mA 0-10 vDC Mini MCRSEUFUENC Phoenix Contact
12 ZY132 Valve 2 Pneumatic Actuator 4-20mA 0-10 vDC Mini MCRSEUFUENC Phoenix Contact
13 ZT131 Valve 1 Position Feedback 0-10 vVDC| 4-20mA Mini MCRSLI-U-4 Phoenix Contact
14 ZT132 Valve 2 Position Feedback 0-10VDC| 4-20mA Mini MCRSLI-U-4 Phoenix Contact

Table6: List of installed isolating amplifiers in panel Y-£214
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Figure98: Electrical paneAlinstalled in Figure99: Electrical panel YXRi14with
room .13 DAQ module and isolating amplifiers (red
demarcation)

Before all electrical connections were talked, the necessary drawings were created to
facilitate the tasks and ensure that possible mistakes that could lead to serious problems (short
circuits) would be avoidedn figure 100 the electrical connections of the elegmmeumatic
positioner of thebutterfly valve 1 is presentedihe ZY131 is an actuator signal for the valve
operation. An opening, closing command is given by the controller which corresponds to an
output wltage signal (€10 V), that istransmitted to the respective isolating amipdir for
conversion to electrical current of-20mA. The electrical current is transferred to terminal
station¢X9 of the paneAland then via internal connections terminal station¢X2from which
it is transmitted tothe channels 6, 7 of the positionand activates the valve operatio@n the
other hand, the Z1L31 is a sensor signal for providing valve position feedback. T2GmM
signal is powered by 24 V supply aibhds transferred from the positioner channels 61, 62 to
terminal station¢X1 (passie signals) of the panel Al. Then, it is transmitted from terminal
station¢X8 via the multchannel cables to the respective isolating amplifier for conversidhto
10 V. Finally, the voltagsignal issampled by the DAQ system \daa analogue input portln
figure 101 the wiring design of the EBS for the Caterpillar 3176b engine is pregeiteesd PY
are the engine rpm andirake actuator signals, respectively, and FE is a sensor signal for the
achieved brake torquelhe electricadrawings for the connections of every sensor and dewfce
the EBSas well aghe overall wiringdesignof the system signal&ensors; actuatorg for both

enginesare provided in appendix Il pagd$3- 166.
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Figure 100 Electrical connection of butterfly valve positioner 1
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4.5 Additional Tasks

The full assembly of thEBS alsincluded the installation of aair supply subsysta and
the pipe duct insulationThe first task was carried oliefore the sensors mounting aswitas
necessary for tb pneumatic actuators operation (need of at least 5.5 bar air supplgjeover
the purge @& system of the G1000 SDM needen supply of 1-2 bar for securing the lenses
from fouling. The second task comprised the pipe duct insulation which was installed for

avoiding increased heat radiation.

45.1  Air Supply Subsystem Installatio n

The installed low-pressure air supply subsystem includad air supply source, copper
tubes, a station for air distribution (pneumatic actuatay$SDM) and elastic air hoses. For the
SDM purge air supply, an air supply filter regulator was indispengablensuring sufficient
pressure dropevening outpressurevariationsas well as withholding impurities. The air supply
source already existed in room 1.13 and it provided air of 7 foem an receiver of the
laboratory.The air supply source was connedtto copper tubes (figure 102) which led to an air
distributor located on a statioismall non-metallic, rectangular platg which was mounted on
the plasterboardclose to both butterfly valves and SDikeasuring position 1Apart from the
air distributor,the station also featured an air supply filter regulator, a flow meter and a second
air distributor for securing sufficient air supply to both lenses of the opacity séfigare 103)

All the necessary connections after the first air distributor wadised via elastic air hoses. The

station was designed in such a way thatould be easily removed and-mestalledin case of

SDM removal.

Figurel02 Air supply subsystem (air Figurel03: Station featuring air
supply source in the left) distributors, air supply filter regulator,
flow meter and elastic air hoses

71



4.5.2 Pipe Duct Insulation Installation

After the sensors mountingad beencompleted, some preliminary tests were conducted in
order to verify theentire system functionality.Next and last step vethe placement of
insulation onthe exhaustbypass ductThe work was carried out three days byoukis industry
(the same industrthat construced the bypasspipeling and includedplacement ofthe main
insulation¢ stone wod and the protective outemluminium sheet (figures 104 and 105 he
stonewool is a fibrous insulating material used in technical apfibnis and consists dilicag
aluminium fibres. It has excellentthermal and sound insulation properties and can withstand
temperatures of 70@; 850°C. However, grticular attention should be paidlhen handlinghis
materialbecause itmay causaerritation to the skin,the eyes andhe respiratory systent53). For
the outer sheath of the insulatiogluminiumfoil was useecause of itability to retan gloss
for a long time period after its placement. During the installation of insulatiorseatiors were
removedin orderto be protected andwere reinstalled in their positionafter the completion of
the work. However, due to the increasatlickness of thensulation &pproximately 67 cm) the
pressure fittings had to be lengthened so that theyuld remain accessibl@he final form of
the exhaust bypass system is demonstrated in figure If9@ddition, a draft of the room 1.13

front view is provided in appendix Il pag67.

Figurel04: Installationof the exhaust Figurel05: Placement of the insulation
pipeline insulation outer sheath (aluminium foil)

72



FigurelO6: Final form of exhaust bypass system
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Chapter 5 Opacity Measurements Onboard

5.1 Introduction

As part of the research project SEKTE which also included the EBS installation and
experimentation, measurements, regarding engine emissions and operating parameters, were
obtained onboard a high spee@ssel.These measurements were realisgdserve as a reference
for the subsequent project. Moreover, in combination with corresponding measurements in the
experimental engindest-bed, they could contribute toestimaing the effectiveness of the smoke
reductionsystem as well as thgossibilitiesof such a system being permanently installed on a ship.
The onboard measurementsere conducted during a typical route of the ship in Greek islamdls
comprised readings of several major parameters of the engine operdimpeller torqueg speed,
fuel consumption, ircylinder pressure, emissions and opaciiypwever, in the context of this thesis
only the opacity and engine powefof explaining the opacity behaviourpeasurements are

presented.

5.2 Ship Specificatio ns

The onboard measurements were realised on the SpeedruninggtBspeed vesséfigure 107)
owned by Aegean Speed Lin@SSL) The ship disposes 4 Rust@RK270MK Il medium speed
engines(figure 108)coupled to 4KaMeWall12F1lwater jets for its propulsionTheship andengine

technical specifications are provided in taBland 8 respectively.

Figurel07: ASLSpeedrunner 3
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Table7: Speedrunner 3 specifications

(@)

Ship Type High Speed Vessel Engine Type Turbocé‘r?é?need Diesel
Deadweight 340 Operation Cycle 4-X
Speed 34 [knots] Cylinders Number 20
Length 100.4 [m] Engine Configuration \Y
Breadth 17.00 [m] Volume 20x 17.5[It]
Depth 10.70 [m] Diameter 270[mm]
Drought 4.60 [m] Stroke 305[mm]
Pax Capacity 800 Compression ratio 123:1
Garage Capacity| 170 cars or 145 cars plus 6 bus Turbocharger pressure 3.5[bar]
Maximum Power 6875[kW] at 1000 [rpm]

Table8: Ruston 20RK 270MK I

(b)

Figure108: Ruston 20RK 270MK Il

The equipment was deployed in the fore engine room dmrmeasurements were collected on

one of the four identical engines of the ship (specifically from the second mapulgion engine).

For the opacity readings, the G1000 SDM was mounted on the exhaust duct of the engine after it

had been removed from the EBS. Moreover, strain gaagekan inductive proximity sensavere

placed on tke impeller for obtaining torque and speed measuremerisy multiplying the measured

torque and speed values, the impeller power is calculated. The impeller is the shaft that is located

after the clutch and dves the coupled water jet. In figure 1@® top view of the ship engine room

is provided.
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Figurel09 Top view of the ship engine roonvhere the second main enging], the impeller [2] and the exhaust duct [3] are presented
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5.3 Equipment Installation

The G1000 SDM was installed on the exhaust duct of the second main propulsion engine of
the ship. During the last ship ddocking (March 2014), ASL made some maitibas for
enabling the onboard measurements. As far as the opacimeter is concerned, two holes were
opened on the exhaust duct in order to receive the sensor. The two welding sockets provided by
Green Instruments were delivered to ASL and were installeth@mpipe duct. In order to ensure

perfect alignmenta guiding pipdfigure 110wasused during sockets welding.

The sensors installation was scheduled two days before the ship trip and lasted a few hours.
The opacity sensor was mounted on the fmetdled welding sockets on the exhaust duct.
Then, the monitoring unit was tied with ropes close to the optic heads in order to secure the
optic cables. In addition, the purge air supply station was removed from room 1.13 and placed in
the ship close to the mic heads of the opacity sensffigure 111) The station was connected
via air hoses to théeow-pressureair supplysystemof the ship.Finally,all the necessary electrical
connectionsvere made which included the sensor power supply (220 VAC) andtaigmal (4
20mA).In figure 112 the G1000 SDM as installed on the ship pipe duct is presented.

For measuring the impeller torque, a strain gauge was installed on the safiaft the
clutch The strain gauge was connected to a signal transmitter whicltsfieees) the signal via
wireless connection to a receiver. Then, the receiver converts and transmits the analogue signal
(4-20mA) to the portable DAQ system of the laboratory. Moreover, an inductive proximity
sensor was installed in order to measure the inlgrebpeed. The sensor was connected to a
signal converter responsible for transforming the measured pulses to analogue si¢tah8t
and transmittingit to the portable DAQ systenBoth torque and speed senso s installed on

the impeller, are presente in figure 113.

The portable DAQ system of LNflgure 114)disposes signal conversion modu(esade by
National Instrumentsvhich receive and record data in the form o2@mA analogue signals.
For the signals recordingpresentation a software was #eloped on theNI LabView platform.
The DAQ system was placed close to the sensors in order to avoid highleagths in the

engine room.

77



Figurell2 G1000 SDM installed on

Figure110: Guiding pipe for ensuring exhaust pipe duct

welding sockets alignment

Figurelll Purge air supply station placed

; ) Figurell3 Torque and speed sensors
in the ship

installed onimpeller

Figurell4: Portable DAQ system
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5.4 Measurements Analysis

The measurements were performed during a typical ship route scheduled on 06/06/2014.
The ship itinerargfigure 115)ncluded departure fronthe port of Piraeus at 16:30 pm, arrival at
the port of Serifosat 19:00 pm, departure at 19:10 pm for the port of Sifnos (arrival at 19:35)
and then departureat 19:45 pmfor the port of Milos(arrival 20:45 pm)Finally, the ship

departed from the port ®Milos at 21:00 pm and arrived at Piraeus in midnight.

Figurell5: Speedrunner 3 scheduled rouf®iraeus-> Serifos> Sifnos> Milos-> Piraeus)

The data acquisition started at 16:30 pm and lastecbughout the whole tripincluding
time periods of ship manoeuvring in island ports. In addition, data recording continued even
during engine cluth off at the port of Milos. So the acquired measurements provided an overall
profile of the engine performance throughout the wlecship itinerary. In figure 117he opacity
measurements are presenteavhich correspond to the impeller power measurements
provided in figure 118The opacity percentage corresponds to the measuring range of the
G1000 SDM.

The general trend is that opaciitg kept at relatively low levels especially during engine
operation at steady state conditionddowever, three major overshoots (80¢ 100%) are

observed which correspond to extreme engionad increasesuch as engine stattp and clutch

*power was calculated as a prodwétthe measured impeller torque and spead ( Y 7 ).
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on at the port of Raeus and the second clutch on at the port of Milswreover, overshoots of

40¢p ez OFy fta2 o0S 20aSNWSR gKAOK | NS RANBOUTf &
the ship departure from the islands ports. Furthermasemesmaller overshoot$30 - 40%)can

be distinguished which are related to engine transient loadings during ship manoeuvring in the
islands ports. Thepacityovershoots last only a couple of minutes lthey are prominentdue

to the bright background and the sensitive environmeiithe island ports.

In general, it is easily inferred that least opacity can be achieved vdiesel engine
operates atMCR (Maximum Continuous Rating) this steady state condition, the combustion
is almost perfect and the emissiongeaeduced to he lowest levelDuring full load departure of
Speedrunner 3 (engine operating &% of MCR) opacity is kept at very low levels (below 5%).
Moreover, when the engine operates in steady state conditions at reduced (8886 of MCR)
during the return trig®, the opacity is increased but it is still kept at reasonable levels (about
15%). However, when the engine operates in transient loadinlysing ship manoeuvrings,

opacity increaseturther which is a direct result ddw-quality (incompleterombustion.

The exhaust bypass system targets almost exclusively the opacity overshoots met during
aGSSL) AYONBlFasSa 2F (KS Sy3aaySQa f2FRd ¢KSaS NX
measurements but theiintensity and duration(approximately a couple fominuteg, pose
serious challenges. In figuwwell6 andl19, photos of the Speedrunner 3 funnel during ship
departure from the pors of Piraeus andifnos argprovided which demonstrate the increased

smoke emission during the engine load increase.

SR R S R s R PR

Figue 116 Photos of theSpeedrunner 3 funnel during ship departure from Piraeus port

'®During the return trip, the ship is almost empty, so the resistance is less; hence the impeller power
requirement is reduced.
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(a)0-20s (d) 40-50s (9) 85¢ 95s

(b) 20¢ 30s (€) 50¢ 60s (h) 95¢ 105s

(c) 30¢ 40s () 60¢ 85s

Figurell9 Photos of the Speedrunne3 funnel during shigdeparture from the port of Sifnos
(0s)
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5.5 Conclusion

¢tKS 2L OAdGe YSIadaNBYSyilia 2yo02FNR RARYQGQ LINE
is negligible (even 0% opacity) when the engine operates close to MCR since combustion is
almost perfect. At loweengine loads, the quality of the combustion stars to deteriorate and the
result is increased smoke emission which, however, is still considered low (opacity below 15%).
The biggest challenge is during rapid § SSLJ Ay ONBlIasS 27 (@FaSYIGKS
engine operation and as result adversely affects the combustion in the cylinders. Despite the
small duration of this phase (a couple of minutes at most) smoke emission is prominent due to
its high intensity. In this case, opacity reaches higlaéres (above 40%) and the smoke is visible
even at a long distance from the ship funnel. Therefore, a smoke emission reduction method
should be considered for ensuring low opacity levels. Finally, the opacity measurements
demonstrated increased opacity vals (close to 25%) during ship manoeuvring in the islands,

which does not pose great challenges, at least as long as it remains at these reasonable levels.

The exhaust bypass system could provide solution in case of high smoke emission, since it
could erable the PM collection during the periods of steep engine loading. In addition, during
engine steady state operation, the system could be deactivated for avoiding early filter clogging.
Moreover, the short period of the PM collection could lead to smdlEFs, which is vital due to

the limited space found on this type of ships.

The onboard opacity measurementsuld prove very valuablalsofor determining the EBS
input activation signalfFor instance, masuringexhaust gas opacity for activating the E®8Id
lead to increased signal delay, hence increased smoke emission before the EBS activation.
Considering thdnigh correlation betweerengine loading profile and smoke emissiorgreased
slope of the engine loading profile could be usedactivation gjnal for the EBS. Steep increase
of the engine load would be recognised and the EBS would be activated for capturing the
produced PM before its emission to the atmosphefigis method would decrease EBS

activation delayand could lead to system efficienmcrease.

Finally, the measurements performed onboard could serve as reference for the opacity
measurements conducted in the laboratory and could provide-tieaé numerical indication of

the exhaust gas opacity met in marine applications.
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Chapter 6 Experiments with Exhaust Bypass
System

6.1 Preparation for the Experiments

After the EBS full installation and the conduction of the onboard opacity measurements, the
preparation for the experiments with the new system was initiatdfirst, the newly mstalled
signals and commands were incorporated tie Caterpillar 3176b control pandExcept for the
standard signals of the EBS, which were described in section 3, three new signals had to be
considered in order to facilitate the assessment of the systgperation. The firsbne was the
engine speedas measured on the engine crankshaft, the second waathévedtorque load
as measured on the shaft of the hydraulic break and, finally, the thésla temperature signal
close to the engine exhaust. Boengine speed and break load signaiich had already been
integrated in the engine control panel (DS1103), werecessed by special leland filters for
eliminating highfrequency noiseMoreover, the engine control panel featurdtle necessary
commard signals for determining the engifmeakoperation These were the engine speed and
the torque load commandignalg(figure 120) All sensor and command signals of teerpillar

3176bengine control pangIDS1103are presented in figure 121.

—.{: <enigne_speed_sc fili>|

Golo3
enigne_spesd_sc_fil
Engine_speed

Goto2

torque_filt s [—
Ll =}

TerminatorS

1

From2

Engine_terque Power

!

turbo_spd_sc_filt
TerminatorZ »— ek DAC

test Gain11 DS1103DAC_C2

turbo_spd

inverter_freq

!

Terminatoe3

inverter_freq

Figure1l20: Commandand sensorsignals for the engindoreak operation

84



File Edit View Inset Measurement Calibration Postprocessing Teels Window Help

hadpg:sopgirnd-&-m-o- W AP ©h Gl o | Platform © PR THE ST

-]

bl 1layout2 | b 2 CAN

Variable Array 298:

Engine Speed Turbo Speed Torgue filt. [Nm] -1E+300..1E+300 Converted
\1. - .1,-?, 80, e 100 1??0\ o 15'GP Variable Value
4“{ } s 4 \ it valve cmd =l Analog_hOfinverter_freq —-0.09306:"
O . O 8 0 B+ |HBM_flange/HBM_torque 0.018281¢:
B+ Analog_hO/inverter_freq -0.09306!

enigne_speed_sc_filt 1

Variable Array 306:
1E+300..1E+300 Converted
Torque Filt. [Nm]

Variable Value Unit

H BM_rpm - 1 8 [+ Pressure_transmitters/Pt_131 -1.50 bar

7 1 O H 0 Power (%) (= Pressure_transmitters/Pt_132 —1. 50 bar

0.0 =
(= Pressure_transmitters/Pt_133 —1. 50 i bar
(= Pressure_transmitters/Pt_134 —.50 bar
Water Brake Pump

te Swalue =X Pressure_transmitters/Pt_135 —. 50 : bar
Exch. temp [oC] O B =l |TT_131 -100.1 | celcius
ConstantValue | Constant/VValue = |TT_134 -99.8 * | celcius
1 H 1 H = |TT_135 -100.0 | celcus

Bypass
(1 OO:ODEH) = Thermocouples/TT_CAT

Variable
Cooling Water Pump
Cooling Tower Blowers ° off
A In Fan O off
Air Out Fan Q on

Air Pressure Brake Lubrication () off

140 -
0 B

77799 F
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For the dataacquisition, a suitable program was developed on the Matlab/Simulink
platform for enabling the analogue input signals recording and for providing the necessary
interface between computer and DAQ hardwarthe DS1103analogue input and output

channels weremodelled as data acquisition blocks in Simulink. Each analogue input channel

(sensor signal) was connected to the respective data recorditfQa Ay 1 QQ ot 201 7]
analogue output signals were connected to suitak! Q & 2 dzNXa8d@rding dof tieddiput
signal form. mally, the transfer functions werealso moddl SR Ay {AYdzZ Ay] & W

GKAOK 6SNB AYyiSN1LRAaSR 0Sqa#REXY RS lael ®ede|l &ydR  ¢HCY
NEBELINEASYGSRADBQAKE! OT 26 KAOK NBO2NRSR (KS 0O2f¢ f

for enabling their processing in Matlaldll EBS sensor and command signals as modelled in

Simulink are provided in figure 122.

The transfer function of each signathichwas calcwdted based on the measuring span of

the sensor and the respective signal rangepresented in table.%T131, which is the signal of

the flow velocity, is not included in the table since it was not installed for the experiments.

Signal Measuring range Sgnal Transfer Function
PT131 0-6 [bara] 0¢ 10 [V] OO THOW
PT132 0¢ 1 [barg] 0¢ 10 [V] WOi p8Ip ¢TI
PT133 0¢ 1 [barg] 0¢ 10 [V] WOi p8Ip ¢TI
PT134 0¢ 1 [barg] 0¢ 10 [V] WOi p8Ip ¢TI
PT135 0¢ 1 [barg] 0¢10[V] WOi pdIp ¢TI
TT131 0¢ 400 fC] 0¢10[V] 6 11
TT134 0¢ 400 fC] 0¢10[V] 60 11
TT135 0¢ 400 fC] 0¢10[V] 6 11
OPA131 0¢ 100 [%] 10-0[V] p pTTp W
ZY131 0¢ 100 [%] 0¢10[V] ®w TP
ZT131 0¢ 100[%] 0¢10[V] ®w TP
ZY132 0¢ 100 [%] 0¢10[V] p p Ow
ZT132 0¢ 100 [%] 0¢10[V] p p Ow

Table9: Transfer functions of EBS signals
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Figurel22 EBS sensor and command signalsraslelled in Simulink

The first experiments of the EBS were performed with the Caterpillar 3176b engine and
included engine loading at constant speed and manual handling of the valves agctrdive
opacity values. As a result a first estimation concerning the EBS operation could be derived.
Moreover, proper operation of all sensoesd actuators could be verified before developing
more complex EBS control systeriibe sample timavas definedas 1000 samples per second

and it was maintained throughout all experiments.

After the first experiments, irst approach otlosedloop controlof EBS was developed on
the Stateflow environment of Matlab. This platforranables modédling and simulating
combinatorial and sequential decision logic based on state machines and flow 3&rt$he

flow chart, which was developed for the EBS control, is presented in figure 123.
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Figurel23 Stateflow chart as developed for EBS control
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At first the system confirms propenitial positioning of the exhaustalves’. Then, the
opacity signal is controlled and according to its value the EBS activation is decided. If opacity
exceedsl0% valve 2 (bypass) is opened. After a 90% (at least) opening of valve 2 is verified,
valve 1 is fully closed and exhaust gas is being filtered. This loop is continuous as long as opacity
is kept above 10%. If the opacity sigisabelow or equal to 10%alve lisopened (or remains
open) andvalve 2 is closefbr is kept closed)The loop isfinally,completedby controlling the

opacity signal again.

The Stateflow chart was modelled in Simulink and connected to the necessary /O signals of
the DAQ blocks (figure 124fhen, the experiments were conducted with sample time defined

as 1000 samples per second.

4 \
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Gote4
valvel_pos_in
From2
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valveld_pos_in Goto2
\ J

Chart

!

!

!

From3

Figurel24: Statetow block connected to the respective signal blocks in Simulink

Finally,due to the need for testing the EBS with héglengine loading, experiments with
the MAN B&W Holeby L16/24 engine were performéde EBS was activated before the engine
loading in oder to investigate the DPFs performance with high opacity exhaust gas. Moreover,
the overall backpressure developed due to the EBS, as well as the pressure drop across the
filters could be measured and assessed. Unfortunately, the ergwmak operation was
determined by a separate controller (Woodward Atlasyl because of the fact that junction box
was not installed simultaneous torque and engine speed measurements were not available.
However, the engine operated at nominal spe@@@0 rpm) and the engewas loaded at 8%

(1194Nm) of MCR (500 kW) he sample time was maintained at 1000 samples per second.

Valve 1 is the exhaust valve located on the main exhaust duct, while valve 2 is the exhaust valve located
on the bypass part of the exhaust duct. With the first valve open and the second closed, all exhaust gas is
emitted unfiltered.
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6.2 Results Analysis

6.2.1 Caterpillar 3176B, Valves: Manual Handling

Exhaust Bypass System,
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Figurel25: Opacity, torque, valvegosition and backpressure measurements with CAT3176B, valves: manual handling
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Figurel26: Pressure drop across DPF 1
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In figure 125 the opacity, torque, valves position and system backpressure measurements
are presented.The enginedading includesngineload increase from 200 Nrno 500 Nm at
constant engine speed 1600 rprim terms of power the engine i®aded from 7.86 of MCR
(449.6 kW) to 18.6% (83.7 kWhitially, opacity signal delay of about 9000 samples (9s) is
observed which is expected due to the fact that the sensor is located at the end of the EBS in
room 1.13 and at low loads the exhaust gas velocity isIsidalvever, at higher loads thegsial
delay tends to decreasbecause of thehigher exhaust gas velocity. 00 Nm, opacity is
approximately 7% while at 500 Nm it is increased to 13% showing an increase of 6%, which is
related to worse combustion conditns in the cylinders due to higher but still very low engine
load. Then, EBS is activated by opening valve 2 (bypass) and closing valve 1Byntia)time
valve 1 is closed, opacity starts to decrease demonstrating the exhaust gas filtering. In reality,
opacity starts to decrease simultaneously with the valve 1 closing since exhaust gas is forced to
pass through the bypass duct. The DPFs cause an opacity reduction of 7% which means that
2L OAdGe R2SayQi WwWQT2ff26QQ %RSch &asAsiviliie ati2@0F R A y (
Nm engine loadAfter a while, EBS is deactivated by repositioning the exhaust valves and
opacity is increased at3% whichis its previous value before EBS activatidinen, EBS is
reactivated and opacity is again reduced & .GHowever, the opacity values tend to decrease to
5% which is a result of better combustion due to #tabilzation of the engine load. The opacity
reduction due to improvement of combustion startoughly 100s after the load increase.
Finally, EBS is deactivated and opacity is increased to 11% proving the fact that the engine starts
to operate in steadystate conditions. The engine load is then reduced to 200 Nm and opacity

respectively decreases to 7.5% with tendency for further desedo its initial value of 7%.

As far as the system backpressure is concerned, pressure increases of 43.6 mbar (first EBS
activation) and 43.4 mbar (second EBS activation) are observed. The sensor readings are not
considered accurate, at least in abs@wtaluespecausethe sensor indicates initial exhaust gas
pressure of 0.97 bar (it should be above 1.012 bar). Howes, constant error can be

eliminatedby measuring the pressure drop caused by the. EBS

In figure 126 the pressure drop measuremeatyoss the two filters are presentedhe
pressure drops acrosBPF 1 are 340 mbar (EBS first activation) and 350 mbar (EBS second
activation) while therespective onesicross DPF 2 are a little higher 350 mbar (first activation)
and 360 mbar (second ac#tron). Ths slight difference (10 mbar) between the pressure drops
across the two filters is a clear indicatiohdifferent initial soot loadMoreover, thedifferential
pressure developed across the filters is considered high but fortunately the owys#m

backpressure is kept at reasonable levels.
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Finally, in figure 127 the temperature measurements are provided which demonshate
different heating and exhaust gas filteringf the two DPE as well as the high system heat
inertia. At first the exaust temperature before the EBS shows linear increase of small gradient
(7°C per 50s) due to the low engine load. The exhaust temperatures before the two filters are
kept constant when EBS is deactivated since no exhaust gas passes through thelfilienser,
during EBS activation both DPF temperatures show alinear increase which lasts long as
exhaust gas passes through the filters. In addittbe,exhaust temperature before the DPF 2 is
continuously lower than the respective one before theFDB which is a clear proof that less
exhaust gas passes through the second filiéle temperature difference between the two DPFs
continuously increases (10, 12C, 18C)and considering the increased pressure drop measured
across DPF 2, higher sootdireg of the second filter can be inferreldurthermore,the exhaust

gas tends to flow through DPFailincreased amounts due to lower pipeline length.
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6.2.2 Caterpillar 3176B, Valves: Stateflow Control
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Figurel28 Opacity, torque, valves position and backpressure measurements with CAT3176B, vsiat=flow control
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In figure 128 the opacity, torque, valves position and system backpressure measurements
with Caterpillar 3176B engine and stateflow valves cordrel preseted. The engine loading
includesengine load increase from 200 Nm to 500 Nm at constant enginedsp&@0 rpm. In
terms of power the engine is loaded from 7.5% of MCR (449.6 kW) to 18.6% (83.7 kW). Initially,
the opacity signal delais approximately8000 samples @ but tends to decreasédue to the
increased exhaust gas velocitt 200 Nm, opacitys approximately % whileat 500 Nm it is
increased to 26% showing a sharp increase &hZateflow control dictates EBS activation if
opacity exceeds 10%. Therefore, valve 2 (bypass) opens which is followed by the closing of valve
1. Due to the fact thatnitially the engine loagrofile is unstable, the imposed load deviates as it
instantaneously decreases below 400 Nm. As a result, opacity is rapidly reduced to 14% where it
is stabilized ecording tothe stabilization of the engine loaat 500 Nm. L im@réh mentioning
that the opacity value during this transient loading is in complete accordance with the opacity
measured in the previous experiment for the same transient loadlingn, opacity is further
reduceddueto the EBS activation and quickly degses to 4%showing a 10% reductioBy the
time opacity is less than 10% stateflow control dictates the EBS deactivation which initiates by
opening valve 1. As a consequence exhaust gas starts to flow through the maih ahett
opacity is increasedgan to 12%, which triggers the EB&activation. Because of the fact that
valve 2 remains open, valve l-cdses immediately, forcing the exhaust gas to flow through the
DPFs and opacity decreases to 9%. Then, EBS deactivates completely (both valvegdrt® mo
the initial positions)while opacity is kept low7%)as the engine starts to operate in steastate

conditions and the combustion is improved.

As far as the system backpressure is concerned, it is considered low since the overall
pressure increase caused by the EBSrniallduring both EBS activationAt first the maximum
pressure drop is 36.7 mbar (10% opacity reduction) while during the sdeBBdactivation, it is

18 mbar (3% opacity reduction).

In figure 129 the pressure drop measurements across the two filters are presented. The
pressure drops across DPF 1 are 320 mbar (EBS first activation) and 107 mbar (EBS second
activation) while therespective ones across DPF 2 are a little higher 339 mbar (first activation)
and 122 mbar (second activatiofjhe increased values of the pressure drop developed across
the filters indicate possible clogging of the filters due to ‘ne@jeneration before heir
installation on the systent-urthermore, he difference between the pressure drops across the

two filters (15¢ 20 mbar) is higher than this measured in the previous experinfeditmbar)

'8 Exhaust gas tends to flow through the shortest pipeline length or/and through regions of less pressure
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Thisstrongly suggestthat the two DPFs were not regeneratedually before their installation
on the EBS, as DPF 2 is clearly more loaded with Blmterthelessdespite the increased

differential pressure across the two filters, the overall system backpressure is still low.

In figure 130 the temperature measur@mts are providedwhich demonstrate the
increased gstem heat inertia The exhaust temperature in the duct before EBS shows a slight

increase (1C per 10s)out remainslow (about 77C), while the exhaust temperatures before the

filters are lower (38C forDPF1and31 T2 NJ 5t C HUO | YR R2y Qi LINBaSyl

EBS activation. Finally, the temperature differenciCj%etween the two DPFs is noteworthy as

it proves the exhaust gas maldistribution between the two filters during EBS activafoospt

for the suspectedncreased soot load of DPF 2, there is also the suggestion that the system
design is not optimal. Considering that more exhaust gas tends to flow through ‘HRRel
exhaust veloty met before DPF 2 iwwer and as a consequencsgatic pressure before the

filter is higher. This may lead to increased pressure drop across the filter.

¥ Shorter pipeline length
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6.2.3 MAN B&W Holeby L16/24, Valves: Manual Handling
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Figurel31 Opacity,backpressure and valves positianeasurements with MAN B&W Holeby L16/24, valves: manual handling
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In figure 131 the opacity, backpressurefore DPF 1 and EBS as well asviiees position
measurementwith the MAN B&W Holeby L16/24 enginee presentedUnfortunately, torque
measurements areot available because the engine controliet 3 y Qi 02y ySO§SR G2
so onlymeasurements directly related to the EBS were collect@the engindnitially is idle
(10% of MCR) and it operates at nominal revolutions 1200 rpm. The imposed engine loading
includes load increase from 398 Nm to9#1Nmat constant engine speedhich in terms of
power corresponds t@ower increase fromb0 kW (10%}Yo 150 kW 80% of MCR) At first
opacity is 3% which corresponds to idle engine operation but due tdntip@sedsharp load
increasseit is increased t®9% Opacity remains at 99% for approximately(3800 samples) and
then decreases to lower values. The opacity reduction is grdmualontinuous (54%eduction
after 8s and 77% after 16sfhe EBS activation starts at 2000 samples (2s) and is completely
finished (valve 2 opened and valve 1 closed) afteDespite the fact that EBS is activated at 7s
(7000 samples) opacity starts to decrease a (11141 samples)Obviously this is attributed to
the opacity signal delayhich can be roughly estimated 4s.Finally, opacity is reduced to 20%
showing a total reduction of 79% due to the exhaust gas filtering as well as the engine loading

stabilisation.

As far as the system backpressure is concerned, two measurements are presented, the first
one corresponihg to the exhaust pressure measured just before DPF 1, whilst the other to the
exhaust pressure measured before the EBS by the defective sensor. Both of them present similar
behaviour but they differ in absolute values. The exhaust pressure before DfeFeases 30
mbar simultaneously with valve 2 opening. The highest increase (680 mbar) is presented when
valve 1 fully closes which forces all exhaust gas to flow through the filters. Then, the pressure is
decreased and stabilised at 1.5 bdhe exhaust mrssure measured before EBS behaves the
same showing maximum increase of 75 mbaalve 1 opening) and pressure reduction of 20
mbar before its stabilisatioriThe absolute values of the pressure before EBS are not presented

because they are considered inacate.

In figure 132 the temperature and the valves position measurements are provided.
Moreover, the pressure drop measurements across the two filters are presented. The
temperature measured before EBS is Z22%nd it remains constant while the temperegu
measured before each filter is much lower {@for both DPFs) and tends to increaseevenly
due to the prolonged EBS operatio8pecifically after 20s the temperature before DPF 1 is
increased 18C to 49C, while the temperature before DPF 2 is irmsed only 3C to 34C. This
strengthens the suggestion that the exhaust flow is -dhiatributed through the two filters

which is a result of either different DPFs soot load or defective system design.
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Finally, the differential pressure measured acrtiss two filters shows similar behaviour
with the exhaust pressure measurements provided in figure Bikcificallythe pressure drop
across DPF ihstantlyincreases to 10 mbar after the opening of valvd en after the fullEBS
activation which foresthe exhaust gaso flow entirely through the filters, the pressure drop
increasesto approximately700 mbar before its reduction and stabilisatiah 516 mbar. The
pressure drop across DPF 2 behaves exactly the same though its absolute values are
continuously 10¢ 18 mbar highe according to the previous experiments. Therefore, it can be
derived that DPF 2 is more clogged than DPF 1 due to incrémitiatisoot or ashioad in the

filter.
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6.3 Conclusion

The experiments with the exhaust bypass system provided fruitful results concerning the
achieved opacity reduction and the consequent backpressure develdpedfirst experiment
included 300 Nm engine loading at constant speed and manual handling okhiaeist valves.

At first the initial oncern of highopacity signal delay wasonfirmed as itagged9s after the
engine load increas€This is considered an unfavourable factor for the system efficiency as long
as opacity signal serves as the trigger digoathe EBS activatiomoreover, when activated

the EBS inflicted a rapidt% opacity reductiorfifrom 13% to 6%hile overall backpressure was
kept low since it was increased only 43 mbEre pressure drop developed across the filters was
approximatey 340- 350 mbar with the latter representing the pressure drop across DPF 2.
Although ths pressure drop was quite high, the overall system backpressure was kept at
reasonable levelsFurthermore,the temperature measurements demonstrated high system
heatinertia and indicated madistribution of the exhaust flow through the filters as DPF 1 was

heated more quickly.

The second experiment comprised a first effort for closed loop system control by using the
stateflow environment for the valves operation. &gty of 10% was defined as the trigger signal
for the EBS activation and the engine was loaded the same way as in the first expefiiment.
opacity signal delay was measured 8s and the EBS reduxtedistopacity approximately70%
from 14% to 4%The oveall backpressure was still kept at low levels as it was increased 36.7
mbar. Despite the small system backpressure the pressure drop across DPF 1 was 320 mbar
while across the second filter was 19 mbar higher (339 mbar). The increased pressure drop
acrossDPF 2 suggested higher filter soot loading which could be explained by insufficient
regeneration of the filters before their installation on the EBSaddition, the temperature
measurementsdemonstrated again the high system heat inertia astamperature gradient
was presented on the DPFs during the EBS activation. Moreover, the difference between the
temperatures of the two filtersvasa secondclearindication of exhaust flow malistribution, as
DPF 1 was heated again more quiclinally,the stateflow control of the valves provided
promising results. However, the system control was not optimal due to the fact that opacity
signal wasot suitable for this type of contrahs every timethat opacity was reduced below
10% valve 1 wapenedwhich led toopacity increase because of the EBS deactivation. As a

consequence thaystem efficiencyvas reducedas the opacityabatementwasdiminished.
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The third and final experimenincluded 796 Nmengine loading of MAN B& Holeby
L16/24 engine at constant engine speed. The EBS was activated and the cpatég to
decreaseafter 4s. The reduction was gradual and continu¢s% after 8s, 79% after 16s) till
the opacity stabilisation at 20%.he opacity signal delay cde roughly estimated at 4s by
measuring the time period between the EBS full activation and the initiation of the opacity
reduction. It is worth mentioning that opacity is initially increased to 98% and it remains there
for approximately 3sThe overall sstem backpressure was increased 75 mbar after the EBS
activation. In addition, exhaust pressure measurements before DPF 1 were collected which
presented a pressure increase of 680 mbar before the filter. Then, the exhaust pressure before
DPF 1 was stabilid at 1.5 barFurthermore, the pressure drop across the two filters was 700
mbar for DPF 1 and 717 mbar for DPHRe high pressure drop measured across the filters
indicated increased soot'ash load in the filters.Finally, the temperature measurements
confirmed the system high heat inertia as the temperature gradients were very .small
Moreover, the different exhaust temperatures before the two filters strongly suggested that the
EBS design was not optimal as DPF 1 presented higher temperature gradiece {hcreased

exhaust gas flow).

As far as the system backpressure measurement (PT131) is concerned, the absolute values
were considered inaccuratdue to probable defective sensor. However, by measuring the
pressure increase (differential pressure) caused by the EBS activation, the constant error was

eliminated and a rough estimation of the imposggstembackpressure could be derived.
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Chapter7: Conclusions- Recommendations

In the context of this thesis a smoke emission abatement systeas developed and
installed in the exhaust processing room I.13LME.The system consisted of a bypass duct
connected to the exhaussystem, two DPFs for PM collection and two butterfly valves for
exhaust gas flow controllhe DPF selection was based on achieving minimum pressure drop, as
well as minimum filter dimensionsThe exhaust bypass system would be activatyd
repositioning he two exhaust valves onlgluring engine transient loadingrhis was a basic
prerequisite for the system design order to avoid earlgloggingof the filtersdue to increased
soot deposition.It is worth mentioning that the initial DPFs connection viangbs proved
ineffective as it led to high exhaust gas leakageconsequentlange connections offered high

process sealing but also less flexibility in case of filter replacearahihcreased system weight.

For estimating the system efficiency, a abie sensor, capable of measuring the exhaust
opacity, was installed on the exhaust duct after the filtélereover, two pressure sensors were
mountedacross each filterol measuring thelevelopedpressure dropwhile the overall system
backpressure wameasured by a fifth pressure sensor mounted just before the EBS. Finally,
three RTDs were also incorporated in the system for providing useful temperature readings
before the filters and the EBS. All sensors waet@unted andconnectedbased on drawings
which were produced in order to provide full system documentatibime sensors output signals
were electrically isolated and converted by newly installed isolating amplifiers before their
collection by the DAQ systenihe complete installation of the systeimcluded theplacement

of an electrical panel, an air supply subsystem as well as the exhaust duct insulation.

Before conducting experiments with the exhaust bypass system, opacity measurements o
the ASL Speedrunnertigh speed vessel, were performethe opacity readings were possible
after the installation of the opacimeter on the exhaust duct of one offthe ship enginesThe
measurementsdlemonstrated very low exhaust opacity (below 5%) when the engine operated
close to MCR, while at lower engine loads opacity was increased to 15%. The biggest challenge,
in terms of smoke emission, was presented during engine load increase, which inflicted
consequent opacity increase to 40%urthermore, the opacity measurements onboard
indicated the strong correlation between the engine loading profile and the exhaust opacity
which could prove very useful for optimising the smoke abatement system by déugutd

activation from the opacity signal which is characterised by high delay.

107



The experiments with the exhaust bypass system included engine loading at constant
speed EBS activation according to the measured exhaust opaaityfull exhaust gas filterg.
All experiments demonstrated high opacity signal delay &) which led to system efficiency
reduction The opacity abatementwas relatively high (54%; 70%)while the system overall
backpressure presentednly a small increase of 3¢ 75 mbar.However, the pressure drop
developed across the filters was quite hi@40 ¢ 700 mbar). This was a clear indicatiorhagh
initial filters soot loaddue to possible malegeneration before their installation on the EBS.
Finally, he temperature measuremeniminted outhigh system heat inertia dbe temperature
gradients were kept low. Moreovertthe increased heating of DPF 1 compared to DPF 2
suggested that more exhaust gas passed through the first filtieis wasa clear indication of
increased cloggingf DPF 2as wellas not optimal system design considering the fact that the

exhaustgas preferred to follow the shortest pipeline pathrough the less loaded filter

As far as future work is concerned, the EBS installation offers a variety of possielm sy
operatiors for achieving less smoke emissidgkt first the defective pressure sensanstalled
before the EBSshould be replaced for ensuring accurate backpressure measurements.
Furthermore,the system activation should be decoupled from the opasitynal as the latter is
characterised by high delay. Possible solution is correlating the EBS activation to the engine
loading profile which may lead tan increase of thesystem efficiency due to higher opacity
reduction.Moreover, tests with partial exdust gas filtering can be performed in orderextend
the life span of thdilters without significantlydiminishing thetotal opacity abatement In the
end, an optimised closed loop system control should be implemented in order to achieve highe

smokeemission reductionlessbackpressure antbw contamination of the DPFs

Figurel33. ASL Speedrunner 3 leaving the port of Serifos
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Appendix I: Instruments TechnicalSpecifications

[.1 G1000 Smoke Density Monitor Specifications

Specifications - G1000 SDM

Monitoring Unit incl. Digital Display TYPE

\ APPROVAL
Power supply Standard2 10250V AC - 50/60Hz — 12 VA max. — optional 105-130V AC or 20-30V DC
Ambient temperature  (PC= 55
Dh'nlnshni{mlgl'rt HocWhcD: 300 200 150mm /5.5 kg (monitoringunit alone)
Enclosum "-.II IP 65 Stee] box

\

Display \ 0..100% opadty level (programma ble)
Accuracy \ Betterthan 2% of full scale
Output 5bgnll:h;‘qud:l{..mrnlHrnlzm%-lﬂmlamupldmm:.lmn or 020V DCOV = 100% = 10V = (0% Opadty Jmax . 10 mA
Alarm delay “\,\ Default 5 s (programmable 0-99 5)
Relay function 2 relays, volt free, freely configurable — default NC — max. 250V AC, max. 2A
Default alarm levels Haﬂ at 20% opacity (= Ringelman 1) and Relay 2at 30% opacity

Fiber Optic Cables

Optic fibers Ghss-fber:nre.-'i"ri@hlm sted sheathings with brass end tip
Operating temperature  Man, 240°C at the gl"asj\bq tip behind the lenses - up to 300°Cin the stad
Length of @bles Standard4.5m - npﬂnna‘l‘ﬂ‘m,lim,nr others

Welding sockets Ho: 200 mm (B L) = sackets aligned oppesite of each other

i Trnta3 m= for shorter ranges one lens need to be rem oved or replaced
Head housing ~—HacWixD: <120 100 60 mm - stainle s steel -with purge-air cnnector
Purge air supply 10 HLPM__LPM foreachhead

Optional Equipment

Welding and adjustment bracket foreasy mounting E‘.}l[‘hai._lst_-
Audit filter pens b
Purge air blower — filter-requiator for purge air EUDHEI
Alarm annunciator for panel mounting Nt

Wisualization and datalogging PG :

Data-system | niegration via various busses such
asR5485 and CAN

=] Monitoring Unit

Signal Output

Power 5u
OpticHead PRl




[.2 S10 Pressure Transmitter Specifications

Output signals

Signal type Signal
Curmrent (2-wine) 4 .. 20 mA
20 .4 mA
Current (3-wire) 0 ... 20 mA
Voltage (3-wire) DCO.. 10V
DCO..5V
0C1..6Y

DG 0.5... 4.5 V ratiometric

Othear cutput signals on egquast.

Load in
B Currant output (2-wira):
= (power supply - 10V} /0.02 A

B Current cutput (3-wira):
S (power supply - 3V) /002 A

B Violtage output (3-wine):
> mesdmum output signal /1 mA

Voltage supply

Power supply

The power supply depends on the selected output signal
N 4. 20 mA: DC10 .30V

N 20 .. 4 ma DC10 .30V

m 0. 20mA DC0 .30V
mDCO..5V DC 10 .30V
mDC1.5V DC10 .30V
mDCO...10W DC14 .. 30V

® DCAOS5.. 4.5V tiomatic:  DC4.5..55V

Reference conditions (per IEC 61298-1)

Temperature
15..25*C

Atmospheric pressure
880 ...1,080 mbar

Hurmidity
45 ... 75 % relative

Power supply
DoV

Mounting position
Calibrated in verical mounting position with pressure
connection facing downwards,

Accuracy specifications

Mondinearity (per IEC 61298-2)
== 0.2 % of span BFSL

MNon-repeatability
= =0.1% of span

Accuracy at reference conditions
Inciuding nor-linearity, hysteresis, zero ofisetand end value
deviation (corresponds to measurad amar par|lEC 61298-2).

Standand 050 % of span
Option =025 % of span 1

1 Dy for Prasuserirg s 025 bar

Adjustability of zero point and span
Adustmentis made using potentometers inside the instru-
gt

m Feropoint: 5%

® Span: +5%

Temperature errorat 0...80 °C

B Maan temparature coafficient of zero point:
-Mzasuring ranges =0.25bar:  =0.4 % of span10 K
- Maasuring ranges = 0.25 bar: =0.2% of span10 K

B Mean temparature coafficient of span:
=0.2% of spanf10 K

Long-term stability at reference conditions
= 20.2 % of spanfyear

Time response

Settling time

W <ims

B =2 ms for output signal DC 0.5...4.5 V ratiometnic and
measwring rangas < 400 mbar, 10 psi
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Operating conditions

Ingress protection (per IEC 60529)

For ingress protections see “Electrcal connactions*

The stated ingress protecton only applies when plugged in
uging mating connactors that have the appropriata ingrass
protaction

Vibration resistance (per |[EC 60068-2-6)
204g

Shock resistance (per |EC 60068-2-27)
1,000 g (machanical)

Temperatures
Permissible temperature ranges
Standard Option
Mediium -30,.. +100°C =40 ... +125°C
Amibiert 20 .. +80*C =20, +80 0
Shﬂg- 40 ... +100°C =40, +100*C

Process connections

Standard Thread size

EN 837 GuB
GWE
DI 3852-E GhAY
. G % female
ANSIFASME B1.20.1 Ya NPT
13 NPT
SAE JS14 E THE-20 LINF with 74" taper
- M20x 15
- G ¥ male /G Y lemale
1507 R 4

1) M cysmprsmans Imil S0 Bar

Ofher pracess connections on request

Approvals, directives and certificates

Approvals
m CSA
m GOST

For further approvals see www,wika,com

CE conformity

B EMC directive 2004108/EC, EN 61326 emission (group 1,
clase B) and intarfaranca immunity (industrial application)

B Pressure equipment directve Q723/EC

Materials

Wetted parts
Stinless steal

MNon-wetted parts

B Casa: Stainkess stesl

B Intemal pressure iransmission madium: Synthatic al
B Clamping nut: PA

B Angular connactor; FA

B O-rings at tha clamping nut: NBR

B Flat gaskat: VMO

Instrumants with a maasuring ranga of > 25 bar relatve do
nat contain any pressure transmission madium (dry measur-
ing call).
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Electrical connections

Available connections

Electrical connection Ingress Wire cross-section Cable dlameter Cable lengths
protection

Angular connector DIN 17530 1-803 A IF &5 max. 1.5 mme G..8 mm -

Angular connector DIN 17530 1-803 with > NPT 1P &5 max, 1.5 mme - -

Circular connector M12 x 1 (4-pin) PE7 - - -

Bayonet connector (B-pin) PET

13 NPT conduit male, with cable outlet F&T 3% 05 mme 68 mm 15m,3m, 5m, 10 m,
50, 101, 201, 20/,
ofhers on equest

Cable outlet

u Standard P87 3x 0.5 mm? 6.8 mm 15m,3m, 5m, 10 m,
&M, 101t 201t 30 #,
ofhers on mquest

B not adjustable IF &8 3205 mm2 68 mm 15m,3m, 5m, 10 m,
5, 1010, 2011, 30 1,
ofhers on equest

® adjustabls IF &8 3205 mm2 68 mm 15m,3m, 5m, 10 m,
54, 101, 201, 300,
Qvers on sguest

Short-circuit resistance

Spws L

Reverse polarity protection

U+\I‘S--U-

Overvoltage protection
DCaEY

Insulation voltage
DC 500V

Connection diagrams

Angular connector DIN 175301-803 A Bayonet connector (6-pin)
2-wire 3-wire 2-wire 3-wire
[ 1 1 . U A A

@ - ) -
S 3

. A

u. B
Ep
= L] 5* C
Angular connector DIN 175301-803 with ¥ NPT Y2 NPT conduit male, with cable outlet
2-wire 3-wire Fwira
L1 1 1 L1 e e
@ w 2 2 — = T black black
5, - a3 8. . [ ]
Clrcular connector M12 x1 (4-pin) Cable outlets
2-wire 3-wire 2-wire Fwire
(1% 1 1 [ [browm browm
|13 3 3 - gressn gresen
o
5, = 4 5, = white
Shield  grey grey
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