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Abstract

When loading liquefied natural gas (LNG) onto a dual-fuel LNG container ship fuelled by LNG, there is a considerable 
temperature difference between LNG and the fuel tank at room temperature. The current solution is to pre-cool the tank 
with LNG through a spray line but the cooling process, if not correctly handled, can result in excessive cooling rates and 
Boil-Off Gas (BOG), which can expose the tank to increased temperature stress and gas pressure. Therefore, this paper 
takes the Mark III fuel tank of a specific type of LNG container ship as the object and realises a real-time predictive 
control system by writing a UDF (User Defined Function) to simulate and analyse the influence of LNG spray rate on the 
change of cooling effect, cooling time and cooling cost under the unidirectional LNG spray cooling mode. Compared with 
the results of the fuel tank gas experiment, the deviation of numerical model simulation results is less than 5%. Under 
the same cooling rate, the real-time control scheme can achieve a more uniform cooling rate and reduce the total LNG 
consumption by 25%. With the increase in LNG cooling rate, the cooling time, LNG usage, and the total BOG exhaust 
volume all decrease; however, the decreased range gradually decreases as well. The results of this paper provide parameters 
and suggestions for optimising and improving the LNG fuel tank cooling monitoring and control system.
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INTRODUCTION

In recent years, since the International Maritime 
Organization (IMO) proposed the global maritime sulphur 
content limit in 2020 [1], the environmental regulations related 
to sulphur oxides and nitrogen oxides have been tightened 
in various regions [2]. LNG has attracted more attention 
from all walks of life because it is relatively clean, has high-
energy efficiency [3] and abundant reserves sufficient to meet 
global natural gas demand [4]. However, due to the ultra-
low temperature characteristics of liquefied natural gas, it is 
generally transported and stored at 111.15 K under normal 

pressure [5]. LNG, whether as a cargo or fuel, must be thoroughly 
cooled before entering the LNG Cargo Containment System 
(CCS) [6]. The cooling rate is generally controlled at 10 K/
hr [7] in order to avoid the thermal stress caused by extreme 
temperature changes and the damage to the bulkhead caused 
by the rapid increase of pressure in the tank [8]. The CCS 
cooling medium is mainly liquid nitrogen or LNG. Compared 
with liquid nitrogen cooling, LNG cooling has the advantages 
of a short cooling time and small liquid consumption and is 
more suiTable for large storage equipment. However, because 
the market price of LNG is higher than that of liquid nitrogen, 
the overall cooling cost of LNG is higher than that of liquid 
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nitrogen [9]. In order to improve the utilisation efficiency of 
LNG in the cooling process in a fuel tank, one method is to 
re-liquidise [10] and recycle the BOG produced by it [11] or 
reuse its excess cold energy [12]; the other method is to closely 
control the supply rate of LNG. Therefore, it is necessary to 
establish a predictive control model for the process of cooling 
the tank by atomisation and evaporation of the spray cooling 
medium, which can accurately predict the dynamic cooling 
of the tank, provide feedback on the results, and control the 
liquid inlet velocity of the cooling medium to provide a reliable 
reference for onshore LNG filling operations.

Research into the dynamic low temperature characteristics 
of CCS has been pursued for some time. For example, Lu 
et al. (2016) [13] used computational fluid dynamics (CFD) 
models to study the temperature gradient between the storage 
tank membrane and the insulating layer during the cooling 
operation of the storage tank membrane on LNG carriers. Xia 
et al. (2023) [14] constructed a numerical model of the liquid 
nitrogen cooling process for a large horizontal storage tank, 
to study the maximum deformation position of the tank and 
the distribution law of thermal stress under the fixed liquid 
nitrogen inlet flow rate. However, the input and output of the 
tank were dynamically adjusted according to the operating 
state of the tank. Based on the specifications and guidelines 
for CCS acceptance and LNG filling operations issued by 
the national classification societies and the International 
Maritime Organization, most work can usually be carried out 
within a controllable and safe range. For example, the China 
Classification Society has a 10 m/s limit for the maximum 
filling rate of liquefied natural gas fuel [15]. Niu et al. (2020) 
[16] studied the liquid nitrogen Boil-Off Rate (BOR) of the 
independent B-type tank under the International Gas Code 
(IGC) conditions. Jo et al. (2021) [17] carried out mathematical 
modelling of unsteady LNG storage tanks in a ventilated state 
and sealed tank mode, accurately estimating the changes in 
pressure and temperature during the operation of LNG storage 
tanks and formulated corresponding operation strategies 
according to different initial filling ratios. Wang et al. (2021) 
[18] analysed the condensation and cooling effect of steam 
during the top spray filling process, resulting in the sealed 
tank mode; the filling temperature and droplet diameter 
significantly affected the filling effect. Jo et al. (2021) [19] 
proposed an offset-free model predictive control (MPC) system 
to adjust the storage pressure of LNG storage tanks and proved 
that the offset-free MPC system can still adjust the pressure 
in the case of a fire accident. Similarly, Shin et al. (2022) [20] 
studied the dynamic process of controlling inlet spray and 
outlet BOG flow in an MPC designed for LNG tank cooling. 
Wu et al. (2023) [21] established the digital twin (DT) model 
of a steady-state temperature field, which realised the research 
and monitoring of the temperature field of the entire LNG 
storage tank. 

In the current numerical studies of tank cooling processes, 
the inlet rate of the cooling medium is constant. The input 
and output control of the complete filling system, from the 
LNG filling station to the storage tank on board, still needs 
manual operation. In this paper, based on the experimental 

process of tank cooling of a dual fuel ship, the finite element 
analysis model of the cooling process is established by 
using Ansys Fluent series software. MPC is implemented 
by providing UDFs (User-Defined Functions) in the Fluent 
solver for program editing [22]. Firstly, four different 
monitoring periods are simulated and the appropriate and 
safe monitoring period obtained. Secondly, five different fuel 
tank cooling rate control schemes are simulated under the 
selected monitoring period and the effects of different cooling 
rate schemes on cooling stability, cooling time, and cooling 
cost are discussed. The results provide a useful reference 
and suggestions are made for the monitoring and control of 
a LNG tank cooling process.

NUMERICAL METHODS AND MODELS 

As shown in Fig. 1, the CCS in this paper is a MARK 
III LNG fuel tank of a dual-fuel power container ship. The 
detailed geometric parameters are summarised in Table 1. 
The total volume of the tank was 18,600 m³. The bulkhead 
mainly comprised 1.2 mm 304L alloy steel, 12 mm laminate, 
a 100 mm polyurethane foam secondary insulation layer, 
a 170 mm polyurethane foam primary insulation layer, and 
9 mm of laminate from the inside to the outside. The gas outlet 
pipe had a diameter of 0.2 m and the liquid inlet pipe contained 
25 nozzles with a diameter of 0.0075 m, located on the same side 
of the tank. The schematic diagram of the cooling experiment is 
shown in Fig. 2. The tank was filled with natural gas at 297.15 K 
in the initial condition. The air temperature outside the tank 
was 303.15 K. The initial pressure in the tank was 141 kPa and 
the BOG emission mode of LNG during the cooling process 
adopted a differential pressure emission.

Fig.1. Schema of MARK III LNG fuel tank

Tab. 1. Geometry of LNG tank

Parameter Unit Value

Tank breadth m 52.245

Tank length m 24.025

Tank height m 17.565

Tank upper chamfer height m 3.0145

Tank lower chamfer height m 8.7945
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Fig.2. Schematic diagram of LNG spray and environmental heat  
transfer in fuel tank

In this paper, the numerical modelling and solution of the 
cooling process of the fuel tank are studied by using Ansys 
Fluent software. In the numerical simulation in Ansys Fluent, 
the discrete phase model (DPM) describes the discrete phase 
motion of the coolant droplet and its interaction with the 
continuous phase [23]. The Navier-Stokes equations solve the 
continuous phase’s mass, momentum and energy transfer [24]. 
The KH-RT crushing model was selected as the secondary 
crushing model [25] for the pressure swirl nozzles. The SST k-ω 
turbulence model with enhanced wall treatment was selected to 
achieve the pressure-velocity coupling method of the SIMPLEC 
algorithm.

The equations of the continuous phase are shown below:
Mass conservation equation:

∂ρ
∂t  + ∂

∂x  (ρuk)+ ∂
∂y  (ρuS)+ ∂

∂z  (ρuL) = Sm  (1)

Momentum conservation equation:

∂
∂t  (ρux)+   · (ρuxU) = – ∂ρ

∂x +   · (μ   ux) + Fx  (2)

∂
∂t  (ρuy)+   · (ρuyU) = – ∂ρ

∂y +   · (μ   uy) + Fy  (3)

∂
∂t  (ρuz)+   · (ρuzU) = – ∂ρ

∂z  +   · (μ   uz) + Fz  (5)

Energy conservation equation: 

∂
∂t  (ρE) +   · [U(ρE+p)] =

   ·  ke T –  
j

Σ Jj 
Tref

T

∫ cp,jdT + (Te · U)  + Q    (5)

The equations of the discrete phase are:
Mass, momentum, and energy transfer equations for droplet 

trajectory:

mp 
dup,x

dt  = mp 
ux–up,x

τr
 + mp 

дx(ρp–ρ)
ρp

       (6)

mp 
dup,y

dt  = mp 
uy–up,y

τr
 + mp 

дy(ρp–ρ)
ρp

       (7)

mp 
dup,z

dt  = mp 
uy–up,z

τr
 + mp 

дz(ρp–ρ)
ρp

       (8)

The particle relaxation time τr was calculated according to 
the relative Reynolds number Re = ρdp| u

→
p – u→ |/μ.

τr = 24ρpdp
2

18μCDRe                   (9)

The particle trajectory equations are: 

dx
dt  = up,x                (10)

dy
dt  = up,y                (11)

dz
dt  = up,z                (12)

The droplet size was predicted by the Rosin-Rambler 
distribution: Yd = e–(dp/d

–)n.
The droplet temperature was calculated by Eq. (13), in which 

the convective heat transfer and radiative heat transfer are 
considered:

Tp(t + Δt) = αp + [Tp(t) – αp]e–βpΔt    (13)

where αp = (hʹT∞ʹ+ εpσʹθR
4)/[hʹ+ εpσʹTp

3(t)]  
and βP = [AP(hʹ+ εpσʹTp

3(t))]/(mpcP).
The heat transfer coefficient hʹ was calculated by (14).

hʹ = k
dp(2+0.6Re0.5Pr 

1
3 )             (14)

The two-way coupling equations [26] between the unit 
droplet and the continuous phase are as follows:

Q = ( mp
mp,0  cpΔTp+ Δmp

mp,0
(–hfд+ 

Tref

Tp

∫ cpdT))mpʹ,0    (15)

Fx = Σ( 4ρpdp
2

3μCDRe (up,x– ux))mpʹΔt        (16)

Fy = Σ( 4ρpdp
2

3μCDRe (up,y– uy))mpʹΔt        (17)

Fz = Σ( 4ρpdp
2

3μCDRe (up,z– uz))mpʹΔt        (18)

Sm = Amp

mpʹ,0
 mpʹ,0              (19)

where mp is the average mass of the droplet in the control 
volume, mp,0 is the initial mass of the droplet, Δmp is the mass 
change of the droplet through each control volume, mpʹ is the 
initial mass flux of the droplet, and ΔTp is the temperature 
change of the droplet in the control volume.

The transport equations for the SST k-ω model is given by 
Eqs. (20) and (21).

ρ ∂(kui)
∂xi

 = ∂
∂xj

 (Гk 
∂k
∂xj

) + GK – Yk        (20)
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∂ui
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 ;  Yk = β*ρωk    (22)
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 τij 

∂ui
∂xj

 ;  Yω = βρω2 ;

Dω = 2(1 – F1)ρσω2 1
ω ∂k

∂xj
 ∂ω
∂xj

        (23)
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where k is the turbulent kinetic energy, ω is the specific 
dissipation rate, Гk and Гω are the effective diffusivity of k and 
ω, GK and Gω represent the generation of k and ω, respectively,  
Yk and Yω represent the dissipation of k and ω due to turbulence, 
and Dω is the cross-diffusion term.

In numerical simulations, the wall of the tank was simplified 
and set as a non-slip boundary. Its equivalent heat transfer 
coefficient was 0.108 w/m·K. The outlet was set to the pressure 
outlet condition and the tank was initially loaded with 297.15 K 
natural gas at a pressure of 141 kPa. The remaining boundary was 
set to a pressure of 101.325 kPa. A two-phase flow simulation 
was involved and the physical parameters of LNG’s two phases 
are shown in Table 2.

Tab. 2. Thermophysical parameters of LNG and its evaporated gas

Parameter Unit LNG Vapour

Density (ρ) kg/m³ 443.5 1.6

Specific heat capacity (Cp) kJ/kg∙K 3408 2222

Thermal conductivity (k) w/m∙K 0.332 0.209

Dynamic viscosity (μ) kg/m∙s 1.176E-4 1.087E-5

Latent heat of vapourisation (r) kJ/kg 522.5 /

MODEL VERIFICATION

The numerical model was based on the full dimension of the 
fuel tank, ignoring the influence of other lines in the bunker dome 
and the loss of (water) head between the LNG inlet pipe and the 
nozzle. It was assumed that the LNG inlet pipeline uniformly 
supplies LNG to 25 nozzles. The grid model encrypts areas above 
the height of the spray pipe and areas near to no walls. In this 
paper, by comparing the numerical model with the gas test data 
of the fuel tank of a dual-fuel ship before leaving the factory, the 
grid independence verification and accuracy verification of the 
model were completed. Due to the single-side spray scheme of 
the fuel tank, the vertical wall near to the spray line was cooled 
most fully, being the best reflection of the cooling uniformity 
in the direction of height; this parameter is also an important 
index for testing the safe operation of the fuel tank. Therefore, the 
independence verification of the grid model was first completed 
by comparing the average temperature of the numerical model 
and the experimental data on the wall surface. Secondly, the 
average temperature of five different heights were taken on the 
wall surface, to test the accuracy of the model. These included 
0% Height (the bottom of the wall), 25% Height, 50% Height, 
75% Height, and 100% Height (the top of the wall).

In order to verify the grid independence of the numerical 
model, four sets of grid models were established in this paper, 
as shown in Fig. 3, with the number of grids being 1.28 million, 
1.83 million, 3.82 million and 5.12 million, respectively.

The spray inlet flow rate during the cooling experiment is 
shown in Fig. 4. The initial experimental spray flow rate Qp 
of 0.465 tons/hr gradually decreases to the lowest value Qp1. 
Obviously, the ideal initial LNG spray flow rate Qp0 is smaller. 
However, due to some working characteristics of LNG supply 
systems, the initial spray flow rate is often difficult to accurately 
match Qp0 and often starts with a larger value.

Fig. 3 Schematic diagram of grid division

Fig.4. Spray inlet flow rate of the experiment

Fig.5. The average temperature of the fuel tank varies  
with thenumber of grids

Fig.6. Wall temperatures by numerical model for verification
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The average temperature of the wall surface varies with the 
number of grids, as shown in Fig. 5. By comparing different 
curves, it can be seen that, although the general trend of all 
curves decreases according to the power law, and with the 
change of inlet flow rate, there will be wavy fluctuations when 
the temperature rises. It is obvious that, with the increase in the 
number of grids, the change curve of average temperature is more 
consistent with the curve measured in the experiment. Fig. 6 
shows the variation of average temperature of the 3.82 million 
grid model at different heights of the wall. When the number 
of grids reaches 3.82 million, the relative error of the calculated 
results can not only be controlled within 5%, but the spatial 
distribution of the average temperature also has a high agreement 
with the experimental results; increasing the number of grid 
units has little influence on the numerical results. Considering 
the calculation accuracy and efficiency, the numerical model of 
the 3.82 million grid was selected to study the thermodynamic 
law of the cooling process of the fuel tank. The numerical model 
has an average quality of 0.9766, an average skewness of 0.418, 
and includes five boundary layers with a y+ value of 5 [27]. 

MPC DESIGN OF COOLING PROCESS

According to the research and analysis of the relevant cooling 
LNG storage tank [28], the instability of the spray pressure 
control of the cooling medium is the main reason for the uneven 
temperature drop of the storage tank; the spray pressure has little 
effect on the pressure in the tank. Therefore, the exhaust mode 
of the fuel tank studied in this paper is the differential pressure 
exhaust mode, i.e. the exhaust valve remains fully open. The 
spray pressure determines the flow rate of the cooling medium 
entering the fuel tank. The input rate of the cooling medium is 
the main factor affecting the cooling effect, cooling safety and 
cooling cost [29]. The control of the inlet flow rate depends on 
the temperature difference between the upper and lower parts 
of the fuel tank during the cooling process, the temperature 
drop rate, and the pressure rise rate in the tank. By adjusting 
the opening of the valves, such as the liquid phase valve and the 
vapouriser in the tank, the fuel tank is uniformly cooled and 
the pressure in the tank does not exceed the design range. The 
following coolant filling principles can be obtained from the 
comprehensive fuel tank filling safety manual and the relevant 
inspection specifications and guidelines for liquid natural gas 
ships, published by the China Classification Society. 
(1) �Pressure control: the maximum allowable working pressure 

of the fuel tank is 0.07 MPa and the pressure control range 
of the cooling tank is 0.004-0.061  MPa. The primary 
insulated space (IBS) pressure control is 0.0005-0.001 Mpa 
and the secondary insulated space (IS) pressure control is  
IBS + 2 < IS < IBS + 7.

(2) �Temperature control: the cooling rate of the fuel tank is 
generally controlled within 10 K/hr and the cooling design 
requirement is 143.15  K. The temperature difference 
between the upper wall and lower wall is not more than 50 K. 
When the temperature exceeds 50 K, the cooling input is 
immediately stopped and the cooling is performed when the 

temperature difference drops below 50 K. When using liquid 
nitrogen cooling, the bottom wall temperature is required 
to be not less than 110.15 K, to avoid the accumulation of 
liquid nitrogen and LNG.

MPC is used to dynamically control the cooling capacity input 
during the cooling process of the fuel tank. The main idea is to 
dynamically control the cooling capacity input by periodically 
monitoring the temperature and pressure parameters of the fuel 
tank. Based on this, the specific method is as follows.
(1) �Adjusting the cooling input rate to ensure that the tank 

pressure of the fuel tank is within the control range of  
0.004-0.061 MPa. If it is lower or higher than the pressure control 
range, the cooling input rate is preferentially adjusted to ensure 
that the tank pressure is reasonable. However, based on the 
above analysis, the tank pressure under a differential pressure 
exhaust is, basically, within a reasonable range and the control 
is a pressure insurance mechanism.

(2) �After ensuring that the tank pressure is reasonable, the 
cooling input rate is adjusted to ensure uniform cooling of 
the fuel tank. If the maximum temperature difference of all 
bulkheads exceeds 50 K, the cooling input is adjusted to 0. 
When the temperature difference is below 50 K, the cooling 
input starts from 0. The control is a temperature difference 
insurance mechanism.

(3) �After the pressure and temperature distribution of the fuel 
tank are within a reasonable range, the cooling rate of the 
fuel tank is subdivided by adjusting the cooling input. The 
cooling rate control of the fuel tank can be divided into two 
categories: the overall cooling rate and the periodic cooling 
rate. The overall cooling rate refers to the cooling rate from 
the beginning of cooling to the current time. The cooling 
rate of the cycle refers to the cooling rate from the beginning 
to the end of the current cycle. Firstly, if the overall cooling 
rate is within the preset cooling rate interval, the cooling 
input is adjusted according to the periodic cooling rate. If 
the periodic cooling rate is higher than the preset interval, 
the cooling input is reduced and, if it is less than the preset 
interval, the cooling input is increased. Secondly, if the overall 
cooling rate is greater than the preset interval, the cooling 
input is directly reduced. If it is less than the preset interval 
then cooling input is increased and the periodic cooling rate 
is no longer judged.

Fig.7. Schematic diagram of MPC operation
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Tab. 3. Specific control parameters of MPC

Rule Description Unit Values

1 The temperature at the end of the 
cooling process, Tw

K Tt=Tw=143.15

2 Tank pressure control range, PE Mpa [0.004, 0.061]

3 Maximum temperature difference, 
|ΔTmax| K [0,50]

4 The overall cooling rate =  
The periodic cooling rate, |dT| K/hr [0,10]

5 The maximum allowable cooling rate 
deviation, |ΔTE| K [0,0.5]

6 Monitoring period, Δtc hr [1/20,1/3]

7 Adjustment value of spray inlet flow 
rate in Δtc, |ΔQ| Tons/hr 0.072

Fig. 7 shows that the basic operation process of MPC is 
that the initial spray inlet flow rate Qp set by each nozzle is the 
initial value of the experiment at the beginning of the spray. 
After the spray cooling of each monitoring period, the average 
temperature T0, T0.25, T0.5, T0.75, or T1 of all unit nodes on five 
different wall heights, the maximum temperature difference  
ΔTmax between any two nodes (in general between the top 
surface and the bottom surface ), the average temperature 
Tt of all walls, and the average pressure of the fuel tank are 
calculated and fed back to the MPC (written by UDF). The 
MPC is responsible for predicting the fuel tank’s cooling effect 
and optimising the injector’s inlet velocity according to the fed 
back parameters. In the whole cooling process, the numerical 
model will undergo many monitoring periods of predictive 
control, to achieve the effect of model training until the average 
temperature of the fuel tank reaches 143.15 K[30]. The specific 
control parameters involved in MPC are shown in Table 3.

RESULTS AND DISCUSSION 

MONITORING PERIOD

It can be seen from the experimental data in Fig. 4 and Fig. 6 
that the whole tank cooling process, with an average cooling rate 
of 5.5 K/hr, is divided into two stages: the rapid cooling stage 
and the slow cooling stage. If the spray inlet flow rate is used as 
the basis for division, the stage before the spray inlet flow rate is 
reduced to Qp1 is the rapid cooling stage and, thereafter, it is the 

slow cooling stage. The rapid cooling stage lasts about 3 hrs. The 
general temperature feedback of the fuel tank struggles to catch 
up with the adjustment of the LNG spray inlet rate, especially 
in the rapid cooling stage. Such hysteresis brings considerable 
difficulty to the cooling rate control of the fuel tank and easily 
causes safety hazards. Therefore, in this paper, four monitoring 
cycles of 1/20 hr, 1/6 hr, 1/4 hr, and 1/3 hr were selected. The 
maximum allowable cooling rate deviation |ΔTE| is 0.5 K. With 
these parameters as the reference standard for MPC operation, 
it is expected that the numerical model can achieve the same 
average cooling rate (5.5 K/hr) as the experiments. 

Fig. 8. Spray inlet flow rate of different monitoring periods

The changes in spray inlet velocity and other parameters, 
under different monitoring cycles, are shown in Fig. 8. It can be 
seen that the spray inlet rate is divided into a transition stage Tt 
and a stationary stage TS in the slow cooling stage. The duration 
of the stationary stage TS of different monitoring periods is the 
same, while the duration of the transition stage Tt decreases with 
the increase in the monitoring period and gradually disappears 
with the cooling process. 

In Fig. 9, the temperature change is very sensitive in the rapid 
cooling stage. Although the MPC runs in different monitoring 
periods, the spray inlet flow rate of each numerical model is 
successfully reduced to 0.15-0.23  tons/hr within 1 hr (the 
interval where Qp1 is located). However, from the perspective of 
temperature performance, the temperature difference of MPC in 
different monitoring periods is still obvious in the rapid cooling 
stage. The cooling rate is also difficult to control. A monitoring 

Fig. 9. The parameter variation with the expected cooling rate of 5.5 K/hr under different monitoring periods
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period of 1/3 hr is enough to cause the fuel tank cooling rate 
to exceed the 10 K/hr limit. Therefore, the influence of the 
monitoring period on the rapid cooling stage cannot be ignored. 
The contribution of the monitoring cycle to cooling safety is 
much more significant than the cooling effect. In other words, 
reducing the cost of LNG in the cooling process is not accessible 
by increasing the monitoring frequency (1/Δtc). The parameters 
under the monitoring period of 1/20 hr are reasonable with 
the limit requirements and have the operability of engineering 
applications. Therefore, the monitoring period selected by the 
subsequent research on the cooling rate of the fuel tank is 1/20 hr.

RATE OF COOLING

The maximum allowable cooling rate deviation of MPC is still 
0.5 K/hr and the monitoring period is set at 1/20 hr. In order 
to analyse the influence of different cooling rates, five different 
expected cooling rates (4 K/hr, 5.5 K/hr, 7 K/hr, 8.5 K/hr, and 
10 K/hr) were designed. According to the above analysis of the 
initial spray inlet flow rate, the cooling process of each case, 
under different expected cooling rates, will also be divided into 
the rapid cooling stage and the slow cooling stage. 

Fig.10. Spray inlet flow rates at different expected cooling rates

Fig. 10 shows that the inlet flow rate of LNG spray is increased 
nonlinearly with time, in order to achieve the expected cooling 
rate. The expected cooling rates are numerically independent 
under the maximum cooling rate deviation of 0.5 K/hr. The 
simulation cases of different independent cooling rates are also 
independent of each other in the interval of Qp1 reached in the 
rapid cooling stage. In other words, the initial spray flow rates 
Qp of different cooling rate schemes controlled by MPC have 
their own suiTable flow rate ranges (the interval of Qp0). In 
the slow cooling stage, the distribution of the stationary stage 
TS and the transition stage Tt is completely different from the 
distribution under the same monitoring period. As the cooling 
rate increases, the transition stage Tt gradually increases and 
the stationary stage TS gradually decreases. Finally, in the case 
of 10 K/hr, the stationary stage TS disappears completely. This 
means that the spray inlet flow rate needs to be frequently 
scheduled to stabilise the cooling rate. This conclusion is also 
reflected in the subsequent cooling rate. From the spray inlet 

flow rate (Fig. 10) and the average temperature of the fuel 
tank (Fig. 11(a)), the following conclusions can be obtained. 
The benefit of the reduction in cooling time caused by the 
increased cooling rate does not show the same growth benefits. 
Under the condition that the expected cooling rate difference 
is 1.5 K/hr, the benefit of cooling time caused by gradually 
increasing the cooling rate from 1.5 K/hr, decreases from 
10.4 hours to 3.2 hours.

According to the gas flow characteristics, hot natural gas 
accumulates on the top surface and cold natural gas sinks, 
or even accumulates, over time. The maximum temperature 
difference between the walls will eventually appear between the 
top and bottom walls. The maximum temperature difference 
of each expected cooling rate case is shown in Fig. 11(b). The 
maximum temperature difference increases synchronously 
with the cooling rate in the rapid cooling stage. Even with 
the cooling rate limit of 10 K/hr, the maximum temperature 
difference of 22 K is lower than that of 50 K in the inspection 
standard and the operation guide. The adjustment interval of 
5 minutes can, indeed, control the cooling effect of the cooling 
rate below 10 K/hr, within a relatively safe and controllable 
range. The subsequent maximum temperature difference is in 
a slow decline process from the start of the slow cooling stage to 
the end. The maximum temperature difference of each expected 
cooling rate case is finally reduced to near to, or smaller than, 
the expected cooling rate. Fig. 11(c) shows the achievement of 
each cooling rate during MPC operation. Only the expected 
cooling rate of nearly 10 K/hr exceeds the cooling rate limit of 
10 K/hr in the rapid cooling stage. Thus, the entire LNG fuel 
tank cooling process can be accurately controlled as long as 
a more reasonable MPC is designed.

As shown in Fig. 11(d) and Fig. 11(e), when the cooling 
rate remains relatively stable, the average pressure in the tank 
first increases and then decreases with an increase in cooling 
time. The gasification rate was maintained at about 1 in the 
early stages. The main reason for this is that the early spray 
pressure is low. The sprayed LNG droplets with a larger particle 
size directly contact the superheated area in the tank and are 
wholly vaporised instantaneously. The pressure difference 
caused by the rapid pressure increase in the tank leads to 
an increased gas flow rate. The BOG exhaust volume also 
increases rapidly. 

As the subsequent cooling work continues, the pressure 
in the tank gradually decreases and, at this time, the inlet 
pressure is still increasing, increasing the spray rate. According 
to the research, the particle size of LNG mist decreases with 
the increase of spray pressure and its decreasing speed also 
decreases gradually. The movement range of liquefied natural 
gas droplets is always in the hot gas accumulation zone but 
the degree of superheating decreases with a decrease in the 
temperature of the fuel tank. The gasification rate begins to 
decrease and liquid begins to accumulate. The decrease in 
gasification rate increases significantly with the increase in 
spray volume. At the same time, the gas flow rate in the tank 
also tends to be stable, so the BOG exhaust rate increases in 
the later period, as shown in Fig. 11(d), but the growth rate is 
significantly slower.
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Fig. 11. The parameter distribution of the fuel tank under different expected temperature cases
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As shown in Fig. 11(g), when the cooling rate increases, 
the LNG cooling time, total LNG consumption, and total 
BOG emissions show a stepwise decreasing trend at each 
cooling rate below the 10 K/hr limit. However, the magnitude 
of the reduction also decreases with the gradual increase in 
the cooling rate. The total amount of LNG spray during the 
experiment was 18.1 tons, the cooling time was 28.3 hours, 
and the average cooling rate was 5.5 K/hr. Compared with 
the expected cooling rate of 5.5 K/hr under MPC, the cooling 
time is almost the same, achieving a more uniform cooling 
effect while saving about 25% of the total LNG consumption.

CONCLUSIONS

In this paper, the cooling process of the MARK III LNG fuel 
tank of a dual-fuel ship is numerically simulated. By writing 
MPC to simulate the cooling rate adjustment strategy in the 
actual cooling process, the key factors are studied and these 
include: temperature distribution, pressure change, cooling time, 
cooling cost, and total emission of the fuel tank under different 
monitoring cycles and cooling rates. The following conclusions 
can be drawn. 
(1) �During the cooling process of large-volume CCS at a steady 

cooling rate, the overall growth law of LNG spray inlet flow 
rate is a stepwise distribution. It is basically divided into 
a rapid cooling stage, in which the spray inlet flow rate needs 
to be gradually reduced, and a slow cooling stage, in which 
the spray cooling rate needs to be gradually increased.

(2) �The rapid cooling stage is a transition stage that requires 
a large regulation of the spray inlet flow rate. Different cooling 
rate schemes have their own suiTable spray inlet flow rate 
scheduling intervals in the rapid cooling stage.

(3) �The slow cooling stage is divided into a transition stage 
and a sTable stage. With the increase in cooling rate, 
the transition stage occurs more frequently, while the 
sTable  stage gradually decreases or even disappears. 
The existence of the sTable stage, or the duration of the 
sTable stage, may be one of the reference criteria for the 
selection of the cooling rate scheme. A longer sTable stage 
means less LNG supply scheduling pressure.

(4) �Increasing the monitoring frequency during the cooling 
process can significantly improve the control of the cooling 
rate’s stability and reduce the probability of a considerable 
temperature difference between the walls during the rapid 
cooling stage. However, increasing monitoring frequency 
has little effect on LNG cost and cooling time.

(5) �The cooling time, LNG usage, and BOG exhaust volume all 
decrease with the increase in LNG cooling rate. Although 
the magnitude of the decrease gradually decreases with 
the increase in the cooling rate, to plan the LNG cooling 
process reasonably is of great significance, by constructing 
MPC to reduce the LNG cooling cost. For the example 
given in this paper, the total amount of LNG can be 
reduced by about 25% at the same cooling rate under 
ideal conditions.

NOMENCLATURE

cp	 Specific heat (J/kg∙K))
Dω	 Cross diffusion term (kg/(m∙s))
E	 Energy (J/kg)
Fi	 External volume force source term (N/m3)
g	 Gravitational acceleration (m/s2)
Jj	 Diffusion flux (mol/(m2∙s)
k	 Turbulent kinetic energy (m2/s2)
ke	� Continuous phase thermal conductivity (W/(m∙K)
m--p	� The average mass of droplets in the control volume 

(kg/s)
mp,0	 Initial mass of droplet (kg)
mʹp	 Initial mass flux of droplet (kg/s)
Δmp	� The mass change of the droplet through each 

control volume (kg)
p	 Pressure (Pa)
Sm	 Mass source term (kg/m3∙s)
t	 Time (s)
T	 Temperature (K)
Tʹ∞	 Bulk phase temperature (K)
ΔTp	� Temperature change of droplet in the control 

volume (K)
ui	 Velocity vector (m/s)
U	 Velocity vector
Yi	 dissipation (m2/s2)
i, j, k	 Unit vector

Greek
εp	 Radiation coefficient
θ	 Radiation temperature (K)
μ	 Dynamic viscosity (kg/m∙s)
ρ	 Density (kg/m3)
σʹ	 Stephen Boltzmann constant
τr	 Particle relaxation time (s)
ω	 Specific dissipation rate (m2/s3)
Гi	 effective diffusion coefficient
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