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Abstract: The FLNG spiral wound heat exchanger (SWHE) is affected by the sea conditions, which leads to

more complex flow process and decrease the heat transfer performance of the heat exchanger. In order to study

the thermal performance of FLNG SWHE under heaving and swaying conditions, the experimental devices of

FLNG SWHE and six-DOF (degree of freedom) sloshing platform were built. The effects of heaving and swaying

motions on the pressure drop and heat transfer characteristics were analyzed at different sloshing amplitudes. The

results showed that the heaving and swaying motions can cause the temperature rise and pressure fluctuation of

SWHE, especially for swaying. The effect of sloshing on the heat transfer performance at the top of SWHE was

greater than bottom. The pressure fluctuation percentage was within 7% and the amount of temperature change

was less than 2°C, under the sloshing displacement among 120-255 mm.
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1. Introduction

In order to develop the offshore gas fields, a new type
of floating production equipment named FLNG was built
[1]. Many functions like natural gas extraction, loading
and unloading, pre-treatment, liquefaction and storage
are incorporated into FLNG. It can achieve greater
economic efficiency by relocating to other gas fields
[2,3]. The SWHESs are widely used in FLNG process to
liquefy the natural gas, which have been fully analyzed
under static state [4,5]. Neeraas et al. [6,7] and Hu et al.
[8] developed heat transfer coefficient and pressure drop
correlations for shell-side SWHE. Ding et al. [9,10]
established an experimental rig to study the heat transfer
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performance of two-phase propane downward flow
boiling in shell-side FLNG SWHEs. In order to improve
the heat transfer performance of SWHE, Wang et al. [11,12]
numerically studied the effects of geometrical parameters
on thermal resistance of shell-side SWHEs. Jian et al. [13]
numerically investigated the effects of major axis and
minor axis of elliptical tubes on heat transfer performance
of SWHE. Yu et al. [14] experimentally studied the two-
phase heat transfer and frictional pressure drop
performance of tube-side SWHE. In addition, Yu et al.
[15,16] numerically studied the heat transfer coefficient of
refrigerant mixtures in tube-side SWHE. Qiu et al. [17,18]
numerically investigated the heat transfer coefficients of
mixed hydrocarbon refrigerants in tube-side SWHE,
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Nomenclature

A area/m’

a constant

Bo boiling number

b constant

c constant

D diameter/m

d constant

g gravitational acceleration/m-s
M molecular weight/g-mol !

Nu Nusselt number

Pr Prandtl number

0 heat exchange/W

q total heat flux/W

qsv pure-gas heat flux/W

Re Reynolds number

T shell-side temperature/°C

t tube-side temperature/°C

U heat-transfer coefficient/W-m >-°C”"
u flow velocity/m-s™'

We Webb number

X dryness

Greek symbols

a heat transfer coefficient of SWHE/W-m 2-°C"!
S film thickness/m

A thermal conductivity coefficient/W-m >-°C"'
Y7 viscosity/Pa‘s

P density/kg-m

Subscripts

c winding diameter

h equivalent diameter

i inner diameter

LMTD log mean temperature difference

1 thin-film tube-side SWHE

0 outer diameter

S shell-side SWHE

sv pure-gas tube-side SWHE

tube-side SWHE

which indicated that the heat transfer coefficients varied
largely with the increase of mass flow rate.

For predicting the dynamic performance of SWHEs
under rolling conditions, a mathematical model of FLNG
SWHE was proposed to describe the heat transfer
relations among phase-change streams [19,20]. The
comparison between the model prediction and experi-
mental data showed that the model can predict the
SWHE performance under the sloshing conditions well.
Han et al. [21] numerically studied the falling film flow
in shell-side SWHE under offshore conditions. Wang et
al. [22] proposed a mathematical model of FLNG
SWHESs under rolling conditions, which showed that the
heat exchange performance decreased with the increase
of the sloshing amplitude. Li et al. [23-26] numerically
investigated the condensation characteristics in smooth
and enhanced spiral pipes to improve the heat transfer
performance of SWHE. Based on the former simulation
model, Li et al. [27] investigated the heat transfer
performance of S tube-sidle SWHE wunder sloshing
conditions. The results showed that the effects of heaving
motion on heat transfer performance were larger than that
of other sloshing motions. Yu et al. [28] and Ren et al.
[29,30] built a numerical simulation model to simulate
the flow and heat transfer of shell-side SWHE under

sloshing conditions, based on the FLUENT software. The
results showed that the effects of pitching and
heaving motions were much more significant than that of
rolling.

Due to the lack of experimental research on the
thermal performance of FLNG SWHE, the experimental
devices of FLNG SWHE and six-DOF sloshing platform
were built to study the effect of sloshing motion on the
thermal performance of FLNG SWHE.

2. Experimental Apparatus

A flow diagram of the DMR (dual mixed refrigeration)
liquefaction process is shown in Fig. 1, which consists of
three circuits: feed gas circuit, pre-cooling circuit and test
circuit. The compositions of feed gas, pre-cooling mixed
refrigerant and cryogenic mixed refrigerant are shown in
Tables 1, 2 and 3, respectively.

The experimental devices of FLNG SWHE was built
and shown in Fig. 2. The FLNG SWHE was on the
sloshing platform and connected to the feed gas circuit,
pre-cooling circuit and test circuit via the low-
temperature resistant hoses. The experimental uncertainties
and parameters of FLNG SWHE are given in Tables 4
and 5.
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Fig. 1 Flowchart of DMR liquefaction process

Table 1 Composition of feed gas

Table 4 Uncertainties

Component Fraction/%
Nitrogen 3.05
Methane 89.62

Ethane 0
Ethylene 5.83
Propane 0.14

Butane 1.36

Table 2 Composition of pre-cooling mixed refrigerant

Component Fraction/%
Nitrogen 1.42
Methane 0.83

Ethane 2.06
Ethylene 29.46
Propane 63.13

Butane 3.09

Instruments Uncertainty
Pressure +0.075%
Temperature +0.1°C
Mass flow rate +0.35%
Table S Parameters of FLNG SWHE
Item Value
Internal diameter/mm 3.0
Thickness of pipeline/mm 0.5
Gas-phase pipeline length/m 47.0
Feed gas pipeline length/m 63.0
Liquid-phase pipeline length/m 55.0

Table 3 Composition of cryogenic mixed refrigerant

Component Fraction/%
Nitrogen 8.21
Methane 20.25

Ethane 2.95
Ethylene 49.99
Propane 18.6

Butane 0

Fig. 2 Experimental device of FLNG SWHE

3. Mathematical Model

The flow diagram of SWHE is shown in Fig. 3, which
consists of the feed gas, tube-side and shell-side mixed
refrigerant of SWHE.

The heat transfer performance of SWHE under

sloshing conditions was analyzed by log mean
temperature difference (LMTD) method.
Q=UA-AT,,,;, 1)
where AT, ,mp 1S
T, —t,|—|T, —t
ATLMTD:—| 1 2| | : 1| ()
In Li-1
T, -4
The total heat exchange coefficient U is:
D, D D
i:i._°+ o .ln_o_;,_i (3)
U at Dl 2 * ﬂ/ l)1 OCS

where, T is the shell-side temperature, °C; ¢ is the
tube-side temperature, °C; 4 is the area, m?; a, is the tube
side heat transfer coefficient, W/(m2-°C); D, is the
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Fig.3 Flow diagram of SWHE

Table 6 Heat transfer correlations of SWHE

external diameter of winding tube, m; D; is the internal
diameter of winding tube, m; A is the thermal
conductivity of tube wall, W/(m*-°C); a; is the shell side
heat transfer coefficient, W/(m?-°C)).

The calculation models of heat transfer coefficients of
SWHE are given in Table 6. The single-phase and falling
film shell-side heat transfer correlation applied on the
FLNG SWHE has been verified in Refs. [6,7]. The
results showed that heat transfer correlation agreed with
the experimental data within the deviation of £15%.

The two-phase shell-side heat transfer correlation
applied on the LNG SWHE has been verified in Refs. [8,
10]. The results showed that heat transfer correlation
agreed with 98% of the experimental data within the
deviation of £20%.

The tube-side heat transfer correlation applied on the
LNG SWHE has been verified in Refs. [33,34]. The
results showed that heat transfer correlation agreed with
the experimental data within the deviation of £12%.

Applied region

Correlations

Single-phase shell-side
SWHE [31]

0.14
yl
Re >10000, Nu = 0.36Re" - Pro® (i] ;@ =N

Re <10000, Nu = 0.6Re" - Pr®*!

Hy

Two-phase shell-side
SWHE [8, 10]

a,=S-a,+E-«a,

2
v

-1/3
a,, =0.039- 4 (7J R . pr™

g

a,, =55 0Nk -(—0.4343~ln Pr)fo.s,s MOS0

Pr:P/Pcrit

E=1+a1-(¢2)"2.Re“3

S=b-We”-Bo™ - Pr'

Falling film shell-side
SWHE [6, 7]

Nu=a- & -Re" - Pr?
)

c

Single-phase tube-side
SWHE [31,33,34]

o\ N, D 0.194
100<Re<Rec,a(={3.65+0.08|:1+0.8[ : :*Re’-Pr»‘}D‘,t—0.5+0.2903-[DiJ

1 0.1
) )3 1
Re, < Re<2200,a, =40.023| 1+14.8| 1+—- Di* \ret . prs i,t:0.8—0.22~ —
D, D, D,

i c

D,

c i c

08 1
2200 < Re <150000,a, :{0.023{1 +3.6[l —%][Di ) }Re’ Py }g,t =038, (Re), =2300[ 1+8.6(D, / D)

Two-phase tube-side
SWHE [32-34]

c DC
1 1 4/e
a o o

Note: Please refer to these references for definition of the variables in Table 6.
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Based on the heat transfer methods of Table 6,
measured and calculated shell-side temperatures under
swaying and heaving conditions are given in Table 7. The
agreement between the calculated and measured data is
better than 8% for all data.

Table 7 Measured and calculated shell-side temperatures
under swaying and heaving conditions

Under swaying Under heaving condition

condition
Before After Before After
Measured
data/°C -99.6 -98.6 -98.3 -97.6
Calculated
data/°C -94.15 -92.92 -90.47 -90.08
Deviation/% 547 5.76 7.97 7.70

4. Results and Discussion

4.1 Pressures and temperatures of SWHE under
sloshing conditions

The experimental results of pressures and temperatures
of SWHE under swaying and heaving conditions are
shown in Figs. 4-11. The results show that sloshing
motions led to the pressure fluctuation and increased the
temperatures of SWHE, especially for swaying.

From Fig. 4, under the swaying displacement of 255
mm and the swaying period of 10 s, the tube-side
gas-phase outlet pressure fluctuation is 0.015 MPa and
the fluctuation amplitude percentage is 1.55%. The
shell-side inlet pressure fluctuation value is 0.008 MPa
and the fluctuation amplitude percentage is 6.71%. The
tube-side inlet pressure and liquid-phase outlet pressure
don’t fluctuate under sloshing conditions. The tube-side
gas-phase mixed refrigerant temperature increases to
—120.29°C from —120.58°C. The feed gas temperature
increases to —115.12°C from —116.58°C. This is because
the swaying motion gives a horizontal velocity to the
SWHE, which leads to the relative movement between
the refrigerant and the tube wall. The uneven distribution
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Time/s
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of the refrigerant and feed gas leads to the pressure
fluctuations and decreases the heat transfer performance
of SWHE.

As shown in Fig. 5, under the swaying displacement
of 190 mm and the swaying period of 10 s, the gas-phase
tube-side outlet pressure fluctuation is 0.017 MPa and the
fluctuation amplitude percentage is 1.83%. The shell-side
inlet pressure fluctuation value is 0.008 MPa and the
fluctuation amplitude percentage is 6.27%. The tube-side
gas-phase mixed refrigerant temperature increases to
—121.07°C from —121.56°C. The feed gas temperature
increases to —116.58°C from —116.77°C.

From Figs. 6 and 7, under the swaying displacements
of 155 mm and 120 mm, the tube-side gas-phase outlet
pressure fluctuation amplitude percentages are 1.32% and
1.14% and the shell-side inlet pressure fluctuation
amplitude percentages are 4.22% and 3.07%, respectively.
The tube-side gas-phase mixed refrigerant temperature
increases to —126.64°C from —126.93°C, for the swaying
displacement of 155 mm. The tube-side gas-phase
temperature increases to —121.85°C from —121.95°C, for
the displacement of 120 mm. The feed gas temperatures
both maintain stable.

From Fig. 8, under the heaving displacement of 255
mm and the heaving period of 10 s, the tube-side gas-
phase outlet pressure fluctuation is 0.029 MPa and the
fluctuation amplitude percentage is 2.96%. The pressure
fluctuation period is different from the heaving period.
The tube-side inlet pressure, liquid-phase outlet pressure
and shell-side pressure don’t fluctuate under sloshing
conditions. The tube-side gas-phase mixed refrigerant
temperature increases to —121.95°C from —122.93°C.
The feed gas temperature increases to —119.19°C from
—120.51°C. This is because the swaying motion gives a
vertical velocity to the SWHE, which leads to the
pressure fluctuation and decreases the heat transfer
performance of SWHE.

As shown in Fig. 9, under the heaving displacement of
190 mm and the heaving period of 10 s, the tube-side
gas-phase outlet pressure fluctuation is 0.017 MPa and
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Fig. 4 Pressures and temperatures of SWHE under swaying condition (255 mm)
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Fig. 7 Pressures and temperatures of SWHE under swaying condition (120 mm)

the fluctuation amplitude percentage is 1.75%. The
tube-side gas-phase mixed refrigerant temperature
increases to —123.71°C from —124.98°C. The feed gas
temperature maintains stable.

From Figs. 10 and 11, under the heaving
displacements of 155 mm and 120 mm, the heaving
motion has little effect on the pressures of SWHE. The
temperatures of tube-side gas-phase mixed refrigerant
and feed gas increase to —128.69°C and —125.35°C from
—129.28°C and —126.22°C respectively, for the heaving
displacement of 120 mm.

4.2 LMTD of SWHE under sloshing conditions

LMTD is integral average of temperature difference
between cold and hot fluid in the heat exchanger, which
is one of the important parameters to investigate SWHE
heat transfer performance. Under sloshing conditions,
LMTD of SWHE changing over time is shown in Fig. 12.

Fig. 12 shows that under different amplitudes of
oscillation, sloshing motions have the similar influence
on heat transfer performance of SWHE, which is
classified into three regions: quasi-steady region,
intermediate region and performance deterioration region.
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(1) In quasi-steady region, SWHE is under sloshing
conditions, whose technological parameters are all in a
static state, due to temperature hysteresis. Quasi-steady
region is relatively short.

(2) In intermediate region, technological parameters of
SWHE fluctuate dramatically, but still in the scope of
design, because of its own sloshing resistance.

(3) After 800 s, as well as 500 sunder sloshing
conditions, SWHE is in performance deterioration

J. Therm. Sci., Vol.28, No.5, 2019

region, where offshore adaptability of SWHE is
becoming poor, resulting in rapid increase of log mean
temperature difference and deterioration of heat transfer
performance.

4.3 Heat transfer performance of SWHE under
sloshing conditions

Base on the experimental data and mathematical
models of Egs. (1)-(3) and Table 6, the calculated results
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of temperature and heat transfer coefficient distribution
of SWHE under swaying and heaving conditions are
shown in Figs. 13, 14 and 15.

As shown in Fig. 13, the heat transfer coefficients of
shell-side mixed refrigerant increase to 290.70 and
280.73 W/(m*-°C) from 119.11 and 116.54 W/(m*-°C)
before and after the swaying condition, respectively. The
heat transfer coefficients of shell-side mixed refrigerant
increase to 196.97 and 193.19 W/(m*-°C) from 98.18 and
97.61 W/(m*-°C) before and after the heaving condition,
respectively. It can be concluded that the heat transfer
coefficient of the shell-sidle SWHE increases from
bottom to top. This is because the shell-side cooling
capacity of the SWHE applied on the DMR liquefaction
process is mainly based on the latent heat of the
liquid-phase mixed refrigerant. With the higher position,
the liquid fraction of mixed refrigerant is higher and the
latent heat is larger.

Under swaying and heaving condition, the shell-side
heat transfer coefficients at the bottom of the SWHE
decrease by 2.57 and 0.57 W/(m*-°C), respectively. The
shell-side heat transfer coefficients at the top of the
SWHE decrease by 9.97 and 3.78 W/(m*:°C),
respectively. The effect of sloshing on the heat transfer
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Fig. 13 Shell-side heat transfer coefficient of SWHE under

swaying and heaving conditions

performance at the top of SWHE is greater than the
bottom. This is because falling film evaporation is a
dominant heat transfer technology at the top of SWHE,
which is highly susceptible to the sloshing motion. The
shell-side mixed refrigerant is dominated by the gas
phase at the bottom of the SWHE, and the sloshing
motion has little effect on the gas-phase mixed
refrigerant.

As shown in Fig. 14(a) and (b), under static condition,
the heat exchange coefficients of feed gas, gas-phase and
liquid-phase mixed refrigerant increase to 254.68, 262.85
and 268.61 W/(m*-°C) from 110.82, 112.35 and 116.05
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W/(m*-°C), respectively. After swaying condition, the
heat exchange coefficients of feed gas, gas-phase and
liquid-phase mixed refrigerant increase to 244.92, 255.08
and 259.72 W/(m*-°C) from 108.26, 109.76 and 113.59
W/(m?*-°C), respectively. It can be concluded that the heat
exchange coefficient of liquid-phase mixed refrigerant is
the largest, followed by the gas-phase mixed refrigerant
and feed gas. This is because the flow rate of the
liquid-phase mixed refrigerant is the largest compared to
the feed gas and gas-phase mixed refrigerant. With the
same pipe diameter (4 mm), the Reynolds number is
large, resulting in a larger heat exchange coefficient.

As shown in Fig. 14(c) and (d), before heaving
condition, the heat exchange coefficients of feed gas,
gas-phase and liquid-phase mixed refrigerant increase to
177.80, 179.57 and 185.18 W/(m*-°C) from 91.94, 92.19
and 95.59 W/(m?>-°C), respectively. After heaving
condition, the heat exchange coefficients of feed gas,
gas-phase and liquid-phase mixed refrigerant increase to
174.98, 177.40 and 181.50 W/(m*-°C) from 91.49, 92.07
and 95.03 W/(m*-°C), respectively. Similar to the
shell-side heat transfer coefficient, the effect of sloshing
on the tube-side heat exchange coefficient at the top of
SWHE is greater than the bottom.

The sloshing effects on the heat transfer performance
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of SWHE are given in Table 8. It can be concluded that
the swaying motion has a larger effect on the thermal
performance of FLNG SWHE than heaving.

As shown in Fig. 15, the feed gas temperatures
decrease to —91.63 and —89.07°C (—89.07°C = —89.07 +
273.15 K=184.08 K) from —39.44 and —35.36°C before
and after swaying condition, respectively. The feed gas
temperatures decrease to —91.38 and —87.37°C from
—38.77 and —36.59°C before and after heaving condition,
respectively. It can be concluded that the temperature
drop rate of the tube-side feed gas decreases in the
SWHE. This is because the inlet feed gas is pure gas
phase, the absorbed cooling capacity of which is used to
lower the temperature. The temperature drops faster.
However, when the tube-side feed gas starts to be
liquefied, most of the absorbed cooling capacity is used
for the latent heat and the temperature drops slowly.

From Fig. 15, sloshing motions increase the tempera-
tures of tube-side gas-phase mixed refrigerant. Under
swaying and heaving conditions, the maximum tempera-
ture differences of gas-phase mixed refrigerant at the
same location of SWHE are 2.16 and 1.76°C, respect-
tively. The inlet gas-phase mixed refrigerant temperature
drops faster than the liquid-phase mixed refrigerant. In
the middle of SWHE, the gas-phase mixed refrigerant
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Fig. 14 Heat exchange coefficients of SWHE under swaying and heaving conditions
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Table 8 Changing rates of heat transfer performance under
swaying and heaving conditions

Under swaying Under heaving
Position condition condition
Top Bottom Top Bottom
Shell side 3.43% 2.16% 1.92% 0.58%
Gas phase 2.96% 2.30% 1.21% 0.13%
Liquid phase 331% 2.12% 1.99% 0.59%
Feed gas 3.83% 2.31% 1.59% 0.49%
250
—=&— Tube-side gas-phase mixed refrigerant
240 —e— Tube-side liquid-phase mixed refrigerant
590 —— Shell-side cryogenic mixed refrigerant
¥ a0t
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2 210t
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temperature drop rate is lower than the liquid-phase
mixed refrigerant. This is because the gas-phase mixed
refrigerant flow rate is much lower than the liquid-phase
mixed refrigerant. The temperature drop rate is faster at
the bottom. As the temperature decreases, the gas-phase
mixed refrigerant is gradually liquefied. The cooling
capacity is mostly used for the latent heat of gas-phase
mixed refrigerant. Therefore, the temperature drop rate is
slower and gradually surpassed by the liquid-phase
mixed refrigerant.
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Fig. 15 Temperatures of SWHE under swaying and heaving conditions

4. Conclusions

The experimental devices of FLNG SWHE and
six-DOF sloshing platform were built to understand the
thermal performance of FLNG SWHE under sloshing
conditions. Following conclusions are given:

(1) The sloshing motions can cause the temperature
rise and pressure fluctuation of SWHE, especially for
swaying. Under the sloshing displacement among
120255 mm, the pressure fluctuation percentage was
within 7% and the amount of temperature change was
less than 2°C.

(2) Heat transfer performance of SWHE under
sloshing conditions can be classified into three regions:
quasi-steady region, intermediate region and performance
deterioration region.

(3) The heat exchange coefficient of liquid-phase
mixed refrigerant was the largest, followed by the
gas-phase mixed refrigerant and feed gas. The heat
transfer coefficient and effect of sloshing on the heat
transfer performance at the top of SWHE were both
larger than those at the bottom. At the top of the SWHE,
the shell-side heat transfer coefficients decreased by 9.97
and 3.78 W/(m®-°C) under swaying and heaving
conditions, respectively.
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