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Disclaimer

This report was prepared as the result of work spad by the California Air Resources
Board (CARB) and carried out with a major shippemmpany. As such the report does
not necessarily represent the views of CARB and ghgnering shipping company.
Further the collective participants, its employemstractors and subcontractors make no
warrant, express or implied, and assume no legaility for the information in this
report; nor does any party represent that the asekis information will not infringe
upon privately owned rights. This report has neitheen approved nor disapproved by
the collective group of participants nor have tipagsed upon the accuracy or adequacy
of the information in this report.
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Executive Summary

The California Air Resources Board and the Uniugrsf California, Riverside (UCR)
partnered with a shipping company to measure therier gas and particulate matter
(PM25s) emissions from the main engine of a Post Panaflass container vessel
running on 3.01 wt% sulfur Heavy Fuel Oil (HFO) ab@ wt% sulfur Marine Gas Oil
(MGO). Exhaust sampling took place over a threewdayage from Los Angeles, CA to
Seattle, WA during July, 2007

The project objectives were to:

1. Calculate emissions factors from the measured ensf selected gases and
particulate matter while the engine operates atltlaels specified in the ISO
8178-E3 certification cycle.

2. Calculate emissions factors from the measured @nsf selected gases and
particulate matter while the engine operates atdhd needed to maintain a 12
knot speed (VSR mode).

3. Fractionate PMs mass into its major constituents: hydrated sulfatganic
carbon, inorganics (ash), and elemental carbon. .

4. Continuously monitor the gaseous and QRMmissions during the switch from

MGO to HFO and calculate the difference in emisdamtors.

Model the PMs level changes during the fuel switching.

Comparison of exhaust flow rate calculations fraffecent methods.

Comparison of emissions measurements done threes ygmrt on the same

vessel.

No o

Emission factors determined from testing the maipplsion engine are presented in
Table ES-1.

Table ES-1: Emission Factors for the Main Propuldtmgine

Fuel
Load % Type CO; SO, CO NO PM; s
(g/kwWhr) | (g/kwWhr) | (g/kWhr) | (g/kWhr) | (g/kWhr)
8% MGO 578 0.72 0.54 15.34 0.57
13% HFO 623 11.62 0.52 19.77 2.03
25% HFO 678 12.66 0.41 21.33 2.22
50% HFO 611 11.40 0.29 18.10 2.43
75% HFO 604 11.28 0.28 20.08 291
90% HFO 636 11.87 0.30 19.50 3.18

Continuous monitoring of Ppg and SQ emissions during the fuel switching showed that
it took about ninety minutes to stabilize after fbhel switch, indicative of the mixing in
the fuel system. Results show that switching fueinf HFO to MGO during the VSR
speed decreased the N@mission factor by 22 percent, which is much higtiman
expected. Thus, authors recommend a repeat of dasurement campaign to confirm
these findings of fuel switching in this report.
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1 Introduction

1.1 Background

Businesses at ports throughout the world are wgrkith regulatory and community
agencies to increase economic throughputs withotrieasing environmental impacts.
Increased environmental impacts come mainly frooneiases in port activity and many
ports are projecting substantial increases in #égtivIncreased port activity without
further controls on new and legacy diesel engine imcrease emissions in the
communities near ports and the environmental ingpakh example of the projected
emissions and their sources can be seen from tlesviiog figures for the Los Angeles
ared. From these figures it is clear that the shipstlaeekey contributors to the emission
inventory in the future. However, little is knowbaut the emissions from these sources,
especially the actual in-use emissions.
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Figure 1-1 Trends for Various Port-Related Emission s (tons/day)

As ocean going vessels are one of the largest tmotied sources of pollutants and as
emissions data from those sources are scarce, dh®r@ia Air Resources Board, a
major shipping company and UCR worked together goaragect to measure emissions
from the main engine on a Post-Panamax Class centaessel following the engine
operating conditions specified in the ISO 8178 Eegification test and while following

the voluntary Vessel Speed Reduction (VSR) prograne ISO 8178 E-3 certification

conditions are defined later; VSR operations regmeshose times when ocean going
vessel (OGV) voluntarily reduces their speed tokhats at a distance of 20 nautical

! Ref: Goods Movement Action Plan Phase |: Foundations (Sept 2005)
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miles from the POLA/POLB. More detail on the VSPogram is available on the ARB
web sité.

1.2 Project Objective
Given that background, the goals of the project are

1. Calculate emissions factors from the measured ensof selected gases and
particulate matter while the engine operates atltlaels specified in the ISO
8178-E3 certification cycle.

2. Calculate emissions factors from the measured @nsof selected gases and
particulate matter while the engine operates atdhd needed to maintain a 12
knot speed (VSR mode).

3. Fractionate PMs mass into its major constituents: hydrated sulfatganic
carbon, inorganics (ash), and elemental carbon. .

4. Continuously monitor the gaseous and JRMmissions during the switch from

MGO to HFO and calculate the difference in emisdamtors.

Model the PMs level changes during the fuel switching.

Comparison of exhaust flow rate calculations fraffecent methods.

Comparison of emissions measurements done threes ygrrt on the same

vessel.

No o

Criteria pollutants measured include carbon mor®XdO), oxides of nitrogen (N
sulfur dioxide (SQ) and particulate matter (P}¥. Based on previous studies by the
authorg, hydrocarbons emissions are observed to be lownaad ambient levels for
these engines and were excluded from the measuterasrpaign. The primary green
house gas from ships, carbon dioxide (CO2), was alenitored. Measurements were
made while the main engine operations approximttedSO 8178 E-3 certification test
modes, and while the vessel followed the 12 knatedplimit specified in the VSR
program. Values from this study should be helpfudeveloping emission models and
inventory calculations.

2 See: http://www.arb.ca.gov/ports/marinevess/vsr/vsr.htm
3 Agrawal H., Welch W.A., Miller J.W., Cocker D.R2q08b) Emission measurements
from a crude oil tanker at sd&nviron. Sci. Technol., 42, 7098-7103.

10
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2 Test Plan

2.1 Overview

Prior to sailing, a detailed schedule for testiraswieveloped by UCR and finalized with
the Chief Engineer of the vessel. The plan incluttesl location of specific sampling
ports and engine operating conditions (rpm and)l@ada function of time from the Port
of Los Angeles. The test plan used information ftben desired test matrix, including the
number of repeat measurements, and the operaptarabf sailing from Los Angeles to
the Port of Tacoma. Subsequent discussions aligmetl merged the two plans so
everyone knew the operating plan for the voyagefanthe testing.

The following sections provide detailed information the test engine, test fuels and the
engine conditions during the testing. Additionaltadle on the test procedures are
provided in Appendix A.

2.2 Test Fuels

While maneuvering out of the Port of Los Angeleghe 20 nautical mile limit of the
VSR zone, the main engine operated on a Marine @hgMGO). Once the vessel
reached 20 nm, the crew switched from the MGO teeavy fuel oil (HFO) and the
vessel sailed the reminder of the voyage on HFQh baoels meeting 1ISO 8217
specifications. Both fuels were typical of normapply and a one liter fuel sample of the
MGO and HFO was withdrawn from the main engine Ififiéer drain, immediately
upstream of the injector rail, for subsequent asialyThe samples were analyzed after
the voyage for a number of fuel properties. In addito the samples, bunker delivery
notes were collected as these provided indeperaetyses of the fuel properties for the
HFO and MGO.

2.3 Test Vessel and Engine

The sampling was conducted on a modern Post Pan&tess container ship that
frequently calls on California ports and is reprgagve of other modern container
vessels. Properties of the vessel are providddlire 1

Vessel type: Post-Panamax Class Container Ship
Shipyard: Lindg

Built Year: 1998

Length (meters): 346.98

Beam (meters): 42.8

Speed (knots): 24.6

TEU: design/capacity: 6600/8680

Weight, GT 91,690

Date Entered Fleet: 1998-06-29

Table 1 Selected Properties of the Test Vessel

Modern container ships are large and have largmesghat occupy over three stories of
space on the vessel. The engine specificationgraxéded inTable 2.

11
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Ship Type Container vessel

Engine Type 12k90MC

Build Hitachi MAN B&W 12K90Mk mk 6 (Build 1998)
Rated Power 54840 kW

Rated speed 94 r/min

Maximum pressure (at MCR) 141 bar

Table 2 Selected Data for the Main Propulsion Engin e

According to the MAN web sifeall MC enginescomply with the IMO speed dependent
NO, emission limitations, measured according to th® KBL78 test cycles E2/E3 for
Heavy Duty Diesel Engines.”

2.4 Operating Cycles

Emission factors are dependent on the operatingitons of the vessel, for example
load, rpm etc. The measurement were made bothesitopn of the vessel at ISO 8178-
E-3 modes and actual in —use operation of the Vas3%5SR mode.

2.4.1 Operation at ISO 8178-E3 modes

Normally, emissions from diesel engines are measwiele the engine is in a laboratory
and connected to an engine dynamometer. The emgagating conditions are set to
match the recommended conditions specified in dgelation for certification. For this
project, the testing was carried out during an @ctea voyage. This approach adds
complexity, as it is often difficult to match “ins@” engine operating conditions with the
operating conditions specified for the four modes the ISO 8178 E-3 marine
certification test.

Table 3 Engine Operating Conditions for the ISO 817 8 E-3 Cycle

Rated speed Intermediate speed
Speed, % 100 91 80 63
Power, % 100 75 50 25
Weighting factor 0.2 0.5 0.15 0.15

The achievable load points were determined at itne ©f testing and depended on
several factors; including constraints by the scheedssociated with the planned voyage,
sea currents, wave patterns, wind speed/directind,cargo load. Efforts were made to
conduct the emissions measurements at loads andagpeiose as possible to those
specified in ISO 8178 E-3.

4 http://www.manbw.com/web/viewers/news/articleVievaspx?id=484

12
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2.4.2 Operation in the VSR Mode

In addition to tests at the ISO conditions, thenptalled for testing and measuring
emissions at the 12 knot speed limit in VSR mod&o VSR test opportunities were
available. First when the vessel left the Port of IAngeles, and second, when it sailed
into the Port of Tacoma. In May 2001, a Memorandeimunderstanding (MOU) was
signed between the Ports of Los Angeles and LoraclB€POLA/POLB), the United
States Environmental Protection Agency - RegioARB, the South Coast Air Quality
Management District, the Pacific Merchants Shippigsociation, and the Marine
Exchange of Southern California. This MOU requedSV operators to voluntarily
reduce their speed to 12 knots at a distance afa2dical miles from the POLA/POLB.
Within the VSR boundary, it was expected thatNgnissions would be significantly
reduced and the reduction in NOx would help meetgbals of the 1994 ozone State
Implementation Plan and 1997 South Coast Air Qualianagement Plan.(VSR, 2001)

2.5 Emission Measurement

The test plan was designed to measure selectedugasenissions, CO, NOSGO, and
CO,, while the main engine operated at or close toceréfication conditions specified
in ISO 8178 E-3, and during operation at the 12tR8R speed limit. In addition to
gases, the test plan called for collecting filtamples on Teflon and quartz media for
subsequent analysis of BMmass, elemental carbon, organic carbon, ash dffatesu
fractions. Continuous emissions monitoring of gaa®s$ PM s was carried out during the
fuel switch.

2.5.1 Sampling Ports

As explained in Appendix A, a partial dilution syt was connected directly to the
exhaust and no transfer line was used. While tke8%78-1 allows a transfer line of up
to 5 meters, the UCR protocol eliminates the trankfe wherever possible to minimize
PM, s losses. Earlier studies by UCR showed a transferdf 5 meters could lower the
PM, s collected by up to 50%. Accordingly, measuremeamtthis campaign were made
without a transfer line between the raw exhaustthagartial dilution tunnel.

The sample port used for this work was installedrgo the campaign on the same vessel
in 2004. It was located just before the waste leger on the vessel. Sample probe
access into the exhaust stream was gained by tlengarlier probe sampling ports. The
sampling probe extended over 30 cm into the rawaesh stack; away from any
conditions found near the stack wall boundary.

13
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Figure 2-1 Example of a Sampling System where the M ain Exhaust is Directly Connected
with the Partial Dilution Tunnel

2.5.2 Measuring Gases and PM2.5 emissions

The concentrations of gases in the raw exhausttlaadlilution tunnel were measured
with a Horiba PG-250 portable multi-gas analyzaradldition to the gaseous emissions,
the test program determined load-specific partieulaatter (PMs) mass emissions
while following the ISO and VSR modes. As descrilied\ppendix A, the PMs mass
was sampled from the main stream with a partialtidih method and collected on filter
media. The real time PM measurements were made with Dekati Mass Monitor.
Measurement protocol is described in detail in Agujpe A.

2.5.3 Calculation of Emission Factor

The emission factor at each mode is calculated fileenmeasured gaseous andBM
concentration, the reported engine load in kilogvgtiV) and the calculated mass flow in
the exhaust. An overall single emission factor espnting the engine is determined by
weighting the modal data according to the ISO 818 requirements and summing
them. The equation used for the overall emissiotofas as follows:

i=n

2(31 KWE)
e =

14
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Where:

Awm = Weighted mass emission level (HC, CO,XCPM, 5, or NQ,) in g/kW-hr
g = Mass flow in grams per hour,

P = Power measured during each mode, including aunyilbads, and
WF; = Effective weighing factor.

15
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2.6 Determining Exhaust Flow Rate

The calculated emission factor is strongly depehdenthe mass flow of the exhaust.
Accurate exhaust flow rate is needed to determmiss2on factors and various different
approaches are described below. Appendix A of I3@88L describes two methods for
calculating the exhaust gas mass flow and/or thebestion air consumption. A third
approach calculated the air flow from the enginlee Tourth approach uses proprietary
data and was the method used in this report. An@thproach is to measure the exhaust
flow rate using a Pitot tube. These methods arertesl below.

2.6.1 Methods described in Appendix A of ISO 8178 -1

Two methods are described in Appendix A of ISO-8178oth methods are based on
measuring the exhaust gas concentrations and dmtveedge of the fuel consumption.

Method 1, Carbon Balance, calculates the exhaust massidés&d on the measurement
of fuel consumption and the exhaust gas conceotstiwith regard to the fuel
characteristics (carbon balance method). The metboohly valid for fuels without
oxygen and nitrogen content, based on procedueskfos EPA and ECE calculations.

Method 2, Universal, Carbon/Oxygen-balance, is used forctideulation of the exhaust

mass flow. This method can be used when the fueswmption is measurable and the
fuel composition and the concentration of the eshazomponents are known. It is
applicable for fuels containing H, C, S, 0, N irolm proportions.

The carbon balance methods may be used to cale)ai@ust flow rate when the fuel

consumption is measured and the concentrationseoéxhaust components are known.
In these methods, flow rate is determined by bat@ncarbon content in the fuel to the

measured carbon dioxide in the exhaust. This metasdonly be used when the fuel

consumption data are available.

2.6.2 Determining exhaust flow rate from intake air

This method is widely used for calculating exhdl#t rate in diesel engines, especially
stationary diesel engines. This method assumesrtgme is an air pump, and the flow
rate is determined from the cylinder volume, reedrdpm, and the temperature and
pressure of the inlet air. The method assumes ah&uastion air flow equals the total

exhaust flow. Low-speed, two stroke engines, uguals scavenged air flow while the
piston is expanding and the exhaust valve is gti#n. The scavenger air would not be
included in the air pump calculation leading towarder prediction of the total exhaust
flow and the emission factors. The method workg feesfour stroke engines or for two-

16
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stroke engines where there the scavenger air fomuch smaller than the combustion

air’.

2.6.3 Proprietary methods for determining total exhaust fow rate

Various engine manufacture companies, like MAN B&kéave developed proprietary
knowledge and computer programs in the form of demnpquations to calculate exhaust
flow rates for their engines, including the low-edetwo stroke engines. Their complex
equations provide an accurate value for the toiddaest flow, including both the
combustion and the scavenger air flows. The prograne based on the load and the
operating conditions of the engine and the turbogdra. Such programs were developed
and checked against stoichiometric calculationsdbam carbon and oxygen balances.
Since MAN supplied their proprietary data, the oldted total exhaust flow and
subsequent emission factors in this report arecbasehe proprietary method.

2.6.4 Determination of stack gas velocity and volumetri¢low rate by Pitot tube

In this method the average gas velocity in a stadetermined from the gas density and
from measurement of the average velocity head avitlype S (Stausscheibe or reverse
type) pitot tube. Details of this method are avaddan the ARB report on Method 2,
Determination of Stack Gas Velocity and VolumeFkiow Rate (Type S Pitot Tube).

® Miller, J. W.; Durbin, T. D.; Johnson, K.; CockeD. R., lll. Evaluation of Portable Emissions
Measurement Systems (PEMS) for Inventory Purposdstae Not-To-Exceed Heavy-Duty Diesel Engine
Regulation; Final Report for the California Air ResceBoard, July, 2006.

17
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3 Results and Discussion

3.1 Fuel Properties

Selected fuel properties from the certificate odlgsis (COA) for the bunker oil and the
marine gas oil are presented in Table 4.

Table 4 Selected Properties of the Fuel Used onth e Vessel
Fuel Units Heavy Fuel Oil (HFO) Marine Gas Oil (MGO)

Density @ 15C kg/ 988.5 863.8
Viscosity @ 50C mmn/s 290.6 180

Sulfur %m/m 3.01 0.2

Ash %m/m 0.05 <0.01
Vanadium mg/kg 75 <1

Nickel mg/kg 29 <1

3.2 Test plan and operating conditions

As mentioned in the prior section, an emissions smesament plan, which fitted the
voyage and engine operating plan, was developedrddkaving port. While the

measurement plan called for following the ISO modies actual loads when testing an
engine on a vessel differed from the ISO protoas tb practical considerations. For
example, the main propulsion engine was not testdd0% load as specified in the ISO
protocol because company policy precludes operatimve 90% load.

VSR modes were tested. While leaving the Port of Aogeles the vessel operated in
VSR mode (12 knots, ~8% engine load) on MGO andembiitering the Port of Seattle
the engine operated on HFO at 15 knots and ~13% Thze final test schedule is shown
in Table 5

Table 5 Test Schedule for the Main Propulsion Engi  ne

Condition = Fuel Date
VSR ~8% | MGOQO| 7/16/2007
ISO 90% | HFO| 7/16/200f
ISO 75% | HFO| 7/16/200}
ISO 50% | HFO| 7/16/200f
ISO 25% | HFO| 7/16/200f

VSR ~13%| HFO | 7/18/2007

18
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3.3 Exhaust Flow Rate

As described in the last section, the exhaust ga$yzers measure concentration and
accurate exhaust flow rates are needed to fig@enmssion factor for each mode. Three
recognized approaches to calculating the exhamstrthite were described in that section:
carbon balance, model combustion as pump, and iptapr data. Figure 3-1 compares
the flow figured with each of the methods.

Exhaust Flow Rate Comparison

250000

200000 A

150000 /

100000

Exhaust Flow Rate (dscfm)

50000 -

0 10000 20000 30000 40000 50000 60000

Load (kw)
& July, 2007 UCR CALC A Feb. 2004 MAN B&W CALC = [SO Carbon Balance Calc Flow
——Linear (July, 2007 UCR CALC) —— Linear (Feb. 2004 MAN B&W CALC) Linear (ISO Carbon Balance Calc Flow)

Figure 3-1 Comparison of Exhaust Flow Rates usingd ifferent methods

Table 3- shows the exhaust flow rate from the pedgry data is higher than the flow rate
calculated by the air pump method by about 16.7%. Wed the flow rate from the
proprietary data to calculate emission factorsis teport.

Table 3-3 Exhaust Flow Rate Comparison

Exhaust Flow rate (dry scfm)
Engine Load % Air pump Proprietary Data 0 Differenc e
10 35,018 40,556 13.7
25 52,265 67,815 22.9
50 100,924 136,401 26.0
75 157,459 186,261 15.5
85 174,212 203,149 14.2
Weighted difference 16.7
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4 Results and Discussions - Regulated Emissions

The first goal of this study was to determine tmeission factor for the gaseous and
PM s pollutants from the container vessel at each ®80 8178 certification modes for
comparison with the other data. Gaseous and Pleasurements were conducted in
triplicate (consecutive) and the results are prieskem following sections.

4.1 Gaseous Emissions

The gaseous emissions of interest in this studgwe®, CO, SQ and NQ. All of the
gaseous emissions were measured using instrunpaasied in the 1SO protocol, except
for SO, ISO 8178-1 Chapter 7.4.3Sulfur dioxide (SO,) analysis specifies: “The S@
concentration shall be calculated from the sulfontent of the fuel used, since
experience has shown that using the direct measmtemethod for S¢) does not give
more precise results.” This approach is valid asstm(©@95%) of the fuel sulfur is
converted to S@in the combustion process.

The modal gaseous emissions factors fop, D, NQ and SQ in terms of g/kW-hr are
presented in Figure 4-1. Triplicate measurementse waade for each set of load
conditions and the error bars on the figure reprietige confidence limits for the data
gathered and analyzed. Calculated values of th#fideat of variation (CV) show the
average for the NOand CQ was about 3%, very good precision for field stadie
Numeric results are also presented in Table 6 tier modal and weighted emission
factors.

‘ OAvwg.NOx BAyg.CO 0OAvy.CO2/100 0OAvg.meas.SO2 @OAwg.Calc SO2
25.00
B
20.00 - o 3 .
A
£
L 15.001 [
2
2 E
@ T T o . i
2 10.00 — — =
9
£
w
5.00 +
0.00 . . . . .
8 (MGO) 12 (HFO) 25 (HFO) 50 (HFO) 75 (HFO) 90 (HFO)
Load (% of full load)

Figure 4-1 Emission Factor for Different Gases for Main Engine
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Table 6 Emission factor of Different Gases for Mai  n Propulsion Engine

Load (%) CO, SO CO NOx
g/kW-hr g/kW-hr g/kW-hr g/kW-hr
VSR-8 (MGO) 578 0.72 0.54 15.34
VSR 12 (HFO) 623 11.62 0.52 19.77
25 (HFO) 678 12.66 0.41 21.33
50 (HFO) 611 11.40 0.29 18.10
75 (HFO) 604 11.28 0.28 20.08
90 (HFO) 636 11.87 0.30 19.50
ISO weighted 622 19.85

4.2 Particulate Matter (PM »5) Emission Factors

In addition to the gaseous emissions, the test ranogdetermined load-specific
particulate matter (Ph) mass emissions while following the 1ISO and VSRde® As
described in Appendix A, the P mass was sampled from the main stream with a
partial dilution method and collected on filter nmeedThe PM s mass emissions for the
main engine are presentedTiable 4-. Triplicate measurements were made and legairsr
are presented in Figure 4-2, providing an indicatmf the confidence limits. The
coefficient of variation for the Pps mass was about 5%; excellent precision value for
field studies.

Table 4-5 PM, 5 Emission Factors in g/kW-hr & Standard Deviation

Load (% rated) PM, s (9/kW-hr) | SD
8 (MGO) 0.57 0.05
12 (HFO) 2.03 0.01
25 (HFO) 2.22 0.06
50 (HFO) 2.43 0.12
75 (HFO) 2.91 0.08
90 (HFO) 3.18 0.05
ISO weighted 2.79

21



Emissions from the Main Propulsion Engine of a Ca@aVessel
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Figure 4-2 Emission Factor (g/kW-hr) for Particulat e Matter from the Main Engine as a
Function of Load

4.3 Discussion of Emission factors during VSR operation

In May 2001, a Memorandum of Understanding (MOU) between the Ports of Los
Angeles and Long Beach (POLA/POLB), the United &taEnvironmental Protection
Agency - Region 9, ARB, the South Coast Air QuaMgnagement District, the Pacific
Merchants Shipping Association, and the Marine Ergbeaof Southern California was
signed (it was later extended through 2004). ThisW€pecifically requests OGVs to
voluntarily reduce their speed to 12 knots at dadise of 20 nautical miles from the
POLA/POLB. In doing so, significant reductions i©X emissions would occur and help
meet the goals of the 1994 ozone State Implementd&ian and 1997 South Coast Air
Quality Management Plan.( VSR , 2001)

The VSR mode testing at MGO was conducted whileihgathe port in California, and
the HFO was conducted while entering the port @ittBe It was not possible, during the
operational limitation of the vessel, to get theexsame load while leaving the Port of
Los Angeles and while entering port of Seattle. 8R load while leaving the POLA
was 8 percent of full power with engine running @O, while the lowest stable load
for the heavy fuel oil combustion in the main ergivas 13%.

The emission factors are affected significantly bgrges in load when the engine power
is below 20% of maximum. The emission factors foryNi® found to increase with

Vessel Speed Reduction (VSR) for ocean going \&sse

http://www.arb.ca.gov/ports/marinevess/vsr/vsr.htm
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decrease in engine load. This study provides a cesipee estimate of the decrease in
NOx by switching the fuel from HFO to MGO on the maimgine of container vessels.

It is found that a 22 percent decrease ini@issions is observed with switching the
fuel from HFO to MGO at VSR mode. This increase iach higher than can be
attributed to the fuel NO(5 — 10%) which is due to differences in the rgep contents
of the fuels. Further tests are required to confhia finding.

There is a very minor CQdecrease which can be attributed to the differemtengine
load to an extent. A decrease of 70% in PM emis&otors was observed mainly due to
the differences in level of sulfur in the fuel.

4.4 Emission Factors Compared: August 2007 and Februar2004 Voyages

Since the engine and vessel tested in this repasgt also tested in Feb 2004, it was
valuable to compare the measured values for thecawmmpaigns. There were differences;
however. In February 2004, MAN was the lead groop testing and used their
instruments and dilution tunnel for measuring theepus and PM emissions. During
August 2007, UCR measured the emissions with differinstruments and dilution
tunnel. However both teams followed the protocalflioed in ISO 8178-1. Figure 4-3
presents the comparison of the Ofncentrations from the two emission tests anavsho
that the concentrations of G@vere within 8% at the different load points foettwo
separate tests. This finding provides confidendbenconsistency of the test methods and
the engine operation at various engine load camti The sulfur level in the fuel for the
Feb 2004 and the Aug 2007 were 2.4% and 3.01%ecésply. It is observed that the
NOyx emissions at lower loads are within up to 25% of tlvo tests. PM emission
normalized by the corresponding sulfur levels ia thels, are around 6% to 22% lower
for Feb 2004 test. In Feb 2004 test a 5m transferwas used. The losses in this transfer
line can explain the lower PM levels observed e Feb 2004 test.

‘ ® CO2 (Feb 04) © CO2 (Jul 07) mNOXx (Feb 04) o0 NOx (Jul 07) & PM (Feb04) < PM (Jul 07) ‘
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Figure 4-3 Comparison of CO ,, NO,, PM, s Concentration vs Load, Feb 2004 vs July 2007
Voyages
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5 Results and Discussion — Unregulated Emissions

In addition to measuring the criteria pollutantsl @arbon dioxide, the project was aimed
at measuring the various components of the Piass into its major fractions. There are
very few data from marine engines where the,Pkhass is fractionated into its major
constituent groups: sulfate, organic and elemecdabon. As shown in the following
sections, for the high sulfur fuel (3.01 wt. % Sgd in the ship tested, the main fraction
of PM,s mass consists primarily of hydrated sulfate fokowby organic carbon and
finally, elemental (black) carbon. The remaining RMmass includes chemical
constituents in the fuel that are found in the gadr-million range, like vanadium, in
fuel that forms ash during the combustion proceska@ntribute a minor amount to the
PM, s mass.

5.1 Emissions of Sulfate

Sulfate was extracted from the Teflon filter as diésd in Appendix A and the extract

analyzed for sulfate ions with an ion chromatografie sulfate analyses are shown in
Figure 5-1 and relate to the level of sulfur in fhel. The bunker fuel sulfur content was
3.01% and the MGO sulfur content was 0.2 %.

3
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- i L
£
: !
D)
5 t
'g 15 =
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0
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i
0.5
0 —
8% (MGO) 13% (HFO) 25% (HFO) 50% (HFO) 75% (HFO) 90% (HFO)
Engine Load (%)

Figure 5-1 Figure of the Sulfate Emissions vs. Eng  ine Load
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The same sulfate data at each operating mode argl@doin numerical form in Table 7.
The calculation assumed that the sulfate was iriditme of hydrated sulfuric acid, where
6.5 water molecules were combined with each salfacid molecule.

The emission factor of sulfate is significantly lowehen the engine is running on low
sulfur marine gas oil. Previous studidsave shown that sulfur from fuel to sulfate
conversion increases with the engine load, whigdhasprimary reason for the increase in
hydrated sulfate emission factor as engine loackases.

Table 7 Sulfate Emissions (g/kW-hr) for the Main Emgin
Engine Type | Load % Unit Hydrated Sulfate

Main Engine | 8 (MGO) | g/kW-hr 0.05
Main Engine | 12 (HFO) | g/kW-hr 1.13
Main Engine | 25 (HFO) | g/kW-hr 1.44
Main Engine | 50 (HFO) | g/kW-hr 1.64
Main Engine | 75 (HFO) | g/kW-hr 2.22
Main Engine | 90 (HFO) | g/kW-hr 2.46

5.2 Elemental and Organic Carbon

The organic carbon (OC) and elemental carbon (ECjidras originate mainly from the
unburned fuels and lubrication oils. The emissiofslemental and organic carbon
(OC/EC) for the main engine are reported in Figw2 Blote that the OC levels are
greater than ten times the EC levels and increggefisantly at the lowest power. The
OC and EC emission factors are often used in soapmortionment research so
determining the OC and EC levels was important fbeostudies.

" Agrawal H., Malloy Q., Welch W.A., Miller J.W., @&er D.R.(2008a) In-Use Gaseous and Particulate
Matter Emissions from a Modern Ocean Going Contafessel Atmos. Environ., 42, 5504-5510
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Figure 5-2 Emission Factors in g/kW-hr for the Elem  ental & Organic Carbon PM 5 fractions

5.3 Quality Check for Conservation of PM, s Mass Emissions

An important element in UCR’s analysis is a chdwk the total Plyls mass collected on
the Teflon filter equals the the sum of the massegpendently measured as sulfate,
organic and elemental carbon and estimated ash.rdhdts of the QA/QC for main
engine are presented irable 8. The comparison of results between the two methods
shows a bias or systematic error with the Teflon samasvays being bigger than the
composited mass. As shownTable 8,the sulfate fraction represents from 56 to 77% of
the PM s emissions for the main engine when operating o® kkth 3.01 wt% sulfur.

Table 8 Comparison of PM ;g Emission Factors with EC+OC+ Hydrated Sulfate Emis  sion
Factors for Main Engine

PM2s oC EC Ash Hydrated Sulfate
(g/kWhr)  (g/kWhr) (g/kWhr)  (g/kWhr) (g/kWhr)
MGO 8% 0.57 0.2815 0.0042 N/A 0.05
HFO 13% 2.03 0.3292 0.0116 0.099 1.13
HFO 25% 2.22 0.2673 0.0081 0.108 1.44
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HFO 50% 2.43 0.1997 0.0064 0.097 1.64
HFO 75% 2.91 0.1482 0.0057 0.096 2.22
HFO 90% 3.18 0.1459 0.0068 0.101 2.46

Another perspective is shownkigure 5-3 where the total P measured on the Teflon
is compared with the sum of the weights for sulfakemental and organic carbon.
Clearly this figure shows the Teflon mass is alwayeater than the sum of the
constituent masses suggesting a bias or systeeraticin the data.
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6 Results and Discussion — Fuel Switching

6.1 Real Time Emissions Monitoring of Gases and Pl during Fuel Switching
from MGO to HFO and the Effect on Emission Factor

The vessel voluntarily operates its main propulsemgine on MGO fuel within 20
nautical miles of port. After the vessel was bey@@dnautical miles, the fuel into the
main engine was switched to HFO and the engineilbagdased from 8% to 57%. Figure
6-1 presents a chart showing the continuous coratéant of gases and PJ emissions
(from the Dekati DMM) during the period of the fugbitch and increase in the engine
load. The plot shows that the effect of fuel switchiNote for the gases -- NGCO,, and
CO - the change was almost instantaneous, buth®orSQ and PM s emissions the
change took over one and half hour to stabilize.
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Figure 6-1 Continuous Monitoring of Gaseous and PM  , s Emissions during the Fuel Switch
from MGO to HFO

6.2 Theory to explain delay time for the SQ & PM , s transient behavior on the
fuel switch

One of the interesting observations was the feat tiine SQ and PM s apparently took
about 90 minutes to stabilize after the fuel swisshcompared with about 5 minutes for
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the carbon and nitric oxide gases. Since thet8Gk the same time as the Phs shown

in Figure 6-3, it is clear that the observed transbehavior of the data can be explained
by the time required for the fuel mixing and changéfrom the MGO to HFO in the fuel
system. The ships fuel oil system is perhaps onth@fmost complicated systems on
board (Appendix C). The fuel oil system comprisedohkering, settling, centrifuging
and service tank system for MDO and HFO fuels. Ayplde C describes the fuel oil
system and the complexity associated with the rgixihtwo different fuels during fuel
switching. The observed behavior in mixing is an teady case and follows a
logarithmic increment as shown in Figure 6-2.
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Figure 6-2 Mixing Function fit for the SO , concentration change with time during fuel
switching
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Figure 6-3 PM , 5 vs SO, concentrations during the fuel switching
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7 Findings and Recommendations

The California Air Resources Board and the Univgrsit California, Riverside (UCR)
partnered with the shipping company to measurectfieria pollutant and particulate
matter (PM ) emissions from the main engine of a Post Panadiass container vessel
running on 3.01 wt% sulfur Heavy Fuel Oil (HFO) ab@ wt% sulfur Marine Gas Oil
(MGO). Exhaust sampling took place over a threedgyage from Los Angeles, CA to
Seattle, WA during July, 2007

Emission factors determined from testing of the nmpulsion engine are presented in
Table ES-1.

Table ES-1: Emission Factors for the Main Propulsiogiii

Fuel
Load % Type CO, SO, CO NO, PM; s
(g/kwWhr) | (g/kwWhr) | (g/kWhr) | (g/kWhr) | (g/kWhr)
8% MGO 578 0.72 0.54 15.34 0.57
13% HFO 623 11.62 0.52 19.77 2.03
25% HFO 678 12.66 0.41 21.33 2.22
50% HFO 611 11.40 0.29 18.10 2.43
75% HFO 604 11.28 0.28 20.08 291
90% HFO 636 11.87 0.30 19.50 3.18

Results show that switching fuel from HFO to MGQidg the VSR speed decreased the
NOx emission factor by 22 percent and the Ry 72%; the latter is mainly due to the
sulfur reduction in the fuel. The N®@eduction of 22% is much higher than expected due
to the fuel switching. Thus, authors recommend aatpf the measurement campaign to
confirm these findings of fuel switching in thioet.

Furthermore, continuous monitoring showed it tobkg ninety minutes for the
PM., s and SQ emissions to stabilize after the fuel switch, aative of the mixing in the
fuel system.

The authors recommend a repeat of the measuremmapiagn to confirm the
findings in this report. Additionally, emission nsemements at all the ISO certification
loads and at the same VSR loads comparing HFO aB@® Muels can provide insightful
information on fuel switching.
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Appendix A

A.1 Certification Test Protocol for Emissions fromMarine Engines

In 2003, the US EPA published the compliance limits, the test protscaind
measurement methods for large marine engines iCtiae of Federal Regulations. EPA
recognized the duty cycle used in determinatioarhpliance with emission standards
was critical and specified a duty cycle intendedsitmulate in-use operation. Testing
consisted of exercising the engine over a prestrthey cycle of speeds and loads. To
address operational differences between engines,dfepted two different duty cycles.
One for engines that operate on a fixed-pitch plepeurve (E3) and the other for
propulsion engines that operates at a constantlgjg). These are the same duty cycles
specified by International Organization for Stamtizatior? (ISO) and IMO Annex VI
and shown irError! Reference source not found.below.

Table A- 1 ISO Test Cycles type “E” for Marine Appl  ications

Mode number
levche B)

Mode number
leyche E1)

Speed at Intermediate spesd

Torque 1), % 75 =]

Weighting Factar \ 0,19

Maode number
leycla E2)

Speed Rated spead Intermediate spad

Torque 1!, % 50 |

Weighting factor . ) Q.16

Mode numbser 1
loyale E3)

Speed 1, %
Powaer, %
Welghting factor

For this vessel, UCR followed the E3 cycle as chpsal practical. Usually the engine is
not operated at 100% power so UCR measured thelvasthe highest power possible.

8 US Environmental Protection Agency, 40 CFR Partm8 94Control of Emissions From New Marine
Compression-Ignition Engines at or Above 30 Liters Per Cylinder; Final Rule, February 28, 2003

® International Standards Organization, 1S0 8178-#stFedition, 1996-08-1 5Reciprocating Internal
Combustion Engines - Exhaust Emission Measurement -Part 4: Test Cycles for Different Engine
Applications Reference number 1S0 8178-4:1996(E)
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Measurements were also made at the speed of 12 keontired for the Voluntary Speed
Reduction (VSR) program.

A.2 Measuring Gaseous and PMs Emissions from Marine Diesel Engines

UCR selected methods for sampling and analysishefgases and particulate matter
(PM,5) to conform to the requirements of ISO 8178-The approach involved the use
of a partial flow dilution system with single Ventuas shown in Figure A-1. Raw
exhaust gas was transferred from the exhaust [y (o the dilution tunnel (DT)
through the sampling probe (SP) due to the negptessure created by the Venturi (VN)
in DT.

| Real Time PMs |

Ej* Secondary

EGA

< 1>10d__p: — |

Air [> N W { - ’—VVent

Dilution
: : v
|
N Quartz PTFE
SP
CoA PUF/XAD 1Ds
b >
CFO To Vacuum
Exhaust

Figure A- 1 Partial Flow Dilution System with Singl e Venturi, Concentration Measurement
and Fractional Sampling

The gas flow rate through SP depends on the momeekamange at the Venturi zone
and is therefore affected by the absolute temperaifithe gas at the exit of tube in the
Venturi. Consequently, the exhaust split for a gitennel flow rate is not constant, and
the dilution ratio at low load is slightly lower ah at high load. The tracer gas
concentrations (COor NQy) are measured in the raw exhaust gas, the diexbdust gas

1% | nternational Standards Organization, S0 8178-1, Reciprocating internal combustion engines - Exhaust
emission measurement -Part 1. Test-bed measureofieghaseous particulate exhaust emissidrisst
edition 1996-08-15
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and the dilution air using the exhaust gas analyE&A), and the dilution ratio is
calculated from the measured values.

In order to apply the ISO approach in the field, RJ@esigned a portable set of
equiPM sent that is field deployable. The equiR¥dnt fits into several metal cases with
an interior of foam molding to allow sensitive €gil, sent, like computers, to be easily
transported or even be lifted and dropped intocargas on a vessel without harm to the
contents. For practical purposes, the design irdymdeces of equiPMent that allow the
use of a range of common electrical (120/240V, 686 and supply air utilities. For
example, while UCR tries to obtain instrument gradessurized air for dilution air, we
further process any supply air through a field pssing unit to assure the quality of the
dilution air. The processing air takes the supptytlaiough a number of steps including
reducing the pressure to about 30psig as that alepwilution ratio of about 5/1 in the
geometry of our system. The next stages, in sequéaceonditioning the supply air
included: liquid knock-out vessel, desiccant to ogmmoisture with silica gel containing
an indicator, hydrocarbon removal with activatedrcbal and a HEPA filter for the fine
aerosols that might be present in the supply aie Jihca gel and activated carbon are
changed for each field campaign Figure A- 2 beldwves the unit for processing the
dilution air.

Ve ' 7=

A = g3y
Figure A- 2 Field Processing Unit for Purifying Dil ution Air in Transport Case

A.2.1 Measuring the Gaseous Emissions

The concentrations of gases in the raw exhaust laadlitution tunnel were measured
with a Horiba PG-250 portable multi-gas analyzere ThWG-250 can simultaneously
measure up to five separate gas components usiag niteasurement methods
recommended by the EPA. The signal output of theunstnt was interfaced directly
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with a laptop computer through an RS-232C interfa@erecord measured values
continuously (Figure A-3). Major features of the -R&D include a built-in sample
conditioning system with sample pump, filters, aadthermoelectric cooler. The
performance of the PG-250 was tested and verifrettuthe U.S. EPA ETV program.

Figure A- 3 In-field lllustration of Continuous Gas Analyzer and Computer for Data Logging

Details of the gases and the ranges for the Hanbaument are shown ig&rror!
Reference source not found.Note that the Horiba instrument measured sulfudes
(SOy); however, the ISO referenceports: “The SQ, concentration shall be calculated
from the sulfur content of the fuel used, sinceegignce has shown that using the direct
measurement method for §@oes not give more precise results.”
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Table A- 2 Detector Method and Concentration Ranges  for Monitor

Component Detector Ranges
Nitrogen Oxides Heated Chemiluminescence Detector 0-25, 50, 100, 250, 500,
(NOx) (HCLD) 1000, & 2500 pPMsv
Carbon Monoxide ) . . 0-200, 500, 1000, 2000, &
Non dispersive Infrared Absorption (NDIR)
(CO) 5000 pPM sv

Carbon Dioxide (C@ | Non dispersive Infrared Absorption (NDIR) ~ 0-5, 10, & 20 vol%

Sulfur Dioxide (SQ) ) . . 0-200, 500, 1000, & 3000
Non dispersive Infrared Absorption (NDIR)
PP Mg v
Oxygen Zirconium oxide sensor 0-10, & 25 vol%

For quality control, UCR carried out analyzer chewgkith calibration gases both before
and after each test to check for drift. BecausdrisBument measures the concentration
of five gases, the calibration gases are a blensewéral gases (super-blend) made to
within 1% specifications by Praxair (Los AngelesA)CDrift was determined to be
within manufacturer specifications ofi# full scale per day, except for $Get at £ 2%
F.S./day. Other specifications of the instrumemn¢spaovided in Error! Reference source
not found.below.

Table A- 3 Quality Specifications for the Horiba PG~ -250

Repeatability 10.5% F.5.( NOx : 2100ppm range CO : 21000ppm range )
+1.0% F.5.

Linearity +2.0% F.5.

Drifft +1.0% F.8/day(502. £2.0%F.5./day)

A.2.2 Measuring the Particulate Matter (PM5) Emissions

A raw particulate sampling probe was fitted closeahd upstream of the raw gaseous
sample probe in the exhaust. In order to measurgsP&sampling probe was inserted
into the end of the dilution tunnel (>10 diametdmwvnstream) and directed to a PM
sample splitter that allowed up to three sampleddocollected. For the particulate
samples, we used one of the PMines and directed it to a cyclone separator,dsive
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remove particles sum. From the separator, we added two lines wittGé&¥man filter
holders, one for collecting PM on a Teflon filter and the other for collecting Pibn a
quartz filter. Thus the flow in the dilution tunn&hs split into two fractions, a smaller
flow for measuring PMs mass and Plk properties and a much larger flow that was
vented outside the vessel. Note with the partiation approach for measuring gases and
PM, s that it is critical for the dilution ratio be deteined very accurately.

UCR collected simultaneous Teflon and quartz filtetseach operating mode and
analyzed them according to standard proceduressifimglitaneous collection of quartz
and Teflon filters allows an internal quality cheock the PM s mass. Teflon (Teflo)
filters used to acquire PM mass were weighted following the procedure ofGloele of
Federal Regulations (CFR) (40 CFR Part 86). Brjdfiyal PM. s were collected on Pall
Gelman (Ann Arbor, MI) 47 mm Teflo filters and wegghusing a Cahn (Madison, WI)
C-35 microbalance. Before and after collection, fihers were conditioned for 24 hours
in an environmentally controlled room (RH = 40%3x= 2E£° C) and weighed daily until
two consecutive weight measurements were withig.3 p

PM, s samples were collected in parallel on 2500 QATTXgsuquartz Pall (Ann Arbor,
MI) 47 mm filters that were preconditioned at 60G®E5 h. A 1.5 cripunch is cut out
from the quartz filter and analyzed with a Sunsebdratory (Forest Grove, OR)
Thermal/Optical Carbon Aerosol Analyzer accordingtie NIOSH 5040 reference
method (NIOSH 1996). All Pl filters were sealed in containers immediately rafte
sampling, and kept chilled until analyzed.

A.3 Quality Control/Quality Assurance (QC/QA)

Each of the laboratory methods for PMmass and chemical analysis has a standard
operating procedure including the frequency of mgnthe standards and the
repeatability that is expected when the standarcums Additionally the data for the
standards are plotted to ensure that the valuésvitidin the upper and lower control
limits for the method and that there is no obvitkenhds or bias in the results for the
reference materials. As an additional quality cheekults from independent methods are
compared and values from this work are comparel pri¢viously published values, like
the manufacturer data base.

* For the ISO cycles, run the engine at rated spaddtse highest power possible
to warm the engine and stabilize emissions for aBOuminutes.

* Determine a plot or map of the peak power at eagjine RPM s, starting with
rated speed. UCR suspected the 100% load poiated speed was unattainable
with propeller torque so Mode 1 would represent thighest attainable
RPM, 5/load.

» Emissions were measured while the engine operatesdicg to the requirements
of ISO-8178-E3. For the main engine first run waslentor 50% load which was
also the mode running on the 12 knots speed forc\eeBpeed Reduction (VSR),
The minimum time for main engine samples were 5 tesand if necessary, the

37



Emissions from the Main Propulsion Engine of a Ca@aVessel

time was extended to collect sufficient particulasemple mass or to achieve
stabilization with large engines.
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The gaseous exhaust emission concentration valuesmeasured and recorded
for the last 3 min of the mode.

Engine speed, displacement, boost pressure, ankleimtenifold temperature
were measured in order to calculate the gaseowsréite.

Emissions factors are calculated in terms of graerskpowatt hour for each of
the operating modes.
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Appendix B- Test Data and Calculations
B.1 Detailed Engine Operational Results

test set | fuel Engine Load Load Dilution RPM,s | scavenge scavenge Displacement Std Correct Corrected
type type % Ratio air airtemp | Liters (Pa*Tstd)/(Pstd*Ta) Flow scfm
(Primary) pressure
MW bar C

VSR MGO ME 8 4.549 4.592593 43.35 0.1 34 17558.4 048637 28183.63| 32694.0819
VSR MGO ME 8 4.549 4.592593 43.6 0.1 34 17558.4 43637 28346.16| 32694.0819
ISO HFO ME 90 49.55 4.070794 94 2.36 41 17558.4 073132 181079.9( 139149.331
ISO HFO ME 90 49.55 4.070794 93.8 2.36 41 17558.4 .107RL32 180694.6( 139149.331
ISO HFO ME 90 49.55 4.070794 93.8 2.36 41 17558.4 .107RL32 180694.6 139913.72
ISO HFO ME 75 40.786|  3.99082¢ 87.9 1.82 36 17558.4 2.651904 144520.5( 213737.605
ISO HFO ME 75 42.117|  3.99082¢ 88.7 1.89 36 17558.4 2.717429 149439.2( 213737.605
ISO HFO ME 75 41.323| 3.99082¢ 88.7 1.9 36 17558.4 72679 149954 | 213737.605
ISO HFO ME 50 27.567 4.28866 77.8 1.12 30 17558.4 .036169 98214.59| 178479.1566
ISO HFO ME 50 27.825 4.28866 77.3 1.12 29 17558.4 .042908 97906.35| 180639.5613
ISO HFO ME 50 27.232 4.28866 77.6 1.12 29 17558.4 .042908 98286.32| 183833.9027
ISO HFO ME 25 14.025| 4.354167 63.1 0.39 31 17558.4 1.334905 52223.06| 123950.0592
ISO HFO ME 25 14.25 4.354161 62.1 0.37 33 17558.4 307279 50331.82| 125297.7977
ISO HFO ME 25 13.812| 4.354167 61.8 0.37 33 17558.4 1.307279 50088.67| 126335.7575
\::ST HFO ME 13 6.893 5.54386 49.65 0.17 32 17558.4 BI21 34534.54| 69960.0572
VSR | WFo | ME 12 | 6679 | 554386 496 0.16 33 17558.4 17087 | 34096.4 | 708169775
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C- Modeling the fuel switching

Figure C-1 describes that the ship’s fuel oil systes perhaps one of the most
complicated systems on board. Naturally, introdgamultiple fuel oil system implies
considerable additional complexity to the ship desn general and to the engine room
design in particuldf.

From centrifuges

e e Heoted plps with insuletion. Aut.de-oerating volve
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fuel ail ail
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___________________ 2 tank < —aQ—

________________________

-

Circulating pumps Supply pumpa

Automotlc changeover system between HFD ond DOsA.

e anglne spec.

Figure C-1: Automatic systsém for changeover betweets of different viscosity.

A typical fuel oil system for changeover has sefgabainkering, settling, centrifuging
and service tank system for MDO and for HFO (FigDf2). More details of the fuel
system are provided in documents from engine matwria>. Briefly, during operation
at sea the fuel from the bunker tanks is firsttedan centrifugal seperators before
entering the service tanks. From the service tahlksfuel enters the supply system. In
the supply system, the fuel is pumped by the suppiyip into a circulating system.The
circulating system is followed by a pre heater @ghhheats the HFO until it reaches the
necessary viscosity) and a fuel filter. Excess @iledupplied to the engines is re-
circulates via the venting box.

1 Operation on Low —Sulphur Fuels : Two Stroke ErginMAN Diesel A/S Copenhagen, Denmark,
http://www.manbw.com/article_005271.html

12 Uni-concept Auxiliary Systems for Two-stroke Mdimgines and Four-stroke Auxiliary Engines, MAN
Diesel A/S Holeby, Denmark, http://www.manbw.comeinews/filesof1418/19992814.pdf.
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Figure C-2: Fuel oil system for changeovérs

It has been observed in this study that the &@ PM s took about 90 minutes to
stabilize after the fuel switch as compared witbwalbd minutes for the carbon and nitric
oxide gases. The time taken for stabilization of 8@ PM scan only be explained by
the mixing of two fuels with different sulfur leveein the fuel oil system. Since there are
separate service tanks (day tanks) for differealsfequipped with three way valves as
described in Figure C-1, the mixing of two fuelsuMbhappen in the fuel lines from
service tanks to the engine and the re-circuldii@from the engine to the circulating
pumps (Figure C-3).

.~ Fuel from
| " return lines

Engine l
: : Fuel from
P Circulating day tanks
h Pump —

.Figure C-3: Mixing in the Fuel System
The lack of understanding of fuel flow rates in thaurn lines and the feed in the pumps,
restrict us to accurately model the mixing.

13 Operation on Low —Sulphur Fuels : Two Stroke EeginMAN Diesel A/S Copenhagen, Denmark
http://www.manbw.com/article_005271.html
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