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Abstract

In order to ensure the safe operation of heat exchangers in the Liquefied Natural Gas (LNG), the stress analysis model of aluminum Plate-Fin Structure (PFS) is established based on the thermal-elastic-plasticity theory. The residual stress distribution of PFS and its influence on the structural strength is analyzed by the thermal-structural coupling method. The results indicate that the residual stress distribution of PFS is very complex, and the residual stress reaches the peak at the Brazed Joint (BJ). Due to the equivalent stress at BJ near the fin is higher than that at BJ near the plate, cracks are more easily produced at BJ near the fin. Therefore, the existence of residual stress has a negative impact on PFS, which may increase the possibility of strength failure at BJ under the typical operating conditions (normal operation, cut-down and heat-up) of the heat exchanger. In addition, the residual stress gradually decreases with the brazing cooling rate decrease. The residual stress within the PFS will be effectively reduced by properly reducing the brazing cooling rate, which can slow down the strength failure of the PFS. The above research results will provide an important basis for the design and safe operation of the aluminum plate-fin heat exchanger.


1 Introduction
The aluminum Plate-Fin Structure (PFS) is the core component of natural gas liquefaction plant heat exchangers, and residual stresses are generated during the brazing process [1–3]. The brazing residual stress will be superimposed with the thermal stress of PFS during the actual operation process of the Liquefied Natural Gas (LNG) heat exchanger, which will intensify the stress concentration at the weak location of the PFS. Therefore, the existence of brazing residual stress will have a passive effect on the fatigue strength of PFS, which will eventually lead to strength failure of the PFS [4–6]. This will seriously affect the structural and operational safety of the LNG aluminum plate-fin heat exchanger [7].
At present, a lot of researches have been carried out about the residual stress characteristic of PFS. For example, the residual stress has been predicted by the finite element method. The peak residual stress occurs near the weld surface between the weld layer and the base material [8]. Due to the mechanical properties are incompletely matched between the base material and filler material, a large residual stress gradient will be generated near the interface between the base material and filler material. This will lead to the occurrence of peak residual stress [9]. The influence of different structure parameters and high temperature creep behavior on residual stress is analyzed by the finite element method. The filler metal thickness, brazing gap, plate thickness, fin thickness, fin pitch, and fin height are the main influence factors for the residual stress, and the high temperature creeps behavior greatly relieves the brazing residual stress at the brazed joint [10–12]. The influence of element diffusion on residual stress is studied by the microstructure method. The residual stress distribution at the diffusion affected zone is extremely complex under the influence of element diffusion. The local residual stress at the diffusion affected zone is higher than that at the filler material [13], etc. These studies are mainly focused on the brazing residual stress of stainless steel PFS and the influence of different factors on the brazing residual stress of that.
For the research on the influence of brazing residual stress on the strength of aluminum PFS was carried out under low temperature conditions. The influence of structure parameters, operation parameters, and emergency stop operation is analyzed for the strength of PFS in the LNG heat exchanger. Therefore, the main effect factors are determined for the strength failure of the plate-fin structure [14–16]. Furthermore, the influence of structure parameters is quantitatively analyzed for the stress distribution of serrated-fin structure under cryogenic conditions. The serrated-fin structure is comprehensively optimized on this basis [17, 18]. In addition, the stress characteristics of PFS are investigated under the cool-down and heat-up process of the LNG heat exchanger. The optimum operation method is proposed during the cool-down and heat-up process [19–21]. However, these studies are based on thermal-elastic theory. The influence of plastic deformation and brazing residual stress on the strength of PFS are not considered in the actual operation process of heat exchangers.
In this paper, the stress characteristics analysis model of PFS is established based on the thermal-elastic-plasticity theory. The brazing residual stress distribution of PFS and the influence of brazing residual stress on the PFS strength during typical operation are analyzed by the thermal-structure coupling method. In the analysis, the brazing residual stress is loaded into the PFS of LNG heat exchanger as a body load. In addition, the influence of different brazing cooling rates is investigated for the residual stress of that, and an effective method is proposed to decrease the residual stress.
2 Finite element analysis
2.1 Description of the Model
As shown in Figure 1, the Natural Gas (NG) and Mixed Refrigerant (MR) are alternately countercurrents in the actual operation process. The structure is repetitive and periodic for PFS of the LNG heat exchanger. Therefore, only the vertical section with the four layer fins of one period length (Fig. 1 in the dotted line) is adopted to analyze the influence of residual stress on the PFS strength in the typical operation process. In this analysis, a smaller section is used in the direction of length L because the temperature gradient is very small along the length L of the PFS. Figure 2 depicts a simplified model. The model structure parameters are shown in Table 1.
	[image: thumbnail]	Fig. 1 Schematic diagram of PFS in LNG heat exchanger.




	[image: thumbnail]	Fig. 2 The PFS as a simplified model.




Table 1 
Structural parameters of plate-fin model (from bottom layer to top layer).


In the petrochemical industry, AL3003 and AL4004 are widely used as the fins and plates of aluminum PFS and as the Brazing Filler Metal Layer (BFML) in LNG heat exchanger, respectively. Therefore, it is assumed that the fin and plate materials are AL3003, the BFML is AL4004. Meanwhile, the temperature has a significant influence on the thermal expansion coefficient, elastic modulus and yield strength of materials AL3003 and AL4004. While the density, thermal conductivity and specific heat are less affected by temperature. In order to simplify the calculation model, only the influence of temperature for the elasticity modulus, thermal expansion coefficient and yield strength are considered in AL3003 and AL4004. The influence of temperature was neglected for the density, thermal conductivity and specific heat. The simplified mechanical property parameters of PFS are shown in Table 2.
Table 2 
Mechanical properties of materials.


2.2 Analysis strategy
The strength of PFS is influenced by the combined effect of brazing residual stress, external force and temperature field during the actual operation process of the LNG heat exchanger. Using finite element software, the residual stress in PFS will be simulated, which is produced in the brazing process. Then the influence of residual stress which is as the body load is analyzed for the strength of PFS in the LNG heat exchanger. For the residual stress analysis of PFS in the LNG heat exchanger, the fixed constraint boundary in the y-direction is applied on the bottom surface of that. At the meantime, the fixed constraint boundary in the y-direction is also applied on the top surface of PFS, which is used to simulate the force by jig. The radiative heat transfer boundary in the cavity of PFS is adopted to simulate the radiation heat transfer inside the PFS during the brazing process. The temperature curve corresponding to the radiation heat transfer boundary of PFS during the brazing process can be expressed as the following relationship:[image: thumbnail](1)

In equation (1), T
BF is the brazing furnace temperature, K, t is the brazing time, min. Simultaneously, the symmetrical boundary conditions are applied to the left and right sides of PFS to simulate the repeatability and symmetry of PFS.
For the purpose of determining the impact of brazing residual stress on the strength of LNG heat exchanger PFS, the convective heat transfer boundary is applied to simulate the heat transfer between NG (MR) and PFS [22]. The adiabatic boundary is used on the left and right sides to simulate the heat transfer symmetry of PFS. The influence of NG (MR) pressure on the strength of PFS is simulated by the pressure boundary between the NG (MR) and that. A fixed constraint of the y-direction is applied to the bottom of the plate. Simultaneously, the brazing residual stress is loaded into the internal nodes of PFS to simulate the influence of residual stress on the strength of PFS by the pre-stress analysis method. The detailed boundary conditions are shown in Figure 3.
	[image: thumbnail]	Fig. 3 The boundary conditions of PFS on the thermal stress analysis during the actual operation process.




2.3 Grid division and grid irrelevance verification
In this paper, the PFS are meshed by the structured grids. Four grids of 34,000, 75,000, 142,000, and 286,000 nodes are selected to simulate the stress characteristic of PFS at the same calculation conditions. The simulation results and deviations are shown in Table 3. The results show that the calculation results on the stress of PFS are slightly impacted by the number of grid nodes when the number of grid nodes is larger than 142,000. Therefore, the grid with 142,000 nodes is finally used to analysis the stress characteristic of PFS in the LNG heat exchanger.
Table 3 
The calculation results and deviations at different grid nodes.


3 Results and discussion
3.1 The residual stress distribution of PFS
Cracks and fractures are most likely to occur at the interface between BFML and plate or fin, as well as the brazed joint (BJ). As a result, four paths are selected to evaluate the residual stress distribution of PFS during the brazing process, as shown in Figure 2. Path 1 and Path 2 are located at the interface between the BFML and the plate, and between the fin and the BFML, respectively. Path 3 is along with the fin height and through the BJ (Region 2) and the BFML (Region 3). Path 4 is along with the interface between the plate and the BFML and through the BJ (Regions 4 and 5) and flow channel. This will be shown in Figure 2.

Figures 4 and 5 show the residual stress distribution along Path 1 and Path 2, respectively. In this paper, σ and τ represent normal and shear stress, respectively. The subscript indicates the direction of the normal stress and shear stress. σ
r is the equivalent stress. The results show that the residual stress reaches the peak value at BJ (Regions 1 and 2). Because of the structural mutation at the BJ and the material performance mismatch between plate or fin and BFML, the gradient of residual stress at this location is significantly higher than at other locations. The normal and the equivalent stress are distributed symmetrically along Path 1 and Path 2. The normal stress in the y-direction is significantly larger than that in the other directions. The equivalent stress reaches the minimum value in the middle of BFML. The shear stress in the x-y plane is distributed asymmetrically, and the shear stresses in other planes are approximately equal to zero along Path 1 and Path 2.
	[image: thumbnail]	Fig. 4 Residual stress distribution along Path 1.




	[image: thumbnail]	Fig. 5 Residual stress distribution along Path 2.




The equivalent stress at BJ near the fin is greater than that at BJ near the plate according to the comparison of Figures 4 and 5. The normal stress in the y-direction is significantly greater than in the other directions. As a result, cracks are more likely to occur at BJ near the fin, and the normal stress in the y-direction may be the primary cause.
To further analyze the distribution of residual stress at BJ, the residual stress in Region 2 along Path 3 is shown in Figure 6. The results indicate that along Path 3, the residual stress in the fin and plate are approximately constant, the normal and shear stress at BJ is approximately linear. The shear stress in the y-z and x-z planes is approximately equal to zero along Path 3. The equivalent stress, normal stresses and shear stress in the x-y plane are mutational at the interface between the BFML and the plate and at the interface between the fin and the BFML. Simultaneously, the normal stress in the y-direction is significantly larger than in the other stresses. The equivalent stress of BJ near the fin is larger than that of BJ near the plate, which is consistent with the above conclusion.
	[image: thumbnail]	Fig. 6 Residual stress distribution of local position in Region 2 along Path 3.





Figure 7 is the distribution of residual stress at Region 3 along Path 3. The results indicate that the equivalent stress, the normal stress in the x- and z-direction at BFML are larger than the equivalent stress, the normal stress in the x- and z-direction at the plate and the fin. The other stresses are approximately constant at Region 3 along Path 3.
	[image: thumbnail]	Fig. 7 Residual stress distribution of local position in Region 3 along Path 3.





Figure 8 is the distribution of residual stress along Path 4. The results show that the residual stress reaches the peak value at BJ (Region 4 and Region 5). The gradient of residual stress at this location is relatively higher than that at the other location due to the structural mutation at BJ and the material performance mismatch between the plate or the fin and the BFML. The normal and equivalent stress are distributed symmetrically along Path 4, the shear stress in the x-y plane is distributed asymmetrically, and the shear stress in other planes are approximately equal to zero. The normal stress in the y-direction is significantly larger than that in the other directions.
	[image: thumbnail]	Fig. 8 Residual stress distribution along Path 4.




In summary, for the PFS in the LNG heat exchanger, the residual stresses distribution is very complicated and reaches the peak value at BJ. The gradient of residual stress at BJ is relatively larger than that at the other location. The normal stress in the y-direction is significantly higher than that in the other directions. The equivalent stress at BJ near the fin is larger than that at BJ near the plate. Therefore, cracks are more easily to occur at BJ near the fin due to the existence of the residual stress.
3.2 The influence of brazing residual stress for the strength of PFS
The normal operation, cool-down and heat-up processes for the heat exchanger in a large-scale LNG plant are all part of the actual operation process. As a result, the impact of brazing residual stress on the strength of PFS is investigated in this section under these three typical operating conditions.
3.2.1 The influence of residual stress in the normal operation process
Under the design conditions of a large-scale LNG plant heat exchanger, the NG is cooled at a pressure of P
NG = 7.1 MPa, a heat transfer coefficient of h
NG = 1.5 kW/(m2 K) between the NG and PFS, and a temperature difference of ΔT = 5 K between NG and MR. The MR is heated at a pressure P
MR = 0.4 MPa, a heat transfers coefficient of h
MR = 1.0 kW/(m2 K) between the MR and PFS, and a temperature T
MR = 150 K. Therefore, the influence of residual stress on the strength of PFS in the LNG heat exchanger is analyzed at the above parameters sets. And the stress distributions of PFS considering the residual stress in the brazing process are compared with that without considering the residual stress in the brazing process.

Figures 9 and 10 are the comparisons of stress distribution for Path 1 and Path 2 in the normal operation process (the subscript y or n indicates with or without residual stress, respectively). The results indicate that the shear stress in the x-y plane is distributed asymmetrically along Path 1 and Path 2, the shear stress in the y-z and x-z plane are approximately equal to zero along Path 1 and Path 2, and the normal stresses and equivalent stress are distributed symmetrically along Path 1 and Path 2. The stress gradient near the BJ (Regions 1 and 2) is much larger than that in other regions. By comparing Figure 9 and Figure 10, it can be seen that the equivalent stress of BJ near the fin is larger than that of BJ near the plate. The existence of residual stress will lead to the increase of the equivalent stress. From Figure 9, it can also be seen that the stress distribution of BJ is complicate during the normal operation of the heat exchanger. Both the normal stresses and equivalent stress reach the peak value at BJ, the normal stress in the x- and z-directions are relatively larger compared with other stresses. From Figure 10, it can also be seen that the normal stress in the y-direction and the equivalent stress are relatively larger and reach the peak value at BJ, while other stresses are relatively small. Consequently, the normal stress in the x- and z-directions may be the major factor to impact the strength failure of the interface between the BFML and the plate. The normal stress in the y-direction may be the major factor to impact the strength failure of the interface between the BFML and the fin. The existence of residual stress has a passive influence on the heat exchanger and may increase the stress strength failure at BJ.
	[image: thumbnail]	Fig. 9 The comparison of stress distributions of Path 1 in the normal operation process.




	[image: thumbnail]	Fig. 10 The comparison of stress distributions of Path 2 in the normal operation process.




In order to further determine the main influence factors of structure failure at BJ, the stress distribution at region 3 along Path 3 was analyzed, as shown in Figures 11 and 12. From Figure 11, it can be shown that the normal stress in the x-and z-directions and the equivalent stress approach the peak value in BFML, and the other stresses are approximately equal to zero in BFML, which means that the strength failure in BFML is primarily caused by the normal stress in the x- and z-directions. From Figure 12, it can be seen that the stress gradient of all stresses at the BJ (Region 4 and Region 5) is large, the normal stress in the x- and z-directions is larger than other stresses. Comparing Figure 11 and Figure 12, it can also be seen that the existence of residual stress will lead to the increase of equivalent stress and other stresses.
	[image: thumbnail]	Fig. 11 The comparison of stress distribution of local position in Region 3 of Path 3.




	[image: thumbnail]	Fig. 12 The comparison of stress distributions of Path 4




In conclusion, during the normal operation of the aluminum plate-fin heat exchanger, the stress distribution of BJ is complex, the equivalent stress of BJ near the fin is larger than that of BJ near the plate. Therefore, the BJ near the fin is more prone to strength failure. The normal stress in the x-and z-directions may be the main reason for the strength failure of the BJ near the plate and the BFML. The normal stress in the y-direction may be the main reason for the strength failure of BJ near the fin and the BFML. The existence of residual stress has a passive influence on the heat exchanger and may increase the possibility of strength failure at BJ.
3.2.2 The influence of residual stress in the cool-down process
When the temperature difference between NG and MR is constant during the cool-down process, the stress characteristic of PFS is slightly affected by the temperature drop rate, according to the literature [20, 21]. As a result, the impact of brazing residual stress on PFS stress is investigated at a temperature drop rate of T
r = 2.5 K/min, convective heat transfer coefficients between NG or MR and PFS of h
NG = 1.5 kW/(m2 K), h
MR = 1.0 kW/(m2 K), NG or MR pressures of P
NG = 7.1 MPa, P
MR = 0.4 MPa and the temperature differential between MR and NG of ΔT = 5 K. The stress states are analyzed at the typical locations of PFS which are the Points 1–5 (As shown in Fig. 2). Point 1 and Point 2 are located at BJ near the fin and the plate, respectively. Point 3 is located in the center of BFML. Point 4 and Point 5 are located at the interface between the BFML and the plate, and between the fin and the BFML, respectively.

Figure 13 is the comparison results of stress states at Point 1 in the cool-down process. The results show that the equivalent stress, the normal stress in the y-and z-directions, the shear stress in the x-y plane will increase and other stresses are approximately equal to zero with the cool-down time at BJ near the fin. Meanwhile, the equivalent stress, and the normal stress in the z-direction are larger than other stresses. Therefore, the normal stress in the z-direction is the main factor to impact the strength failure of BJ near the fin during the cool-down time. Simultaneously, the equivalent stress is larger with residual stress than that without residual stress. So the existence of residual stress has a passive effect on the heat exchanger and maybe increases the strength failure at Point 1 of PFS during the cool-down time.
	[image: thumbnail]	Fig. 13 The comparison results of stress states at Point 1 in the cool-down process.





Figure 14 is the comparison results of stress states at Point 2 in the cool-down process. The results show that the equivalent stress, the normal stresses, the shear stress in the x-y plane will increase and other stresses are approximately equal to zero with the cool-down time at BJ near the plate. Meanwhile, the equivalent stress, and the normal stress in the z-direction are larger than other stresses. Consequently, the normal stress in the z-direction is the main factor to impact the strength failure of BJ near the plate during the cool-down time. Simultaneously, the equivalent stress is larger with residual stress than that without residual stress. So the existence of residual stress has a passive effect on the heat exchanger and maybe increases strength failure at Point 2 of PFS during the cool-down time.
	[image: thumbnail]	Fig. 14 The comparison results of stress states at Point 2 in the cool-down process.




By comparing Figure 13 and Figure 14, it can be shown that the equivalent stress of BJ near the fin (Point 1) is larger than that of BJ near the plate (Point 2). Therefore, the BJ near the fin is more prone to strength failure during the cool-down time.

Figures 15–17 are the comparison results of stress states at points 3, 4, and 5 in the cool-down process. The results indicate that at the center of BFML (Point 3), the interface between the BFML and the plate (Point 4) and the interface between the BFML and the fin (Point 5) with the cool-down time, the equivalent stress, the normal stress in the x- and z-directions will increase, and the other stresses are approximately equal to zero. Meanwhile, the normal stress in the x-and z-directions are larger than other stresses. Consequently, the normal stress in the x- and z-direction are the main factors to impact the strength failure of BFML (points 3, 4, and 5) during the cool-down time. Simultaneously, the equivalent stress is larger with residual stress than that without residual stress. So the existence of residual stress has a passive effect on the heat exchanger and maybe increases the strength failure at points 3, 4, and 5 of PFS during the cool-down time.
	[image: thumbnail]	Fig. 15 The comparison results of stress states at Point 3 in the cool-down process.




	[image: thumbnail]	Fig. 16 The comparison results of stress states at Point 4 in the cool-down process.




	[image: thumbnail]	Fig. 17 The comparison results of stress states at Point 5 in the cool-down process.




In conclusion, during the cool-down of the aluminum plate-fin heat exchanger, the stress distribution of BFML is complex, the PFS is more prone to strength failure at BJ near the fin. The normal stresses are the main factor to impact the strength failure of BJ. The existence of residual stress has a passive effect on PFS and maybe accelerates the strength failure of PFS during the cool-down process.
3.2.3 The influence of residual stress in the heat-up process
When the temperature difference between NG and MR is constant during the heat-up process, the temperature change rate has a slight effect on PFS stress. Consequently, the impact of residual stress on PFS strength at a temperature change rate of T
r = 2.5 K/min, the convective heat transfer coefficients between NG or MR and PFS h
NG = = 1.5 kW/(m2 K), h
MR = 1.0 kW/(m2 K), the NG or MR pressures P
NG = 7.1 MPa, P
MR = 0.4 MPa and the temperature difference between NG and MR ΔT = 5 K are investigated.

Figure 18 is the comparison results of stress states at Point 1 in the heat-up process. The results show that the equivalent stress, the normal stress in the y- and z-directions, the shear stress in the x-y plane will decrease and other stresses are approximately equal to zero with the heat-up time at BJ near the fin. Meanwhile, the normal stress in the z-direction is larger than other stresses. Therefore, the normal stress in the z-direction is the main factor to impact the strength failure of BJ near the fin during the heat-up time. Simultaneously, the equivalent stress is larger with residual stress than that without residual stress. So the existence of residual stress has a passive effect on the heat exchanger and maybe increases the strength failure at Point 1 of PFS during the heat-up time.
	[image: thumbnail]	Fig. 18 The comparison results of stress states at Point 1 in the heat-up process.





Figure 19 is the comparison results of stress states at Point 2 in the heat-up process. The results indicate that the equivalent stress, the normal stresses, the shear stress in the x-y plane will decrease and other stresses are approximately equal to zero with the heat-up time at BJ near the plate. Meanwhile, the normal stress in the z-direction is larger than other stresses. Consequently, the normal stress in the z-direction is the main factor to impact the strength failure of BJ near the plate during the heat-up time. Simultaneously, the equivalent stress is larger with residual stress than that without residual stress. So the existence of residual stress has a passive effect on the heat exchanger and maybe increases the strength failure at Point 2 of PFS during the heat-up time.
	[image: thumbnail]	Fig. 19 The comparison results of stress states at Point 2 in the heat-up process.




By comparing Figure 18 and Figure 19, it can be shown that the equivalent stress of BJ near the fin (Point 1) is greater than that of BJ near the plate (Point 2). Consequently, the BJ near the fin is more prone to strength failure during the heat-up time.

Figures 20–22 are the comparison results of stress states at points 3, 4, and 5 in the heat-up process. The results indicate that the equivalent stress, the normal stress in the x-and z-directions will decrease and other stresses are approximately equal to zero with the heat-up time at the center of BFML (Point 3), the interface between the BFML and the plate (Point 4), the interface between the BFML and the fin (Point 5). Moreover, the equivalent stress, the normal stress in the x- and z-directions are larger than other stresses. Consequently, the normal stress in the x- and z-directions are the main factor to impact the strength failure of BFML (points 3–5) during the heat-up time. Simultaneously, the equivalent stress is larger with residual stress than that without residual stress. So the existence of residual stress has a passive effect on the heat exchanger and maybe increases the strength failure at points 3–5 of PFS during the heat-up time.
	[image: thumbnail]	Fig. 20 The comparison results of stress states at Point 3 in the heat-up process.




	[image: thumbnail]	Fig. 21 The comparison results of stress states at Point 4 in the heat-up process.




	[image: thumbnail]	Fig. 22 The comparison results of stress states at Point 5 in the heat-up process.




In conclusion, during the heat-up of the aluminum plate-fin heat exchanger, the stress distribution of BFML is complex. The PFS is more prone to strength failure at BJ near the fin. The normal stresses are the main factor to impact the strength failure of BJ. The existence of residual stress has a passive effect on PFS and maybe accelerates the strength failure of PFS during the heat-up process.
3.3 Influence of brazing cooling rate on residual stress of PFS
From the above analysis, it can be seen that residual stress will be generated in the brazing process of PFS, and the existence of residual stress has a passive effect on the strength of PFS and maybe accelerates the strength failure of PFS. The influence of different brazing cooling rates on the residual stress is investigated in this section and an effective method is proposed to decrease the residual stress, which purpose is to reduce the influence of residual stress on the structural strength.
3.3.1 Brazing process of PFS

Figure 23 shows the temperature control curve of vacuum brazing furnaces under different brazing cooling rates. It can be seen that the temperature change of the whole brazing process has undergone 10 processes: (a) The brazing temperature increased from room temperature 298 K to 633 K after 30 min of heat. (b) Keep the heat for 50 min at 633 K. (c) The brazing temperature increased from 633 K to 743 K after 25 min of heat. (d) Keep the heat for 8 min at 743 K. (e) After 15 min of heat, the brazing temperature increased from 743 K to 843 K. (f) Keep the heat for 9 min at 843 K. (g) After 8 min of heat, the brazing temperature increased from 843 K to 863 K. (h) Under the environmental conditions of 863 K, after 4 min of heat preservation, the BFML is fully diffused to form a BJ. (i) The brazing furnace is filled with nitrogen and shock cool, so that the temperature in the vacuum furnace is reduced from 863 K to 373 K. (j) After 60 min of natural cool, the temperature of PFS was finally restored to room temperature of 298 K.
	[image: thumbnail]	Fig. 23 Temperature control curve of vacuum brazing furnace under different brazing cooling rate.




3.3.2 Residual stress under different brazing cooling rates

Figures 24–26 show that the residual stress distribution comparison of Path 1, Path 2 and Path 4 for different brazing cooling rates (20 K/min, 15 K/min, 10 K/min, 7.5 K/min, 5 K/min and 2.5 K/min) in the brazing stage (i). It can be shown from the figure that the residual stress under different brazing cooling rates in the brazing stage (i) are distributed symmetrically along Path 1, Path 2 and Path 4 and all reach the peak value at the BJ. With the decrease of brazing cooling rate, the residual stress decreases gradually. Therefore, the residual stress inside the PFS can be reduced effectively by appropriate reduction of the brazing cooling rate to slow down the strength failure of PFS.
	[image: thumbnail]	Fig. 24 The residual stress distributions comparison of Path 1 at different brazing cooling rates in the brazing stage (i).




	[image: thumbnail]	Fig. 25 The residual stress distributions comparison of Path 2 at different brazing cooling rates in the brazing stage (i).




	[image: thumbnail]	Fig. 26 The residual stress distributions comparison of Path 4 at different brazing cooling rates in the brazing stage (i).




4 Conclusion
In this paper, a stress analysis model is established to analyze the stress characteristics of LNG aluminum PFS. The residual stress distribution and influence of that for the strength of PFS is analyzed by the thermal-structural coupling method. And a method is proposed to effectively decrease the residual stress. From this research, the following conclusions can be obtained.
	
The residual stress distribution in BJ of PFS is very complex. The normal stress in the y-direction plays a dominant role at BJ. Due to the structural mutation at BJ and the material performance mismatch between the plate or fin and the BFML, cracks are easy to be induced by the residual stress at BJ near the fin.



	
In the normal operation process, the normal stress in the x-and z-directions may be the main factor for the strength failure of BJ near the plate and the BFML, and the normal stress in the y-direction may be the main factor for the strength failure of BJ near the fin and the BFML. In the cool-down and heat-up process, the normal stresses are the main factors for the strength failure of BJ.



	
The equivalent stress of BJ near the fin is higher than that near the plate, so the BJ near the fin is more prone to strength failure. The existence of residual stress will increase the possibility of strength failure of BJ.



	
The residual stress decreases with the brazing cooling rate decrease. Without considering the time cost, the manufacturer appropriately prolongs the time of the nitrogen shock cooling stage, and adopts a smaller brazing cooling rate that can reduce the residual stress inside PFS. This can slow down the strength failure of PFS and achieve the purpose to prolong the life of the heat exchanger.
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