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Abstract

:

Printed circuit heat exchangers (PCHEs) have the characteristics of high temperature and high pressure resistance, as well as compact structure, so they are widely used in the supercritical carbon dioxide (S-CO2) Brayton cycle. In order to fully study the heat transfer process of the Z-type PCHE, a numerical model of traditional Z-type PCHE was established and the accuracy of the model was verified. On this basis, a new type of spiral PCHE (S-ZPCHE) is proposed in this paper. The segmental design method was used to compare the pressure changes under 5 different spiral angles, and it was found that increasing the spiral angle θ of the spiral structure will reduce the pressure drop of the fluid. The effects of different spiral angles on the thermal-hydraulic performance of S-ZPCHE were compared. The results show that the pressure loss of fluid is greatly reduced, while the heat transfer performance is slightly reduced, and it was concluded that the spiral angle of 20° is optimal. The local fluid flow states of the original structure and the optimal structure were compared to analyze the reason for the pressure drop reduction effect of the optimal structure. Finally, the performance of the optimal structure was analyzed under variable working conditions. The results show that the effect of reducing pressure loss of the new S-ZPCHE is more obvious in the low Reynolds number region.
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1. Introduction


The supercritical carbon dioxide Brayton cycle is widely used in solar energy [1,2], nuclear energy [3,4], waste heat recovery [5], geothermal energy [6], and other fields for its compactness and high efficiency, and many scholars have studied it extensively. Ahn et al. [7] designed a S-CO2 Brayton cycle experimental loop to make it more efficient under higher pressure conditions. Milani et al. [8] proposed a model and control strategy of the re-compression S-CO2 Brayton cycle to compare the performance of two common solar input devices (direct and indirect). The results showed that the indirect cycle consumed 19.5% less fossil fuel than the direct cycle on a specific day.



As the working fluid of the S-CO2 Brayton cycle, the thermophysical properties of CO2 play a vital role in the efficiency of the entire system. CO2 is an environmentally friendly natural working fluid because of its inert chemical properties, security, and cheapness. In addition it has an ozone depleting potential (ODP) of 0 and a very low global warming potential (GWP) [9]. However, the thermophysical properties of S-CO2 are very severe [10], especially near the pseudo-critical point. The pseudo-critical point is the temperature corresponding to the peak value of the specific heat at constant pressure of S-CO2. Taking 8 MPa as an example, the specific heat at constant pressure of S-CO2 will rise rapidly near the pseudo-critical point and then decrease rapidly, and the density, dynamic viscosity, and thermal conductivity will also decrease to some extent. Additionally, the working conditions of high temperature and high pressure in the cycle require high quality heat exchange equipment.



Generally, a simple S-CO2 Brayton cycle system is mainly composed of compressor, turbine, generator, regenerator, precooler, and heat source as shown in Figure 1 [11]. In this cycle, about 60–70% of the total cycle heat transfer occurs in the regenerator [12]. Hence, it is necessary to study the thermal performance of the regenerator in the loop. The printed circuit heat exchanger is characterized by its compactness, high efficiency, and high resistance to temperature and pressure making it suitable for use in the S-CO2 Brayton cycle [13]. However, due to the complexity of the flow channel shape and the instability of the physical properties of the supercritical heat transfer medium, the heat transfer mechanism is not very clear.



There are two main categories of PCHE: continuous and discontinuous. The former includes straight and Z-type channels, and the latter includes airfoil and S-type channels. The cross-sectional shapes of flow channel include circular, rectangular, semicircular, trapezoidal, and so on. After considering the thermal-hydraulic performance, pressure resistance, maturity, and manufacturing cost, the Z-type channel with semi-circular cross-section is the preferred channel for S-CO2 side of PCHE [14]. Nikitin et al. [15] experimentally investigated the pressure drop and thermal performance of Z-type PCHE in the S-CO2 cycle, obtained the total heat transfer coefficient of PCHE in the experimental loop, and proposed the empirical formula for local heat transfer coefficient and friction factor of Reynolds number. Meshram et al. [12] numerically compared the temperature, pressure drop, and Reynolds number along the length of PCHE with straight and Z-type channels, and considered the influence of straight channel diameter, Z-channel pitch, and bending angle on heat transfer performance. The results showed that the heat transfer coefficient increased with the decrease of the channel, but the pressure drop also increased. The total heat transfer coefficient in the Z-type channel was proportional to the bending angle and inversely proportional to the pitch. Lee et al. [16] combined RANS analysis and multi-objective genetic algorithm to optimize the shape of the flow channel of the Z-type PCHE, and studied the trade-off relationship between increasing heat transfer efficiency and reducing flow resistance, and finally obtained the optimal channel shape. Serrano et al. [17] used a numerical analysis method to explore the heat transfer in Z-type PCHE channel. The results showed that 30% of the heat transfer was released near the critical point of S-CO2, while 60% of the heat transfer used 80% of the length of the heat exchanger, which meant that a large part of the heat transfer area was not effectively utilized. Saeed et al. [18] proposed a new flow channel structure based on the Z-type flow channel through numerical analysis, and obtained the correlation formula between heat transfer and pressure drop of the optimized flow channel. The results showed that, compared to the traditional flow channel structure, the hydraulic performance of the new flow channel was improved by a factor of 2.5. Yang et al. [19] used multi-objective evolutionary algorithm (MOEA) to optimize PCHE. The results show that the pressure drop can be reduced by nearly 26% compared with the reference case if the temperature rises of the optimal solution and the reference case are the same. Jing et al. [20] proposed 8 different channel configurations of multi-channel PCHEs (MFP), and seven kinds of continuous and discontinuous arc ribs were introduced into the MFP channel. The results showed that the 90° bend and the circular rib enhanced the fluid disturbance by enhancing the collision and acceleration effect between the fluids, contributing to the augmentation of turbulence kinetic energy (TKE) and heat transfer level. The addition of flow channels can also improve the overall thermal performance. Tang et al. [21] analyzed the effect of the minimum transverse distance of a vortex generator (VG) on the thermal and hydraulic performance. The optimal minimum transverse distance of VG was obtained and the optimal arrangement of vortex generator and airfoil fin was proposed. Bennett et al. [22] studied the effects of geometric structure and fluid physical properties on the thermo-hydraulic performance of PCHE. The results show that the Z-type PCHE thermal performance parameters are most sensitive to the bending angle, curvature radius of bending angle, mass flow rate, and channel width. Aneesh et al. [23] studied PCHE by means of numerical simulation, and the results showed that the performance of PCHE with a single banking arrangement between hot and cold channels was better than that of double banking. A new type of flow channel with hemispherical grooves was proposed, and the authors proved that the new PCHE has better performance.



All of the abovementioned research indicates that it is urgent and necessary to study Z-type PCHE, but most of the studies mentioned were limited to the experimental and numerical analysis of the traditional Z-type PCHE, and no new PCHE forms have been created on this basis. In this work, based on the numerical simulation of the traditional Z-type PCHE, a new type of PCHE with spiral channels is proposed. In this paper we describe our analysis of the performance of the spiral Z-type PCHE from the perspectives of hydraulic and thermal performance, and the optimal structure we finally obtained, which provides a certain reference for the design and optimization of PCHE.




2. PCHE Model


2.1. Geometric Model


Nikitin et al. [15] obtained experimental data on Z-type PCHE in 2006. The size of the core area of PCHE was 71 × 76 × 896 mm3, the number of hot channels was 144, and the number of cold channels was 66. Therefore, the geometric model used in the simulation was designed based on this experiment data. The arrangement of hot and cold channel is double-banking type with two hot channels and one cold channel between them, as shown in Figure 2. To simplify the difficulty of modeling, the geometry size of the cold channel is identical to that of the hot channel, with a channel diameter of 1.9 mm and the length is shortened to 72 mm, and the specific dimensions are shown in Figure 3. The flow pattern between hot and cold fluids is counter flow.




2.2. Grid Generation and Parameter Setting


ANSYS ICEM was used to establish the PCHE grid, and the fluid and solid domains are divided by an unstructured grid. In order to fully obtain the flow information in the flow channel, the mesh is appropriately densified in the fluid domain. The velocity and pressure of viscous fluid in the region close to the wall change dramatically, and the meshes near the wall play a very important role in the simulation results, so it is necessary to set a boundary layer mesh in the area close to the wall. The final diagram is shown in Figure 4.



Both the cold and hot side fluids are CO2. Since the working conditions involved in this paper are far from the pseudo-critical point of the S-CO2 and the changes of the physical properties of the fluid tend to be minor, the piecewise-polynomial forms of the physical properties of the fluid were introduced into the ANSYS FLUENT, with the goodness of fit R2 above 99.9%. The turbulence model is a standard k-ε model with standard wall function. The mass flow inlet and pressure outlet boundary conditions were adopted for both cold and hot fluids. The values of inlet temperature and outlet pressure refer to Ishizuka’s experiment [24] and Kim’s simulation [25], and the mass flow rate at the inlet varies from 40 kg/h to 75 kg/h. The specific boundary conditions are shown in Table 1. The upper and lower boundaries of the wall are periodic boundaries, and the front and rear, and left and right walls are adiabatic boundary conditions, as shown in Figure 5. The material of the solid domain is SS316L stainless steel, and the wall type of the interface between fluid domain and solid domain is coupled. The SIMPLEC algorithm is used to solve the coupling relationship between velocity and pressure, and the second-order upwind scheme is used to discretize all the equations. When the residuals of the equations are less than 10−6, the results are considered to be convergent.




2.3. Model Verification


2.3.1. Grid Independence Verification


The number of grids plays a crucial role in the accuracy of simulation results. A large number of grids not only improves the accuracy of simulation results, but at the same time consumes a large number of computer resources and computation time. Therefore, when the computer resources are large enough and the simulation results are relatively stable, the number of grids that consumes the least computational resources is preferred. In this work, 6 groups of grids were selected for comparison, as shown in Figure 6. It can be observed in the figure that, after grid 5, even if the number of grids is increased, the total heat transfer coefficient of the cold and hot sides will not change significantly, so grid 5 (2,642,182) was determined to be the optimal one.




2.3.2. Simulation Results Verified by Experiments


The thermal and hydraulic performance of PCHE are significant parameters for evaluating its performance. In order to verify the reliability of the simulation results, the simulation results were compared with the previous experimental results [15,24]. As mentioned above, to simplify the model, the shape of the cold side channel was simplified to the same form as the hot side. Hence, only the hot side pressure drop is used as the hydraulic performance parameter in the verification model, and the total heat transfer coefficient between the cold and hot sides is used as the parameter to verify the thermal performance of PCHE, as shown in Table 2. It is worth mentioning that the pressure drop at the hot side is the result of the PCHE, with a length of 72 mm converted to an experimental length of 846 mm. After comparing the pressure drop at the hot side with the experimental results, the relative error was found to be 5.668%. The change in the total heat transfer coefficient with the Reynolds number was compared with the experiment, as shown in Figure 7, and the relative error was found to be within ±10%. In conclusion, the errors of the simulation results were within the acceptable range, so the simulation results of PCHE can be considered reliable.





2.4. Mathematical Model


In this work, the fluid of the numerical model is in a steady state, and the same governing equations are used for hot and cold fluids. The governing equations used in the model are described by Equations (1)–(3):



Continuity equation:


   ∂  ∂  x i    ( ρ  u i  ) = 0  



(1)







Momentum equation:


   ∂  ∂  x j    ( ρ  u i   u j  ) = −   ∂ p   ∂  x i    + ρ  g i  +  ∂  ∂  x j    [ ( μ +  μ t  )   ∂  u i    ∂  x j    ]  



(2)







The energy equation is expressed by Equation (3), where the Φ is the energy dissipation caused by the viscosity.


    ∂ ( ρ  u i   c p  T )   ∂  x i    =  ∂  ∂  x i    [ λ   ∂ T   ∂  x i    ] + Φ  



(3)







The whole channel of the cold and hot side is divided into N same semicircular plane perpendicular to the x-z plane by the method of segmental design [26], forming n equal length element segments, as shown in Figure 8.



Equation (4) is used to calculate the local heat load of the unit segment. e represents the enthalpy value of each inlet and outlet unit segment, and   m ˙   is the mass flow rate of the fluid.


   Q n  =  m ˙  (  e  i n , n   −  e  o u t , n   )  



(4)







The local heat transfer coefficient is described by Equation (5), where Tb,n is the average temperature of each unit segment, Twall,n is the average temperature of the wall of each unit segment, and An is the heat transfer area of each unit segment.


   h n  =    Q n    (  T  b , n   −  T  W a l l . n   )  A n     



(5)







The local Nu number is calculated using Equation (6), where D is the hydraulic diameter of the flow channel and λ is the average thermal conductivity of the unit segment.


  N  u n  =    h n  D  λ   



(6)







The average Nu number of hot and cold fluid are calculated by averaging the local Nu of each unit segment.


  N u =  1 N    ∑  n = 1  N   N  u n     



(7)







The total heat transfer coefficient of the fluid is described in Equation (8), where Q is the total heat load, A is the heat transfer area of the channel, and ∆Tm is the logarithmic average temperature difference calculated by using the inlet and outlet temperatures of the hot and cold fluids.


  U =  Q  A Δ  T m     



(8)







The local friction factor is described by Equation (9), where, Pin,n is the inlet pressure of the unit segment, Pout,n is the outlet pressure of the unit segment, ρn is the average density of the unit segment, and ln is the effective length of the flow channel of the unit segment.


   f n  =   (  p  i n , n   −  p  o u t , n   )  ρ n  D   2   (   m ˙  n  /  A n  )  2   l n     



(9)







The average friction factor of hot and cold fluid are calculated by averaging the local f factor of each unit segment.


  f =  1 N    ∑  n = 1  N    f n     



(10)









3. A New Spiral Z-Type PCHE (S-ZPCHE)


Z-type PCHE has high efficiency and compact properties compared with traditional heat exchangers, but with the characteristics of high-pressure loss. Based on the traditional Z-type structure, an improved spiral Z-type PCHE is proposed in this section, which can significantly reduce the pressure loss of fluid, and provides a scheme and idea for the development and design of new PCHE in the future. For convenience, it is called SZ-type PCHE in the following context.



The flow resistance in PCHE is mainly composed of form loss and friction loss [27] as shown in Equation (11). Consequently, by changing the shape of the flow channel, the flow state of the fluid can be changed to some extent, and the formation of vortices and stagnant regions of the local flow can be alleviated, thus reducing the pressure loss. This is based on this idea that a SZ-type PCHE is designed as shown in Figure 9a. On the basis of the original Z-type structure, the semicircle at each turning point was rotated by an angle θ on the x-y section, and the rotation angles of two adjacent semicircles are equal in size and opposite in direction, as shown in Figure 9b. The same boundary conditions and governing equations were used for S-ZPCHE and the original structure. In order to explore the influence of different rotation angles on the spiral structure, the flow and heat transfer of five different cases, with θ of 0° (the original structure), 5°, 10°, 15°, and 20°, were simulated. After verification of grid independence, the number of grids with θ of 5°, 10°, 15°, and 20° was determined to be 2,493,684, 2,504,264, 2,629,618 and 2,532,347, respectively.


  Δ  P P  = Δ  P  f o r m   + Δ  P  f r i c t i o n    



(11)




where,  Δ Pform is form loss,  Δ Pform is friction loss.




4. Results Analysis and Discussion


4.1. Effects of Different Spiral Angles


4.1.1. Changes of Pressure


The relationship between the pressure drop at the cold side and the angle θ of the spiral structure is shown in Figure 10. First of all, it is obvious that increasing the rotation angle θ of the spiral structure will reduce the total pressure drop of the cold fluid in varying degrees. Compared with θ = 0, the total pressure drop of the cold side fluid decreased by 7.32%, 10.65%, 11.16%, and 13.32% for every 5° increase of the rotation angle. The larger the rotation angle, the more obvious the reduction of the pressure drop of spiral structure. However, due to the limitation of the solid domain structure around the flow channel, the maximum rotation angle can only reach 20°, but the 13.32% pressure drop reduction value is very considerable. Secondly, the pressure distribution of the fluid in the PCHE is not linear, but in the form of fluctuating decline.



The pressure of the fluid fluctuates locally at each turning point. The flow direction of the fluid will change rapidly near the turning point, which will lead to the sharp change of the physical properties of the fluid, as well as the local vortices and backflow of the fluid. Local vortices and backflow of the hot fluid will lead to stagnant regions of the fluid at the turning point, as shown in Figure 11. The mutual transformation of kinetic energy and potential energy will occur in the stagnant regions, which causes local changes in pressure.



The relationship between the pressure drop at the hot side and the angle θ of the spiral structure is shown in Figure 12. Like the cold side, increasing the rotation angle θ of the spiral structure will reduce the total pressure drop of the hot fluid. Compared with θ = 0°, the total pressure drop of hot side fluid decreases by 5.62%, 9.53%, 11.01%, and 12.67% respectively. The larger the rotation angle, the more obvious the degree of reduction in the pressure of the spiral structure. But the effect of reducing the pressure drop at the cold side is better than that at hot side, which is related to the different temperature distribution on the cold and hot sides.




4.1.2. Changes of Nu Number and F Factor


Taking the spiral angle 0° (original structure) as the reference, the ratio of the average Nu number of different spiral angles θ to the average Nu number of the original structure is shown in Figure 13a. In the figure, the Nu at the cold side decreases gradually first and then almost unchanged and then decreases with the increase of the rotation angle θ of the spiral structure. Generally speaking, the increase of angle θ will inhibit the heat transfer of the fluid. For every 5° increase of angle θ, Nu number decreases by 1.65%, 3.12%, 0.29%, and 3.87%, respectively, compared with that at rotation angle 0°. The Nu number of the hot side gradually decreases with the increase of the rotation angle θ of the spiral structure. When the θ angle increases by every 5°, the Nu number decreases by 0.56%, 2.33%, 3.36%, 3.59%, respectively, compared with the rotation angle of 0°.



Taking the spiral angle 0° (original structure) as the reference, the ratio of the average f factor of different spiral angles θ to the average f factor of the original structure is shown in Figure 13b. It can be clearly observed from the figure that with the increase of spiral angle, the value of the friction factor decreases gradually, that is to say, the pressure loss at the hot and cold sides decreases gradually. Compared with the average Nu number f factor at the cold and hot sides, it can be found that the f factor and Nu number at the cold side changes sharply, while the change at the hot side is gentle, which is due to the different physical properties of the cold and hot sides caused by the different boundary conditions of the cold and hot fluids.




4.1.3. Changes of PEC


As mentioned above, although the S-ZPCHE can reduce the value of the f factor and thus reduce the flow resistance, it will also slightly reduce the heat transfer coefficient, so the performance of S-ZPCHE can not be directly judged from the change of these two parameters. Therefore, performance evaluation criteria (PEC) [28] is used to comprehensively evaluate its performance from the perspectives of flow and heat transfer.


  PEC =     ( N  u k   /  N  u 0  )       (  f k   /   f 0   )   1 / 3         



(12)




where, k is the k-th spiral structure, 0 is the spiral structure with a rotation angle of 0°.



The relationship between PEC and angle θ of the spiral structure is shown in Figure 14. The PEC of the new spiral structure is greater than that of the original structure, which proves that the comprehensive performance is better than that of the original structure, and the value of PEC is the largest when the spiral angle is 20°.



In summary, considering the PEC at both sides of the cold and hot ends, the optimal structure is the one with a spiral angle of 20°. The pressure drops of the optimal structure at the cold and hot sides were found to be 13.32% and 12.67% lower than those of the original structure, respectively. In this case, the PEC at the cold and hot sides was found to be 1.036 and 1.038, respectively.





4.2. Analysis of Local Flow States between S-ZPCHE and Original Structure


According to the above analysis, an optimal spiral structure was obtained with a spiral angle of 20°. In order to further analyze the performance of the new structure, the local flow states of the original structure (0°) and the optimal structure (20°) were compared, so as to further study the reasons for the pressure loss reduction effect of the spiral structure.



The streamlines in the cross-sections perpendicular to the x-z plane at different distances from the cold fluid inlet are shown in Figure 15, where ①③⑤ are the turning sections, and ②④ are the non-turning sections. First, by comparison, the vortex and backflow at the turning point are more obvious, while the vortex at the non-turning point is very small or there is no vortex. Secondly, the positions of the vortices at the cold and hot sides are different through the longitudinal comparison, which is due to the counter-flow mode adopted by PCHE, and the initial flow direction of the fluid at the cold and hot sides is different. Finally, we see that the vortices are all in the non-high-speed zone.



To fully demonstrate the effect of the spiral structure on PCHE, the maximum rotation angle of 20° was taken as an example to show the streamline diagram of sections perpendicular to the x-z plane at different distances from the cold fluid inlet, as shown in Figure 16. In comparison with the rotation angle of 0°, as shown in Figure 15, the velocity contour with a rotation angle of 20° can be seen to have a more uniform distribution, with higher velocity in the low-speed area and smaller velocity span. Secondly, there is no vortex like that when it is 0° at the non-turning point ② and ④ of the pipe. It can be inferred from the above two points that the spiral structure can slow down the collision between fluids caused by vortices, so as to reduce the pressure loss.




4.3. Effect of Mass Flow Rate on S-ZPCHE


To further study the thermal-hydraulic performance of the optimal S-ZPCHE under variable working conditions, the variation of f factor under different inlet Reynolds numbers was simulated, and the mass flow rate at hot and cold sides varied from 20 kg/h- to 100 kg/h.



The change of f factor with Reynolds number is shown in Figure 17. It can be seen in the figure that, with the increase of Reynolds number, the f factor presents a gradually increasing trend, with the change rates of the cold side being 262.80%, 114.27%, 72.09%, and 53.30% respectively, and the change rates of the hot side being 254.64%, 112.19%, 71.21%, and 52.11% respectively. The f factor of the new structure increases gradually with the Reynolds number, indicating that the effect of reducing pressure loss of the new S-ZPCHE is more obvious in the low Reynolds number regions.





5. Conclusions


In this work, a new spiral Z-type PCHE is proposed based on the numerical simulation of the traditional Z-type PCHE. The contributions of this paper are as follows:




	(1)

	
Based on the transformation of the traditional Z-type PCHE, a new spiral Z-type PCHE structure called S-ZPCHE was proposed, and five kinds of S-ZPCHE with different spiral angles were drawn.




	(2)

	
The increase of the rotation angle θ of the spiral structure will reduce the total pressure drop in varying degrees, and the larger the rotation angle, the more obvious the reduction of pressure drop of spiral structure. The effect of reducing pressure drop at the cold side was found to be better than that at the hot side, and the pressure drops of the cold and hot sides were reduced by 10.62% and 9.71% on average, compared with the original structure. The pressure distribution of the fluid in the PCHE was found to not be linear, but in the form of fluctuating decline.




	(3)

	
After considering the PEC at both the cold and hot sides, the comprehensive performance of PCHE with spiral rotation angle was found to be better than the original structure, and the optimal structure was found to be the one with a rotation angle of 20°. The hot and cold side pressure drops of the optimal structure decreased by 13.32% and 12.67% than the original structure, respectively. The hot and cold sides PEC of the optimal structure were found to be 1.038 and 1.036, respectively.




	(4)

	
It was found that the spiral structure can inhibit the formation of vortices at the non turning point, thus reducing the pressure loss. However, the increase of the angle θ will inhibit the heat transfer of the fluid to a certain extent.




	(5)

	
The performance of S-ZPCHE with the optimal rotation angle under variable conditions was studied. The f factor of the new structure was found to increase gradually with the Reynolds number, indicating that the effect of reducing pressure loss of the new S-ZPCHE is more obvious in the low Reynolds number regions.
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Nomenclature




	
A

	
Heat transfer area (m2)




	
cp

	
specific heat capacity (J kg−1 K−1)




	
D

	
hydraulic diameter (m)




	
e

	
enthalpy (J/kg)




	
f

	
friction factor




	
g

	
gravitational acceleration (m s−2)




	
h

	
heat transfer coefficient (W K−1 m−2)




	
   m ˙   

	
mass flow rate (kg/s)




	
N

	
N unit segments




	
Nu

	
Nusselt number




	
p

	
pressure (Pa)




	
Q

	
heat load (W)




	
T

	
temperature (K)




	
u

	
velocity vector (m s−1)




	
U

	
overall heat transfer coefficient (W K−1 m−2)




	
x

	
cartesian coordinate (mm)




	
Greek symbols




	
ρ

	
density (kg/m3)




	
μ

	
dynamic viscosity (Pa·s)




	
λ

	
thermal conductivity (W m−1 K−1)




	
Φ

	
energy dissipation due to viscosity (J)




	
Subscript




	
b

	
fluid




	
i, j

	
tensor indices




	
in

	
inlet of unit segment




	
m

	
logarithmic mean




	
t

	
turbulence




	
out

	
outlet of unit segment




	
wall

	
wall
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Figure 1. Diagram of a simple Brayton cycle. 
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Figure 2. Diagram of PCHE channel section. 
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Figure 3. Diagram of the dimensions of the channel. 
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Figure 4. The grid of PCHE. 
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Figure 5. Boundary conditions of the walls. 
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Figure 6. Grid independence for PCHE. 
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Figure 7. Comparison of simulated and experimental values of total heat transfer coefficient with Reynolds number. 
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Figure 8. Sectional design diagram. 
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Figure 9. Improved spiral Z-type structure diagram: (a) The mesh of S-ZPCHE; (b) The spiral angle θ of S-ZPCHE. 
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Figure 10. Relationship between the cold side pressure drop and angle θ of spiral structure. 
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Figure 11. Turning point and stagnant region: (a) Turning point; (b) Stagnant region. 
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Figure 12. Relationship between the hot side pressure drop and angle θ of spiral structure. 
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Figure 13. Effects of angle θ of spiral structure on S-ZPCHE: (a) Relation between Nu number and angle θ of spiral structure; (b) Relation between f factor and angle θ of spiral structure. 
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Figure 14. Relation between PEC and angle θ of spiral structure. 
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Figure 15. Variation of streamlines in sections at different distances from the cold fluid inlet. (original structure: rotation angle θ = 0°). 






Figure 15. Variation of streamlines in sections at different distances from the cold fluid inlet. (original structure: rotation angle θ = 0°).



[image: Energies 14 04417 g015]







[image: Energies 14 04417 g016 550] 





Figure 16. Variation of streamlines on sections at different distances from the cold fluid inlet (optimum structure: rotation angle θ = 20°). 
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Figure 17. The relationship between the f factor and Reynolds number of the hot side. 
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Table 1. Boundary condition.
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	Boundary
	Values





	Inlet temperature of hot side (K)
	411.35



	Outlet pressure of hot side (MPa)
	2.528



	Inlet temperature of cold side (K)
	401.55



	Outlet pressure of cold side (MPa)
	8.312
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Table 2. Comparison of simulation and experimental results.
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	Parameter
	Experimental Value [24]
	Simulation Value
	Relative Error (%)





	Hot side pressure drop (Pa/m)
	0.02858
	0.03020
	5.668
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