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ABSTRACT: Using heat pipe cooled micro-reactors in power plants is one of the newest 

technologies in small power plants. In these power plants, heat is taken from the reactor by several 

heat pipes and transferred to the working fluid in the main heat exchanger of the power plant. The 

purpose of this study is the design and thermal-hydraulic analysis of heat pipes and the main heat 

exchanger of the power plant. The reactor thermal power is 5 MW and its heat is transferred to carbon 

dioxide as the working fluid in the heat exchanger by 192 potassium heat pipes. The computational 

fluid dynamics (CFD) method is used for thermal-hydraulic analysis. ANSYS-CFX code, which is a 

high-performance and reliable tool, is also used for simulation. The results show that the maximum 

temperature of potassium vapor inside the hottest heat pipe is 913.6 °C. Also, the minimum 

temperature of the liquid inside the wick structure of this heat pipe is 910.01 °C. Also, the average 

temperature and pressure of carbon dioxide in the outlet section of the heat exchanger are 649.5 °C 

and 14.13425 MPa under normal operating conditions. In this situation, carbon dioxide is in a 

supercritical state and it is possible to use it in the power plant gas cycle. 
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INTRODUCTION 

In recent years, the desire to build power plants with 

small dimensions and high safety has increased [1]. These 

power plants are used to supply electric energy to space 
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stations, small islands and remote and sparsely populated 

cities. They can also be used to provide electricity in 

unexpected events with high reliability. In these power 
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plants, whose thermal power is usually several megawatts, 

the new generation of small-size reactors are used. Heat 

pipe cooled micro-reactors are a class of small-sized 

reactors that differ from traditional reactors in many 

aspects. Among the features of micro-reactors cooled with 

heat pipes, we can mention simple design, integrated 

structure, high inherent safety, higher productivity, lower 

operating cost, increased usage time and easier control, etc. 

Also, due to their small size, these reactors can be easily 

transported and quickly installed [2,3]. The structure of 

these reactors has been greatly simplified by eliminating 

common flow pipelines, pumps and auxiliary equipment, 

which has led to a lower cost and smaller volume system. 

The heat from fission is transferred to the heat pipes 

through structural materials, and then the heat pipes 

transfer the heat directly to the energy converter system. In 

such a situation, if one or more heat pipes are damaged, the 

heat can be removed through the adjacent heat pipes, 

without much impact on the system. Consequently, a 

localized incident will have little impact on system 

performance [4,5]. 

A heat pipe is a two-phase heat transfer device with a 

very high effective thermal conductivity [6-11]. Therefore, 

it is a suitable candidate for heat transfer from the micro-

reactor core to the working fluid inside the main heat 

exchanger of the power plant [12-16]. The heat pipe heat 

exchanger is a part of the power plant gas cycle used to 

generate electricity. 

In the design of a power plant, it is necessary to have a 

reliable thermal-hydraulic model of the reactor and the 

main heat exchanger [17-19]. In thermal-hydraulic 

analysis, energy, momentum and mass conservation 

equations are solved for micro-reactor core geometry, heat 

pipes, heat exchanger, and other power plant components. 

Using the computational fluid dynamics (CFD) method is 

very useful for accurate, correct and intelligent thermal-

hydraulic simulations. 

Computational fluid dynamics (CFD) has emerged as 

an important approach in mechanical and chemical 

engineering. CFD simulation is a well-established 

methodology often used to replace or supplement 

experimental and analytical methods to aid the engineering 

design and analysis of power plant types. CFD uses 

numerical methods and data algorithms to solve problems. 

In the CFD method, partial differential equations of fluids 

are converted into algebraic equations. Finally, using 

methods such as the Finite Difference Method (FDM), 

Finite Element Method (FEM) and finite volume method 

(FVM) the investigated geometry is divided into smaller 

zones to solve the system of linear equations by applying 

boundary conditions for each node. CFD is applied in a 

wide range of research in several fields including 

aerodynamics and aerospace, hypersonic, ventilation, 

turbomachine, weather simulation, engine and combustion 

analysis [20-23]. 

As mentioned, the heat pipe heat exchanger is one 

of the main parts of an advanced nuclear power plant. 

However, there have been few studies in this regard.  

In a study, an analysis method was developed based on 

the conduction model. The method involved obtaining 

the specific heat conductance of the heat pipe from a 

thermal performance test for a single heat pipe and 

using universal correlations for the convective heat 

transfer coefficients in tube banks. Additionally, a 

computer program using finite difference equations 

was developed to calculate the thermal performance of 

heat pipe heat exchangers. The method of analysis has 

been experimentally validated and shown to be 

applicable in engineering applications [24]. In 2017, a 

flat heat pipe (FHP) heat exchanger designed for waste 

heat recovery from high temperature steel production 

was introduced and tested. The study investigated the 

thermal performance of the FHP and its heat transfer 

rate. The results indicate that the FHP shows promise 

as a technology for waste heat recovery in the steel 

industry, despite facing challenges such as high 

temperature sources and limited available space on site 

[25]. In a paper, a numerical simulation of a heat pipe 

heat exchanger (HPHE) applied in a residual heat 

removal system (RHRS) with a thermal resistance 

network is conducted. Using the finite volume method, 

the effects of three decisive factors on turbulence and 

heat transfer are examined. The numerical simulation 

results align well with the experimental data, with a 

maximum deviation of less than 10%, indicating 

reliability [26]. In 2020, a Computational Fluid 

Dynamic Analysis was conducted on a Heat Pipe Heat 

Exchanger (HPHE) to predict temperature distribution. 

The analysis utilized ANSYS-ICEM modular/meshing 

and FLUENT solver. The study involved modeling the 

HPHE in four different cases, considering variations 

such as the presence or absence of fillet near the inlet 
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and outlet sections, as well as the use of different inlet 

and outlet section sizes, a horizontal plate near the 

entrance zone, and three different cones with angles of 

36.03 degree, 30 degree, and 45 degree [27]. In 2021, 

Brough et al conducted a study on the development and 

validation of the TRNSYS type for simulating heat 

pipe heat exchangers in transient waste heat recovery 

applications [28]. In 2021, an HPHE was installed to 

recover waste heat from a ceramic kiln. The 

investigation included experimental, theoretical, and 

numerical analysis. The study estimated the thermal 

performance of the simulated geometry by 

implementing design parameters as boundary 

conditions. These parameters included temperatures 

and flow rates of the primary and secondary flows in 

the evaporator and condenser. The numerical results 

showed that it is possible to recover a thermal power 

of approximately 101 kW in the unit [29]. In 2022, a 

study was conducted on a heat pipe heat exchanger to 

recover energy from waste heat by continuously 

supplying cooling water. The study included 

experimental and numerical analyses using waste heat 

at five different temperatures and three different inlet 

velocities. The observations focused on overall 

temperature change, heat transfer on both the hot and 

cold sides, outlet temperature, and effectiveness [30]. 

Applying a thermosyphon heat pipe heat exchanger to 

use the exhaust heat of an indirect water bath heater 

was studied in 2020. This method aimed to increase 

the production of distilled water needed for this type 

of heater [31]. In a 2023 study, researchers 

experimentally analyzed a heat exchanger with a heat 

pipe containing zinc oxide (ZnO) nanofluid suspended 

in a water base. The study observed that as the source's 

temperature increased, the heat transmission through 

the heat pipe exchanger with ZnO/H2O nanoparticles 

improved [32]. In a paper, a heat pipe heat exchanger 

(HPHE) was installed to recover heat from a solution 

heat treatment furnace used in the aluminum industry. 

Both experimental and theoretical investigations were 

conducted. The HPHE in the plant recovered 97 kW 

from the furnace's exhaust stream, with 61 kW being 

transferred to the secondary stream [33]. In a 2022 

study aimed at enhancing energy performance at a gas 

city gate station, a heat pipe heat exchanger was 

designed and constructed in a laboratory using the ε -

NTU method. The findings revealed that the use of 

heat pipes led to a reduction in natural gas 

consumption by 510,132 SCM per year and prevented 

the annual emission of 756 tons of CO2 from the city 

gate station [34]. 

The main reason for this paper is that in previous 

studies, the geometry of the main heat exchanger was not 

specifically designed for power plants that include heat 

pipe micro-reactors. Also, the thermal-hydraulic analysis 

of the heat pipe heat exchanger has not been presented 

before in detail. In this work, the computational fluid 

dynamics (CFD) method is used for thermohydraulic 

analysis. For this purpose, first, the geometry of 192 heat 

pipes that take the heat from the core of a 5 MWth micro-

reactor is designed. Then the geometry of the heat 

exchanger is designed and it is coupled with the geometry 

of the heat pipes. In this way, it is possible to transfer the 

heat of the micro-reactor core to the working fluid inside 

the heat exchanger by heat pipes. The design of a heat 

exchanger with this geometry for any application has not 

been reported in any research. After meshing the heat pipe 

heat exchanger geometry, ANSYS-CFX is used for 

thermal-hydraulic analysis, and the results are presented. 

One of the innovative cases of this work is that the effect 

of changing the diameter of heat exchanger tubes on its 

performance is investigated and reported. Another novelty 

of this study is that the effect of heat pipe failure on the 

thermal-hydraulic behavior of the working fluid inside the 

heat exchanger is investigated. While in previous studies, 

the effect of heat pipe failure on changes in the structural 

materials of the micro-reactor core has been investigated. 

 

MATERIAL AND METHOD 

The Heat Pipe Geometry Design 

As mentioned before, heat pipes are used in the design 

of the micro-reactor core to take heat from the core and 

transfer it to the heat exchanger and the fluid circulating 

inside it. The heat pipe is a closed chamber including wall, 

end caps, wick structure and working fluid [35] and is 

shown in Fig. 1. The wick structure is designed in different 

ways in heat pipes. In 2015, heat pipes with different 

shapes were designed and analyzed for the Wick structure 

[20]. In the present study, the length of the evaporator, 

adiabatic, and condenser sections are considered 100, 70, 

and 100 cm, respectively. The heat pipe design criteria are 

given in Table 1. 
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Table 1: The Heat Pipe Design Criteria 

Value Parameter 

3 Heat Pipe Vapor Core Diameter (cm) 

0.1 Heat Pipe Wick Thickness (cm) 

0.1 Heat Pipe Wall Thickness (cm) 

270 Heat Pipe Vapor Core Length (cm) 

 

 
Fig. 1: The Heat Pipe Scheme 

 

 
Fig 2: A View of Micro-Reactor Core and Heat Pipes Arrangement 

 

The micro-reactor core contains 192 heat pipes with 

one-sixth symmetry in the triangular grid (Fig. 2). 

 

The Heat Exchanger Geometry Design 

In the condensing area of the heat pipes, a heat 

exchanger is designed to transfer the heat dissipated from 

the heat pipes to the working fluid in the next cycle. Figs. 

3 and 4 show the designed heat exchanger with twelve 

inlets at the top and twelve outlets at the bottom for the 

circulating cooling fluid. The area of each inlet section and 

each outlet section of the heat exchanger is 0.01452 m2. In 

other words, the total area sections of the fluid inlets to the 

heat exchanger are 0.17424 m2. Also, the total volume of 

circulating fluid inside the heat exchanger is 0.34361 m3. 

 
Fig. 3: The Heat Exchanger Design 

 

 
Fig. 4: A View of Main Heat Exchanger in Power Plant 

 

 
Fig. 5: Coupling of Heat Pipes Geometry and Heat Exchanger Geometry 

 

Coupling of Heat Pipes Geometry and Heat Exchanger 

Geometry 

Next, as shown in Fig. 5, the designed geometry for the 

micro-reactor core is coupled with the geometry of the heat 

exchanger. So that each of the heat pipes is placed inside 

one of the heat exchanger tubes. 
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Table 2: The Meshing Specifications of the Geometry 

Component Number of nodes Number of elements Value of Skewness 

Fluid in heat exchanger tubes 1099241 4835449 0.238939 

Fluid in a heat pipe 274856 516510 0.12897 

 
Fig. 6: Meshing of Fluid Flow Inside Heat Exchanger Tubes 

and Collectors 

 

 

Fig. 7: Checking the Mesh Quality for the Fluid Inside the Heat 

Exchanger Tubes 

 

Geometry Meshing 

Hexagonal mesh is used for heat pipes. Also, two types 

of tetrahedron and hexagonal meshes have been used for 

fluid meshing inside heat exchanger collectors. To more 

accurately determine the extreme velocity gradients in the 

gas flow and near the wick structures, the boundary layer 

mesh has been used for heat pipes. In the gas flow meshing 

in the heat exchanger tubes and collectors, the boundary 

layer mesh is also used near the walls (Fig. 6). 

One of the important criteria in checking the quality of 

the meshed geometry is the Skewness which is the 

deviation between the optimal cell size to the existing cell 

size. The total range of skewness is between 0 (ideal) to 1 

(worst), however, the acceptable range is from 0 to 0.25. 

The skewness for Hexahedral cells is followed by the 

deviation between the vertex angles of face pairs of a 

hexahedron and the ideal vertex angle of 90 degrees [36]. 

Fig. 7 shows the mesh quality investigation for the fluid 

inside the heat exchanger tubes. The average value of the 

Skewness criterion for the fluid inside the heat exchanger 

tubes was measured at 0.238939. In Table 2, the meshing 

specifications of the geometry of the fluid inside the heat 

exchanger tubes and the fluid inside a heat pipe are 

presented. 

 

The ANSYS-CFX Code 

ANSYS-CFX is a high-performance computational 

fluid dynamics (CFD) software tool that delivers reliable 

and accurate solutions quickly and robustly across a wide 

range of CFD and multiphysics applications. CFX is 

recognized for its outstanding accuracy, robustness and 

speed in thermal-hydraulic simulation of reactors. At the 

heart of the CFX is its innovative solver technology which 

is the main driving force to achieve highly reliable and 

accurate results in a much more efficient manner as 

compared to other CFD solvers. The advanced CFX solver 

allows users to choose many physical models to capture 

any type of phenomenon associated with fluid flow. The 

CFX code includes three parts: CFX-Pre, CFX-Solver, and 

CFX-Post [37-39]. 

The CFX code uses the Finite Volume Method (FVM) for 

computational fluid dynamics. This numerical technique 

transforms partial differential equations representing 

conservation laws over differential volumes into discrete 

algebraic equations over finite volumes. The geometric 

domain is discretized into non-overlapping elements or 

finite volumes, similar to the finite difference or finite 

element method. The partial differential equations are then 

transformed into algebraic equations by integrating them 

over each discrete element. The system of algebraic 

equations is then solved to compute the values of the 

dependent variable for each element. The FVM turns some 

of the terms in the conservation equation into face fluxes 

and evaluates them at the finite volume faces. The FVM is 

strictly conservative because the flux entering a given 

volume is identical to that leaving the adjacent volume. 

This makes it the preferred method in CFD. The FVM can 

be formulated in the physical space on unstructured 

polygonal meshes. Finally, it is easy to implement a variety 

of boundary conditions in a noninvasive manner in the 

FVM. The unknown variables are evaluated at the 

centroids of the volume elements, not at their boundary  
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Fig. 8: The Heat Pipe Performance [18] 

 

 
Fig. 9: Changes in the Density of Saturated Vapor of Potassium 

 

 
Fig. 10: Changes in Enthalpy of Vaporization of Potassium 

 

faces, making it quite suitable for the numerical simulation 

of fluid flow, heat, and mass transfer applications. The 

FVM is now capable of dealing with all kinds of complex 

physics and applications from its limited potential at 

inception confined to solving simple physics and geometry 

over structured grids [40-41]. 

 

The Heat Pipe Performance 

In recent years, to prevent core damage and increase 

the safety of nuclear power plants, passive decay heat 

removal systems such as natural circulations and heat pipe 

structures have progressed [42, 43]. In the micro-reactor 

design, heat pipes are used to take heat from the core and 

transfer it to the working fluid in the heat exchanger. The 

heat pipe is a closed chamber including a wick structure 

and working fluid. A heat pipe is an effective constant-

temperature heat transfer device driven by a phase change 

of working fluid. When the heat reaches the evaporator 

section, the working fluid evaporates and creates a 

pressure gradient in the pipe. This pressure gradient causes 

the vapor to move along the pipe to reach the condenser. 

In the condenser, the vapor condenses and the final heat of 

its evaporation is released. Then, the working fluid returns 

to the evaporator in a liquid state by capillary pressure 

from inside the wick structure. The wick structure is a 

porous medium that has been designed and developed in 

different way [44-56] Common heat pipes include three 

sections: the evaporator, the adiabatic, and the condenser 

(Fig. 8). In this study, the length of the evaporator, 

adiabatic, and condenser parts are considered 100, 70, and 

100 cm, respectively. 

In this study, potassium fluid was used inside the heat 

pipes. For the correct operation of the heat pipes in the 

micro-reactor core and inside the heat exchanger, the 

precise definition of the potassium thermophysical 

properties in CFX is very important. These properties 

include density, thermal conductivity coefficient, specific 

heat capacity for saturated vapor and liquid, pressure for 

saturated vapor and enthalpy of vaporization. Figs. 9 and 

10 show graphs of changes in saturated vapor density and 

enthalpy of vaporization [47]. It is added that recently 

there have been studies about the possibility of using other 

fluids including nanofluids due to their special and unique 

characteristics in heat transfer in heat pipes. Investigating 

the thermophysical properties of this type of fluid is 

possible with methods such as molecular dynamics 

simulation [48-56]. 

 

The Main Heat Exchanger Performance 

A heat exchanger is a device used to transfer heat 

between two or more fluids. The fluids can be single or 

two-phase and, depending on the exchanger type, may be 

separated or in direct contact. There are different heat 

exchangers, such as shell and tube and gasket-plate heat 

exchangers [57-61] As mentioned before, in this work, the 

main heat exchanger of the power plant main is placed in 

the condensing section of the heat pipes. This heat 

exchanger contains 192 tubes and the heat pipes are placed  
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Fig. 11: The Simplified Heat Pipe Heat Exchanger 

 

 
Fig. 12: Pressure-Temperature Phase Diagram of CO2 [64]  

 

  
Fig. 13: Variations of the Axial Thermal Power of the Fuel Slug 

in the Hottest Fuel Element 

 

in them. The working fluid in the heat exchanger tubes is 

supercritical carbon dioxide, and after receiving heat from 

the heat pipes, it circulates in the power plant gas cycle. 

The mass flow rate of carbon dioxide is 35 Kg/s. This heat 

exchanger has 12 inlet and 12 outlet sections for 

supercritical carbon dioxide. Using this number of input 

and output sections helps to have a better thermal 

uniformity flow and more redundancy in the power plant. 

The supercritical carbon dioxide flow enters from the top 

of the heat exchanger and exits from the bottom. Fig. 11 

shows the schematic view. 

Carbon dioxide with the chemical formula CO2 is a 

compound consisting of two oxygen atoms and one carbon 

atom. This gas is colorless, odorless, non-flammable and 

does not have much toxicity in low concentrations. This 

gas has a strong acidic smell in high concentrations. 

Carbon dioxide at 78.51 ̊ C changes from solid state to gas 

state directly (or vice versa). Using this gas as a working 

fluid in power generation cycles has many advantages, 

including its relatively low critical pressure. In fact, due to 

the low critical pressure of carbon dioxide, it is easier to 

turn it into a liquid than other gases, including helium. 

Also, the beneficial use of carbon dioxide resulting from 

the combustion process in power cycles can prevent 

further release of this gas into the earth's atmosphere. 

Another important point is that carbon dioxide has suitable 

critical conditions. In other words, achieving a temperature 

of 31.1 °C and a pressure of 7.38 MPa is not so difficult 

(Fig. 12) [62,63]. 

Considering that the total thermal power of the core is 

5 MWth, the average thermal power for each fuel element 

is about 26 KWth. Fig. 13 illustrates the axial thermal 

power of the nearest fuel element to the core center [65]. 

The thermal power of all fuel elements (including heat 

pipes) was defined in CFX. 

 

RESULTS AND DISCUSSION 

Figs 14 to 17 show the axial temperature changes of the 

components of the hottest heat pipe (including heat pipe 

wall, liquid inside the wick structure and vapor inside the 

heat pipe) in three sections: the evaporator, the adiabatic 

and the condenser. In the evaporator section (height 0 to 

100 cm), the liquid receives heat from the fuel slug and 

turns into vapor. Then this vapor travels through the 

adiabatic section to the condenser section due to the 

pressure difference between the evaporator and the 

condenser. In the evaporator section, the changes in the 

axial temperature of the heat pipe components follow the 

changes in the axial thermal power of the fuel slug. In this 

section, the maximum vapor temperature is observed at a 

height of 49.54 cm and is equal to 913.3 °C. In the 

adiabatic section (height 100 to 170 cm), the axial 

temperature changes of the heat pipe components are very  
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Fig. 14:  Axial Temperature Variations of the Heat Pipe Wall in 

the Hottest Fuel Element 

 

 
Fig. 15: A View of the Axial Temperature Changes of the Heat Pipe Wall 

 

low because it is insulated. In the condenser section (height 

170 to 270 cm), the vapor releases heat and becomes 

liquid. The heat released is transferred to the working fluid 

inside the heat exchanger. In this section, the axial 

temperature changes of the heat pipe components decrease 

with the increase of the height parameter. The minimum 

temperature of the liquid inside the wick structure in this 

section is 910.01 °C. The results show that the difference 

between the maximum and minimum temperature of the 

vapor inside the heat pipe is less than the difference 

between the maximum and minimum temperature of the 

liquid inside the wick structure. The difference between 

the minimum and maximum temperature of the vapor 

inside the heat pipe is very low and equal to 4.5 °C, which 

shows that the vapor inside the pipe has an almost constant 

temperature. Hence, the heat pipe is known as a constant 

temperature device. 

Fig. 18 shows the changes in the average temperature 

of carbon dioxide inside the heat exchanger in the axial 

direction. The dissipated heat from the condenser section 

 
Fig. 16: Axial Temperature Variations of Liquid Inside the 

Wick Structure in the Hottest Fuel Element 

 

 
Fig. 17: Axial Temperature Variations of the Vapor Inside the 

Heat Pipe in the Hottest Fuel Element 

 

of the heat pipes is absorbed by working fluid inside the 

heat exchanger and its temperature increases. The increase 

in the temperature of carbon dioxide inside the heat 

exchanger is 301 so °C that the temperature in the outlet 

section becomes 649.5°C. In Fig. 19, the temperature 

changes of the working fluid inside the heat exchanger can 

be seen in 3D. 

Pressure drop is a vital parameter in the design and 

calculations of heat exchangers, which has a great 

impact on the efficiency and performance of the 

process, and knowing its causes provides insight to 

reduce its harmful effects. Basically, the pressure drop 

represents a kind of energy loss and this is due to the 

friction between the fluid molecules themselves or 

between the molecules and the walls of the fluid flow 

passages in the heat exchanger. The factors that cause 

the fluid pressure drop inside the heat exchanger are 

the diameter and length of the tubes, roughness or 

friction coefficient of the surfaces, fluid flow velocity 

and fluid viscosity. 
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Fig. 18: Changes in Average Temperature of Carbon Dioxide 

Inside the Heat Exchanger in the Axial Direction (for the 

Closest Tube to the center) 

 

 
Fig. 19: 3D view of Average Temperature Changes of the 

Working Fluid Inside the Heat Exchanger 

 

In Fig. 20, the changes in the average pressure of 

carbon dioxide inside the heat exchanger in the axial 

direction are presented. As can be seen, the working fluid 

pressure decreases while passing through the heat 

exchanger tubes. The pressure drop of the working fluid in 

the heat exchanger is equal to 413.68 KPa so that carbon 

dioxide pressure in the heat exchanger outlet section is 

14.13425 MPa. In Fig. 21, the changes in the pressure of 

working fluid inside the heat exchanger can be seen in 3D. 

The diameter of tubes in the heat exchanger design 

significantly affects the fluid pressure drop [66-69]. When 

using smaller diameter tubes, there is less space for fluid 

to move. Therefore, more resistance is created against the 

fluid flow. This restriction means that the fluid has to work 

harder to pass through the tubes, resulting in an increased 

pressure drop. In other words, by reducing the diameter of 

the tubes and reducing the cross-section of the fluid 

passage, the velocity of the fluid increases and the friction 

between the fluid and the wall of the pipes also increases 

and subsequently leads to a greater pressure drop. An 

increase in pressure drop leads to a decrease in system 

 
Fig. 20: Changes in Average Pressure of Carbon Dioxide Inside 

the Heat Exchanger in The Axial Direction (for the Closest 

Tube to the Center) 

 

 

Fig.21: 3D View of Average Pressure Changes of the 

Working Fluid Inside the Heat Exchanger 

 

performance. Therefore, more power is needed to 

compensate for the pressure drop while maintaining the 

appropriate velocity of the fluid flow, and this can lead to 

a significant increase in energy consumption. 

In this work, to investigate the effect of changing the 

geometry of the heat exchanger on the fluid pressure drop 

(Without changing the mass flow rate), the diameter of the 

heat exchanger tubes was reduced by 1 mm. This was done 

by increasing the wall thickness of the tubes. According to 

the results, the pressure drop has increased and is now at 

485.69 KPa. 

The heat pipes failure is one of the accidents that may 

happen in a nuclear reactor. Certainly, with several heat 

pipes failing, the heat transfer of the core to the working 

fluid inside the heat exchanger is reduced. In a specific 

scenario, 3 heat pipes with thermal power of 34.3 KWth, 

31.3 KWth, and 25.3 KWth failed. In this case, the average 

temperature of carbon dioxide inside the heat exchanger 

decreased so that the temperature of the fluid exiting the 

heat exchanger reached 646.1°C. This temperature shows 

that carbon dioxide is still in a critical state (Fig.22).  
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Table 3: Comparison of Results 

Parameters of the hottest heat pipe Present Study (°C) Idaho National Laboratory (°C) Percentage change 

Max vapor temp in the evaporator 913.6 927.15 1.48 

Max vapor temp in the condenser 910.24 926.65 1.80 

Max liquid temp in the evaporator 918.1 928.6 1.14 

Max liquid temp in the condenser 912 926.35 1.57 

Max wall temp in the evaporator 922.3 929.55 0.78 

Max wall temp in the condenser 914.63 925.35 1.17 

CO2 parameters in the heat exchanger Present Study Los Alamos National Laboratory Percentage change 

Temperature in the outlet 649.5 652 0.38 

 
Fig. 22: Average Temperature Changes in CO2 Inside Heat 

Exchanger in the Axial Direction for Normal Operation (a) and 

Accident Scenario (b) 

 

As mentioned earlier, few studies have been done on 

heat pipe heat exchangers and especially their thermal-

hydraulic analysis in a power plant equipped with a 5 

MWth micro-reactor, and not many results are available. 

Therefore, there are limitations for comparison. However, 

research has been done in the Idaho National Laboratory 

[70] regarding the analysis of potassium heat pipes and in 

the Los Alamos National Laboratory [3] regarding the 

analysis of carbon dioxide as a circulating fluid inside the 

heat exchanger of a 5 MWth power plant using the 

development of nuclear codes and the summary of their 

results and comparison with the results of the present 

research is reported in Table 3. This comparison indicates 

the results obtained in the present study have minimal 

differences from previous studies and are valid. 

 

CONCLUSION 

According to some benefits including a compact 

design, more safety, improved system reliability and 

stability, and easy transportation, the interest in the design, 

construction, and development of power plants equipped 

with heat pipe cooled micro-reactors as innovative and 

new-generation models have increased significantly in 

recent years. In these power plants, the heat produced in 

the reactor is transferred to the working fluid inside the 

main heat exchanger by several heat pipes. Heat pipes are 

characterized by their ability to transfer large amounts of 

heat quickly even between a relatively small temperature 

difference, not requiring a power source, and having a long 

operational life. In this paper, the main heat exchanger of 

the power plant, which receives heat through 192 

potassium heat pipes from a 5 MW micro-reactor, was 

designed and analyzed. The working fluid circulating 

inside the heat exchanger is supercritical carbon dioxide. 

The CFD method and CFX code were used in the 

thermohydraulic analysis of the heat pipe heat exchanger. 

The results showed that in the evaporator part, the axial 

temperature changes of the heat pipe components 

(including heat pipe wall, liquid inside the wick structure 

and vapor inside the heat pipe) follow the axial thermal 

power changes of the fuel slug. The maximum temperature 

of the wall, vapor and liquid inside the wick structure in 

the evaporator section of the hottest heat pipe was 

calculated as 922.3 °C, 918.1 °C and 913.6 °C, 

respectively. Also, the average temperature and pressure of 

carbon dioxide in the outlet section of the heat exchanger 

were 649.5 °C and 14.13425 MPa, respectively. Achieving 

this temperature and pressure causes carbon dioxide to be 

in a supercritical state. Investigating the effect of the 

change in the geometry of the heat exchanger tubes 

revealed that by reducing the diameter of the tubes to 1 

mm, the pressure drop increased to 485.69 KPa. Due to the 
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inherent reliability and safety of these power plants, in the 

event of an accident due to the failure of three of the hottest 

heat pipes, the average temperature of carbon dioxide in 

the outlet section of the heat exchanger will decrease very 

slightly and reach 646.1 °C. In the future, there will be a 

possibility of thermodynamic analysis of the gas cycle of 

power plants that include micro-reactors and heat pipe heat 

exchangers. It is also possible to study the effect of 

changing the working fluid in the heat pipes and heat 

exchanger on the performance of the power plant. 
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