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INTRODUCTION

In the light of ever-tightening emission standards, Natural Gas (NG) is identified by ship-owners as a clean burning, worldwide available and affordable fuel choice albeit its global environmental impact remains a controversial topic [START_REF] Anderson | Particleand Gaseous Emissions from a LNG Powered Ship[END_REF]. In 2017, the in-service and onorder fleet of NG-powered seagoing vessels (excluding NG carriers) has reached the number of 200. It represents a year-on-year jump of 23%. It is still a small fraction of a world fleet of more than 60 000 commercial ships. Yet, this trend is leading to new opportunities and technical challenges especially regarding the fuel system. NG is a complex mixture containing mainly methane together with other hydrocarbon species, nitrogen, and trace species. Unlike standardized conventional marine fuel, NG composition depends on the production source and the undergone treatments ashore. In addition to this gasfield-dependant fluctuation, the growing NG demand coupled with globalisation favour multi-sources mixtures while decarbonation of the energy system introduces new players such as bio-NG or hydrogen (through "Power-togas"). This ongoing diversification of the supply chain is widening the potential quality of NG as a fuel in the maritime industry [START_REF] Zelenka | The Quality of Gaseous Fuels and Consequences for Gas Engines[END_REF] [START_REF] Müller | Variation of Natural Gas Composition Challenges for Power Generation CIMAC Circle Presentation[END_REF].

To save space, NG is stored on board in insulated tanks under its liquid form (at around 111 K) known as LNG (Liquefied Natural Gas). Despite thermal insulation, heat continuously leaks into the tank, vaporising the LNG. The resulting vapor is named Natural Boil-Off Gas (NBOG). As the different components boiling point differ (Table 1), those who have a low boiling point such as nitrogen and methane escape first from the liquid phase. This gradual transformation is called weathering or ageing. [START_REF] Shah | Effect of Weathering of LNG in Storage Tanks[END_REF] proposed a mathematical model to predict ageing in a typical flat-bottom above-ground LNG tank and during a 125,000 m3 LNG carrier voyage [START_REF] Shah | Effect of Weathering of LNG in Storage Tanks[END_REF]. [START_REF] Kountz | Weathering of LNG in on-board Storage Tanks[END_REF] presented the results of a test program on the weathering of LNG storage tanks for vehicles. Several compositions were weathered in an instrumented tank. Close correlation was found between test results and the predictions from a model based on equilibrium between liquid and vapor phases [START_REF] Kountz | Weathering of LNG in on-board Storage Tanks[END_REF]. [START_REF] Dimopoulos | Thermoeconomic Simulation of Marine Energy Systems for a Liquefied Natural Gas Carrier[END_REF] proposed a detailed model for LNG operation during marine transportation which accounts for the variation of Boil-Off Rate (BOR), composition and thermodynamic properties during the voyage. The study indicates that the BOR and its quality vary significantly during a voyage and therefore should be taken into account in the thermo-economic assessment of the marine energy systems [START_REF] Dimopoulos | Thermoeconomic Simulation of Marine Energy Systems for a Liquefied Natural Gas Carrier[END_REF]. [START_REF] Faou | Studies of the new generation of LNG ships[END_REF] associated LNG to a binary mixture (CH4 and N2) and considered ageing in their holistic ship energy model [START_REF] Faou | Studies of the new generation of LNG ships[END_REF]. Miana et al. (2009) published two models for LNG ageing during ship transportation: a physical algorithm and an "intelligent" model based on historical data and a neural network. The physical model was based on a constant BOR approach [START_REF] Miana | Calculation models for prediction of Liquefied Natural Gas (LNG) ageing during ship transportation[END_REF]. [START_REF] Pellegrini | LNG Technology: The Weathering in Above-Ground Storage Tanks[END_REF] published a model to predict ageing in LNG above-ground tanks for an assigned value of BOR as well as when the heat flow to the tank is assigned and the BOR must be computed. This study shows, by comparison with experimental data, 2 the misleading results obtained using a mean value of the BOR instead of calculating it from the heat exchanged with the surroundings [START_REF] Pellegrini | LNG Technology: The Weathering in Above-Ground Storage Tanks[END_REF]. [START_REF] Miana | Comparison of evaporation rate and heat flow models for prediction of Liquefied Natural Gas (LNG) ageing during ship transportation[END_REF] compared two models: an ageing by heat flow versus by evaporation rate. The two models are compared with published results and 558 real LNG voyages. The comparison between the different ageing models reveals that, globally, the approaches defined by the evaporation rate show better predictions than those of constant heat flow [START_REF] Miana | Comparison of evaporation rate and heat flow models for prediction of Liquefied Natural Gas (LNG) ageing during ship transportation[END_REF]. However, the selection of an accurate BOR value remains an open issue. [START_REF] Migliore | Weathering prediction model for stored liquefied natural gas (LNG)[END_REF] published a model removing a number of constraints in the precedent literature, namely: heat ingress is calculated based on the outside temperature and LNG composition, allowing for daily or seasonal variation; BOR is not an input parameter, but is calculated as part of the simulation; the LNG density is estimated using an accurate experimentally based correlation. The model was tested using measured data from LNG properties after marine transportation (voyage ranging from 98 h to 390 h at sea) demonstrating satisfactory accuracy [START_REF] Migliore | Weathering prediction model for stored liquefied natural gas (LNG)[END_REF]. Later, Migliore et al. (2017) called into question the thermal equilibrium assumption between the liquid and the vapor phase and published a nonisothermal model [START_REF] Migliore | A nonequilibrium approach to modelling the weathering of stored Liquefied Natural Gas (LNG)[END_REF]. Recently, Huerta et al. ( 2019) also developed a non-isothermal model [START_REF] Huerta | A realistic vapour phase heat transfer model for the weathering of LNG stored in large tanks[END_REF]. [START_REF] Arrhenius | Method development for gas quality determination in the LNG storage of a LNG/LCNG refuelling station[END_REF] investigated the LNG variations at refuelling stations for trucks [START_REF] Arrhenius | Method development for gas quality determination in the LNG storage of a LNG/LCNG refuelling station[END_REF] whereas Benito (2018) carried out a similar study for receiving terminals [START_REF] Benito | Accurate determination of LNG quality unloaded in Receiving Terminals : An Innovative Approach[END_REF].

Ageing alters the fuel properties, notably its Methane Number (MN) and its Low Heating Value (LHV). Thus, it impacts the engine performances, emissions and operational profile (through derating). This issue is frequently raised by motorists [START_REF]Impact of Gas Quality on Gas Engine Performance[END_REF], ship-owners [START_REF] Castel | Feedback on the operation of the dual fuel diesel electric propulsion on lng carriers: impact of gas fuel quality on propulsion efficiency[END_REF] and LNG importers [18]. Van Essen et al. (2016) studied the effect of Boil-Off on the MN of LNG Gases using an empirical estimation of the BOR [START_REF] Van Essen | The Effect of Boil off on the Knock Resistance of LNG Gases[END_REF]. Assessing the fuel quality over time and through the entire fuel system is a prerequisite to consider accurately the overall energy balance, perfecting technical and financial analyses.

From the preceding literature review, models exist to predict mixture composition variations due to ageing. However, the topic has rarely been studied for LNG fuelled ships. Except for LNG carriers consuming their cargo, the literature is very scarce. None of the models combine a variable BOR model, an ageing model and a strategy to maintain a pressure range in the tank and a minimum MN value at engine inlet. In this respect, to the best of the authors' knowledge, this paper is a novel and original contribution.

First, the basic design of the fuel system is presented. Then, the energy and mass balances are solved. MN offspec occurrence event is highlighted. A mitigation strategy is investigated: mixing the vapor phase with vaporized liquid while boosting a heat exchanger vaporising liquid to maintain the Service Pressure (SP) in the tank. The model has been applied on the realistic operational profile of their concept LNG/wind electric ship planned to sail between Western Europe and French Guiana. 

INVESTIGATED SYSTEM DESCRIPTION

Fuel system

The study focuses on type C cryogenic tanks designed to withstand pressure as defined by the IGF code entered into force in 2017 [START_REF] Omi | [END_REF]. The pressure vessel is meant to be operated roughly between 202.650 kPa abs. and a maximum allowable working pressure of 1013.25 kPa abs. with a service pressure of 709.275 kPa abs. Maintaining the service pressure above 600 kPa abs. allows conventional low-pressure gas feed with no further apparatus. The Pressure Build-Up unit (PBU) is a heat exchanger using water glycol to vaporize LNG. The resulting vapor is sent back to the tank and is called Forced Boil-Off Gas (FBOG). The PBU function is to maintain the service pressure. The main vaporizer (VAP) is also a water glycol heat exchanger. Its function is to vaporize the fuel before the engine inlet (low pressure, Otto cycle type). The piping allows mixing the vapor and liquid phase (respectively m V and m L) before the vaporizer. Note that other gas processing equipment may be required between VAP and engine inlet, more details on this fuel system solution and others are given by [START_REF] Chorowski | LNG systems for natural gas propelled ships[END_REF]. The compositions are expressed as vectors: x is the composition of the liquid phase in the tank, y is the composition of the vapor phase in the tank, z is the global composition (vapor and liquid phase) in the tank and w is the composition of the two-phase mixture sent toward engine inlet. Each component of the vector is a mole fraction: the number of moles of one chemical compound (ni) over the total number of moles in the fluid. For instance, for the composition of the liquid phase in the tank with N chemical compounds:
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Figure 1 shows a diagram of the fuel system. The dotted line embodies the system boundary. 
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Hypotheses

The main hypotheses employed for the model development are listed below:

The tank temperature (T) and service pressure are assumed transient but homogeneous. The tank fluid evolves through vapor liquid equilibrium states. Thermal contraction/expansion of the tank is ignored. Impact of sloshing is neglected.

The mass flow rate toward inlet (m ) has no limitation. It is deduced from the amount of energy required (E ), the vapor/liquid mixing strategy before the vaporizer and the LHV of each phase in the tank.

Heat flux

According to the IGF code, storage tanks shall not be filled more than 98% of their full volume at the reference temperature. The reference temperature means the temperature of the fuel in the tank at the maximum allowable working pressure. This is the full load (FL) situation. Tank manufacturers usually express the natural heat leak as the daily energy needed to vaporize a fraction of liquid at full load (2). This mass fraction is the BOR. Typical values for type C BOR are between 0.4-0.8 %. Guidelines recommend calculations to be done considering an ambient air temperature (Tamb) of 318.15 K. Using the heat equation ( 3), the global heat exchange coefficient (k), assumed constant, can be computed. The heat leak then follows the tank temperature (T) as described in (4).
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Equation of state

In this report, the modified GERG-2008 equation of state implemented in NIST software REFPROP 9.1 (REFerence fluid PROPerties) is used [START_REF] Lemmon | NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties-REFPROP[END_REF]. REFPROP is a program and does not contain any experimental information, aside from the critical and triple points of the pure fluids. The program uses equations for the thermodynamic and transport properties to calculate the state points of the fluid or mixture. These equations are the most accurate equations available worldwide. Their high accuracy is obtained through many coefficients in the equations, and thus the calculation speed will be slower than other equations such as the Peng-Robinson cubic equations. The equations are generally valid over the entire vapour and liquid regions of the fluid, including supercritical states; the upper temperature limit is usually near the point of decomposition of the fluid, and the upper pressure (or density) limit is defined by the melting line of the substance [START_REF]REFPROP Version 10.0[END_REF].

In the model, the temperature is linked to the pressure and the density by the ideal gas law corrected by a departure factor (J) accounting for real two-phase mixture behaviour. Indeed, a departure function is defined for any thermodynamic property as the difference between the property as computed for an ideal gas and the property of the species as it exists in the real world.

( = 3(4, 6, 7 ) • 89 [START_REF] Kountz | Weathering of LNG in on-board Storage Tanks[END_REF] In a previous work, this ageing model has been compared with experimental data showing good agreement [START_REF] Thiaucourt | LNG Ageing Prediction Model[END_REF].

Methane number

The MN is comparable to the octane number used for gasoline. It is a dimensionless index to measure the detonating power of a gas. The references used are:

Pure methane for the knock resistant. Its MN is 100 Pure hydrogen for the knock sensitive. Its MN is 0. A marine Otto gas engine can admit, within its design limits, a wide range of NG but, depending on its technology, variations in the MN impact its performances. Indeed, when the MN is under 80, the concentration of heavy components causes knocking. To avoid it, the engine is de-rated (tuned "leaner"). Consequently, the output power decreases (Fig. 2) and the engine drifts from its maximum efficiency, minimum emission level and optimum loading performance point [START_REF]Impact of Gas Quality on Gas Engine Performance[END_REF]. Conversely, when the MN is higher than 110, the concentration of non-explosive components (N2, CO2) is high and leads to misfiring. In severe cases, persistent knocking and/or misfiring will damage the engine leading to maintenance and security issues. There are various ways to compute the MN [START_REF]Position paper on the impact of including methane number in natural gas regulation[END_REF]: the Gas Research Institute (GRI) method: It is described in the UK implementation of ISO/TR 22302:2014 [START_REF] Institution | BSI Standards Publication Natural gas -Calculation[END_REF]; the AVL method: The exact algorithm is confidential and property of AVL Inc.; the MWM Euromot method: The code is available online and distributed under the Apache license; the Wärstilä method: Wärtsilä offers an online tool10 for ship owners and operators to calculate the MN. The calculation result indicates whether or not the given gas quality is suitable for use in Wärtsilä dual-fuel engines; the Cummins Westport method: According to the engine manufacturer: "The Cummins proprietary methane number calculation is a numerical, regression-analysis based method using an extensive set of experimental test data. While neither this data nor the resulting calculation can be shared, this fuel quality calculator can be used to determine methane number for a given fuel composition."1 the Det Norske Veritas and Germanischer Lloyd (DNV-GL) method: In 2016, the classification society DNV-GL launched an online methane number calculator.

The MN calculation method used is this study is the GRI method and is fully described in [START_REF] Institution | BSI Standards Publication Natural gas -Calculation[END_REF]. It is considered: MN(x ) is the MN of the liquid phase in the tank. MN(y ) is the MN of the vapor phase in the tank. MN(w ) is the MN of the two-phase mixture sent toward engine inlet.

Figure 2. Output power limitation factor as a function of

the methane number and the charge air receiver temperature [START_REF] Wärtsilä | Wärtsilä 20DF[END_REF] 3 CONSERVATION LAWS

Mass balance

The mass flow rate toward engine inlet is the sum of the tank liquid and vapor output mass flow rates. The system mass balance can be written as:

= = = + = (6) 
A mixing parameter (α) is introduced such that:

= = ?= (7) 

Energy balance

The system energy balance can be written as:

@ = + 8 A -ℎ = -ℎ = (8) 
Introducing the second parameter (β), the PBU supplied heat is expressed as:

8 A = C (9)

PROPOSED MODEL ALGORITHM

The conditions to fulfil at each time step are:

D E4 ∈ [600 -900 &4K KLM. ] OP(w ) ∈ [80 -110] (10) 
The parameters that can be tuned through a regulation rule are the mixing parameter α and the PBU vaporizing rate through β. Figure 3 summarizes the main steps of the procedure. For more details regarding ageing modelling, the reader is kindly referred to [START_REF] Thiaucourt | LNG Ageing Prediction Model[END_REF]. The model is implemented in FORTRAN and runs in few minutes on a basic laptop (HP EliteBook 840 G3 -PC x64, CPU Intel® Core™ i5-6300Ua CPU @2.4GHz, 2401 MHz, 2 cores RAM 8.00 Gb). Parameters and initial values z , BOR, E , SP, Tamb, α, β, Δt, FT, V, m, t 
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CASE STUDY

Zéphyr & Borée is a French sea freight company promoting the comeback of wind energy to reach cost effective and sustainable transport solutions. Their vessel (Fig. 4) will be operated between few ports in Western Europe and French Guiana (Fig. 5). They are currently considering a LNG/wind electric power system option. Since LNG bunkering facilities are not available yet in French Guiana, a fuel gas handling system utilizing multiple removable LNG fuel tank containers is being investigated. The containers, fitted with the tank and the PBU, can be transported by road to the nearest LNG terminal for refilling. Therefore, the loading onboard requires no bunkering procedure. To confirm the fuel system feasibility, the study must assess if the following conditions are fulfilled: 1. the tank pressure remains between 0.6 and 0.9 MPa abs.; 2. the MN at engine inlet remains above 80.

At each time step, two variables of the model are set to fulfil the objectives (1 and 2). The two degrees of freedom are: the value of α; the value of β. The tuning of the two variables is done by trial and error. Also, a trivial objective is that the number of containers should be sufficient so that the liquid level (lvl) remains above 10% (safety margin). Due to confidentiality of the system data, some simulation parameters have been slightly modified from the given ship data.

The initial fluid mass in the tank should be computed using the loading level for compliance [START_REF] Thiaucourt | Impact of charged lng on its dynamic behaviour in a pressurized tank[END_REF]. For the sake of clarity, the mass is set at 15.5 t (the initial liquid level is around 83%). The other parameters are set as written in Table 3. An initial BOR value is used to define the heat exchange coefficient (k) at start. The heat inflow (Q) is then computed according to equation ( 4) which changes consequently the BOR value throughout the simulation.

Table 3 

RESULTS 1: CONSTANT ENERGY NEED

First, the energy need is defined as a constant. It is set at 221 700 W per container.

Libyan LNG

First, the Libyan composition is considered. From Fig. 6, at start, the MN of the vapor and the liquid phase are above 80 (respectively 86.3 and 80.0) so with a mixing parameter α of 0.5, the MN at engine inlet is satisfactory (83.3). Then, the chain of actions is the following:

To feed the engine, mass must be removed from the tank and sent to the vaporizer. Withdrawing mass from the tank reduces its service pressure.

The NBOG formation by natural heat leak increases the service pressure but not enough to compensate for the pressure drop induced by the mass removal. Preserving the service pressure above 600 kPa abs. is crucial to ensure a sufficient flow rate at engine inlet. To maintain the service pressure, the operator faces two options:

o Increase the PBU flow rate which will boost the FBOG. In our model, this is done by increasing parameter β.

o Increase the liquid fraction of the output flow rate. Indeed, the pressure drop will be reduced if more liquid is withdrawn compared to vapor. This is done by increasing parameter α. It has been decided to follow a strategy that could be summarized as "priority given to α". It involves sending as much as possible heavy hydrocarbons to the engine as long as the methane number at engine inlet MN(w ) stays within its limits (above 80 in this case study). This should help postpone the moment when the MN at inlet becomes too low. However, maximizing the liquid fraction implies sending to the engine a mixture with a composition closer to the liquid one (w tends to x ). Thus, this option can be an issue if the methane number in the liquid phase of the tank, MN(x ), falls below the limit value In practise this will unavoidably happen if the journey lasts too long. Indeed, the light and volatile compounds (N2 and CH4) leave first the liquid phase, so its MN is reduced (Fig. 6). In the vapor phase, the MN starts rising as the initial mole fraction of N2 is decreased in favour of CH4. After a maximum of 96.8 at day 24 (almost a 100% mol/mol methane), it diminishes since heavy components (C2+) start to evaporate (Fig. 7). We can observe from Fig. 6 the evolution of the gap between MN(x ) and MN(y ). MN(x ) is under 80 after day 2. Therefore, progressively the PBU is boosted (β increases) and the liquid fraction is reduced (α reduced) (Fig. 9). The conditions are satisfied by tuning the α/β ratio which is therefore the core setting of the regulation function. By trial and error, the values of α and β are set as shown in Figure 9. Figure 10 presents the evolution of the fluid mass in the tank and its liquid level. At the end of the journey, the liquid level is around 20%. This is the usual margin when designing a marine fuel tank. Regarding the temperature, it evolves with the pressure and inversely with the bulk density as predicted by [START_REF] Kountz | Weathering of LNG in on-board Storage Tanks[END_REF]. The temperature variations impact the natural heat rate (Fig. 11) as described in [START_REF] Müller | Variation of Natural Gas Composition Challenges for Power Generation CIMAC Circle Presentation[END_REF]. They also impact the forced heat rate because it is linked to the natural heat rate through parameter β (9). Figure 11. History of the tank temperature and rate of heat transfers.

Australian LNG

In this new case study, the same strategy has been used with the same parameters but with a different bunkered LNG composition (Fig. 1213141516). As the Australian LNG is richer in methane than the Libyan one, the methane number in the liquid phase MN(x ) remains above 80 while still decreasing. The regulation function is facing the same two options as previously to maintain the service pressure. But it will act preferably and solely on the mixing parameter α. There is no need to increase the PBU (acting on parameter β) since withdrawing liquid does not induce a large pressure drop. We can observe that the final liquid level is higher for Australian LNG: 21.1% compared to 18.1% for the Libyan LNG (Fig. 16 and10). Also, the final mass left in the tank is higher for the Australian LNG: 4 313 kg compared to 4 257.6 kg for the Libyan LNG. As expected, this difference comes from the fact that the initial total energy content in the tank isn't the same for the two cases. Moreover, since the PBU heat flow is low (around 120 W) the service pressure rise is slower than with the Libyan LNG. 

RESULTS 2: VARIABLE ENERGY NEED

In this section, the energy need is not a constant anymore, it is defined by the energy profile. This is a more realistic scenario. The company is willing to install a maximum of 9 containers on deck. This is the result of a former study and a trade off with cargo payload space. In the scenario investigated, the containers are loaded in Rotterdam (NLWAL) and unloaded in French Guiana (GFDDC). The return trip toward NLWAL is performed on Marine Diesel Oil (MDO) only. The empty containers are returned to NLWAL on a regular line.

The duration of the journey is now only 16 days (FT). Again, the values of α and β beta are set such that the pressure and the MN at inlet remain within the limit values (see equation 10).

The initial composition is Libyan LNG and the initial parameters are those defined in Table 3.

The energy profile

A common way to define an operational profile is to define the power consumption over various navigation modes. According to [START_REF]International Maritime Organization[END_REF], the MDO LHV is 42.7 MJ/kg so the energy need on each leg of the rotation can be computed. The result for the journey from Rotterdam to French Guiana is given in Figure 18.

Results

Figures 19 and 20 show the two objectives are fulfilled. The two objectives are:

1. The pressure remains between 0.6 and 0.9

MPa abs. This is done by acting on α. 2. The MN at inlet remains above 80. This is done by increasing progressively β.

Also, Figure 20 shows the liquid level at arrival in French Guiana is at 9.6%. This is a safety margin in case bad weather conditions induce the need for extra fuel. 

CONCLUSION AND FUTURE WORK

In this paper, a model is presented to estimate the methane number (MN) at engine inlet with a variable natural boil-off rate. The MN must remain above a certain value (80 in our case) for optimal engine operations.

The main finding is the following: by acting on two valves of the fuel system, a regulation strategy can be proposed to ensure at engine inlet a MN above 80, even if the MN of the liquid phase is below this value. Also, this is done while maintaining a service pressure in the tank between limit values. This model is used at a basic design level to provide fast informative content, such as the methane number and the pressure evolution or the LNG tank capacity needed.

In future work, the regulation strategy should be further investigated to verify if it adapts to all conditions (PBU vaporizing limits constraining the flow rate, extreme LNG compositions, maximizing cold recovery, etc.).

Also, in the literature, a lack of consensus on the vapor-liquid equilibrium assumption domain of validity has been identified. Therefore it should be investigated experimentally with a strong focus on the following parameters:

-tank geometry; -free surface area; -liquid level; -tank motions; -heat flow. Further work is still necessary if this simulation tool is to be used for detailed design purposes.
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 3 Figure 3. Diagram of the algorithm main steps.
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 4 Figure 4. Concept design, courtesy of Zéphyr & Borée.
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 12 Figure 12. History of the MN in the liquid phase MN(x), vapor phase MN(y) and the MN of the output flow MN(w) sent toward engine inlet.
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 1314 Figure 13. History of the tank liquid phase composition.
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 15 Figure 15. History of the pressure and the parameters α, β.

Figure 16 .

 16 Figure[START_REF]Impact of Gas Quality on Gas Engine Performance[END_REF]. History of the tank fluid mass (liquid and vapor) and its liquid level.

Figure 17 .

 17 Figure 17. History of the tank temperature and rate of heat transfers

Figure 19

 19 Figure 19 History of the pressure and the parameters α, β

Figure 201

 201 Figure 18 Ship energy profile

Table 1 .

 1 Normal boiling points of LNG components.

	Component	Normal boiling point	
	Nitrogen (N2)	77.4	K
	Methane (CH4)	111 ±2	K
	Ethane (C2H6)	184.6 ±0.6	K
	Propane (C3H8)	231.1 ±0.2	K
	Ref.: NIST Webbook of Chemistry [20]	

Table 2

 2 

	) are considered

Table 2 .

 2 Charged LNG composition. 

	Origin	z -charged composition (mass fraction)
		N2	CH4	C2H6	C3H8 C4H10 LHV*
	Libya	0.59 85.57 12.62 3.56	0.65	49.3
	Australia 0.1	87.64 9.97	1.96	0.33	49.7
	*MJ/kg: computed at 101.325 kPa abs. and T=273.15 K

  Simulation parameters

	Tamb	293.15	K	
	Δt FT	8 640 30	s day	Constants
	V	46.3	m 3	
	m	15 500	kg	
	BOR SP(t=0) α	0.5 709.275 0.5	% kPa abs. -	Variables (initial values)
	β	0.5	-	
	t	0	sec	

  Three navigation modes are defined: manoeuvring mode: This mode is used to manoeuvre and during channelling. The average consumption is 12 t of MDO per day. open sea mode: It is the mode at which all the different factors combined makes it the most economic. The average consumption is 24 t of MDO per day. stand-by mode: It is the mode at berth or at anchorage. The energy consumption is only linked to the hotel load or to the commercial operations. The average consumption is 3 t of MDO per day.

https://www.cumminswestport.com/fuel-qualitycalculator