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a b s t r a c t

In order to ensure the structural safety of plate-fin structures in actual operation process and guide the
structural design of LNG plate-fin heat exchanger, the influence of structure parameters was investigated
on stress of plate-fin structures based on Finite Element Method and thermal elastic theory. The results
show that the stress is complex at the brazed joints in actual operation process of LNG PFHE and the
equivalent stress will reach the peak value at brazed joint near fin side due to the influence of the direct
stress in y direction. Meanwhile, the peak value of equivalent stress in plate-fin structures is slightly
impacted by the fin height and plate thickness and is obviously impacted by the brazing seam thickness,
fin thickness and fin distance. The influence of the brazing seam thickness, fin thickness and fin distance
for that is mainly induced by the direct stress in y direction. These results will provide some constructive
instructions in the structural design for plate-fin heat exchanger in a large-scale LNG cold-box.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Plate-fin heat exchanger (PFHE), as a type of compact ex-
changers, has beenwidely used in the liquid natural gas (LNG) plant
(Kuznetsov and Shamirzaev, 2007; Liu and Winterton, 1991).
Currently, the aluminum PFHE has been mainly used in small-scale
LNG plants while rarely in large-scale LNG plants as main cryogenic
heat exchanger in the world (Ligterink et al., 2012). Plate-fin
structures, as the key component of PFHE, will cause severe stress
damage if the design is unreasonable for structure parameters of
LNG PFHE in a large-scale LNG cold-box. This may influence the safe
operation of PFHE in a large-scale cold-box. However, the stress
phenomenon in plate-fin structures is still a long way from being
understood due to the complexity of that and the lack of research
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work in this field.
At present, many investigations have been carried out in order

to investigate the behavior of stress in plate-fin structures. How-
ever, most of the investigations have focused on residual stress in
brazing process (Aiyangar et al., 2005; Chang and Lee, 2007; Galli
et al., 2006; Liu, 1997); for example, the brazed residual stress
and its influencing factors were analyzed to optimize the brazing
technology for 304 stainless steel plate-fin structures (Jiang et al.
2010, 2011a, 2011b, 2011c, 2012). The results showed that the
slow-cooling method can greatly improve the brazing performance
of plate-fin structures (Chen et al., 2006). At the same time, in
Chena et al. (2005) and Xie and Ling (2010) study, the residual
stress was also analyzed for plate-fin structures in the brazing
process based on thermal elastic-plastic theory. The results ob-
tained by numerical simulation based on finite element method
(FEM) indicated that the residual stress is extremely complex at the
brazed joint, and high residual stress would have significant in-
fluence on the quality of PFHE. With these results, it is suggested
that FEM, which is an effective method, is widely used to predict
the stress of plate-fin structures (Brown et al., 2006; Celik et al.,
2007; Civalek, 2004).

Meanwhile, the stress was also analyzed for plate-fin structures
in actual operation process of LNG PFHE based on FEM and thermal
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elastic theory in our previous work. For example, the stress con-
centration and structural damage may occur in the plate-fin
structures of LNG PFHE if the operation process is unreasonable
in large-scale LNG plants. Therefore, in order to investigate the
stress characteristic of LNG PFHE in the operation process of large-
scale LNG plants, the influence of operation parameters was
analyzed for the stress of plate-fin structures in actual operation
process (Ma et al., 2015). According to the result, the peak value of
equivalent stress is obviously impacted by the temperature differ-
ence between natural gas (NG) and mixture refrigerant (MR) and
slightly influenced by the heat exchange performance of LNG PFHE
when the temperature difference between NG and MR is no more
than 5 K in actual operation process. Also, the peak value of
equivalent stress is also significantly impacted by the NG pressure
while slightly influenced by the MR pressure. At present, for the
PFHE in a large-scale LNG cold-box, the operating procedure in the
cool-down and heat-up process draws lessons from that in a small-
scale LNG cold-box. The cool-down and heat-up processes are
operated by virtue of controlling the temperature changing rate of
NG or MR and temperature difference between NG and MR within
PFHE. Severe stress concentration and thermal shocking will be
caused in plate-fin structures if the operation procedure on the
temperature difference between NG and MR and the temperature
changing rate of NG or MR is unreasonable in the cool-down and
heat-up process. This may influence safety of PFHE in a large-scale
cold-box. Therefore, the stress characteristic of plate-fin structures
was also analyzed in the cool-down and heat-up process of LNG
PFHE in a large-scale LNG cold-box (Ma et al. 2014, 2016). Based on
the results, the equivalent stress and direct stresses change rapidly
and consistently reach the peak value in the brazed joint, and a
crack will initiate in this region in the cool-down and heat-up
process of LNG PFHE in a large-scale LNG cold-box. The peak
value of equivalent stress in plate-fin structures steadily increases
with the increase of temperature difference between NG and MR.
At the same time, the peak value of equivalent stress is slightly
impacted by the temperature changing rate as the temperature
changing rate of NG is the same as that of MR in the cool-down and
heat-up process.

Although the stress phenomenon of plate-fin structures has
been investigated in operation process of LNG PFHE in large-scale
LNG cold-box, it is still lack for the influence of structure parame-
ters on the stress of plate-fin structures in LNG PFHE. Plate-fin
structures could cause severe stress damage if the design is un-
reasonable for the structure parameters of LNG PFHE in a large-
scale LNG cold-box. Therefore, in order to aid the structure design
of LNG PFHE and ensure safe operation of plate-fin structures in
LNG PFHE of large-scale LNG cold-boxes, it is needed to investigate
the influence of structure parameters for the stress of plate-fin
structures based on the thermal elastic theory.

According to the references (Kim and Kuwamura, 2007; Kong
et al., 2008; Sen et al., 2007), the numerical simulation based on
finite element method will be a useful tool to predict the stress
phenomenon of plate-fin structures. In this work, a finite element
method was adopted to investigate the stress of plate-fin structures
in actual operation process of LNG PFHE in a large-scale LNG cold-
box. The stress distributions of plate-fin structures were analyzed
in the MR outlet of LNG PFHE. At the same time, the influence of
structure parameters was investigated on the stress of plate-fin
structures in the actual operation process of LNG PFHE in a large-
scale LNG cold-box. A method was proposed to improve the
structural strength of plate-fin structures in LNG PFHE of large-
scale LNG cold-box.
2. Analysis of strength theory

At the present stage, many investigations show that the struc-
tural damage is induced by the two types: brittle fracture and
plastic yield. For the plastic material, the structural damage is
mainly induced by the plastic yield. Similarly, the brittle fracture is
the main reason to induce the structural damage for the brittle
material. As for plate-fin structures in complex stress state, the
plastic yield is a major reason of structural damage because that the
plate-fin structures consist of aluminum alloy which is plastic
material. In other words, the plastic yield is not allowed for plate-
fin structures in actual operation process of LNG PFHE. In order to
ensure the structural safety of plate-fin structures in actual oper-
ation process, a criterion is needed to evaluatewhether the stress of
plate-fin structures is more than the yield limit or not. According to
literature (Lee, 1988; Ma et al., 2015), the Von Mises yield criterion
is the fundamental criterion to judge whether the plastic yield
failure occurs in plate-fin structures or not. Based on the yield
criterion, the plastic deformation which induces the plastic yield
failure of plate-fin structures may occur in actual operation process
when the equivalent stress (von Mises stress) is more than the
allowable stress, whereas the elastic deformation will occur. In
other words, the plastic yield failure may occur when the equiva-
lent stress is more than the allowable stress. At the same time,
according to this evaluation standard on structure cracking, the
initial cracking location in plate-fin structures is consistent with the
peak value of equivalent stress in actual operation process. There-
fore, in this paper, the influence of structure parameters are
investigated for the peak value of equivalent stress in plate-fin
structures in the actual operation process of LNG PFHE.

3. Finite element analysis

3.1. The model description

Plate-fin structures, as the core component of LNG PFHE, mainly
consist of fins and plate (Carey and Mandrusiak, 1986; Manglik and
Bergles, 1995), as shown in Fig. 1. Due to the cyclical repeatability
and complexity of plate-fin structures, some issues need to be
simplified in the numerical simulation: (1) the impact of layers
number is ignored for the stress of plate-fin structures; (2) the flow
of natural gas (NG) and mixture refrigerant (MR) is assumed to be
alternating and counterflow, as shown in Fig. 1; (3) both materials
are assumed to be isotropic and linear elastic; the material pa-
rameters are also assumed to be temperature dependent; (4) both
brazing material and base metal are supposed to take an elastic
deformation; and (5) in the brazing process, the flow of liquid
Fig. 1. The diagram of Plate-fin structures (d is Plate Thickness; f, Fin Thickness; h, Fin
Height; L, Effective Length; d, Brazing Seam Thickness; and g, Fin Distance).
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brazing material, the diffusion and dissolution of brazing material
to base metal, and the capillary reaction of brazing material are
ignored. In other words, the brazing plate-fin structures are perfect.
In this work, only one unit of plate-fin structures (as dotted lines
shown in Fig. 1) which consists of four layers plate and fin, is
analyzed because the plate-fin structures are periodic and sym-
metrical. Meanwhile, a very short length (L) is selected in the unit of
Fig. 2. The simplified plate-fin struc
plate-fin structures because the change of fluid temperature is very
slight in a very short length (L) along the length direction of plate-
fin structures. Fig. 2(a) shows the simplified model of plate-fin
structures. Fig. 2(b) and (c) display the local structure of region 2
and regions 4, 5 and 6 in Fig. 2(a), respectively. At the same time,
the structure parameters of plate-fin structures are also shown in
Figs. 1 and 2(a).
ture model and local structure.
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3.2. Material properties

In this analysis, the fin and plate are assumed to be AL3003 and
brazing material is AL4004. In order to get fine results, the
expansion coefficient and elastic modulus are assumed to be tem-
perature dependent for the AL3003 and the AL4004. Table 1 lists all
the required material properties used in the simulations.
3.3. Analysis strategy

For thermal analysis, the convective heat transfers between NG
or MR and the wall of plate-fin structures are applied, because the
heat transfer process with phase change between the NG and the
MR is implemented by the convective heat transfer between NG or
MR and the wall of plate-fin structures and the heat conduction in
the plate-fin structures. The convective heat transfer can be
expressed as:

q ¼ h
�
Tf � Tw

�
(1)

where q is heat flux; h is convective heat transfer coefficient; Tw is
wall temperature; Tf is the fluid temperature, such as NG or MR.

For the stress analysis, cyclical symmetry boundary on the
leftmost and rightmost surfaces is considered due to the periodicity
and symmetry of plate-fin structures. The nodes on the bottom
surface are constrained in vertical direction. At the same time, the
operating pressure of NG and MR is applied to simulate the inter-
action between NG or MR and the wall of plate-fin structures. The
impact of external load is ignored in the investigation on the stress
of plate-fin structures because the liquefied heat exchanger can
freely expand or shrink by means of the free slide of sliding guide
frame under the support structure.

According to the simplifiedmodel of plate-fin structures in Fig. 2
and the above boundary condition, the analysis model is estab-
lished based on finite element method and thermal elastic theory
using ANSYS software. At the same time, the more grid numbers
there are, the larger number finite control volumes there are.
Consequently, it will reduce the computational efficiency. There-
fore, the computational domain is discretized into hexahedral finite
control volumes so as to decrease the grid numbers and improve
the computation efficiency. The mesh-independent is also tested
for the model in different structure parameters of LNG PFHE ac-
cording to the method from the reference (Ma et al., 2016).

At the same time, the interaction between temperature field and
strain field needs to be considered because of the relatively large
deformation on plate-fin structures in the actual operation process
of LNG PFHE. Therefore, the direct coupling method based on
thermal elastic theory is used to analyze the stress characteristics of
plate-fin structures in LNG PFHE. In the mean time, ANSYS Para-
metric Design Language is adopted to program the above
Table 1
Material parameters used in FEM simulation.

Material Temperature, K E, GPa CET (10�6), 1/K Poisson’s rat

AL3003 305 68.9 22.4 0.33
250 70.6 19.7
195 72.4 16.9
175 73.2 15.9
145 74.5 14.4

AL4004 305 94.6 15.1 0.35
250 96.4 14.9
195 98.2 14.7
175 98.8 14.6
145 99.6 14.5
simulation process, and the above analysis method is also validated
by the experimental data in reference (Ma et al., 2014).

According to the reference (Ma et al., 2015), the peak value of
equivalent stress in plate-fin structures increases as the tempera-
ture of MR increases in actual operation process of LNG PFHE. In
other words, the stress of plate-fin structures is larger in the MR
entrance of LNG PFHE than that in other regions. Therefore, the
stress distributions of plate-fin structures are analyzed and the
influence of structure parameters is investigated for the stress of
plate-fin structures in the MR entrance of LNG PFHE. For the LNG
PFHE in a large-scale LNG cold-box in which the yield is 2.6 � 106

tons in per year, the NG is cooled from 210 K to 150 K and becomes
liquid by condensation heat transfer at the NG pressure
PNG ¼ 7.1 MPa and the MR is heated from 155 K to 215 K and
vaporized by the boiling heat transfer at the MR pressure
PMR ¼ 0.4 MPa according to the literature (Ma et al., 2014, 2015). In
other words, the temperature of NG and MR are 215 K and 210 K in
the MR entrance of LNG PFHE, respectively. At the same time, the
stress of plate-fin structures is slightly influenced by the heat ex-
change performance of LNG PFHEwhen the temperature difference
between NG and MR is no more than 5 K in the actual operation
process (Ma et al., 2014, 2015). Therefore, the heat transfer coeffi-
cient between NG and the wall of plate-fin structures is assumed to
be 1.5 kW/(m2 K) at the NG temperature TNG ¼ 215 K and the NG
pressure PNG ¼ 7.1 MPa; the heat transfer coefficient between MR
and the wall of plate-fin structures is assumed to be 1 kW/(m2 K) at
the MR temperature TMR ¼ 210 K and the MR pressure
PMR ¼ 0.4 MPa. To sum up, in this paper, the influence of structure
parameters is investigated for the stress of plate-fin structures at
the heat transfer coefficient hNG ¼ 1.5 kW/(m2 K), hMR ¼ 1 kW/
(m2 K), the temperature TNG ¼ 215 K, TMR ¼ 210 K and the pressure
PNG ¼ 7.1 MPa, PMR ¼ 0.4 MPa.

4. Results and discussion

4.1. Stress distribution

In this section, the stress distributions of plate-fin structures are
analyzed in a very short length near the MR entrance of the liq-
uefied heat exchanger in actual operation process. In order to better
understand the stress distribution of plate-fin structures, four
reference paths are selected, as marked in Fig. 2. Figs. 3e7 present
the stress distributions of four reference paths in plate-fin struc-
tures. The plots are drawn based on the parameter setting in section
3.3. Figs. 3 and 4 are the stress distributions of paths 1 and 2,
respectively (sx, sy and sz are direct stress along x, y and z di-
rections, respectively; txy and tyz are shear stress on x-y plane and
y-z plane, respectively). Path 1 and 2 are located at the interface
between the brazing filler metal and the plate and between the
brazing filler metal and the fin, respectively. The results show that
the three direct stresses and the equivalent stress are
io Specific heat, J/(kg K) Density, kg/m3 Conductivity, W/(m K)

962 2740 159

864 2710 155
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symmetrically distributed while the shear stresses are unsym-
metrical. The stress gradient is much larger at the brazed joint
(regions 1 and 2) which is a small transitional arc on the two ter-
minals of the brazing seam than that at the adjacent region in
actual operation process of LNG PFHE in a large-scale LNG cold-box.

From Fig. 3, it can be also seen clearly that the direct stresses in x
and z directions and the equivalent stress will reach the peak value
at the brazed joint. The equivalent stress, the direct stress in y di-
rection and the shear stress on x-y plane are complex at brazed
joint near plate side in actual operation process of LNG PFHE. At the
same time, the direct stresses in x and z directions are prominent
while the shear stresses on x-y plane and y-z plane and the direct
stress in y direction are relatively small at the brazed joint and
brazing seam layer near plate side. Hence, the direct stresses in x
and z directions are the major factors to influence the strength of
the brazed joint and brazing seam layer near plate side in the MR
entrance of LNG PFHE.

Fig. 4 shows that the direct stress in y direction and the equiv-
alent stress will reach the peak value at the brazed joint. The direct
stress in y direction is prominent while the direct stresses in x and z
directions and the shear stresses are relatively small at brazed joint
near fin side. At the same time, the direct stresses in x and z di-
rections are also prominent at brazing seam layer near fin side in
the MR entrance of LNG PFHE. Therefore, the direct stress in y di-
rection is the main factor to influence the strength of plate-fin
structures at brazed joint near fin side while the direct stresses in
x and z directions are the main factors to influence that at brazing
seam layer near fin side in the MR entrance of LNG PFHE.

According to the above analysis, the stresses are complex and
reach peak value at the brazed joint of plate-fin structures in the
MR entrance of LNG PFHE. In order to further analyze stresses at the
brazed joint of plate-fin structures in the MR entrance of LNG PFHE,
the stress distributions of the local position in region 2 are given in
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Fig. 5. The results illustrate that the equivalent stress at brazed joint
near the fin side is larger than that near the plate side. At the same
time, the direct stress in y direction is prominent at brazed joint
near fin side while the direct stresses in x and z directions are
prominent in brazed joint near plate side in theMR entrance of LNG
PFHE. These results are consistent with that from Figs. 3 and 4.

Fig. 6 depicts the stress distribution of the local position in re-
gion 6. The results show that the direct stresses in x and z directions
and the equivalent stress also reach the peak value at brazing seam
layer while the shear stresses on x-y plane and y-z plane and the
direct stress in y direction are relatively small at that layer. In other
words, the direct stresses in x and z directions are main factors to
influence the strength of the brazing seam layer for plate-fin
structures in the MR entrance of LNG PFHE.

Fig. 7 exhibits the stress distribution of path 4. These results are
also obtained that the stress gradient is much larger at the brazed
joint (regions 3 and 4). And the direct stresses in x and z direction
are prominent while the shear stresses on x-y plane and y-z plane
are relatively small.

To sum up, the stresses are complex at the brazed joints of plate-
fin structures in actual operation process of LNG PFHE. The equiv-
alent stress at brazed joint near the fin side is larger than that in
other regions. The direct stress in y direction is prominent at brazed
joint near fin side. The structural strength of plate-fin structures is
directly impacted by the stress at brazed joint near fin side due to
the influence of direct stress in y direction.

4.2. The influence of structure parameters for stress

In section 4.1, it is stated that the equivalent stress will reach to
the peak value in the brazed joint of plate-fin structures. If the
design is unreasonable for the structure parameters of LNG PFHE, it
is likely to induce a crack failure in these regions. So it is necessary
to study the influence of structure parameters on the stress of
plate-fin structures. In the following contents, the influence of
structure parameters will be analyzed on the stress of plate-fin
structures in actual operation process of LNG PFHE in a large-
scale LNG cold-box.

4.2.1. The influence of fin height
Fig. 8 is the relation between the peak value of equivalent stress

and fin height at different fin thickness for fin distance g ¼ 0.6 mm,
brazing seam thickness d¼ 0.1 mm and plate thickness d¼ 1.6 mm.
The results show that the peak value of equivalent stress increases
as the fin height increases. But there is a slight influence of fin
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Fig. 8. The peak value of equivalent stress vs. fin height at different fin thickness.
height on the peak value of equivalent stress of plate-fin structures
in the MR entrance of LNG PFHE. Fig. 9 depicts the relation between
the peak value of equivalent stress and fin height at different fin
distance for fin thickness f ¼ 0.4 mm, brazing seam thickness
d ¼ 0.1 mm and plate thickness d ¼ 1.6 mm. The results are similar
to the previous parameter settings. To sum up, for plate-fin struc-
tures in the MR entrance of LNG PFHE, the peak value of equivalent
stress increases with the increase of fin height and is slightly
impacted by that. Therefore, the structural strength of plate-fin
structures is slightly influenced by the fin height. In the actual
engineering, it is unnecessary to consider the influence of fin height
on the structural strength of plate-fin structures in LNG PFHE.

4.2.2. The influence of plate thickness
Figs. 10 and 11 present the relation between the peak value of

equivalent stress and plate thickness. Fig. 10 is the relation between
the peak value of equivalent stress and plate thickness at different
fin distance for fin thickness f ¼ 0.4 mm, brazing seam thickness
d ¼ 0.1 mm and fin height h ¼ 6.0 mm. Fig. 11 is the relation be-
tween the peak value of equivalent stress and plate thickness at
different fin thickness for fin distance g ¼ 0.6 mm, brazing seam
thickness d ¼ 0.1 mm and fin height h ¼ 6.0 mm. The results
indicate that the peak value of equivalent stress decreases as the
plate thickness increases and is slightly impacted by the plate
thickness. At the same time, the larger fin distance or the smaller fin
thickness is, the lager peak value of equivalent stress is. For plate-
fin structures in LNG PFHE, the manufacturing cost and materials
will increase with the increase of plate thickness. According to the
above results, the influence of plate thickness is slight on the
structural strength of plate-fin structures in LNG PFHE. Therefore,
in order to reduce manufacturing cost and save manufacturing
materials in actual engineering, it is necessary to decrease the plate
thickness when the brazed quality can be met.

4.2.3. The influence of brazing seam thickness
Fig. 12 depicts the relation between the peak value of equivalent

stress and brazing seam thickness at different fin thickness for fin
distance g ¼ 0.6 mm, fin height h ¼ 6.0 mm and plate thickness
d ¼ 1.6 mm. The results show that the peak value of equivalent
stress decreases with the increase of brazing seam thickness. The
thicker the fin is, the smaller the peak value of equivalent stress is.
At the same time, the peak value of equivalent stress is obviously
impacted by the brazing seam thickness. Fig. 13 presents the rela-
tion between the peak value of equivalent stress and brazing seam
thickness at different fin distance for fin thickness f ¼ 0.4 mm, fin
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Fig. 9. The peak value of equivalent stress vs. fin height at different fin distance.
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height h ¼ 6.0 mm and plate thickness d ¼ 1.6 mm. The results also
indicate that the peak value of equivalent stress decreases with the
increase of brazing seam thickness and is obviously impacted by
the brazing seam thickness. At the same time, the larger the fin
distance is, the larger the peak value of equivalent stress is. The
influence of fin distance is more obvious on the peak value of
equivalent stress when the brazing seam thickness is thinner. To
sum up, the larger the fin distance or the smaller the fin thickness
is, the larger the peak value of equivalent stress is. The influence of
brazing seam thickness is obvious on the structural strength of
plate-fin structures in LNG PFHE.

According to the above analysis, the peak value of equivalent
stress is obviously impacted by the brazing seam thickness and
decreases with the increase of brazing seam thickness. In order to
further analyze the influence of brazing seam thickness on the
stress of plate-fin structures in LNG PFHE, the stress distributions of
reference paths are given from Fig. 2 in this paper. Figs. 14e17 are
the stress distributions of reference paths at different brazing seam
thickness for fin thickness f ¼ 0.4 mm, fin height h ¼ 6.0 mm, plate
thickness d ¼ 1.6 mm and fin distance g ¼ 0.6 mm. Fig. 14 is the
distributions of equivalent stress along path 1 at different brazing
seam thickness. The results indicate that the equivalent stress at the
brazed joint (regions 1 and 2) near plate side is obviously impacted
by the brazing seam thickness and the peak value of that increases
as the brazing seam thickness increases. At the same time, the
equivalent stress at brazing seam layer (�0.55 mm < x < 0.55 mm)
near plate side decreases with the increase of brazing seam thick-
ness. Fig. 15 depicts the stress distributions in different directions
along path 1 at different brazing seam thickness. The results show
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Fig. 15. The stress distribution in different directions along path 1 at different brazing seam thickness.
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that the direct stresses in x and z directions and the shear stress on
x-y plane at brazed joint (regions 1 and 2) near plate side is obvi-
ously impacted by the brazing seam thickness and the peak value of
that increases with the increase of the brazing seam thickness. At
brazing seam layer near plate side, the direct stresses in x and z
directions decrease with the increase of brazing seam thickness.
Therefore, the conclusion can be further obtained that the direct
stresses in x and z directions and the shear stress on x-y plane are
the main factors to induce the increase of the peak value of
equivalent stress with the increase of brazing seam thickness at
brazed joint (regions 1 and 2) near plate side. The direct stresses in
x and z directions are the main factors to induce the increase of that
with the decrease of brazing seam thickness at brazing seam layer
near plate side. However, the stresses of path 1 are not the main
factors which result in the decline of the peak value of equivalent
stress in plate-fin structures with the increase of the brazing seam
thickness in LNG PFHE.

Fig. 16 illustrates the distributions of equivalent stress along
path 2 at different brazing seam thickness. Fig. 16(b) is partial
enlargement for Fig. 16(a). The results show that the equivalent
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Fig. 17. The stress distribution in different directions along path 2 at different brazing seam thickness.
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stress at the brazed joint (regions 1 and 2) and the brazing seam
layer (�0.55 mm < x < 0.55 mm) near fin side increases as the
brazing seam thickness decreases. According to the analysis from
the section 4.1, the equivalent stress will reach the peak value at the
brazed joint of plate-fin structures and the equivalent stress at
brazed joint near the fin side is much larger than that near the plate
side. Therefore, the influence of brazing seam thickness on the
equivalent stress at brazed joint near the fin side are main reasons
which result in the decline of the peak value of equivalent stress
decreases with the increase of brazing seam thickness. Similarly,
the stress distributions in different directions along path 2 are also
given in Fig. 17. The results show that the direct stress in y direction
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Fig. 18. The peak value of equivalent stress vs. fin thickness at different fin distance.
at the brazed joint near the fin side decreases with the increase of
brazing seam thickness. The brazing seam thickness has more
obvious influence on the direct stress in y direction than that in
other directions at brazed joint near the fin side. At the brazing
seam layer near fin side, the direct stresses in x and z directions
decrease as the brazing seam thickness increases and is obviously
impacted by that. In other words, the direct stress in y direction is
the main factor to induce the decrease of equivalent stress with the
increase of brazing seam thickness at brazed joint (regions 1 and 2)
near fin side. The direct stresses in x and z directions are main
reasons to induce the decrease of that with the increase of brazing
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seam thickness at brazing seam layer near fin side. At the same
time, the influence of brazing seam thickness on the peak value of
equivalent stress in plate-fin structures is mainly induced by the
direct stress in y direction at the brazed joint (regions 1 and 2) near
fin side.

To sum up, the structural strength of plate-fin structures in LNG
PFHE is obviously impacted by the brazing seam thickness and the
direct stress in y direction is main reason to cause the above results
at brazed joint (regions 1 and 2) near fin side. At the same time, the
influence of brazing seam thickness on the structural strength of
-1.2 -0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 1.2
-60

-50

-40

-30

-20

-10

0

Region2

St
re

ss
 (M

Pa
)

Path1 mm

f=0.2mm
f=0.3mm
f=0.4mm
f=0.5mm

Region1

  a) The direct stress distribution in x direction     

-1.2 -0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 1.2
-50

-40

-30

-20

-10

0

10

Region2

St
re

ss
 (M

Pa
)

Path1 (mm)

f=0.2mm
f=0.3mm
f=0.4mm
f=0.5mm

Region1

.2 -0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 1.2

Region2

Path1 mmmm

f=ff 0.2mmmm
f=ff 0.3mmmm
f=ff 0.4mmmm
f=ff 0.5mmmm

Region1

a) The direct stress distribution in x direction     

1.2 -0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 1.2

Region2

Path1 (mm)m

f=0ff .2mmmm
f=0ff .3mmmm
f=0ff .4mmmm
f=0ff .5mmmm

Region1

c) The direct stress distribution in z direction       

Fig. 21. The stress distribution in different direc
plate-fin structures at brazed joint near plate side is induced by the
influence of that on the direct stresses in x and z directions and the
shear stress on x-y plane. At the brazed joint near fin side, that will
be induced by the influence of brazing seam thickness on the stress
in y direction.

4.2.4. The influence of fin thickness
Figs. 18 and 19 show the relation between the peak value of

equivalent stress and fin thickness. Fig. 18 presents the relation
between the peak value of equivalent stress and fin thickness at
different fin distance for plate thickness d ¼ 1.6 mm, brazing seam
thickness d ¼ 0.1 mm and fin height h ¼ 6.0 mm. Fig. 19 is the
relation between the peak value of equivalent stress and fin
thickness at different brazing seam thickness for fin distance
g¼ 0.6mm, fin thickness f¼ 0.4mm and fin height h¼ 6.0 mm. The
results indicate that the peak value of equivalent stress decreases as
the fin thickness increases and is obviously impacted by that. At the
same time, the influence of fin distance on the peak value of
equivalent stress is more obvious when the fin thickness is smaller.
In other words, it is necessary to increase the fin thickness in order
to improve the structural strength of plate-fin structures in LNG
PFHE.

In order to further analyze the influence of fin thickness on the
stress of plate-fin structures in LNG PFHE, the stress distributions of
reference paths from Fig. 2 are also given at different fin thickness.
Figs. 20e23 are the stress distributions of reference paths at
different fin thickness for brazing seam thickness d ¼ 0.1 mm, fin
height h ¼ 6.0 mm, plate thickness d ¼ 1.6 mm and fin distance
g ¼ 0.6 mm. Fig. 20 is the distributions of equivalent stress along
path 1 at different fin thickness. The results show that the peak
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value of equivalent stress decreases with the increase of fin thick-
ness at the brazed joint near plate side. And the equivalent stress is
obviously impacted by the fin thickness at brazed joint near plate
side. Fig. 21 depicts the stress distributions in different directions
along path 1 at different fin thickness. The results indicate that the
direct stresses in three directions are obviously impacted by the fin
thickness at brazed joint near plate side and the peak value of that
decreases as the fin thickness increases. At the same time, the direct
stress in x direction increases with the increase of fin thickness at
brazing seam layer near plate side and the influence of fin thickness
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Fig. 23. The stress distribution in different direc
is more obvious on the direct stress in x direction than that on the
stresses in other directions. In other words, the influence of fin
thickness on the peak value of equivalent stress at brazed joint near
plate side is mainly induced by the direct stresses in three di-
rections while that at brazing seam layer near plate side is mainly
induced by the direct stress in x direction.

Fig. 22 depicts the distributions of equivalent stress along path
2 at different fin thickness. The results show that the equivalent
stress will also reach the peak value at brazed joint near fin side.
The peak value of equivalent stress decreases with the increase of
fin thickness at brazed joint near fin side and is also obviously
impacted by the fin thickness. But the equivalent stress is slightly
impacted by that at brazing seam layer near fin side. In order to
further analyze the stress distributions of path 2 at different fin
thickness, the stress distributions in different directions along path
2 at different fin thickness are given in Fig. 23. The results indicate
that the peak value of direct stresses in three directions at brazed
joint near fin side decreases as the fin thickness increases. But the
influence of fin thickness on the peak value of direct stress in y
direction is more obvious than that in other directions. The shear
stress on x-y plane is slightly impacted by the fin thickness at
brazed joint near fin side. In other words, the influence of fin
thickness on the peak value of equivalent stress at brazed joint near
fin side is mainly induced by the direct stress in y direction.

In short, the structural strength of plate-fin structures is obvi-
ously influenced by the fin thickness in actual operation process of
LNG PFHE and the peak value of equivalent stress decreases with
the increase of fin thickness. In other words, the increasing fin
thickness is an effective measure to improve the structural strength
of plate-fin structures in LNG PFHE. At the same time, the direct
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stresses in three directions are main factors that cause the struc-
tural strength of plate-fin structures at brazed joint near plate side
obviously being impacted by the fin thickness. However, at the
brazed joint near fin side in LNG PFHE, the direct stress in y di-
rection will result in that the structural strength of plate-fin
structures decreases with the increase of fin thickness.
4.2.5. The influence of fin distance
Figs. 24 and 25 are the relation between the peak value of

equivalent stress and fin distance. Fig. 24 presents the relation
between the peak value of equivalent stress and fin distance at
different fin thickness for plate thickness d ¼ 1.6 mm, brazing seam
thickness d ¼ 0.1 mm and fin height h ¼ 6.0 mm. Fig. 25 is the
relation between the peak value of equivalent stress and fin dis-
tance at different brazing seam thickness for plate thickness
d¼ 1.6 mm, fin thickness f¼ 0.4 mm and fin height h¼ 6.0mm. The
results show that the peak value of equivalent stress increases
linearly with the increase of fin distance and is obviously impacted
by that. At the same time, the larger fin distance is, the more
obvious influence of brazing seam thickness and fin thickness is. In
other words, the structural strength of plate-fin structures is
obviously impacted by the fin distance and can be improved by the
decreasing fin distance.

For the sake of analyzing the influence of fin distance on the
structural strength of plate-fin structures in LNG PFHE, the stress
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Fig. 25. The peak value of equivalent stress vs. fin distance at different brazing seam
thickness.
distributions of reference paths from Fig. 2 are also given at
different fin distance. Figs. 26e30 are the stress distributions of
reference paths at different fin distance for brazing seam thickness
d ¼ 0.1 mm, fin height h ¼ 6.0 mm, plate thickness d ¼ 1.6 mm and
fin thickness f ¼ 0.4 mm. Fig. 26 is the distributions of equivalent
stress along path 3 at different fin distance. The results show that
the equivalent stress is complex at the brazed joint (region 2),
brazing seam layer (region 6), and sudden-change location of fin-
plate structures (region 5) and will reach the peak value at these
positions. At the same time, the equivalent stress along fin height
increases with the increase of fin distance and is obviously
impacted by that.

In order to further analyze the stress distributions of the local
position in region 2 and 6, the distributions of equivalent stress are
also given in region 2 and 6. Fig. 27 is the distributions of equivalent
stress in region 6 at different fin distance. The results indicate that
the equivalent stress at the brazing seam layer is obviously
impacted by fin distance and increases as the fin distance increases.
At the same time, the equivalent stress at brazing seam layer is
larger than that at adjacent region. Fig. 28 is the stress distributions
of region 6 in different directions at different fin distance. The re-
sults show that the direct stress in y direction increases as the fin
distance increases. At the same time, the direct stress in y direction
is obviously impacted by the fin distance at brazing seam layer
while the direct stresses in x and z directions and the shear stress
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Fig. 27. The equivalent stress distribution of the local position in region 6 at different
fin distance.
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Fig. 28. The stress distribution of region 6 in different directions at different fin distance.
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on x-y plane are slightly impacted by that. This further indicates
that the increase of equivalent stress with the fin thickness is
induced by the direct stress in y direction at brazing seam layer.

Fig. 29 is the distributions of equivalent stress in region 2 at
different fin distance. The results show that the equivalent stress
increases with the increase of fin distance at brazed joint and is
obviously impacted by fin distance. At the same time, the equiva-
lent stress near fin side is larger than that near plate side. In other
words, the peak value of equivalent stress increases with the in-
crease of fin distance because of the influence of fin distance on the
equivalent stress near fin side. Fig. 30 illustrates the stress distri-
butions of region 2 in different directions at different fin distance.
The results indicate that the direct stress in y direction is obviously
impacted by the fin distance and increases with the increase of fin
distance. The direct stresses near plate side in x and z directions
decrease with the increase of fin distance. At the same time, the
direct stresses in x and z directions and the shear stress on x-y plane
are slightly impacted by the fin distance. In other words, the in-
fluence of fin distance on the peak value of equivalent stress in fin-
plate structures is induced by the direct stress near fin side in y
direction and the peak value of equivalent stress increases with the
increase of fin distance because the direct stress near plate side in y
direction increases with the increase of fin distance.

To sum up, the structural strength of plate-fin structures is
obviously influenced by the fin distance and the peak value of
equivalent stress increases linearly with the increase of fin distance.
Therefore, the decreasing fin distance is also a method to improve
the structural strength of plate-fin structures in LNG PFHE. At the
same time, the influence of fin distance on the structural strength of
plate-fin structures is mainly induced by the direct stress in y
direction.
5. Conclusions

In this paper, the stress distributions of four reference paths in
plate-fin structures were obtained from simulation results. The
influence of structure parameters on the stress of plate-fin struc-
tures in the MR entrance of LNG PFHE was analyzed by means of a
direct thermal-stress coupling method based on the thermal elastic
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Fig. 30. The stress distribution of region 2 at in different directions at different fin distance.
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theory. The some conclusions can be drawn from this investigation.

(1) The stress gradient at the brazed joints is much larger than
that at the adjacent regions in actual operation process of
LNG PFHE. The structural strength of plate-fin structures is
impacted directly by the stress at brazed joint near fin side.
At the same time, the direct stress at brazed joint near fin
side in y direction is a main factor to influence the structural
strength of plate-fin structures in LNG PFHE.

(2) The influences of brazing seam thickness, fin thickness and
fin distance are obvious on the structural strength of plate-
fin structures in actual operation process of LNG PFHE. The
direct stress at brazed joint (regions 1 and 2) near fin side in y
direction is a direct reason which results in the peak value of
equivalent stress in plate-fin structures of LNG PFHE
increasing with the increase of fin distance and the decrease
of brazing seam thickness and fin thickness. In order to
improve the structural strength of plate-fin structures in LNG
PFHE, it is necessary to increase the brazing seam and fin
thickness and decrease the fin distance.

(3) The structural strength of plate-fin structures is slightly
impacted by the fin height and plate thickness for the fin
height f ¼ 4.0e7.0 mm and plate thickness d ¼ 1.2e1.8 mm,
respectively. Therefore, in order to reduce manufacturing
cost and save manufacturing materials, it is necessary to
decrease the plate thickness when the brazed quality can be
met. At the same time, in the design on the fin height of LNG
PFHE, it is unnecessary to consider the influence of fin height
on the structural strength of plate-fin structures.
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