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ABSTRACT

Ships to save fuel oil are focused in the fielchafine energy efficiency and emission reductiontébuce shipping
costs, improve economic operation and increasepshipprofits, shipping companies take measuresaw siown
main engine and burn high-viscosity fuel oil. Thanrengines, auxiliary engines and boilers of COSt0tainer
vessel loading 10000 containers combust the infdtiel oil with the high viscosity at 700cst, itasalyzed and
calculated in this paper. The results show thadast consumption to heat the inferior high viscofiml oil is
increased. When the main engine mean speed is eddic 50-55RPM, the ship’s actual speed is 11-12kn,
navigational speed of container vessel is very iBa/save fuel oil is very significant, fuel-eféat reaches to limit.
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INTRODUCTION

With the prices of marine fuel oil rising more anebre [1], fuel consumption is the most importantt p# the
shipping costs [2], This brings forth more diffitak for the shipping companies. To reduce the ¢ost and the
environmental pollution caused by burning fuelfoil the ship, the most effective measures is t@ dagl, the less
fuel consumption, the better ship energy saving amission reduction, the lower ship operating 8%t An
important strategy is to slow down and combust ighosity fuel oil of main engine, auxiliary enggand boiler.

In the world environment of low shipping index, COS exploits high viscosity fuel oil to reduce thgeoational
cost, and increase enterprise benefit. But thelpnolis the high viscosity fuel oil must be heatgdskeam of fuel
oil fired marine boiler to reduce its viscositi@smeet the requirements of main engines [4]. Thogept must be
analyzed and calculated to determine whethereitiomic and reasonable.

To reduce the fuel cost, as a vessel of COSCO adbetfuel oil with the 700cst viscosities instedB80cst and

500cst. In order to control fuel oil viscosity, whican meet combustion requirements of main engiheeeds

steam generated by oil fired boilers to heat hiigeosity fuel oil. The steam consumption is differbecause there
are different fuel oil viscosities and different imeengine speeds. In this process, it's a varidble steam

consumption to heat high viscosity fuel oil, bug trariable is difficult to be calculated. The ecomo entities must
be evaluated for steam consumption with differestasities of fuel oil.

This paper is focused on reducing fuel consumpdiat ship costs by the main engine slow down angusdOcst
fuel oil. The main contributions are the analydishe balance between slowing navigation speedsamthg fuel oil,
and the presentation of steadystate of the maimengaste heat utilization and steam consumptiad us heat
high-viscosity fuel oil. Experimental results inQD containers vessel demonstrate the benefitdipf energy
saving and emission reduction. The paper is orgdnas follows; analysis and numerical calculatibrthe ship
steam consumption, specifications and treatmenthesdvy fuel, effect of the main engine slow down.eTh
conclusions are given finally.
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ANALYSISOF THE SHIP STEAM CONSUMPTION

The temperatures of fuel oil with various viscastare different in fuel oil settling tanks, seevtanks and purifiers,
it is necessary to heat different viscosity or flaiv fuel oil by different steam consumptions. Se tsteam
consumption in fuel oil heaters should be calcdlaaed analyzed. In the course of vessel desigapsteeating
system is adopted to heat fuel oil in tanks, parifiand boosters. Because the steam pressuretly thds0.8 MPa,
the saturated steam with less 0.4 MPa is unable&b heavy fuel oil in boosters, the steam gengrayeexhaust
gas boiler can’t get enough to heat high viscdsi#y oil when the main engine speed is less theertain speed. At
this time, fuel oil in boosters must be heatedthi@msteam generated by fuel fired boiler. The pmesgemperature,
specific volume, enthalpy, latent heat of vapoi@atnd quality entropy of saturated water andmstgs are shown
in Table 1.

Tablel. Saturated water and steam

Specific volume Enthalpy Quality entropy
Pressure | Temperature Liquid Seam | Liquid | Steam Latent heat Ligquid | Steam
10° Pa °C m3/kg m3/kg kJ/kg kJ/kg kJ/kg kd/kg-K  kJI/kg-K
4 143.62 0.0010839 0.46242 6047 2738.5 21338 64.7]7 6.8966
4.5 147.92 0.001088% 0.41392 6232 2743.8 21206 8204. 6.857
5 151.85 0.0010928 0.37481 6401 27485 2108.4 04.86 6.8215
6 158.84 0.0011009 0.31556 6704 2756.4 2086 1.9308.7598

Because the temperature is all the sam€ 7Aor fuel with three different viscosities in fuséttling tanks, the

separated temperature for different viscositieguef oil is about 95~9& in purifiers. The temperature of each
viscosity of fuel oil is different in the fuel ddoosters. The heated temperatures of fuel oil @&bcst, 500cst and

700cst viscosities are respectively 3@2146C and 153Cin interpolation method, the latent heat of vapaticn
and enthalpy of saturated water and steam are shrovable 2.

Table2. Saturated water and steam in three different temperatures

Fuel ail viscosity | Temperature Latent'hee}t of - Enthal By
vaporization Liquid Seam
cst °C kJ/kg kJ/kg kJ/kg
380 142 2133.8 604.7 2738.5
500 146 2126.494 623.2 27438
700 153 2104.83 640.1 2748.p

According to fuel oil system located in differergssel positions, the heating steam consumptionditieeent. The
calculated formulas of steam consumption in difiérpositions are respectively as following. Thenfata is
suitable to calculate steam consumption of fueseilice and settling tanks for keeping the tentpeea [6].

Steam consumption of heater:

o Lo 4]
m (i"-i") @

where, gn-steam consumption of heater (kg/ly,-heated medium flow (kg/h)C,-specific heat of heated
medium(kJ/kgeK) (wateC, = 4.1868kJ/kgeK, 0ilC =1.884 kJ/kgeK)i,-final temperature of heated mediuf);

t;-first temperature of heated mediuriC); i”-enthalpy of heating steam (kJ/kg);enthalpy of heating steam
condensate water (kJ/kgpefficiency of heater.

1)

Steam consumption of tank:

_ml[q[qg_tl) t+t, 2
qma_w"'sr[lh[ﬁT BJ @

where, gms-steam consumption of tank (kg/hjy-liquid quality in tank (kg)C,-specific heat of heated medium
(kJ/kgeK); to-final temperature of heated mediufiC); t;-first temperature of heated mediuiC); to-external
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temperature of tankQ); S;-surface square of tank finhr-heat transfer coefficient of tank surfadeheating time

(h).

Steam consumption to keep tanks warm:

_Stht-t)
(i"=i")

where,gms-Steam consumption to keep tanks wdrkg/h ) ; Sr-heat transmission of tank surface (such as aberwa

qm4 (3)

neighbor tanks) (f); hr-coefficient of heat transmission (kJ /%mK); t,-kept temperature°C); to-external

temperature of heat emissidity.

Steam consumption of fuel pipe with steam tracer:

Gs =(0.050 0.3 Ly, @)

where,gms-Steam consumption of fuel pipe with steam trakgfh), Lro-the fuel line length.

Auxiliary boiler steam production:

_ 9,y U,

o ML
i" =i,

qmb (5)

where, g auxiliary boiler steam production (kg/hy,- auxiliary boiler fuel consumption (kg/hy, -fuel low
calorific value (kJ/kg)i ” - steam enthalpy (kJ/kd),- enthalpy of feed water (kJ/kg).

When Steam quantity of exhaust gas boiler is nacgs® estimated, the exhaust gas parameters adieado
according to the actual situation [7]. MAN B&W lospeed engine as an example, power point selectlative to
nominal power point to modify the amount of exhagas is given as (6a), part load power point to ifgathe

amount of exhaust gas is given as (6b), environahaainditions to modify the amount of exhaust gagiven as

(6¢), as follows. Exhaust gas quantitylig= my+2ms+2Me.

m,%=-14.9388I{ n, %+ 14.9388Ing %) L (6a)
Am,%=0.0055¢( p; N— 1.18 f %) € (6b)
AM¢ (%) =-0.41T, - 29— 0.03p, - 100) 0.1%,- 25 O0.0AR - (6¢)

where,n- nominal speed of main enging- hominal power of main enginey-exhaust gas quantity of selected
power; ps- part load power of main enginems;- exhaust gas modified quantity of part power ofirmengine;

Ta-actual temperatur€C), Pa-atmosipheric pressure (kPd)a- cooling water temperature of cooler in(ég),

apg-exhaust back pressure (kPalle- exhaust gas modified quantity according to emrimental conditions.

Exhaust gas boiler maximum steam production:

C —t,e)(1-
qmb = qmg ? (t-LEi" _ZIEr)( qp)

w

(7)

where,0m,- maximum steam production (kg/h),=1.055 kJ/k-K is exhaust gas specific hefat- exhaust gas inlet

temperature of exhaust gas boiligg exhaust gas outlet temperature of exhaust gdsridoF (4% ~ 5%) is heat
loss of exhaust gas boiler.
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The formulas are suitable to calculate the heaistrassion of fuel oil between tank wall and extémadium in
fuel oil storage tanks. Based on the formulas,tbeessary steam consumption to heat the fuel dilkaep the
temperatures can be determined. The temperaturesaber and tanks are respectively shown in Tahled3Table 4.

Table3. Heated final temperaturein heaters

Final heater of fue oil
Fuel oil
. N 180 mn¥/s | 380 mris | 460 mri's | 600 mrys | 700 mri's
viscosity (50°C)
t2(°C) 125 140 145 150 155
t. (°C) 90

Tabled. Heated temperaturein fuel oil tank

Fuel oil viscosity | 180 mm?s | 380 mm?s | 460 mm?/s | 600 mm%s | 700 mm?/s
(50°C) t t, t; t, t t t t t; t,

FOStorage TK’C) | 2 | 25| 2| 35| 2| 38| 2| 42 2| 4§

F.O.Setting TKIC) | 25 | 60 | 35| 60| 38| 60 42 63 46 6D

F.O.Service TKC) 90 90 90 90 90

NUMERICAL CALCULATION OF STEAM CONSUMPTION

Marine steam is produced by auxiliary boiler whisltylindrical and heavy fuel oil fired marine beiland Exhaust
gas boiler which is forced circulation and bareetuigpe, their evaporation is 4000kg/h, their steamdition is

0.6MPa saturated steam [8]. It is necessary townassteam for the ship’s heaters including main dileheater,

purifier fuel oil heater and aux. purifier fuel dikater, heating coils including fuel oil storagesT fuel oil setting

TKs and fuel oil service TKs. Because the heavy figcosity at main engine which is two-stroke @iesngine

inlet may be in the range 13-17cst, the necessatyeting temperature for a given nominal viscasityaken from
the viscosity-temperature diagram, to meet combngstquirements of the main engine, the temperatfif®0cst

fuel oil heated by steam is to 146-260To ensure the heavy fuel treatment by purifieg, fluel oil temperature of

purifier heater may be 90-98.

Given the thermal value of heavy oil is 9600kca)/ kkcal=4.184kJ, the steam consumption is caledl&r fuel
oil with 380cst, 500cst, and 700cst viscositiesdifferent main engine speeds according to COSCO0Q00
containers vessel. In the same time, the fuelaibamption to generate steam is calculated to atelwhether the
project is reasonable and economic. According éor¢ttevant design of fuel oil heating system, thiescmptions of
fuel oil and steam in boilers are calculated i fhieboosters. The results are shown in Table 5.

Table5. Steam consumption corresponding to different main engine speed

Parameters M edium parameter svalue Unit
Fuel oil viscosity 380 500 700 cst
Separated temperature 95 95 95 °C
Temperature of inlet 142 146 153 °C
Enthalpy of steam 2738.5 2741433488  2749.799Y14 /kgkJ
Enthalpy of water 604.7 614.9395349  645.08497185  kgkJ/
Specific heat of fuel oil 1.884 kJ/kg- K
Steam consumption in 70 rpm 6.74339207  7.3424379%5436630248 ton
Steam consumption in 65 rpm 5.705947137 6.2128321%.138687133 ton
Steam consumption in 55 rpm 3.527312775  3.8406598#44413006591 ton
Steam consumption in 50 rpm 2.904845815 3.162896363%634240722 ton
Steam consumption in 42 rpm 1.659911894 1.807369353076708984 ton
Fuel consumption in 70 rpm 0.492490541 0.536911 1916967 ton
Fuel consumption in 65 rpm 0.416722765 0.454309808.52387049 ton
Fuel consumption in 55 rpm 0.257610487  0.280845y58.323847212 ton
Fuel consumption in 50 rpm 0.212149771 0.231284738.266697704 ton
Fuel consumption in 42 rpm 0.121228441 0.132162708.152398688 ton

The calculated results in Table 5 show that tharsteonsumption is increased greatly with the ingeeaf fuel oil

viscosities. The steam consumption to heat diffefieel oil viscosities in different main engine spis is shown in
Figl. Fig.1 shows that the heating steam consumjticreases with the rising of the main engine dpe®¥hen the
exhaust gas is not enough to generate steam tdheehtel oil, the steam boiler should be startegroduce steam.
With the increase of the viscosities of fuel oligtfuel oil consumption of boiler rises. The cosabm can be
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reached in Fig.1 that the fuel oil consumption éoerate steam increases with the rising of the ewgne speeds.

] — HFO Velocity 380 cst
ed | HFO Velocity 500 cst
HFO Velocity 700 cst

Steam quality (t)

40 45 50 55 60 65 70
Engine Rotated Speed (rpm)

Fig.1. Steam consumption for heating fuel oil with different viscosities

QUALITIESAND TREATMENT OF HEAVY FUEL OIL

The qualities of the heavy fuel have a bearing lem frequency of overhauls and the effort required the
preparation of the heavy fuel, it is primarily eoomc considerations according to the type, size spekd of the
main engines. Heavy fuel oil must be treated inftle oil purifier. The fuel must not have any cmsive effect on
the combustion equipment of the main engine andt motscontain used lubricating oil or any chemiealstes.

Marine fuels are usually differentiated by viscgsithich is indicated in centistokes (cst) and meed at 5€C, the

fuels are classified according to 1ISO8217, it isessary to evaluate the quality and suitabilita défiel for use in a
diesel engine. The use of fuel oils with propergproaching the maximum limits requires very gsagervision
and maintenance of the engine and the fuel tredtegumpment. With fuels of poor quality and inadatgufuel

preparation, improper overhauling and added maamtes costs have to be faced.

It is recommended that the relevant specificatiohdiesel engines for the design of the fuel treathmplant, the

minimum centrifuge capacity is XZMCR(kW)xBSFC(g/kwh) /1000(litres/hour), which correspondtal I/kWw,

where CMCR is the abbreviation of “Contract Maxim@untinuous Rating”, BSFC is the abbreviation ofdie
Specific Fuel Consumption”. The fuel treatment bmsemove sludge and reduce catalyst fines andrvatthe
recommended engine inlet limits.

The maximum admissible viscosity of the fuel thah de used in an installation depends on the lpatid fuel
preparation facilities available. The throughput #me temperature of the fuel going through therdeges must be

adjusted in relation to the viscosity to achieveodjseparation. Heating the fuel above T5Go reach the

recommended viscosity at engine inlet is not recemuhed, because the fuel may start to decompose,deposits
and be dangerous as it will probably be well abitreeflash point.

To overcome the difficulty in burning fuel oil withOOcst viscosity in burner of steam boilers, thenker of boiler
ignition system and fuel oil supply pump of boitdrould be improved to be suitable for burning faiewith high
viscosities. In the same way, the injecting oilteys of diesel should be improved to burn fuel oithwhigh
viscosities [6]. Simultaneously, fuel oil transfag system, fuel oil purifying system, fuel oil s&e system and
fuel oil draining system should be improved eitligy.means of fuel oil treatment to separate wanek impurities
in fuel oil with high viscosities, fuel oil qualitwhich is pumped into diesel burner is improvedtsat the fuel oil
burns fully and reduces nitrogen oxide and sulfideissions. The initial investment of each fuel tadlatment is
50,000 Euros, but the cost would be recovered a##ing 3~5 months. The fuel oil treatment imprevael oil
quality and reduces the harms for main enginedliayxengines and boilers.

RESULTSOF THE MAIN ENGINE SLOW DOWN

As fuel prices rise, fuel costs have accountednfiore than vessel operating costs by 60%. The desgine
running slow has become a measure of ship cosedsiolg and benefits increasing. But the dieselnengiow
down too much or too little can lead to loss ofpglimg profits [9]. If only considering the relatisinip between the
diesel engine speed down and fuel-efficient, naiogaspeed reduced by 10%, the diesel engine paveduced
by 27.1%, fuel consumption reduced by 19%. If natimn speed reduced by 20%, the diesel engine péwver
reduced by 48.8%, fuel consumption reduced by 38/knots refer to 100% relative propulsion poweC&SCO
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container vessel loading 10000 containers, a remuct 25% (5 knots) will result in a reduction ®7% propulsion
power. It is observed that the diesel engine spe@d oil-saving effect is obvious significantly.

But excessive speed down the main engine is indeadiitions for a long time, it led to the detertima of

combustion, the moving parts wear and so forth. iviiie main engine running too low load, exhaust lgzker
produces steam insufficient, and scavenging presisunot enough, therefore, auxiliary boiler andimmengine
auxiliary blower are started, to increase fuel afettric power consumption. Ship fuel-efficient sxiimit point
between main engine speed down and inoperatiomaliay boiler and blower [10]. Maximum steam qtignof

exhaust gas boiler depends on the main engine sbas volume and temperature, which are with b@nges of
main engine service power, load size, environmentition exhaust back pressure and so on.

During the ship sailing, exhaust boiler which ihaust gas economizer produces steam generatedibyengine
exhaust high temperature gas heating fresh watberithe main engine speed of 10000 containers lvisskss
than 55 rpm, main engine exhaust gas decreaseByrahe steam pressure is lower than 0.4 MPa.hgaay fuel is
not satisfied with the required viscosity and fiedd boiler which is auxiliary boiler must stath terms of 10000
containers vessel, which is the case study ofgager, the fuel consumption of boiler is about-235tons fuel per
day. As there is some energy of exhaust gas whém emgines are with 55 rpm, the fuel consumptiodifferent.

When the vessel is in harbor, the fuel consumptibsteam boiler is about 4~5 tons per day. The s0fiel is

exploited, 0.4 MPa steam pressure does not flfél required viscosity for main engine when itsespes 50-55
rpm. In this condition, the steam boiler must beited or the main engine speed must be improVédrefore the
main engine mean speed is reduced to 50-55RPMeffielent reaches to limit.

Fig.2 shows the main engine change trend curveweleet mean power, fuel consumption, specific fuél oi
consumption (SFOC) and mean speed, they are ais¢e speed increases. In Fig.2, when main engiae speed

is 50.0 rpm, main engine fuel consumption (MEFC34%.5 kg/nmile and to achieve maximum value; whnean
speed is more than 50.0 rpm or less than 50.0 kpEEC are decreased. When main engine mean sp&8i64

rpm and 62.99 rpm, SFOC is minimum and maximumeetyely. Main engine mean power is as the meandpe
increases, highest speed when maximum power. Whean nspeed is less than 31.9 rpm, mean power, fuel
consumption and SFOC is the lowest, also leadslileto the lowest cost.

Fig.3 shows quadratic function fitting of the maingine change trend curves, in Fig.3, ME-rpm isntiaén engine
mean speed, ME-g/kwh is the main engine specifit éil consumption (SFOC), ME-kg/nmile is the maimgine
fuel consumption per nautical mile, ME-ton/day he tmain engine fuel consumption per day, ME-kwhis main
engine mean power. When ship’s actual speed isased, ME-kw is proportional to the third powesbip’s actual
speed. ME-rpm and ME-ton/day are proportional te $hip’s actual speed. ME-g/kwh and ME-kg/nmile are
increased little with the increase of the ship'tuatspeed. When ship’s actual speed is 11-12lnfwie curves of
ME-kg/nmile and ME-kw and the two curves of ME-tway and ME-g/kwh are intersected respectively,
consequently, 11-12kn is the economic speed of A @00tainers vessel, its save fuel oil is very ificemt.

MEMP —s—MEMP —e— MEFC —e—SFOC SFOC MEFC
26000. & 150.0 500,0
MEMP: Main Engine Mean Power (kw)
23400. & 135.0 450.0
MEFC: Main Engine Fuel Consumption per nmile (kg/nmile)
20800, & 120.0 400,0

SFOC: Specific Fuel Oil Consumption (g/kwh)

18200. & 105.0 350.0

16600. & 90.0 300.0

13000. & 75.0 250.0

10400, &

3 0 53,
/ - 52,000
TEN.0 //- e 2000 45.0 150.0
1
AN
. 6746, 0

5200. 0 g tore &1 v 30.0 100.0

/ RS X .7
2600, 0 el 5305 15.0 50.0

W ‘\3400 \‘w\i‘/U(”'J
0.0 0.0 0.0

0 0 29.3 39.45 416 41.72 49.13 49.67 50.0 50. 47 50.69 52,05 £2.99

Main engine mean speed (RPM)

+=60.0 200.0

Fig.2. the main engine change trend curves of mean powers, fuel consumption and SFOC
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Fig.3. Quadratic function fitting of the main engine change trend curves
CONCLUSION

A slightly lower speed can be greatly save powéremthe speed reduced by 20%, main engine poweiregocan
be reduced by 50%, this can greatly reduce thé fitthconsumption of the main engine. Shipping pamies take
measures to slow down main engine and burn higtesisy 700cst fuel oil. When the main engine meaees is
reduced to 50-55RPM, the ship’s actual speed i$2kh, navigational speed of container vessel iy V@w, it's
save fuel oil is very significant, fuel-efficiergaches to limit.
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