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Abstract

Potential reduction of smoke emission of marine diesel engines is investigated through the
installation of an exhaust bypass system featuring two diesel particulate filters in the Laboratory
of Marine Engineering of the National Technical University of Athens. 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 contamination. The exhaust flow is controlled by
the operation of two butterfly valves. When the engine is idle or operating in steady state the
first valve is fully open and the exhaust gas flows through the main duct unfiltered. In case of
engine transient loading, during which there is high smoke emission, the second valve gradually
opens leading part of the exhaust gas into the filters. When it is almost fully open, the first 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. The efficiency of the method, in terms of
smoke emission reduction, is assessed by measuring the exhaust gas opacity after the filters.
Furthermore, the differential pressure across the filters is measured, as well as the system back

pressure, in order to estimate 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 system in the exhaust processing unit of the laboratory, the acquisition and
mounting of all sensors, the installation of the necessary subsystems and the conduction of the
experiments. In the context of this project, opacity measurements on a high speed passenger
vessel are also carried out in order to evaluate the opacity sensor performance, as well as to
observe the smoke emission from an engine operating in real conditions. In addition, a brief
description of the radio — frequency soot sensing technology is performed in order to decide
whether to use this or the state of the art differential pressure in order to estimate the soot load

in the filters.

The main objective is to develop a system that will reduce efficiently and in a safe way the
smoke emission of diesel engines without interfering in their overall operation. Furthermore,
additional issues must be considered so that the system will be suitable for retrofit in marine

engines.
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A/D Analogue to Digital MCR Maximum Continuous Rating

Al Aluminum MDO Marine Diesel Oil
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ATDC Angle from Top Dead Centre NI National Instruments

CO Carbon Monoxide Ni Nickel
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Introduction

This thesis is investigating the possibilities of obtaining lower smoke emissions in the
exhaust gas of a marine diesel engine, by installing a bypass duct in the existing exhaust system
of the Laboratory of Marine Engineering of the National Technical University of Athens which
will lead whole or part of the exhaust gas into diesel particulate filters during engine transient
loading. This project was elaborated as part of a research program which is conducted this
period in the laboratory and includes the supervision of the construction and installation of the
exhaust bypass system and all necessary sub-systems, 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 chapter of the thesis provides the project overview, offering a concise view of the
general background and the existing problem as well as a brief description of emission

abatement methods including the exhaust bypass system.

The second chapter provides information on the diesel particulate filter technology. It
includes some interesting facts about the particulate filter, a short description of its operation

and problems, as well as the 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 the installation of the exhaust bypass system, including its
construction and assembly in the laboratory, the mounting of the sensors and all the additional

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

The fifth chapter includes the opacity measurements 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 includes results analysis and discussion.

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

preparation for the experiments and the results analysis.

The seventh and final chapter provides general conclusions, evaluates the system’s overall
efficiency, mentions all the problems that were encountered and offers recommendations for

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 merchant and passenger ship propulsion
markets as well as in the heavy duty sector of the automotive industry. The most important step
in strengthening the status of diesel engine, especially in marine propulsion, is its ability to burn
cheaper, heavier fuel oils with high efficiency (1). In addition, progressive advantages in the
efficiency of turbochargers 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 generator (2). However, its high thermal efficiency, 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 engines largely comprise nitrogen, oxygen,
carbon dioxide, and water vapour, with smaller quantities of carbon monoxide, oxides of
sulphur and nitrogen, partially reacted and non-combusted hydrocarbons and particulate
matter (1). The majority of these emissions are considered pollutants due to their adverse effect
on the environment and on human health. Thus, several regulatory bodies have addressed the
issue and enforcement of legislation aimed to reduce marine emissions is in progress (3). In the
wake of this development the maritime industries are continuously seeking and implementing
emission abatement strategies such as the selective catalytic reduction system for reducing NOy

emissions or the diesel particulate filter technology for reducing PM emissions.

Besides environmental considerations, however, other factors influence the growth and
development in the maritime industry. This can be illustrated by the marked increase in the
number of passenger ferry services operating with high-speed vessels over the past decade. This
trend is likely to continue with the increasing demands for shorter travel and delivery times (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 to the clean

environment and the bright background found in these areas.



In general, legislation imposes that marine diesel engines operating in environmental
sensitive areas should burn light fuel oils — the so-called MDO, in order to reduce the pollutants
emitted. Marine medium and high speed diesel engines can burn such a fuel, with typical
properties as shown in table 1, very efficiently. Heavy fuel oils, which are very popular as typical
fuels of big low speed diesel engines operating in big oceangoing merchant ships, produce
smoke density almost two times that of MDO (figure 1), due to the fact that HFO contain a lot of
residues which are impinged and adhered onto the piston crown during the ignition delay, their
evaporation is delayed and the combustion is deteriorated (4). Although this is not so obvious
when the engines work around the service load, it becomes prominent when the ships 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 =
Viscosity at 30°C, oSt 3.05 ' wk *—— o ®
Carbon, wt% 872 a
Hydrogen, wi% 139 % o
Nitrogen, wt% 0.006 app @770
Oxyegen, wt% 0.z E
Sulphur, wi% 0.0 =
P v > u.l.
e L I 1 1 ]
-16 -14 =12 10 -8
injection Timing ATDC deg.
Table 1: Properties of a typical MDO (3) Figure 1: Relationship between fuel

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

For the time being, the majority of the emissions of marine diesel engines are controlled
with standards already in force (Tier I, II, 1ll), except for the PM emissions for which no emission
standard has been adopted yet. However, manufacturers are required to measure and report
them (5). Nevertheless, this does not apply to on-road light or heavy-duty, railway and
stationary diesel engines, whose PM emissions are already regulated. From 2007 the PM
emissions of heavy-duty highway engines operating in USA are limited to 0.01 g/bhp-hr, while
for the non-road diesel engines the limits range from 0.3 g/bhp-hr to 0.03 g/bhp-hr (depending
on engine power) (5). Moreover, the European Union has adopted the new Euro 6 standard
which limits the PM emissions of HDD engines to 0.01 g/kW-hr and that of non-road diesel
engines to 0.025 g/kW-hr (5). Similar standards have already been adopted in the rest of the
world (e.g. Japan) (6) . In addition, in USA from 2014 PM emissions of medium power (2750 bhp
< P < 6000 bhp) marine diesel engines will be controlled and limited to 0.09 g/bhp-hr, posing

more pressure on the engine manufacturers to promote “green” technologies (5).
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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 impact on human health
and climate change. One 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 splitting 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 particles), whose visible evidence is smoke. Soot particles (unburned
elemental carbon) are not themselves toxic, but they can cause the build-up of aqueous HC, and
some of them are believed to be carcinogens (1). Fortunately, particulates constitute no more
than around 0.003 percent of the engine exhaust gases, but this number tends to increase

sharply during engine transient loadings when poor combustion conditions prevail.

The primary cause for soot (PM) formation is that regardless of the flame type (diesel cycle
is characterised by diffusion flames), if the combustion conditions are poor, (elevated
temperature, poor mixing of fuel and oxidant etc) the fuel undergoes either pure or oxidative
pyrolysis. Some precursors of the fuel pyrolysis undergo cyclization and create an aromatic ring.
The ring structure is thought to add alkyl groups, developing into polynuclear aromatic (PAH)
structure that grows owing to the presence of acetylene and other vapour-phase soot
precursors. These precursors arise as free radicals from the breaking of the bonds of the
hydrocarbon molecules due to the elevated temperature in the combustion chamber.
Eventually, the aromatic structures reach a large enough size to develop into particle nuclei.
Such condensed-phase carbon particles contain large amounts of hydrogen. The particles
dehydrogenate in high-temperature combustion field while physically and chemically absorbing
other gaseous hydrocarbon species that dehydrogenate. As a result the soot mass increases
rapidly and the growing particles agglomerate and conglomerate. The absorbed species 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 products (7). Consequently, the fuel properties and the conditions in which the

combustion takes place, determine the level of soot formation.

The PM emissions exhausted from diesel engines can be divided into soluble (SOF) and
insoluble (ISF) organic fractions and sulphates (figure 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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hydrocarbons, deriving from the lube oil, and other harmful components such as PAH that are
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.

As far as the particle form is concerned, PM emissions are primarily formed in two separate

modes:

e Nuclei mode particles which consist mainly of condensed hydrocarbons and sulphates.
The gaseous precursors condense as temperature decreases in the exhaust system and
after mixing with cold air in the atmosphere. They constitute part of the SOF and
sulphates.

e Accumulation mode particulates which are formed during combustion by agglomeration
of primary carbonaceous particles and other solid materials as described above. The
majority of the accumulation mode particulates form in the core of the burning fuel
spray and they constitute the ISF. Further, gases and condensed hydrocarbon vapours,

also part of the SOF, are absorbed into the surface of the particles (9).

Particulate Emissions are considered a contributory factor in causing asthma, allergies and
various other human health problems. Smaller particulates are thought more likely to penetrate
deep in human lungs, the most minute of them perhaps even moving into blood stream (1). In
addition, the condensed hydrocarbons in the nuclei mode particles and on the surface of the
accumulation mode particles contain toxic and carcinogenic hydrocarbons (9). That’s why there

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

As mentioned before the most dangerous part 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 emissions depends on the engine load as it is shown in figures 3 and
4, rendering the need for reducing these emissions in the areas where the engines operate at

low loads (e.g. island ports), urgent.
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Figure 2: Particulate emission composition of a large 4-stroke medium speed diesel engine
running on MDO at steady state high load (8)
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Figure 3: Relation between engine load and PM concentration (4-stroke 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 conditions, rendering a reduction method often suitable
for one particular emission but inappropriate for another. For example, while NOy are generated
thermally from nitrogen and oxygen at high combustion temperatures in the cylinder, as well as
for small fuel to air ratio (lean burn combustion), PM is formed at intermediate temperatures
and for high fuel to air ratio, where the soot precursors cannot be oxidised, thus forming 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 optimizing the potential abatement
method in order to achieve efficient engine operation with reduced emissions. In order to
accomplish this, there must be either an improvement of the combustion process or the use of
external devices. The first one is called prevention method as it deals with the problem at its
origin, whilst the other is called mitigation method because it transposes the problem to a next

level of confrontation (11).
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Figure 5: Soot and NO concentrations as a function of fuel 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 for decades. Consequently, focus has been for long on
improving the combustion process and reducing unburned compounds (e.g. HC, PM), so there is

no large leap to be expected from further improvements (12). This is proved by the fact that 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 apply at low service loads and especially during rapid start-up
manoeuvres and load changes, when the turbochargers deliver less intake air than the engine
needs for complete fuel combustion, so the engine ‘smokes’ (1). Many systems for improving
combustion during transient loading have been proposed with sometimes ambiguous results.

Such systems are:

e Turbocharger optimization for part load, with a waste gate
e Charge air bypass below a certain engine load

e Smaller Injection bores

e Nozzles with short sac holes

e Auxiliary blower for operation below a certain engine load
e Fuel-water emulsification

e Retarded fuel injection below a certain engine load

e 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 completely independent 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 during starting and transient load changes)
contributes to clean combustion with no visible smoke emissions (1). In addition new ideas are
currently investigated for eliminating the air to fuel mismatch in the combustion chamber
during transient loading. For example a smoke abatement method, which comprises a
compressed air injection system (JA) and a closed pulse turbocharging system (CPT), has been
developed in the Laboratory of Marine Engineering of the National Technical University of
Athens. The system is activated during engine transient loading, when compressed air is injected
on the compressor impeller to increase its rotational speed as well as the air pressure and
guantity in the intake manifold, while the constant pressure turbocharging system turns to pulse
(figure 6) and exploits the high kinetic energy of the exhaust gas (in form of high pressure tuned
pulses) to further improve the compressors response to the load change (13). The results are
very promising as the opacity is reduced almost 80-85% (figure 7). In addition, the response time

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



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

to the engine at the right time (14).

Although there is a limited scope to significantly reduce particulate emissions by improving
the combustion, methods of removing particulates from the exhaust gas are available as well
(1). Moreover, in contrast to the prevention methods, the use of exhaust after-treatment
devices, offer the possibility to be installed in older or out-of-date engines where no
modifications for improving engine performance can be made. In other words they are suitable

for retrofit as the prerequisites for their installation are few.
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Figure 6: The overall system set-up with the air injection and the variable path exhaust
manifold configuration (13)
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The most widely found after-treatment devices for reducing PM emissions are:
e Diesel Particulate Filters (DPF)
e BagFilters
e Electrostatic Precipitators

e Scrubbers

In Diesel Particulate filters the exhaust flow is forced through very small channels (um
range) where solid particulate matter is collected (figure 8). However, a large pressure
difference is needed for forcing the exhaust flow through the small channels. Therefore, the
engine may experience high backpressure, which will result in high thermal loading. Despite the
fact that this technology is used in some truck and rail engines, there is no demonstrated DPF

|H

technology available for large marine and stationary engines operating on typical “non-
automotive” fuel quality. Additional challenges for its use in large scale applications are the big
dimensions needed, its mechanical strength and its early clogging due to ash presence in the
exhaust gas. As a consequence, for the time being DPF is considered as a not feasible solution

for marine applications (12).

Bag filters or dust collectors are systems designed to enhance the quality of gases by
collecting dust (even for high volume dust loads) and other impurities that they may contain.
They consist of a blower, dust filter, a filter-cleaning system and a dust receptacle or dust
removal system. Dust enters the bag-house compartment through inlet on the hoppers (figure
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 restricted, bag
cleaning is initiated. Cleaning can be done while the bag-house is still online (filtering) or in
isolation (offline). Once cleaned, the compartment is placed back in service and the filtering
process starts over (15). This system is able to achieve relatively good particulate reduction, as
long as it is sufficiently large. However, a “protection reagent” is needed in order to protect the
filter from clogging. In addition the flue gas has to be cooled and a fan is needed due to high
pressure drop. At last but not least, there must be room for waste disposal regarding the
“protection reagent” and the removed particulate. For these reasons, bag filters are used
almost exclusively in large-land based industrial sources and not in the marine or the

automobile sector (12).

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

When enough dust has accumulated, the collectors are shaken to dislodge the 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, types and designs of electrostatic precipitators (16). The
particulate reduction achieved is good, the pressure drop is low and the high exhaust gas
temperature does not pose additional problems. However, these systems are extremely bulky
(figure 10) and too expensive. Moreover, the waste disposal problem remains and there are
additional electrical risks due to high voltage, rendering them not viable systems for marine

installations (12).

Scrubbers are special devices that are used to remove particulates from industrial exhaust
streams. These systems work via the contact of the target compounds with the scrubbing
solution which may simply be water (for dust) or solutions of 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 solution (18). Although such systems
are very efficient concerning SOy reduction (figure 11), it remains unclear whether are

appropriate for reducing PM emissions (12).

Figure 8: Diesel particulate filter Figure 10: Bag filter (15)

Figure 9: Cylindrical electrostatic Figure 11: Desulphurisation scrubber (18)
precipitator in waste incineration plant
(17)

11



1.4 Exhaust Bypass System

The Exhaust Bypass System or EBS has been developed in the Laboratory of Marine
Engineering of the National Technical University of Athens as an emission control device for
reducing smoke of marine diesel engines of high-speed vessels operating in environmental

sensitive areas.

The EBS mainly takes advantage of the DPF technology as it features two diesel particulate
filters. Therefore, it can be considered as an after-treatment emission abatement method.
Although the reduction method is based on technology already-in-use, it’s the first DPF system
that is referring to marine applications. In addition, this system is designed to be easily applied
to existing marine installations as a retrofit solution for emission control. As a consequence,
apart from some necessary modifications that had to be made, the system functions in a quite
different manner in relation to the usual DPF systems. Conventional DPF applications consist of
a diesel particulate filter that collects PM emissions throughout the whole engine operation.
Despite the fact that this method produces good results as the emissions reduction is
concerned, the system suffers from early filter contamination, due to clogging, which leads to
need for premature filter replacement. Filter manufacturers have developed many methods
(some of them somewhat sophisticated) for addressing this problem. Nevertheless, these
methods cannot be applied on vessels because of the stringent safety regulations. That’s why a
new system for 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
gas to two diesel particulate filters for as long as it is required. In contrast to diesel engines
operating on-road, marine engines are more steadily loaded. Thus, the periods in which the
engines work in transient loadings can be easily distinguished. The EBS activates only during
these periods by opening the valve which leads the exhaust gas to the bypass duct and then to
the filters, whilst the valve, which controls the exhaust gas flow through the main duct, closes
(figure 12). The filters collect all unwanted products of incomplete combustion during the
transition of the engine load from low to high levels, and when the engine reaches steady state
conditions, EBS deactivates via the reposition of the valves to their initial positions. In this case,
the exhaust gas remains unfiltered but without increasing the smoke emission as the engine
works properly and the combustion is complete. In this way the filters are not burdened from
unnecessary soot loading and are kept functional until their replacement which takes place

during ship maintenance intervals.
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Figure 12: The exhaust bypass system (EBS) at LME/NTUA
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Chapter 2: Diesel Particulate Filter Technology

2.1 The Particulate Filter

The particulate filter is today the most efficient device for reducing diesel soot emissions,
attaining filtration efficiencies of the order of 90%, at nominal operation conditions. Soot
filtering is especially important in the case of worn-out 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 trucks (figure 13) (19). Due to the new
emission standards (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 addition, future PM emission limits, introduced by
United States Environmental Protection Agency (US-EPA), 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 particulate raises 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. High backpressure is undesirable because it raises
the engine cycle pumping work and eventually the exhaust gas enthalpy. As a consequence, it
reduces the available engine power and increases the thermal load and the fuel consumption of
the engine. Therefore, minimizing mean backpressure levels while still maintaining acceptable
filtration efficiency in a reliable, durable, compact and low cost system constitutes the major

goals of particulate filter design (20).

The most proof-worthy trap oxidiser for controlling diesel particulate matter is the wall-flow
ceramic monolith filter (figure 14) which is characterised by high trapping efficiency,
temperature tolerance, high demonstrated durability and moderate cost (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 the diesel 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

14



wall-flow monoliths (figure 15). The main advantage of the wall flow particulate filter is the high
surface area per unit volume, which combined with the high collection efficiencies, makes this
technique very attractive. The filter walls have a porous structure that is carefully controlled
during the manufacture process. Typical values of material porosity are between 45 and 50%

while the medium pore size varies in the range between 10 and 20um (21).

Figure 13: Particulate filter of HDD engine

Exhaust Flow (inlet) Oxidizati
xidization 4

Diesel Particulate Filter

Figure 14: Trap oxidiser featuring an Figure 15: Schematic representation of
oxidization catalyst and a DPF (21) flow pattern in a wall flow monolith (21)

The particulate collection mechanisms can be categorised as follows (21):

e 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

e Cake filtration where the particles are deposited on the channel wall through

sieving
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The depth filtration relies on three mechanisms of aerosol deposition (21):

e Diffusional deposition
e |nertial deposition

e  Flow stream-line interception

These mechanisms are illustrated in figure 16 where the large circle in the middle represents a
collecting body in the filter media; say a fibre of a filter. Diesel exhaust gas flows around the
filter media, as indicated by the streamlines. The small black-red spheres represent diesel

exhaust particles travelling with the gas stream.

il

(a) (b) (c)

Figure 16: Depth filtration mechanisms: (a) Diffusional deposition, (b) Inertial deposition, (c)
Flow stream-line interception (21)

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

Inertial deposition (b), also called inertial interception, becomes more important with increasing
particle size (mass). While these bigger particles are approaching the collecting body, because of
their increased inertia, they cannot follow the stream-lines and they strike the obstruction.

Flow stream-line interception (c) occurs when a fluid stream-line passes within one particle
radius of the collecting body. Then, a particle travelling along the streamline touches the body

and is collected without the influence of Brownian diffusion or inertia (21).

As far as the filter material is concerned, two types are commonly established: cordierite
and silicon carbide. Cordierite is a synthetic ceramic developed for flow-through catalyst
substrates and subsequently adapted for the filter application. Silicon carbide or SiC has been
used for a long time in a number of industries for such applications as semiconductors,
abrasives, or high temperature/molten metal contact materials. More recently, it was
successfully introduced as a diesel filter material. Cordierite substrates perform satisfactory in

most heavy-duty applications with high exhaust temperature. However, cordierite is more
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susceptible to thermal stresses. SiC has higher maximum operating temperature limits and

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

expensive (21).

Nowadays, in the automotive industry metallic monolith is being developed as the best
material for trap oxidisers due its characteristics which induce some important advantages over
the ceramic monolith. The construction of this type of filters resembles a streamer as it consists
of two corrugated metallic sheets, which are wrapped and formed in layers and via a welding
they compose the compact body of the monolith (figure 17). The most commonly used material
is steel of high endurance to heat and corrosion and appropriate for welding and for
“accepting” the catalytic coating. The placement of the metallic monolith is easier since there is
almost no dilatation between the monolith and the shell of the filter and there is no need for
the intermediate compensatory material which is necessary for the ceramic monolith. In
addition, due to the fact that metallic substrates have sinusoidal channels, while the ceramic
ones have square cells (figure 18), the metallic monolith exhibits smaller exhaust backpressure
for the same catalytic effect. Furthermore, the risk for melting is smaller due to the metal’s high
thermal conductivity and the size is reduced because of the 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 1100 °C, and there is always the risk of
welding break which will lead to the separation of the two corrugated sheets (22). Therefore, for

the time being this type of filter is inappropriate for large DPF applications where the more state

of the art materials are dominant.

Metal Ceramic

Ceramic

Figure 17: Monolithic substrates (23) Figure 18: Monolithic cells (23)
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2.2 DPF Regeneration Strategies

The biggest challenge that DPF systems face is their early-clogging due to accumulation of
the collected PM inside the filters. The reduction of the exhaust flow through the filters is
directly translated to an increase of the engine backpressure which is undesirable because it
leads to worse engine performance. That is why it is necessary to clean the filter periodically by
burning off (oxidizing) the collected particulate; this process is known as regeneration. Under
the conditions met in diesel exhaust systems, regarding exhaust flow and oxygen concentration,
the required reaction rates for complete regeneration are attained at temperatures 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
categories (19):

e Thermal regeneration by use of engine measures or by the supply of external
energy
e (Catalytic regeneration (catalytically coated filter or fuel doping)

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

In the first category, a significant fuel consumption penalty must be foreseen to supply the
additional energy (i.e. burners, electrical igniters, etc) required for regular thermal regeneration.
This can be achieved with the incorporation of an air assisted burner or HC doser. The latter is a
system where fuel is injected upstream of a special catalyst where the injected fuel is thermally
converted. Nevertheless, there is also the possibility of implementing engine measures in order
to raise the trap inlet temperature. For instance, the throttling of the engine exhaust results to a
rise of the engine cycle pumping work, and eventually to a rise of the mean effective pressure
and temperature of the high-pressure loop of the engine cycle. The energy balance of the
exhaust throttled engine shows that an increased portion of the fuel energy per cycle is
dissipated as exhaust gas enthalpy. This causes the onset of regeneration (20). However, the
PM oxidization at elevated temperatures may lead to local thermal shocks or in a worse case to

uncontrolled burning which 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 as 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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temperatures below 350°C, 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 filter durability and additive ash accumulation. The disadvantage
of the additive currently being used is that it causes extra ash build up in the diesel particulate
filter and therefore, with increasing mileage accumulation, makes it necessary to clean the filter

or even to replace it (21).

The catalysed ceramic traps or wash-coated filters were developed in the early 80’s. Their
first applications included diesel powered cars and, later, underground mining machinery. The
main component of the filter is the ceramic (cordierite, SiC) wall-flow monolith whose porous
walls are coated with an active catalyst. Many materials, that are catalytically active in soot
oxidation, have been studied in the last 20 years and have been tested as coating of a
particulate filter. These materials are mainly oxides of base metals (Ba, Ca, Ce, Co, Cr, Cu, Fe, La,
Mn and V) and noble metals (Pd, Pt) as well as mixtures of base and noble metals. The main
drawback of these systems is that pure contact between the catalytic coating and the soot
particles is indispensable. Therefore, if the distance is too high, catalytic action cannot take
place. Only the particulates that are in direct contact with the catalytic coating are able to
oxidise. Another problem of catalysed filters is the generation of sulphates by catalytic oxidation
of the exhaust SO, to SO;, at high exhaust temperatures. The gaseous SO; can penetrate the
porous walls and freely leave the filter. Combining with water it forms sulphate particulates that

increase the total PM output especially in case of fuels with high sulphur content (21).

Apart from the active regeneration systems described above, new systems for filter
regeneration have been developed. These systems are called passive regeneration systems
because filter cleaning is continuous and does not need activation. The CRT (Continuously
Regenerating Trap) particulate filter is a patented emission control technology that is based on
the presence of NOy in the exhaust gases. The 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 require the use of supplemental heat. The CRT
particulate filter functions on the basis that soot will oxidise in the presence of NO, at a lower
temperature than with O,. In fact, this lower temperature is compatible with the typical exhaust
temperature from diesel engines. The device is made up of two chambers where the oxidation
step is separate from the soot collection - combustion process. The first chamber contains a
substrate coated with a proprietary, highly active Pt oxidation catalyst which is designed to

oxidise a portion of the NO in the exhaust to NO,, which is the key to the oxidation of soot
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collected by the CRT filter. The catalyst also converts CO and HC into CO, and H,O. In the second
chamber, the exhaust flows through a particulate filter, where soot is trapped on the walls of
the filter. The trapped soot then is destroyed by the NO, produced by the catalyst in the first
chamber. This particulate filter may be uncoated or it may be coated with Pt to further enhance
the reaction of soot with NO,. The basic requirements for maximum PM reduction with the CRT
particulate filter are ultra low sulphur fuel, an average exhaust temperature of 260°C and a
NOx/PM ratio of at least 25. For use on higher sulphur fuels the basic requirements are exhaust

temperatures above 350°C with NOx/PM ratio above 25 (21).

Except for the CRT, there is also a more advanced regeneration system capable to reduce
diesel particulate matter attaining low oxidation temperatures. This system takes advantage of
the sharp increase of soot oxidation rate in air that has been ionised by an electric arc (thermal
plasma) at temperatures in the range of 200 to 450°C. This is attributed to some reactive species
generated in plasma, such as O and OH radicals or NO, that facilitate the oxidation of soot

particles at low temperatures.

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

device:

e Two-stage reactor, where a diesel particulate filter (DPF) is positioned downstream
of a plasma generator. The role of plasma in the two-stage configuration is to
generate NO, and, possibly, O3, which can oxidise particulates in the filter. However
the applicability of this kind of system is questionable, due to the production of
NOy.

e Single-stage reactor, where a packed bed plasma reactor acts as the PM trapping

device (figure 20).
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Figure 20: A plasma regeneration system
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Figure 19: A CRT filter system (21) (21)
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In both configurations the plasma generator may be controlled and actuated by the engine
management system in order to operate intermittently according to each engine operation

condition, which is characterized by different soot emissions (21).

Finally, the filters can also be aerodynamically cleaned with compressed air, injected
periodically and in different positions in order to sweep the whole surface of the filter. In this
case, bag-houses to collect the dislodged soot particles are needed, as well as adequate
compressed air supply. For the time being, such a system is only experimental and is considered
as part of an emission control device which features DPF for soot emission reduction and EGR
for reducing NOy 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 stream, after passing through the trap, is conducted to a
fabric bag, enclosed in a sealed container (bag-house), where the particulates are finally
collected, while part of the soot-free exhaust gas is led to the engine (EGR) to reduce the
cylinders peak temperature and pressure. The collected soot is either discarded or burned in a

separate incinerator (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 gradually downgrades the filters function
and efficiency. This factor is the accumulation on the filter of non-oxidisable particulates, such
as sulphates and ash, which results in a build-up of residual pressure drop. Sulphates production
can be limited by adopting either desulphurisation strategies or by using fuels with low sulphur
content. On the other hand, ash production and accumulation on the filter cannot be easily
controlled. Nevertheless, recent 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
expected based on lube oil consumption. Moreover, the reason for the high ash accumulation
on filters is due to their high trapping efficiency of ultrafine particles, typically more than 99%, in
the size range of the fundamental ash particle. However, an initial ash layer is beneficial to the
filter function as it prevents the penetration of ultrafine soot particles into the walls which may
cause a marked increase in backpressure. As far as the ash removal is concerned, it can be
achieved aerodynamically 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 Applications

In order to achieve high trapping efficiency as well as prolonged period of proper operation
of a DPF system, several parameters have to be considered for optimizing the system design,
especially if it is referring to marine applications where there is 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 the DPF substrate selection is concerned, a general challenge is the limited ash
storage capacity of certain DPF substrates. In some cases the DPF was blocked after less than
700 operating hours contrary to the expected design maintenance interval of 3,000 to 4,000
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 case it would be equivalent to approximately 24,000 to 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 DPF would be required to reach the desired
operating hours (25). In addition, ash amount deriving from not only the lube oil, but also from
the fuel oil as well should always be considered due to the different ash content of the marine
distillate oil. Therefore, the DPF should have an ash storage capacity of 300 to 400 liters
depending on the desired operating hours (12,000 — 16,000 hours). Furthermore, as 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 backpressure. Hence, the resulting 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 engine. That is why, to circumvent such unrealistic DPF space
requirements, DPF substrates with lower PM reduction efficiency but ash penetration capability
need to be applied. This can be achieved by selecting a special substrate cell structure (figure
21) as well as a suitable cell density. For choosing the appropriate cell density, a compromise
must be found between maximising the available substrate surface area within a fixed volume
and the risk of blocking of the small cells. Due to the lower trapping efficiency of the special DPF
substrate, a PM reduction of only 50% should be envisaged. Moreover, 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 loaded state respectively before regeneration).
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Figure 21: 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 upstream the filter is a trustworthy solution although noticeable increased fuel oil
consumption has to be considered (25). However, according to automotive applications, passive
regeneration is also possible with sulphur free fuels (the upper limit of the sulphur content of
the fuel depends on the sulphur tolerance of the catalytic coating) and at exhaust gas
temperatures above 230°C. A CRT system is of course the most desired option for this kind of
application. In addition, the required exhaust gas temperature (above 230°C) 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 a fail-safe DPF operation on board ships. This
requires a temperature rise up to 600-650°C, 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 500-550 °C is needed. For these reasons, the incorporation of an
air assisted burner or a HC-doser is necessary with the latter being a more compact and
probably less complex solution. However, the collected soot, respectively EC, as well as the
injected fuel of the HC-doser poses a serious fire hazard onboard a ship. For the time being,
strict safety regulations don’t allow the installation of burners in the exhaust system due to the
fire hazard, so there isn’t any existing installation of this kind on a ship. In the future, the need
for high PM reduction of marine diesel engines will 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 level of a conventional DPF substrate of 99% trapping efficiency.
However, reduction of the organic fraction (SOF) is expected to be limited to 30-60% for sulphur
tolerant but not precious metal catalytic coating. The biggest drawback of conventional precious
metal catalytic coatings is that they deteriorate quickly due to the presence of catalyst poisons
in the fuels. As a consequence innovative catalytic coatings have been developed recently in
order to exploit their higher reduction capability of the SOF and at the same time to enable the
application of passive regeneration strategies. This provides the possibility for minimizing the

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

The Exhaust Bypass System (EBS), that has been developed and installed in the LME/NTUA,
takes advantage of the DPF technology as it features two particulate filters for reducing PM
emissions. During the EBS design three solutions regarding the particulate filter were suggested.
The first constructional solution was proposed from the company HUG Engineering and included
one square DPF, made of SiC, with a diameter of 500 mm and volume of 175 liters. The cell
density of the filter was 177 cells per inch with an average wall thickness of 12 mils (thousandths
of an inch). Several computational simulations were carried out and produced some interesting
results that are presented in figure 22. When the filter was cleaned, the pressure drop was 15
mbar while in the loaded state (100g of soot) it only rose to 30 mbar. Such a low pressure drop
is undesirable since it leads to significant maldistribution of the flow inside the filter because the
exhaust gas flows only through the central core of the filter and most of the soot is deposited
there (26). For this reason the suggested filter from HUG Engineering was rejected because it

was considered oversized.
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Figure 22: Calculation of pressure drop 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 Mine-X,
included one cylindrical DPF made from cordierite, with a diameter of 350 mm and volume of
70 liters (much smaller from the first DPF proposed). The cell density of the filter 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 to the oversized filter, while in the loaded state (100g of
soot) it rose to 100 mbar (26). A pressure drop of this level is considered acceptable as it is

below the limit (120 mbar) that manufacturers define for proper engine operation.

The third constructional solution was proposed from the company DCL and 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 mils. The computational simulations (figure 23)
predicted an initial pressure drop of 40 mbar for clean filters and 140 mbar for the loaded state

(26).
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Figure 23: 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 three proposed constructional solutions regarding the DPF selection, are
presented (26). Although the second solution from Mine-X was considered suitable for the
specific application, difficulties regarding the filter supply, as well as the possibility for
investigating the performance of two DPFs in the EBS led to the selection of the third solution,
proposed from DCL. The two particulate filters were removed from trucks, then cleaned
(regenerated) and delivered at the laboratory (figure 24). Despite the relatively high pressure
drop that was predicted in the loaded condition (140 mbar for 100g of soot) the installation of
two filters allows each time the removal of the more loaded filter so the system without
interrupting the system operation. As far as the selected regeneration strategy is concerned, the
EBS doesn’t predict any active or passive regeneration system. If a filter is loaded at an
undesirable level, it will be removed and placed in special furnaces where the soot will be

oxidised. Then the clean filter will be re-installed 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. (mils) 177/12 100/17 100/17
Substrate material SiC Cordierite Cordierite
Ap clean filter (mbar) 15 25 40
Ap loaded filter (mbar) 30 100 140

Table 2: Suggested solutions regarding the DPF selection (26)

Figure 24: The two DCL particulate filters (26)
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Chapter 3: Exhaust Bypass System Overview

3.1 System Description

The Exhaust Bypass System or EBS is an after-treatment emission control device which
takes advantage of the DPF technology by featuring two particulate filters. However, it differs
from the conventional DPF systems since its design enables the selective reduction of the
prominent smoke (PM) emissions of marine diesel engines. The system is named EBS because it
is characterised by the presence of a bypass duct connected to the main exhaust duct. The
initially conceived idea comprises the activation of the EBS only during engine transient
loadings, such as engine start-up or sharp increase in the engine load, when there is high PM
(smoke) production. The eventual smoke reduction is achieved by leading the exhaust gas
through this bypass duct and then to the particulate filters that collect the increased PM
emissions of the engine'. When the engine operates in steady-state conditions and smoke
emissions are less, the EBS deactivates by allowing the exhaust gas pass through the main duct
and then to the atmosphere unfiltered. The selective exhaust filtering is far from being optional
since it is the only way to avoid early filter-clogging due to the exhaust content in ash and PM
that contaminates the filters>. The exhaust gas flow control, which is necessary 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 respective positioners.

The system efficiency is a measure of two dependent variables: the accomplished smoke
emission reduction and the engine backpressure developed from the filters presence. Thus, the
respective sensors that measure exhaust opacity and exhaust pressure across the filters are
considered as an integral part of the EBS. Furthermore, additional sensors that measure the
overall system backpressure and the exhaust temperature before the filters and the bypass duct
are considered major parts of the EBS. The system parameters are limited only to the exhaust
gas flow control since the amount of the exhaust gas to be filtered determines uniquely the
system efficiency. Finally, the system provides the potential of leading part of the exhaust gas
through the filters (by the simultaneous opening of the two valves) which can further increase
the system efficiency. As a consequence, a possible sensor that measures the exhaust gas flow

before and after the bypass duct has also been considered. The 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
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Figure 25: The exhaust bypass system overview 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 engines. The first one is an
MAN-B&W Holeby L16/24 5-cylinder, 4-stroke turbocharged diesel engine of a maximum power
of 500 kW and maximum speed of 1200 rpm (figure 26). The engine is mainly used for ship-
board electric power generation and is coupled via a shaft and an elastic coupling with an AEG
electric dynamometer which allows complex transient loadings. One of the main features of the
MAN-B&W Holeby L16/24 engine is that it offers the possibility for optional fuelling with HFO as
well as with MDO. The second engine is a Caterpillar 3176, 4-stroke turbocharged diesel engine
with 6 cylinders in-line, having a maximum power of 448 kW and a maximum speed of 2300 rpm
and mainly used for propulsion of small vessels or for electric power generation (figure 27). This
engine is equipped with an electric starter and runs on diesel oil. It is coupled with a
Zoellner hydraulic dynamometer via a cardan coupling and can simulate either stationary
operation (gen-set) or a propeller curve operation. Both engines specifications 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 funnel (figure 28). The outer diameter of the exhaust system
duct is 323.8 mm while the inner diameter is 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 the exhaust system is common and oversized for both engines offers

the possibility for simultaneous engines operation.

Figure 27: Caterpillar
3176B

Figure 28: Exhaust
pipeline system
Figure 26: MAN B&W
Holeby L16/24
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Engine MAN B&W Holeby L16/24 Caterpillar 3176B
Operation cycle 4-stroke 4-stroke
Cylinders number 5 6
Cylinders configuration 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 kwW 449.3 kW
Nominal speed 1200 rpm 1900 rpm
Maximum speed 1200 rpm 2300 rpm

Table 3: Engines Specifications

The majority of the experiments are to be conducted with the Caterpillar 3176B engine so
during the DPF selection® for the EBS a series of computanional simulations were conducted to

investigate the selected DPF performance (figure 29).
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Figure 29: Calculation of pressure drop and regeneration temperatures of the DCL filter based
on a certain regeneration scenario with the CAT 3176B engine and with 100g initial filter soot
load (26).

* See section 2.4 p.25-26
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3.2 System Efficiency Evaluation

The EBS efficiency is assessed by simultaneously measuring the smoke emission reduction
achieved and the backpressure developed across the two particulate filters. The first variable is
a measure of the system performance while the second variable is a direct indication of the
system influence on the engine operation. Both depend on the amount of the exhaust gas being
bypassed and led to the filters and are 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 backpressure and vice versa. High backpressure is considered
undesirable since it increases the engine thermal load and the fuel consumption. For this reason
sensors that can accurately estimate the smoke emission and the pressure drop across the

filters are considered vital parts 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 optical ones. For the optimisation
of the EBS a quick and accurate measurement of the smoke emission is necessary so a suitable

method must be selected.

Thermal methods can provide information of the organic compounds (mainly EC) in the
exhaust gas and several protocols have already been developed. However, special laboratory
equipment is needed as the particulate sample is collected and heated in ovens in order to
measure the produced CO,. As a consequence, thermal methods are considered inappropriate
for the specific application (EBS) as they cannot satisfy the need for quick and continuous smoke

emission measurements during engine transient loadings.

As far as the optical methods are concerned, many standards have been developed since
their applicability has rendered them very popular. These methods directly 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 instruments measure light absorption changes
due to filter paper blackening caused by a sample gas drawn through the filter (12). 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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EBS. Other optical instruments for measuring smoke are the opacity meters which measure the
light attenuation caused by the sample gas. Although these instruments provide simple and
quick measurements, their accuracy is disputed since some light attenuation may be a result of
redirection (scattering) instead of absorption. However, opacity meters are suitable for
measurements on engine transient loadings due to their small sampling period. Therefore, a

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

Several other methods for measuring smoke have also been proposed, such as the
photoacoustic one, which includes firing the sample gas with intense laser light. The light
absorptive particles, which are hit by the laser, heat up rapidly and make noise. Then, the noise
is detected and the particulate concentration is evaluated. Although this method measures light
absorption directly, it does not give complete information of light over different wavelengths, it
requires dilution prior to measurements from diesel engines and has high maintenance

requirements. Furthermore, it isn’t a standardised method so its applicability is limited (12).

Recently, new methods for smoke identification have been developed although further
experience is needed before such methods are widely applied. For example, instruments that
measure PM (smoke) based on the triboelectric effect have been produced, featuring a
protruding probe (figure 30) that is inserted into the exhaust flow and measures the electrical
charge which the soot particles experience due to friction (27). Unfortunately, despite the
simplicity of their operation, they require constant exhaust gas speed so they are not suitable in
diesel engines applications. In addition, new compact sensors for PM measurement after DPF
applications are under development (figure 31). Such sensors contain special configurations
which due to PM deposition create conductive contact between two electrodes that are under
constant voltage. The sensors measure the induced electric current which is directly related to
the PM deposition. Then, the deposited PM is oxidised via regeneration processes so that new

measurements can be obtained (28).

Figure 30: PM measurement instrument

based on the triboelectric effect (27)
Figure 31: PM compact sensor (28)
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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 been chosen. The manufacturer is a
Danish company named Green Instruments A/S and the selected model 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 smoke density since
it is positioned directly on the exhaust flow and it doesn’t require collecting sample gas. As a
result this smoke sensor is considered ideal for the EBS as its signal can be incorporated easily in
a closed loop automatic system. Furthermore, it doesn’t depend on weather conditions or
ambient light and considering its limited dimensions, this monitor is suitable for applications

where flexibility and easy sensor mounting — removal are required.

As a standard configuration, the G1000 Smoke Density Monitor (SDM) consists of the

following main elements (29):

e Opposed optic heads with lenses (figure 32 and 33)
e Fiber optic cables (figure 33)
e Purge air system

e Monitoring unit with digital display (figure 34)

The SDM uses a high-power 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 beam module amplifier which is placed
inside the monitoring unit. The 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 opacity and 100% if the light beam is totally blocked. Apart from the
digital display, the monitoring unit provides analogue signals in the form of current and voltage
outputs of 4-20mA and 0-10V respectively. Higher signal values (20mA and 10V) correspond to
0% opacity while the lower ones (4mA and 0V) indicate 100% opacity. The SDM overall

specifications are presented in appendix | page 113.

American regulations are in most cases based on absorption and employ the Ringelmann
method (published by Prof. Maximilien Ringelmann in 1898) in which a trained observer makes
visual estimate of the smoke appearance. It has 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 5.5 mm wide lines and level '5' by all black (30). The Ringelmann chart serves for
visual comparison of plume to the six levels of opacity as shown in 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 employed by IMO in its regulations on shipboard incinerators (MARPOL V)
when limiting the emissions to Bacharach 3. Usually, this is interpreted to correspond to

Ringelmann 1 (29).

Figure 32: Optic heads of Figure 33: Lenses with Figure 34: The SDM
SDM fibre optic cables monitoring unit
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Figure 35: Ringelmann scale for smoke density (30)

For the SDM process connection, the optic heads are positioned on socket pipes (figure 36),
made of ordinary mild steel, that are welded onto each side of the smoke channel. Furthermore,
the SDM includes a purge air system which supplies clean and dry air (of 1-2 bar pressure)
through a non return valve, an air distributor (figure 37) and two hoses (figure 38) to the head
housings. The purge air supply is crucial to the SDM proper operation since 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 supply filter regulator and a flow meter are optionally provided with
the sensor. The volumetric air supply should be approximately 2x5 |/min and can be controlled

using the flow control screw at the purge air connection of the head housing (29). An overall

schematic representation of the G1000 SDM process installation is presented in figure 39.

Figure 36: Pipe sockets for Figure 37: Air distributor Figure 38: Air hoses of
process connection of purge air system purge air system

Figure 39: Schematic representation of the G1000 SDM process installation (31)
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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 filters. Pressure sensors measure 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 pressures, one connected to each side of the sensor. These are called differential pressure
sensors and are suitable for measuring pressure drops across filters. As far as the sensing
technology is concerned, the majority of pressure sensors are force collector types which
generally use a force collector (such a diaphragm, piston, bourdon tube, or bellows) to measure

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

The most common force collector pressure sensors take advantage of the piezoresistive
strain gauge technology. The applied — measured pressure deforms an elastic diaphragm onto
the ends of which are located four strain gauges which are connected to form a Wheatstone
bridge circuit. The bridge balances when the applied voltage is zero. The deformation of the
elastic diaphragm is measured via the strain gauges. As a result, the voltage output of the
Wheatstone bridge varies accordingly to the applied pressure. The elastic diaphragm is usually

made of silicon (32).
Several other types of force collector pressure sensors exist such as (33):

e (Capacitive which use a diaphragm and pressure cavity to create a
variable capacitor to detect strain due to applied pressure.

e Electromagnetic which measure the displacement of a diaphragm by means of
changes in inductance (reluctance).

e Piezoelectric which take advantage of the piezoelectric effect of some materials
(e.g. quartz) to measure the strain caused by the applied pressure. This technology
is commonly employed for the measurement of highly dynamic pressures.

e Optical which use the physical change of an optical fibre to detect strain due to
applied pressure. This technology is employed in challenging applications where
the measurement may be highly remote, under high temperature, or may benefit
from technologies inherently immune to electromagnetic interference.

e Potentiometric which use the motion of a wiper along a resistive mechanism to

detect the strain caused by applied pressure.
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For measuring the backpressure developed by the two particulate filters, four piezoresistive
pressure transducers have been chosen. 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 the filters* so that
simultaneous readings of system backpressure and pressure drop across the filters can be

achieved.

The four pressure sensors were acquired by the German company Wika and the selected
model is the S-10 Pressure Transmitter (figure 40). This model offers continuous measuring
ranges between 0...0.1 and 0...1,000 bar and is capable of operating with aggressive media such
as exhaust gas (34). However, to ensure proper sensor operation the media temperature has to
be maintained under 100°C, so special configurations must be realised in order to cool the
exhaust gas to the desired temperature without affecting the sensor response. In order to
achieve accurate and prompt backpressure readings a proper measuring range of 0 to 1 bar
gauge pressure has been selected. The sensor provides two-wire current output of 4-20mA and
its accuracy is defined as less than +0.50% of the selected measuring span. Detailed sensor

specifications are provided in appendix | pages 114 - 117.

Wixal|
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Figure 40: S-10 pressure transmitter (34)

* See section 3.1 p.29



3.2.4 DPF Soot Load Estimation

The system backpressure is highly related to the DPF soot loading since the accumulated
PM impedes the exhaust gas flow through the filters. As a consequence, pressure drop across
the filters develops and the system backpressure increases. For this reason, a precise knowledge
of the actual trapped soot mass inside the DPF is required. It is a state of the art to estimate
indirectly the soot loading in a DPF via the measurement of the differential pressure developed
across the filter combined with the use of specific on-line models. However, this method highly
depends on soot characteristics and the exhaust flow rate through the filter. In addition, the
estimation models need calibration in any new setup and to do this the soot load of the DPF
must be known while tuning the parameters. Moreover, because it is difficult to know the soot
distribution in the filter, the mass estimation based on the differential pressure sensor can be

less accurate, especially for certain types of engine's operation cycles (35).

However, a new approach, based on a microwave measurement technique, that enables
direct and contactless in-operation soot load detection, has been developed. Microwaves are
impressed into the filter by a vector network housing via coaxial antennas and the scattering
parameters (transmission-reflection), which are a function of frequency, are measured. The
filter canning acts as cavity resonator, in which the electro-magnetic waves form resonant
modes at characteristic frequencies. These are highly influenced by the permissibility and
conductivity of the filter. As the DPF is being loaded, the accumulated soot alters the system's
conductivity, due to the soot's different dielectric properties, hence its resonant frequencies
(figure 41). As a result this shift of the resonant frequencies as well as the respective changes in
the attenuation of the radio waves can be measured to determine the soot load inside the filter.
This method has already been used to control the active regeneration of diesel particulate filters
in city buses. Despite 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 decreasing resonance frequency (36). As a result,
the soot load measurements depend highly on the exhaust gas temperature so necessary

compensation has to be considered.

In 2009 General Electric Sensing and Inspection Technologies announced the ACCUSOLVE
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
real-time soot loading data and real time closed loop control of the DPF regeneration process

(37). The launch of the RF-sensor 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 RF-sensor presents a clear temperature and soot
distribution dependence, it doesn’t depend on the exhaust gas flow and its response is prompt
and more accurate.

For the time being, the lack of adequate experience, the high RF-sensor cost as well as the
need for obtaining immediate reading of the system backpressure, led to the 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 installed before the two filters, two additional
similar pressure sensors are also to be installed after the filters®, so by extracting the readings of

the pressure sensors across each filter, the respective soot load estimation can be derived.
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Figure 41: Resonant modes shift due to soot loading (36)

Figure 42: Accusolve advanced DPF soot sensor (37)

> See section 3.1 p.29
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3.3 Exhaust Gas Flow Control

The only parameter that determines the overall system performance, hence its efficiency is
the exhaust gas flow that is led through the particulate filters. Excessive exhaust gas flow
through the filters will lead to a high increase of smoke emission reduction but also to an
increase of system backpressure to undesirable levels as well as to early filter contamination. On
the other hand, small exhaust gas filtration may lead to less engine backpressure and increased
filter life span but the smoke reduction achieved may not be sufficient. As a consequence, the
exhaust gas flow control, which is to be achieved via two butterfly valves®, is crucial for the EBS

operation and optimisation.

Initially, the exhaust gas will be totally bypassed until engine steady state operation is
achieved. Therefore, the 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 may impose partial bypassing of the exhaust gas. As a result
in order to estimate the exhaust gas flow through the filters, one additional measurement
across the bypass duct is necessary. For obtaining these measurements a flow measurement

sensor has been considered in the EBS.

3.3.1 The SOMAS Butterfly Valves

The two special butterfly valves, manufactured from the Swedish company SOMAS, are
wafer design so they are suitable to be mounted between flanges. They are made of stainless
steel (special alloys may be used for applications with aggressive media) and their nominal size
ranges from DN80 to DN1200 (for exhaust gas applications the maximum valve dimension is
limited to DN800) in order to cover a vast range of pipe ducts. The main characteristic of these
valves is their advanced triple eccentric design which includes a unique disc shape made of solid
stainless steel (or other suitable materials) seat which remains unaffected by high flow velocities
and temperatures and renders the valves capable of handling a wide range of liquids, gases and
steam within a broad temperature range (up to 600°C). Furthermore, they can be used as
control on/off and shut-off valves and their tightness class is in accordance with EN60534-4
Class V as standard (38). According to the characteristic curve of the flow as regards the valve

opening angle (figure 43), high flow increase is observed after 50° while its maximum value

® See section 3.1 p.29
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(100%) is achieved for 80° opening angle. For higher angle values the flow starts to decrease due

to the increase of the pressure drop across the valve.
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Figure 44: SOMAS butterfly valves for
exhaust gas (38)

Figure 43: Characteristic curve of the flow
as a function of the valve opening angle
(38)

For the specific application (EBS) which features exhaust pipe duct of 323.8mm outer and
313.5 mm inner diameter, the SOMAS butterfly valve for exhaust gas (figure 44) DN 300 has
been selected. Its overall specifications (e.g. pipe geometry factor, capacity factor, resistance

factor, etc) and selection tables are presented in appendix | pages 118 - 121.

The SOMAS valves are delivered assembled with pneumatic actuators. The actuators are
manufactured by SOMAS in a compact design and have a torque curve corresponding to the
torque demand for ball segment, butterfly, and ball valves. Their main characteristic is the low-
friction seals which allow for a low starting torque. Moreover, the springs of the actuators are

supplied in a cartridge in order to reduce the risk of injury and to simplify maintenance.

The pneumatic actuators provided by SOMAS (figure 45) are divided into three categories:
e Double acting actuators
e Single acting actuators — spring to close

e Single acting actuators — spring to open
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All three types consist of a piston which receives the force applied by the pressurised air (4 — 8
bar) supply and moves in a linear way. The linear motion from the piston is then converted into
a rotary motion via a linkage mechanism. In figure 46 the curve that shows the output torque
from the actuator as a function of the actuator shaft angle is provided. Maximum torque is
achieved in the closed position which corresponds to the demand of ball segment valves, ball
valves and metal seated butterfly valves. For the latter, the dynamic torque can be high in case
of high differential pressure across the valve. This increased torque demand is normally covered

by the actuator selection tables (39).
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Figure 45: SOMAS pneumatic actuators Figure 46: Characteristic curve of the
(39) actuator torque output as a function of the
shaft angle (39)

The double acting actuators or DA don’t have springs and the piston motion is reversed by
pressurised air supply (figure 47). On the other hand, the single acting actuators have special
springs for the reverse operation. In single acting actuators the springs either close (SC) or open
(SO) the valves in case of failure while in DA actuators the fail safe operation is determined via
selecting the desired depressurising strategy. The SOMAS pneumatic actuators overall
specifications as well as the selection tables are provided in appendix | pages 122 - 124. The

selected model of the pneumatic actuators of the EBS is the A31-DA-F14.

The SOMAS butterfly valves are delivered fully assembled and factory tested as complete
units with the pneumatic actuators and the respective electro-pneumatic 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 electro-pneumatic

positioner of the Siemens Company.
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The SIPART PS2 positioner offers many advantages, like simple installation and automatic
commissioning (self-adjustment of zero and span), possible local and remote operation, very
high-quality control thanks to an online adaptation procedure, negligible air consumption in
stationary operation, “tight shut-off’’ function (ensures maximum positioning pressure on the
valve seat) and few moving parts, hence insensitive to vibrations. It can also be used in various
applications (from the food and pharmaceutical industry to the chemical/petrochemical one)
and is suitable for single and double acting actuator. As far as the process communication is
concerned, they are provided in versions of 0/4-20mA control communication without/with

HART signal or with either PROFIBUS PA or FOUNDATION Fieldbus (FF) communication interface.

The SIPART PS2 electro-pneumatic positioner consists of a highly-integrated microcontroller
and works in a complete different way to normal positioners. The positioner moves the actuator
to a valve position corresponding to the selected setpoint. 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 purpose. Comparison of the setpoint and the actual value takes place
electronically in the microcontroller. If the microcontroller detects a deviation, it uses a 5-way
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 deviation (deviation between setpoint w and
control output x). The piezoelectric valve converts the command into a pneumatic positional
increment. The positioner outputs a continuous signal in the area where there is a large control
deviation (high-speed zone); in areas of moderate control deviation (slow-speed zone) it outputs
a sequence of pulses. No positioning signals are output in the case of a small control deviation
(adaptive or variable dead zone). The linear or rotary motion of the actuator is detected by the
mounting assembly and transferred to a high-quality potentiometer made of plastic conductive
material over a shaft and a non-floating gear transmission (40).

The positioner also offers the option for installing a module which provides a two wire 4-
20mA position feedback signal. This module, named Iy, is indispensable for developing and
optimising the EBS. Apart from the Iy module, 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 module offers also a second binary

input for alarm signals for triggering safety reactions (e.g. safety position) (41).

In figure 47 the SIPART PS2 electro-pneumatic positioner (detailed specifications provided

in appendix | pages 125 - 131) is presented. The pneumatic connections of the positioner for the
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inlet air and the positioning pressure are located on the right-hand side. The positioning
pressure output ports Y1 and Y2 of the positioner are connected via two 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.

Y2

—

1

down™____ % up

Figure 48: Pneumatic connection of
positioner and actuator (41)

Figure 47: SIPART PS2 electro-pneumatic
positioner (40)

Due to the fact that the electro-pneumatic 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 set to close as it is the
mandatory safety position for valves that correspond to marine applications. The butterfly
valves, the pneumatic actuators as well as the respective electro-pneumatic positioners were

delivered in LME fully assembled as complete units ready for process installation (figure42).

Figure 49: SOMAS butterfly valve as delivered in LME
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3.3.2 Exhaust Gas Flow Measurement

Except for optimised exhaust gas flow 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 principles. The most common flow sensors are the velocity
flow meters which feature a special probe at the edge of which there is a vane 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 flow which passes
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 and capable of measuring flow
velocity of aggressive media, the need for steady velocity profile, as well as the fact that they
interfere with the flow pose some limits to their operation. In order to overcome these limits
additional flow sensors have been developed, 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 precision-fitted 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 measure mass flow rate
directly and are divided in two categories. The thermal flow meters, which calculate flow by
measuring the heat loss, conducted to the passing fluid and the Coriolis flow meters. The latter
feature rotating U-shaped tubes which start to oscillate 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 company Hontzsch. The flow meter features the corrosion
resistant vane wheel sensor ZS25 (figure 50) which is suitable for exhaust gas measurements
(capable for operating up to 500°C) and vyields a large measuring span of 1.4 to 120 m/s. The
vane wheel rotation speed scanning is realised via a non-contact inductive proximity switch.
Moreover, the sensor can operate to a large extent irrespective of the density and composition
of the gas and keeps the pressure drop due to the sensor presence to a low level. Finally, the
flow meter has an integrated transducer which produces output analogue signal of 4-20mA (42).

Detailed sensor specifications are provided in appendix | pages 132 — 136.

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

for implementing accurate measurements imposes a big challenge. In case of full exhaust
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bypassing flow measurements can be limited to one and the procedure is simplified since a
suitable spot on the exhaust duct far from elbows and duct reduction — enlargement can be
found’. However, if additional measurements on the bypass duct are needed (in case of partial
bypassing), the applicability of the sensor is highly limited 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 measuring the flow

velocity in different sensor insertion lengths, on the same spot and for the same flow conditions

(figure 51).

Figure 50: Hontzsch velocity flow sensor ZS25 (42)
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Figure 51: Measured flow velocity profile (43)

7 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
necessary. Due to the big dimensions of the exhaust duct, 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 through system. The necessary
temperature measurements are to be obtained at three positions on the exhaust duct, two of
them before the particulate filters and one before the bypass duct®. Early tests did prove a
temperature difference between the two particulate filters which wasn’t expected to be in such
a degree from 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 LME. Moreover, in order to ensure electrical isolation of the analogue signals, special
isolating amplifiers are needed to support high-quality measurements. Finally, 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 Measurements

For temperature measurement many methods have been developed, most of them relying
on measuring some physical property of a working material that varies with temperature. The

most common temperature sensors that are used in industrial applications are (44):

e Thermistors

e Resistance Temperature Detectors (RTD)
e Thermocouples

e Pyrometer

e 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 non-linear. As a result, they are useful as temperature detectors within a limited
temperature range, typically -90°C to 130°C. Thermistors are mainly 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 ranges. Most 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 often placed inside 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 non-linearity, hence limited operation range. On the other hand, a
resistance made of copper varies linearly with temperature but in such a way that leads to
extensive sensor dilatation. Therefore, for large temperature ranges only platinum is considered
appropriate as it presents linear behaviour even at very high temperatures (above 600°C). For
this reason Pt100'° has been developed as an industry standard of which the majority of RTDs

are made (32).

A thermocouple is a temperature-measuring 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 specific alloys which have a predictable and repeatable
relationship between temperature and voltage. Different alloys are used for different
temperature ranges. Properties such as resistance to corrosion may also be important when
choosing a type of thermocouple. Thermocouples are usually standardised against a reference

temperature of 0 degrees Celsius (46). The most common are the types T (copper/constantan™),

13
I

E (chromel*?/constantan), J (iron/constantan), and K (chromel/alumel*®) which can be used in a

temperature span which ranges from -250°C to 1300°C (32).

As far as the pyrometer and the infrared temperature sensors are concerned, they are non-
contacting devices which intercept and measure thermal radiation. While pyrometer operation
is based on measuring the irradiance™ of 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 devices are suited almost exclusively to the measurement
of moving objects or any surfaces that cannot be reached or touched, but their accuracy is not

as high.

°pt100 is a RTD made of platinum that takes the value of 100 Q at 0°C.

1'55% Cu + 45% Ni

2 ~90% Ni + 10% Cr

3 95% Ni +2% Al + 2% Mn + 1% Si

!4 Stefan-Boltzmann law defines irradiance as j*=scT4, where € is the emissivity of the object, o the
constant of proportionality and T the temperature (47).
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For implementing the necessary temperature measurements on the EBS and considering
maximum exhaust gas temperature of 300°C to 350°C, three RTDs made of Pt100 have been
acquired. The sensors are manufactured by the German company Wika and the selected model
is the TR10-C (figure 52). The sensor is connected via a three wire configuration (for eliminating
deviations due to the lead resistance) to a T19 transmitter (figure 53) which is mounted within
the cap of the connection head (48). The transmitter provides two-wire analogue signal of 4-
20mA which corresponds to a measuring span of 0°C to 400°C. The sensor measurement
deviation is defined according to DIN EN 60770 as +0.50% of the selected measuring span (49).
Detailed sensor and transmitter specifications are provided in appendix | pages 137 - 139 and

140 - 141.

Figure 52: TR10-C resistance temperature
detector (48) Figure 53: T19 transmitter (49)

3.4.2 Isolating Amplifiers and Data Acquisition System

For achieving high-quality signals, hence more accurate measurements, noise reduction of
the sensors outputs has to be ensured. Moreover, electrical isolation of the analogue signals is
essential for the safety of the system, since voltage variations could damage both the sensors
and the data acquisition system (DAQ). Furthermore, the sensors output signals are in the form
of analogue electrical current of 4-20mA. This signal form is suitable for long-travelling signals
(high distance between sensors and DAQ system), since it ensures immune to voltage-noise
signals. However, signal conversion from electrical current to voltage is necessary considering
the DAQ system input is the form of voltage, 0-10 V. For these reasons, special isolating
amplifiers, capable of satisfying these requirements, have been purchased. The selected
isolating amplifiers (figure 54) are small compact devices, manufactured by the German
company Phoenix Contact, which provide 3-way electrical isolation of the analogue signals, as
well as signal conversion for connecting the installed sensors to the DAQ system. The selected

models are the MINI MCR-SL-I-U-4 and MINI MCR-SL-UI-UI-NC. The first provides fixed signal
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conversion and isolation of input electrical current 4-20mA to output voltage 0-10 V (50). As a
consequence, it will be interposed for the electrical connection of the output signals of the
sensors with the DAQ system. On the other hand, the second provides numerous possible
combinations for signal conversions as the inputs and outputs can be configured via dual in-line
package (DIP) switches (51). Therefore, it has been selected for the electrical connection of the
output signals of the DAQ system with the electro-pneumatic positioners (U-I conversion) for
the valves operation. Both of them feature prompt response (at approximately 3.5 ms),
electrical isolation according to EN 61010 and limit frequency of 3 dB at approximately 100 Hz.

The technical specifications are provided in appendix | pages 142 - 146.

Figure 54: Phoenix Contact MCR 3-way isolating amplifier (50)

As far as the DAQ system is concerned, LME disposes the DS1103 controller board (figure
55) of the dSPACE company which is a powerful controller board for rapid control prototyping.
The board features accurate and high-speed 16-bit channels for 36 A/D (16 multiplexed
channels equipped with 4 sample & hold A/D converters) and 8 D/A converters. Both input and
output range of the converters is £10 V. Furthermore, the board includes 32-bit parallel digital
I/0 channels organised in four 8-bit groups and a single CAN channel (52). The DS1103 controller
board, whose technical specifications are presented in appendix | pages 147 - 148, is the main

controller of the Caterpillar 3176B engine.

Figure 55: DS1103 controller board (52)
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Chapter 4: Exhaust Bypass System Installation

4.1 Exhaust Bypass System Construction - Delivery - Assembly

The EBS is considered as part of the research project SEKTE (Smoke Emission Abatement
System for Fast Passenger Ships Manoeuvring in Island Harbours) 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 piping constructions industry named Loukis which
undertook the system construction due to its specialisation in marine exhaust systems. The EBS
construction took place in the facilities of the Loukis industry in Piraeus (figure 57) and it was
properly supervised in order to ensure compliance with all standards and to minimise possible
deviations from the original design. The initial system design, which is presented in appendix I
page 149, included five separate duct parts, connected to each other via bolts, two wafer design
butterfly valves and two DPFs connected to the exhaust duct via clamps. For facilitating the
manufacture process and eliminating possible mistakes, the two butterfly valves (complete units
with actuators and positioners) 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 duct, special caution
was given for the manufacture of the connection surfaces. The EBS construction lasted almost
ten days and it was followed by the system disassembly so that its transportation to the
laboratory could be possible. The disassembled system was delivered and reassembled in the

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

Figure 56: Exhaust bypass system initial design
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Figure 57: EBS construction in Loukis industry

The reassembly and installation of the EBS in LME started early in the morning and lasted
approximately 8 hours. Initially the whole system was delivered in separate parts (figure 58) and
it was transferred to the installation point (room 1.13) by an overhead crane and a couple of
manual pallet jacks (figures 59, 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 (figure 63). Finally, the two DPFs of the EBS were collected
(figures 64 and 65); the first one delivered by Loukis industry, where it was given in order to

ease the piping construction, while the second was kept in the laboratory’s storage room.

Figure 58: System delivery in separate
parts

Figure 59: Parts transfer with the overhead
crane
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Figure 60: Parts transfer to room 1.13
LME

Figure 61: Parts deployment at room 1.13 Figure 64: The first DPF as delivered by
Loukis industry

Figure 62: Butterfly valves transfer in their Figure 65: The two DPFs 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 initiated. This included the uninstalling of the previous exhaust
duct which was to be replaced by the exhaust bypass 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 67). After all previous gaskets were
removed, the assembly of the straight upper part of the EBS started. This consisted of two
straight exhaust duct parts which were connected to each other via the first butterfly valve
(figure 68). Since the valve is wafer design, the connections at every point was realised via bolts.
The assembled upper straight part was then lifted by chains to the installation point (figure 69)
and it was incorporated via bolt connections 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 leakage. Then, the second butterfly valve and the
vertical part of the exhaust duct (figure 71) were installed. Due to the increased dimensions of
the butterfly valves, they were positioned properly in order to overcome encountered space
limits. The next task included the assembly of the two DPFs with the respective two-channel
exhaust duct. The connections between the particulate traps and the exhaust duct were realised
via clamps (figure 72) which imposed the need for special connection surfaces at the ends of the
particulate traps and the exhaust duct. In order to enable the installation of the lower straight
part of the EBS, the assembled part of the DPFs had to be lifted by chains (figure 73). Then, the
lower straight part was installed and connected via bolts and gaskets to the system (figure 74).
Finally, the upper edges of the lifted DPFs had to be connected via clamps to the upper straight
exhaust duct at the respective receptors (figure 75). Although this connection method (clamps)
offered some serious advantages (low-cost, reduced weight and flexibility considering the easy
installation-removal in case of filters replacement), it proved time-consuming 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, they presented small differences at their edges. The exhaust
duct connection surfaces which would be the receptors of the particulate traps were
constructed based on the DPF which was delivered to Loukis industry. Therefore, the assembly
of the particulate traps to the exhaust duct proved very difficult and rose questioning regarding

the process sealing.

The EBS installation was completed at the end of the day (figure 76) and a quick inspection
of all the existing connections (welds, flanges, clamps) was carried out. The overall installation

was considered successful, although questioning regarding the DPFs connection remained.
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Figure 66: Removal of the insulation Figure 69: Lifting the assembled upper

straight part

Figure 67: Removal of the previous exhaust Figure 70: Installation of the straight upper
duct part

Figure 68: Assembly of the upper straight Figure 71: Installation of second butterfly
part valve and vertical part
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Figure 72: DPFs connection with the two- Figure 74: Installation of the lower straight
channel duct part

-z

Figure 73: Lifting the DPFs part Figure 75: Final installation of the DPFs

Figure 76: The initially installed exhaust bypass system
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4.2 Exhaust Bypass System Modifications

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 DPFs. The first tests were conducted while operating the Caterpillar 3176b
engine at about 40% load and only for the upper straight part of the EBS (valve 1 open) due to a
technical problem encountered in valve 2, which remained closed. While the upper straight part
of the EBS demonstrated the high-quality 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 smoky) MAN B&W Holeby L16/24 engine at 90% load confirmed the existing
guestioning regarding the clamp connections sealing (figure 77). These proved almost
completely inefficient since except for the chocking smell emanated by the leaky exhaust duct,
smoke deriving from the DPFs connections could be visually observed. Therefore, 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 high-sealing and simultaneously non-permanent 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 the filters. Finally, this connection method imposed the need for installing
additional compensators in order to receive vibrations and vertical dilatations. The tasks lasted a
few days and included the removal of the DPFs, the flanges welding at the connection points
and the compensators installation before the filters (figure78). Then, the extracted part was re-
installed on the EBS (figure 79) and the tests demonstrated sufficient process sealing at all

points (both upper straight and bypass part).

Figure 78: Flange connections and
compensator

Figure 77: Initial clamp connections
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Figure 79: 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 meter. The latter was not to be installed permanently on the system
since corrosion from the exhaust gas had to be avoided. The sensors mounting started with the
installation of the G1000 SDM. The smoke sensor consists of two optic heads which feature a G
1” female thread for process connection. Despite the fact that Green Instruments provided a
couple of 200 mm long 1” welding sockets for connecting the optic heads with the smoke
channel, two special socket pipes were produced in the laboratory (figure 80). These featured
smaller overall length but also increased thread length for process connection (design provided
in appendix Il page 150). For the smoke monitor installation special configurations (figure 81)
were initially predicted during EBS design, which also included a couple of sealing flanges (figure
82). The two sealing flanges had 1" female thread in the middle and 8 G 74"’ female threads in
circular pattern for bolt connection. The socket pipes were inserted into the sealing flanges
which were respectively connected to the exhaust duct via bolts. Special attention had to be
given to the alighment 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 inserted into the
socket holes (figure 83). After the socket pipes installation, the optic heads of the sensor were
installed and the brass nuts were tightened to secure the optic cables. Finally, the monitoring

unit was mounted on the plasterboard close to the sensor installation point (figure 84).

a1

Figure 80: Socket pipes Figure 81: Configurations Figure 82: Sealing flanges
produced in the on the exhaust duct for
laboratory SDM installation
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Figure 83: Inserting the pipe during Figure 84: G1000 SDM installed on the
alignment check system

The pressure sensors were provided with G %”’ B thread for process connection while the
exhaust duct was equipped with G %" fittings. Although the pressure sensors could be directly
connected to the duct fittings, the need for exhaust gas cooling due to the limited permissible
temperature of the measuring media (100°C) dictated the use of fine (1/8” diameter) inox
tubes. Therefore, special adaptors for the connection of the inox tubes to the sensors and the
exhaust duct had to be purchased. These adaptors, manufactured by the Parker Company,
featured a 1/8" special conical reception for the inox tubes and a %’ BSPP thread. For the
connection of the 1/4” BSPP thread to the G %"’ male thread of the sensors, special unions were
produced in the laboratory with G 1/4” female thread for connection with the Parker adaptors
and G %" female thread for connection with the sensors (figure 85). In addition, in order to
connect the Parker adaptors to the duct fittings, unions featuring a G %4’ female thread and a G
%" male thread were purchased. All the adaptors, unions and tubes of the sensors process
connection are presented in table 4. The pressure sensors were mounted on a metal plate which
was tied with special clamps on a rod positioned behind the filters (figure 86). According to the
initial EBS design the rod was installed to enhance the mechanical strength of the system as well
as to receive vertical dilatations. Finally, the inox tubes were cut at the desired length to connect
each pair of Parker adaptors (sensor — fitting) after a sufficient number of spirals was considered

to achieve exhaust gas cooling below the maximum permitted temperature.
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Part No Name Description #
1 Union UnionG1/2"F-/-G1/4"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

Table 4: Accessories list for pressure sensors process connection

o\

Figure 85: Pressure sensor Figure 86: Pressure Figure 87: Pressure
- union - Parker adaptor sensors mounted on the Sensors process
plate connection

The three new temperature sensors (RTDs) had 250 mm insertion length and G %’ male
thread for process connection. According to the EBS design, the pipe duct at the temperature
sensors installation point had an external diameter of 219 mm (inner 200 mm) and G %" fittings
100 mm long. Therefore, the two temperature sensors, installed before the filters, (figure 88)
were inserted almost in the middle of the pipe duct for ensuring more accurate measurements.
The third temperature sensor was mounted on a central position of the exhaust duct before the
EBS for measuring exhaust temperature, comparing it with the other temperature
measurements (before the filters) and estimating the EBS heat inertia. For connecting the third

RTD on the exhaust duct, an old G %" adaptor of the pipe duct was used.

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 sensor (PTX
1400), made from Druck Company, was similar to the newly acquired pressure sensors (S-10),
but it differed in the measuring range (0 — 6 bar absolute). It featured current output of 4-20mA
and G %" female thread for process connection. The sensor was installed in a similar way as the

other pressure sensors (Parker adaptors — inox tubes) with the only difference that the sensor
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could be directly connected to the Parker adaptor. The accessories for the PTX 1400 process
connection were: 2 Parker adaptors (G %’ male thread to conical 1/8” connection for tube), inox
tube with a sufficient spirals number and 1 hexagonal union featuring G %’’ female to G %"’ male
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.

Figure 88: Temperature sensors installed Figure 89: 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 to the desired measurement. The first position was on the old
exhaust duct before the EBS, near the temperature and pressure sensor measuring positions.
The flow meter would be installed via a G 1 4" fitting (as shown in figure 89) which imposed the
need for a suitable adaptor since the sensor diameter was 1”. The laboratory, disposed such an
adaptor as previous exhaust gas flow measurements had been obtained in this position. On the
other hand, the second position was on the bypass duct of the EBS. The provided fitting was G 1
%" and the adaptor, which the laboratory disposed, didn’t fit. As a result, a new adaptor for
connecting the flow meter to the pipe duct was produced. The adaptor featured a G 1/14”
hexagonal nipple (figure 90) in which a metallic barrel (figure 91) was inserted to provide 1”
fitting for the sensor. In case of sensor removal, a 1” taper (figure 92) was made for process
sealing. The barrel was constrained via a M5 blind screw, while the sensor — taper by a smaller

M4 one. The adaptor with the taper mounted is presented in figure 93 while its design is

63



provided in appendix Il page 151. For ensuring sufficient process sealing at all measuring
positions on the exhaust duct, different copper washers were used according to the required

size.

Figure 92: 1" taper for
Figure 91: Barrel for process sealing

providing 1" fitting

Figure 90: Hexagonal
Nipple

Figure 93: Flow meter adaptor for the second measuring position
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4.4 Electrical Connections

For facilitating the instruments electrical connections, a metallic rail was mounted along the

plasterboard behind the EBS (figure 94) in order to support the cables of the signals and the

power supply. Then, two multi-channel (12 pairs each) Li YCY cables were installed (figure 95) in

order to transfer the signals (room 1.13) to the DAQ system which is placed in the engine room.

Total system 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, 4-20mA Pressu‘re WIKA 0-1 bar [g]
outlet Transmitter
) PT133 Exhaust Pressure, filter 2, 4-20mA Pressu‘re WIKA 0-1 bar [g]
outlet Transmitter
Exh P fil 1 P
3 PT134 xhaustPressure, fiter L1 4.20ma ressur WIKA 0-1 bar [g]
inlet Transmitter
4 PT135 Exhaust Pr.essure, filter 2, 4-20mA Pressu‘re WIKA 0-1 bar [g]
inlet Transmitter
P
5 PT131 Exhaust Pressure, main 4-20mA ressufe Druck 0-6 bar [a]
Transmitter
6 TT131 Exhaust Temperature, main | 4-20mA Pt100 WIKA 0-400 deg °C
Exh T fil
7 TT134 xhaust elm&'?zt“re' Ter | 4 20mA Pt100 WIKA 0-400 deg °C
Exh T fil
8 TT135 xhaust ezmi‘r’ﬁzt“re' Ter | 4 20mA Pt100 WIKA 0-400 deg °C
9 FT131 Flow meter 4-20mA Vane Wheel Hontzsch 0.4-120 m/s
G
10 OPA131 Opacimeter 4-20mA Opacity reen 0-100% N/A
Instruments
11 77131 Valve 1 Position Feedback | 4-20mA 'y Module - Siemens 0-100% N/A
Positioner
12 7T132 Valve 2 Position Feedback | 4-20mA 'y Module - Siemens 0-100% N/A
Positioner
Actuators
Physical
Inst t Signal Physical
Item nstrumen Signal Description 1gna Actuator Type Manufacturer ysica value
Tag Range range .
unit
1 ZY131 Valve 1 Actuator 4-20mA Electro-pneumatic Siemens 0-100% N/A
2 ZY132 Valve 2 Actuator 4-20mA Electro-pneumatic Siemens 0-100% N/A

Table 5: List of sensors - actuators

For the sensors wiring Li YCY cables were used which consist of copper conductors insulated

by PVC and twisted in pairs. These are separated by plastic from the tinned copper braid which

is covered by PVC jacket. These cables are suitable for eliminating noise impact as long as the

tinned copper braid is grounded.
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All pressure and temperature sensors need 24 VDC power supply in order to be activated
and provide 4 — 20mA output signal (passive signals). The flow meter also needs 24 VDC power
supply but it provides an active 4-20mA signal. The opacity meter is powered by 220 VAC,
providing 4-20mA active signal while the electro-pneumatic positioners need 4 -20mA input
current of voltage less than 10 VDC for their operation. Finally, the positioners dispose the |,
module which needs 24 VDC power supply to provide the output signal (valve position

feedback).

The signal cables were connected to terminals according to the signal type (active/passive)
and the respective power supply. Then, the signals were led to the multi-channel cables (figure
96), also connected to terminals, in order to be transferred to the engine room. All terminal
stations as well as the power supplies were mounted in an electrical panel (A1) which was
installed in room 1.13. The panel was based on two vertical beams (figure 97) since it couldn’t be

installed on the plasterboard because of its high weight. Its initial design is presented in

appendix Il page 152.

Figure 96: Multi-channel cables ready to be
connected to terminals in panel Al

Figure 97: The panel as installed in
Figure 95: 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 Y12-H14 in the engine room. This
panel includes the Caterpillar 3176b engine controller since it contains all the necessary
electrical connections and the DAQ system (DS1103). Then, the isolating amplifiers (signal
converters), which were installed below the DAQ module in the panel, were connected to the
DAQ system (figure 99) via Li YCY cables which featured BNC connectors at their ends. In table 6
the list of the installed isolating amplifiers is presented. For the opacity and the flow velocity
signals Mini MCR-SL-I-U-4 isolator type could be used, but due to low-availability, the supplier
provided only 10 isolators of this type. Therefore, for these signals the Mini MCR-SL-UI-UI-NC
model was used. The isolating amplifiers were mounted on a vertical rail, which was installed in
the panel, and they were bridged together for their power supply. Then, one of them was
connected to a 24 VDC power supply located in the panel. Finally, all signals were given suitable
tags in order to be easily distinguished from one another and all cables were marked for

ensuring correct re-corrections in case of a sensor removal.

Isolating Amplifiers

Item Inst-rrt;r:ent Signal Description 2::::: :i‘gpnuatl Isolator Type Manufacturer
1 OPA131 Opacity 0-10 vDC 4-20mA Mini MCR-SL-UI-UI-NC Phoenix Contact
2 FT131 Flow Velocity 0-10 vDC 4-20mA Mini MCR-SL-UI-UI-NC Phoenix Contact
3 PT131 Exhaust Pressure, main 0-10 vDC 4-20mA Mini MCR-SL-1-U-4 Phoenix Contact
4 PT132 Exhaust Pressure, filter 1, outlet 0-10 VvDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact
5 PT133 Exhaust Pressure, filter 2, outlet 0-10 VvDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact
6 PT134 Exhaust Pressure, filter 1, inlet 0-10 VvDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact
7 PT135 Exhaust Pressure, filter 2, inlet 0-10 VvDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact
8 TT131 Exhaust temperature, main 0-10 vDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact
9 TT134 Exhaust temperature, filter 1, inlet 0-10 VvDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact
10 TT135 Exhaust temperature, filter 2, inlet 0-10 VvDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact
11 ZY131 Valve 1 Pneumatic Actuator 4-20mA 0-10 vDC Mini MCR-SL-UI-UI-NC Phoenix Contact
12 ZY132 Valve 2 Pneumatic Actuator 4-20mA 0-10 VDC Mini MCR-SL-UI-UI-NC Phoenix Contact
13 ZT131 Valve 1 Position Feedback 0-10 VDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact
14 77132 Valve 2 Position Feedback 0-10 VDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact

Table 6: List of installed isolating amplifiers in panel Y12-H14
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Figure 98: Electrical panel Al installed in Figure 99: Electrical panel Y12-H14 with
room .13 DAQ module and isolating amplifiers (red
demarcation)

Before all electrical connections were installed, the necessary drawings were created to
facilitate the tasks and ensure that possible mistakes that could lead to serious problems (short-
circuits) would be avoided. In figure 100 the electrical connections of the electro-pneumatic
positioner of the butterfly valve 1 is presented. The ZY-131 is an actuator signal for the valve
operation. An opening — closing command is given by the controller which corresponds to an
output voltage signal (0-10 V), that is transmitted to the respective isolating amplifier for
conversion to electrical current of 4-20mA. The electrical current is transferred to terminal
station —X9 of the panel Al and then via internal connections to terminal station —X2 from which
it is transmitted to the channels 6, 7 of the positioner and activates the valve operation. On the
other hand, the ZT-131 is a sensor signal for providing valve position feedback. The 4-20mA
signal is powered by 24 V supply and it is transferred from the positioner channels 61, 62 to
terminal station —X1 (passive signals) of the panel Al. Then, it is transmitted from terminal
station —X8 via the multi-channel cables to the respective isolating amplifier for conversion to O -
10 V. Finally, the voltage signal is sampled by the DAQ system via an analogue input port. In
figure 101 the wiring design of the EBS for the Caterpillar 3176b engine is presented. NY and PY
are the engine rpm and brake actuator signals, respectively, and FE is a sensor signal for the
achieved brake torque. The electrical drawings for the connections of every sensor and device of
the EBS, as well as the overall wiring design of the system signals (sensors — actuators) for both

engines are provided in appendix Il pages 153 - 166.
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Figure 100: Electrical connection of butterfly valve positioner 1
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Figure 101: Wiring Design of the EBS for the Caterpillar 3176b engine
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4.5 Additional Tasks

The full assembly of the EBS also included the installation of an air supply subsystem and
the pipe duct insulation. The first task was carried out before the sensors mounting as it was
necessary for the pneumatic actuators operation (need of at least 5.5 bar air supply). Moreover,
the purge air system of the G1000 SDM needed air 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.

4.5.1 Air Supply Subsystem Installation

The installed low-pressure air supply subsystem included an air supply source, copper
tubes, a station for air distribution (pneumatic actuators — SDM) and elastic air hoses. For the
SDM purge air supply, an air supply filter regulator was indispensable for ensuring sufficient
pressure drop, evening out pressure variations as well as withholding impurities. The air supply
source already existed in room 1.13 and it provided air of 7 bar from an receiver of the
laboratory. The air supply source was connected to copper tubes (figure 102) which led to an air
distributor located on a station (small, non-metallic, rectangular plate) which was mounted on
the plasterboard close to both butterfly valves and SDM measuring position 1. Apart 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 sensor (figure 103).
All the necessary connections after the first air distributor was realised via elastic air hoses. The

station was designed in such a way that it could be easily removed and re-installed in case of

SDM removal.

Sy,

Figure 102: Air supply subsystem (air Figure 103: Station featuring air
supply source in the left) distributors, air supply filter regulator,
flow meter and elastic air hoses
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4.5.2 Pipe Duct Insulation Installation

After the sensors mounting had been completed, some preliminary tests were conducted in
order to verify the entire system functionality. Next and last step was the placement of
insulation on the exhaust bypass duct. The work was carried out in three days by Loukis industry
(the same industry that constructed the bypass pipeline) and included placement of the main
insulation — stone wool and the protective outer aluminium sheet (figures 104 and 105). The
stone wool is a fibrous insulating material used in technical applications and consists of silica —
aluminium fibres. It has excellent thermal and sound insulation properties and can withstand
temperatures of 700 — 850 °C. However, particular attention should be paid when handling this
material because it may cause irritation to the skin, the eyes and the respiratory system (53). For
the outer sheath of the insulation, aluminium foil was used because of its ability to retain gloss
for a long time period after its placement. During the installation of insulation, all sensors were
removed in order to be protected and were re-installed in their positions after the completion of
the work. However, due to the increased thickness of the insulation (approximately 6 -7 cm), the
pressure fittings had to be lengthened so that they could remain accessible. The final form of
the exhaust bypass system is demonstrated in figure 106. In addition, a draft of the room .13

front view is provided in appendix Il page 167.

Figure 104: Installation of the exhaust Figure 105: Placement of the insulation
pipeline insulation outer sheath (aluminium foil)
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Figure 106: 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 speed vessel. These measurements were realised to serve as a reference
for the subsequent project. Moreover, in combination with corresponding measurements in the
experimental engine test-bed, they could contribute to estimating the effectiveness of the smoke
reduction system as well as the possibilities of such a system being permanently installed on a ship.
The onboard measurements were conducted during a typical route of the ship in Greek islands and
comprised readings of several major parameters of the engine operation (impeller torque — speed,
fuel consumption, in-cylinder pressure, emissions and opacity). However, in the context of this thesis
only the opacity and engine power (for explaining the opacity behaviour) measurements are

presented.

5.2 Ship Specifications

The onboard measurements were realised on the Speedrunner 3 high speed vessel (figure 107)
owned by Aegean Speed Lines (ASL). The ship disposes 4 Ruston 20RK 270MK Il medium speed
engines (figure 108) coupled to 4 KaMeWa 112F11 water jets for its propulsion. The ship and engine

technical specifications are provided in table 7 and 8 respectively.

Figure 107: ASL Speedrunner 3
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Turbocharged Diesel

Ship Type High Speed Vessel Engine Type Engine
Deadweight 3401t] Operation Cycle 4-X
Speed 34 [knots] Cylinders Number 20
Length 100.4 [m] Engine Configuration \
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 buses Turbocharger pressure 3.5 [bar]

Table 7: Speedrunner 3 specifications

.J\E ~ A
g
\ /

A 4

(a)

Maximum Power

6875 [kW] at 1000 [rpm]

Table 8: Ruston 20RK 270MK I

Figure 108: Ruston 20RK 270MK II

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

one of the four identical engines of the ship (specifically from the second main propulsion 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 gauges and an inductive proximity sensor were

placed on the impeller, for obtaining torque and speed measurements. By multiplying the measured

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

after the clutch and drives the coupled water jet. In figure 109 the top view of the ship engine room

is provided.
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Figure 109: Top view of the ship engine room where the second main engine [1], 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 dry-docking (March 2014), ASL made some modifications 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 installed on the pipe duct. In order to ensure

perfect alignment, a guiding pipe (figure 110) was used 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 pre-installed 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 optic heads of the opacity sensor (figure 111). The station was connected
via air hoses to the low-pressure air supply system of the ship. Finally, all the necessary electrical
connections were made which included the sensor power supply (220 VAC) and output signal (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 shaft after the
clutch. The strain gauge was connected to a signal transmitter which transfers 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 impeller speed. The sensor was connected to a
signal converter responsible for transforming the measured pulses to analogue signal (4-20mA)
and transmitting it to the portable DAQ system. Both torque and speed sensors, as installed on

the impeller, are presented in figure 113.

The portable DAQ system of LME (figure 114) disposes signal conversion modules (made by
National Instruments) which receive and record data in the form of 4-20mA analogue signals.
For the signals recording - presentation a software was developed on the NI LabView platform.
The DAQ system was placed close to the sensors in order to avoid high cable lengths in the

engine room.
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Figure 112: G1000 SDM installed on

Figure 110: Guiding pipe for ensuring exhaust pipe duct

welding sockets alignment

Figure 111: Purge air supply station placed

i : Figure 113: Torque and speed sensors
in the ship

installed on impeller

Figure 114: 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 itinerary (figure 115) included departure from the port of Piraeus at 16:30 pm, arrival at
the port of Serifos at 19:00 pm, departure at 19:10 pm for the port of Sifnos (arrival at 19:35)
and then departure at 19:45 pm for the port of Milos (arrival 20:45 pm). Finally, the ship

departed from the port of Milos at 21:00 pm and arrived at Piraeus in midnight.
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Figure 115: Speedrunner 3 scheduled route (Piraeus -> Serifos -> Sifnos -> Milos -> Piraeus)

The data acquisition started at 16:30 pm and lasted throughout the whole trip including
time periods of ship manoeuvring in island ports. In addition, data recording continued even
during engine clutch off at the port of Milos. So the acquired measurements provided an overall
profile of the engine performance throughout the whole ship itinerary. In figure 117 the opacity
measurements are presented which correspond to the impeller power measurements®™
provided in figure 118. The opacity percentage corresponds to the measuring range of the

G1000 SDM.

The general trend is that opacity is kept at relatively low levels especially during engine
operation at steady state conditions. However, three major overshoots (80 — 100%) are

observed which correspond to extreme engine load increase such as engine start-up and clutch

> power was calculated as a product of the measured impeller torque and speed (P =T X w).
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on at the port of Piraeus and the second clutch on at the port of Milos. Moreover, overshoots of
40 — 50% can also be observed which are directly correlated to the engine’s load increase after
the ship departure from the islands ports. Furthermore, some smaller overshoots (30 - 40%) can
be distinguished which are related to engine transient loadings during ship manoeuvring in the
islands ports. The opacity overshoots last only a couple of minutes but they are prominent due

to the bright background and the sensitive environment of the island ports.

In general, it is easily inferred that least opacity can be achieved when diesel engine
operates at MCR (Maximum Continuous Rating). In this steady state condition, the combustion
is almost perfect and the emissions are reduced to the lowest level. During full load departure of
Speedrunner 3 (engine operating at 96% of MCR) opacity is kept at very low levels (below 5%).
Moreover, when the engine operates in steady state conditions at reduced loads (80% of MCR)
during the return trip®, the opacity is increased but it is still kept at reasonable levels (about
15%). However, when the engine operates in transient loadings during ship manoeuvrings,

opacity increases further which is a direct result of low-quality (incomplete) combustion.

The exhaust bypass system targets almost exclusively the opacity overshoots met during
steep increases of the engine’s load. These represent a very small profile in the overall opacity
measurements but their intensity and duration (approximately a couple of minutes), pose
serious challenges. In figures 116 and 119, photos of the Speedrunner 3 funnel during ship
departure from the ports of Piraeus and Sifnos are provided, which demonstrate the increased

smoke emission during the engine load increase.

S SR A L R R R PR

Figure 116: Photos of the Speedrunner 3 funnel during ship departure from Piraeus port

1 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 (g) 85 —95s

(b) 20 - 30s (e) 50 — 60s (h) 95 — 105s

(c) 30 —40s (f) 60 — 85s

Figure 119: Photos of the Speedrunner 3 funnel during ship departure from the port of Sifnos
(0s)
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5.5 Conclusion

The opacity measurements onboard didn’t’ provide any unexpected result. Smoke emission
is negligible (even 0% opacity) when the engine operates close to MCR since combustion is
almost perfect. At lower engine 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 - steep increase of the engine load which “shocks” the
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 higher values (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 values (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 enable 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 smaller DPFs, which is vital due to

the limited space found on this type of ships.

The onboard opacity measurements could prove very valuable also for determining the EBS
input activation signal. For instance, measuring exhaust gas opacity for activating the EBS could
lead to increased signal delay, hence increased smoke emission before the EBS activation.
Considering the high correlation between engine loading profile and smoke emission, increased
slope of the engine loading profile could be used as activation signal 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 atmosphere. This method would decrease EBS

activation delay and could lead to system efficiency increase.

Finally, the measurements performed onboard could serve as reference for the opacity
measurements conducted in the laboratory and could provide real-time 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 initiated. At first, the newly installed
signals and commands were incorporated in the Caterpillar 3176b control panel. Except 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 system operation. The first one was the
engine speed, as measured on the engine crankshaft, the second was the achieved torque load
as measured on the shaft of the hydraulic break and, finally, the third was a temperature signal
close to the engine exhaust. Both engine speed and break load signals, which had already been
integrated in the engine control panel (DS1103), were processed by special low-band filters for
eliminating high-frequency noise. Moreover, the engine control panel featured the necessary
command signals for determining the engine-break operation. These were the engine speed and
the torque load command signals (figure 120). All sensor and command signals of the caterpillar

3176b engine control panel (DS1103) are presented in figure 121.
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Figure 120: Command and sensor signals for the engine-break operation
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Figure 121: Caterpillar 3176b control panel with newly installed signals and commands (shown by the arrows)
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For the data acquisition, 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 hardware. The DS1103 analogue input and output
channels were modelled as data acquisition blocks in Simulink. Each analogue input channel
(sensor signal) was connected to the respective data recording — “sink” block while the
analogue output signals were connected to suitable “source” block according to the output
signal form. Finally, the transfer functions were also modelled in Simulink as “Gain”’ blocks,
which were interposed between the DAQ and “source” — “sink” blocks. The latter were
represented by the “To File”” block which recorded the collected data in the form of .mat files
for enabling their processing in Matlab. All EBS sensor and command signals as modelled in

Simulink are provided in figure 122.

The transfer function of each signal, which was calculated based on the measuring span of
the sensor and the respective signal range, is presented in table 9. FT131, 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 Signal Transfer Function
PT131 0 - 6 [bara] 0-101[V] [bar] = 0.6 [V]
PT132 0—1 [barg] 0-10[V] [bar] =1.012+0.1-[V]
PT133 0—1 [barg] 0-10[V] [bar] =1.012+0.1-[V]
PT134 0—1 [barg] 0-10[V] [bar] =1.012+0.1-[V]
PT135 0—1 [barg] 0-10[V] [bar] =1.012+0.1-[V]
TT131 0-400 [°C] 0-10[V] [C] =40-[V]
TT134 0-400 [°C] 0-10[V] [C] =40-[V]
TT135 0-400 [°C] 0-10[V] [C] =40-[V]
OPA131 0-100 [%] 10-0[V] [%] = 100 — 10 - [V]
ZY131 0-100 [%] 0-10[V] [V] =0.1-[%]
ZT131 0-100 [%] 0-10[V] [V] =0.1-[%]
ZY132 0-100 [%] 0-10[V] [%] = 10-[V]
ZT132 0-100 [%] 0-10[V] [%] = 10-[V]

Table 9: Transfer functions of EBS signals
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Figure 122: EBS sensor and command signals as modelled 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 according to the
opacity values. As a result a first estimation concerning the EBS operation could be derived.
Moreover, proper operation of all sensors and actuators could be verified before developing
more complex EBS control systems. The sample time was defined as 1000 samples per second

and it was maintained throughout all experiments.

After the first experiments, a first approach of closed-loop control of EBS was developed on
the Stateflow environment of Matlab. This platform enables modelling and simulating

combinatorial and sequential decision logic based on state machines and flow charts (54). The

flow chart, which was developed for the EBS control, is presented in figure 123.
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Figure 123: Stateflow chart as developed for EBS control
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At first the system confirms proper initial positioning of the exhaust valves'. Then, the
opacity signal is controlled and according to its value the EBS activation is decided. If opacity
exceeds 10% 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 signal is below or equal to 10%, valve 1 is opened (or remains
open) and valve 2 is closed (or is kept closed). The loop is, finally, completed by controlling the

opacity signal again.

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

as 1000 samples per second.

From1 -
Gotos
From2
valve?_out —@
From3 l\"‘- ./J
Chart

Figure 124: Stateflow block connected to the respective signal blocks in Simulink

Finally, due to the need for testing the EBS with higher engine loading, experiments with
the MAN B&W Holeby L16/24 engine were performed. The EBS was activated before the engine
loading in order 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 engine-break operation was
determined by a separate controller (Woodward Atlas) and 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 speed (1200 rpm) and the engine was loaded at 30%

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

7 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 Analys
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6.2.1 Caterpillar 3176B, Valves: Manual Handling
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Figure 125: Opacity, torque, valves position and backpressure measurements with CAT3176B, valves: manual handling
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In figure 125 the opacity, torque, valves position and system backpressure measurements
are presented. The engine loading includes engine load increase from 200 Nm to 500 Nm at
constant engine speed 1600 rpm. In terms of power the engine is loaded from 7.5% of MCR
(449.6 kW) to 18.6% (83.7 kW). Initially, 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 |.13 and at low loads the exhaust gas velocity is small. However, at higher loads the signal
delay tends to decrease because of the higher exhaust gas velocity. At 200 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 conditions in the cylinders due to higher but still very low engine
load. Then, EBS is activated by opening valve 2 (bypass) and closing valve 1 (main). By the 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
opacity doesn’t “follow’” the engine load increase as it is below 7% which was its value at 200
Nm engine load. After a while, EBS is deactivated by repositioning the exhaust valves and
opacity is increased at 13% which is its previous value before EBS activation. Then, EBS is
reactivated and opacity is again reduced to 6%. However, the opacity values tend to decrease to
5% which is a result of better combustion due to the stabilization of the engine load. The opacity
reduction due to improvement of combustion starts roughly 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 steady-state conditions. The engine load is then reduced to 200 Nm and opacity

respectively decreases to 7.5% with tendency for further decrease to 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 absolute values, because the sensor indicates initial exhaust gas
pressure of 0.97 bar (it should be above 1.012 bar). However, this constant error can be

eliminated by measuring the pressure drop caused by the EBS.

In figure 126 the pressure drop measurements across the two filters are presented. The
pressure drops across DPF 1 are 340 mbar (EBS first activation) and 350 mbar (EBS second
activation) while the respective ones across DPF 2 are a little higher 350 mbar (first activation)
and 360 mbar (second activation). This slight difference (10 mbar) between the pressure drops
across the two filters is a clear indication of different initial soot load. Moreover, the differential
pressure developed across the filters is considered high but fortunately the overall system

backpressure is kept at reasonable levels.
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Finally, in figure 127 the temperature measurements are provided which demonstrate the
different heating and exhaust gas filtering of the two DPFs as well as the high system heat
inertia. At first the exhaust 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 the filters. However,
during EBS activation both DPF temperatures show a non-linear increase which lasts as long as
exhaust gas passes through the filters. In addition, the exhaust temperature before the DPF 2 is
continuously lower than the respective one before the DPF 2, which is a clear proof that less
exhaust gas passes through the second filter. The temperature difference between the two DPFs
continuously increases (10°C, 12°C, 18°C) and considering the increased pressure drop measured
across DPF 2, higher soot loading of the second filter can be inferred. Furthermore, the exhaust

gas tends to flow through DPF 1 at increased amounts due to lower pipeline length.
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Figure 128: Opacity, torque, valves position and backpressure measurements with CAT3176B, valves: stateflow control
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Figure 130: Temperature before EBS, DPF 1, DPF 2 and valves position measurements with CAT3176B, valves: stateflow control
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In figure 128 the opacity, torque, valves position and system backpressure measurements
with Caterpillar 3176B engine and stateflow valves control are presented. The engine loading
includes engine load increase from 200 Nm to 500 Nm at constant engine speed 1600 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 delay is approximately 8000 samples (8s) but tends to decrease (due to the
increased exhaust gas velocity. At 200 Nm, opacity is approximately 4% while at 500 Nm it is
increased to 26% showing a sharp increase of 22%. Stateflow 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 that initially the engine load profile 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 according to the stabilization of the engine load at 500 Nm. It’s worth 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 loading. Then, opacity is further
reduced due to the EBS activation and quickly decreases to 4%, showing a 10% reduction. By 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 main duct'® and
opacity is increased again to 12%, which triggers the EBS re-activation. Because of the fact that
valve 2 remains open, valve 1 re-closes immediately, forcing the exhaust gas to flow through the
DPFs and opacity decreases to 9%. Then, EBS deactivates completely (both valves are moved to
the initial positions) while opacity is kept low (7%) as the engine starts to operate in steady-state

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 EBS is small during both EBS activations. At first the maximum
pressure drop is 36.7 mbar (10% opacity reduction) while during the second EBS activation, 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 the respective ones across DPF 2 are a little higher 339 mbar (first activation)
and 122 mbar (second activation). The increased values of the pressure drop developed across
the filters indicate possible clogging of the filters due to mal-regeneration before their
installation on the system. Furthermore, the difference between the pressure drops across the

two filters (15 — 20 mbar) is higher than this measured in the previous experiment (10 mbar).

¥ Exhaust gas tends to flow through the shortest pipeline length or/and through regions of less pressure
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This strongly suggests that the two DPFs were not regenerated equally before their installation
on the EBS, as DPF 2 is clearly more loaded with soot. Nevertheless, despite the increased

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

In figure 130 the temperature measurements are provided which demonstrate the
increased system heat inertia. The exhaust temperature in the duct before EBS shows a slight
increase (1°C per 10s), but remains low (about 77°C), while the exhaust temperatures before the
filters are lower (36°C for DPF 1 and 31°C for DPF 2) and don’t present any gradient even during
EBS activation. Finally, the temperature difference (5°C) between the two DPFs is noteworthy as
it proves the exhaust gas maldistribution between the two filters during EBS activations. Except
for the suspected increased 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 DPF 1*° the
exhaust velocity met before DPF 2 is lower and as a consequence static 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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Figure 131: Opacity, backpressure and valves position measurements with MAN B&W Holeby L16/24, valves: manual handling
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Figure 132: Temperature, pressure drop across DPF 1, DPF 2 and valves position measurements with MAN B&W Holeby, valves: manual handling
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In figure 131 the opacity, backpressure before DPF 1 and EBS as well as the valves position
measurements with the MAN B&W Holeby L16/24 engine are presented. Unfortunately, torque
measurements are not available because the engine controller wasn’t connected to the DS1103,
so only measurements directly related to the EBS were collected. The engine initially is idle
(10% of MCR) and it operates at nominal revolutions 1200 rpm. The imposed engine loading
includes load increase from 398 Nm to 1194 Nm at constant engine speed which in terms of
power corresponds to power increase from 50 kW (10%) to 150 kW (30% of MCR). At first
opacity is 3% which corresponds to idle engine operation but due to the imposed sharp load
increase it is increased to 99%. Opacity remains at 99% for approximately 3s (3000 samples) and
then decreases to lower values. The opacity reduction is gradual but continuous (54% reduction
after 8s and 77% after 16s). The EBS activation starts at 2000 samples (2s) and is completely
finished (valve 2 opened and valve 1 closed) after 5s. Despite the fact that EBS is activated at 7s
(7000 samples) opacity starts to decrease at 11s (1141 samples). Obviously this is attributed to
the opacity signal delay which can be roughly estimated at 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 corresponding 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 DPF 1 increases 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 bar. The exhaust pressure measured before EBS behaves the
same showing maximum increase of 75 mbar (valve 1 opening) and pressure reduction of 20
mbar before its stabilisation. The absolute values of the pressure before EBS are not presented

because they are considered inaccurate.

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 225°C and it remains constant while the temperature
measured before each filter is much lower (31°C for both DPFs) and tends to increase unevenly
due to the prolonged EBS operation. Specifically, after 20s the temperature before DPF 1 is
increased 18°C to 49°C, while the temperature before DPF 2 is increased only 3°C to 34°C. This
strengthens the suggestion that the exhaust flow is mal-distributed 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 across the two filters shows similar behaviour
with the exhaust pressure measurements provided in figure 131. Specifically, the pressure drop
across DPF 1 instantly increases to 10 mbar after the opening of valve 2. Then, after the full EBS
activation which forces the exhaust gas to flow entirely through the filters, the pressure drop
increases to approximately 700 mbar before its reduction and stabilisation at 516 mbar. The
pressure drop across DPF 2 behaves exactly the same though its absolute values are
continuously 10 — 18 mbar higher according to the previous experiments. Therefore, it can be
derived that DPF 2 is more clogged than DPF 1 due to increased initial soot or ash load in the

filter.

104



6.3 Conclusion

The experiments with the exhaust bypass system provided fruitful results concerning the
achieved opacity reduction and the consequent backpressure developed. The first experiment
included 300 Nm engine loading at constant speed and manual handling of the exhaust valves.
At first the initial concern of high opacity signal delay was confirmed as it lagged 9s after the
engine load increase. This is considered an unfavourable factor for the system efficiency as long
as opacity signal serves as the trigger signal for the EBS activation. Moreover, when activated
the EBS inflicted a rapid 54% opacity reduction (from 13% to 6%) while overall backpressure was
kept low since it was increased only 43 mbar. The pressure drop developed across the filters was
approximately 340 - 350 mbar with the latter representing the pressure drop across DPF 2.
Although this pressure drop was quite high, the overall system backpressure was kept at
reasonable levels. Furthermore, the temperature measurements demonstrated high system
heat inertia and indicated mal-distribution 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. Opacity of 10% was defined as the trigger signal
for the EBS activation and the engine was loaded the same way as in the first experiment. The
opacity signal delay was measured 8s and the EBS reduced exhaust opacity approximately 70%
from 14% to 4%. The overall 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
across DPF 2 suggested higher filter soot loading which could be explained by insufficient
regeneration of the filters before their installation on the EBS. In addition, the temperature
measurements demonstrated again the high system heat inertia as no temperature gradient
was presented on the DPFs during the EBS activation. Moreover, the difference between the
temperatures of the two filters was a second clear indication of exhaust flow mal-distribution, as
DPF 1 was heated again more quickly. Finally, the stateflow control of the valves provided
promising results. However, the system control was not optimal due to the fact that opacity
signal was not suitable for this type of control as every time that opacity was reduced below
10%, valve 1 was opened which led to opacity increase because of the EBS deactivation. As a

consequence the system efficiency was reduced as the opacity abatement was diminished.
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The third and final experiment included 796 Nm engine loading of MAN B&W Holeby
L16/24 engine at constant engine speed. The EBS was activated and the opacity started to
decrease after 4s. The reduction was gradual and continuous (55% after 8s, 79% after 16s) till
the opacity stabilisation at 20%. The opacity signal delay can be 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 3s. The overall system 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 stabilised at 1.5 bar. Furthermore, the pressure drop across the two filters was 700
mbar for DPF 1 and 717 mbar for DPF 2. The 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 gradient (hence increased

exhaust gas flow).

As far as the system backpressure measurement (PT131) is concerned, the absolute values
were considered inaccurate due 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 imposed system backpressure could be derived.
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Chapter 7: Conclusions - Recommendations

In the context of this thesis a smoke emission abatement system was developed and
installed in the exhaust processing room 1.13 of LME. The system consisted of a bypass duct
connected to the exhaust system, two DPFs for PM collection and two butterfly valves for
exhaust gas flow control. The DPF selection was based on achieving minimum pressure drop, as
well as minimum filter dimensions. The exhaust bypass system would be activated by
repositioning the two exhaust valves only during engine transient loading. This was a basic
prerequisite for the system design in order to avoid early clogging of the filters due to increased
soot deposition. It is worth mentioning that the initial DPFs connection via clamps proved
ineffective as it led to high exhaust gas leakage. The consequent flange connections offered high

process sealing but also less flexibility in case of filter replacement and increased system weight.

For estimating the system efficiency, a suitable sensor, capable of measuring the exhaust
opacity, was installed on the exhaust duct after the filters. Moreover, two pressure sensors were
mounted across each filter for measuring the developed pressure drop, while the overall system
backpressure was measured 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 were mounted and connected based on drawings
which were produced in order to provide full system documentation. The sensors output signals
were electrically isolated and converted by newly installed isolating amplifiers before their
collection by the DAQ system. The complete installation of the system included the placement

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 on
the ASL Speedrunner 3 high speed vessel, were performed. The opacity readings were possible
after the installation of the opacimeter on the exhaust duct of one of the four ship engines. The
measurements demonstrated 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%. Furthermore, 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 decoupling its

activation from the opacity signal which is characterised by high delay.
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The experiments with the exhaust bypass system included engine loading at constant
speed, EBS activation according to the measured exhaust opacity and full exhaust gas filtering.
All experiments demonstrated high opacity signal delay (8 — 9s) which led to system efficiency
reduction. The opacity abatement was relatively high (54% — 70%) while the system overall
backpressure presented only a small increase of 37 — 75 mbar. However, the pressure drop
developed across the filters was quite high (340 — 700 mbar). This was a clear indication of high
initial filters soot load due to possible mal-regeneration before their installation on the EBS.
Finally, the temperature measurements pointed out high system heat inertia as the temperature
gradients were kept low. Moreover, the increased heating of DPF 1 compared to DPF 2
suggested that more exhaust gas passed through the first filter. This was a clear indication of
increased clogging of DPF 2 as well as not optimal system design considering the fact that the

exhaust gas preferred to follow the shortest pipeline path, through the less loaded filter.

As far as future work is concerned, the EBS installation offers a variety of possible system
operations for achieving less smoke emission. At first the defective pressure sensor, installed
before the EBS, should be replaced for ensuring accurate backpressure measurements.
Furthermore, the system activation should be decoupled from the opacity signal as the latter is
characterised by high delay. Possible solution is correlating the EBS activation to the engine
loading profile which may lead to an increase of the system efficiency due to higher opacity
reduction. Moreover, tests with partial exhaust gas filtering can be performed in order to extend
the life span of the filters without significantly diminishing the total opacity abatement. In the
end, an optimised closed loop system control should be implemented in order to achieve higher

smoke emission reduction, less backpressure and low contamination of the DPFs.

Figure 133: ASL Speedrunner 3 leaving the port of Serifos
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Appendix I: Instruments Technical Specifications

I.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
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1.2 S-10 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

m 4. 20 mA: DC10 .30V
w20, 4 mhA: DC10 .30V
| 0. 20 mA: DC 10 ..30V
mDCOo..5Wv DC10 .30V
mDC1..5V DC 10 .30V
mDCO... 10V DG4 .. 30V
® DCO5.. 4.5V ratiometic: DO 4.5 .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
Option

050 % of span
% +£0.25 % of span 1
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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



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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Dimensions in mm
Pressure transmitter model 5-10

with anguilar connacior DIN 175301-803 A with angular connacior DIN 175301-803 with circular connecior M12 x 1 (4-pin)
with 12 NPT

EE A = !

=3
=
5

=BT

=5k
=5

Waight approx. D2 kg Waight: apprax. 0.2 kg Weight: ap pro. 0.2 kg

with bayonet connecion (6-pin with 15 NPT conduit make, with cable outlet with cable owbet, standard

= = t';'-' = ay
" i %
] T ',SHJ'_ I.[
LL]l = |
_::,_4 l-_-F by = I 5
Weight appron. 0.2 kg Weight appron. 02 kg Weight: appron. 0.2 kg
with cable outlet, not adjustable with cable outlel, adjustable
: -
i Lril E
] | e
o i i
i (L.
= == 3
‘Wedght: appros:. 0.2 kg ‘Weight approo. 0.2 kg
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1.3 SOMAS Butterfly Valve Specifications

Temperature performance

The V55 is designed to operate at very high temperature and still maintain tight shutoff over a long
period of time. The standard material combination for V55 exhaust gas valve is based on 1.4408 material
for applications up to 550°C.

Temp [ 0% | 100°C| 150°C [ 200°C | 250 “C| 300 °C [ 350°C | 400°C [ 450 *C | 500 *C | 550°C | 600 *C | 650-700°C

14552 | PN2s | 25 | 25 | 233 | 221 | & 1w | e | 1as | 1s1 | wr | 189 | 02 | Contact
SOMAS
Tightness class Pipe geometry factor Fp
The tightness class dependent on application to the Vale Pipe Opening angle
chosen material in the seat ring. DN __ DN 10" 100 30* 8¢ B 00 700 M W
Metal seat Code D) EN 60534-4 V (ASME Bl16-104
Class V')
150 088 Q97 093 Q88 0.84 0.88
L. 104 200 1.0 10 099 087 094 0487 080 476 0.80
FI'DW ‘hara:terlnlcs 250 056 093 0485 477 arz2 o077

[Flecaai
130%
— 200 093 a9s 0.9 091 033 0.9
ll’( 150 250 1.0 10 093 085 0.89 083 Q83 Q79 083
110% 4—  =—cim A 300 093 0.86 078 078 O™ 078
100% ——] —m—Sndard /
. V4N
} 300 100 100 1,00 059 099 0497 085 093 095
20% / 50 /0 100 100 099 099 097 093 488 085 088
0% - 400 100 100 099 098 095 090 083 080 083
o /! _
S0%
; 400 100 100 1,00 100 099 088 037 096 097
0% a50 450 1,00 100 1,00 089 098 09 092 090 092
0% / 530 100 100 0599 058 097 092 047 084 047
- | r/ _
10%: —
f 500 100 100 081 100 099 099 088 097 058
0% 450 and 100 .00 058 089 097 094 089 087 089
[ 8 10 20 30 40 50 & T 8 90" asd 100 100 0452 098 096 091 085 082 085
o _
Liquid pressure recovery factor FL 850 100 100 180 100 100 0% 099 098 097
s00 700 1,00 100 100 100 099 098 09 093 09
Opening angle 800 100 100 099 099 097 034 490 084 080
Factor

Factor Fu is valid for all sizes

800 1,00 100 1,00 100 099 0S8 097 096 097
Factor FLp 0 900 100 100 100 099 098 095 031 089 09
1000 100 100 0.9 098 096 052 087 083 047
Opening angle

Factor

Factor Fue is valid for all sizes
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Standard disc - Capacity factor Kv and Resistance factor £

Opening angle

20° a0 40°

4] 21 45 70 107 158 240 324
4] 50 108 168 256 3r 580 780
4] 142 307 476 77 1078 1650 221

4] P 02 934 1427 2m 3230 4341
4] 482 1039 1618 2472 3661 5830 7555
4] 853 1839 2851 4375 6448 QBEO 13256

3289 5100 Tra3 11534 17670 13m
Relation between Kv and Ov: Kv = 086x O

5lim disc - Capacity factor Kv and Resistance factor §
Opening angle
40° 50° 60

3349 sn7 7373 11604 15569

20347

800 Slimy a 1525 EF 5100 7793 11534 17670 3m

Max. allowable pressure drops/torque figures
Maximum allowable pressure drops are valid at 20° C (see below).

Max., pressure drop., bar
at opening angle

119
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DN 450- 1200

Butterfly valve type V55
M [HCD) ©

52 120 16390 B6 160|283 20 1205 45 225|Mi2 w0 M
56 155 195[140 138 15 | 315 25 1205 45 28 (M2 90 78
G 5 ars|2% 235 34|40 % 1305 € 33w 1o % | 5 % |16 1]

| 78 320 315|331 330 435|450 40 1505 S0 43 | M2 120 18|70 1250 |172 167
| 114385 370[429 425 535|580 50 15010 80 538 M2 120 124
MI6 160 162| 11220 60 |300 292
165530515 | 674 675 800[730 70 200] 10 110 745| M6 160 16212 20 60 |343 343

120



Flange standard

SOMAS butterfly valve type V55 in this data sheet
is of wafer type for mounting between flanges PN
10-25,

For other standards consult SOMAS,

The valve can also be delivered in lugged design.
The valve can be ordered in other flange standards.
When ordering, please always state the type and
rating of the counter flanges. See the valve specific-
tion system on page 8, code 11,

Seat design

The valves with a nominal size between DNEO - DN
800 have a Y-shaped metal seal according to code D,
Also check the valve specification system (code 6) to
find further seat alter natives.

Supplemental information

Note: Use gaskets with the correct inside diameter to
ensure Lhal pressure is applied on the cover plate

Gashkets according to EN 15414-1
Max Inside dia
di (mm}

Further technical information

Technical data for the materials used in the SOMAS
valves, flange standard . steam data, etc. can be
found in section 6 of the SOMAS catalogue.

Actuators and accessories

The valves can be fitted with SOMAS manual. on/off
or control actuators in accordance with the selection
table, The valves will then be delivered as tested
units ready for installation.

Check sections 4and 5 of the SOMAS catalogue.
where positioners. limit switches and solenoid valves
are also presented.

We can also fit other types of actuators and acces-
sories in accordance with your specification,

Gaskets according to ASME B16.21 RF
Max Inside dia

Outside dia. [dy) (mm}
Class 150
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1.4 SOMAS Pneumatic Actuator Specifications

Mounting

The standard actuator mounting is perpendicular to
the pipeline as shown in position A (see Fig.1).
Position B, C or D is available on request (specify
when ordering).

Always specify mounting position when ordering,

The actuator is mounted in position Aif the position
is not stated.

Torque Fig.!  Mounting

The linear motion from the piston in converted
into a rotary motion via a linkage mechanism. The
curve shows the output torgue from the actuator as a
function of the actuator shaft angle (see Fig.2).

Maximum torque is achieved in the closed position
which corresponds to the demand of ball segment
valves, ball valves and metal seated butterfly valves, 75 \

Torque [%)
M100

For butterfly valves, the dynamic torque can be high
in case of high differential pressure across the valve,
This increased torque demand is normally covered 50 —
by the actuator selection tables.

The highest specified value for each size, in the

tables below, is the upper limit of permitted transfer 0 20° 40° &60° 80° gln.

torque, Openingangle
Fig.2 Dowble acting actuator type A

Closing torque M100 (Nm) Closing torque M100 (Nm) Cylinder volume [ litre)
atalrsupply 5,5bar atalrsupply 4 bar

S0
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F
Sl

Measure Tand _T |'_

B0 s valid " F L _
only for @di o et =
15-50 -

L

A
]

._T =
o salmoe O] llle
Mounting pattern - |l_|_J =
ardin —]1—]—
l'!‘:ln'l'lg“
[
VDIVDE

na2#10] 255 280 - |030 6 60| G845 94| 106 106 % [ms Mo = |es 7w | e | o
(305 310 - |2030 60 w0l ce 45 17| 152 106 30 [ms M0 0 |es 7 2 | ur |
(o0 395 |05 o8 225 wns e 14al 152 152 30 |ws we 10|66 40 o | e |

naers

As2516 | 515 se0 - |40 98 20| 152 9 2| 22m 228 50 |we M :oeo 40 tes | e |
Coo0 695~ 4090 98 309] 153 57 279|354 228 50 | Mo M20 066 40 tes fenev]

198 130 314 354 354 50 | M& M0 300 | &6

Actuatortype A (SC/S0) single acting

‘Welght = Weilght for actuator without mounting kit
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Ordering example

Prneumatic double acting actuator type A 32-DA, Mounting position A,

When ordering actuators separately, please specify also the mounting kit you require for the actual valve

Lype.

Material specification
Housing, cover, end cover:
Cylinder:

Tie rod:

Piston seal:

Screws/muts:

Connection:
(between actuator and accessories)

Technical specification
Air supply:
Rotary motion:

Ambient tem perature:

Aluminium (Duasolid painted)
Aluminium (Duasolid painted)
EN 1.4305

Carbon filled PTFE + O-ring made
of cold-resistant nitrile rubber

Acidproof steel

Plastic tubing (standard)
Acidproof steel tubing (option)

4- 8 bar

Max 95°
adjustable travel stops

=40 to + 90°C (standard)
(+ 120 °C Option O-ring made of Viton)

124



1.5 SIPART PS2 Electropneumatic Positioner Specifications

Technical specifications
all versions

W Technical specifications

SIPART P52 (all versians)

Geneml data
Trawel rangs (linear acuaiors)

Angla of rotation
{part-um acualos)

Installaion
= 0in inear actuators

= 0in part-turn achuators

Controller
* Flwerpalint swich
*[ead zone

- dEbA = Auto

- EbA =01 .. 10%

AT convartar

»Scan ime

= Rizadution

= Tranamizalon ermor

» Tarmperature efect
Cycla trme

20 maHART cevice
* B4 device

*FF device

Binary Input BE1 (fer minals 910,
elactricaly connected to the basic
device)

Dagres of potedion
CE marking

EMC requiramanits

Matarial
* Howeling
- 60RS. 0-... (plastic)
- 6DRS..1-... (metal)
- 6ORE.2-... (stainless ateal)

- BOAS..5-... (metal, pressure
proaf)
*Pragaure gauge block
Vibraton resistancs

» Harmonlc caclllationa
eing-wave) according 1o
N BN 80062-2-6/05!

* Burrping (half-sina)
ta ISrIﬂ E?d G0056-2-22/03.95

3. 130 mm (042 ... 512 inch)
{angle of feedback ehaft 16 ... 909

50 ...1000

Lleing attachment sat

G0 RA004-BY and whera necessary
wih an addtional lever am
B0AA004-8L on actuators accord-
Ing 1o IEC 534-8 (NAMUR) with
ribe, bare or flat face

Lleing attachment sat
Ln] -80 on acuatars wih

mnunlr;_zgaplana accomding to
VDINDE 3845 and DIM 3337

The required mounting console
has o be provided on the acbuator

alde; shaftwih groove and female
thread ME

Salf-adjusting

Salf-adjueting or can be sat ag
flad value

Salf-adjueting or can be sat ag
flad value

10 ma

< 005%

= 02%

< 0.1%M0 K (=0.1%/18 F)

20 me
80 me
&0 me (min. koop tima)

Sultable only for fbating contact;
max contact load < § ma with 3V

|FE6 10 EN G0 S2NEMA 4x

Conformity aaregarda EMC Direc-
tive @3/336 EC In accordance with
the fdlowing standards

EM 61326/41 AppendixA. 1 and
MAMUA ME2 1 August B3

Glaeefib er-reinforcad Macmolon
GD AlSI12

Auzteniic siinless atesl mat.
Mo, 1.4581

GK ASi2

Aluminium AMgS, anodzed

3.5mm (014 Iinch), 2 ... 27 Hz
3 ocycles/ads

6.1 m/g (321. 64 frg7),
27 ...300 Hz, 3 cyclesfaxis

150 s (482 fi/e”), Bme.
1000 ehocke'ass

= Molea (dighaly confrollad)
1o DN[EP?GC&B-ZGJICGQG

» Recommendad catinuous duty
ranga of the complata fiting

Walght, basic device
»Plasfic casing

» M atal casing, aluminium
*Medal casing. stainless siesl
» Matal casing EEx d warsion

Oimenalona
Climate claza 4
*Siorage'!

s Tranepart”

« Opergion®

10 ... &0 Hz 1 (migfiHz
(328 (fia"FHz)

20 ... 50 He, 0.3 (mistiHz
Q98 (frs?MHz)

4 hourefaxis

= 30 mfzF (2 984 fife) without res
onance sharpness

Approw, 0.9 kg (198 1)
Approx 1.3 kg (266 In)

Appros. 3.9 kg (8.58 o)
Approx. 5.2 kg (11.46 b)

See *Dimenalmal drawings®
To DIM EM 80721-3-4

1KE, bt -40 . +80°C
(K5, but -40 ... +176*F)
X, but -40 ... +B0°C
{244, but-40 ... +176°F)

&3, but -30 ... +80°CY
(43, but -22 . +176°F)

Cartificate and approvas

Claesfication acoording to pres-
Eure equipmant
directive FI'.‘IRGL AT EED)

For gaeas of fluid group 1, com-
plies wih requimmeants of arficla 3.
paragraph 3 (eound anginaering
pracice SEF)

Preumatic data
Fowear supply

* Prassura

Alr qualityto 180 BS73-1
» Solid parfcle dze and demalty
* Freasure dew point

» 0l content
Unthrottied flow

* Inlet &F valve
{ventlate actuator)®
- 2 bar (29 pe)

- 4 bar (58 pel)
- & bar (87 pd)

= Cutletalr valve
{exhaLet acusor®
- 2 bar (29 pd)

- 4 bar (58 psl)

- B bar (87 pel)
Valve leakage
Thiottle ratio

Fowar corsumption inthe
conrolled stale

Typee of actuators
*In ceeing
# |n aluminium casing

= In flameproof casing

*|n etainlass steal casing

Compmessad alr, nitrogan or
deanad nalural gas

14.. 7 bar (203 ...101.5pel):
Suffidently gmater than max drive
pressura [{;m uaing presswra)

Claza 2

Clasa 2 (min. 20 K {38 *F) below
ambient ermparabura)

Claes 2

4.1 NmPh (181 USgpm)
7.1 M (31,3 USgem)
B8 MNmih (431 USgpm)

8.2 Nrmah (381 USgom)

15.7 N (€0.3 USgpm)

19,2 Mrrdh (84,5 LSgomi

< B-10* Wrrith (0.0026 USgpm)
Adjustable up 1o = 1

< 38-10% Mm¥h (0,158 USgpm)

Single-action and double-action
Single-acton

Sngle-acion and double-action
Single-action and double-action

'Y During commissioning at <0 °C (S 32 F) make surethalthe vakes are
flushed kang enough with the dy medium.
2 AL<-10°C (14 7F) 1he display efresh rateof the LCO & lmied. Only T4 s

parmizs ble when using |, modua,

3 g5 4760 (8. +167°F) for BORSS -0G..., BORSE. O,

BORSE -00... ard BORSE..-00...

# WIth EE = o version [BORE &) the velues sre mducad by sppro 205,
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Technical specifications
SIPART PS2

nemal capacitanca &
= Without HART

»With HART

Internal inductanca L,
»Without HART

= With HART

For connection o power ciruits with
the following max ratinge

126

22nF
7nF

0.12 mH

=024mH

Intineicaly safa
Uy =30V 0C
I;= 100ma
Fi=1w

ITacnnicul spacifications
SIPART P52 Baslc device Baslc device Basdc device Baslc device
without Ex protection  |with Ex d protection with Ex Bfb protection |with Ex nidust protec-
{flame proof casing) Hon
Esploeion potaction to ATEX Without Exd Exlgfip Exn
I2GExdIICTH II2GEx&IbICTE E.:IEGExnﬁ.nL[nL]IICTE
il
11 30 Ex 1D A22 IPEE
TIoC
Mounting localon Zone 1 Lore 1 Zone 2/22
Farmigsible amblant temparature for | -30... +60 =I'_‘; Td: -30 ... +B0*C (-22 ... +178°F)
operaton ¢22..4176°H TE: -3 .. 465 °C (22 +140 °F)
Al -10"C(+14 *Fiihe daplay refesh '
rata of tha LCD I limitad. Ta: -30 ... +60 "C (-22 ... +122F)
for basic davices with EEX la/ib and
Ex n protaction the following applies:
Crily T4 |a permizaiole when uging ly
madule.)
Electrical data
Input
2-wira connection (tarmings 68
Rated signal range 4. 20 mA 4. 20maA 4 .. 20 mA 4. 20mA
Current to mantain e power supply |2 3.6 maA 238 mA = 3EmA 238 mA
Regquired load voltage
Uy [corrasponds to £ at 20 mA)
= Without HART (BDRSD..)
- Typical 6.36 V (comesponda o |6.36V (comesponds to | 7.8V (comeaponds o 7AW (comesponda o
186 318 ) 390 €) 390 €)
- Max. 6.48 W (comeeponde o | 6.48 V (comegponde to | 8.3 V (comesponds o 8.3V [coresponds o
24 00) A3 418 £2) 418 £2)
»Without HART (6D RS3..)
- Typical 7. W [ocorresponds o - - -
3|EQ)
- Max. B.4 ¥ [corresponds o - - -
420 €2)
»'With HART (6DRS1..)
- Typical &8 V (coresponds o &8V (comesponda to - -
330a) 330a)
- Max. 6.72 W (comeeponce o | 6.72 WV (comeepondeto |- -
A360) A360)
»With HART [BORS2..)
- Typical - 8.4V (corrasponds to 8.4V (comesponde o 8.4 V(corasponds o
42001) 420015 4200
- Max. - B.B W [correspond B0 B.B WV [comesponds o B.B V(correspond e 1o
440 £2) 440 £2) 440 £2)
= Siatic dearucion limit 40 mA - -

22nF (at L")
7 nF (&t *rL")

Q.12 mH (&t "nL")

0.24 mH (at *nL")
at "nA" and D"
U, =30vDC
I, = 100 mA
at'nlL"
U=30vDC
b= 100 mA



Technical specifications
Option modules

lTncnnicul spacifications
Option modules Wi thout Ex proect on With Ex proecion Ex lalb With Ex n/dust proecton
(EExd lhnr
Ex protection o ATEX - Il 2G Ex lafdb || C T4/TS/T&E [only |Exn

Mounting location

Farmigsible amblent termperabura for opara-
tion

[For devices with Ex protecton: Only in con

Jurction withthe basc device 60RS... -E....
Crily T4 I3 permizaible when using I, mohle)

-30.. +80°C(-22 ... +1T6"F)

In conjunction with)

Zone 1

113 G ExnA nlnL] ICTE
Duet
113 0 ExtD A22 IFBE T100*C

Zone 2022

T4 -30... +80°C(-22 .. +176 "A"
TE: -30 ... +65°C(-22 ... +140 A"
Té:-30.. +50°C(-22 .. +122°F)1

Alarm module

Binary alarm outputs A1, A2 and alarmn output
Sognal aatua High {nat responded)

Signal status Low* (responded)

" I3 alao he ataus when he basic
device E faulty or has not electric powear sup-
ply

niemal capaciance G,

niemal inductance L,

Power supply Ly

Connaction to power circufle with with the tol-
lowing max ratings

Binary Input BE2

» Electricaly connectad to the basic device
- Signal etatus 0
- Sgnal staus 1
- Contact load

= Electrically isolated from the basic device
- Signal status 0
- Sgnal staus 1
- Maturd resistanca

Static destruction limit

ntermal inductance and capacitance

Cionnacion 1o powsr circuta wih e follow
Ingmax. ratinge

Elactrical isolaion
Test wiage

EOR4004-24 (without Ex protec-
Hon)

Acive R =1 kL +3-1%"
Digabled, |5 <60 pA

" When usad in the lameproof
casing tha current coneumption
Is lirmitad to 10 mA per output.)

S35V

Flosting contact, opan
Floaing comact cloasd
a6 pa

=4.5% aropan
213V
225k0

35V

BOR4004-84 (with Ex protection)

221 mA
£1.2mA

[Switching threehold with sup-
ply to EN d7-548: Ly = 6.2
A = 1k52)

52 nF
MNeglighis

v,

Intrinezally safe ewiching
amplifier EMB0947-5-6
U, =185V DC

= 25mA, P =84 mW

Flosting contact, opan
Floaing contact cloasd
av. spa

=4.5% aropan
213V
225 2

Maglighls
niringcally sale = 252V

BORA004-84 (with Ex protection)

=221 mA

£1.2mA

[Switching threshold with sup-
phtoEN A7 548 Ly = B2V,
A= 1k5)

52 nF (at L")

Megligihla

at A" and T0%

Un =155 v DOC

at nL":

Ui =155 vDC

Il =25 mA

Flogting contact, opean
Floaing contact cloasd
av. spa

=4.5% aropan
213V
225 2

Maglighls
at'nA* and 40
Un=252V DC
at'nL®:
Ui=252vDC

Thi 3 outpute, the input BE2 and the basic devce are aelectrcally isolated from each othar.

B4ONWDC, 18

B4ONWDC, 18

B4ONWDC, 18

T Dnly in conuncionwih the basic davica 8DF6..E
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Technical s pecifications
Option modules

Option modules

Without Ex protection

W ith Ex protection EEx B/fib

With Ex nidust pmotection

S modu ke
Limit switches with slot-ty pe init ators
and alarm outp ut

Limit ewiichesAl, A2
Ex protaction
Connaction

2 elot-type Initiators:
Function

Connecion to power cirauita wih he fol-
lowing e ratings

inlemal capaciance
Inlemal inductance
Elactrical isolalon
Teet woliage

Aler m output
Connaction

Signal statue High [rot acthe)

Signal statue Low (activa)

Intarnal cepaciance C;

Internal Inductance L

Fower supply Uy

Far connectian o power with he following

B0 RA004-23 (without Ex projec-
tion) (nat for Ex-d varsion)

2-wire connaction
Without

&0 RA004-83 (wih Ex profecion)

2-wina connection
112G EEx Iafib 1IC TA

G0OR400-88 dwih Ex profection)

2wira conraction
133 EExnAL [L]NIC TA

2-wire systam o EM 60047-5-6 (MAMUR), for switching amplifier o be connectad on load side

Type 542-5M
MC [normaly closad)

nominal voltage 8V
Cument consumpton:
2 3mA (limit value not
ragpondad)

£ 1 mA (Imi valua
regpondad)

Thia 3 outpul
B4OWDC, 18

2wie systam to EM B0847-546 (MAMUR), for switching ampifier
B.2%W Thid

F=11ka
Ry =10kQ

Iy €35 VDG, | 220 mA

B4 WDC, 18

Uy = =
z 21mA

= 1.2mA

5.2nF

Megigbla

intringlcally aate switching ampli-

Type SJ25M Type SJ2EMN
MC [normally closed) MG [norrrally dosed)
intringcally sate awitching at"nA’ and "0
amplifier EM G0847-5-6 Un=15.5V DC
Ui=155V0C H"f‘i“""""'
li= 2 ma, P g "nL:
| = B4mW Ui= 185V DC
I=25mA
41 nF 41 nF {at L")
100 mH 100 mH (a1 *nL%)
& ane alectricaly isokted fromthe besic device.

BMOVDC 18

to be connected on bad ede

221 mA

£ 1.2 mA

82nF (bel .nL")
Magligble

at, nA® and 10

max ratings flar EM 60847 -5-8 U,= 185V D0OC
u=155v DC at.nL*
I =28 mA =0DC155Y
| = Gd mw =25 mA
Lirmit value contact modu ke S0 RA004-BH S0 R4004 -5 S0 R0 5K
Limit ewhches with mechanleal ground |(not for EEx d waralon)
contact and & amn output
Lirrit ewitches A1, A2
Ex protaction without 11 23 Ex gk I1C TE Il 33 Ex nL [nL] 1IC TG
[ progress)
Max gwitching currant AC/DC d A Caonnection io intrineically eafe | Connedion to circulte with max-
circult wit masimum values: mum waluea:
Ui=30W a "nL"
1l = 100 mA, Ui=30V
Pl =750 mi Il =100 ma,
Mazx. awiiching voltage ACIDC 250V f2av 30V DC
ntemal capacitance C - Meglighle Maglighle
inlenal inductance L - Megligible Meglighble
Elactrical isolalon Thie 3 outpute ame electricaly Isokted fromthe beslc device.
Teet woliage 3150V DC, 2e 3150 DOC, 2. HBOWVOC, 2.
Alarm output
Connaction to be connected on bad sida

Signal statue High [rot acthe)
Signal statue Low (activa)
Intarnal cepaciance C;
Internal Inductance L

Fower supply Uy

Far conncatian o power with he following
max. retings

2wie systam to EM B0847-546 (MAMUR), for switching ampifier
B.2%W Thid

F=11ka
Ry =10kQ

Iy €35 VDG, | 220 mA
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Uy = =
z 21mA

= 1.2mA

5.2nF

Megigbla

Inrinsically aafe awiiching amgli-
flar EM 60847 -5-8
U=158vDC

221 mA

£ 1.2 mA

82nF (bel .nL")
Magligble

a .nL*

II|J,= 16.5 v DC

=25 mA

I =28 mA
Fi= 6 it



Technical specifications
Option modules

Optlon modules W ithout Ex protection Wiith Ex praotection EEx laflb With Ex n/dust pratection

by module GORA0M-AI fwithou Ex pratection) (60 R4004-6] (with Ex prtection) | 60R4004-8 (with Ex protaction)
CC output for positon feedoack 2-wire connacton 2-wim comection 2awire connection

Morminal elgnal range 4 ... 20 mé, ehort-drouit-pmoof 4 ... 2 ma, ehort-climuitproof 4. 20 mé, short-cimuit-proof
Total operating range A.6.. 2085 mA 3.6.. 205 ma 6. 205 ma

Power aupply Uy, +12.. +35V +12 .. +30V +12 ... +30V

External lcad Ry [MQ] £ (U V]- 12 V) [ma] < (U, [V]- 12V) 4 [mA] Uy V] - 12V 4 [ma]
Tranamisson ermaor = 03% = 0.3% =0.53%

Tern parature effect
Resalution

Reeidual rippla
Intarnal capaciance G
Intarnal inductance Ly

For conmection o power ciuits with the
foliowing max. ratings

Elacirical isolaion

S L1RNM0OK (£0.1%M186 *F)
Q1%
s 1%

Eladricaly iealaed fram the
basic device

£ 0IRN0K (£0.1%18 *F)
£0.1%

= 1%

11 nF

Megligbla

Intrinsically eafa:
Ui=30VDC

= 100 ma

Pi=1 W only Ta)

Electrically lealstad fram tha
baszic descs

20.1%M0 K (£0.1%18*F
=0.1%

£1%

11 nF (at "nL")
Magligble
at"nA’ and “i0r
Un=30VDC
n=100mA
Pn=1W{only T4)
atnl"

W= 30V DC

I = 100 ma

Elactrically isolated from the
basgc device

Teat woltage 840V DC, 13 A0V DC 13 MOVDC1a
NCS sensor
[rot for EE x d varsdon)
Foeition ranga
* Lingar actuator 3. 130 mm (0.12.. 512 inch), |3 ... 130 mm (012 ... 5.12 inch),

to 200 mm (787 Inch) on requeat [to 200 mm (787 inch) on requesat
* Pan-turn actusior 50% .. 100° 30 .. 1000
Lirarity (efter correction by SIFART PE2)
» Linear actuator 1% + 1%
= Part-turn actuator + 1% 1%
Hystarasis +02% +0.2%
Continuougs working tamparatura -0 .. +85 "C (-4) .. +185 F), [-40 .. +85"C {-40 ... +185 "F).

extended tamperatura range on  |extendad tem parature range on

requeat request
Far connection to power circulta wih he Inringcally safe a"nl":
following max. ratings Ui=5%DC W= 5Y D>
Intarnal cepachance Ci 10 nF 10 nF (&t L")
Intarnal inductanca Li - 240 mH 240 mH (&t nL%
Degresof protacion of casing |FEEMEMS, 4 |FEE/MEM A 4%
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Dimensional drawings
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Meunting el of poaticnar
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l Schematics

Elpctric connedion of 2-wire devices (6DR50.. and 6DR51..)

Devices of types BORS0.. and BORS .. are cperated in a 2wire
gyatem,

Twe-wire ayslem 1 A

D

BE1

SPART P52 elecropneumaic poationer, input circult for 60DR50.. and
BODAS1..

Electric connedion of PROFIBUS PA device (§DR55.) and
FOUNDATION Fileldbus devices (6DR56..)

PROFBLS PAand
FOUNDAETION Fisl chus connedtion

) gt for ety ahubdown (adivated using cafing umper)

SIFART PE2 PA and SIFART FS2 FF electopneumatic positioner, inpu
circult for DRSS, and 60REE..
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Electric connection of 2-, 3- and 4-wire device (§DR52. and
6DR53.)

Devices of types 6DRA2.. and 60R53.. can be operated in a 2,
A and 4-wire system.

") Only reguin s wih cument acuress et cerforming e HART

SIPARTPS2 EIIEII:II‘Dpl'IEIUI'I‘EI:II:Pl:EIIJDI‘IEIr axampla of connaction for com-
munication firough HART for 6DR52..

Twew & ayatem

*) dumpet babwasn 5 and T coly for three-wine syshem

SIPART P2 alecropneurratic posiioner, input clircuits for GBOAS2..



1.6 Flow Sensor ZS25 UFA Specifications

Flow measurement with sensors ZS25
at working temperatures up to +500 °C
optional with integrated and configurable transducer UFA

Measurable variable
« standard flow velocity v [m/s] in
air/gases

Measuring range
«0.4..120m/s

Functional principle

« vane wheel flow sensor

* scanning the vane rotation;
non-contact inductive
proximity switch

Design
e insertion probe with AS80
housing

Medium
* air, gas mixtures and clean
gases

Advantages

« low starting value

« large measuring range span

« maximum fatigue strength
thanks to vane wheel which
is easy on the bearings

« corrosion resistant

« sterilisable

« high working temperature
and pressure ranges

« Operates to a large extent
irrespective of density and
composition of the gas

* low pressure drop

» easy adjustment to process
parameter

Range and examples of

application

« flow rate measuring, e.g. of
air, exhaust gas, process
gas

* monitoring laminar flow

« monitoring flow in
pharmaceutic works
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Drawing 4
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1
.
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v
(]
- E -
- F -

Vane wheel flow sensor 2525
(see Page 3 for dimensions)

Humidity in the gas

« relative gas humidity of less
than 100 % does not affect
the measurement
uncertainty



Model designation {example

ZS25/25 -350 G E 350 p10 Ex ZG4
(1) (2) (3) (4) () (&) (7) (8)
Basic types
Type Transducer/ Article No.
Outuput

'100 °C' / integrated UFA

7S25/25-250GE/100/p10/2G4
£525/25-350GE/100/p10/ZG4
Z525/25-450GE/100/p10/ZG4
£525/25-550GE/100/p10/ZG4
Z525/25-650GE/100/p10/ZG4

'260 °C' / integrated UFA

Z525/25-250GE/260/p10/Z2G4
Z525/25-350GE/260/pl0/ZG4
Z525/25-450GE/260/p10/Z2G4
Z525/25-550GE/260/pl0/ZG4
Z525/25-650GE/260/p10/Z2G4

'370 °C' / integrated UFA

7S25/25-250GE/370/p10/2G4
£525/25-350GE/370/p10/ZG4
Z525/25-450GE/370/p10/ZG4
£525/25-550GE/370/pl10/ZG4
7S25/25-650GE/370/p10/2G4

'500 °C' / integrated UFA
2525/25-250GE/500/p10/ZG4
Z525/25-350GE/500/p10/ZG4
2525/25-450GE/500/p10/ZG4
Z525/25-550GE/500/p10/ZG4
2525/25-650GE/500/p10/ZG4

UFA-int / 4-20 mA
UFA-int /4-20 mA
UFA-int / 4-20 mA
UFA-int /4-20 mA
UFA-int / 4-20 mA

UFA-int /4-20 mA
UFA-int / 4-20 mA
UFA-int /4-20 mA
UFA-int / 4-20 mA
UFA-int /4-20 mA

UFA-int / 4-20 mA
UFA-int /4-20 mA
UFA-int / 4-20 mA
UFA-int /4-20 mA
UFA-int / 4-20 mA

UFA-int /4-20 mA
UFA-int / 4-20 mA
UFA-int /4-20 mA
UFA-int / 4-20 mA
UFA-int /4-20 mA

b002 /190-ufa
BO02/191-ufa
b002/192-ufa
B002,/193-ufa
b002 /194-ufa

B002,/195-ufa
b002 /196-ufa
BO02/197-ufa
b002/198-ufa
BO002,/199-ufa

b002 /200-ufa
BO02,/201-ufa
b002/202-ufa
B002,/203-ufa
b002 /204-ufa

B002,/205-ufa
b002/206-ufa
BO02,/207-ufa
b002/208-ufa
B002,/209-ufa

'100 °C'f separate evaluation unit

Z525/25-250GE/100/pl0/2G4 sep. eval. unit / v/FA bO02/190
Z525/25-350GE/100/p10/2G4 sep. eval. unit / v/FA b002/191
Z525/25-450GE/100/pl0/2G4 sep. eval. unit / v/FA b002/192
Z525/25-550GE/100/p10/Z2G4 sep. eval. unit / v/FA b002/193
7525/25-650GE/100/pl0/ZG4 sep. eval. unit / v/FA bO02/194
‘260 °C'f separate evaluation unit

Z525/25-250GE/260/pl10/2G4 sep. eval. unit / v/FA b002/195
Z525/25-350GE/260/p10/ZG4 sep. eval. unit / v/FA b002/196
Z525/25-450GE/260/pl10/Z2G4 sep. eval. unit / v/FA b002/197
Z525/25-550GE/260/p10/Z2G4 sep. eval. unit. / v/FA b002/198
Z525/25-650GE/260/pl10/Z2G4 sep. eval. unit / v/FA b002/199
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Type Transducer/ Article no,
output

‘370 °C'/ separate evaluation unit
Z525/25-250GE/370/pl10/ZG4 sep. eval. unit / w/FA bO02/200
Z525/25-350GE/370/pl0/Z2G4 sep. eval. unit / v/FA b002/201
Z525/25-450GE/370/pl10/ZG4 sep. eval. unit / wFA b00O2/202
Z525/25-850GE/370/pl0/Z2G4 sep. eval. unit / v/FA b002/203
Z525/25-650GE/370/pl0/ZG4 sep. eval. unit / wFA 0027204

‘500 °C'/ separate evaluation unit

Z525/25-250GE/500/p10/ZG4 sep. eval. unit / v/FA b002/205
7S25/25-350GE/500/p10/2G4 sep. eval. unit / v/FA b002/206
Z525/25-450GE/500/p10/ZG4 sep. eval. unit / v/FA b002/207
7S25/25-550GE/500/p10/ZG4 sep. eval. unit / v/FA b002/208
Z525/25-650GE/500/p10/ZG4 sep. eval. unit / v/FA b002/209

TS

rpe — r ahe
Wane wheel flow sensor 2525 with sensor @ 25 mm and shaft @ 25 mm

2) Sensor length dimension C (see Drawing 4, Page 1

250/ 350 / 450 f 550 / 650 mm

oo ) oo air / gases
Design Material
e —p. stainless steel 1.4404 /7 AISI 316L,
ceramics A0, 99,9 %
100 °C' and '260 °C' PTFE ceal

1370 °C' and 'S00 °C pure graphite seal

5) Permissible temperature of the medium

Design Temperature of the medium
e 100 . =20 .., +100 °C {continuous)
- 260 ... =40 ... +260 °C {continuous)

-40 ... +300 °C (short-time)
.. 370 ... 40 ... +370 °C {continuous)

-40 ... +400 °C (short-time)
S o =40 ... +500 °C {continuous)

-40 ... +550 °C (short-time)

ambience -40 ... +B80 °C with separate evaluation unit
=40 ... +80 °C with integrated transducer UFA-int
=5 ... +50 =C with optional 'LCD display’
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T /
up to 10 bar/ 1 MPa kPa above atmospher

protection class IPGB

Comment

Type of protection

Ex nA IICTE

Gas-Ex:

Category 3G (Zone 2)
Ex tc IIIC TX

Dust-Ex:

Category 3D (Zone 22)
Ex ia IIC TG

Gas-Ex:

Category 2G (Zone 1)

Art. No.

faex2 only in connection with:
evaluation unit ar
flowtherm NT

faexl only in connection with:

isolation/supply unit LDX2 and 'non-Ex evaluation unit or
compatible separate evaluation unit with Ex-output

as in Drawing 4 (Page 1)
dimensions

C

250/350/450,/550/650 mm
130 mm

Measurement range
0.4 ... 20 m/s
0.5 ... 40 my/s
1.0... BO m/s
1.4 ... 120 m/s

measurement uncertainty

repaatability

mn
mn
mn
mn

20 E
40 E
80 E
120 E

Art. No.
v_mn20GE
v_mnd40GE
v_mnBOGE
v_mnl20GE

< 1.5 % of measured value + 0.5 % of terminal value

£(0.05 % of terminal value + 0.02 m/s)

80 /80 /60 mm (L;/W/H)
connector GO 070 with terminal screws
see Page 6

dimensions
connection

terminal assignment
protection class

IPGS

Output / transducer (see Pages 2 & 3, "Basic types'

UFA integrated in the housing (see Page &)

ouput 4-20 mA /
integrated UFA

ouptut sensor v/FA /
separate evaluation unit
necessary

output sensor v/FA-Ex,
sensor with option 'Ex’
for use in Category 2G
(Zonel) [/ sep. eval.
unit necessary

Héntzsch evaluation unit with vwFA input necessary for signal

eval

uation

Héntzsch evaluation unit with intrinsically safe v/FA-Ex signal
input or with v/FA input in conjunction with a series connected
isolation/supply unit necessary for signal evaluation
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Transducer UFA-int, integrated in the sensor connection housing

analog output/resistance
output 'limit value' or
'‘quantity pulse’

PC interface

self-monitoring

connection

power supply

power consumption
working temp. range
hausing

EMC

setting parameter

4 ... 20mA =0 ... ___ m/s, resistance max. 400 Ohm
Open Collector / max. 50 m& / max. 27 V DC,

pulse duration 0.5 5

R5232

output signals electrically isolated from the power supply
parameter settings, sensor interface;

in case of error: analog output less than 3.6 mA
connector GO 070 with terminal screws

24 VDC (20 ... 27V DC)

less than 3 W

=40 ... +80°C

sensor connection housing ASBO

EM 61 000-6-2

analog output, profile factor/coefficient, pipe inside diameter,
time constant, sensor type, measuremeant range, medium,
limit value or quantity pulse (valency adjustable),
switching actual/standard flow with setting parameters,
'‘actual pressure’ and 'actual temperature’ ...

setting parameter with PC software UCOM and programming adapter (see below) changeable

Accessories (cont. options

Description Art. No.
LCD display in housing 2 % 16 digit, numerals 3 mm high, al10/007
cover working temperature range -5...450 °C
PC software UCOM for configuring the UFA/int via RS232 al010/052
programming adapter for software UCOM, connection PC Sub-D al010/004
GO 070 f RS232 G-pin, power plug 230VAC/24VDC
interface converter PC connection : USBE plug type A a010/100
USBE / R5232 on instrument : Sub-D 9-pin
i GND
1 v 5 L . 1]
DL‘.I El _ W+ =
- GND 3 ‘%I | | g o E3
g el £ A
2 — N
s (TR
o nnez=
T [5]
T 1] |a-20 ma,
T S LN
1580 Rl
| £3 i 1B |
'_E_H_I 232 TxD E
aptional LCD display in the housing Wiring diagram with integrated UFA Wiring diagram sensor for separate

cover

evaluation unit (* opticnal )
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1.7 TR10-C RTD Specifications

Sensor Measuring insert
The sensar is located in the measuring insert. This is The measuring insertis made of a vibration-rasistan,
replaceable and springdcaded, sheathed, minera-insulated cable (M| cable).
The diameter of the measuring insert should be approx. 1 mm
Sensor connection method smaller than the bore diameter of the thermowell.
m 2-wire Gaps of more than 0.5 mm between themnowell and the
m J-wire measuring insart will have a negative effect on the heat
m d-wire transfer, and they will result in unfavourable response
behaviour from the themometer,
Tolerance value of the sensor to DIN EN 60751
m Class B In order to ensure that the measunng insert is fimnly pressed
B Class A down onto the bottom of the thermowal, the insert must be
m Class Ab spring-loaded (spring travel. max. 10 mmj).
The combinations of a 2-wire connection with class A or The standard material used for the measuring insert sheath
class AA are not pamissible, is stainless steel. Other materials are available on request.

For detailed specifications for Pt100 sensors, see Technical
Infomation IM 0017 at www.wika.com,

Standard measuring insert lengths

3 275 35 375 435
[ 275 315 345 375 405 435 525 555 585 655 T35
] 275 315 5 375 405 435 525 555 585 655 735

T s lergiive apescifiedin tie fable comeapond io T atardard BogTe. | risrmed e |srge o greaer lengTe ans poasbdewi Tl ary & Scuky

Possible combinations of measuring Iinsert diameter, number of sensors and sensor connection method
Measuring insert @ in mm Sensor, connection method 1 x PH100 Sensor, connection method 2 x Pt100
2-wire J-win A-wire 2-wimn J-wire A-wime

3 ¥ ¥ ¥ ¥ ¥
-] i i i X i i
B X X X X X X

Components model TR10-C
Fig. with parallel thread, for tapered thread see ‘Dimensions in mm"
P
=

[ Ui
4 / : ; Legend:

ATEE .08

@F 4

J E N 1HH]

(M) L Nominal length

ta 1) Uy | resrticn

l.] E Process connection
5 M Neok tubs length
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Connection head

oo e e

BSZ-K BSZ-HK

Model Material Cable entry ingress protection Cap Surface finish
BS Adaminium M20x15" IF &5 Cap with 2 sorews Bilus, painted )
BSZ Alaminium M20x15" IP &S Hinged covar with cylinder head screw  Blue, painted 2)
BSZ-K Plastic M20x15" IP &5 Hingad cover with cylinder head screw  Black

BSZ-H Alminium M20x15" IP&5 Hinged cover with cylinder head screw  Blue, painted 2)
BSZ-HK Plastc M20x 15" IP &S Hinged covar with cylinder hoad screw  Black

BSS Aluminium M20x15" IP&S Hinged cover with clip Biue, paintad 2)
BS5S-H Alsminism M20x15" IF&S Hinged cover with clip Blue, painted 2)
BvVS Stminksssesl  M20x157 IP&S Screw covar Pracision casting,

glectropolished

1) Stardand
2) RAL B0EZ

Connection head with digital indicator
(option)

As an alternative to the standard connection head the
themometer can be fitted with an optional DIH10 digital
indicator, The connection head used for this is similar to the
model BSZ-H head. For operation, a 4 ... 20 mA transmitter
is needed, which is mounted to the measurning insert. The
indication range is configured iderntically to the measuring
range of the transmitter,

Deasigns with igniticn protection type "intrinsically safe®, Ex i,
are also available.

Transmitter (option)

Connection head with digital indicator, model DIH10

head Ti2 T18 T24 T2 T53

Depending on the connecticn head used, a transmitter can BS . o o . o
be mounted within the thermometer, BSZ [ BSZK o o o o o

) ) BSZ-H/BSZ-HK @ [ ] L ] L ] L ]
O Mounted instead of temminal block BSS o o O o o
& Mounted within the cap of the connection head BSS-H ™ ™ ™ ™ ™
= Mounting nat possible BVS 0 O O & i
Mounting of two transmitters on request,
Madel Description Explosion protection Data sheet
T18 Ana bogue ransmitter, con figu rable Wit TE 18.03
T4 Analogus ransmitter, PC configurabls Optional TEZ24.01
Ti2 Digital transmitter, PC configurable Optonal TE1203
T2 Digital trarsmitter, HART® protocal Opional TE 3204
T53 Digital transmitier FOUNDATION™ Fieldbus and FROFIBUS® PA Standard TE 5301
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Electrical connection
[Calour code par ENJEC 80751)

1x Pt100, 2-wire 1 x Pt100, 3-wire 1 x Pt100, 4-wire

S160620.08

s | ﬂE_ — ﬂE_m

= yallow

For the aactical connections of built-in temparatune transmitters see the comasponding data sheats or operating instructions.
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1.8 T19 Analogue Transmitter Specifications

Specifications Models T19.10 and T19.30
1P01 1P02 1P03
Input 1 x PH100 per |IEC 60584 (o= 0.00385) *
2= o B-wina
Mot configured not factory configured f the measwring range can ba configurad via sol dar jumpars, within the
limits spacilied balow
® Standard ¥ G -50 .. +50 -50 .. +200 -30.. +30
C 0..50 0..200 -30.. +50
G 0..100 0..250 0. 60
G 0..120 0..300 0..80
*C 0..150 Q..350 Q..100
C 0..200 0..400 0..120
B Special measuring ranges factory-configured, permanent, changing e measuring range conflguration s no longer possible
betwesn -200 ... +850 *C (min. span: 30 K, max. span: 1050 K)
Adjustment range zer point  |°C approx. £ 10 [approx. + 25 [approx. + 30
Adjustment rang e span o approx, 10
Sensor measuring cument approx, 0.8 mA
M, outpul reSistance 300 par wina, 3-wire symmetric
Cold junction compeansaton -
Analogue output A4 .. 20mA, 2-wine design
Linaarisaton proporional to temperatne per IEC B0751/0IN 43760
Output limits
Sensor bumout mA down scale, < 3%
Sensor short circuit ma dewn scabe, < 3%
Rise ime 5 < 0.01
Swilch-on tima s =01
(time 1o first me s red vakee)
Measuring rate Parmaneant (anal ogus sysiem)
Power supply Uy ¥ DE 10 ... 30Viom4 ... 20maA loop
Lowwd Ra Ras (Ug =10 V) 002 A with Ra in { and Ug in V
Measuring deviation per A +0.59
DIN EN B0TT0, ot 23°Cx 5 K
Load effect 1000 |£0.05 0
Power supply affect TV + 0025
‘W nm-up tima 5 minutes to reach data sheet specifications
Line arity &nmor Fa 019
A plification anmor o -
Error effect of cold junction -
compansation
Temparatune coafficiant Ty ZP: £ 0.1 %10 Kor+ 0.2 KA0 KT
of 40 .. 85°C Span: + 02 K10 K
Effect of the supply lead Bowiren £ 02K /100
resistances 2-wirg: resistance of the supply lead
Becromagnesc compatbility (EMC) CE-Conformity par DIN EN 61326-1
Galvanic isolation between M
the sensor and output side
(4. 20 mA)
Specificatons in % refer to the me asuring span Legend for lead numbers
* 000 ard apecial measuring mnges. o reguea
1) Further unbs g “F and Kam poaalbie 3 E
2) Up scale, i S overd only lead o 1 openroinadt

) g valui if W G art of i Eatwesie | gl Fa 7 ared e 3] opsralon ol PTIO0IR 3 wies cordgum ory

) Inpet power mapply profec fed from neveess Dol Sy

) Wikt facSory corfigured mesasLring mngs: Nr 1 Nr ? Nr 3
&) 20016 % with memuringmegec 0 B0"C.0 300 C 0 300 - . :
T) Wikicr & i gr dder

Load diagram

The pemissible lkead is dependent upon the loop power
supply voltage.

2EET4400M

Load Ry in 2
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Modal kaernal Waight Ingress protection Tarminal connaction
Cass (terminal connection) (capfive screws)
T18.10 plastic, PA, glass-fibre reinforced appron, 0.03 kg [IPOO (IP40) 0,14 ... 1.5 mm?
T15.30 polyamide, glass-fibre reinforoed 0,05 kg IF10 (IP40) 0.5 ... 1.5 mm*
Ambient conditions
Modal Climate class per Ambient / storage | Vibration per Shock per
DIN IEC 80068-2-30 emperatre DIN IEC 80065-2-6 | DIN IEC 80068-2-27
T19.10 G (-840 ... +85 °C, 5% 1095 % relathe humidit) 40, +85°C 10... 2000 Hz; 59 10g
T19.30 B (=20... +70°C, 5 % 10 95 % ral afve humidity) «20...470°C 10 ... 2000 Hz; 5y 104

Dimensions in mm
Transmitter model T18.10, head mounting version

Transmitter model T19.30, rail mounting version

I - : 17, 5
mintl-e SHA L
| i ®
& s | B8
Llrmm-ru;uhm4

Designation of terminal connectors
Transmitter model T19.10, head mounting version

Transmitter model T19.30, rail mounting version

Input P00/ model T19.10.1P0x | Input PH100 / model T18.30.1P0x

Resistancs thermameter / —® NG

resistance sansor | 4. —&) i
Swire Sowire | ; Input 4 ... 20 mA loop

=
el

MEER:

Accessories for model T19.10 temperature transmitter, head mounting version (please order separately) Order No.

Adapier, plastic/stainlke ss steel, dimensions: 80 x 20 x 41.6 mm

Suitable for TS 35 per DIN EN 607 15 (DIN EN 50022 or TS 32 per DIN EN 50036) 359378
Adapier, tiuned steel, dimensions: 49x & x 14 mm

Suitable for TS 35 per DIN EN 60715 (DIN EN 50022) 3619851
Field casa, plastic (ABS), ingress protection |P 65, dimensions: &2 x 80 x 55 mm (B x L x H)

For hesd mounfing of transmifter, pearmissi ble ambient tamparatune: =40 ... +80 °C, with two M16x 1.5 cable glands 301732
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1.9 MINI MCR-SL-1-U-4 Specifications

Ambient conditions

Ambient temperature [opemation) -20°C .. 85°C

Ambient temperature (storage/trans port) -40°C ... 85 °C

Degres of prolecton P20

Input data

Configurable/programmable Mo

Current input signal 4ma .. 20mA

Mae. input cument 50 ma,

Input resistance curent input apprax, 50 0

Output data

Configurable/programmalile Mo

Voltage output signal LURTE LAY

Max. cutput woltage 125

Short-circuit current apprax, 2ma

Loadicutput load voltage output = 10k

Power supply

Mominal supply wollage 24N DC

Supply voltage range 182 DO ... 30 DC (The T connector (ME 6,2 TBUS-2
1,5/5-3T-3,81 GN, Onder No. 2B69728) can be used to bridge
the supply voltage. it canbe snapped onto a 35 mm DIN rail
according to EN B0715))

Max. curent consumption < 9 ma

Power consumption < 200 mwW

Connection data

Connection method Serew connection

Conductor cross section solid min, 0.2 mm*

Conductor cross saction solid manx. 2.5 mm?

Conductor cross section stranded min, 0.2 mm?

Conductor cros s section stranded max. 2.5 mm?

Conductor cross saction AWG/kamil min. 26

Conductor cross section AWGKkemil max 12

Stripping length 12 mm

Screw thread W3
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Genaral

Maimurn Fansmission emor
Maimum empemature coeficient
Temperature coeffickent, typical
Limit frequency (3 dB)

Step response (10-90%)
Electrical isolation

Surge vollage category

Pollution degree

Rated insulation voltage

Test vdtage, inputioutputisupply
Electromagnetic compatibility
Moise emission

Moise immunity

Color

Hzusing material

Mounting position

Assembly instructions

ATEX

LIL, USA | Canada

GL

Drawings

Block diagram

|
Beaser (R | IN —@)

_#w,—\

MV

GND 3

I

|

|

|

I

I } J
Uiz Ny vy g I
|

I

|

|

= 0.1 % (of final value)

< 0.01 ®BK

< 0.002 WK

approe, 100 Hz

apprax. 3.5 ms

Basic insulation according to EN 61010

I

2

50 W AC/DGC

1.5 KV (50 Hz, 1 min.)

Conformance with EMC Directive 2004/108/EC
EN 61000-6-4

EN 61000-6-2 When being exposed o inferference, there may be
minimal dewviations,

green

FET

any

The T connector can be used to brdge the supply woltage. It can
be snapped onto a 35 mm DIN rail according to EN 60715,

CE-compliant
Ex 113 G Ex nA IIC T4 Ge X

UL 508 Recognized

Class |, Div. 2, Groups A, B, C, D T5 applied for
GLEMC 2D

Dimensioned drawing

931 6,2

=

1025
e

— =AY

)
£
L. =
oy -
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1.10

Amblent conditions
Armibient temperature (operation)

Ambient temperature (storage/trans port)

Degree of pratection

Input data
Configurable/programmable
Voltage input signal

Current input signal

Max. input voltage

Mae. input cument

Input resistance of voltage input
Input resistance cument input

Output data
Configurable/programmable
Voltage output signal

Current cutput signal

Max, output voltage
Max. output current
Short-circuit curnent
Loadioutput load voltage output
Load/output load cument output

Power supply
Mominal supply voltage
Supply voltage range

MINI MCR-SL-UI-UI-NC Specifications

-20°C .. 85°C
-40 °C .. 85°C
IF20

Yes, unconfigured
oV . 1o
OV .5V

1W .. 6%

2V .y
OmaA ... 20ma
4mA ... 20ma
v

50 ma

apprax. 100 k0
approx. 50 0

Yas, unconfigured
oV . 10w

oV . 5v

1V .. 58V

2V .10

0 mA ... 20mA (please indicate if different setting when ordering)
4mh .. 20ma
apprag, 12,5

2B mA
approx. 22 ma
=10 k1

< 500 03 {at 20 mA)

24 DC

192V DC .., 30V DC (The T connector (ME 62 TBLIS-2
1,5/6-5T-3,81 GN, Onder No. 2B68728) can be used to bridge

the supply voltage. k can be snapped onto a 35 mm DIN rail
according to EN B0715))
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M. current consumption

Power consumption

Connection data

Connection method

Conductor cross section solid min,
Conductor cross section solid max.
Conductor cross section stranded min.
Conductor cross section stranded max.
Conductor cross section AWGkamil min,
Conductor cross section AWGkomil max
Stripping length

Screw thread

Genaral

Mo, of channels

Maximum transmissicn emor

Maximum fempermature coaficent
Ternpermature coafficient, typical
Limit frequency (3 dB)

Step response (10-90%)
Protective cireuit

Electrical isolation

Surge voltage category

Follution degres

Rated insulation voltage

Test vdtage, inputicutputisuppy
Electromagnetic compatibility
Maoise emission

Moise immunity

Color

Housing material

Mounting position

< 19 mA [Current output, at 24 DC indl, load)
< & mA (Voltage output, at24 vV DCingl. load)
< 450 mW (Cument cutput)

<200 mW (Voltage output)

0.2 mm?*
2.5 mm?
0.2 mm?

2.5 mm?

12
12 mm
M3

1

= 10.1 % (of final value)

< (.4 % (Without adjustment)

=001 %K

< 0.002 WK

appree, 100 Hz

approx. 3.2 ms

Transient protection

Basic insulation according to EN 61010
I

2

50V AC/DC

1.5 KV (50 Hz, 1 min.}

Conformance with EMC Directive 2004/108/EC
EM 61000-8-4

EM 61000-6-2 When being exposed o interference, there may be

minmal deviations,
green
FET

any
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Assembly instructions

ATEX
UL, USA / Canada

The T connector can be used to brdge the supply voltage. It can
be snapped onto a 35 mm DIN rail acconding to EN 60715,

| CE-comgiiant

Ex 113G Ex nA IIC T4 Ge X

| UL 508 Recognized
Class |, Div. 2, Groups A, B, C,D T5
GLEMG 2D

Application drawing

- [ Al
.’:’I?_‘—]L_—a o ! ./,.]
\ ] | —{d- -DKL_-LJ/
: ) ’ - -4—-.]*

1

‘o= o A
Ee =

93,1 62,

= v om

PrIIT

LA

T
|t
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.11 DS1103 PPC Controller Board Specifications

Technical Details
e
Processor PowerPC Type ® PPC 750GX
CPU dock ® 1 GHz
Cache ® 32 KB level 1(L1) instruction cache
= 32 KB level 1 (L1) data cache
w1 KB level 2 L2
Bus frequency m 133 MHz

Ternperature sensor ® Reads actual temperature at the PPC

localmemory
Global memory
Timer 2 general-purpose timers u One 32-bit down counter
u Reload by sftware
& 15-ns resolution
® One 32-bit up count er with com pare register
® Raload by software
® 30ns resolution
1 sampling rate timer u 32-hit down counter
(decrementer) = Relaad by softwane
B 30-ns resolution
1 time base countar ® Gd-bit up courter
® 300 resolution

AD corverter Channels 16 multtiplexed channek equipped with 4 sample & hold A/D comwverters
(4 channels belang to one A0 conmverter, 4 corsecut ive samplings are necessary
to sample dl dranrels belonang to one AD converter.)
= 4 parallel charrels each equipped with ore sample & hold A/D corverter
® Note: 8 A'D converter channek (4 multiplessd and 4 parallel can be smpled

simultareoLsly.
Fesalution ® 16-hit
Input voltage range 10V
Cwvervaltage pratection w15
Conversion time ® Multiplexed channels: 1 ps™
® Parallel channels: 300 ns™
Offset arror w5 my
(Gain error ® 0.25%
Offset drift = A0
Gain drift ® 50 ppmk

% Speed ndtiming spedfications desobe the capabiites of e hardwane compon e s and dreuits of cur products. Depmdng on the software complexiy e atainable cveral
pariormance figunes can deviate sigrificardy from the hardw.ane specific stiors.
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CvA corverter Suml-tn-m:he ratia m=53dE
LEILEY
m10nF
Digita Chamels ® G independent channes
incremental m Single-ended (TTL) or differential {542 2) input (software programmable for each
encoder interface channel
Position courters & 24-hit resclution

® Max, 1.65 MHz input frequency, i.e, fourfold puse count up to 6.6 MHz
& Courter reset or reload va software

Encader supply voltage B5VA15 A

u Shared with analog incrementad encoder interface

CAN interface Configuration ® 1 channel based on 548 80C 164 microcontroller
|50 DI5 11858-2 CAN high-speed standard
Baud rate u Max. 1 Mbitis
Slave DSP l Texas Irstruments TMS320F240 DSP
Clud:me 20 MHz
Memory G4k 16 extermnal code memarny
® 28Kx16 external data memory
® AKx1 6 dual-port mermary for communication
® 37 KB flash memory
110 chanrels = 16 AD converter inputs
= 10 PWM out puts
u 4 capture inputs
u 2 wrial ports
Input waltage range B TTL inputfoutput level
= AD comverter inputs: 0 ... 5V
Cutput current ® Max, £13 ma
Fhysical Fhiysical size ®340x 125 x 45 mm (134 x 4.9x% 177 in)
characteristics  ambient temperature m0 .. 50°C (32, 122°F
Coaling ® Fassive cooling
Power supply B 45 5%, A

B+12Y 5%, 0.754
=12V £5%, 0.254
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Appendix II: Drawings

1 S | 4 3 | 2 | 1
2997
1595 )
D 600 57 PARTS LIST
800 2)(3) (2 ITEM[ QTY DESCRIPTION
1 - Pipe ASTM A 53/A 53M 12 inch
498 (OD=323.8mm, ID=313.5mm)
A to come with insulation
2 10 |DIN 2576 Slip-on Flange for
- -3 — P R L = Welding Used in Shipbuilding
e - Series 1 (ISO) - PN 10
1 8 300x323.9
3 2 ASME B16.9 Long Radius 90
7 Deg Elbow 12 x 0.203
11 5 3 2 |SOMAS butterly valve
¢ - 3 T ) VSS-A5-AAC-B71-DN300
§ 2 : § 5 2 |Somas pneumatic actuator
o B 8 o - A33-50-035-F14-HR
K| < | 6 2 | DPF filter
9 i 7 - |pipe ASTM A 53/A 53M
- 10 10 \ 8.625x0.375 (OD=219,
1D=200)
- 485 8 8  |DIN 2573 Plain Face Flange for
7 Welding Used in Shipbuilding
4 Series 1 (ISO) - PN 6 200 x
To— 219.1
B 9 2 ASME B16.9 Long Radius 45
Deg Elbow 8 x 0.25
A 11 10 6 |G 1/2 adaptor
50 11 5 G 1 1/4 adaptor
{ 12 5 hanging lug
13 4 mounting bracket
~— 14 2 mounting rod
Al Designed by |Medbv |~»meub, n--l Date |
akis 26/2/2013
ly DPF-1 [ 272
T I 4 3 I 2 I 1

Figure A.ll 1: Exhaust bypass system initial assembly design
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5 E| ] 2
100
38
2 2
T 2 T \
- — ™
0 = R D | ‘ &
=1
o _ﬁ o — /
a0
17 ED 18 30
Coigned by Chezhed by Approved by Ceiz 3
Sotins | | 552004 |
(Opadty meter adaptor | miten | 1’[.":{
I l

Figure A.ll 2: Socket pipes design

&
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PRODUCED BY AN AL.ITOD% EDUCATIONAL PRODUCT

PRODUCED BY AN AWOD% EDUCATIONAL PRODUCT

Part. 1 - Hexagonal Nipple
Flow meter Adapfer - 3 Parfs 43

| Ly
%»“
Part. 2 - Adapter

515 ¢
7\ MLx05 |
Part. 3 - Taper —-T

M4LE x 2
35
[ I [
[N
|
L
32
BSP G11/4

IR0 A TohOH 10003 Séfl‘ﬂﬂ'nfhl‘nf AR OFWO0EHA

5
—-1—'-—
. - | SCALE 1:15
‘9:_1" rL\n.E‘-’
2 ¢
/"\ Dot | Mome_ HONTZCH FLOW METER
\ , — T - P EEEEES LSS PROCESS CONMNECTION Pos. 2
Ghuncard
10 Drawing No. 1: Assembly 1
™ Hexagonal Nipple-Adapter-Taper AL
|

PRONLUICFT BY AN mrmn$ FOLICATIONAL PRODUCT

Figure A.ll 3: Flow meter adaptor design
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Room [.13

Panel A1
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Figure A.ll 4: Panel Al initial design (it features two NI USB 6216 DAQ modules for local

control).
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Exhaust Bypass Room

[.13

Engine Room

- W12-H1

Y12-H14
-XT
DAQ System

Fanel:

Manuf: dSpace
D31103

ADCHS

Z2Y —131 Jf ZT—131 . Terminal Block: -X&
) .\ Terminal:
Manuf: Siemens Fanel: Al Fanel: Al . hManuf: Phoenix Contact
Model: Sipart P32 Terminal Block: -X1 Terminal Block: -X8 ' Model: MINI MCR-5L-1-U-4
Signals: 4-20mA | | : Model:
i . LiYCY [ [ LiYCY | R ~ . LivYCY
Valve Position | | . IN ISEOLATOR | OUT |
Control & Feedback brown|-]| 2035-1 i 203-2 red red &03-1 i 803-2 [ white/red | [] 9 _ white [ 4
82 I 1 5 |
8,7 81,82 | | H ' H
8,7 le1.62] . . I |
white |4 103 | 112 red black a1z | @03 browmy/red | black H -
7 g ® = } $ e 2 a |
blendage blendage ! SUPPLY GONDy blendage|
B 4 GND GNDy : j 2 : B i
H H . T 8
| | . 1-pair .
X GND
802 TO2 Input: 4-20mA Cutput: 0-10 W
Fanesl: Al

Terminal: -X7 +24 V L]

Term

—_————-
24V [u]

Fanel:
inal Block: -

W12-H1

Panel:
Terminal:

Xa

MINI MCOR-3L-UI-UI-NC

-X3

Y12-Hl4

Y12-H14
Terminal: -X7T
DAGQ System
Manuf: dSpace
DS51103

Panel:

DACHT

Panel: Al Panel: Al Manuf: Phoenix Contact
Terminal Block: -X2 Terminal Block: -X58 Model:
| |
' '
| | OUT | ISOLATOR
[ green|[4 135-1 | 1552 red £33-1 | 833-2 [|grey/pink M -
greeni+] ! 1 ! miad 8 13
I I |
' '
vellow|[-] 233-1 | 2332 black 933-1 | 933-2 rc:d_.-"l:-lnrk! 8
I + >
T T I i . - .
blendage ' . o blendage GND SUPFLY
$ CND GNI I
H H ' - i
B_mai | | 1% i i -]
Z-pair 2-pair

L

Output: 4-20 mA

Model:
LiY
I~ I
white ' 'l
1 }
|
black H -
2 |
T
blenage |
L
[l
l-pair

Input: 0-10 WV

GND

Figure A.ll 5: Electrical connection of butterfly valve positioner 1
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Exhaust Bypass Room 1.13

Fanel: ¥12-H1

Engine Room

Fanel: Y12-H14
Z2Y —132 J ZT—132 ' Terminal Block: -X8 T l_ X
erminal: -X7
Manuf: Siemens Pansl: Al Panel: Al . Manuf: Phosnix Contact DAQ S
£ System
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Figure A.ll 6: Electrical Connection of butterfly valve positioner 2
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Figure A.ll 7: Electrical connection of PTX 1400 pressure transmitter
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Figure A.ll 8: Electrical connection of S-10 pressure transmitter 1
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Figure A.ll 9: Electrical connection of S-10 pressure transmitter 2
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Figure A.ll 10: Electrical connection of S-10 pressure transmitter 3
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Figure A.ll 11: Electrical connection of S-10 pressure transmitter 4
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Figure A.ll 12: Electrical connection of TR10C - T19 transmitter 1
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Figure A.ll 13: Electrical connection of the TR10C - T19 transmitter 2
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Figure A.ll 14: Electrical connection of TR10C - T19 transmitter 3
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Figure A.ll 15: Electrical connection of G1000 SDM
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Figure A.ll 16: Electrical connection of vane wheel flow sensor
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Figure A.ll 17: Wiring design of EBS for Caterpillar 3176b engine
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Figure A.ll 18: Wiring design of EBS for MAN B&W Holeby L16/24 engine
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Figure A.ll 19: Draft of room 1.13 front view
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