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LNG Carrier Steam Dump Process Analysis

Abstract

At the conventional LNG (Liquefied Natural Gas) carrier during the port operation, maintaining cargo
tank pressure can be a challenging task. This task can be obtained through steam dump only, if the
superheated steam line is not in operation. This paper presents an analysis of a steam dump process
from a conventional LNG carrier. It is shown that steam dump process produces around 8 times lower
harmful environmental emissions than releasing pure methane in the atmosphere. Simultaneously,
steam produced by gas combustion must be mixed with feed water to ensure its dry saturation — only
saturated steam can condense in the main condenser. The paper shows feed water mass flow rate
calculation procedure at various desuperheated steam mass flow rates and temperatures to ensure
proper dry saturation process. Also, the exergy destruction and exergy efficiency of the feed water
and desuperheated steam mixing process are calculated, presented and discussed.

Keywords: Steam dump, Global warming potential, Conventional LNG carrier, Energy balancing,
Exergy analysis
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1. Introduction

A large number of conventional LNG (Liquefied Natural Gas) carriers use the
steam power plant [1-3]. This technology is mature, many times proven reliable and its
maintenance costs less compared to the other power plant solutions [4, 5]. However, the
steam power plant has lower efficiency in comparison to other propulsion solutions on
the market, and therefore it is not any more option for the propulsion power of modern
LNG carriers [6, 7]. Q-Flex and Q-Max LNG carriers consume the same amount of
HFO (Heavy Fuel Oil) as conventional LNG carriers, but they carry more cargo. Since
they use nitrogen as a refrigerant for the liquefaction of the evaporated cargo and they
do not use gas consumption for the propulsion machinery, they are also an obsolete
concept. The reason is the fact that the burning of HFO produces large amounts of air
pollutants [8]. The last LNG carriers’ generation uses a combination of HFO and gas,
and gas only and therefore emits lower pollutant quantities. Also, they use less fuel
due to an increase in internal combustion engine efficiency [9, 10]. Therefore, they
must have better cargo tank insulation, which allows a lower boil-off rate. Compared
to conventional LNG carriers, where the boil-off rate was 0.125 % per day, the boil-off
rate on modern LNG carriers is 0.085 % of the cargo per day only [11].

From the first to the last generation of LNG carriers, various techniques were used
to maintain the cargo tank pressure while transporting cargo from the loading to the
discharging port [12, 13]. Since the typical lifespan of an LNG carrier is around 30 to 35
years, conventional LNG carriers are still in service. Therefore, this article will present
how the cargo temperature and pressure are maintained on the conventional LNG
carrier and what methods are in disposition when the vessel is underway, anchored,
or alongside the port.

2. Methods for maintaining cargo temperature and pressure

The conventional steam LNG carriers are equipped with two symmetrical steam
generators, which have the following burning modes: diesel oil burning mode, heavy
fuel oil burning mode, gas burning mode and dual burning mode, i.e. heavy fuel oil
and natural gas mode at the same time and under various mixing ranges [14]. Under
sea-going conditions, conventional LNG carriers maintain the tank pressure by burning
the excess evaporated gas in the boilers.

The concept of maintaining the cargo tank pressure is shown in Table 1. It may
be seen that operating points 1 and 2 are not allowed areas of operation due to low
pressure in the tank, close to the atmospheric pressure. If the tank pressure decreases
below atmospheric pressure, then the cargo tank may collapse. The protection method
is first to secure all boil-off gas supply from the cargo tank to the machinery, and if
that doesn’t help then opening the cargo tank safety valve prevents the creation of a
vacuum inside the cargo tank. Therefore, the minimum tank pressure is 0.102 MPa.
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Operating points from 3 to 25 represents allowable tank pressure variations. From
Table 1 it can be seen that increase in tank pressure simultaneously increases cargo
temperature and decreases cargo density as well as gross heating value.

In operating point 26 the safety valve opens again to protect the cargo tank and the
ship structure from overpressure in the cargo tank and that area should not be reached.
Normally, cargo in the port is loaded between operating points from 8§ to 11 at the
pressure from 0.107 to 0.110 MPa. While the vessel is underway, if tank pressure is
maintained below loading pressure, then the cargo temperature decreases. On the other
side, if the cargo pressure increases above the loading pressure then the temperature of
the cargo will increase too (Table 1) [15]. Maintaining cargo tank pressure at loading
value on the conventional LNG carriers can be done by varying load on the main boilers,
which is easy to achieve if the vessel is underway by increasing or decreasing speed.
This is a reason why this type of LNG carrier continues to sail until the last moment
before the pilot arrives.

Table 1. Expected pressure rise for the loaded cargo (LNG) - from operating point 1
(0.100 MPa) up to operating point 26 (0.125 MPa).

Oper.ating Temperature | Pressure Densit}y esnlzﬁzi::) cy fl?;::s; S;l?lis (I:;;ltliitﬁ
point O (MPa) | (ke/m) | ) | (aikeK) (kJ/kg)
1 -161.96 0.100 [ 459.77 | -28.385 [ -0.004573 55861
2 -161.83 0.101 | 459.60 | -27.980 | -0.000955 55857
3 -161.70 0.102 | 459.42 | -27.579 | 0.002632 55853
4 -161.58 0.103 |[459.25|-27.180 | 0.006188 55849
5 -161.45 0.104 [ 459.08 | -26.784 | 0.009714 55845
6 -161.33 0.105 |[458.91 | -26.391 | 0.013210 55842
7 -161.21 0.106 | 458.74 1 -26.001 | 0.016678 55838
8 -161.09 0.107 |[458.57 | -25.614 | 0.020116 55834
9 -160.97 0.108 | 458.40 [ -25.229 | 0.023527 55830
10 -160.85 0.109 | 458.24 | -24.847 | 0.026910 55827
11 -160.73 0.110 | 458.07 | -24.468 | 0.030266 55823
12 -160.61 0.111 | 457.91 | -24.091 | 0.033596 55819
13 -160.49 0.112 | 457.74 1 -23.717 | 0.036899 55816
14 -160.37 0.113 | 457.58 | -23.346 | 0.040177 55812
15 -160.26 0.114 | 457.42 1 -22.977 | 0.043429 55809
16 -160.14 0.115 | 457.26 | -22.610 | 0.046656 55805
17 -160.03 0.116 | 457.10 | -22.246 | 0.049860 55802
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18 -159.92 0.117 |456.94 | -21.884 | 0.053039 55799
19 -159.80 0.118 |456.79 | -21.524 | 0.056194 55795
20 -159.69 0.119 |456.63 | -21.116 | 0.059326 55792
21 -159.58 0.120 | 456.48 | -20.811 | 0.062435 55789
22 -159.47 0.121 | 456.32 | -20.458 | 0.065522 55785
23 -159.36 0.122 | 456.17 | -20.108 | 0.068587 55782
24 -159.25 0.123 | 456.02 | -19.759 | 0.071629 55779
25 -159.14 0.124 | 455.86 |-19.413 | 0.074650 55776
26 -159.03 0.125 |455.71 ]-19.068 | 0.077650 55773

At the port and at the anchor the main propulsion system is not running, so the
steam demand of the main boilers is reduced. In that case, tank pressure is raised above
the values requested by the receiving terminals (0.107 to 0.112 MPa). That request
is due to several terminal variables. The low pressure value is important due to the
limited capacity and the power of the boil-off gas return compressor and the length of
the return line. Also, if there is no adequate gas consumption in the terminal storage
tank then the pressure in the storage tank will increase and consequently, gas must be
burned, which is not desirable for the buyer.

Therefore, if the load is increased and the ship is in the port or at anchor, there
will be an excess of the energy that must be dumped. If the boil-off gas exceeds the
requirements for normal steam production, steam production is increasing further to
maintain the cargo tank pressure in the balance by burning excess boil-off gas from
the cargo tank. That surplus of the produced steam in the steam generators is then
dumped into the steam production system again or released into the air. The steam
dump concept is designed to prevent the cargo tank safety valve opening at tank
pressure of 25 kPa above atmospheric pressure. If the cargo tank safety valve opens,
then the cargo vapors will be released from the cargo tank into the atmosphere. The
main component of natural gas by the molar fraction is methane, the greenhouse gas,
and its release is not allowed except in emergencies according to The International
Convention for the Prevention of Pollution from Ships (MARPOL 73/78), Annex VI
[16]. To avoid such scenario, burning the gas is compulsory. Emitting carbon dioxide
and other combustion products is more environmentally friendly than emitting methane.
Namely, the Global Warming Potential (GWP) of methane is about 28, much higher
than carbon dioxide, whose GWP is 1 [17, 18]. Taking into account the problem of
global warming, concept of excess boil-off gas burning in the main boilers is a useful
one despite the wasted energy.

The benefit of the vaporized cargo combustion process in comparison to releasing
pure methane in the air can be illustrated by the following example.
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The typical composition of the natural gas for the three various loading ports is
given in Table 2 [19]. For illustration purposes, the composition of the natural gas from
the loading port in Qatar, Ras Laffan is chosen.

Table 2. The molar fraction of natural gas in three various ports.

Molar fraction Ras Laffan Das Islands Darwin
CH, 0.9027 0.8654 0.8784
C,Hg 0.0622 0.1150 0.0937
CsHg 0.0221 0.0152 0.0225

n-C4Hq 0.0056 0 0.0018
i- C4Hyy 0.0038 0 0.0020
n-CsHyq 0.0001 0 0.0003
N, 0.0035 0.0044 0.0013
z 1.0000 1.0000 1.0000

The stoichiometry relation of the chosen cargo combustion is [20]:
Y n-CH+a-(0,+3.76-N,) > x-CO, + y- H,O+z-N,

90.27-CH, +6.22-C,H, +221-C,H, +0.94-C,H,, +0.01-C,H,, +

+a-(0,+3.76-N,) > x-CO,+y-H,0+z-N,

where:
C—o>b=x

H—>2c=y

02—>a=b+£
2

N, > z=a-3.76

C—b=x=113.15 [mol]

H—2-¢=y=212.8 [mol]
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0, >a= b+§: 219.55 [mol]

N, = z=a-3.76 = 825.508 [mol]
90.27-CH, +6.22-C,Hy +2.21-C;Hy +0.94-C,H,, +0,01-C;H,, +219.55-
(0, +3.76- N,) > 113.15-CO, +212.8- H,0++825.508- N,

In the equations above CO; is carbon dioxide, H,O is water vapor, N, is nitrogen
and O, is oxygen.

The mole fractions of the product gases are determined as follows:
npmd = Z(COZ +H20+N2) (3)

n,..=113.15+212.8+825.508 =1151.458 [mol]

prod

)
6= 4)
nprod
e 113.15
oy = —2=——"—"-=0.0983 =9.83 %
Moy 1151458
n
G =20 - 2128 1545 — 1848 %
2 n,., 1151458
ny, _ 825.508
By, = —2=—""=0,7169 = 71.69 %
2 ny,, 1151458

The combustion of 100 mol of fuel gives 113.15 mol of carbon dioxide and
212.8 mol of water vapor as the combustion products. The GWP (Global Warming
Potential) of the water vapor is in the range from -0.001 to 0.0005 and it does not
alter the climate [21, 22]. Taking into account GWP, the quantity of produced CO,
(4978.6 kg) corresponds to 177.8 kg of CH,. Releasing cargo vapors directly into the
atmosphere brings 90.27 mol (1444.32 kg) of CH,4 (8.12 times higher amount). It should
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be highlighted that considering natural gas composition from any other port presented
in Table 2 will give different mole fraction values of the product gases, but the main
conclusions related to the GWP presented above will remain the same regardless of
the selected natural gas composition.

3. Steam dump process on the LNG carrier Grace Barleria

Excess boil-off gas burning in the steam generators reduces GWP (as proven
in a previous paper Section), but it simultaneously produces a notable superheated
steam mass flow rate, which cannot be completely used in steam power plant system.
Therefore, the excess steam mass flow rate must be released from the power plant and
sent to the main condenser through dump line. Steam dump line must be able to prepare
excess steam mass flow rate (desuperheated steam, Figure 1) in a way that steam reaches
the saturation state. Only the saturated steam is able to condense in main condenser.

The model for the description of the desuperheated steam balancing process (to
reach dry saturation state) is taken from ship Grace Barleria, which is a conventional
LNG carrier. The main particulars of the vessel can be found in [14, 23]. The dump
system takes the steam from the main boiler, desuperheating line. Desuperheated steam
is taken from the superheated steam line, but passes again through the steam drum
where the pressure remains the same, but the temperature decreases, from around 525
°C to about 300 - 400 °C. After passing the steam drum, desuperheated steam goes to
the pressure reducing station [24], where the pressure is lowered from the main boiler
pressure of 6 MPa to main condenser pressure. The feed water injected in desuperheated
steam cools it [25] to reach saturation temperature (dry saturation state) before entering
the main condenser. The dump line after the pressure-reducing valve is divided into
two parallel lines, each of capacity 50 % of the total steam dump. The temperature of
the main condenser should be less than 70 °C and the pressure should be below 0.021
MPa. Otherwise, main turbine cannot run in its designed area, but is tripping to protect
internal parts [26]. The amount of feed water which has to be filled in the dump line
along with the desuperheated steam will be determined later in the paper. Figure 1
shows the desuperheating line and dump overview layup.
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Figure 1. Desuperheating line and dump overview layup.

4. Energy balancing of the steam dump line

The energy balancing principle is well known from the literature [27]. The energy
balance principle related to any observed system, plant or a component is based on
equalizing cumulative energy inlet into the observed volume and cumulative energy
outlet from the observed volume.

Accordingly, it follows that entering streams are feed water and desuperheated
steam. The exiting stream is dry saturated steam, Figure 2.

Feed water
(mny, ; hy)
Desuperheated steam Feed water and desuperheated steam
(rirgg 5 hys) 4 (i, + Mg 5 hyy)
—_— mmesas -

Figure 2. Mass balancing of desuperheating line.

Energy balance equation is:

mdv.hdv-'-mw.hw:mw.hm-'-md,\'.hm (5)
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where are:

m, - feed water mass flow rate [kg/s]

m, - desuperheated steam mass flow rate [kg/s]

h, - feed water specific enthalpy [kJ/kg]

h, - desuperheated steam specific enthalpy [kJ/kg]

h,, - specific enthalpy of dry saturated steam [kJ/kg]

Required feed water mass flow rate for the desuperheated steam transferring to a
dry saturated state is derived from Equation 5:

my h,+m,-h =m, -h +mn,-h

m

mw.hw_mw.hm :mds.h _md'.hds

m s

— ’hds (hm _hd\')

i, == ®)

The required feed water mass flow rate which has to be sprayed in desuperheated
steam depends on the pressure in the main condenser, sea temperature, desuperheated
steam mass flow rate as well as on the feed water and desuperheated steam pressure
and temperature.

In cold sea conditions, main condenser pressure remains constant, so the specific
enthalpy of dry saturated steam (/,, in Equation 6) also remains constant. By knowing
feed water and desuperheated steam pressure and temperature (and therefore specific
enthalpies £,, and /4 in Equation 6) at the specific main condenser pressure, mass flow
rate of water which has to be sprayed in the dump line for desuperheated steam dry
saturation depends on the desuperheated steam mass flow rate only.

In Table 3 is presented feed water mass flow rate required for the dry saturation
of desuperheated steam at the main condenser constant pressure equal to 0.0044 MPa.

Table 3 is presented for various desuperheated steam mass flow rates.
Desuperheated steam pressure and temperature before pressure reducing valve, Figure
1, were 300 °C and 6 MPa (corresponding specific enthalpy is 2885.5 kJ/kg). Pressure
reducing valve reduces desuperheating steam pressure to the main condenser pressure,
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while specific enthalpy remains unchanged. Therefore, at the entrance of mixing point,
Figure 2, desuperheated steam pressure is equal to one in the main condenser, while
specific enthalpy is 4, = 2885.5 kJ/kg). Feed water in mixing point has pressure equal
to one in the main condenser, while its specific enthalpy is 4,, = 128.32 kJ/kg. After the
mixing, dry saturated steam has specific enthalpy 4,, = 2556.7 kJ/kg and pressure equal
to one in the main condenser. Specific enthalpies of feed water, desuperheated steam
and dry saturated steam remains the same for all desuperheated steam mass flow rates
presented in Table 3. Specific enthalpies of all flow streams are calculated by using
NIST-Refprop 9.0 software [15].

Table 3. Mass flow rate of feed water required for the desuperheated steam dry
saturation at the main condenser constant pressure 0.0044 MPa

Desuperheated Feed water

steam mass flow mass flow rate -

rate - riry; [kg/h] n,, [kg/h]
1000 135.40
2000 270.80
3000 406.20
4000 541.60
5000 676.99
6000 812.39
7000 947.79
8000 1083.19
9000 1218.59
10000 1353.99

Desuperheated steam temperature before pressure reducing valve can vary. The
feed water mass flow rates required for the desuperheated steam dry saturation at
various desuperheated steam temperatures at the pressure reducing valve inlet are
presented in Table 4.

In Table 4, desuperheated steam temperature before pressure reducing valve
is varied between 300 °C and 390 °C, while the pressure of that steam is 6 MPa
for all temperatures. After pressure reducing valve, desuperheated steam specific
enthalpy (/4,) remains the same as before pressure reducing valve, for each temperature.
Desuperheated steam mass flow rate is equal to 10000 kg/h, while main condenser
pressure is 0.0044 MPa for each desuperheated steam temperature. Feed water in mixing
point has pressure equal to one in the main condenser and specific enthalpy 4,, = 128.32
kJ/kg for each desuperheated steam temperature. After the mixing, dry saturated steam
has pressure equal to the main condenser pressure and specific enthalpy 4,,=2556.7 kJ/
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kg for each desuperheated steam temperature. Specific enthalpies of all flow streams are
calculated by using NIST-Refprop 9.0 software [15]. From the corresponding specific
enthalpies are calculated required feed water mass flow rates using Equation 6, for the
desuperheated steam dry saturation.

Table 4. Feed water mass flow rates required for the desuperheated steam dry saturation
at various desuperheated steam temperatures before pressure reducing valve

Desuperheated steam | Desuperheated steam specific
temperature before enthalpy before and after Feed water mass
pressure reducing pressure reducing valve - h;; | flow rate - m,, [kg/h]
valve - #,, [°C] [kJ/kg]
300 2885.5 1353.99
310 2920.6 1498.53
320 2953.6 1634.42
330 2984.9 1763.32
340 3014.9 1886.85
350 3043.9 2006.28
360 3072.0 2121.99
370 3099.4 2234.82
380 3126.1 2344.77
390 31524 2453.08

The main conclusions which can be derived from Table 3 and Table 4 are that an
increase in desuperheated steam mass flow rate as well as an increase in desuperheated
steam temperature before pressure reducing valve will simultaneously require more
and more feed water for the steam dry saturation process.

The efficiency and losses of the feed water and desuperheating steam mixing
process (with an aim to obtain dry saturated steam) cannot be calculated from the
energy viewpoint, because energy balance, Equation 5, is used for the required feed
water mass flow rate calculation. Therefore, the efficiency and losses of the mentioned
process are calculated by using exergy approach.

In comparison to energy analysis of any system or process, which did not consider
parameters of the ambient in which the system or process operates, exergy analysis
considers these parameters [28-30]. In the literature can be found many examples of
the exergy analysis application in marine sector [31-33]. For each exergy analysis is
required to define the base ambient state [34, 35]. In this analysis, the base ambient state
is defined by the ambient temperature of 25 °C and the ambient pressure of 0.1 MPa.

For the observed desuperheated steam and feed water mixing process, exergy
destruction (exergy losses) can be calculated by an equation [36]:
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ExD=md\--£dy+mw-sw—(mw+n'1,¢y)-em (7)

where is specific exergy of each observed fluid stream, which definition can be found
in the literature [37, 38]. Exergy efficiency of desuperheated steam and feed water

mixing proce

Ny =~
m,,

s

570

220

Mixing process exergy destruction
[kW]

520 A
470 A
420
370 A
320
270 T

Ss is:

(i, +1i,, ) €
g, tm, - €,

m

®)

300

T 186,99
170
120

506,11
470,46
435,08
399,68
364,35
329,01
293,71
258,35

222,77

310 320 330 340 350 360 370 380 390

Desuperheated steam temperature (before pressure reducing valve) [°C]

Figure 3. Mixing process exergy destruction in relation to desuperheated steam

45

temperature

40

35 +

30 +

Mixing process exergy efficiency [%]

20

300

310 320 330 340 350 360 370 380 390

Desuperheated steam temperature (before pressure reducing valve) [°C]

Figure 4. Mixing process exergy efficiency in relation to desuperheated steam
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Figure 3 and Figure 4 reveals that an increase in desuperheated steam temperature
before pressure reducing valve simultaneously increases mixing process exergy
destruction and decreases the same mixing process exergy efficiency. At the lowest
observed desuperheated steam temperature before pressure reducing valve of 300 °C
mixing process exergy destruction is equal to 186.99 MW, while at the highest observed
desuperheated steam temperature before pressure reducing valve of 390 °C mixing
process exergy destruction is equal to 506.11 MW (at the same desuperheated steam
temperature of 390 °C mixing process exergy efficiency is equal to 23.54 % only).
Even at low desuperheating steam temperatures, mixing process exergy efficiency is
very low (it did not reach 45 %) — such low exergy efficiency confirms that the main
goal of this mixing process is not to be optimal in any way, the main goal is to ensure
steam condensation and releasing excess energy from the steam system.

5. Conclusion

Maintaining cargo pressure is an important requirement imposed by buyers. At
the conventional LNG carrier in the port, it can be done by the steam dump process
only, if the superheated steam line is not in operation.

Steam dump process represents a waste of energy, but it is a useful concept in the
marine and shore industry due to the lower global warming potential in comparison to
CH,, which is the main component of LNG. As shown in the presented example, the
quantity of emitted CO, can be around § times less harmful to the atmosphere than the
corresponding quantity of released CHy, if the excess boil-off gas combustion is applied.

Unfortunately, there is still no technical solution which will use the released energy
from the cargo tank while the ship is not underway. The storage of the electrical energy
in the batteries may help in that respect. The stored energy could be the source of the
power supply for the accommodation or the propulsion. Such a solution may increase
the total efficiency of the ship steam power plant.
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