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Abstract

Compact size is one of the most important design attributes for a small modular reactor (SMR). Small-sized reactors can be fabricated in factories and transported to remote locations, dramatically lowering construction costs and periods. Therefore, the chemical and volume control system (CVCS), an essential auxiliary system of the nuclear reactor, needs to be compact and modular to achieve the key SMR goal.
The CVCS of a typical large nuclear power plant has two shell and tube heat exchangers. Replacing these with a printed circuit heat exchanger (PCHE), a high-performance heat exchanger, can lead to significant space savings. Hence, this study proposes the optimized PCHE design for CVCS heat exchangers. The PCHE consists of straight channels with a semi-circular cross-sectional area. Numerical solutions for evaluating the heat transfer performance are obtained using the Engineering Equation Solver (EES). Since the working fluids to be heated and cooled are all single-phase liquid water, the scope of the numerical analysis expanded to the turbulent flow region.
As a result of this study, it was evaluated that if PCHE is used as a SMR CVCS heat exchanger, the space required to install the heat exchanger is less than 20% compared to the shell and tube heat exchanger while satisfying thermal hydraulic performance. Considering that minimizing the volume is one of the most important and challenging tasks in SMR development, this can be considered an important progress. This small-sized heat exchanger is expected to be of great help in reducing construction costs and construction periods by modularizing the entire CVCS system and allowing it to be manufactured at the factory.
INTRODUCTION
Anticipated applications of SMRs in the future include supplying power to remote areas with limited access to the power grid, replacing aging coal power plants and complementing the intermittent nature of renewable energy through load-following operations.[1] 
Size reduction is among the critical challenges in SMR development. This is because small-sized nuclear reactors can be manufactured in factories and transported to remote locations, while simultaneously dramatically reducing construction costs and construction periods. So, if the chemical and volume control system (CVCS), an essential auxiliary system of the nuclear reactor, is modularized and can be manufactured in a factory, it can contribute to achieving these key SMR’s goals. Therefore, in this study, a compact design for CVCS heat exchanger for SMR by replacing the existing two shell and tube heat exchangers with a printed circuit heat exchanger (PCHE) is proposed for the goal as shown in FIG. 1.
The correlation equations for compact heat exchangers, including PCHE, have been studied considerably.[2] Many studies used gases such as helium as the working fluid and limited it to laminar flow, and much of the research focused on improvement the heat transfer coefficient and heat transfer of PCHE. Also, there was a PCHE thermal performance test using helium and air as working fluids, and a correlation equation was presented.[3-4] In addition, there were studies on replacing SMR's shell-and-tube type steam generator with PCHE.[5] Studies were also conducted to optimize the size of PCHE in the laminar flow region.[6]
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[bookmark: _Ref167819666]FIG. 1. Schematic of simplification CVCS replacing the existing two heat exchangers with a printed circuit heat exchanger

OPtimization of PCHE design
Introduction of PCHE
Although shell and tube heat exchangers are most commonly used, when a high-performance heat exchanger is required depending on the installation purpose and requirements, a compact heat exchanger is used and the PCHE is one of the promising compact heat exchangers.[2] 
PCHE has relatively high heat transfer efficiency and a large effective heat transfer area in a unit volume and is manufactured through a lamination process along with chemical etching and diffusion bonding, which has the advantage of reducing the heat exchanger volume. Furthermore, the diffusion bonding allows PCHE to have a high allowable pressure, around 1,000 bars at 300℃ which is enough to be used in primary system of nuclear power plant considering that the design pressure of the nuclear reactor is less than 200 bars. Besides, the channels are usually chemically etched in a flat plate to engrave a channel pattern, which becomes thermal performance characteristics. In other words, various performance implementations are possible through pattern. [7-9] 
Application of PCHE on the SMR CVCS
The CVCS of traditional large-scale power plants and SMRs typically has two shell and tube heat exchangers, a regenerative heat exchanger and a letdown heat exchanger. The regenerative heat exchanger not only cools down the letdown coolant from reactor using the charging coolant but also transfers heat from the letdown coolant to the charging coolant to minimize thermal shock at the nozzles between the CVCS and RCS. The letdown heat exchanger cools the coolant to a temperature at which purification components, such as ion exchangers, can operate. The PCHE proposed in this paper serves the roles of both heat exchangers in the traditional CVCS, as shown in FIG. 1. Thus, like the traditional heat exchangers, the integrated heat exchanger, PCHE, transfers heat from the letdown coolant to the charging coolant to minimize thermal shock through the regenerative way and cools the letdown coolant to the temperature suitable for the operation of the purification system.
However, examination methods that are mandatory for safety systems and components, as required by applicable codes and standards are notable knowledge gaps in the application of the PCHE. Although a study suggested some examination methods using ultrasonic, X-ray, neutron radiography and fiber optic strain sensors, there are no comprehensive codes and standards for designing and fabricating the PCHE yet.[10] Thus it may require justifications for the examination method for licensing.
Boundary Conditions
Currently, most Small Modular Reactors (SMRs) are in the research phase, and key design parameters such as primary system volume and thermal output have not been fully developed. Therefore, the performance requirements of SMRs and the Chemical and Volume Control System (CVCS) heat exchanger should be derived through assumptions based on engineering judgment and performance requirements of large-scale nuclear power plants. However, to enhance applicability, conservative assumptions are necessary. Hence, pressures and temperatures are maintained at the level of large-scale nuclear power plants, while the flow rate is conservatively assumed to be half the level of large-scale nuclear plants or higher, which make enough flow to form fully turbulent flow.
PCHE Modeling
To replace the existing shell and tube heat exchangers, the PCHE is divided into two parts and each of them will replace each of the existing shell and tube heat exchangers. Thus, the fore part of the PCHE heat up the charging coolant to minimize thermal shock through the regenerative heat transfer and the rear part of it cools the letdown coolant to the temperature which purification components can operate. In addition, to minimize volume of the PCHE though the inlets and outlets of the heat exchanger are configured orthogonally but internal flow paths inducing counterflow are established for maximizing the Log Mean Temperature Difference (LMTD) as shown in FIG. 2. 
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FIG. 2. Counter-flow configuration with orthogonal inlet and outlet ports [11]

To minimize fouling caused by contaminants, semi-circular and straight channels rather than wavy channels are employed and the number of cold side channels is to match or double the hot side channels while diameter, width and height of them are the same.
Since the hot side and colds side fluids are single-phase liquid water, expanding the numerical analysis scope to turbulent flow regions is desirable for enhanced heat transfer. Also, it is assumed that heat transfer does not occur in the regions where orthogonal flow is formed for conservative meaning and the curvature are disregarded, assuming that the entire flow path is linear, in thermal design.
Design Method of the PCHE
The Engineering Equation Solver (EES) was employed to design the PCHE and to generate date for parametric analysis as shown in FIG. 3. The EES is a versatile software tool capable of numerically solving nonlinear algebraic and differential equations. In particular, through the EES Library, it provides thermodynamic data such as density and enthalpy for hundreds of substances, which can be used in conjunction with equation-solving capabilities. Furthermore, the programme allows to define new correlations equations and they can be simultaneously employed with other equations. These greatly reduce the effort for engineers to formulate equations and input property values. Besides, diameter, number of channels, fouling factor and outlet temperature of fore part of the PCHE, etc were used as variables. [11]
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[bookmark: _Ref168058721]FIG. 3. Thermal and Structural Design using Engineering Equation Solver [11]
Parameter Analysis and Optimization 
FIG. 4 is a parameter analysis about impact on diameter and the numbers of channels on the PCHE volume and shows that as decreasing the diameters and the number of channels, the PCHE volume decrease as well.
However, parametric analysis should be performed for the PCHE to be more practicable such as pressure drop, fouling, etc. The parameter analysis includes examining the impact of volume in relation to diameter and the number of channels, assessing the influence of PCHE front hot side exit temperature, evaluating the impact of diameter and the number of channels on pressure drop, considering the influence of fouling and analysing aspect ratio (height-to-length ratio). Furthermore, maximum plate size could be fabricated without welding, and a restriction on flow velocity to prevent Flow-Induced Vibration (FIV) were considered as constraints.
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[bookmark: _Ref167453566]FIG. 4. Impact of diameter and the number of channels on the PCHE volume

As a result of the above analysis, it is estimated that a diameter below 2 mm should be avoided due to extremely high pressure drop and flow velocity. This is because pressure drop is drastically increase as diameter decrease by 2 mm even fouling could induce additional pressure drop and lower heat transfer coefficient at the small diameter range. However, it is advisable to have diameters above 3mm, and an equal number of channels for both hot and cold sides since decreasing the diameter from 3mm to 2mm and increasing the cold side channels doesn't yield significant volume benefits. Additionally, channel diameters greater than 3mm are usually preferred to maintain fluid velocity below 5m/s and the highest possible outlet temperature of fore part of the PCHE is preferred since the high temperature leads the total volume of the PCHE.
Although multiple plates can be welded together to form larger PCHE plate, this method is excluded to minimize process complexity and simplify fabrication. Thus, PCHE plate available for current manufacturing, 1.5m × 0.6m, was considered as a constraint. This means that the fore and the rear parts of the PCHE should be arranged on the plate size, 1.5m × 0.6m though the height of the PCHE could be changed. Additionally, for optimized arrangement, width of the tube bundle and the length of the fore and the rear part should be limited below 0.15m, 0.45m and 5.25m, respectively. The optimized arrangement which the rear part of the PCHE occupies the majority of heat transfer area based on that the LMTD of the rear part is much smaller than it of the fore part. These cause the core block of the PCHE have a rectangular prism shape rather than a cube shape.
When summarizing parameter analysis and the constraints, it is evident that the diameter should be limited to 3-5mm, considering pressure drop, fouling, and volume minimization. The number of channels is recommended to fall between 700 and 1500. Then, it is evaluated that the PCHE volume could decrease by less than 20% compared to the case where shell and tube heat exchangers are applied. FIG. 5 is optimized internal flow path arrangement of the PCHE could be used in SMR.
Conclusions
In this study, it is proposed to replace two shell and tube heat exchangers of the CVCS with a PCHE and it would result in significant space savings compared to conventional heat exchangers while satisfying thermal hydraulic performance requirements. Besides, since the allowable pressure for PCHEs reaches up to five times the design pressure of the reactor, the PCHE is deemed sufficient to withstand the normal operation pressure and temperature of reactor, less than 200 bars at 300℃.
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[bookmark: _Ref167714569]FIG. 5. Optimized internal flow path arrangement of the PCHE

The PCHE is composed of straight tubes with semi-circular cross-sections and EES was used for the numerical sizing of the PCHE. The most influential variables in designing PCHEs was the diameter and the volume of the PCHE varies significantly with changes in diameter. While reducing the diameter can decrease the volume of the PCHE, it also leads to a sharp increase in the pressure drop of the heat exchanger, particularly when the diameter is less than 2 mm. Additionally, a contaminated heat exchange surface will result in a higher pressure drop. Thus, diameters below 2mm were deemed impractical although it is evident that the small dimeter continues to small volume of the PCHE. However, the PCHE which has diameter larger than 3mm is still much smaller than a shell and tube heat exchanger even conservative design margins were included in the PCHE design such as surplus tube length and fouling factor though more studies on the fouling effect on the PCHE should be conducted in the future.
Therefore, the adaptation of PCHE to CVCS heat exchanger facilitates modularization of CVCS by reducing size of the heat exchanger and it contribute to reduce construction costs and durations. Furthermore, since the heat exchangers are manufactured using diffusion welding, stability is expected to increase.
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