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ABSTRACT  

The most important intrinsic limitation of conventional coolant fluids is their relatively low thermal conductivity. 

In this regard, in the last two decades, by introducing a new concept called nanofluid, researchers have improved 

the thermal conductivity of conventional coolants; furthermore, thermal efficiency as well as convection heat 

transfer of the thermal-hydraulic cycles is increased by applying coolants at supercritical pressures. A 

supercritical water reactor is one of the generation IV reactors, which is basically a creative mixture of 

conventional pressurized water reactors and supercritical pressure steam boilers. In the present study, by applying 

the concept of nanofluid coolants in a typical supercritical pressure water reactor, thermo-neutronic behavior of 

the reactor core was investigated. In this manner, thermodynamic properties of the applied coolant were evaluated 

by adding numerical models of nanofluid properties to the IAPWS-IF97, and for simulation of the thermal-

hydraulic behavior of the coolant, a modular computer code has been developed using the C# programming 

language based on the porous media approach, and neutronic simulation was performed by the MCNP code. 

Final results showed that application of a water-based Al2O3 nanofluid with ~11% mass fraction (~2% volume 

fraction at core inlet) as coolant without any violation of neutronic characteristics of the core is achievable and 

the criticality of the core would be sustained. Calculations indicate that applying nanofluids to the core will flatten 

the radial neutron flux in the reactor core, and the convection heat transfer coefficient will improve by 2%.  

 

KEYWORDS: Supercritical Water Reactors; Thermal-hydraulic and Neutronic Analysis; Nanofluid; MCNP 
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INTRODUCTION 

A brief review of coal-fired power plants in the last 50 years; Fig. 1 illustrates a remarkable increase in the net 

efficiency of the plant from 37% in the 1970s to more than 46% in 2015. By introducing a new set of steel alloys 

in the boiler manufacturing industry in 1990, this enhancement was characterized by an increase in live steam 

temperature beyond 550°C, when boiler steels became available, which allowed them to exceed the former 

material limits. Along with the temperature increase, the steam pressure was shifted up to the supercritical pressure 

region (>221 [bar]) to maximize the turbine power. Meanwhile, In comparison with such development, the net 

efficiency of the latest pressurized water reactors (PWR), which is around 36%, is still close to the efficiency of 

the first generation of light water reactors (which were 34%) [1]. 

 

Fig. 1: Increase of the net efficiency with live steam temperature of different thermal 

power plants [1] 

This comparison had motivated the Generation IV International Forum to look for similar options for future light 

water reactors with superheated steam at supercritical pressure, called Supercritical Water-Cooled Reactors 

(SCWR) [1]. 

The early concept of a direct-cycle supercritical-pressure light water reactor was proposed and developed over the 

1990s. A SCWR has an inlet coolant density of approximately 800 kg/m3 and an outlet coolant density of around 

100 kg/m3 Therefore, The enormous variation in coolant density introduces challenges, such as changing the core 

slowing-down cross-section field, and has a significant impact on power distribution, so coupling neutronic 

calculations with thermal-hydraulic mathematical computations is crucial for SCWR [2–4]. Attempts to achieve 

an optimal fuel assembly and core design led to an efficient design known as the European High Performance 

Light Water Reactor (HPLWR) with Boiling Water Reactor (BWR)-type fuel assemblies [5–9], see Fig. 2. D. 
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Bittermann, et al. proposed the steam cycle (Fig. 3) for a high-performance light water reactor [10], which was 

later optimized by Brandauer et al. for steady-state, full load conditions using the thermodynamic code IPSE-Pro 

4.0 see Fig. 4 [11]. 

 

Fig. 2: Single-pass core design with indicated flow path [12] 

 

Fig. 3: Sketch of the HPLWR safety systems and steam cycle [10] 

 



 

 

 

Fig. 4: Modified schematic diagram of the HPLWR steam cycle [11] 

As one may know, among the in-core structure components of a typical SCWR, the fuel cladding faces the most 

severe working conditions (working temperature up to 600 °C) [13]. Buongiorno and Hu [14] carried out a project 

in a nuclear reactor to investigate the CHF of nanofluids and mechanisms of enhanced heat transfer. The authors 

reported that the project findings were significant and new and could impose a significant improvement in both 

economic performance and safety margins. Thermal-hydraulic analysis of the Canadian SCWR was conducted to 

account for variations in thermo-physical parameters of Al2O3 nanoparticles with different mass fractions (from 

0.1 to 40%). The comes about appear that when using alumina nanofluid with a mass fraction of 40% 

nanoparticles, the maximum temperatures of the clad and fuel decrease by about 20 °C and 30 °C, respectively 

[15]. Among the many advantages of nanofluids over conventional solid-liquid suspensions, the following are 

worth mentioning [16, 17]: higher specific surface area, higher stability of the colloidal suspension, lower 

pumping power required to achieve the equivalent heat transfer, reduced particle clogging compared to 

conventional colloids, and higher level of control of the thermodynamics and transport properties by varying the 

particle material, concentration, size, and shape.  

Several authors have investigated different aspects of applying water-based nanofluids in pressurized water 

reactors as coolants; thermal-hydraulic analysis of applying such coolants was performed by Zarifi, et al. [18] in 

2013, but as one knows, the introduction of any new material in a nuclear core will induce a neutronic feedback 

on fission power production; therefore in general, a coupled thermal–hydraulic and neutronic study for the 

utilizing of nanofluids in light water reactors is inevitable. Safarzadeh and Nourollahi [19, 20] have investigated 

the coupled neutronic/thermo-hydraulic analysis of water/ Al2O3 nanofluids in a VVER-1000 reactor with 

different methods. 

According to the study [21], thermal-hydraulic analysis of applying a water-based Al2O3 nanofluid with different 

nanoparticle mass fractions was investigated using a porous media approach. The advantages of using nanofluids 



 

 

include better heat transfer characteristics and improved thermal conductivity compared to base fluids, so the heat 

transfer capacity in the reactor core will be higher.  Calculations showed that the utilization of nanofluid can 

enhance the convection heat transfer coefficient of coolant and the fuel cladding temperature, as well; meanwhile, 

as we mentioned, a coupled neutronic/thermo-hydraulic analysis is needed for an accurate assessment of applying 

Al2O3 nanofluid in a typical SCWR core.  

In this study for a coupled thermo-neutronic calculation, a modular computer code has been developed using a C# 

programming language based on a porous media approach to simulate the thermal-hydraulic behavior of the 

coolant, and neutronic simulation was performed by MCNP code. Previous studies focused on thermal-hydraulic 

analysis and used power distribution as an existing reference without calculations or couplings. For the purpose 

of illustration and comparing the final results, the subsequent calculations are performed for the single-pass core 

design of those selected by C. Waata [22], see Fig. 5; the main characteristics of the selected reactor core and the 

operating conditions (pressure, mass flow rate and coolant inlet temperature) are presented in Table 1. Another 

important element in this article is that nanofluids can improve heat transfer efficiency in SCWRs, which are 

attractive due to their economic viability. The main objective of these coupled calculations is to evaluate the 

possibility of using water-based Al2O3 nanofluid as a coolant in a typical SCWR, to what extent the nanoparticle 

concentration can be increased, and whether the reactor remains in a critical state and achieves a uniform power 

distribution. 

Table 1: Main characteristics of the single-pass core design [22] 

Parameter Value 

Core  

Thermal power 2075 [MW] 

Inlet Temperature 280 [⁰C] 

Outlet pressure 250 [bar] 

Inlet mass flow rate 1060 [kg/s] 

Relative mass flow rate through downcomer 75.0 [%] 

Relative mass flow rate through the moderator box 8.32 [%] 

Relative mass flow rate through the assembly gap 16.65 [%] 

Fuel Assembly  

Active length 4200 [mm] 

Fuel rod diameter 8.00 [mm] 

Cladding thickness 0.50 [mm] 

Gap between cladding and fuel pellet 0.15 [mm] 

Pitch/Diameter ratio 1.15 

Moderator box length 26.00 [mm] 

½ gap around one fuel assembly 5.00 [mm] 

 



 

 

 

Fig. 5: Fuel assembly and core configuration in the single-pass core design [22]  

 

MATERIAL AND METHODS 

Thermodynamic properties of water-based Al2O3 nanofluid 

Consider a homogeneous colloid made of a base fluid and nanoparticles, called nanofluid, in an arbitrary control 

volume,  (see Fig. 6). Regarding this definition, the nanoparticles Mass Fraction and Volume Fraction can, 

respectively, be described as [21]:  
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Fig. 6: Homogeneous Nanofluid in an arbitrary control volume [21]  

Based on these definitions, the altered intrinsic properties of the base fluid (Al2O3 nanofluid), Density (  ), 

Specific Isobaric Heat capacity ( PC ), Viscosity (  ) and Thermal Conductivity (
eK ), can be calculated using 

the following relations, respectively [21]:  
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Thermal-hydraulic Approach 

Fig. 7 shows an arbitrary field in which includes a single-phase fluid and distributed solids, in which heat may be 

generated or absorbed by the solid structure. For an arbitrary point in the domain, we associate a closed surface 

TA  as enclosing a volume, 
TV . The portion of 

TV  which contains the fluid is fV . The total fluid-solid interface 

within the volume 
TV  is fsA . The portion of 

TA  through which the fluid may flow is fA . The ratio of the fluid 

volume fV  to the total volume 
TV  is defined as the volume porosity, i.e.
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Fig. 7: Region consisting of a single-phase fluid with stationary solids [23]  

The porous media approach states the steady-state conservation equations of mass, momentum and energy in an 

arbitrary Cartesian coordinate system as follows [23, 24]:   
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The calculation flow chart is illustrated in Fig. 8; detailed descriptions of the above-mentioned equations are well 

discussed in our early reports [23, 24]. The main idea of this study is to evaluate the coupled thermo-neutronic 

calculation of applying a water based nanofluid in a SCWR. A set of six different mass fractions have been 

considered (Applying nanofluid coolant section). Thermal- hydraulic boundary conditions are listed in Table 2. 

 

 



 

 

 

Table 2: Thermo-hydraulic boundary conditions of the simulation 

Boundary Condition Value 

Lower Mixing Plenum Temperature 305.1 C   

Average Coolant Inlet Velocity in Evaporator 1.217 m/s 

Core Outlet Pressure 250 [bar] 

Thermal Core Power 2075 [MW] 

 

 

Fig. 8: Flow chart of thermal- hydraulic calculation 

Fuel rod model 

By applying the porous media approach for coolant simulation, the fuel rod modeling can be performed 

independently, i.e., the evaluated temperature for the coolant medium of each axial mesh is applied as the surface 

boundary condition of the fuel rod; Later on, by using Newton's law of cooling, Poisson’s equation (steady-state 

heat transfer) and MATPRO library [25] (Fig. 9), as well as Calza-Bini’s method [27] fuel rod temperature profile 

can be obtained; see Fig. 10.  
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Fig. 9: MATPRO and modified NFI thermal conductivity models for UO2 as a function of 

temperature [26] 

 

Fig. 10: Fuel rod modeling flow chart 

Neutronic calculations 

An MCNP 3-dimensional model can be widely used to evaluate various parameters, such as power distribution. 

According to the properties of materials and components, 21 meshes (universes) with different properties are 

considered in the fuel assemblies in order to perform accurate calculations (single-path design). An axial (A) and 

radial (B) cross-sectional view of the reactor core is shown in Fig. 11.  
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Fig. 11: Axial (A) and radial (B) cross-sectional view of the single-path reactor 

The Monte Carlo MCNP code is used to simulate the neutrons and their average behavior in the reactor core with 

a modified multi-temperature ENDFVII based library [28]. The library contains cross-section data at four 

temperatures for all materials (293.6 K, 600 K, 900 K and 1200 K) in order to appropriately keep in count the 

Doppler Effect. As Conti reported [29], in order to realistically sample the neutrons’ lethargy step by a collision, 

a ruse was applied to effectively represent and update each fuel zone’s composition: in the material card 

corresponding to a certain fuel zone, each nuclide’s atomic fraction is split up into two components, referring to 

the available libraries having temperatures closest (higher and lower) to the fuel zone’s. The total atomic fraction 

is partitioned among the two components according to the proximity of their temperature to the fuel zone's, as 

schematized in Fig. 12. By utilizing MCNP, it is possible to determine the amount of heating energy deposition 

from the fission process and predict the power profiles of individual fuel rods. The same geometry model in 

thermal-hydraulic calculations is used for neutronic analysis. The input card for MCNP simulation describes the 

physical model: the geometry, materials, cross-section data library, and type of output required. Table 3 shows the 

physical constraints in MCNP 

Table 3: Boundary conditions in MCNP 

Parameters MCNP input Density Density 

[kg/m3] 

Temperature of the cross-

section library (°C) 

Fuel - UO2 

(5% enrichment and 4% in the corner rod) 

10600 1227 

Cladding - Alloy 316 7450 527 

Moderator 769 287 

Coolant 769 287 



 

 

 

 

 

 

Fig. 12: Calculation method for the Doppler Effect in fuel material [29]  

Coupling process 

As mentioned earlier, the introduction of any new material in a nuclear core will induce a neutronic feedback on 

fission power production, which needs to be carried out in a coupled thermo-neutronic calculation. The adopted 

calculation flow chart for compensation of neutronic feedbacks in thermal-hydraulic analysis is depicted in Fig. 

13.  

 

Fig. 13: Thermo -neutronic calculation flow chart 

RESULTS AND DISCUSSION 

Benchmark Problem 

As it was mentioned in the Introduction, In C. Waata’s research [22], the Monte Carlo N-Particle code (MCNP) 
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Supercritical Conditions) have been coupled for the design analysis of a fuel assembly with supercritical water as 

a coolant and moderator. To represent the validation and verification of the thermal-hydraulic approach as well as 

the neutronic method, a typical SCWR core of those selected by C. Waata [22] is investigated; the reactor core 

consists of 88 fuel clusters, each of which includes 9 fuel assemblies of BWR-type, which is axially divided into 

21 equal control volumes for numerical simulations. Fig. 14 through Fig. 19 represent the variation in thermal-

hydraulic properties of the coolant and moderator by applying the axial heat profile, which was reported by C. 

Waata [22]. Comparison between the archived results and those reported by C. Waata [22] illustrates a maximum 

error of less than 4.6% (i.e., fuel cladding temperature at z = 0.8 [m]), which in turns indicates the accuracy of the 

developed model. 

In order to benchmark the neutronic calculations, especially the linear heat rate produced by nuclear fission, a 

coupled thermo-neutronic calculation was performed based on Fig. 13. These calculations were performed by 

using MCNP computer code with different numbers of initial neutron particles up to 10,000,000 (i.e., 500 cycles 

with 20,000 initial neutrons); Furthermore, calculations were repeated for two cases: with and without considering 

4%-gadolinia (Gd2O3) rods as burnable absorber material in fuel assemblies [31], see Fig. 20 and Table 4.  

Fig. 21 and Fig. 22 illustrate the average linear heat rate generated due to fission in one fuel rod and the radial 

power peaking factor contour of all fuel assemblies in the reactor, respectively. For the first iteration, the power 

profile was selected like those reported by C. Waata [22], and the calculation cycle was repeated 17 times until 

convergence was achieved (see Fig. 21). Comparison between the archived results with those reported by C. Waata 

[22] illustrates a maximum error of less than 12.3% (i.e., at z = 1.9 [m]), which is mainly due to: a) different 

calculation conditions (e.g., C. Waata [22] selected 10,000 particles with 700 cycles while the present study was 

performed for 20,000 particles with 500 cycles), b) using different neutronic libraries, and c) adopting gadolinia 

burnable material in fuel rods. 



 

 

 

Fig. 14: Variation of average coolant temperature in the reactor core 

 

Fig. 15: Variation of average coolant Density in the reactor core 

300

350

400

450

500

0 0.5 1 1.5 2 2.5 3 3.5 4

T
em

p
er

a
tu

re
 [
 C

]

Axial Length [m]

Present Study C. Waata, 2006

0

100

200

300

400

500

600

700

800

0 0.5 1 1.5 2 2.5 3 3.5 4

D
en

si
ty

 [
kg

/m
3 ]

Axial Length [m]

Present Study C. Waata, 2006



 

 

 

Fig. 16: Variation of average moderator temperature in the reactor core 

 

Fig. 17: Variation of average moderator density in reactor core 

270

280

290

300

310

320

330

340

350

360

370

0 0.5 1 1.5 2 2.5 3 3.5 4

T
em

p
er

a
tu

re
 [
 C

]

Axial Length [m]

Present Study C. Waata, 2006

550

600

650

700

750

800

0 0.5 1 1.5 2 2.5 3 3.5 4

D
en

si
ty

 [
kg

/m
3 ]

Axial Length [m]

Present Study C. Waata, 2006



 

 

 

Fig. 18: Variation of average coolant pressure in the reactor core 

 

Fig. 19: Variation of average fuel pellet and cladding temperature in the reactor core 
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Table 4: Comparison of the effective neutron multiplication factor with previous studies 

 Present Study Reference Value Relative error 

Keff Without Gadolinia 1.17765 1.17112 [22] 0.55 % 

Kinf With Gadolinia 1.04171 1.0352 [31] 6.02 % 

 

 

 

Fig. 20: Variation of effective neutron multiplication factor vs. number of initial particle 

Fig. 21: Variation of the average linear heat rate that is generated in one fuel rod due to 

nuclear fission 

0.98

1

1.02

1.04

1.06

1.08

1.1

1.12

1.14

1.16

1.18

1.2

1.174

1.176

1.178

1.18

1.182

1.184

1.186

0 2000000 4000000 6000000 8000000 10000000

K
ef

f 
-

W
it

h
 G

ad
ol

in
ia

K
ef

f 
-

W
it

h
ou

t 
G

ad
ol

in
ia

Number of Particles

Keff - Without Gadolinia Keff - With Gadolinia

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

0 0.5 1 1.5 2 2.5 3 3.5 4

L
in

ea
r 

H
ea

t R
at

e 
[W

/m
]

Axial Length [m]

01st iteration 02st iteration 17st iteration



 

 

 

 

Fig. 22: Contour of power peaking factors through the reactor core (by MCNP) 

Applying nanofluid coolant  

The conclusive goal of this study was to investigate the application of nanofluid coolant in a supercritical water 

reactor. The main characteristics of the selected reactor core and the operating conditions are presented in Table 

1. Compared to Al2O3, the average total heat transfer rates are more affected by CuO nanoparticles [32].  

Literature review [33, 34] indicates that, among the present nanofluids, Cu-nanoparticle-based nanofluid has the 

highest thermal efficiency, but the most applicable nanofluid from the neutronic point of view is Al2O3 nanofluid 

due to its relatively low neutron absorption cross-section; also, it can be concluded that the reduction in the 

effective multiplication factor is much milder with alumina nanoparticles. Unlike other nanoparticles, by using 

alumina, the reactor can remain in the critical state, and the power spectrum is more desirable; hence, in this study, 

water-based Al2O3 nanofluid with different mass fractions ( 40% & 20% 10%, 5%, 1%, 0.1%,M ) were 

investigated. 

Our recent study [21] and literature review showed that many of those who investigated the application of 

nanofluids in reactors selected the following conditions: 

1- Constant mass flow rate before and after applying nanofluid in the reactor, and 

2- A constant value for nanoparticles volume fraction through the heated channels. 

Here a brief description is provided about the validity of these two assumptions (respectively), and further 

discussions are left to be described in detail in a separate paper: 



 

 

1- As one may know, any increase in the mass fraction of nanoparticles in a water-based nanofluid will 

increase the density of the nanofluid (see Eq.3). Now consider if the coolant mass flow rate ( Avm 
.

) 

remains constant; when the geometry is not changing, any increase in nanofluid density will simply result in 

a reduction of velocity. Consequently, this reduction will reduce the convection heat transfer coefficient of 

the nanofluid (see  

Appendix I), which is the exact opposite purpose of using nanofluid coolants.  

2- Variation on coolant density through the reactor core will change the nanofluid volume fraction, regarding 

Eq. 2. 

Previous mentioned issues indicate that in order to investigate the thermal hydraulic behavior of using nanofluids 

in nuclear reactors, the inlet mass flow and volume fraction of nanoparticles cannot be assumed to be constant at 

the same time; instead, a constant inlet velocity for boundary conditions and a constant nanoparticle mass fraction 

for thermal hydraulic calculations should be adopted. These calculations have been performed theoretically, based 

on the definition of Nanofluids as stable nanoscale colloidal suspensions containing condensed nanomaterials. 

The flow chart presented in Fig. 13 considers the outputs of the benchmark problem as the initial guess for 

performing calculations is selected for coupled thermo-neutronic simulation. Variation of coolant and moderator 

temperature through the core is presented in Fig. 23 and Fig. 24. It should be noted that the introduction of Al2O3 

in reactor coolant reduces the specific isobaric heat capacity (see Eq.4 and Fig. 25); if the power and mass flow 

rate remain constant, based on TCpmQ  ..
.

, any reduction in Cp  will result an increase in T , but due to our 

selected boundary conditions (i.e., constant inlet velocity) based on  

Appendix I, the outlet temperature remains almost constant, even for 40% M , see Fig. 26. 



 

 

 

Fig. 23: Variation of average axial Coolant temperature in the reactor core  

 

Fig. 24: Variation of average axial moderator temperature in the reactor core  
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Fig. 25: Specific isobar heat capacity (Cp) of Al2O3 nanofluid with different mass 

fractions at 25 MPa 

 

Fig. 26: Moderator and coolant outlet temperature for different Al2O3 nanofluid mass 

fractions 

Variation of nanoparticles volume fraction ( V ) is depicted in Fig. 27. As mentioned earlier, the achieved results 

indicate that despite the previous studies of applying nanofluid in reactors [17, 18], the nanoparticles mass fraction 
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is changed through the reactor core (see Eq.2, 3, 4 and Fig. 28) [21]. According to previous studies, the pressure 

drop in the core is expected to be higher when the mass fraction of nanoparticles is increased [30]. Combining the 

nanoparticle and water leads to an increase in the viscosity of the fluid (see Fig. 29). As a consequence, it is 

expected that the pressure drop through the reactor core will increase subsequently. Reactor coolant pressure drop 

( OutletInletCore PPP  ) for different nanoparticle mass fractions is depicted in Fig. 29.  

 

Fig. 27: Variation of nanoparticles mass fraction in the reactor coolant 



 

 

 

Fig. 28: Variation of coolant density for different nanoparticles mass fractions 

 

Fig. 29: Variation of coolant pressure drop and inlet coolant viscosity for different 

nanoparticles mass fractions 
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As mentioned earlier, applying nanofluid coolant in the reactor core will increase the neutron absorption due to 

the relatively higher neutron cross-section of nanofluid compared with pure water (see Fig. 30). This effect acts 

just like increasing the concentration of boron solution in reactor coolant to compensate for the excess reactivity 

of the fuel assemblies; Fig. 30 indicates that, from the Keff point of view, the concentration of nanoparticles can 

be increased up to %1305.11M (where Keff = 1.000). 

Fig. 31 and Fig. 32 illustrate the radial contour of power peaking factors (from the MCNP code) through the 

reactor core, as well as the average linear heat rate of one fuel rod for different nanoparticle mass fractions, 

respectively. Standard deviations of power peaking factors for different nanoparticle mass concentrations are 

depicted in Fig. 33; this figure shows that, in general, an increase in the nanoparticle mass fraction in the reactor 

core would reduce the standard deviation of the PPFs between the fuel assemblies, which means the radial 

distribution of power peaking factors has been flattened.  

 

 

 

Fig. 30: Effective neutron multiplication factor (Keff) of the reactor for different 

nanoparticle mass fractions 
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Fig. 31: Contour of power peaking factors through the reactor core for different 

nanoparticle mass fractions 

 

Fig. 32: Average linear heat rate of one fuel rod for different nanoparticle mass fractions 
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Fig. 33: Standard deviation of radial core power peaking factors for different nanoparticle 

mass fractions 

As mentioned earlier, the application of nanofluids is being studied mainly to investigate the improvement of the 

heat transfer coefficient (HTC) of the coolants. Fig. 34 illustrates the HTC of the coolant in this study. precipitate 

changes of the fluid properties, including density (  ), specific isobaric heat capacity ( PC ), viscosity (  ) and 

thermal conductivity ( eK ) near the pseudo-critical temperature (PCT), i.e., Axial length~1.5 m, cause an 

intangible effect on HTC, and the addition of nanoparticles reduces the HTC before PCT, while amplifying the 

nanoparticles mass fraction increases the HTC after PCT (where the maximum coolant and clad temperature take 

place at Axial length ~3.8 m, Fig. 35). Fig. 36 shows the HTC enhancement of the coolant at the hottest fuel 

cladding point per different nanoparticle mass fraction. As one can clearly see, applying waterbased 32OAl

nanofluid with %1305.11M  can increase the HTC of the hot channel up to %2  which in turns would reduce 

the cladding temperature (see Table 5 and Fig. 35).  

Table 5: fuel cladding temperature and HTC for different nanoparticles mass fractions at axial length ~3.8 m 

different 

nanoparticles 

mass 

fractions 

M = 0 % M =0.1 % M = 1 % M = 5 % M = 10 % M = 20 % M = 40 % 

maximum 

fuel cladding 

temperature 

[°C] 

558.0409 557.696 556.6308 553.6102 553.7277 547.1049 533.4234 

 HTC 

[W/(m²·°C)] 
7373.13 7382.24 7422.13 7568.84 7678.02 8068.52 8999.23 
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Fig. 34: Coolant heat transfer coefficient for different nanoparticles mass fractions 

 

Fig. 35: Fuel cladding temperature for different nanoparticles mass fractions 
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Fig. 36: Coolant heat transfer coefficient enhancement for different nanoparticles mass 

fractions at the hottest fuel cladding point 

CONCLUSION  

One of the main goals of the developments in generation IV nuclear reactors, especially supercritical water 

reactors, is to improve the thermal efficiency and reduce the construction expenses of the systems. As one knows, 

in a supercritical water reactor, the coolant does not boil, and therefore the coolant can be heated up as much as 

the cladding material could resist [13]. Based on Newton's law of cooling, one way to reduce the cladding 

temperature is to improve the convection heat transfer coefficient of the coolant. Application of nanofluid coolant 

technology was selected in this study to investigate the possibility of adopting water-based Al2O3 nanofluid as a 

coolant in a typical SCWR. In this manner, a coupled thermo-neutronic simulation was performed. The achieved 

results indicate that: 

1- Application of water-based Al2O3 nanofluid with concentrations of up to %1305.11M  is possible. 

as previously mentioned, from the point of view of neutronics, the concentration of nanoparticles can be 

increased up to the point where the reactor can remain in the critical state (Keff = 1.000). 

2- The convection heat transfer coefficient of the coolant can be enhanced up to 2% for nanoparticle mass 

fraction of %1305.11M  . The maximum temperature of the cladding is the margin of safety, so we 

calculate the axial length of this crucial point for the selected mass fraction in Fig. 35. The HTC is 

compared at this axial length of 3.8 m (Fig. 34), and it is evident that the HTC has increased 

approximately from 7373 W/(m²·°C) for pure water to 7677 W/(m²·°C) for selected nanofluid. 
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3- The cladding temperature, which is the state of the art of this study, can be reduced 24.6 ˚ C. 

4- By applying water-based Al2O3 nanofluid as a coolant, the standard deviation of core power peaking 

factors can be reduced; in other words, the distribution of the power in the reactor core will be more 

flattened.  

An online coupling thermo-neutronic simulation could be used to analyze the abnormal transient operating 

procedures of nuclear power plants in the future. In order to evaluate their performance, various types and 

concentrations of nanofluids are suggested for use as coolants in SCWR reactors with diverse design 

characteristics. 

NOMENCLATURE 

 

A  Area (
2m ) 

g  Acceleration of gravity ( )/ 2sm  

ek  Thermal Conductivity ( )°C./ mW  

P  Pressure ( Pa ) 

q  Heat (W ) 

q   Heat flux (
2/ mW ) 

q   Volumetric Heat (
3/ mW ) 

R  Distributed resistant ( mPa / ) 

t  Time ( s ) 

T  Temperature ( C ) 

U  Internal energy ( kgj / ) 

v  Velocity ( sm / ) 

V  Volume (
3m ) 

  Density (
3/ mkg ) 

  Dissipation function (
3/ mW ) 

M  Nanoparticle mass fraction 

V  Nanoparticle volume fraction 

  Friction Tensor ( smPa /. ) 

  Porosity 

Subscripts  

A  Surface 

f  Fluid 

fs  Total fluid-solid interface 



 

 

T  Total 

V  Volumetric 

x  Direction in Cartesian coordinate system   

y  Direction in Cartesian coordinate system   

z  Axial direction in Cartesian coordinate system   

Symbols & Operators  

 Volume averaging operator 

  Surface averaging operator 

Abbreviations  

WWER-1000 water water energy reactor - with 1000 MW electrical power 

SCWR Supercritical Water-Cooled Reactors 

HTC  heat transfer coefficient 

PCT pseudo-critical temperature 

 

APPENDIX I 

Consider a typical hexagonal fuel assembly of a WWER-1000, see Fig. 37. The total area of this assembly is about 

0.0472 m2 in which the reactor coolant can flow in an area of about 0.0257 m2 between the fuel rods (Equivalent 

diameter: De= 0.0109 m, Dh= 0.01159 m). Consider the nominal pressure, temperature and velocity of the coolant 

at the fuel assembly inlet to be 157 [bar], 291 [˚ C] and 5.6 [m/s] (inlet mass flow rate = 107.169 [kg/s]), 

respectively [23]. Thermodynamic and thermal-hydraulic properties of the coolant are summarized in Table 6. 

233.7000

11.0418

12.7500Ø9.1000

 

Fig. 37: Illustration of the WWER-1000 fuel assembly cross-section (dimensions are in 

mm) 



 

 

 

Table 6: Thermodynamic properties of the coolant [22] 

Property Value 

Pressure 157 [bar] 

Temperature 291 [ᵒC] 

Axial Velocity 5.6 [m/s] 

Density 744.64 [kg/m3] 

Viscosity 9.21E-5 [Pa. s] 

Specific isobar heat capacity 5.256 [kJ/kg. ᵒK] 

Thermal conductivity 0.579 [W/m. ᵒK] 

Re 4.93E+5 

Pr 0.83606 

Nu (Dittos-Bolter Equation) 767 

Convection heat transfer coefficient 3.83E+4[W/m2. ᵒK] 

 

For the same coolant mass flow rate (inlet mass flow rate = 107.169 [kg/s), introduction of Al2O3 nanoparticles 

with a concentration of %1V  changes the coolant properties; see Table 7. Comparison between Table 6 and 

7 indicates that, despite the previous reports [18, 19], with constant mass-flow rate assumption, the introduction 

of nanofluid to a WWER-1000 reduces the convection heat transfer coefficient. According to the results [35], the 

reduction in thermal performance is observed at higher volume fractions than at low concentrations. (Although 

[36], the rate of heat transfer increases when nanoparticles are added to the base flux).  

Table 7: Thermodynamic properties of nanofluid coolant 

Property Value 

Pressure 157 [bar] 

Temperature 291 [ᵒC] 

Axial Velocity 5.367 [m/s] 

Density (Eq.3) 776.89 [kg/m3] 

Viscosity[18]  9.24E-5 [Pa. s] 

Specific isobar heat capacity (Eq.4) 5.026 [kJ/kg. ᵒK] 

Thermal conductivity (Eq.6) 0.595 [W/m. ᵒK] 

Re 4.91E+5 

Pr 0.781 

Nu (Dittos-Bolter Equation) 744 

Convection heat transfer coefficient 3.82E+04[W/m2. ᵒK] 
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