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The printed circuit heat exchanger with high efficiency and good compactness and
reliability presents potential application in the floating liquefied natural gas platform.
This paper offers a review on technical characteristics and development trend of the
printed circuit heat exchanger applied in floating liquefied natural gas, including the
development state of printed circuit heat exchangers, the application state of printed
circuit heat exchangers in floating liquefied natural gas, and the key issues for potential
application of printed circuit heat exchangers in floating liquefied natural gas. Firstly, the
existing research results of heat transfer and pressure drop characteristics of printed circuit
heat exchangers with various flow channels are analyzed, and the correlations of the heat
transfer coefficients and the pressure drop of these flow channels are summarized. Then,
the application state of printed circuit heat exchangers in floating liquefied natural gas is
introduced, and the functions of printed circuit heat exchangers used in the existing floating
liquefied natural gas facilities are analyzed. Finally, the key issues for applying printed circuit
heat exchangers in floating liquefied natural gas, including the structure design criteria,
influence mechanism of sloshing conditions on performance, and methods of suppressing
the adverse effects of sloshing conditions, are proposed. It is indicated that the present
studies focus on the effect of single sloshing motion on the thermal–hydraulic
performances of printed circuit heat exchangers, but few attention has been paid onto
the coupling effects of multiple sloshing motions which conform more closely to the actual
operation conditions of printed circuit heat exchangers in floating liquefied natural gas.
Thus, the future work should aim at the influence mechanisms and structure optimizations
in terms of thermal–hydraulic performance under multiple sloshing conditions.
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1 INTRODUCTION

In recent years, the use of natural gas has been growing steadily and remains one of the primary
energy consumptions in the world (He et al., 2021; Qyyum et al., 2021; Huang et al., 2022). The
increasing demand of natural gas market requires the utilization of offshore gas fields, which
contain over 60% of the total proven world gas reserves (Yan and Gu, 2010). The floating
liquefied natural gas (FLNG) platform, with good mobility and reusability, is the basic
production device for offshore natural gas (He et al., 2018; Vieira et al., 2018). The main
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cryogenic heat exchanger is key equipment in an FLNG
platform, as it conducts the gas-to-liquid process of
exploited natural gas and determines the capacity of LNG
productions (Chang et al., 2012). The FLNG platform sloshes
under the effects of winds and waves, leading to the change of
the flow and heat transfer characteristics of cryogenic heat
exchanger, and the heat exchanger will suffer the additional
thermal stress and compressive stress, leading to potential
risks for safety (Chong et al., 2015; Zhang C. et al., 2021).
In order to ensure the efficient and stable operation of FLNG
platform with limited space, the cryogenic heat exchangers
should meet the requirements of high efficiency and good
compactness and reliability.

The challenge of FLNG liquefaction is that the cryogenic
heat exchanger is difficult to simultaneously meet the
requirements of high efficiency and good compactness and
reliability. The commonly used heat exchangers in FLNG are
plate fin heat exchangers (PFHEs) and spiral wound heat
exchangers (SWHEs) (Cao et al., 2016; Ghorbani et al.,
2017; Li et al., 2018; Sun et al., 2021; Wilkes, 2008; Xu
et al., 2014). PFHEs have the advantages of high efficiency
and good compactness, but the poor reliability will lead to
potential risks for deformation and LNG leakage (Ma et al.,
2016; Zheng et al., 2021). SWHEs have the advantages of high
pressure resistance, high reliability, and easy maintenance, but
the low compactness and large volume of the SWHE limit its
application in FLNG (Hasan et al., 2009; Pacio and Dorao,
2011; He et al., 2022). Therefore, seeking a new type of heat
exchanger with high efficiency and good compactness and
reliability has become the key to ensure the efficient and stable
operation of FLNG.

The printed circuit heat exchanger (PCHE) has the
advantages of high efficiency and good compactness and
reliability, and it is regarded as a promising type of
cryogenic heat exchanger used in the FLNG platform. A

PCHE consists of stacked plates with each plate chemically
etched with micro-channels, as shown in Figure 1. As the
surface area density of PCHE reaches 2,500 m2/m3 (Oh et al.,
2009) which is much larger than that of PFHE (about 160 m2/
m3) and SWHE (about 120 m2/m3), the PCHE can satisfy the
requirements of high efficiency and good compactness (Li L.
et al., 2022; Bohan Liu et al., 2022; Ma et al., 2022; Zhang et al.,
2022). As the stacked plates are connected with each other by
diffusion bonding (Xin et al., 2019; Deng et al., 2020) and no
braze material is used during the fabrication of the heat
exchanger core, the PCHE can endure severe operating
conditions without breakdown or corrosion, which can
meet the requirement of good reliability (Huang et al.,
2019; Guangxu Liu et al., 2020; Zhiyuan Liu et al., 2022).
According to the above analysis of the characteristics of heat
exchanger used in FLNG, the advantages and disadvantages of
SWHEs, PFHEs, and PCHEs are elaborated in Table 1.

The existing research studies on the PCHE applied in FLNG
mainly include the mechanical performance, the
thermal–hydraulic performance under stable conditions,
and the thermal–hydraulic performance under sloshing
conditions. The mechanical performance is the key factor to
evaluate the reliability of PCHE, and the optimizations of the
mechanical performance of PCHE have been performed based
on the deformation analysis in the process of diffusion
bonding under high-temperature conditions by former
researchers (Yoon et al., 2017; Xu et al., 2022). The
thermal–hydraulic performance under stable conditions is
the basis of the PCHE design, and the related research
studies cover the quantitative analysis of thermal–hydraulic
characteristics of PCHEs with various structural parameters
and the correlation development of thermal–hydraulic
characteristics (Shin and No, 2017; Popov et al., 2019;
Bohong Wang et al., 2021; Li and Yu, 2021; Jin et al., 2022;
Yang et al., 2022; Zhou et al., 2022). The thermal–hydraulic

FIGURE 1 | Structure of printed circuit heat exchangers (Heatric, 2008; Ma et al., 2015; Huang et al., 2019; Ma et al., 2022).
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performance under sloshing conditions determines the liquid
production rate of FLNG, and the additional inertial forces
caused by the sloshing of PCHE may result in the change of
flow pattern, the misdistribution of gas and liquid, and the
fluctuation of flow and thermal–hydraulic performances
(Çarpinlioǧlu and Gündoǧdu, 2001; Ma et al., 2021).

The challenges to apply the PCHE in FLNG platforms
mainly result from the following three aspects. Firstly, the
structure design criteria of PCHEs applied in FLNG are
unknown. The structure design criteria of PCHEs applied in
FLNG are different from those applied in the onshore
conditions, which needs to consider the operating
conditions of FLNG platform and the marine conditions
comprehensively. Secondly, the influencing mechanisms of
the sloshing condition on the performances of PCHEs are
unclear. The sloshing condition will lead to the fluctuation of
the temperature and pressure and the misdistribution of gas
and liquid among micro-channels of PCHEs, and it may
change the flow pattern of the non-zeotropic working fluid
as well as the mass and energy transfer in micro-channels,
making it difficult to predict the mechanical and the
thermal–hydraulic performance of PCHEs. Finally, the
method of suppressing the adverse effects of sloshing
conditions on the performances of PCHEs is uncertain. In
the design of PCHE applied in FLNG, the adverse effects of
sloshing conditions caused by winds and waves should be
concerned, and the method of suppressing the adverse effects
of sloshing conditions should be studied.

In this paper, the state of the development and the application
of PCHEs in FLNG are reviewed, and the key issues for applying
PCHEs in FLNG are analyzed, including the structure design
criteria of PCHEs, the influence mechanism of sloshing, and the
method of suppressing the adverse effects of sloshing conditions
on the performances of PCHEs.

2OVERVIEWONDEVELOPMENT STATEOF
PRINTED CIRCUIT HEAT EXCHANGERS
2.1 Structures of Printed Circuit Heat
Exchangers
The structures of PCHEs are the key factors to determine heat
transfer and pressure drop characteristics. The flow channel type
is the basic structure parameter, and two types of flow channels
including continuous flow channels and discontinuous flow
channels are employed in PCHEs, as shown in Figure 2 (Chai
and Tassou, 2020).

The continuous flow channels can be classified as the straight
channel and the zigzag channel. The straight channel is the basic
channel type, and the structural parameters of the straight
channel include the typical equivalent hydraulic diameter (d),
cross-section, transverse pitch (S), and vertical pitch (Aquaro and
Pieve, 2007). The zigzag channel is the most widely used type of
flow channel in PCHEs. Besides the structural parameters of the
straight channel, the structural parameters of the zigzag channels
include the zigzag angle and the zigzag pitch length (Bone et al.,
2018), which determine the flow path and become more critical
for the structural optimization of the zigzag channels. The cross-
section shapes of both the straight channel and the zigzag channel
include semicircular, rectangular, trapezoid, or elliptical.

The discontinuous flow channels include the S-shaped fin
channel and the airfoil channel. The structural parameters of the
S-shaped fin channel include the fin length (Lx), fin width (df),
channel width (dy), and fin angle (φ) (Tsuzuki et al., 2009a). The
structural parameters of the airfoil channel include the transverse
pitch (La), staggered pitch (Lb), and longitudinal pitch (Lc) (Chu
et al., 2017). Both the S-shaped fin channel and the airfoil channel
show high heat transfer and low pressure drop, but the complex
structures of discontinuous flow channels result in a much higher
cost in the chemical etching process and poorer pressure

TABLE 1 | Comparison of heat exchangers for FLNG (Hasan et al., 2009; Oh et al., 2009; Pacio and Dorao, 2011; Ma et al., 2016; Zheng et al., 2021; He et al., 2022; Ma
et al., 2022).

Type
of heat exchanger

Advantages for FLNG Disadvantages for FLNG Operation conditions

Spiral wound heat
exchangers

• High pressure resistance • Deterioration of shell-side heat transfer under
sloshing conditions

• Applied in the FLNG platforms under weak
sloshing conditions

• Suitable to large-scale production • Dynamic fluctuations of outlet temperature
and pressure

• Convenient maintenance • High mechanical strength requirements for
interstage structures• Good adaptability for various LNGs

Plate fin heat
exchangers

• Good compactness • Low pressure resistance • Applied in the small- and medium-sized
FLNG platforms• Small impacts of sloshing on

thermal–hydraulic performances
• Easy occurrence of the blockages

• Low manufacturing cost • Maldistribution of fluids in parallel units
• High maturity level

Printed circuit heat
exchangers

• High pressure resistance • Deterioration of heat transfer under sloshing
conditions

• Applied in FLNG platforms with limited
installation

• Good reliability • Easy occurrence of the blockages
• Large heat transfer surface area per volume • High manufacturing cost
• Good compactness
• High degree of modularity
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resistance compared to those of continuous flow channels.
Therefore, PCHEs with S-shaped fin channels and airfoil
channels are still confined to the laboratory.

2.2 Heat Transfer Characteristics of Printed
Circuit Heat Exchangers
The existing research studies related to the heat transfer
characteristics of PCHEs cover the quantitative analysis of heat
transfer characteristics with various flow channel types and the
correlation development of heat transfer characteristics. In the state
of laminar flow, the impact of flow channel types on heat transfer
characteristics of PCHEs is weak (Pra et al., 2008), while in the state of
turbulent flow, the impact of flow channel types on heat transfer
characteristics can be expressed as the Nusselt number (Kandlikar
et al., 2006), and the expressions of various flow channel types are
summarized as follows.

For PCHEs with straight channels, the main factors affecting
the heat transfer characteristics are typical equivalent hydraulic
diameters (d) and cross-section of channels (Haiyan Zhang et al.,
2019; Zhao et al., 2019; Khalesi et al., 2020; Liu et al., 2020a; Han
Wang et al., 2021). The heat transfer coefficients decrease
significantly with the decrease of the typical equivalent
hydraulic diameters of the channels (Liu et al., 2018;
Yuandong Zhang et al., 2019). The impact of cross-section on

heat transfer coefficients can be neglected with the same hydraulic
diameter (Jeon et al., 2016; Tu and Zeng, 2020).

For PCHEs with zigzag channels, the critical factor of structure
that affects the heat transfer characteristics is the zigzag angle
(Bone et al., 2018; Bennett and Chen, 2019; Torre et al., 2021; Li Y.
et al., 2022). A bigger zigzag angle will lead to a larger transverse
velocity, which may promote the mixing of working fluid and thus
improve the heat transfer performance; but overly high zigzag angles
may increase the size of separation zones and result in the reduction of
the heat transfer area and the pitch-averaged Nusselt number. The
maximum heat transfer characteristic is achieved when the zigzag
angle is 35°. The impact of various cross-section shapes with the same
hydraulic diameter on heat transfer coefficients can be neglected for
PCHEs with zigzag channels (Lee and Kim, 2013).

For PCHEs with S-shaped fin channels, the critical factors
affecting the heat transfer characteristics include the fin angle and
hydraulic diameter (Ngo et al., 2007; Tsuzuki et al., 2009b). The
heat transfer coefficients increase slightly with the increase of fin
angle, and the heat exchange capacity of PCHEs increases from
20 MW/m3 to 30 MW/m3 when the fin angle increases from 0 to
60° (Tsuzuki et al., 2007). The hydraulic diameter has a significant
impact on the heat transfer characteristics, and the small
hydraulic diameter will enhance the impacts on the heat
transfer characteristics. The heat exchange capacity of PCHEs
reduces from 55 MW/m3 to 20 MW/m3 when the hydraulic
diameter increases from 0.5 to 1 mm, and the heat exchange

FIGURE 2 | Schematic diagram of the PCHE structure.
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TABLE 2 | Summary of heat transfer correlations for PCHEs.

Flow
channel

Cross-
section

Working
fluid

Method Structure
parameters

Operation
condition

Heat transfer correlations Authors/
year

Straight
channels

Semicircular CO2 Experiment d = 1.87 mm T =
26.40–121.27°C, m

=
50.03–780.11 kg/

m2s

Nu � 0.1229Re0.6021b Pr0.3b (cp,w/cp,b)0.1310 Liu et al.
(2020b)S = 2.7 mm

Semicircular R-245fa Experiment d = 1.7 mm T = 30°C, m =
100–400 kg/m2s

αR−TP−local
αL

� 1 + 3000Bo0.86 + 1.12{ x
1 − x

}0.75{ρL
ρG

}0.41

αL � 0.023(G(1 − x)D
μL

)0.8(cp,LμL
kL

)0.4(kL/D)

Kubo et al.
(2022)S = 1.55 mm

Circular R-245fa Experiment d = 1.87 mm T = 30°C, m =
100–400 kg/m2s

αR−TP−local
αL

� 1 + 3000Bo0.86 + 1.12{ x
1 − x

}0.75{ρL
ρG

}0.41

αL � 0.023(G(1 − x)D
μL

)0.8(cp,LμL
kL

)0.4(kL/D)

Kubo et al.
(2022)S = 1.6 mm

Zigzag
channels

Semicircular CO2 Experiment
and CFD

d = 1.0 mm T = 27–29°C, m =
880 kg/m2s

h � hsf(1 + 3.8

Z0.95)

Z � (1
x
− 1)0.8P0.4

red

hsf � hf(1 − x)0.8

Bae et al.
(2019)Pt = 1.8 mm

θ = 32.5°

Experiment d = 1.8 mm p = 0.15–0.35 MPa,
m =

100–400 kg/m2s

htp � Ehf + Shpb

hf � Nul,skl
Dh

Nul,s � 0.0036Rel,sPr
0.58 + 4.089

hpb � 55( P
Pc

)0.12(−log10 PPc
)−0.55M−0.5q0.67

Hu et al.
(2021)Pt = 12.6 mm

θ = 15°

d = 1.5 mm p = 7.6–9.3 MPa Nu � (0.02475 ± 0.002657)Re(0.76214±0.03899) Cheng et
al. (2021)Pt = 9 mm Re = 4,897–23,888

θ = 32.5°

d =
0.6–1.2 mm

T = 500–900 K Nu � a1Re
a2
h,inm

• a3

h θa4h ( Lf,h
Dh,h

)a5 + a6m
• a7

h Ta8
h,in

Bennett
and Chen
(2020)Pt =

5–10 mm
P = 2–10 MPa, m =

0.05–0.5 g/s
θ = 84–170°

Rectangular CO2 Experiment d = 1.5 mm T = 49°C, m =
0.4–1.9 g/s

Nu � 0.5656Re0.5424Pr0.01140 ,1299≤Re≤8313 Alvarez et
al. (2021)Pt =

13.51 mm
θ = 90°

Semicircular CO2 CFD d =
1.106 mm

T = 279.9°C Nu � 0.475Re0.83Pr0.95 Saeed and
Kim (2019)

Pt = 9.0 mm p = 2.545 MPa, m =
0.1445 g/s

θ = 40°

d =
1.106 mm

T = 279.9°C, m =
0.5–1.25 g/m

Nu � 0.475Re0.61Pr0.17 Saeed et
al. (2020)

pt = 1.8 mm
θ = 32.5°

S-shaped
fin
channels

Rectangular CO2 Experiment d = 1.12 mm T = 398–418 K Nu � 0.1772Re0.6051Pr0.2127

2700<Re<7000;0.9593<Pr<1.1184
Zhao et al.
(2021)dy = 2.7 mm P = 8–10 MPa, m =

20–50 kg/hdf = 0.8 mm
θ = 40°

CFD d =
1.106 mm

T = 279.9°C Nu � 0.050Re0.8Pr0.86 Saeed and
Kim (2019)

Lx = 9.0 mm p = 2.545 MPa, m =
0.1445 g/sθ = 40°

Airfoil
channels

Rectangular Ternary
salt

Experiment La = 3.0 mm T = 218–337.4°C, m
= 3.25–15.88 m3/h

Nu � 0.0129Re1.0537s Pr1/3s (μs/μw)0.14
Res � 500 − 1548,Prs � 19.4 − 23.8, μs/μw � 0.73 − 0.85

Wang et al.
(2019)Lb = 1.5 mm

Lc = 8.0 mm
CO2 Experiment La =

1.95 mm
T = 195.3°C Nu � 0.0601Re0.7326Pr0.3453 Pidaparti

et al.
(2019)Lb = 4 mm

(Continued on following page)

Frontiers in Energy Research | www.frontiersin.org April 2022 | Volume 10 | Article 8856075

Xie et al. Printed Circuit Heat Exchanger

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


capacity of PCHEs reduces by only 10 MW/m3 when the
hydraulic diameter increases from 1 to 2 mm (Hu et al., 2018).

For PCHEs with airfoil channels, the factors affecting heat
transfer characteristics include the staggered arrangement,
transverse pitch, and longitudinal pitch (Yuandong Zhang
et al., 2019; Lu et al., 2022; Wang et al., 2022). The staggered
arrangement can be described quantitatively by staggered pitch.
When the staggered pitch increases, the average heat transfer
coefficients decrease slightly. When the transverse pitch decreases
or the longitudinal pitch increases, the Nusselt number decreases
as well. And the impacts of longitudinal pitch on heat transfer
characteristics are enhanced when the staggered arrangement is
sparser with small transverse pitch (Kim et al., 2015).

For PCHEs with straight channels, zigzag channels, S-shaped
fin channels, and airfoil channels, the developed correlations of
heat transfer characteristics by former researchers are
summarized in Table 2.

2.3 Pressure Drop Characteristics of
Printed Circuit Heat Exchangers
The pressure drop characteristics of PCHEs mainly depend on
the flow channels and can be described by friction factors f. The
detailed impact of the structure parameters of various flow
channels on the pressure drop is explained as follows.

For PCHEs with straight channels, the pressure drop of the
heat exchanger is smallest among all types of continuous flow
channels. The previous research studies show that the critical
factor of the pressure drop of straight channels is the typical
equivalent hydraulic diameter. The friction factor f increases with
the reduction of the hydraulic diameter, and the friction factor f is
approximately inversely proportional to the Reynolds number.

For PCHEs with zigzag channels, the critical factors
affecting the pressure drop include the hydraulic diameter
of the channel (Kim et al., 2010) and the zigzag angle (Chen
et al., 2016; Chen et al., 2019). The friction factor f increases
with the increase of zigzag angle and the decrease of the
hydraulic diameter. When the zigzag angle is bigger than 15°,
the friction factor f may increase sharply. For various cross-
section shapes, i.e., semicircular, circular, trapezoidal, and
triangular, it is indicated that PCHEs with a circular cross-

section shape own the smallest friction factor, and PCHEs
with a rectangular cross-section shape own the largest
friction factor which is about 1.3 ~ 1.6 times that with the
other cross-section shapes (Jeon et al., 2016).

For PCHEs with S-shaped fin channels, the critical factors
affecting the pressure drop include the fin angle and the
hydraulic diameter. The friction factor increases
significantly with the increase of the fin angle; the friction
factor may increase by nearly 9 times as the fin angle increases
from 0 to 60°, and the fin angle has more significant impacts
on the pressure drop when the fin angle is larger than 30°

(Tsuzuki et al., 2007). The friction factor decreases with the
increase of the hydraulic diameter, and the friction factor may
remain almost constant when the hydraulic diameter is larger
than 1.1 mm (Hu et al., 2018).

For PCHEs with airfoil channels, the factors affecting the
pressure drop include the transverse pitch and the longitudinal
pitch (Fu et al., 2019; Zhao et al., 2020; Zhu et al., 2021). With the
increase of the transverse pitch, the velocity distribution tends to
be stable, and the effect of eddy region behind the airfoil fins is
weakened, leading to the significant reduction of the total
pressure drop (Chu et al., 2017). With the decrease of the
longitudinal pitch, the channel width between adjacent fins
becomes narrow, and the flow resistance increases
significantly, leading to the reduction of the total pressure
drop (Kim et al., 2015).

For PCHEs with straight channels, zigzag channels, S-shaped
fin channels, and airfoil channels, the developed correlations of
pressure drop are summarized in Table 3.

3 APPLICATION STATE OF PRINTED
CIRCUIT HEAT EXCHANGERS IN
FLOATING LIQUEFIED NATURAL GAS
The PCHE with a compact structure, high efficiency, and
good reliability has good application prospects in the FLNG
platform. There have been a few applications of PCHEs in the
FLNG platform worldwide, which are mainly designed by
Heatric, and the application trend for PCHE deployment in
oil and gas applications steadily grows (Heatric, 2019).

TABLE 2 | (Continued) Summary of heat transfer correlations for PCHEs.

Flow
channel

Cross-
section

Working
fluid

Method Structure
parameters

Operation
condition

Heat transfer correlations Authors/
year

p = 7.78 MPa, m =
1,284.7 kg/s

Lc = 7.5 mm

CFD La = 3.0 mm T = 773 K, m =
9.834 g/s

Nu � 0.0986Re0.687S−CO2
Pr0.4S−CO2

(μS−CO2
/μw)0.14 Shi et al.

(2020)Lb = 4.0 mm
Lc = 8.0 mm
La = 4.0 mm T = 107.0°C, m =

35.0–50.0 m3/h
Nu � 3.411Re0.196gas Pr1/3gas
Regas � 400 − 2000,Prgas � 0.6 − 0.8

Han et al.
(2021)Lb = 6.0 mm

Lc =
12.0 mm

Molten
salt

CFD La = 3.0 mm T = 873–1073 K, m
= 22 g/s

Nu � 0.063Re0.755salt Pr1/3salt(μsalt/μw)0.14 Shi et al.
(2020)Lb = 4.0 mm

Lc = 8.0 mm
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By now, PCHEs have been applied in the FLNG projects in
some countries. For example, there are 18 PCHEs applied by
Shell’s Prelude in the PFLNG 1 project. This FLNG facility
with the length of 488 m and the width of 74 m is the largest
floating offshore facility in the world (LNG World News,
2011), and it will be moored offshore at a distance of over
200 km from Northwest Australia, and the water depth is
about 250 m. For the PFLNG 2 project, there are 10 PCHEs
applied, and the gas–liquid separation device and headers are
combined to replace the single separators in these PCHEs for
improving the compactness of FLNG arrangement (LNG
Industry, 2014).

However, there is no application of PCHEs in the FLNG
platform in China. The existing applications of PCHEs focus
on the onshore facilities. For example, the first application of
PCHEs in the LNG field in China is the Liwan 3-1 gas field,
and PCHEs are applied as compressor aftercoolers and dry
and wet gas heat exchangers in the central processing
platform located in a shallow water area. In this
application case, PCHEs show the advantages of high
efficiency, high temperature resistance, and high pressure
resistance, and the volume and weight of PCHEs are five-
quarters those of spiral wound heat exchangers with the same
capacity. As the application of PCHEs is positive for compact

TABLE 3 | Summary of pressure drop correlations for PCHEs.

Flow
channels

Cross-
section

Working
fluid

Methods Structure
parameters

Operation
condition

Pressure drop correlations Authors

Straight
channels

Circular R-245fa Experiment d = 1.87 mm T = 30°C, m =
100–400 kg/m2s

c � c1Re
c2
L Wec3L

c1 � 2.16, c2 � 0.047, c3 � 0.6 (ReL < 1000,ReG < 1000)
c1 � 1.45, c2 � 0.25, c3 � 0.23 (ReL < 1000,ReG > 1000)

Kubo et al.
(2022)S = 1.6 mm

Semicircular CO2 Experiment d = 1.87 mm T =
26.40–121.27°C,

m =
50.03–780.11 kg/

m2s

f � 0.05776Re−0.2192b , 3600<Reb < 36500 Zhiyuan
Liu et al.
(2022)

S = 2.7 mm

CFD d = 1.87 mm T = 25.4–26.0°C,
m =

48.3–903.1 kg/m2s
f �

⎧⎪⎨
⎪⎩

15.08/Reb ,Reb <Re1
6.34 × 10−5Re0.6373b ,Re1 ≤Reb ≤Re2
0.0557Re−0.2137b ,Re2 ≤Reb <Ret

Bohan Liu
et al.
(2022)

S = 2.7 mm

R-245fa Experiment d = 1.7 mm T = 30°C, m =
100–400 kg/m2s

c � c1Re
c2
L Wec3L

c1 � 2.16, c2 � 0.047, c3 � 0.6 (ReL < 1000,ReG < 1000)
c1 � 1.45, c2 � 0.25, c3 � 0.23 (ReL < 1000,ReG > 1000)

Kubo et al.
(2022)S = 1.55 mm

Zigzag
channels

Semicircular CO2 Experiment
and CFD

d = 1.8 mm T = 27–29°C, m =
880 kg/m2s

factorformloss � max[1,−20.3( P
Pcrit

) + 19.9] Bae et al.
(2019)Pt = 2.35 mm

θ = 40°

Experiment d =
0.6–1.2 mm

T = 500–900 K fh � a1 + a2Re
a3
h,in + a4(π − θh)a5 + a6

rh
Dh,h

+ a7( wh

Dh,h
)a8

+a9(π − θh) rh
Dh,h

Bennett
and Chen
(2020)Pt = 5–10 mm P = 2–10 MPa, m =

0.05–0.5 g/sθ = 84–170°

d = 1.5 mm p = 7.6–9.3 MPa f � (0.7510 ± 0.09037)Re0.2834±0.08859 Cheng
et al.
(2021)

Pt = 9 mm Re = 4,897–23,888
θ = 32.5°

CFD d = 1.106 mm T = 279.9°C f � 0.115Re−0.13 Saeed
and Kim
(2019)

Pt = 9.0 mm p = 2.545 MPa,m =
0.1445 g/sθ = 40°

S-shaped
fin
channels

Rectangular CO2 CFD d = 1.106 mm T = 279.9°C f � 0.019Re−0.0054 Saeed
and Kim
(2019)

Lx = 9.0 mm p = 2.545 MPa,m =
0.1445 g/sθ = 40°

Airfoil
channels

Rectangular CO2 Experiment La = 1.95 mm T = 195.3°C fSS � 0.4545Re−0.34 Pidaparti
et al.
(2019)

Lb = 4 mm p = 7.78 MPa, m =
1,284.7 kg/sLc = 7.5 mm

CFD La = 3.0 mm T = 773 K, m =
9.834 g/s

fS−CO2 � 0.513Re−0.667S−CO2
Shi et al.
(2020)Lb = 4.0 mm

Lc = 8.0 mm
La = 4.0 mm T = 107.0°C, m =

35.0–50.0 m3/h
fgas � 12.3097Re−0.8755gas
Regas � 400 − 2000,Prgas � 0.6 − 0.8

Han et al.
(2021)Lb = 6.0 mm

Lc = 12.0 mm
Molten
salt

CFD La = 3.0 mm T = 873–1073 K,
m = 22 g/s

fsalt � 3.07Re−0.462salt
Shi et al.
(2020)Lb = 4.0 mm

Lc = 8.0 mm
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equipment installation space, platform equipment hoisting,
weight control, and subsequent maintenance, the FLNG
development in China has been approved by the Ministry
of Industry and Information Technology, and PCHEs will be
used as cryogenic heat exchangers.

4 KEY ISSUES FOR APPLYING PRINTED
CIRCUIT HEAT EXCHANGERS IN FLNG

In order to apply PCHEs in FLNG platforms, three key problems
are needed to be figured out. Firstly, the structure design criteria
of PCHEs in FLNG should be developed, and the design criteria
should be capable of reflecting the effects of the operating
conditions. Secondly, the influencing mechanism of sloshing
conditions on the performance of PCHEs should be studied as
the sloshing conditions will lead to significant differences of
PCHEs’ performance compared to that under onshore
conditions. Finally, the method of suppressing the adverse

effects of sloshing conditions on the performance of PCHEs
should be developed for realizing the full potential of PCHEs.

4.1 Structure Design Criteria of Printed
Circuit Heat Exchangers in FLNG
The thermal and hydraulic performance of PCHEs depends
on the structure of flow channels. The heat transfer and
pressure drop characteristics of PCHEs with various flow
channels, i.e., straight channels, zigzag channels, S-shaped fin
channels, and airfoil channels, are compared, as shown in
Figure 3.

For PCHEs with continuous flow channels, it can be found
that PCHEs with straight channels have the smallest heat transfer
capacity and the lowest pressure drop. The heat transfer
performance of PCHEs with zigzag channels is significantly
better than that with straight channels at the cost of larger
pressure drop (Meshram et al., 2016; Saeed et al., 2020b).
PCHEs with continuous flow channels including both straight
and zigzag channels have high maturity level and low
manufacturing cost.

For PCHEs with discontinuous flow channels, it can be found
that the PCHEs with airfoil channels show best heat transfer and
pressure drop performance (Zhang H. et al., 2021), and the
pressure drop of PCHEs with airfoil channels is only 1/20 that
with zigzag channels under the same heat transfer capacity (Kim
et al., 2008). The S-shaped fin channels have worse heat transfer
and pressure drop performance than the airfoil channels, but they
have better performance than the zigzag channels. The pressure
drop of PCHEs with S-shaped fin channels is only 1/10 that with
zigzag channels under the same heat transfer capacity (Ngo et al.,
2006).

Although the discontinuous flow channels have a better
thermal–hydraulic performance compared to the continuous
flow channels, the complex structures of the discontinuous
flow channels may result in a high cost in the chemical
etching process and poor pressure resistance of PCHEs
(Lee et al., 2021). For designing the flow channels of
PCHEs applied in FLNG, the operation conditions should
be taken into account besides the thermal–hydraulic
performance.

When the operational pressure of PCHEs is low and the
working fluids are non-flammable, the airfoil channel is the
best choice for PCHEs. The staggered arrangement of airfoil
fins can reduce the pressure drop of heat exchanger. With the
increasing transverse pitch or the decreasing longitudinal pitch,
the comprehensive performance of heat exchanger can be
improved with larger flow cross-section areas and shorter flow
channels (Bartel et al., 2015).

When the operational pressure of PCHEs is high or the
working fluids are flammable and explosive, the zigzag
channel is the best choice for PCHEs. For zigzag channels
with LNG as working fluids, there are periodic flow and heat
transfer occurring in the cold and hot channels (Bai et al., 2020).
Each local low-temperature region of LNG shown in temperature
contours corresponds well to its accelerating core shown in
velocity contours, as shown in Figure 4. This is because the

FIGURE 3 | (A) Effect of channel structure on heat transfer coefficients
(Yoon et al., 2014). (B) Effect of channel structure on Fanning friction factors
(Ngo et al., 2006; Yoon et al., 2014).
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periodic channel forces the fluid to change its flow direction,
resulting in a centrifugal force. The shifting of accelerating core
thins or even destructs the boundary layer, which is conducive to
convective heat transfer. The best comprehensive performance is
achieved when the channel bending angle is 15°, due to the
criterion ξ = (Nu/Nu0)/(f/f0) for evaluating the
thermal–hydraulic characteristics. When the channel bending
angle rises from 0° to 15°, the Nusselt number increases
obviously, and the Fanning friction factor has a little increase,
indicating that the effect of bending angle on heat transfer is
dominant. When the channel bending angle is larger than 15°, its
effect on flow resistance is more significant.

As the working fluid employed in FLNG is supercritical
natural gas which is flammable and explosive, the flow
channel applied in FLNG must meet the requirements of good
pressure resistance capacity to ensure the reliability of PCHEs.
Therefore, the zigzag channel is the recommended channel type
of PCHEs in FLNG because the zigzag channel has better pressure
resistance capacity compared to the S-shaped fin channel and the
airfoil channel and better heat transfer performance compared to
the straight channel.

4.2 Influence Mechanism of Sloshing
Conditions on Performances of Printed
Circuit Heat Exchangers
The sloshing types can be classified into six independent motions,
including three translational motions along the axis in three
directions: sway, surge, and heave, and three rotational motions
around the axis in three directions: roll, pitch, and yaw (Zheng
et al., 2018b). As the heave, pitch, and roll motions have much
greater effects than the others (Webb, 1981; Yan, 2017), the
influencing mechanism of heave, pitch, and roll conditions on
the performance of PCHEs should be studied.

For investigating the influencing mechanism of sloshing
conditions, the thermal and hydraulic performance of PCHEs
under various operating conditions, sloshing conditions, and
structures will be analyzed, and the effects of sloshing
conditions on the distribution and the flow pattern of working
fluids as well as dynamic fluctuation will be proposed.

4.2.1 Influence Mechanism of Sloshing Conditions on
Thermal and Hydraulic Performance
The sloshing conditions will lead the instantaneous thermal and
hydraulic performance of PCHE to periodically fluctuate, and the
fluctuation period of thermal and hydraulic performance is the
same as the sloshing period. The reason is that the flow velocity of
working fluid in PCHEs will periodically change under the
additional force, resulting in the heat transfer coefficient and
friction factor of the heat exchanger fluctuating with the sloshing
period.

The factors that affect the overall performance of PCHE are
as follows: 1) operating conditions of heat exchanger,
including the fluid inlet temperature, inlet mass flux, and
heat flux; 2) sloshing parameters, including the sloshing
period and sloshing amplitude; and 3) the structure of heat
exchangers.

4.2.1.1 Effect of Operating Conditions on Thermal and
Hydraulic Performance
The factors of operating conditions that affect the thermal and
hydraulic performance of PCHE include the fluid inlet
temperature, inlet mass flux, and heat flux.

The effects of fluid inlet temperature on thermal and hydraulic
performance are shown in Figures 5A,B. The Nusselt number
increases with the increase of the fluid inlet temperature, and the
fluctuation degree of the Nusselt number gradually decreases by
increasing inlet temperature. The heat transfer characteristics of
the natural gas in the pseudocritical and subcritical zones were
greatly affected by the rolling inertial force, whereas they were less
affected in the supercritical zone (Pan Zhang et al., 2019). On the
contrary, the friction factor decreases with the increase of the
mass flux, and the fluctuation degree of the friction factor
gradually decreases by increasing inlet temperature. The
impacts of sloshing conditions on both the Nusselt number
and the friction factor are weak when the temperature is
above 210 K.

The effects of inlet mass flux on thermal and hydraulic
performance are shown in Figures 5C,D. The trend of Nusselt
number rises with the increase of inlet mass flux, and the
fluctuation degree of Nusselt number gradually decreases by
increasing inlet mass flux. The maximum fluctuation is
reduced from 16.1% to 2.0%, when the inlet mass flux
increases from 300 to 900 kg/m2s. The friction factor increases
firstly and then decreases with the increase of the inlet mass flux,
and the fluctuation degree of friction decreases with the increase
of the mass flux. The maximum average friction factor is achieved
as 6.4% when the mass flux is 500 kg/m2s. And the maximum
fluctuation drops from 6.4% to 0.5%, when the inlet mass flux
increases from 300 to 900 kg/m2s.

The effects of the heat flux on thermal and hydraulic
performance are shown in Figures 5E,F. The Nusselt number
gradually decreases with the increase of heat flux, and the
decreasing degree of Nusselt number gradually increases. The
friction factor gradually increases by increasing heat flux, and the
increasing degree of friction gradually increases. In addition, the
fluctuation degrees of Nusselt number and friction almost stay
steady with the increase of heat flux under the same rolling
motion. It is concluded that heat flux has little effect on the
fluctuation of convective heat transfer under the rolling
condition.

4.2.1.2 Effect of Sloshing Conditions on Thermal and
Hydraulic Performance
The factors of sloshing conditions that affect the thermal and
hydraulic performance of PCHE include the sloshing amplitude
and sloshing period (Chen et al., 2022).

The effects of sloshing amplitude on thermal and hydraulic
performance are shown in Figures 6A,B. The fluctuation
degree of the Nusselt number will increase with the increase
of the sloshing amplitude, and the largest fluctuations are 8.4%
when the rolling amplitude is 20°. The fluctuation degree of
friction factor also increases by increasing sloshing amplitude,
and the largest fluctuation degree of friction factor is achieved
as 2.4% when the rolling amplitude is 20°. The reason is that the
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larger rolling amplitude will make the greater angular velocity
and angular acceleration, leading to a larger additional
inertial force.

The effects of sloshing period on thermal and hydraulic
performance are shown in Figures 6C,D. The fluctuations of
the Nusselt number increase with the reduction of sloshing
period; this is because the angular velocity and angular
acceleration are greater when the rolling period is smaller,
which leads to a larger additional inertial force. The maximum
fluctuation degree of Nusselt number is achieved as 27.9% when
the rolling period is 2 s. The fluctuations of friction factor increase
with the reduction of sloshing period. When the rolling period is
2 s, the maximum fluctuation of friction factor is achieved as
10.7% and the ratio of the friction factor in a rolling condition fr to
the steady friction factor fs is as large as 1.28; when the rolling
period was greater than 2 s, the ratio fr/fs along the PCHE channel
tended to remain unchanged with the variation in the rolling
period and amplitude.

4.2.1.3 Effect of Heat Exchanger Structure on Thermal and
Hydraulic Performance
For the structure of heat exchanger, the heat transfer and
pressure drop performances of PCHEs with straight channels
and airfoil channels in rolling motion have been investigated
(shown in Figure 7). Under sloshing conditions, the average
heat transfer coefficient and pressure drop factor of PCHEs
with straight channels remain almost constant. The average
heat transfer coefficients and pressure drop of the airfoil
channels are significantly greater than those under stable
conditions (Tang et al., 2020). Thus, the crest point
increases and the trough point decreases. This is because
the influences of the rolling motion on the thermal
performance have two aspects: the uniformity of the flow
velocity becomes bad and, thus, the thermal performance is
weakened. However, the rolling motion can cause an

additional inertia to increase the flow turbulence, which can
enhance the heat transfer. For the airfoil channels, the
influence of flow turbulence is greater and has a positive
effect on heat transfer enhancement.

4.2.2 Effect of Sloshing Conditions on the Distribution
Performance
4.2.2.1 Effect of Sloshing Conditions on Distribution of
Working Fluids in Single Channel
The sloshing of PCHE makes the working fluids in a single
channel maldistributed. The cause of the maldistribution is
that the sloshing of PCHE will produce additional inertial
forces on the gas–liquid mixture in a single channel, resulting
in the working fluid accumulating at one side of the channel
due to inclining of heat exchanger, and the maldistributions
are even more serious as the inclined angle increases (Brian,
2002; Duan et al., 2016; Ren et al., 2018a).

The flow characteristics of the working fluid of PCHE will
periodically fluctuate with the sloshing conditions. Under a
period of rolling motion, the flow in the channels is mainly
affected by the additional inertial forces and the gravity
component, resulting in the sinusoidal periodic fluctuation of
mainstream acceleration and the non-sinusoidal periodic
fluctuation of radial acceleration. The influences of sloshing
conditions on acceleration in the mainstream and radial flows
are explained as follows.

For the sloshing conditions on mainstream acceleration, the
instantaneous flow characteristics are determined by the time
in a sloshing period, as shown in Figure 8 (Chen et al., 2022).
When rolling time is between 0 and Tr/4, the relative velocity
of the main flow decreases because the fluid is subjected to an
increasing additional force in the opposite direction of the
main flow. When rolling time is Tr/4, the channel is at the
position of the maximum positive rolling angle, resulting in the
relative velocity of fluid and channel to be relatively small.

FIGURE 4 | Flow and heat transfer characteristics of the zigzag-channel PCHE with LNG (Bai et al., 2020).
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When rolling time is between Tr/4 and 3 Tr/4, the velocity of
the fluid increases because the fluid is subjected to an
increasing additional force in the positive direction of the
main flow. When rolling time is 3 Tr/4, the channel is at the

position of the maximum negative rolling angle, resulting in
the flow velocity to be relatively large. When the rolling time is
between 3 Tr/4 and Tr, the relative velocity of the main flow
decreases due to the decrease in acceleration. It is indicated

FIGURE 5 | Effect of operating conditions on thermal and hydraulic performance (Chen et al., 2022).
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that the maximum and minimum values of velocities appear
slightly later than those of additional force, since the minimum
additional force is at Tr/4 and maximum additional force is at
3 Tr/4. The reason is that there is a certain response time
between the additional force and the velocity change in the
mainstream.

For the sloshing conditions on radial acceleration, the
instantaneous flow characteristics are determined by the time
in a sloshing period, as shown in Figure 9 (Ma et al., 2021). The
velocity of natural gas is lower near a channel wall but higher in
the main flow area. Thus, the effect of the force on the natural gas
in these two areas was different, which caused natural mixing
under the influence of the force. When rolling time is 1/4 Tr, the
main flow area swung to the left side under the inertial force, and
three vortices appeared. When rolling time is 1/2 Tr, the number
of vortices reduced to two. When rolling time is Tr, two vortices
distributed on the left and right sides. The flow field was the most
disordered and had the highest increase in heat transfer when
rolling time is 1/4 Tr and 3/4 Tr.

The factors that affect the two-phase distribution of working
fluids in a single channel include the mass flux and sloshing
parameters. The impact on the performance of PCHEs can be
expressed by the heat transfer coefficients and pressure drop of
the heat exchangers. The influence mechanism of sloshing
conditions on PCHEs is similar to that on the shell side of the
spiral wound heat exchangers.

For mass flux, the influence of sloshing conditions on heat
transfer and pressure drop characteristics is roughly inversely
proportional to mass flux (Ding et al., 2018). When the mass
flux is ranging from 80 to 100 kg/(m2·s), the influence of rolling
is approximately equivalent. The fluctuation degrees of heat
transfer and pressure drop characteristics decrease with the
increasing vapor quality. The possible reason is that the
increasing vapor quality leads channels to be almost filled
with vapor phase, resulting in the effect of maldistribution of
two-phase flow to be smaller at high vapor quality. With the
increasing vapor quality, the pressure drop gradient gradually
increases, and the heat transfer coefficient first increases

FIGURE 6 | Effect of sloshing conditions on thermal and hydraulic performance (Chen et al., 2022).
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FIGURE 7 | Effect of heat exchanger structure on thermal and hydraulic performance (Chen et al., 2022; Tang et al., 2020).

FIGURE 8 | Effect of sloshing on the flow field in the mainstream direction (Chen et al., 2022).
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and then decreases sharply at high vapor quality (Ren et al.,
2018b).

For sloshing parameters, the existing literature studies have
compared the effects of three sloshing motions, i.e., heave,
pitch, and roll, on the performance of the heat exchangers.
Heave motion has the greatest impact on the heat transfer
coefficients and pressure drop of the heat exchanger, followed
by roll and pitch (Zhu et al., 2017). With the increase of
sloshing amplitude or the decrease of sloshing period, the
fluctuation degrees of heat transfer coefficients and
pressure drop increase significantly, and the effects of
sloshing period are weaker than those of sloshing amplitude
(Sun et al., 2017).

4.2.2.2 Effect of Sloshing Conditions on Distribution of
Working Fluids Among Multiple Channels
The sloshing makes the working fluids among multiple
channels maldistributed due to the interaction between the
gas and liquid phases under the sloshing motions, as shown in
Figure 10. It is observed that the mixture distribution
performance is the best among three kinds of standard
deviations of the flow rate, and liquid distribution
uniformity is better than that of gas. Gas distribution has
the lowest performance under steady and heave conditions,
while liquid and gas–liquid mixture distribution performances
are the lowest under roll condition, which may result in
significant deterioration of heat transfer and safety potential
(Zhu et al., 2019).

The factors that affect the two-phase distribution of
working fluids among multiple channels include the mass
flux, sloshing parameters, and structure of heat exchangers.
The impact on the performance of PCHEs can be expressed
by the heat transfer coefficients and pressure drop of the
heat exchangers. The influence mechanism of sloshing
conditions on PCHEs is similar to that on the plate fin heat
exchangers.

For mass flux of liquid and gas phases, the increasing mass
flux is helpful to the gas and liquid distribution uniformity
(Zheng et al., 2019). With the increasing vapor quality,
the flow difference in the channels becomes increasingly
smaller. And the increase of vapor quality will easily affect
the gas distribution than the liquid one. The increasing
vapor quality will improve the gas distribution performance
correspondingly but exercised less influence on the liquid
distribution.

For sloshing parameters, the sloshing motion can be divided
into a single sloshing motion and coupling of multiple sloshing
motions. Under the single sloshing motion, the gross tendency
of distribution is identical in all sloshing conditions, and the
liquid uniformity under roll condition is worst for all
conditions. Under the coupling of multiple sloshing
motions, the distribution of gas–liquid mixture will be
different from that under a single sloshing form, and the
comprehensive impacts of multiple sloshing motions on the
heat exchanger cannot be recognized as superposition of the
individual effects of each sloshing motion. With the increase of
sloshing period, the liquid distribution performance
correspondingly improves, and the gas distribution
performance remains the same. With the increase of
sloshing amplitude, the non-uniformity of liquid phase and
gas phase flows increases, and liquid distribution performance
is better than gas distribution performance at low vapor quality
(Zheng et al., 2018b).

The structure of heat exchangers will influence the pressure
drop of each channel and then influence the distribution of
gas–liquid mixture among multiple channels (Strobel and
Mortean, 2021). The pressure drop of the fluid of a single
channel includes the pressure drop when entering the
channel from the inlet header, the pressure drop along the
channel, and the pressure drop loss when entering the outlet
header from the channel. The difference in inlet and outlet local
pressure drops causes the differences in channel pressure drop

FIGURE 9 | Effect of sloshing on the flow field in the radial direction (Ma et al., 2021).
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because the total pressure drop is the same for each channel,
which in turn leads to the difference in flow rate. Therefore, the
flow non-uniformity can be reduced by increasing the

proportion of loss along the channel, and the loss along the
path increases linearly with an increase in channel length, so it
can be inferred that the increase in channel length can improve

FIGURE 10 | Distribution of working fluids among multiple channels (Zheng et al., 2019). (A) Schematic of the heat exchanger and sloshing motion. (B) Standard
deviation of the flow ratio among multiple channels.

FIGURE 11 | Comparison of traditional and new structures of distributors (Yuan et al., 2016). (A) Traditional structure of the distributor: mixing prior to distribution.
(B) New structure of the distributor: distribution prior to mixing.
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the flow uniformity of the PCHE. When the dimensionless
length of the channel (L/Dh)cr exceeds 500, the non-
uniformity of flow can be neglected at a total flow rate of
0.12 kg/s (Ma et al., 2020).

4.2.3 Effect of Sloshing Conditions on the Flow Pattern
The sloshing of PCHE makes the flow pattern change along the
channels, leading to the periodic fluctuation of heat transfer
and pressure drop characteristics (Tan et al., 2009). However,
no study has been reported concerning the influence of the
sloshing conditions on the flow pattern of PCHEs, so that the
impact of the flow pattern on the thermal and hydraulic
performance of PCHE is uncertain. The open literature
studies related to sloshing conditions on the flow pattern
focus on the tubes with larger diameters. For example, Yan
and Yu (2008) investigated the influence mechanism of rolling
motion on the flow and heat transfer characteristics in a single
tube, and the results show the sloshing conditions will enhance
turbulence in the flow field and make the velocity distributions
fluctuate, leading to the natural mixing in the radial direction
and better heat transfer performance. Wang and Zhang (2005)
and Yu et al. (2004) proposed that the flow will turn to be
pulsatile flow under sloshing conditions, which has great
impacts on the flow and heat transfer characteristics.
However, there is no unified conclusion whether the effect

of pulsating flow on heat transfer characteristics is enhanced or
weakened.

4.3 Methods of Suppressing the Adverse
Effects of Sloshing Conditions
The heat transfer deterioration under sloshing conditions mainly
results from the maldistribution of working fluids. The existing
methods for avoiding or suppressing the maldistribution of
working fluids are summarized as follows: 1) structural
optimization of distributor; 2) shape optimization of inlet part
in heat exchange plates; 3) conducting transverse bypass
configuration; and 4) dimple-shaped channel development.
Among all these methods, only the structural optimization of
distributor is specially developed for suppressing the adverse
effects of sloshing conditions on the distribution of working
fluids. The other three methods are proposed based on stable
conditions, which can also provide a basis for avoiding or
suppressing the maldistribution of working fluids under
sloshing conditions.

The structural optimization of distributor can improve the
distribution uniformity of working fluids among multiple
channels (Li et al., 2015). The methods of distributor
structural optimization include “distribution prior mixing”
(Yuan et al., 2016) and inlet header optimization

FIGURE 12 | Schematic diagram of inlet header optimization (Chu et al., 2018).
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(Anbumeenakshi and Thansekhar, 2016). The method known as
“distribution prior mixing” is to make gas and liquid phases firstly
separate and then individually feed into the heat exchanger from
two separate inlets, as shown in Figure 11. The research results
show that the liquid distribution improves because the liquid is
directly distributed through the liquid channels of the distributor
and has no contact with the gas during the distribution. And the
new distributor exhibits better sloshing resistance due to the small
interaction between the two phase flows. Since the liquid phase
flows through the liquid channels, the velocity is high enough to
decrease the effects of the sloshing angles and sloshing
displacements. Thus, the method of “distribution prior
mixing” is an efficient way to defeating sloshing in heat
exchangers. For the inlet header optimization, the flow non-
uniformity of a straight-channel PCHE with four different inlet
headers, i.e., the rectangular inlet header, parabolic inlet header,
trapezoidal inlet header, and hyperbolic inlet header, is analyzed
(Chu et al., 2018). The flow non-uniformity of the PCHE with the
hyperbolic inlet header is much lower than the others. Strong
recirculation regions can be found in the trapezoidal and
parabolic inlet headers resulting in reduced fluid flow into the
peripheral channels, as shown in Figure 12. Moreover, the

velocity gradient at the pre-entry position is much worse in
the rectangular inlet header. This is due to the large internal
volume of rectangular inlet header which may redirect the fluid
impacting the wall. Meanwhile, the hyperbolic inlet header is
designed based on the streamline profile, resulting in only a small
recirculation area in the header. The fluid flowing toward the
peripheral channels has no backflow route or area to recirculate.

Shape optimization of inlet part in heat exchanger plates can
improve the distribution uniformity among multiple channels
under stable conditions (Koo et al., 2014; Pasquier et al., 2016).
Compared with the distributor, the shape optimization of inlet
part (as shown in Figure 13) can improve the compactness,
reduce the heat exchanger volume, and improve the distribution
uniformity under low pressure drop. The main structural
parameters of the inlet plenum include the width of inlet pipes
and angle and radius of curvature of inlet plenum. With the
increase of the width of inlet pipes, the flow uniformity first
increases and then decreases, and the best value is obtained when
the width of inlet pipes is between 2.5 and 2.6 mm. When the
angle of the inlet plenum is 30°, the flow uniformity of working
fluids is the best. When the radius of curvature of the inlet plenum
ranges from 40 to 120 mm, the flow uniformity will increase with
the increase of the radius of curvature, and the best performance
with the lowest pressure drop will be obtained as the radius of
curvature is 120 mm. By optimizing the shape parameters of inlet
plenum in PCHEs, the flow standard deviation of the non-
dimensional mass flow parameter can be reduced below 0.06.
Shape optimization of inlet part can be combined with other
methods such as transverse bypass configuration to further
improve the distribution characteristics.

PCHEs with transverse bypass configuration can also improve
the flow uniformity among multiple channels under stable
conditions (Jung et al., 2012). The transverse bypass
configuration (as shown in Figure 14) can make the working
fluids flow freely between adjacent channels, leading to the
redistribution in the heat exchanger and reducing the non-
uniformity caused by different pressure boundary conditions.
At the same time, PCHEs with transverse bypass configuration
can operate normally when the flow channels are partially
blocked, contributing to the improvement of defect tolerance
in manufacturing and application and reduction of the risks and
losses caused by frequent start-up and shutdown (Baek et al.,
2012).

PCHEs with dimple-shaped channels can improve the flow
uniformity in a single pipe under stable conditions (Aneesh
et al., 2016; Nagarajan et al., 2014). The hemispherical dimple
in the channel (as shown in Figure 15) can break the viscous
boundary layer by periodical restarts, resulting in a flow
separation and vortex formation in the downstream wake
region. Thus, the heat transfer characteristics of dimple-
shaped channels are enhanced, and the friction factors for
the dimple channel deteriorate, resulting from the vortex and
the increase of turbulent kinetic energy. For example, when the
mass flow rate is 1,000 kg/m2s and the inlet temperature is
245 K, the heat transfer enhanced effect is about 50%, and the
friction factor is just deteriorated 15% (Chen et al., 2020). The
comprehensive thermal performance evaluated by PEC

FIGURE 13 | Structure optimization of the inlet part in the heat exchange
plate. (A) Traditional structure of the heat exchange plate. (B)New structure of
the heat exchange plate with inlet part optimization.
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(Webb, 1981) is positive, indicating that dimple-shaped
channels have a greater effect on the enhancement of heat
transfer than on deterioration of friction factor.

For the structural optimization shown in Figures 14, 15, the
transverse bypass configuration and hemispheric dimple will

grow a number of sharp corners of the channels, which are
the stress concentrations in the heat exchanger (Lee and Lee
2014). Furthermore, the tip radius of the hemispheric dimple is
smaller than that of the channel without dimple, leading to the
increase of the maximum stress (Mahajan and Devi, 2018). The

FIGURE 14 | Structure of transverse bypass configuration. (A) Structure of the flow channel. (B) Structure of the flow channel with transverse bypass configuration.

FIGURE 15 | Structure of dimple-shaped flow channels. (A) Structure of the flow channel. (B) Structure of the dimple-shaped channel.
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structural optimization may lead to low strength to endure the
high pressure, so whether it can be applied in PCHEs for FLNG
still needs further research studies based on the pressure
condition and strength requirement.

5 CONCLUSION

Printed circuit heat exchangers (PCHEs) with a compact
structure, high efficiency, and good reliability have good
application prospects in the floating liquefied natural gas
(FLNG) platform. In this paper, the research status of PCHE
is reviewed, including the classification of PCHE structure, heat
transfer characteristics, and resistance characteristics. The
application status of PCHE in FLNG is summarized. In order
to achieve high thermal–hydraulic performance of PCHEs
applied in FLNG, the following key technologies should be
developed:

1) The structure design criteria of PCHEs should be
developed. The thermal and hydraulic performance of
PCHEs depends on the structure of flow channels. The
heat transfer characteristics can be strengthened by
changing the structure of flow channels; however, the
pressure drop generally increases as well. And the
complexity of the structural will result in a much higher
cost and poor pressure resistance structure. Therefore, it is
necessary to comprehensively consider the operation
conditions and the thermal–hydraulic characteristics of
PCHEs with various flow channels.

2) The influence mechanism of sloshing condition on
performances of PCHEs should be investigated, including
the numerical simulation of flow characteristics with
multiple degrees of freedom, establishment of the heat and
mass transfer model among multiple channels under sloshing
conditions, and development of the correlation of heat
transfer and pressure drop in micro-channels for FLNG.

3) The methods of suppressing the adverse effects of sloshing
conditions on the performance of PCHEs should be
developed, including investigation of heat and mass

transfer law of multiphase flow under different sizes of
micro-channel, the development of measures to enhance
the heat transfer characteristics in micro-channels under
extreme sea conditions, and the design of a new micro-
channel structure with low resistance and high efficiency to
meet the requirements of FLNG.

4) The suggestions of next-step research directions
concerning PCHEs applied in FLNG are summarized as
follows. Firstly, the dynamic variation of the additional
inertia force caused by sloshing on the heat transfer and
pressure drop in micro-channels should be analyzed. Then,
more experimental and numerical studies are required for
natural gas at supercritical temperatures and pressures,
which may experience a drastic property-variation
process during liquefaction. Based on the study data, the
universal correlations that are able to cover a wide range of
geometry and flow parameters of PCHEs should be
developed. Finally, the optimization of the structure of
PCHEs should be conducted, in order to improve the
performance and reduce the overall cost of manufacture
of PCHEs applied in FLNG.
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