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Abstract: The effect of periodic bunkering operations on methane number (MN) and Wobbe index (WI) variations in the fuel gas

supply system of liquefied natural gas (LNG)-fueled vessels has been numerically investigated by considering the changes in the

representative gas composition and separator temperature. As a result, it was possible to manage the MN to avoid the occurrence of

abnormal operation for the commercial engine requirement of MN > 65 when the separator temperature was set to —50 °C despite the

rich gas composition for bunkering having MN < 65. All the simulation conditions indicated that the main and generator engines were

operated with WI < 56, while the boiler was operated in a wide range of MN = 37-85 and WI = 53-80.
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1. Introduction

In recent years, liquefied natural gas (LNG)-fueled ships have
gained international attention as a potential eco-friendly propul-
sion system to reduce exhaust gas emissions from ships, which is
regulated by the Marine Environment Protection Committee
(MEPC) in the International Maritime Organization (IMO). The
types of dual-fuel engines classified into a high-pressure Diesel
cycle and low-pressure Otto cycle are important in the design of
fuel gas supply system (FGSS) for LNG [1].

The Diesel cycle engine (e.g., MAN B&W’s MEGI) has an
autoignition method with a high compression ratio and high ther-
mal efficiency but requires a high-pressure gas fuel supply above
approximately 300 bar and a nitrogen oxide (NOx) emission re-
duction device such as selective catalyst reduction (SCR) [2]. In
contrast, the Otto cycle engine (e.g., Winterthur Gas & Diesel’s
X-DF) has a low operating pressure of approximately16 bar and
satisfies the exhaust gas regulation standards without an after-
treatment device, so it is preferred in the market in terms of eco-
nomic feasibility [3]. However, since the compression ratio for
the Otto cycle engine is limited by the occurrence of knocking,
special attention is required in fuel quality control.

As a fundamental study, the critical compression ratio

implying the occurrence of light knock in a Cooperative Fuel Re-
search (CFR) F-2 engine was investigated as a function of me-
thane number (MN) of alternative gaseous fuels [4]. Although
recent research on engine combustion simulation has suggested
that the appropriate minimum methane number is 70 [S], most
engine manufacturers recommend MN > 80 to achieve fuel econ-
omy for high power and low emissions [6]. The commercial Otto
cycle engine (XDF) adopts active combustion control for the low
MN conditions, resulting in MN > 65 [7].

For LNG fueled ships with the Otto cycle engine, the steady
and unsteady process simulations for the fuel gas supply systems
were conducted for global oceangoing LNG carriers and propul-
sion vessels considering different MNs according to relevant
sources [8][9]. The process control strategies were also studied
to deal with MN fluctuations for different LNG compositions
[10]. In this paper, we report the effect of periodic bunkering op-
erations on methane number (MN) variations in LNG propulsion

systems.

2. Simulation model

The LNG fueled vessel was modeled with a storage tank volume

of 3,600 m* with a boil-off rate (BOR) of 0.32%/day. A main engine
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Figure 1: Process flow diagram of the LNG fuel gas supply system (FGSS)

Table 1: Specification of the LNG fueled vessel [8]

Application Operation range
LNG Tank Volume 3,600 m*> | Volume 10%-90%
Main Engine 22.24 MW Load 85%
Generator Engine 1 2.085 MW Load 85%
Generator Engine 2 2.085 MW Load 85%
Generator Engine 3 0.695 MW Load 30%
Boiler 1.39 MW Load 100%

and three generators of the low-pressure Otto cycle engine con-
sumed LNG along with a gas boiler as summarized in Table 1.
Figure 1 shows a process flow diagram for an LNG FGSS
comprising vaporization, boil-off gas (BOG) treatment, vent, and
bunkering equipment, which was modeled with ASPEN HYSYS
software. The details of the operating conditions for each state
are listed in Table 2. Here, the mass flow in the BOG (NG) pipe-
line occurred several hours after bunkering. Further, GW stands
for glycol water. Table 3 shows representative gas compositions
used in the simulation cases. The representative operating condi-
tions in Table 2 were simulated with the initial gas composition
with respect to the separator temperature of =50 °C. MN was cal-
culated as a function of the hydrogen/carbon ratio, x, as shown in

Equation (1) [11].

MON = —406.14 + 508.04x — 173.55x% + 20.17x3

1
MN = 1.445MON — 103.42 &
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where MON is the motor octane number fitted by the third-order
polynomial.

In addition, the Wobbe index (WI) or Wobbe number was cal-
culated with the volumetric higher heating value, HHV,, and rel-
ative density, RD, from Equation (2) [12].

__ HHY,

WIIM]/Nm?] = ==

2

3. Results and discussion

3.1 MN variations for the initial gas composition
Figure 2 shows the MNs as a function of time, which were

calculated at each state of XDF as an inlet of the main engine,
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Figure 2: MN variations with time for the initial gas composition

during periodic bunkering and constant load operations
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Table 2: Representative operating conditions for each state at the initial LNG composition

S Fluids Pressure Temperature | Mass flow S Fluids Pressure Temperature | Mass flow
[bar] [°C] rate [kg/h] [bar] [°C] rate [kg/h]

1 LNG 1.357 —-150.5 2050 DF1 NG 3.987 25.38 150
2 LNG 14.21 -147 2050 DF2 NG 3.987 25.38 150
3 LNG 13.75 -147 2050 DF3 NG 3.987 25.38 50.01
4 LNG 13.12 =50 2035 Boiler NG 3.987 26.02 100.1
5 NG 13.12 =50 2035 XDF NG 12 29.74 1600
6 NG 12.5 30 2035 101 GW 3 50 14010
7 NG 12.5 30 1600 102 GW 3 50 10700
8 NG 12.25 29.87 1600 103 GW 3.14 50 10700
11 NG 12.5 30 435.4 104 GW 3.142 12.71 10700
12 NG 4.157 2547 435.4 105 GW 0.894 12.78 10700
13 NG 4.157 2547 4354 106 GW 1 13.92 14010
14 NG 4.158 25.48 150 107 GW 3 50 3310
15 NG 4.158 25.48 150 108 GW 3.153 50 3310
16 NG 4.158 25.48 50.01 109 GW 3.188 17.53 3310
17 NG 4.158 2548 85.34 110 GW 0.8943 17.6 3310
18 NG 4.158 26.13 100.1 111 GW 3 50 0
21 LNG 13.13 =50 14.73 112 GW 3.314 49.99 0
22 LNG 4.532 —58.3 14.73 113 GW 3.211 25.22 0
23 LNG 4.532 —58.3 0 114 GW 0.8949 25.29 0
24 LNG 1.176 —153.4 0 115 GW 1 30 1064
25 LNG 4.532 —58.3 14.73 116 GW 0.9921 33.88 1064
26 LNG 4.158 —58.3 14.73 117 GW 0.7117 33.89 1064
27 NG 4.158 33.01 14.73 118 GW 0.9 32.23 1064
51 NG 1.176 —-150.5 0 201 LNG 5 —158 0
52 NG 1.175 31.66 0 202 LNG 1.001 -157.8 0
53 NG 1.176 30.67 0 203 LNG 1.223 -157.8 0
55 NG 1.175 30.67 133 204 LNG 1.223 -157.9 0
56 NG 1.088 31.04 133 205 LNG 13.75 —147 0
57 NG 2.084 90.16 133 206 NG 1 —-150 0
58 NG 2.002 30.8 133 207 NG 1.175 31.66 0
59 NG 2.002 31.06 133 301 NG 0 —154.5 0
60 NG 1.175 30.67 133 302 NG 1.175 31.66 0
61 NG 2.002 31.06 0 -
62 NG 4.157 30.33 0 -

Table 3: Gas compositions of LNG for the simulation cases

Initial Lean Typical Rich
Methane 0.9996 0.9674 0.9133 0.8512
Ethane 0.0003 0.0189 0.0536 0.0863
Propane | 4.06E-05 0.0068 0.0214 0.0414
i-butane | 7.17E-06 0.0068 0.0093 0.02
i-pentane | 6.78E-08 0.0001 0.0002 0.0011
Nitrogen | 1.30E-05 0 0.0022 0
X 4 3.9 3.78 3.62
MN 96.39 84.75 73.08 61.51

DF1 as an inlet among the three auxiliary engine generators, and
the Boiler. After the periodic bunkering of approximately 0.5 h
from 10% to 90% of the liquid level of the LNG storage tank, the
MNss decreased gradually from 96.39 to 96.25 during the voyage

of approximately 27 h while steadily consuming the liquid level
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from 90% to 10%. Then, the MNs were recovered to those cor-
responding to the bunkering of the initial gas composition. In all
processes, the MN deviations of each state were negligible with

each other.

3.2 Power variations for abnormal operation

After one period, which is the single voyage after the first bun-
kering, the initial gas composition was switched to the typical gas
composition for the second bunkering. And the separator temper-
ature was set at the same time by lowering it from —50 °C to
—80 °C. The results are shown in Figure 3. During the second
bunkering, the output power of the boiler was slightly reduced
because of the fuel supply of the higher volume ratio of heavier

hydrocarbons, but the power deviations in the three generators
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Figure 3: Power variations with time for the typical gas compo-

sition at the separator temperature of —80 °C

were negligible. However, the power for the main engine (XDF)
dropped by approximately 10 MW at the end of the voyage be-
fore the fourth bunkering. It means that the amount of the rela-
tively light methane fuel supplied to the main engine was inade-
quate to maintain the 85% load because the heavier carbon fuel
accumulated in the LNG tank. In the case of continuous repeti-
tion, the output power rapidly dropped to the 0.1 MW level and
the sailing time increased. It was recovered by the next bunkering,
but the output control of the power supply completely deviated

from the normal operation after the sixth bunkering.

3.3 Methane number variations with time

At the separator temperature of —80 °C, the gas composition was
changed to (a) lean, (b) typical, and (c) rich as shown in Figure
4. For the lean case, (a), the MNs were kept at approximately 89
for the main and generator engines and approximately 42 for the
boiler, respectively. For the typical case, (b), the MN broke down
from approximately 85 to 75, resulting in the abnormal operation
after the sixth bunkering. For the rich case, (c), the abnormal op-
eration appeared after the third bunkering. This indicates that the
richer gas composition, the more accelerated the aging phenom-
enon with the heavier fuel accumulation in the LNG tank.

In Figure 5, the MNs for the three gas compositions were rec-
orded with time when the separator temperature was heated up to
—50 °C for the second bunkering. The lean, (a), and typical, (b),
cases were normally operated with the MNs above approximately
73 for the engines and approximately 60 for the boiler.

For the rich case, (c), although the rich gas composition has
MN < 65, the MN management was in compliance with the com-
mercial engine requirement of MN > 65. However, the abnormal

operation appeared after the fifth bunkering. Here the boiler was
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Figure 4: Methane number variations with time at the separator
temperature of —80 °C for (a) lean, (b) typical, and (c) rich gas

compositions
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Figure 5: Methane number variations with time at the separator
temperature of —50 °C for (a) lean, (b) typical, and (c) rich gas

compositions

operated with the MN above approximately 37.

When the separator temperature was set to —20 °C, all MNs in
all devices maintained their own values for the three gas compo-
sitions, without experiencing abnormal operation as shown in
Figure 6. However, the rich case, (c), was operated with MN <

65.
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Figure 6: Methane number variations with time at the separator
temperature of —20 °C for (a) lean, (b) typical, and (c) rich gas

compositions

3.4 Methane number vs Wobbe index

WI is one of the best indicators of the interchangeability of
gaseous fuel mixtures. Natural gas and LPG have typical ranges
of WI values of 48-51 and 72-87, respectively [13]. In this re-
gard, the MN over time as a result of the dynamic simulation was
replotted by WI as shown in Figures 7-9, as a result of dynamic
simulations for the separator temperatures of —20 °C, —35 °C,

=50 °C, and —80 °C.
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Figure 7: Methane number versus Wobbe index at the separator
temperatures of (a) —20 °C, (b) =35 °C, (¢) =50 °C, and (d) —80 °C

for the lean gas composition
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Figure 8: Methane number versus Wobbe index at the separator
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for the typical gas composition
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Figure 9: Methane number versus Wobbe index at the separator
temperatures of (a) =20 °C, (b) —35 °C, (¢) =50 °C, and (d) —80 °C

for the rich gas composition

Figures 7-9 for the lean, typical, and rich cases showed a gen-
eral trend in which the MN was inversely proportional to the WI.
The lower the separator temperature and the richer the gas com-
position, the greater the WI range, which clearly appears to be

around 65-80 for the boiler inlet in Figure 9(c,d).
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6. Conclusion

In this study, dynamic simulations were conducted to under-
stand the effect of periodic bunkering operations on the MN var-
iations in LNG propulsion systems. The time-dependent MN and
WI for the engine and boiler devices were derived and compared
with the changes in the representative gas compositions and sep-
arator temperatures. The main findings of this study are summa-
rized as follows:

@  Although the rich gas composition for bunkering has MN
< 65, the requirement of a commercial engine with MN
> 65 could be satisfied by setting the separator tempera-
ture to —50 °C.

@ In the rich and =50 °C case, the occurrence of abnormal
operation after the fifth bunkering implied that continu-
ous bunkering with the rich gas composition should be
discouraged.

@  All the simulation conditions indicated that the main and
generator engines were operated with WI <56. However,
because the boiler was operated in a wide range of MN
= 37-85 and WI = 53-80, the gas boiler should be de-
signed to cover both natural gas and LPG fuels suffi-

ciently.
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