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To enhance the cyclopentane regenerator performance of the Organic Rankine 

Cycle system, this study optimizes the flow channel structure of the printed 

circuit heat exchanger via CFD multi-physics coupling simulation. Three-

dimensional models of straight-flow, reflux-flow, and cross-flow channels are 

established, and their thermo-hydraulic performances are systematically 

compared. Results show that the cross-flow channel achieves the best overall 

performance, with a cold-side pressure drop of 0.65 kPa, hot-side pressure 

drop of 0.24 kPa, and heat-transfer rate of 2.39 kW. The heat-transfer rate is 

198.75% higher than the straight-flow channel, while the cold and hot-side 

pressure drops are reduced by 60.61% and 87.88% compared with the reflux-

flow channel. Heat-transfer correlations for hot and cold sides are fitted using 

multi-condition data and genetic algorithm. Experimental verification shows 

errors within 15% for the hot side and 18% for the cold side, providing a high-

precision theoretical model for Printed Circuit Heat Exchanger engineering 

design in Organic Rankine Cycle systems. 

Keywords: Cyclopentane; Organic Rankine Cycle; Printed Circuit Heat 

Exchanger; CFD Fluent simulation 

1.Introduction 

Owing to factors like low global energy utilization efficiency, excessive resource consumption, and 

growing environmental awareness, efficient energy utilization has emerged as a key challenge for 

modern society[1]. In current industrial processes, a significant amount of energy is lost in the form of 

waste heat[2]. This is particularly evident in high-temperature heat sources such as gas turbines, where 

the utilization rate of waste heat is relatively low[3]. Data show that about 50% of industrial energy is 

wasted as thermal energy, mainly from high-temperature equipment such as gas turbines and internal 

combustion engines[4, 5]. Thermal energy recovery from industrial and mechanical equipment has 

become an effective way to improve energy efficiency and reduce energy consumption[6]. 

Converting heat from low-temperature heat sources into usable energy is the core challenge of 

waste - heat recovery. Traditional waste heat recovery technologies often fail to meet performance 

expectations in low-temperature scenarios[7]. Compared with Organic Rankine Cycle (ORC), 
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Supercritical Rankine Cycle (SRC), and Supercritical Brayton Cycle (SBC), ORC is most suitable for 

low-temperature waste heat recovery[8]. Dong et al. proposed a graphical method for integrating waste 

heat streams with ORC systems to clearly demonstrate flow characteristics and parameter selection[9]. 

Combining three-stage expansion with an ejector cycle can achieve deep recovery of engine waste 

heat[10]. ORC can improve energy efficiency and reduce emissions, and optimizing ORC configurations 

can determine the optimal heat exchange structure[11-14]. 

Cyclopentane is an environmentally friendly refrigerant, which is characterized by its low toxicity, 

low ODP value, and high thermal stability, making it suitable for refrigeration and heat pump 

applications. Its low boiling point of 49 ℃, relatively high thermal efficiency, and low GWP render it 

an ideal working fluid for waste heat recovery[15]. Pentane, an alkane working fluid, shows excellent 

thermodynamic performance in high-temperature waste-heat recovery within the ORC system. The 

ORC plays a key role in waste-heat recovery and power generation from low-temperature heat sources. 

Testing various working fluids confirms that the ORC delivers outstanding performance in clean-energy 

recovery[16]. However, targeted studies on cyclopentane–Printed Circuit Heat Exchanger (PCHE) 

coupling in ORC regenerators remain insufficient, and reliable design guidelines are still lacking[17]. 

PCHE is widely recognized in ORC systems and low-temperature waste heat recovery, effectively 

enhancing secondary energy utilization and industrial energy conservation[18, 19]. As waste heat 

recovery technology advances, PCHE is being applied to ORC systems due to its large heat transfer area, 

excellent performance, and high pressure resistance[20, 21]. Its micro channel structure can increase 

surface area, while its compact design makes it well-suited for industrial waste heat recovery 

scenarios[22].Recent studies have also confirmed the advantages of PCHE in thermal–hydraulic 

performance and structural optimization for advanced heat recovery systems[23]. 

PCHE improves heat transfer and reduces size, offering new insights for refrigeration heat 

exchanger design. Its advanced use achieves high energy efficiency without excessive volume, cutting 

costs and footprint. However, PCHEs still have limitations requiring further improvement in application 

and design[24, 25]. Uneven flow distribution, high flow resistance, and micro channel heat transfer 

efficiency are all issues that still need to be addressed in the future. The thermal and flow characteristics 

in microchannels are significantly influenced by channel structure and flow pattern, which determine 

the overall heat transfer performance and flow resistance of heat exchangers[26]. Micro - channel 

geometry can be modified to study heat - transfer performance. Xin et al. found that different PCHE 

micro channel designs affect heat - transfer efficiency and pressure drop. Optimizing micro channel 

design improves PCHE heat transfer efficiency and ORC system performance[27]. 

The relatively high viscosity and low thermal conductivity of cyclopentane make the PCHE more 

complex. The Fluent module is used to simulate the flow and heat transfer of the fluid inside the heat 

exchanger, which helps to calculate the flow - field distribution, heat transfer efficiency, and flow 

resistance[28]. The dimensions of the rectangular micro channels have an impact on their heat transfer 

and flow - performance characteristics, with the cross - sectional area and height of the channels being 

decisive factors[29]. 

Current studies lack in-depth investigations on cyclopentane-microchannel coupling, especially 

systematic engineering analysis. Therefore, this study establishes three microchannel models to explore 

cyclopentane heat transfer and flow characteristics via CFD, visualizes thermal and pressure fields, and 

develops high-precision heat transfer correlations. It aims to fill the research gap in the collaborative 
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optimization of cyclopentane and complex microchannels, reveal the geometric coupling mechanism 

affecting flow resistance and heat transfer of high-viscosity fluids, and build a reliable performance 

prediction model.  

2. Theory and Methodology 

2.1. The physical properties of pentane 

The thermodynamic properties of pentane are decisive for the efficiency and operating performance 

of heat exchangers, and the relevant patterns have been elaborated in previous studies[30]：Gaseous and 

liquid pentane exhibit significant physical property differences with temperature, as shown in prior 

studies. At 290 K, their densities are about 2.5 kg/m³ (gas) and 740 kg/m³ (liquid). Liquid pentane has 

much higher viscosity than the gas, increasing flow resistance and pumping power in heat exchangers. 

The gas, with low density and viscosity, offers better fluidity and more efficient heat transfer. 

2.2. The Structure of the Printed-Circuit Heat Exchanger 

Fig. 1(a) shows a prototype of the straight-channel recuperator (PCHE), where red arrows indicate 

the flow direction of gaseous cyclopentane and blue arrows indicate that of liquid cyclopentane; Fig. 

1(b) is a schematic diagram of its model. The printed circuit heat exchanger is assembled from thin metal 

sheets fabricated by an embossing process and arranged in a regular pattern, fabricated with stainless 

steel. Its heat transfer plates are flat, with surfaces specially treated to form corrugations or fins, which 

effectively enhance heat transfer performance by increasing the heat transfer area and promoting fluid 

turbulence. 

 

Figure 1. Schematic diagram of PCHE structure (a) Physical picture (b) Model picture 

 

Tab. 1 presents the basic specifications of the PCHE, with core dimensions of 160 mm (L) × 90 

mm (W) × 130 mm (H). It is a compact heat exchanger that is convenient for installation and use in 

engineering applications. Generally, thinner plates are preferable—provided adequate strength and 

rigidity are maintained. The channels between plates are formed by stacking and compression, creating 

long, narrow, and tortuous passages to ensure sufficient heat transfer area for both hot and cold fluids. 
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The structural parameters and dimensions of the PCHE core, including length, width, height, heat 

transfer area, channel hole count, and plate number, are determined based on typical design criteria and 

engineering practices of compact printed circuit heat exchangers for ORC waste heat recovery systems. 

The geometric configuration and channel layout meet the requirements of structural strength, heat 

transfer performance, and chemical etching machinability. 

 

Table 1. Basic parameters of the tested PCHE 

Parameter [Unit] Values 

Length of core size [mm] 160 

Width of core size [mm] 90 

Height of core size [mm] 130 

Heat-transfer area (hot side) [m2] 0.72 

Heat-transfer area (cold side) [m2] 1.4 

Number of channel holes (hot side) [-] 49 

Number of channel holes (cold side) [-] 9 

Number of plates (hot side) [-] 40 

Number of plates (cold side) [-] 40 

 

2.3. Comparison of Three Flow-Channel Structures 

This study proposes three flow channel structures for cyclopentane heat transfer performance in 

printed circuit heat exchangers. As shown in Fig. 2(a), the straight-channel design offers a simple layout 

with fast fluid flow and low resistance, suitable for pressure-drop-sensitive applications requiring high 

flow efficiency, but it is prone to local heat transfer non-uniformity. It should be clarified that the straight 

channel has the shortest flow path and weakest turbulence, thus presenting the lowest heat transfer 

performance. Fig. 2 (b) shows that the return-flow channel enhances heat transfer by extending flow 

path length and contact area through folded passages, enabling it to handle high heat loads, though at 

the cost of significantly increased flow resistance. The zigzag channel in Fig. 2(c) achieves a balance 

between low resistance and strong heat transfer by disturbing the fluid through tortuous paths, with its 

resistance and heat transfer performance lying between the two aforementioned designs. 

 

 

Figure 2. Three types of flow channel structures：(a) Straight-Flow Channel; (b) Reflux Flow 

Channel; (c) Zigzag Flow Channel 

(a) (b) (c)
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2.4. Simulation Method 

Computational Fluid Dynamics (CFD) is used to study the flow and heat - transfer characteristics 

of fluids (such as cyclopentane). When simulating a cyclopentane printed-circuit regenerator, CFD can 

provide detailed data on velocity, pressure, temperature, etc. The general process includes: simplifying 

the geometric model, meshing (which affects accuracy and speed), setting boundary conditions (such as 

inlet and outlet parameters), and choosing an appropriate turbulence model (which is crucial for the 

results). These steps ensure that the simulation results are accurate and reliable. 

The equations used in the simulation are as follows[31]： 

Continuity Equation: 

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖) = 0 (1) 

Momentum Equation: 

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖𝑢𝑗) = −

𝜕𝑃

𝜕𝑥𝑖
+ 𝜌𝑔𝑖 +

𝜕

𝜕𝑥𝑖
[(𝜇𝑡 + 𝜇𝑠)

𝜕𝜇𝑖
𝜕𝑥𝑖

] (2) 

Energy Equation: 

𝜕

𝜕𝑥𝑖
(𝑢𝑖(𝜌𝐸 + 𝑝)) =

𝜕

𝜕𝑥𝑖
(𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥𝑖
+ 𝑢𝑖𝑇𝑖𝑗) (3) 

In these equations, ui represents the velocity vector, P is the pressure, ut and us are the turbulent 

viscosity and molecular viscosity respectively, keff denotes the effective thermal conductivity, and λ is 

the turbulent thermal conductivity. In this study, the SST κ-ω model is selected for turbulence simulation, 

and the second-order upwind scheme is used for calculation. Meanwhile, the convergence criterion of 

the residual convergence method is set to 10-6 to ensure the accuracy of the simulation results. 

 
Figure 3. Grid independence verification 

 

Grid independence. Owing to the complex flow channel structure of PCHE, ANSYS meshing was 

employed to generate unstructured grids with refined wall and corner regions. To ensure numerical 
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accuracy and efficiency, a grid independence study was conducted using six grid densities: 372489, 

568134, 749671, 963205, 1217842 and 1400000 elements, as shown in Fig. 3. The results confirm grid 

independence. Considering accuracy and efficiency, the grid with 963205 elements was adopted for all 

simulations. 

The boundary conditions including inlet temperature, mass flow rate and operating pressure are set 

according to the typical operating ranges of cyclopentane-based organic Rankine cycle regenerators 

reported in published studies and engineering applications. Such settings ensure that the simulation 

conditions are representative and consistent with actual working conditions. 

The detailed boundary conditions of the CFD model are defined as follows. The hot and cold fluid 

inlets are both set as mass flow inlets with specified mass flow rate and inlet temperature. The outlets 

are defined as pressure outlets with fixed back pressure. All solid wall surfaces adopt no-slip boundary 

condition, and the walls are set as adiabatic with zero heat flux to eliminate external heat loss. The hot 

fluid inlet pressure is 1000 kPa, and the cold fluid inlet pressure is 150 kPa. The mass flow rate ranges 

from 0.0036 kg/s to 0.1215 kg/s, which is consistent with the actual operating parameters of ORC 

regenerators. 

A comparison of various turbulence models demonstrates that the SST κ-ω model is optimal for 

PCHE microchannels. As presented in Fig. 5, the deviations between simulation and experiment are 

within 6% for both outlet temperature and pressure drop, verifying the reliability and accuracy of the 

selected model[30]. Model validation is crucial for the accuracy of simulation experiments. By 

comparing the simulated data with experimental data on outlet temperature and pressure drop, as shown 

in Fig. 4, the error in outlet temperature ranges from 1% to 4%, with the maximum being 3.1%. The 

error in pressure drop is around 5%, with the maximum error being 5.5%. These data effectively validate 

the accuracy of the simulation. 

 

 

Figure 4. Comparison of Experimental and Simulation Results: (a) Heat Transfer Performance; 

(b) Pressure - Drop Performance 
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3. Simulation Results and Analysis 

3.1. Temperature and Pressure Analysis of the Straight-Flow Structure 

The simulation results clearly illustrate the temperature and pressure conditions of the PCHE 

structure. In Fig. 5(a), the cold fluid flows from left to right, with a significant temperature difference in 

the channel. The upper area near the hot fluid inlet is hotter, while the lower area is colder. Due to 

continuous heat absorption, the cold fluid’s temperature gradually rises and eventually reaches thermal 

equilibrium. In Fig. 5(b), the hot fluid flows from top to bottom, showing a similar temperature gradient. 

This structure effectively avoids local overheating or overcooling, ensuring stable operation. 

 

Figure 5. Temperature Distribution Contour: (a) Cold Fluid; (b) Hot Fluid 

 

The pressure distribution in Fig. 6 shows that pressure decreases along the flow direction, 

consistent with the fundamental principles of fluid mechanics. The cold fluid exhibits more significant 

pressure variation because its rising temperature reduces viscosity and density, decreasing flow 

resistance and resulting in more pronounced pressure changes. The hot fluid shows relatively smaller 

pressure variation, as its physical properties remain relatively stable under experimental conditions, with 

pressure loss controlled within a reasonable range. 

 

Figure 6. Pressure Distribution Contour: (a) Cold Fluid; (b) Hot Fluid 

 

The temperature distribution shows a gradual and stable variation along the flow path, which is 

caused by the steady flow and weak disturbance in the straight channel. The thermal boundary layer 

fully develops along the smooth channel and becomes thicker, thus reducing the heat transfer intensity. 

(a) (b)

(a) (b)
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The pressure loss mainly originates from the wall friction along the flow path, and no obvious local 

pressure loss is observed at bending or turning positions. 

3.2. Temperature and Pressure Analysis of the Reflux Structure 

Fig. 7(a) shows cold fluid flowing left to right, with a left-low, right-high temperature gradient. The 

serpentine channel extends heat transfer. Fig. 7(b) has hot fluid flowing top to bottom, with a bottom-

low, top-high gradient and uniform upper temperature, enhancing heat transfer efficiency. 

 

Figure 7. Temperature Distribution Contour: (a) Cold Fluid; (b) Hot Fluid 

 

Fig. 8(a) shows the cold fluid pressure varies smoothly with the flow path, following fluid dynamics 

principles. Its pressure drop is temperature-dependent: higher temperatures reduce flow resistance and 

pressure loss, confirming that friction causes pressure loss and regular channel structures control 

pressure gradients. Fig. 8(b) shows the hot fluid pressure decreases along the path, with an inlet-outlet 

difference of~20.7 kPa. Pressure changes are most significant at bends, reflecting high flow resistance 

and a distinct pressure gradient. This provides insights for understanding fluid pressure variations and 

optimizing channel design. 

 

Figure 8. Pressure Distribution Contour: (a) Cold Fluid; (b) Hot Fluid 

 

The reflux channel extends the flow path and forms local flow recirculation, which prolongs the 

fluid residence time and improves heat transfer uniformity. However, flow separation and vortices at the 

turning points lead to obvious local pressure loss, resulting in a significant increase in overall flow 

resistance. 

(a) (b)

(a) (b)
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3.3. Temperature and Pressure Analysis of the Zigzag Structure 

Fig. 9 presents the temperature and pressure fields of the recuperator. The zigzag structure enhances 

heat transfer and turbulence, with a temperature range of 301.9–473.2 K. The serpentine channel 

prolongs residence time, achieving a temperature range of 305.8–505.6 K and more sufficient heat 

exchange. Performance differences between the two structures provide a key basis for structural 

selection and thermal design optimization. 

 
Figure 9. Temperature Distribution Contour: (a) Cold Fluid; (b) Hot Fluid 

 

Fig. 10 presents pressure distributions of two channels. The serpentine channel shows obvious 

pressure changes at bends, with pressure drops of 1.5 kPa and 0.3 kPa. The wave-shaped channel 

presents a gradient distribution. Different structures lead to different flow resistances, providing a 

reference for structural optimization to reduce energy loss. 

 

Figure 10. Pressure Distribution Contour: (a) Cold Fluid; (b) Hot Fluid 

 

The tortuous flow path repeatedly disrupts the development of the thermal boundary layer and 

enhances fluid mixing. The bending sections promote flow disturbance and improve the heat transfer 

effect. The pressure variation is concentrated at the bending positions, which reflects the influence of 

flow direction change on the pressure distribution. 

3.4. Comparison of the Performance of the Three Flow Channels 

The three flow channels have different structural configurations, leading to differences in flow path 

length and heat transfer area. The comparison is carried out under the same core volume and boundary 

conditions. Fig. 11 compares the pressure drops on the cold and hot sides and the heat transfer rate for 

(a) (b)

(a) (b)
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three channel types: straight-flow, return-flow, and zigzag-flow. The straight-flow channel has the 

shortest flow path and weak turbulence, resulting in the lowest heat transfer rate. The zigzag-flow 

channel delivers significant advantages: 60.61% lower cold-side pressure drop (0.65 kPa vs 1.65 kPa) 

and 87.88% lower hot-side drop (0.24 kPa vs 1.98 kPa) than the return-flow channel, cutting pumping 

energy use. Its 2.39 kW heat transfer rate is 57.24% higher than the return-flow channel and 198.75% 

higher than the straight-flow channel (0.8 kW). Balancing high efficiency and low pressure drop, it 

outperforms both other channels and suits pressure-drop-sensitive applications. 

 

 

Figure 11. Comparison of Different Flow-Channel Characteristics 

 

To further analyze the energy utilization efficiency and irreversible loss, entropy generation 

analysis is carried out according to the methods in Refs[32, 33]. 

The total entropy generation consists of heat transfer entropy generation and viscous dissipation 

entropy generation: 

𝑆𝑡𝑜𝑡𝑎𝑙 = 𝑆ℎ + 𝑆𝑑 (4) 

The heat transfer entropy generation is defined as: 

𝑆ℎ =
𝜆

𝑇𝑏
2 [(

𝜕𝑇

𝜕𝑥
)
2

+ (
𝜕𝑇

𝜕𝑦
)
2

+ (
𝜕𝑇

𝜕𝑧
)
2

] (5) 

The viscous dissipation entropy generation is expressed as: 

𝑆𝑑 =
𝜇

𝑇𝑏

{
 
 

 
 2 [(

𝜕𝑢

𝜕𝑥
)
2

+ (
𝜕𝑣

𝜕𝑦
)
2

+ (
𝜕𝑤

𝜕𝑧
)
2

] + (
𝜕𝑢

𝜕𝑦
+
𝜕𝑣

𝜕𝑥
)
2

+ (
𝜕𝑢

𝜕𝑧
+
𝜕𝑤

𝜕𝑥
)
2

+(
𝜕𝑣

𝜕𝑧
+
𝜕𝑤

𝜕𝑦
)
2

}
 
 

 
 

(6) 

where Tb is the bulk fluid temperature, λ is thermal conductivity, μ is dynamic viscosity, and u, v, w are 

velocity components. The straight channel shows high Sh due to weak turbulence and thick thermal 

boundary layer. The reflux channel has high Sd due to strong flow separation and friction loss. The 
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zigzag channel obtains the lowest Stotal, indicating the best energy efficiency. 

3.5 Heat-Transfer Performance of the Zigzag Flow Channel 

The temperature and flow - rate changes at the cold - and hot - fluid inlets are selected as the 

operable variables. These changes are used to study their effects on heat - transfer performance. The 

heat - transfer coefficient and Nusselt number obtained in the simulation are important parameters 

affecting heat -transfer performance. The Nusselt number is calculated as follows: 

𝑁𝑢 =
ℎ𝐿

𝐾
(7) 

where L denotes length and K thermal conductivity, the theorem posits that any physically consistent 

equation can be expressed as a zero function of dimensionless numbers[34]. Key dimensionless 

parameters in this study include Nusselt (Nu), Reynolds (Re), and Prandtl (Pr) numbers. These 

parameters simplify complex heat transfer and flow relationships into universal mathematical 

expressions, enabling unified analysis across different conditions and scales. This facilitates cross-scale 

law extraction and engineering applications. 

As shown in Figure 12, cold and hot inlet temperatures were varied separately, with Nu₁ and Nu₂ 

denoting the cold and hot fluid Nusselt numbers, respectively. Fig. 12(a) shows that adjusting the cold 

inlet temperature leaves both Nu₁ and Nu₂ nearly unchanged. Fig. 12(b) indicates that varying the hot 

inlet temperature slightly increases Nu₂ (enhancing heat transfer) while Nu₁ remains stable. 

 

Figure 12. Heat - Transfer Performance with Temperature Changes: (a) Cold Inlet; (b) Hot Inlet 

 

In addition to changing the temperature, changing the flow rate is also crucial for heat - transfer 

performance. As shown in Figure 13, when the flow rates of the cold and hot fluids are kept the same, 

it is observed that the Nusselt number increases with the increase in flow rate, and the heat -transfer 

coefficient also rises with the increase in flow rate. This is because the increase in flow rate enhances 

convective heat transfer, thereby affecting the increase in the Nusselt number. When the flow rate 

increases from 0.0016 kg/s to 0.0028 kg/s, the heat -transfer coefficient of the cold fluid increases by 

approximately 40% to 50%. The increase in the heat -transfer coefficient of the hot fluid is about 50% 

to 55%, indicating that the flow rate has a significant impact on heat -transfer efficiency. Appropriately 
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increasing the flow rate helps to improve heat -transfer efficiency. 

 
Figure 13. Heat - Transfer Performance with Flow - Rate Changes: (a) Nusselt Number; (b) Heat 

- Transfer Coefficient 

4. Derivation and Verification of Heat - Transfer Correlations 

4.1. Derivation of Heat - Transfer Correlations 

This study integrated experimental and simulation data, using genetic algorithms to model the heat-

transfer characteristics of a system’s hot and cold ends. It derived high-precision heat-transfer 

correlations, with the algorithm searching for optimal solutions in multidimensional data space via 

biological evolution-inspired mechanisms. Using data from diverse working conditions, the study 

constructed a robust model capturing the link between heat-transfer coefficients and influencing factors, 

providing new insights for heat-transfer system design and optimization. 

The correlation equation for the hot side: 

𝑁𝑢 = 2.09𝑅𝑒0.279𝑃𝑟0.3 (8) 

This correlation uses Nu (Nusselt number), Re (Reynolds number), and Pr (Prandtl number) for the 

hot side. Derived from simulation data analysis, it captures the hot-side fluid’s heat transfer under 

diverse flow conditions and thermophysical properties. Re reflects flow turbulence (higher Re = stronger 

turbulence = better heat transfer), while Pr shows how fluid thermophysical properties affect heat 

transfer. 

The correlation equation for the cold side： 

𝑁𝑢 = 0.688𝑅𝑒0.139𝑃𝑟0.3 (9) 

The cold-side heat transfer is characterized by Nu, Re, and Pr. Due to differences in fluid dynamics 

and thermophysical properties between the cold and hot sides, the coefficients and exponents in the 

correlation equation need to be independently calibrated for the cold side. Re governs flow turbulence, 

while Pr reflects the ratio of momentum to heat transfer. A genetic algorithm was selected as the 

modeling tool for its strong global optimization capability and ability to handle nonlinear relationships, 

though it is more computationally intensive and requires more complex parameter configuration than 

gradient descent. 
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4.2. Verification of the Accuracy of the Correlation Equations for the Cold and Hot Sides 

Multiple simulations verified the accuracy of the derived heat transfer correlation. Fig. 14(a) and 

(b) compare predicted values with simulation results, with errors controlled within 20% (red lines). The 

hot-side Nusselt number relative error is 15%, and the cold-side error is generally below 18%, enabling 

accurate prediction of cyclopentane heat transfer performance in PCHEs. Statistical analysis shows hot 

fluid Nu₁ ranges from 11.93 to 22.89, and cold fluid Nu₂ ranges from 1.80 to 3.20. The correlation 

applies to cyclopentane at 150 kPa (mass flow 0.0036-0.1215 kg/s, cooling capacity 8.88-22.68kW) and 

1000kPa (mass flow 0.0036–0.1215 kg/s, heating capacity 8.88–22.68 kW), providing a solid theoretical 

basis for heat exchanger design and performance prediction. It should be emphasized that all correlations 

and conclusions obtained in this study are only valid within the range of operating conditions and 

geometric parameters tested in the present work. Extrapolation or application beyond the tested ranges 

of flow rate, temperature, pressure, and channel size is not recommended, as the prediction accuracy 

and reliability cannot be guaranteed under untested conditions. 

 

Figure 14. Comparison of Correlation Results with Simulation Results: (a) Hot Fluid; (b) Cold 

Fluid 

Conclusions 

This study, based on the heat transfer performance of cyclopentane in a straight flow channel, 

further proposes reflux and serpentine flow channels. Through comprehensive analysis of these types of 

flow channels using Fluent computational fluid dynamics simulation, the following conclusions are 

drawn: 

1. Flow Channel Structure Optimization and Performance Comparison: Three types of flow 

channel models, namely straight, reflux, and serpentine, were constructed to analyze the heat transfer 

and flow characteristics of cyclopentane. Under the same core volume and boundary conditions. The 

straight channel has the shortest flow path and weakest turbulence, showing the lowest heat transfer rate. 

The serpentine flow channel enhances fluid disturbance through its zigzag path, reducing the pressure 

drop on the cold and hot sides by 60.61% and 87.88%, respectively, compared to the reflux flow channel. 

Meanwhile, the heat transfer rate is increased by 198.75% compared to the straight flow channel. 

2. Construction and Validation of Heat Transfer Correlations: Based on genetic algorithm, 
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experimental and simulation data under conditions of 150 kPa and 1000 kPa were integrated to derive 

heat transfer correlations applicable to cyclopentane PCHE. The prediction errors of the correlations for 

both the hot and cold sides are controlled within 20% compared to the measured values, effectively 

capturing the heat transfer characteristics of cyclopentane in microchannels. 

3. Engineering Application Value and Theoretical Contribution: The serpentine flow channel design 

can increase the heat transfer per unit volume of PCHE in ORC systems by approximately two times 

and reduce the pumping energy consumption by over 30%. 
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