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Abstract

:

The performance of heat exchangers in the pressurized water test loop is a critical factor in ensuring the achievement of irradiation parameters for fuel assemblies and the safety of experimental operations. The effect of the heat exchange area margin on the heat exchangers in the pressurized water test loop for the fuel assembly during the steady-state irradiation is analyzed. Additionally, optimization methods for determining the margin of heat exchange area and corresponding design strategies are further investigated. It shows that the effect of the heat exchange area margin on the heat exchange power is less affected by the inlet temperature of the primary water and is primarily influenced by the flow rate of the primary water. A decrease in the flow rate of the primary water reduces the compensatory effect of the cooling section on power and enhances the weakening effect of the regeneration section on power. Meanwhile, the correspondence between the margin of the regeneration section and the cooling section, established based on design conditions, can be applicable when there are changes in the inlet temperature of the primary water, but it is not suitable when there are changes in the flow rate of the primary water. When the flow rate of the primary water decreases, the cooling section margin required to compensate for the decrease in power caused by the regeneration section margin will increase significantly. In addition, short-circuiting the heat exchange tubes in the regeneration section can effectively enhance the heat transfer capability. Furthermore, setting the heat exchange area margins of the regeneration and cooling sections to zero can serve as a termination condition for iterative calculations in the verification of regenerative heat exchangers under off-design conditions.
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1. Introduction


Conducting irradiation experiments on nuclear fuel and materials is an essential field in reactor applications [1,2,3,4]. Irradiation experiments involve utilizing neutrons and various types of radiation generated by the test reactor and relying on irradiation rigs and test loops to control the irradiation environment. This process induces nuclear reactions or irradiation effects on test specimens, achieving specified objectives and ensuring the safety of the experiments. In the process of developing a new nuclear fuel or material, a series of irradiation tests are needed to assess whether the irradiation resistance of the fuel or material meets the standards [5,6,7,8,9]. A comprehensive irradiation test involves the irradiation test and an examination of objects such as fuel phases, cladding materials, fuel pellets, fuel elements, and fuel assemblies [10,11,12,13,14,15].



The irradiation test of fuel assemblies is a crucial step before the engineering application of a new reactor fuel [16,17,18]. Taking accident-tolerant fuel (ATF) development as an example, new ATF assemblies typically undergo the steady-state irradiation test in the pressurized water test loop with high temperature before being deployed in power reactors [19,20,21,22]. In this test, the test reactor is utilized to provide a neutron field and other nuclear environments, while the test loop primarily provides non-nuclear environments, such as thermal-hydraulic conditions and water quality. The irradiation rig is used to accommodate the fuel assembly and serves as a link between the reactor and the test loop.



The irradiation test of a fuel assembly in a simulated pressurized water environment is a process with highly coupled physical and thermal parameters. In the test loop, the primary heat sources come from the nuclear fission heat of the fuel assembly as well as the gamma heating of various materials within the irradiation rig located in the reactor’s active zone. To ensure effective heat dissipation in the irradiation test process, apart from the limited self-cooling capacity of the loop system itself, the main cooling is primarily provided by the heat exchange system in the test loop. The performance of heat exchangers is a critical factor in ensuring the achievement of irradiation parameters for fuel assemblies and the safety of experimental operations. During the stable operation of the reactor, the heat generated by the tested fuel assembly remains relatively constant over a certain period. However, if the performance of the heat exchanger is inadequate, it will lead to an increase in the inlet temperature of the tested fuel assembly. This will cause the localized hotspot temperature of the fuel cladding to rise and may even result in the formation of voids in the cladding. Such conditions are highly detrimental to the service life of the cladding material primarily because high temperatures adversely affect the properties of materials. The occurrence of overheating during the irradiation testing process not only impacts the achievement of irradiation test parameters but also poses a threat to the safety of the fuel assembly in cases of severe overheating. Therefore, ensuring that the performance of heat exchangers meets the required standards is a crucial element in the design of irradiation experiments. Considering the significant temperature difference between primary and secondary water, regenerative heat exchangers are employed in the pressurized water test loop in order to mitigate the thermal stresses caused by the temperature difference and avoid heat transfer instability due to secondary water vaporization. In the design of regenerative heat exchangers in the system, considerations such as tube damage, blockage, and fouling, as well as coping with operational fluctuations are taken into account. Therefore, it is typically necessary to allocate a certain margin in the heat exchange area to mitigate potential degradation in heat transfer performance resulting from adverse conditions [23,24,25]. However, the retention of the margin for the heat exchange area is a complex issue primarily because, if no heat transfer deterioration or other abnormal conditions occur, these reserved heat exchange areas would actually participate in the heat exchange process, thereby affecting the operation of the test loop.



In this study, the effect of the heat exchange area margin on the heat exchangers in the pressurized water test loop during the fuel assembly steady-state irradiation is analyzed. Additionally, optimization methods for determining the margin of the heat exchange area and corresponding design strategies are further investigated. This study can provide a basis for optimizing the design of the pressurized water test loop heat exchange systems in test reactors.




2. Study Object and Thermal Calculation Method


2.1. Study Object


This study is primarily based on the pressurized water test loop of the High Flux Engineering Test Reactor (HFETR) in China. The HFETR is a pressurized water reactor with a design power of 125 MW, utilizing light water as a coolant and moderator and featuring beryllium as a reflector. The maximum thermal neutron flux can reach 6.2 × 1014 n/(cm2.s), and the maximum fast neutron flux can reach 1.7 × 1015 n/(cm2.s). The maximum available height of the active zone is 1000 mm. Its core structure is shown in Figure 1. The HFETR adopts U3Si2-Al, dispersed, multi-layer, thin-walled, tube-type fuel components with a 19.75% enrichment of 235U. Its unique multi-lobed grid design provides greater flexibility in core loading design, allowing for the core loading to be adjusted according to changes in irradiation tasks. Each fuel assembly, beryllium component, and aluminum component occupies one grid and can be interchangeable. The HFETR has 11 irradiation channels that can accommodate guide tube-type irradiation rigs, as shown in Figure 2.



For the irradiation test of the pressurized water reactor fuel assembly, the HFETR is equipped with pressurized water test loops, which include multiple subsystems, such as the main loop system, purification system, rupture detection system, secondary cooling water system, injection system, replenishment system, leak detection system, cleaning system, electrical system, and instrumentation and control system. Figure 3 shows the basic composition of the main loop system of the pressurized water test loop, mainly consisting of the irradiation rig, stabilizer, main heat exchanger, and feedwater pump. Among them, the irradiation device and the main heat exchange system are the core components of the main loop system. The irradiation rig is a high-pressure test vessel (as shown in Figure 4), used to accommodate the fuel assembly and isolate the irradiation test environment from the reactor. Its cooling primarily relies on the test loop. The parameters within the irradiation rig should be matched with those of the heat exchanger. In irradiation tests, the form of the fuel assembly (including assembly size, the load and enrichment of 235U, and the mechanical properties of the cladding at high temperatures), the linear power requirements, and the thermal conductivity of the materials collectively determine the surface flow velocity of the fuel assembly and the required inlet temperature of the coolant. Given that the size of the irradiation device is constrained by the irradiation channel, the flow velocity requirement for the fuel assembly over a specific flow area determines the operational flow rate of the loop. Under the premise of suppressing void formation and with an additional pressure margin, the final operating pressure of the loop is determined. During operation, the pressure drop across the irradiation rig is monitored to assess whether any blockage has occurred in the flow channel. Overall, the operational parameters of the test loop strictly meet the testing requirements of the fuel assembly, with thermal parameters being regulated by the main heat exchanger. The thermal balance in the test loop system is highly complex. The primary heat source is the nuclear heat generated by the fuel assembly (heat from rotating components such as the main pump can be neglected). The primary heat loss occurs through the secondary water cooling of the main heat exchanger, heat dissipation from the pipes and loop auxiliary systems, and the heat carried away by the loop purification system. Since the heat dissipation from the pipes and loop auxiliary systems and the heat carried away by the loop purification system are significantly less than the heat removed by the secondary water cooling of the main heat exchanger, in practical thermal analysis, the thermal parameters of the main heat exchanger can be directly matched with those of the irradiation rig [14].



The main heat exchange system consists of four regenerative heat exchangers. The structure and internal flow of the regenerative heat exchanger are shown in Figure 5 and Figure 6. The main purpose of setting up four heat exchangers is to avoid heat exchanger failures during irradiation tests that may lead to reactor shutdown. The regenerative heat exchanger is divided into regeneration and cooling sections, and there is a coupling relationship between the regeneration and cooling sections, with the outlet of the primary side of the regeneration section connected to the inlet of the primary side of the cooling section and the outlet of the primary side of the cooling section connected to the inlet of the secondary side of the regeneration section. For high-temperature primary water, it enters from the inlet of the primary side of the regeneration section; passes through the primary side of the regeneration section, primary side of the cooling section, and secondary side of the regeneration section sequentially; while low-temperature secondary water only passes through the secondary side of the cooling section. From the flow of hot and cold fluids in the regenerative heat exchanger, it can be observed that the main heat exchange occurs in the cooling section externally, while the regeneration section mainly involves heat exchange between primary waters. The design parameters of the main heat exchanger are as follows: primary water pressure of 15.5 MPa, flow rate of 6 t/h, inlet temperature of 330 °C, secondary water pressure of 0.6 MPa, flow rate of 14 t/h, inlet temperature of 25 °C, and heat exchange power of approximately 500 kW. At the same time, during operation, the maximum adjustment of secondary water is 140% of the design condition, and the outlet temperature of secondary water is required not to exceed 70 °C. Simultaneously, during the fuel assembly irradiation in the test loop, primary water is typically neutral deionized water or weakly alkaline high-purity water. Due to the excellent water quality characteristics, the fouling factor is neglected in the thermal calculations of the heat exchange area through which the primary water flows. The temperature, pressure and flow rate during loop operation can be measured using platinum resistance temperature sensors, capacitive pressure transmitters, and orifice flow meters, respectively.




2.2. Thermal Calculation Method


For the main heat exchanger structured as a regenerative heat exchanger, the heat exchanger structure is configured based on design conditions. When deviating from these conditions, the heat exchanger’s verification calculation is conducted by considering the coupling relationship between the regenerative and cooling sections. Detailed calculation methods for the thermal analysis of regenerative heat exchangers can be found in the literature [26]. Particularly, since the test loop operates under a wide range of conditions, when conducting a thermal analysis of the heat exchanger, it is necessary to consider the flow correction coefficient φ and the property correction coefficient ct, as shown in Equations (1) and (2) [27,28]:


  φ = 1 − 6 ×   10   5   /   R e   1.8    



(1)






    c   t   =   (   μ   m   /   μ   w   )   m    



(2)




where



Re—Reynolds number of the flow;



μm—Dynamic viscosity of the fluid at the average fluid temperature;



μw—Dynamic viscosity of the fluid corresponding to the average wall temperature;



m—For fluid heating, m = 0.11; for fluid cooling, m = 0.25.



In the design of the heat exchanger, a certain margin of heat exchange area is usually reserved for both the regeneration and cooling sections to address adverse situations, such as heat exchange tube damage, blockage, and operating condition fluctuations. However, increasing the heat exchange area margin will result in longer heat exchange tubes, which will lead to higher material costs during the manufacturing process of the heat exchanger. Therefore, the selection of the heat exchange area margin requires a careful balance. Taking the regeneration section as an example, the design margin of the regeneration section heat exchange area is defined as follows:


    φ   r   =      A   r d   −   A   r       A   r      × 100 %  



(3)




where Ard is the heat exchange area considering a certain margin and Ar is the heat exchange area calculated based on design condition parameters.





3. Results and Discussion


3.1. Performance of Heat Exchanger Power under Different Heat Exchange Area Margins


Affected by different types of fuel and different stage test requirements, the irradiation test indicators are not constant. In order to make the pressurized high-temperature water test loop have a certain degree of versatility, the heat exchange system of the pressurized high-temperature test loop generally adopts the highest temperature and pressure for design and conducts verification analysis for other conditions deviating from the design. Meanwhile, considering adverse factors such as pipe blockage, a certain margin of the heat exchange area is usually reserved in the heat exchanger design. The heat exchange system of the pressurized high-temperature test loop adopts a regenerative heat exchanger, which is structurally composed of regeneration and cooling sections, and the heat exchange area margins of both sections will participate in the heat exchange process, even without abnormal conditions. Figure 7 shows the variation in heat exchanger power under different heat exchange area margins of the regeneration and cooling sections under the design condition and off-design conditions. It can be observed that the heat exchange area margins of the regeneration and cooling sections have different effects on the heat exchanger power. Taking the design condition as an example, when the heat exchange area margin of the cooling section increases from 0 to 12%, the power of the heat exchanger increases by 3.5%; however, under the same conditions, increasing the margin of the regenerative section heat exchange area leads to a 5.9% decrease in heat exchanger power, indicating that the presence of a margin in the cooling section enhances the heat transfer capacity of the heat exchanger, whereas the presence of the heat exchange area margin of the regeneration section weakens the heat exchange capacity of the heat exchanger. The regeneration section and the cooling section of the regenerative heat exchanger are highly coupled, with the outlet of the primary side of the regeneration section connected to the inlet of the cooling section. The external heat exchange of the regenerative heat exchanger is mainly performed by the cooling section. An increase in the heat exchange area margin of the cooling section will undoubtedly increase the external heat exchange power of the heat exchanger. However, an increase in the heat exchange area margin of the regeneration section will increase the heat exchange capacity of the regeneration section, leading to a decrease in the outlet temperature of the primary side of the regeneration section. This temperature is approximately the inlet temperature of the primary side of the cooling section, and its decrease will lead to a decrease in the heat exchange temperature difference of the cooling section, thereby causing a decrease in the power of the heat exchanger.



Since the test loop does not always operate under design conditions and is influenced by different irradiation test parameters and the heat generation of fuel components, the temperature and flow rate of primary water in the test loop may deviate from the design conditions. This mainly manifests in the flow rate of primary water entering the heat exchanger and the inlet temperature being lower than the design parameters. Figure 7 also compares the effect of different heat exchange area margins on the variation in heat exchanger power when the temperature and flow rate of primary water deviate. From the comparisons in Figure 7a–c, it can be observed that, with the base power without a margin as a reference, the variation in heat exchanger power with the change in heat exchange area margin is basically unaffected by the change in inlet temperature of primary water. At three temperatures of 330 °C, 290 °C, and 250 °C, for a 12% margin of both cooling and regeneration sections, the power of the heat exchanger increases by approximately 3.5% and decreases by 6.0%, respectively. However, from the comparisons in Figure 7a,d,e, it can be observed that the effect of the heat exchange area margin on the heat exchanger power is different under different flow rates of primary water. As the flow rate of primary water decreases from 100% to 55%, under a 12% margin of the cooling section heat exchange area, the magnitude of power increase changes from 3.5% to 2.2%, while under a 12% margin of the regeneration section heat exchange area, the magnitude of power decrease changes from 5.9% to 7.0%. These data indicate that, under conditions deviating from the design, the effect of the heat exchange area margin on the heat exchange power is less affected by the change in the inlet temperature of primary water and is mainly affected by the flow rate of primary water. Moreover, the decrease in flow rate of primary water reduces the compensatory effect of the cooling section on power while enhancing the weakening effect of the regeneration section on power.



Considering the stability of the test object’s environment, the flow rate and temperature of primary water should be kept as stable as possible. At this time, due to the limitation of the regulation capability of the secondary water feed pump and the requirement that the outlet temperature of the secondary water cannot exceed 70 °C, the regulation power of the regenerative heat exchanger can only be within a certain range. With the flow rate and inlet temperature of primary water limited, adjusting the secondary water flow to the maximum of 140% can only achieve the upper boundary of the regulation power; while under the premise that the outlet temperature of secondary water must not exceed 70 °C, the corresponding power of the heat exchanger is the lower boundary of the regulation power. Figure 8 shows the power regulation range of the heat exchanger under different heat exchange area margins of the regeneration and cooling sections. It can be observed that, with the increase in the heat exchange area margin of the regeneration section, the span of the power regulation range does not change significantly, but both the upper and lower boundaries of power regulation move downward. With a 3% margin of the regeneration section, the power regulation range of the regenerative heat exchanger is from 67.5% to 100.4% of the design power, with a span of 32.9%. Furthermore, when the margin of the regeneration section increases to 12%, the span of power regulation only changes slightly to 33.9%, but the power regulation range moves downward to 62.1% to 96.0%, and when the margin is greater than 4%, there is a situation where the heat exchange power cannot reach the design power.



However, the impact of the cooling section on the power regulation range of the regenerative heat exchanger exhibits a different trend from the regeneration section. With the increase in the heat exchange area margin of the cooling section, the power regulation range of the regenerative heat exchanger gradually moves upward, and there is a slight trend of narrowing the regulation range. When the margin of the cooling section heat exchange area increases from 3% to 12%, the span of power regulation of the heat exchanger changes from 30.9% to 26.8%. These data indicate that, although measures have been taken to improve the secondary water conditions to enhance the power of the heat exchanger, the effect of these measures is limited when the heat exchange area margin of the regeneration section exceeds a certain value, and there is a situation where the heat exchange power is insufficient.



When the inlet temperature of primary water remains unchanged and further reduction in heat transfer power is required, it becomes unfeasible to achieve this by adjusting the flow rate of the secondary water. Instead, adjustment of the flow rate of the primary water becomes necessary. When the outlet temperature of the secondary water is set at 70 °C, there exists a maximum flow rate of the primary water corresponding to a specified power. A larger maximum flow rate implies a lower likelihood of intervention in the secondary water flow rate adjustment. Figure 9 demonstrates the maximum adjustment flow rate of the primary water under different margins of heat exchange area for the regenerative section when the power is below the lower boundary of the adjustment range. It can be observed that, under the same flow rate, a smaller margin of heat exchange area in the regenerative section corresponds to higher power of the heat exchanger. This suggests that, under conditions of low flow rate and temperature parameters, a smaller margin of heat exchange area in the regenerative section is disadvantageous for enhancing the power of the heat exchanger. However, it is noteworthy that, if the heat transfer power requirements are met, a larger margin of heat exchange area in the regenerative section, leading to a larger maximum flow rate of the primary water, is advantageous for reducing the likelihood of intervention in the adjustment of the secondary water flow rate. For example, with a heat transfer power of 60%, when the margin is 3%, the maximum flow rate of the primary water is 93.4% of the design flow rate. If further enhancement of heat transfer power is required, the flow rate of the secondary water must be increased. In comparison, with a 12% margin, the flow rate of primary water needs to reach 98.1% before increasing the flow rate of secondary water to enhance heat transfer power becomes necessary.




3.2. Measures to Address the Heat Exchange Area Margin of the Regeneration Section


From the previous discussion, it is evident that the existence of excess heat exchange area margin in the regeneration section has a detrimental effect on the heat transfer power of the heat exchanger. In practical design, it is not intentional to retain a margin of the heat exchange area in the regeneration section. However, due to factors such as calculation deviations and fouling coefficient deviations, the heat exchange power of the regeneration section will differ from the actual heat exchange power, and the heat exchange area margin can be understood as the excess heat exchange capacity during actual operation. Because of the presence of this margin, it is necessary to take necessary measures in the design of the heat exchanger to overcome the weakening effect of the heat exchange area margin of the regeneration section on the heat exchanger power. One important measure is to reserve a corresponding heat exchange area margin in the cooling section for power compensation.



Figure 10 illustrates the corresponding relationship between the heat exchange area margins of the regeneration and cooling sections under various operating conditions to maintain constant heat exchange power. It can be observed that, for a certain heat exchange area margin of the regeneration section, the cooling section must have a minimum heat exchange area margin to match; otherwise, there will be insufficient heat exchange power. At the same time, this corresponding minimum margin value of the cooling section is also affected by the inlet temperature and flow rate of primary water. From Figure 10, it can be observed that, for the design condition, when the heat exchange area margin of the regeneration section is 6%, the cooling section needs to match at least 10.9% margin, and when the inlet temperature of primary water changes, this matching value does not change significantly.



However, when the flow rate of primary water changes, the heat exchange area margin of the cooling section will increase significantly. When the flow rate of primary water decreases to 85% and 55%, the heat exchange area margin of the cooling section needs to be retained at least 13.1% and 22.3%, respectively. This indicates that the correspondence relationship between the heat exchange area margins of the regeneration and cooling sections established based on the design conditions can be applied when the inlet temperature of primary water changes but not when the flow rate of primary water changes. When the flow rate of primary water decreases, the required heat exchange area margin of the cooling section to compensate for the power decrease caused by the margin of the regeneration section will increase significantly.



From the perspective of the impact of the heat exchange area margins of the regeneration and cooling sections on the theoretical power of the regenerative heat exchanger, adopting a larger design margin in the regeneration section is not always wise. To achieve the design power of the regenerative heat exchanger at the design flow rate, a slightly larger design margin can be used for the cooling section, whereas the design margin for the regenerative section should not be too large.



At the same time, considering that the heat exchange system will face various test conditions, the optimal choice to address the insufficient power caused by the heat exchange area margin of the regeneration section is to design the regeneration section as a structure with an adjustable heat exchange area. Figure 11 shows the design structure of a regenerative heat exchanger with a variable regenerative section heat exchange area by directly leading some of the primary water in the heat transfer section out and skipping the secondary side cooling in the intermediate heat transfer section. Under different short-circuiting methods in the regenerative section, the heat exchange area of the regenerative section can be reduced by varying proportions. For example, a 10% reduction in the heat exchange area can be achieved by closing valves V1, V4, and V5, coupling with opening valves V2 and V3. Figure 12 illustrates the variation in heat transfer power of the heat exchanger with a reduced heat exchange area in the regeneration section at lower primary water inlet temperatures. It can be clearly observed that, with the reduction in the heat exchange area of the regeneration section, the maximum heat transfer capacity at lower inlet temperatures of primary water increases significantly, especially when the flow rate of primary water is low. When the primary water inlet temperature is 230 °C and the flow rate is 85%, reducing the regenerative section heat exchange area by 10%, 20%, and 30% results in an increase in the power of the heat exchanger by 5.8%, 12.5%, and 20.1%, respectively. If the flow rate is further decreased to 40%, the power increases further by 7.3%, 15.9%, and 26.0%, respectively. It can be found that the dynamic adjustment of the heat exchange area of the regeneration section also mainly depends on the flow rate of primary water and is less affected by the inlet temperature of primary water.




3.3. Application of Heat Exchange Area Margin in Iterative Calculation


In this study, an extensive thermal analysis of regenerative heat exchangers was conducted, and it was found that, when the heat exchange area margins of the regeneration and cooling sections are not close to zero, it is difficult to match the thermal parameters in the regenerative heat exchanger. It is found that, when the heat exchange area margin in the regeneration and cooling sections is calculated to be less than 0.1% (considered to be approximately zero), the power deviation of the heat exchanger is less than 0.1%. Therefore, it is recommended to use the heat exchange area margin as a termination condition for iterative calculation. By employing this iterative calculation method, irradiation tests with varying test parameters can be quickly verified through computer programming, achieving high calculation accuracy. This approach allows for the assessment of whether the heat exchanger meets performance standards and the determination of its operating parameters, such as the secondary water flow rate. Figure 13 illustrates the calculation process of this method, which is particularly suitable for the verification calculation of regenerative heat exchangers under conditions deviating from the design conditions. In this method, it is necessary to establish the internal thermal coupling relationship based on the internal thermal balance of the regenerative heat exchanger and its structure. This coupling relationship includes the following: the outlet temperature of the primary side of the regeneration section equals the inlet temperature of the primary side of the cooling section, the inlet temperature of the secondary side of the regeneration section equals the outlet temperature of the primary side of the cooling section, the heat exchange power of the primary side of the regeneration section equals the heat exchange power of the secondary side of the regeneration section, and the heat exchange power of the primary side of the cooling section equals the heat exchange power of the secondary side of the cooling section (the enthalpy increase of the secondary water equals the enthalpy decrease of the primary water). To calculate the heat transfer power under off-design conditions, involving deviations in the inlet temperature and flow rate of the primary water as well as the temperature and flow rate of the secondary water, a nested iterative calculation with two iterations is required, with the first iteration nested as a sub-loop in the second iteration. In the first iteration calculation, the wall temperatures of the regeneration and cooling sections are arbitrarily set as positive values, and the outlet temperature of the primary side of the regeneration section and the outlet temperature of the secondary side of the regeneration section are adjusted. Then, coupled iterative calculations of the thermal parameters of the regenerative heat exchanger are carried out based on the internal thermal coupling relationship of the regenerative heat exchanger, and whether the heat exchange area margins of the regeneration and cooling sections are close to zero is set as the termination condition for the iteration.



When the heat exchange area margins of the regeneration and cooling sections cannot be close to zero, the outlet temperature of the primary side of the regeneration section and the outlet temperature of the secondary side of the regeneration section need to be adjusted to make the heat exchange area margins of the regeneration and cooling sections close to zero. When the heat exchange area margins of the regeneration and cooling sections are close to zero, the wall temperatures of the regeneration and cooling sections at this time are obtained and compared with the wall temperatures of the regeneration and cooling sections set earlier. The second iteration calculation is then carried out. The termination of the second iteration is based on whether the wall temperatures of the regeneration and cooling sections set and obtained in the first iteration are consistent. When the set temperature and the obtained temperature are consistent, the second iteration calculation is terminated. After the termination of the second iteration calculation, the thermal characteristic parameters of the regenerative heat exchanger under conditions deviating from the design conditions can be obtained through the nested iterative calculation, and finally, the heat exchange capacity of the regenerative heat exchanger under off-design conditions can be obtained.





4. Conclusions


In this study, the effect of the heat exchange area margin on the heat exchangers in the pressurized water test loop during the fuel assembly steady-state irradiation is analyzed. Additionally, optimization methods for determining the margin of heat exchange area and corresponding design strategies are further investigated. The main conclusions drawn from this study are as follows:



(1) The effect of the heat exchange area margin on the heat exchange power is less affected by the inlet temperature of the primary water and is primarily influenced by the flow rate of the primary water. A decrease in the flow rate of the primary water reduces the compensatory effect of the cooling section on power and enhances the weakening effect of the regeneration section on power.



(2) The correspondence between the margin of the regeneration section and the cooling section, established based on design conditions, can be applicable when there are changes in the inlet temperature of the primary water, but it is not suitable when there are changes in the flow rate of the primary water. When the flow rate of the primary water decreases, the cooling section margin required to compensate for the decrease in power caused by the regeneration section margin will increase significantly.



(3) Short-circuiting the heat exchange tubes in the regeneration section can effectively enhance the heat transfer capability. Additionally, dynamically adjusting the heat exchange area of the regeneration section to increase heat transfer power is mainly influenced by the flow rate of the primary water, with a lower influence from the inlet temperature of the primary water.



(4) Setting the heat exchange area margins of the regeneration and cooling sections to zero can serve as a termination condition for iterative calculations in the verification of regenerative heat exchangers under off-design conditions.
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Figure 1. Structural diagram of the main body of the HFETR. 
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Figure 2. Core cross-section and channel position schematic of the HFETR (Different numbers and letters represent different positions). 
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Figure 3. Schematic diagram of the main system in the high-temperature pressurized water test loop. 
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Figure 4. Irradiation rig in the pressurized water test loop during fuel assembly irradiation (Arrows indicate the direction of coolant flow). 
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Figure 5. Structure and fluid inlet/outlet diagram of the regenerative heat exchanger. 
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Figure 6. The flow paths of primary water and secondary water in the regenerative section and cooling section of the regenerative heat exchanger. 
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Figure 7. The heat transfer power of the main heat exchanger with different heat exchange area margins. 
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Figure 8. Power regulation range of the heat exchanger under different heat exchange area margins in the regeneration and cooling sections under design primary water conditions. 
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Figure 9. Below the lower boundary of power regulation, the maximum relative adjustment flow of the primary water under different heat exchange area margins in the regeneration section. 
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Figure 10. When the heat transfer power remains constant, the relationship between the minimum heat exchange area margin in the cooling section and the heat exchange area margin in the regeneration section. 
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Figure 11. The design structure of a regenerative heat exchanger with variable regenerative section heat exchange area. 
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Figure 12. The variation in heat transfer power of the heat exchanger with reduced heat exchange area in the regeneration section at lower primary water inlet temperatures. 
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Figure 13. Calculation process using the heat exchange area margin of 0 as the termination conditions for iterative calculations. 
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