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The printed circuit heat exchanger (PCHE) is the key equipment of the supercritical carbon dioxide Brayton cycle applied to sodium cooled fast reactor. It is required that the equipment not only can operate in high temperature and high pressure environment but also has high efficiency and compact structure. The China Institute of Atomic Energy has carried out the research on a sodium-supercritical carbon dioxide PCHE and has designed and manufactured a heat exchanger prototype with the heat transfer power of 50 kW. In addition, the supercritical carbon dioxide test loop and sodium test loop have been built to test the performance of the heat exchanger prototype. The conclusions are as follows: 1) The heat exchange power of the heat exchanger under rated working condition is 54.2 kW, and the deviation is around 8%, which meets the design requirements; 2) With the increase of the flow ratio of sodium to carbon dioxide, the temperature difference at the high temperature end decreases, and the temperature difference at the low temperature end increases; 3) The change of flow rate of the carbon dioxide has a great influence on heat transfer power; 4) The total heat transfer coefficient of the heat exchanger increases with the increase of the pressure of carbon dioxide; when the pressure increases from 15.5 to 20 MPa, the total heat transfer coefficient increases by 12.8%.
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INTRODUCTION
The supercritical carbon dioxide Brayton cycle system is one of the most promising power conversion systems, which has the advantages of clean working fluid, good fluidity, high efficiency, high energy density, and small size of the equipment. It could eliminate the safety problems caused by sodium–water reaction, so it extremely has the engineering application prospects in sodium-cooled fast reactor (Wang et al., 2019).
As a cycle working fluid, the supercritical carbon dioxide has the characteristics of good fluidity and high density, which can reduce the size of key equipment, such as heat exchanger and compressor (Dostal, 2004; Yang, 2014). The heat exchanger is the key equipment of the supercritical carbon dioxide Brayton cycle, and its heat transfer performance has a direct influence on the efficiency of the reactor cycle system. The printed circuit heat exchanger (PCHE) is used in the supercritical carbon dioxide Brayton cycle system, which is a compact heat exchanger with the characteristics of less leakage and high efficiency, and it can be used in high-temperature and high-pressure conditions (Yu et al., 2017).
Ngo et al. (2006) had analyzed the thermal hydraulic performance of PCHE with the S-type fin structure with water and supercritical carbon dioxide as working fluid. They found that, compared with the heat exchanger in the heat pump system, the volume of the PCHE with S-type fin structure was reduced by 3.3 times, the pressure drop of the carbon dioxide side was reduced by 37%, and the water side was reduced by 10 times.
Kim et al. (2012) had studied the thermal–hydraulic performance of helium in PCHE in the range of 350˂Re˂1,200. The hot side temperature was 25–550°C, the cold side temperature was 20–100°C, the test pressure was 1.5–1.9 MPa, and the mass flow rate was 40–100 kg/h. According to the inlet and outlet parameters of the heat exchanger, a correlation equation between Fanning’s friction factor and Nusselt number was proposed. The numerical results with FLUENT were consistent with the experimental results. According to the CFD calculation, the Nusselt number correlation equation on the basis of the local average pitch was proposed, which was better than the correlation equation obtained by the experimental method. In addition, Kim and No. (2011) had studied the thermal–hydraulic performance of PCHE in high temperature gas cooled reactor with helium–water working fluid in the laminar flow range. Then, the numerical results had been compared with the experimental results, and a unified correlation between Fanning’s friction factor and Nusselt number suitable for different working fluids was proposed.
Baik et al. (2017) developed the PCHE design code on the basis of MATLAB to accurately reflect the real gas effect near the critical point and carried out performance tests under various CO2 conditions, including gas phase, liquid phase, and supercritical phase. The test temperature and pressure were 26–43°C and 7.3–8.6 MPa, respectively, with Reynolds number range of 15,000–100,000 and Prandtl number range of 2–33. They found that the designed PCHE showed satisfying heat transfer performance under both on-design and off-design conditions, which had more than 90% effectiveness within 200-mm small core. The correlations of friction factor and heat transfer were proposed.
Liu et al. (2020) designed and built the PCHE prototype of the straight channels and carried out experimental research on local thermal and hydraulic performance under wide operating conditions. The hot side system pressure was 7.53–11.97 MPa and the cold side was 0.14–0.18 MPa; the fluid temperature on the hot side was 26.40–121.27°C and that on the cold side was 23.10–60.96°C; the mass flow on the hot side was 50.03–780.11 kg/(m2 s) and that on the cold side was 94.64–282.27 kg/(m2 s). New correlations between convective heat transfer coefficient and Fanning friction coefficient were proposed, which had been applied in an analytical code for designing PCHE. The results showed good agreements between predictions and experimental bulk-fluid temperature along the axis, and the predicted and observed locations of the pinch point also showed good uniformity.
Cheng et al. (2020) experimentally studied the performance of a 100-kW PCHE for a module of a full-scale MW pre-cooler with water and SCO2 as working medium and mainly studied the effects of inlet Reynolds number and temperature on both sides of the heat exchanger on heat transfer, pressure drop, and efficiency of the heat exchanger. They found that the total heat transfer coefficient and heat transfer rate increased with the increase of inlet Reynolds number. With the increase of Rei on the hot side and cold side of PCHE by 69.48% and 79.61%, the overall heat transfer coefficient increased by 17.91% and 19.02%, respectively. Because the higher inlet Reynolds number increased the disturbance of fluid in the channel, the pressure drop increased with the increase of inlet Reynolds number. Higher efficiency could be obtained by increasing the inlet Reynolds number of water or decreasing the inlet Reynolds number of SCO2.
Recently, a relevant research on the supercritical carbon dioxide power cycle systems has been conducted in the China Institute of Atomic Energy, including the development of a prototype with sodium-supercritical carbon dioxide of PCHE and a facility has been set up to test the performance of the PCHE.
INTRODUCTION OF THE PROTOTYPE OF HEAT EXCHANGER
The heat exchanger is the key equipment of the supercritical carbon dioxide Brayton cycle. The designed power of the heat exchanger is 50 kW. The core of the heat exchanger is formed by carbon dioxide plates and sodium plates, which is arranged alternately with one layer of sodium plate and two layers of carbon dioxide plates. The configuration is shown in Figure 1. The sodium plate is composed of circular channels with the diameter of 4 mm and the channel spacing of 6 mm. The circular channels are formed by two semi-circular channels. Each sodium plate has 40 channels with the thickness of 3 mm. The carbon dioxide plate is composed of semicircular channels with the diameter of 1.5 mm and the channel spacing of 2.5 mm. Each carbon dioxide plate has 26 channels with the thickness of 1.5 mm. The core size is 110°mm × 273°mm × 224°mm, and the final structure of the heat exchanger is shown in Figure 2.
[image: Figure 1]FIGURE 1 | Internal structure of the PCHE.
[image: Figure 2]FIGURE 2 | Picture of PCHE prototype with heat transfer power of 50 kW.
INTRODUCTION OF THE TEST LOOP
The performance verification test system of the heat exchanger consists of two test loops, namely, the supercritical carbon dioxide test loop and the sodium test loop, which provides test condition for each side. The test system is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Test system of the performance of the prototype.
The carbon dioxide is supplied by a plunger pump with a maximum pressure of 25 MPa and a flow rate of 2 m3/h. The carbon dioxide flows through the pressurizer and regenerator, is heated by a preheater with a capacity of 120-kW DC, and then enters the heat exchanger. The carbon dioxide exchanges heat with the sodium in the heat exchanger. After the high-temperature carbon dioxide flows out of the heat exchanger, it is cooled by the air-cooled cooler with the capacity of 70 kW, is reduced the pressure by the pressure regulating valve and then further cooled by the water-cooled cooler with the capacity of 65 kW, and finally enters the storage tank. The pressure fluctuation generated during the operations is maintained and absorbed by the pressurizer in the test loop.
The sodium test loop is driven by an electromagnetic pump with a maximum flow rate of 1 m3/h, and the mass flow rate is measured by the electromagnetic flow meter. The sodium is heated by the preheater with a capacity of 100-kW AC and flows through the heat exchanger. The sodium exchanges heat with the carbon dioxide in the heat exchanger. The sodium is finally cooled by the air-cooled cooler with the capacity of 50 kW and returns to the inlet of the electromagnetic pump. The pressure fluctuation and the thermal expansion of the working fluid are maintained and absorbed by the dumping tank in the test loop.
The flow rate of the carbon dioxide is measured by a mass flow meter with the measuring range of 0–0.5 kg/s and the accuracy of ±0.2%, and the sodium is measured by an electromagnetic flow meter with the measuring range of 0–0.33 kg/s and the accuracy of ±0.5%. The pressures are measured by pressure sensors with the measuring range of 0–25 MPa and the accuracy of ±0.1% at the inlet and outlet of the heat exchanger. In addition, the inlet and outlet temperatures of the heat exchanger are measured by the thermocouples with the measuring range of 0–600°C and the accuracy of ±0.5°C. All the parameters are recorded by a data acquisition system.
EXPERIMENTAL RESULTS AND ANALYSIS
In the test, the sodium side pressure was 0.1–0.2 MPa, the flow rate was 0.17–0.30 kg/s, and the inlet temperature was 490–520°C; the carbon dioxide side pressure was 15, 18, and 20 MPa, the flow rate was 0.21–0.24 kg/s, and the inlet temperature was 310–340°C. A total of 18 groups of steady-state experimental data were obtained.
During the test operation, the inlet pressure, mass flow rate, inlet and outlet temperature of the two sides, and the wall temperature of the heat exchanger were recorded. The experimental data were recorded every 1 s in the test system. Take the rated condition for an example, 1,800 continuous data points in the stable period are selected, and the average value of these data points is taken as the test data. The reduced test results are shown in Table 1.
TABLE 1 | Test results under rated condition.
[image: Table 1]The calculation equations of the heat transfer power on sodium side and carbon dioxide side are as follows,
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where [image: image] is the heat transfer power on the sodium side, [image: image] is the mass flow rate of sodium, [image: image] and [image: image] are the inlet and outlet temperature, and [image: image] is the average specific heat at constant pressure; [image: image] is the heat transfer power on the carbon dioxide side, [image: image] is the mass flow rate of carbon dioxide, and [image: image] and [image: image] are the inlet and outlet enthalpy.
The uncertainty in the test mainly comes from the systematic error and instrument accuracy, and the accuracy of instrument has been introduced above. The systematic error mainly includes the following aspects: 1) The temperature measuring points are arranged on the inlet and outlet pipes of the heat exchanger, and there is a certain deviation between the actual temperature and the measured value; 2) Because of heat dissipation, the heat transfer power on the sodium side will be greater than that on the carbon dioxide side, but the heat insulation is good, so that there is little difference between them; 3) The data acquisition system may produce errors in the process of signal conversion. By analyzing the test results under rated working condition, it can be seen that the accuracy of the pressure sensor is high; within the range of pressure error, the enthalpy of carbon dioxide changes little; and the main error is caused by temperature. Within the deviation of 0.5°C, the enthalpy difference is 0.62 kJ; according to the error transmission, the maximum error on the carbon dioxide side is 0.53 kW at 20 MPa. The specific heat of sodium is 1.33 kJ/(kg °C) at 501.5°C and 1.40 kJ/(kg°C) at 326.7°C; there is little difference between them, and the average value of the specific heat within the test temperature range is reasonable. In addition, considering the flow measurement error and temperature error, the maximum error on the sodium side is 0.54 kW. Considering the system error and heat dissipation, the heat transfer power on sodium side is 54.8 kW and that on carbon dioxide side is 54.2 kW, the relative error on both sides is within 1%. The difference of heat transfer power on both sides is 0.6 kW, the deviation of the heat balance is 1.09%, and the heat balance is good.
The heat transfer power of the heat exchanger under rated condition is 54.2 kW. According to the inlet and outlet temperature measured in the test, the total heat transfer coefficient of the heat exchanger under rated condition can be calculated. The calculation equations are as follows:
[image: image]
[image: image]
where [image: image] is the total heat transfer coefficient of the heat exchanger, [image: image] is the heat transfer area, and [image: image] is the logarithmic mean temperature difference between two fluids. The expression of heat transfer coefficient is derived from the above two equations, as follows.
[image: image]
The heat transfer area is 7.3 m2, and taking the inlet and outlet temperatures measured in the test into the equation, the total heat transfer coefficient of the heat exchanger under rated condition is 1,264 W/(m2°C), and the designed total heat transfer coefficient is 1,301 W/(m2°C); the difference between the two values is small.
In order to study the temperature change of the fluid along the flow channel, 18 temperature measuring points were arranged on the three walls of the heat exchanger along the flow direction. In addition, temperature measuring points were arranged at the outlet of the heat exchanger to measure the temperature non-uniformity. All the temperature measuring points were arranged on the surface of the heat exchanger. The arrangement of the wall temperature measuring points is shown in Figure 4. Figure 5 shows the variation of the wall temperatures of the heat exchanger with the axial position.
[image: Figure 4]FIGURE 4 | Wall temperature layout of the heat exchanger.
[image: Figure 5]FIGURE 5 | Wall temperature under rated working condition.
As can be seen from Figure 5, the wall temperature of the heat exchanger increases linearly in the axial direction and along the flow direction of carbon dioxide. The inlet wall temperatures T305 ∼ 307 of carbon dioxide side are 332.5, 330.4, and 328.7°C, respectively, and the outlet wall temperatures T308 and T309 of carbon dioxide side are 486.7 and 496.6°C, respectively. Because of the influence of cross flow, the temperature is non-uniform.
The test was conducted not only under rated condition but also under some other different experimental conditions. As shown in Figure 6, it shows the effect of different flow rates of sodium and carbon dioxide on the performance of the heat exchanger when the pressure of carbon dioxide is 15 MPa. The x-axis is the ratio of mass flow of sodium to carbon dioxide. As the flow ratio increases, the temperature difference at the inlet end on the sodium side (high temperature end) gradually decreases, and the temperature difference at the outlet end on the sodium side (low temperature end) gradually increases. This is because when the mass flow rate of sodium is small, the sodium side is cooled sufficiently, so the sodium outlet temperature is close to the carbon dioxide inlet temperature. When the mass flow rate of sodium is large, the carbon dioxide is heated sufficiently so that the carbon dioxide outlet temperature is close to the sodium inlet temperature. As can be seen from Figure 6, when the mass flow rate of carbon dioxide is constant, the heat transfer power of the heat exchanger changes little with the flow rate of sodium. However, the flow rate of sodium is constant, and the heat transfer power changes significantly with the flow rate of carbon dioxide.
[image: Figure 6]FIGURE 6 | Variation of temperature difference and heat transfer power with the flow ratio.
The pressure influence of the carbon dioxide side on the heat transfer performance is also studied at same conditions. The results show that the heat transfer coefficient of the heat exchanger increases with the pressure increase of the carbon dioxide; when the pressure increases from 15.5 to 20 MPa, the heat transfer coefficient increases by 12.8%, as shown in Table 2. This is caused by the different physical properties of carbon dioxide at different pressures. Figure 7 shows the variation law of thermal conductivity of carbon dioxide under different pressures. It can be seen that the higher the pressure, the greater the thermal conductivity, so the greater the heat transfer coefficient under the same conditions.
TABLE 2 | Pressure effect on the heat transfer performance.
[image: Table 2][image: Figure 7]FIGURE 7 | The thermal conductivity of CO2 varies with pressure and temperature.
CONCLUSION
In this paper, the experimental research on the prototype of sodium-supercritical carbon dioxide PCHE has been carried out under the rated condition and other different conditions. The influence of different parameters on the heat exchanger is studied, and the conclusions are as follows:
1) Under the rated condition, the heat transfer power is 54.2 kW, and the deviation is around 8%. The test results show that the prototype of the heat exchanger meets the design requirements;
2) The temperature difference of the high temperature end decreases with the increase of the flow ratio of sodium to carbon dioxide, and the temperature difference of the low temperature end increases with the increase of the flow ratio;
3) When the flow rate of sodium was constant, the heat transfer power changes significantly with the flow rate of carbon dioxide, the flow rate of carbon dioxide has a great effect on the heat transfer power; when the flow rate of carbon dioxide is constant, the effect of flow rate of sodium on heat transfer power is relatively small;
4) Under the same working conditions, the heat transfer coefficient of the heat exchanger increases with the increase of pressure of the carbon dioxide; when the pressure increases from 15.5 to 20 MPa, the total heat transfer coefficient increases by 12.8%.
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