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a b s t r a c t

As the key equipment of floating liquefied natural gas (FLNG) process, the performance of spiral wound
heat exchanger (SWHE) influences operation costs and reliability of the whole system. The sea conditions
destroy the falling film flow state of the refrigeration and then affect the heat transfer performance of
FLNG SWHE. In order to design and optimize the SWHE, a cryogenic experimental device of FLNG process
and a numerical model of falling film flow have been constructed to study the effects of sea conditions on
the falling film flow and heat transfer characteristics of SWHE. The cryogenic experimental results show
that the pitching conditions have larger effects on the heat transfer performance than yawing. Under the
pitching angle of 7�, the natural gas temperature and gaseous refrigerant temperature increase by 3.22 �C
and 7.42 �C, respectively. The flow rates of refrigerant and feed natural gas have a great impact on the
heat transfer performance of SWHE under pitching and compound sloshing conditions. When the tilt
angle increases to 9�, the tube structure with outer diameter D ¼ 8 mm and pipe spacing S ¼ 4 mm is
recommended to reduce the drying area of the pipe wall surface.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

LNG (Liquefied Natural Gas) Floating Production Storage and
Offloading unit is constructed for the natural gas production of
offshore gas fields, especially for the deep-sea gas resources (Wang
et al., 2016; Duan et al., 2016; Zhu et al., 2019; Sun et al., 2019).
Spiral wound heat exchanger is the main cryogenic heat exchanger
applied in the FLNG, due to its highly compact structure, high
pressure endurance and good thermal compensation (Sun et al.,
2019; Zheng et al., 2019; Wang et al., 2018; Wu et al., 2020).

In the FLNG process, the refrigerant flows in the shell-side
SWHE to cool the tube-side feed natural gas. The operation effi-
ciency of SWHE depends on the flow and heat transfer perfor-
mance, which has received a mount of attentions. Sharqawy et al.
(2019) experimentally investigated the effect of flow configura-
tion on the heat transfer and pressure drop performance of SWHE.
Wang et al. (2018a,b) found that the staggered arrangement of
spacing bar has a positive effect on the flow and heat transfer
performance, according to the numerical results. Neeraas et al.,
（2004a; 2004b） experimentally measured the shell-side
y Elsevier B.V. on behalf of KeAi Co
frictional pressure drop and heat transfer coefficients of LNG SWHE.
Jian et al. (2020) experimentally studied the influence of inclination
on the heat transfer performance of SWHE. The results indicated
that the overall heat transfer coefficient decreases with increasing
inclination angle. Hu et al. (2019) and Ding et al. (2018) conducted
an experiment to investigate the influence of vapor quality, mass
flux, heat flux, longitude tube pitch and radial tube pitch on the
two-phase flow heat transfer of SWHE. Based on the experimental
data, a heat transfer coefficient correlation considering the pa-
rameters above was developed.

Falling film evaporation is a dominant heat transfer technology
used for spiral wound heat exchanger. Many researchers have
investigated the effects of different parameters on the falling film
flow characteristics. Han et al. (2020) numerically studied the
falling film thickness distribution around the curved egg-shaped
tube bundle. Bock et al. (2019) conducted a falling film boiling
experiment and found that the heat transfer coefficient increases
with the increase of surface roughness and heat flux. Zhao et al.
(2016, 2017, 2018a, 2018b, 2020) and Ji et al. (2016, 2019) con-
ducted experiments to study the falling film evaporation charac-
teristics over the single tube and tube bundles. The results
indicated that with the increasing Re, the falling film heat coeffi-
cient firstly keep stable and then drop sharply. Under the sea
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conditions, the liquid film around the heating tube of the FLNG
SWHE will suffer maldistribution, which leads to the deterioration
of heat transfer performance. Therefore, it is essential to investigate
the falling film flow and heat transfer characteristics of SWHE un-
der sea conditions. Han et al. (2019) established a numerical model
to study the falling film thickness around tube bundle under title
and sloshing conditions. The results show that the distribution of
liquid film is strongly deteriorated under title condition. Yu et al.
(2019) numerically studied the effects of sloshing forms and
period on the heat transfer performance of SWHE under sloshing
conditions. Ren et al. (2018) built a numerical model and found that
the effects of pitching and heaving on heat transfer performance of
SWHE is more obvious than rolling. Up to now, the falling film flow
characteristics under sea conditions has only received sporadic
attentions. It is necessary to conduct further researches to reveal
the mechanism of the variation of the heat transfer performance of
SWHE under sea conditions.

In this work, the effect of sloshing forms, sloshing periods,
sloshing angle, sloshing displacement and mass flow rate on the
falling film flow and heat transfer characteristics of FLNG SWHE are
studied through a cryogenic experimental device of FLNG process
and a numerical model of falling film flow, and the geometric
parameter is optimized under different conditions, which can be a
guidance for promotion of the heat transfer performance of FLNG
SWHE.

2. Summary of cryogenic experimental investigation

2.1. Establishment of cryogenic experimental equipment

The cryogenic experimental device is based on the floating MR
(mixed refrigerant) natural gas liquefaction process and shown in
Fig. 1, which includes the FLNG heat exchanger module, compres-
sion and gasification module. The FLNG heat exchanger module
consists of spiral wound heat exchanger and sloshing platform. The
mixed refrigerant is pressurized by compressor and cooled to
approximately �40 �C in the pre-cooling heat exchanger and
approximately �120 �C in the FLNG SWHE separately. After being
throttled by the cryogenic valve (around �140 �C), the mixed
refrigerant flows back to the SWHE to cool the feed natural gas. The
feed natural gas is also pressurized by compressor and cooled to
around �40 �C in the pre-cooling heat exchanger and
around �120 �C in FLNG SWHE, separately. Then feed natural gas
flows back to the LNG tank. The cryogenic experimental device
based on the floating MR (mixed refrigerant) natural gas liquefac-
tion process can work economically with Mr/Mf (mass flow rate of
refrigerant divided by mass flow rate of feed natural gas) of 4e6,
which can be thought as middle Mr/Mf. The conditions are thought
as low Mr/Mf when Mr/Mf is lower than 4 and are thought as large
Mr/Mf when Mr/Mf is larger than 6. The FLNG SWHE is fixed on a
sloshing platform and moves with the platform. The sloshing
platform is controlled by the computer to study the influence of sea
conditions with different angles (a), periods (T) and displacements
(d) on FLNG SWHE. The experimental conditions are listed in
Table 1.

2.2. The effect of pitching and yawing conditions on the heat
transfer performance of SWHE

Based on the cryogenic experimental results, the effect of
pitching motion on the liquid refrigerant temperature, gaseous
refrigerant temperature and natural gas temperature of SWHE is
shown in Fig. 2. It can be seen that the pitching motion has little
effect on the liquid refrigerant temperature of tube side, liquid
refrigerant temperature of shell side and gaseous refrigerant
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temperature of shell side. But the fluctuation of natural gas tem-
perature and gaseous refrigerant temperature of tube side is
apparent. As shown in Fig. 2a, under pitching conditions with
a ¼ 3� and T ¼ 10 s, the natural gas temperature and the gaseous
refrigerant temperature increase 0.2 �C and 1.76 �C, respectively,
which indicates that it has a small negative impact on the heat
transfer performance of SWHE. However, the variations of the
natural gas temperature and the gaseous refrigerant temperature
increase and start to rise in advance with the increase of a. As
shown in Fig. 2c, the natural gas temperature and the gaseous
refrigerant temperature increase after pitching at 600s and increase
by 0.49 �C and 3.42 �C, respectively, with a ¼ 5�. When a increases
to 7� (Fig. 2f), the natural gas temperature and the gaseous refrig-
erant temperature increase after pitching at 300 s and increase by
3.22 �C and 7.42 �C, respectively. The tube-side gaseous refrigerant
is more easily influenced by the pitching conditions than natural
gas, due to the larger flow rate of gaseous refrigerant. As shown in
Fig. 2bee, when T is 6 s, 10 s, 15 s and 20 s, the natural gas tem-
perature increase by 5.57 �C, 0.49 �C, 4.00 �C and 5.67 �C, respec-
tively. It is found that too large T and too small T have negative
effects on the heat transfer performance of SWHE. Too large T
means the position with larger title angle lasts for a long time in a
period. A large amount of refrigerant will flow to the inclined side,
which leads to the excess cold energy in the inclined side and
insufficient cold energy in the other side. Too small Tmeans a large
pitching velocity, which leads to a larger relative velocity between
the refrigerant and tube wall.

The effect of yawing motion on the liquid refrigerant tempera-
ture, gaseous refrigerant temperature and natural gas temperature
of SWHE is illustrated in Fig. 3. It can be seen from Fig. 3a that the
yawing motion with a ¼ 3� has little effect on SWHE. As shown in
Fig. 3bee, the small fluctuation of natural gas temperature appears
when a increases to 5�. From Fig. 3f, at a ¼ 7�, the natural gas and
gaseous refrigerant temperature increase by 3.32 �C and 2.83 �C,
respectively. Compared to the pitching condition, the yawing con-
dition has smaller effects on the heat transfer performance. That is
because the SWHE rotates round the center axial under yawing
conditions, resulting in relative movement between shell-side
refrigerant and tube wall. However, due to the symmetry of the
coiled tube of SWHE, the lacking of refrigerant on the tube surface
will be supplied by the adjacent area, so the refrigerant-rich areas
and refrigerant-poor areas will not present.

2.3. The effect of mass flow rate

The effect of refrigerant and feed gas flow rate on the heat
transfer performance of SWHE under pitching condition is shown
in Fig. 4. It can be seen from Fig. 4a that with lowMr/Mf (3.233), the
heat transfer performance of SWHE is greatly reduced under
pitching condition. The tube-side gaseous refrigerant temperature
and feed natural gas temperature increase by 2.54 �C and 3.22 �C,
respectively. With middle Mr/Mf (4.651), the tube-side gaseous
refrigerant temperature and feed natural gas temperature increase
by 3.42 �C and 0.49 �C, respectively (Fig. 4b). However, with large
Mr/Mf (6.424), the heat transfer performance of the SWHE is
improved under the pitching condition. The tube-side gaseous
refrigerant temperature and feed natural gas temperature reduce
by 1.17 �C and 1.07 �C, respectively (Fig. 4c).

In order to study the influence of Mr/Mf on the heat transfer
performance of FLNG SWHE, the tube-side and shell-side heat
transfer coefficients are calculated. The Chien formula (Chien and
Tsai, 2011) is applied to calculate the heat transfer coefficients of
shell-side refrigerant pool boiling and falling film vaporization,
which is expressed in Eqs. (1) and (2). When the shell-side mixed
refrigerant is completely vaporized into a pure gas phase, the heat



Fig. 1. The cryogenic experimental device of floating natural gas liquefaction process.
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transfer coefficient calculation method is given as Eqs. (3) and (4).

as¼ S,anb þ acv (1)

S¼ a1,Wea2,Boa3,Pra4 (2)

a1 ¼ 0.0152, a2 ¼ 0.2833, a3 ¼ 1.2536, a4 ¼ 1.1789

Re < 20000;as ¼
�
0:332 ,Re0:6 , Pr0:36

� l

dh
(3)

20000 < Re < 200000;as ¼
�
0:123 ,Re0:7 , Pr0:36

� l

dh
(4)
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Where, S is boiling suppression factor, acv is convection heat
transfer coefficient, W/(m2$�C), anb is nucleate boiling heat transfer
coefficient, W/(m2$�C), as is the shell-side heat transfer coefficient,
W/(m2$�C), We is Webb number, Bo is Boiling number, Pr is Prandtl
number, l is thermal conductivity coefficient, W/(m2$�C).

The Bell formula (Bell and Ghaly, 1973) is applied to calculate
heat transfer coefficient of two-phase tube-side mixed refrigerant
and feed natural gas, which is expressed in Eq. (5). A widely
accepted correlation of formula is applied to calculate the single-
phase tube-side heat transfer coefficient (Oka, 1982), which is
expressed in Eqs. (6)e(8).



Table 1
The experimental conditions.

Sloshing form Angle (a) Periods (T) Displacement (d)

Pithching 3� 10 s e

Pithching 5� 6 s e

Pithching 5� 10 s e

Pithching 5� 10 s e

Pithching 5� 10 s e

Pithching 5� 15 s e

Pithching 5� 20 s e

Pithching 7� 10 s e

Pitching and surging 5� 20 s 120 mm
Pitching and heaving 5� 20 s 120 mm
Pitching and surging 5� 20 s 120 mm
Pitching and heaving 5� 20 s 120 mm
Pitching and surging 5� 20 s 120 mm
Pitching and heaving 5� 20 s 120 mm
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Where, at is the tube-side heat transfer coefficient, W/(m2$�C),
as is the shell-side heat transfer coefficient, W/(m2$�C), al is the
thin-film tube-side heat transfer coefficient, W/(m2$�C), asv is the
pure-gas tube-side heat transfer coefficient, W/(m2$�C), qsv is the
pure-gas heat flux, W, q is total heat flux, W, Di is the inner diam-
eter, m, Dc is the winding diameter, m, Rec is the critical Reynolds
number.

Based on the above calculation Eqs. (1)e(8), temperature and
heat exchange profile along the tube length in the FLNG SWHE
under pitching conditions are obtained and shown in Fig. 5. It can
be seen that when the tube side refrigerant and feed natural gas
enter the SWHE, the temperature decreases rapidly, and the tem-
perature drop rate slows down gradually along the tube length. It
can be seen from Fig. 5a that with low Mr/Mf, the shell-side
refrigerant temperature increases from 180.98 K to 182.74 K, and
the feed natural gas heat exchange decreases from 495.47 W to
458.59 W. With middle Mr/Mf, the shell-side refrigerant tempera-
ture increases by 0.17 K, and the heat exchange of natural gas
maintain stable under heaving conditions (Fig. 5b). With large Mr/
Mf, the shell-side mixed refrigerant temperature decreases by
3.51 K, and the natural gas heat exchange increases by 36.55 W
(Fig. 5 c).

Through the experimental data and heat transfer calculation
results, it is found that the pitching motion reduces the heat
transfer performance of SWHEwith lowMr/Mf. Pitchingmotion has
a little effect on the heat transfer performance of heat exchangers
with middle Mr/Mf, and improves the heat transfer performance
with large Mr/Mf. This is because with low Mr/Mf, the cooling ca-
pacity of the shell-side mixed refrigerant of the SWHE is fully uti-
lized under static state. The pitching condition causes the uneven
distribution of refrigerant cooling capacity. While with largeMr/Mf,
1279
the cooling capacity of the shell-side refrigerant is excessive under
static state. The pitching condition will make the mixed refrigerant
evenly distributed on the shell side, which improves the utilization
rate of the refrigerant and strengthens the heat transfer effect of the
SWHE. From the results of cryogenic experimental device, the flow
rates of refrigerant and feed natural gas have a greater impact on
the sloshing adaptability of FLNG SWHE. Therefore, when the
mixed refrigerant flow rate of the FLNG mixed refrigerant lique-
faction process is low, additional measures should be taken to
improve the heat transfer performance of FLNG SWHE.

2.4. The effect of compound sloshing conditions on the heat transfer
performance of SWHE

Under the compound sloshing conditions, the heat transfer
performance of SWHE will be influenced by more than single
sloshing movement. The effect of compound sloshing on the liquid
refrigerant temperature, gaseous refrigerant temperature and
natural gas temperature of SWHE is illustrated in Fig. 6. It can be
seen from Fig. 6a and b that under compound pitching condition
and surging condition with middle Mf, the variation of the natural
gas temperature and gaseous refrigerant temperature of tube side
can be ignored. As shown in Fig. 6c and d, with the increase of Mf,
the natural gas temperature and gaseous refrigerant temperature of
tube side increase by 1.66 �C and 0.29 �C, 1.07 �C and 2.05 �C,
respectively. Fig. 6e and f shows that the tube-side gaseous
refrigerant temperature maintains stable, under compound pitch-
ing and surging condition with low Mf, or under compound
pitching and heaving condition without Mf. The effect of mass flow
rate on the heat transfer performance under compound sloshing
condition is similar to that of single sloshing condition. However,
the compound sloshingmotionwith lowMf has a negative effect on
heat transfer performance of SWHE, due to more complex motions
than that of single sloshing motion.

3. Summary of numerical investigation

3.1. The physical model and grid model

The numerical model of falling film flow is established and
shown in Fig. 7. There are five liquid inlets, whose radius is 170 mm
and length is 1/10 of the circumference. The three liquid inlet in the
middle is squares with a side length of 2 mm, and the two liquid
inlet in the both side is half of the squares. Thewidth of themodel is
16 mm.

The conservation equation can be written as follows:

V , u!¼ vux
vx

þ vuy
vy

þ vuz
vz

¼ 0 (9)

r

�
vux
vt

þux
vux
vx

þuy
vux
vy

þuz
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�
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þm
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Fig. 2. Temperatures of spiral wound heat exchanger under pitching conditions.
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Where u is the velocity, m/s; p is the pressure, Pa; r is the density,
kg/m3; m is the dynamic viscosity, Pa$s.

The inlet boundary condition is set as mass flow inlet boundary.
The left and right boundary conditions are symmetry boundary.
The coupled VOF (Volume of Fluid) and Level Set methods are chose
to capture the gas-liquid interface. The Pressure-Implicit with
1280
Splitting of Operators (PISO) is applied in pressure-velocity
coupling and the QUICK scheme is used for spatial discretization.
3.2. The mesh independence and model verification

The numerical model is meshed by structured grid and shown in
Fig. 7. The initial height of boundary layer grid near the tube wall is
0.015 mm. The time step is 1 � 10�5 s. The comparison of the liquid
circumferential film thickness with 17.8 million, 27.8 million and
40.3 million grids is shown in Fig. 8. It can be concluded that the
deviation of the circumferential film thickness decreases with the
increase of grid number, and the average deviation of the film
thickness between grid number of 27.8 million and 40.3 million is



Fig. 3. Temperatures of spiral wound heat exchanger under yawing conditions.
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1.86%. Therefore, the grid number of 27.8 million is sufficient
enough to ensure the mesh independence.

A visualization experimental device with high-speed camera is
constructed to obtain experimental results for the validation of the
numerical model. The flow diagram of the experimental device is
shown in Fig. 9. The test fluid is pressurized by pump andmeasured
by the flowmeter. After that, the fluid flow through the test section
and the falling film flow characteristics is recorded by the high
speed camera. Then, the test fluid flow back to buffer tank and is
pressurized again. Figs. 10 and 11 show the qualitative comparisons
of falling film flow patterns between simulation results and
experimental observations under static condition. Tables 2 and 3
show the quantitative comparisons of the width of the liquid
1281
column. It can be seen that the simulation results are consistent
with the experimental results in the top crest, bottom liquid belly
and inter-tube flow characteristics, which verifies the correctness
of the numerical model.

3.3. Numerical results and discussion

From the numerical simulation results, the liquid film spreading
process under horizontal condition is shown in Fig. 12. It can be
seen that the tube wall is not covered by the liquid film at t ¼ 0s
(Fig. 12a). The liquid is injected uniformly from the inlet and the
liquid mainly spreads along the gravity direction at t ¼ 0.01 s
(Fig. 12b). The liquid film spreads along the axial and



Fig. 4. Temperatures of SWHE with different mass flow rates under pitching conditions.
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circumferential direction in the first tube. There is little difference
in the spreading velocity between the axial and circumferential
liquid film at t¼ 0.03 s (Fig. 12c). At t¼ 0.05 s, the liquid filmmainly
spreads along the circumferential direction (Fig. 12d). At t ¼ 0.08 s,
the liquid is completely spread in the first tube (Fig. 12e). Then the
liquid converges and drops onto the second tube. Because of the
randomness of the liquid convergence process between the first
and second tubes, the liquid film spreading forms of each part of the
second tube are slightly different at the same time (Fig. 12f and g).
At 0.25 s, only a small amount of dry area appears on the second
tube surface (Fig. 12h). At 0.29 s, the liquid is completely spread on
the second tube (Fig. 12i).

Based on the dynamic grid technology, a UDF program is written
to import the numerical simulation model to study the influence of
pitching condition on the falling film flow characteristics. Fig. 13
shows the liquid film spreading process with the tilt angle of 6�.
It can be seen that the tube wall is not covered by the liquid film at
t ¼ 0 s (Fig. 13a). The liquid is injected uniformly from the inlet and
the liquid mainly spreads along the gravity direction at t ¼ 0.01 s
(Fig. 13b). The falling film spreading process in the first tube is
similar to that under horizontal condition (Fig. 13c and d). While
the inter-tube liquid shifts, due to the axial component of gravity. It
is easier for fluids to converge on the inclined side, while more
drying areas appear on the other side (Fig. 13f and g). As time goes
on, the drying area remains stable (Fig. 13h and i).

With the tilt angle of 6�, the variation of falling film flow and its
velocity distribution with the structure of tube diameter 8 mm and
tube spacing 8 mm is shown in Fig. 14. It is found that the flow
process of the first root tube is similar to that of 4 mm tube spacing
1282
(Fig. 14c and d). With the increase of tube spacing, the shape of
columnar flow becomes more and more obvious. However, due to
the influence of gravity, the liquid column shifts and is obliquely
sprayed onto the second tube (Fig. 14e and f). Different from the
4 mm spacing, the axial liquid film converges earlier during the
dripping process of the liquid column between the left side of the
8 mm tube spacing (Fig. 14g). The axial acceleration of gravity re-
sults in a thicker liquid film on the inclined side of the tubewall and
a drying area on the other side of the tube wall (Fig. 14h and i).

With the tilt angle of 6�, the flow process and velocity distri-
bution of falling film with the structure of tube outer diameter
12 mm and tube spacing 4 mm is shown in Fig. 15. It can be seen
that the variation of falling film flow with time in the outer diam-
eter of the 12 mm tube of the first tube is similar to that of the outer
diameter of the 8 mm tube (Fig. 15c and d). At 0.10 s, the liquid film
is completely spread out at the first canal of the outer diameter of
the 12 mm tube (Fig. 15e). Due to the long circumferential distance,
the liquid film converges axially at the second tube, and then
spreads in the circumferential direction (Fig. 15f and g). Similar to
the outer diameter of the 8 mm, a large dry area appears on the
surface of the tube wall (Fig. 15h and i). The ideal working state of
the falling film flow process is that the liquid film uniformly covers
the tube wall of SWHE. While the sea condition affect the spread of
the liquid film along the axial direction, which decreases the heat
transfer performance of FLNG SWHE.

In order to obtain the falling film dry patch distribution, the
homogeneous coordinate technique is used to restore the numer-
ical simulation model of falling film flow under pitching condition
to the horizontal state (Fig. 16). A series of transformations can be



Fig. 5. Temperature and heat exchange profile of FLNG SWHE under pitching conditions.
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represented by matrices.
Tilt the a angle along the Z axis, which is shown in Eqs 13e16,

2
4 xa

ya

za

3
5¼

2
4 cos a �sin a 0
sin a cos a 0
0 0 1

3
5
2
4 x
y
z

3
5 (13)

xa ¼ x cos a� y sin a (14)

ya ¼ x sin aþ y cos a (15)
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za ¼ z (16)

Tilt the b angle along the Y axis, which is shown in Eqs 17e20,

2
4 xb

yb

zb

3
5¼

2
4 cos b 0 sin b
0 1 0
�sin b 0 cos b

3
5
2
4 xy
z

3
5 (17)

zb ¼ z cos b� x sin b (18)



Fig. 6. Temperatures of spiral wound heat exchanger under compound sloshing conditions.
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xb ¼ z sin bþ x cos b (19)

yb ¼ y (20)

Tilt the g angle along the X axis, which is shown in Eqs 21e24,

2
4 xg

yg

zg

3
5¼

2
41 0 0
0 cos g �sin g
0 sin g cos g

3
5
2
4 xy
z

3
5 (21)
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yg ¼ y cos g� z sin g (22)

zg ¼ y sin gþ z cos g (23)

xg ¼ x (24)

The falling film dry patch distribution under pitching condition
is calculated and given in Fig. 17. The area of the dry patch is rela-
tively stable when the circumferential angle is in the range of
0�e80�. The range of the dry patch increases, when the circum-
ferential angle is greater than 80�. The falling film dry patch ratios



Fig. 7. The schematic diagram and meshing of falling film flow calculation model.

Fig. 8. Mesh independence verification.
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under pitching condition are given in Table 4. It can be seen that the
proportion of drying area of pipe diameter D ¼ 8 mm and pipe
Fig. 9. Process flow diagram of visualization

1285
spacing S ¼ 8 mm is the smallest, when the tilt angle is 6�. While
when the tilt angle is 9�, the proportion of drying area of D ¼ 8 mm
and S¼ 4mm is the smallest. Therefore, when tilt angle is small, the
pipe structure with outer diameter D ¼ 8 mm and pipe spacing
S ¼ 8 mm is recommended. While when the tilt angle increases to
9�, the tube structure with outer diameter D ¼ 8 mm and pipe
spacing S ¼ 4 mm is recommended to reduce the drying area of the
pipe wall surface.

4. Conclusion

A cryogenic experimental device of FLNG process and a nu-
merical model of falling film flow are constructed to study the ef-
fects of sea conditions on the falling film flow and heat transfer
characteristics of FLNG SWHE. Following conclusions can be drawn.

1. From the results of FLNG cryogenic experimental device, the
pitching conditions have negative effects on the heat transfer
performance of SWHE. The tube-side gaseous refrigerant is
influenced by the pitching conditions more easily than that of
natural gas. Under the pitching angle of 7�, the natural gas
temperature and gaseous refrigerant temperature increase by
experimental device of falling film flow.



Fig. 10. Comparison of falling film flow pattern simulation results with the experimental results (D ¼ 8 mm, S ¼ 4 mm).

Fig. 11. Comparison of falling film flow pattern simulation results with the experimental results (D ¼ 8 mm, S ¼ 8 mm).

Table 2
Comparison of liquid column width simulation results with the experimental results (D ¼ 8 mm, S ¼ 4 mm).

The liquid column on the left The liquid column in the middle The liquid column on the right

Experimental value Simulation value Experimental value Simulation value Experimental value Simulation value

Upper part 0.222 mm 0.233 mm 0.584 mm 0.562 mm 0.252 mm 0.243 mm
Middle part 0.208 mm 0.215 mm 0.379 mm 0.375 mm 0.241 mm 0.221 mm
Lower part 0.219 mm 0.222 mm 0.220 mm 0.204 mm 0.216 mm 0.225 mm

Table 3
Comparison of liquid column width simulation results with the experimental results (D ¼ 8 mm, S ¼ 8 mm).

The liquid column on the left The liquid column in the middle The liquid column on the right

Experimental value Simulation value Experimental value Simulation value Experimental value Simulation value

Upper part 0.296 mm 0.281 mm 0.358 mm 0.387 mm 0.253 mm 0.276 mm
Middle part 0.223 mm 0.249 mm 0.302 mm 0.287 mm 0.251 mm 0.260 mm
Lower part 0.234 mm 0.244 mm 0.266 mm 0.261 mm 0.256 mm 0.243 mm
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Fig. 12. The variation of falling film flow process and velocity distribution (D ¼ 8 mm, S ¼ 4 mm).

Fig. 13. The variation of falling film flow process and velocity distribution with tilt angle of 6� (D ¼ 8 mm, S ¼ 4 mm).
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3.22 �C and 7.42 �C, respectively. Compared to the pitching
condition, the yawing condition has smaller effects on the heat
transfer performance.

2. The flow rates of refrigerant and feed natural gas have a great
impact on the sea adaptability of FLNG SWHE.With lowerMr/Mf,
the heat exchange of feed natural gas decreases by 36.88 W
1287
under pitching conditions.When themixed refrigerant flow rate
of the FLNG mixed refrigerant liquefaction process is low,
additional measures should be taken to improve the heat
transfer performance of FLNG SWHE.

3. A large area of dry patch appears on the surface of tube wall.
When the tilt angle is small, the pipe structure with outer



Fig. 14. The variation of falling film flow process and velocity distribution with tilt angle of 6� (D ¼ 8 mm, S ¼ 8 mm).

Fig. 15. The variation of falling film flow process and velocity distribution with tilt angle of 6� (D ¼ 12 mm, S ¼ 4 mm).
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diameter D ¼ 8 mm and pipe spacing S ¼ 8 mm is recom-
mended. While when the tilt angle increases to 9�, the tube
structure with outer diameter D ¼ 8 mm and pipe spacing
1288
S ¼ 4 mm is recommended to reduce the drying area of the pipe
wall surface under sea conditions.



Fig. 16. Axis transformation.

Fig. 17. The falling film dry patch distribution.

Table 4
The falling film dry patch ratio.

Number Pipe
diameter, mm

Tube
spacing, mm

Re Tilt
angle, �

Dry up
ratio, %

1 4 4 340 6 19.00
2 4 4 340 9 41.90
3 8 4 680 6 3.65
4 8 4 340 6 6.99
5 8 4 340 9 8.56
6 8 8 680 6 2.71
7 8 8 340 6 3.98
8 8 8 340 9 11.46
9 12 4 680 6 4.58
10 12 4 340 6 9.18
11 12 4 340 9 17.79
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