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ABSTRACT

The aim of this study is to predict the neutronic behavior of heavy water emergency core cooling 
system (ECCS) (instead of light water ECCS) in HPLWRs during LOCA. The High-Performance Light 
Water Reactor (HPLWR) is the European version of the Supercritical-pressure Water Cooled Reactor 
(SCWR). Light water reactors at supercritical pressure, being currently under design, are the new 
generation of nuclear reactors. Neutronic calculations are performed using WIMS and CITAT ION codes. 
Changes in neutronic parameters, such as neutron cross-sections, effective multiplication factor and Changes in neutronic parameters, such as neutron cross-sections, effective multiplication factor and 
power peaking factor during LOCA, are discussed by injecting different concentrations of the heavy 
water coolant by ECCS.
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١. INTRODUCTION

The High Performance Light Water Reactor (HPLWR) is a Supercritical pressure Water Cooled 
Reactor (SCWR) design, proposed and investigated within an EU-Project [١].The main characteristic of 
the supercritical water reactor concept [٢]is its operating pressure above the critical point of water (٢٢.١
MPa, ٣٧٤ oC).This gives many advantages compared to current light water reactors (LWR): increase in 
thermal efficiency due to higher operating temperature(٤٤٪ against ٣٥–٣٣٪forLWR), no boiling crisis thermal efficiency due to higher operating temperature(٤٤٪ against ٣٥–٣٣٪forLWR), no boiling crisis 
given the essentially single-phase nature of supercritical water, and a better economics for the absence of 
steam separators and dryers as well as steam generators and smaller containment building [٣]. Ishiwatari 
et al. has been presented safety characteristics of the super LWR design concept [٤]. Lee et al. 
development of a LOCA analysis code for the supercritical-pressure light water cooled reactors [٥].

Heavy water (D٢O) is ١٠٪ heavier than ordinary water and has a neutron moderating ratio ٨٠
times higher than ordinary water. Although absorption cross-section of heavy water is much less than that 
of light water, the former involves a lower diffusion constant. 

In this research, neutronic performance of using heavy water in the HPLWRs emergency core 
cooling system (ECCS) is done by coupling WIMS-D٥ [٦]and CITATION -LDI٢ [٧]codes. 

٢.       Methods and materials
The HPLWR is one of the six nuclear systems of the Generation IV International Forum (GIF). 

٢٥ ٢٨٠/٥٠٠

١ ی مهندسی قدرت و نیروگاه هاي هسته اياولین همایش مل

The operating pressure and core inlet/outlet temperatures are ٢٥ MPa and ٢٨٠/٥٠٠ ◦C, respectively. 
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Fuel assembly configuration has been proposed by Tashakor et al. [٨,٩]. A view of the fuel 
assembly in HPLWR is shown in Fig. ١. The fuel assembly consists of ٤٠ fuel rods arranged in square 
lattice. The design specification of the fuel assembly is shown in Table ١.

Fig. ١. HPLWR fuel assembly

Table ١. HPLWR fuel assembly specification
Parameters Unit Value
Fuel materials – UO٢
Cladding material – Stainless steel
Outer cladding diameter mm ٨
Inner cladding diameter mm ٧Inner cladding diameter mm ٧
Fuel pellet outer diameter mm ٠.٦٩
Active height mm ٤٢٠٠
Pitch of fuel rods mm ٩.٢
Number of cluster fuel rods – ٣٦٠
Number of assembly fuel rods – ٤٠
Gap between fuel rods and box wall mm ١
Fluid pressure MPa ٢٥
Inner side length of moderator tube mm ٢٦.٢
Wall thickness of moderator tube mm ٠.٣
Fuel enrichment – ٥–٤٪
Gadolinia concentration (wt%) ٤
Total power of fuel assembly MW ٢٥.٨٠
Total coolant mass flow rate kg/s ١١.٨٥٤٤

ش ٢ اولین همایش ملی مهندسی قدرت و نیروگاه هاي هسته اي

Total coolant mass flow rate kg/s ١١.٨٥٤٤
Mass flow rate in the moderator tube kg/s ٠.٠٧٧٨٤
Mass flow rate in the assembly gap kg/s ٠.١٥٥٦
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The emergency core cooling system (ECCS) of the HPLWR consists of the auxiliary feed water 
system (AFS), low pressure core injection system (LPCI) and automatic depressurization system (ADS). 
The purpose of this research was to investigate the neutronic behavior of HPLWR following the use of 
heavy water through an emergency coolant system in the reactor core. When LOCA takes place, 
emergency coolant systems enter the line, and depending on the degree of the break, they pump water 
with different rates into the reactor core to guarantee its cooling-down. This study assumed that instead of 
ordinary water used in prevalent systems for the purpose injection, heavy water could alternatively serve ordinary water used in prevalent systems for the purpose injection, heavy water could alternatively serve 
as the coolant.

The effective cross-section and group constant make by WIMS code for various region of the fuel 
assembly along with the fuel assembly geometry and boundary condition are provided as input data to the 
CITATION code to calc ulate effective multiplication factor [١٠].

Due to symmetry, a quarter of a fuel assembly is considered and cell calculations are done for ١٢
fuel rods in the assembly. Since the fluid temperature is not constant through the assembly, the assembly 
is divided into ٤٥ mesh points at height. In each region, the average temperature and modified fluid 
density are calculated accordingly. [٨,١٠].

After calculation of fuel rod group constants, by inserting these data in CITATION input file (card 
٠٠٨-Macroscopic cross section) the thermal power distribution in each fuel rod is analyzed. In 
CITATION code, the assembly with the moderator channel and assembly gap is modeled via a ٩×٩
lattice (Fig. ٢).  Table ٢. Illustrates physical proprieties of heavy water compared to the light water.

Fig. ٢. Meshing process in the assembly using CITATION code

Table ٢. Heavy water physical properties comparison to light water
Properties H٢O

(Light water)
D٢O

(Heavy water)
Freezing point (°C) ٠.٠ ٣.٨٢
Boiling point (°C) ١٠٠.٠ ١٠١.٤
Density at STP (g/mL) ٠.٩٩٨٢ ١.١٠٥٦
Temp. of maximum density (°C) ٣.٩٨ ١١.٦
Dynamic viscosity (at ٢٠ °C, mPa·s) ١.٠٠١٦ ١.٢٤٦٧

ش ٣ اولین همایش ملی مهندسی قدرت و نیروگاه هاي هسته اي

Surface tension (at ٢٥ °C, N/m) ٠.٠٧١٩٨ ٠.٠٧١٨٧
Heat of fusion (kJ/mol) ٦.٠٠٦٧٨ ٦.١٣٢
Heat of vaporization (kJ/mol) ٤٠.٦٥٧ ٤١.٥٢١
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٣.       Results
Injecting heavy water into HPLWR reactors at the time of LOCA by ECCS would result in a 

change in neutron cross-sections. Figures ٦-٣ illustrate, scattering cross-section, absorption cross-section, 
constant diffusion changes and diffusion length of thermal neurons with different concentrations of heavy 
water in the moderator. 

As Figure ٣ shows, as the concentration of heavy water increases in the moderator channel, 
scattering cross-section will decreased, which is due to the lower scattering cross-section of heavy water scattering cross-section will decreased, which is due to the lower scattering cross-section of heavy water 
compared to that of light water. Yet, a decrease in scattering cross -section would also continuously 
increase neutrons diffusion.       

By increasing the volume percent of heavy water, absorption cross-section of thermal neutrons 
will be decreased, which was due to the lower absorption cross-section of heavy water. This decrease of 
absorption cross-section would lead neutrons to pass a longer distance to be converted into a thermal 
state, which is a phenomenon increasing neutrons’ thermal diffusion length in the reactor core.

Fig. ٣. Changes of the scattering cross section in different concentrations of heavy water

Fig. ٤. Changes of the absorption cross section in different concentrations of heavy water

ش ٤ اولین همایش ملی مهندسی قدرت و نیروگاه هاي هسته اي
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Fig. ٥. Changes of the diffusion constant in different concentrations of heavy water

Fig. ٦. Changes of the diffusion length in different concentrations of heavy water

Figures ٧ and ٨ show changes taking place in the absorption cross-section and fission in the fuel, 
in the form of a function of heavy water concentration respectively. According to Figures ٧and ٨, with an 
increase in heavy water concentration in the coolant, the absorption and fission cross-sections sharply 
decreased.     

Fig. ٧. Changes of the fuel absorption cross section in different concentrations of heavy water

ش ٥ اولین همایش ملی مهندسی قدرت و نیروگاه هاي هسته اي

٧ Changes of the fuel absorption cross section in different concentrations of heavy water
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Fig. ٨. Changes of the fuel fission cross section in different concentrations of heavy water

Figures ٩ and ١٠ depict effective cross-section changes as well as the reactivity injected into the 
reactor core for different heavy water concentrations respectively. Results related to effective cross-
section show that an increase in heavy water concentration would lead to a decreased effective cross-
section. This impact might have been derived from modifications in absorption and scattering cross-
sections due to injection heavy water into the coolant. As such, as the concentration of heavy water 
increased, with no dimensional changes in the reactor, fast neutrons failed to pass the desired distance in 
the moderator and be ultimately converted into a thermal state. This phenomenon led to the hardening of the moderator and be ultimately converted into a thermal state. This phenomenon led to the hardening of 
neutron spectra and shifted them toward neutrons with higher energies. In case of increased hardening of
neutron spectra, neutrons would be more likely to escape, and as a consequence of this process, negative 
reactivity was injected into the system. 

Fig. ٩. Changes of the effective multiplication factor in different concentrations of heavy water

ش ٦ اولین همایش ملی مهندسی قدرت و نیروگاه هاي هسته اي
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Fig. ١٠. Reactivity insertion in different concentrations of heavy water

٤.       Conclusion

The main goal of this study is to predict the neutronic behavior of heavy water injection as a 
coolant by emergency core cooling system (ECCS). Although heavy water involves a very low absorption 
cross-section compared to light water, but it has a lower diffusion cross-section. Furthermore, diffusion cross-section compared to light water, but it has a lower diffusion cross-section. Furthermore, diffusion 
length of thermal neutrons in heavy water, due to lower absorption, is several times as large as that of 
light water. If heavy water is injected into the reactor without any dimensional changes, because fast 
neutrons fail to pass a desired distance along the moderator to be converted into a thermal state, this 
phenomenon would lead to the hardening of neutron spectra and their shift toward high-energy neutrons.  

In fact, under such circumstances, neutrons would loss the opportunity to thermalized. With the 
hardening of neutron spectra, neutron become more likely to escape, and generally the impact left on the 
reactor core by the heavy water injection would remain as negative reactivity. As a result, through an 
accident such as LOCA, injecting heavy water into the reactor, besides cooling it down, leads to reactor 
subcritical; this phenomenon can help control the reactor better than the effect of prevalent emergency 
light water injection systems. 

REFERENCES

[١] Squarer, D., Schulenberg, T., Struwe, D., Oka, Y., Bittermann, D., Aksan, N., Maráczy, C., Kyrki -[١] Squarer, D., Schulenberg, T., Struwe, D., Oka, Y., Bittermann, D., Aksan, N., Maráczy, C., Kyrki -
Rajamäki, R., Souyri, A., Dumaz, P. (٢٠٠٣). High performance light water reactor, Nucl. Eng. 
Des., ٢٢١, pp. ١٨٠–١٦٧.

[٢] US DOE (٢٠٠٢). Nuclear Energy Research Advisory Committee and the Generation ІV 
International Forum, a Technology Roadmap for the Generation ІV Nuclear Energy System.

[٣] Ammirabile, L. (٢٠١٠). Studies on supercritical water reactor fuel assemblies using the  sub-
channel code COBRA-EN, Nucl. Eng. Des.

[٤] Ishiwatari,  Y., Oka, Y., Koshizuka, S., and Liu, T. (٢٠٠٧). Safety Characteristics of the Super 
LWR Design Concept,” Proc. ICAPP’٠٧, Nice, France,  Paper ٧٣٠٩.

[٥] Lee, J.H., Koshizuka S., Oka, Y. (١٩٩٨). Development of a LOCA An alysis Code for the 
Supercritical-Pressure Light Water Cooled Reactors,” Annals of Nuclear Energy, Vol. ٢٥ (١٦), 
١٣٦١–١٣٤١

[٦] NEA (١٩٩٩). NEA-١٥٠٧, WIMSD-٥B (٩٨/١١), Deterministic Multi-group Reactor Lattice 
Calculations

ش ٧ اولین همایش ملی مهندسی قدرت و نیروگاه هاي هسته اي

Calculations
[٧] Fowler, T.B. (١٩٩٩). CITATION -LDI٢ Nuclear Reactor Core Analysis Code System. CCC-٦٤٣, 

Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

Archive of SID

www.SID.ir

http://www.sid.ir


[٨] Tashakor, S., Salehi, A. A., Jahanfarnia, G., Abbaspour Tehrani Fard, A. (٢٠١٢). Neutronic 
analysis of HPLWR fuel assembly cluster, Annals of Nuclear En ergy, ٤٣-٣٨ ,٥٠.

[٩] Tashakor, S., Salehi, A. A., Jahanfarnia, G., Abbaspour Tehrani Fard, A. (٢٠١٣). Thermal–
hydraulic analysis of HPLWR fuel assembly cluster, The Journal of Supercritical Fluids, ٩١ ,٧٧-
٩٩.

[١٠] Tashakor, S., Salehi, A. A., Jahanfarnia, G., Abbaspour Tehrani Fard, A. (٢٠١٣). Variable 
moderation high performance light water reactor (VMHWR), Annals of Nuclear Energy, ٥-١ ,٥٠.

[١١] Horita, J., Cole, D. R. (٢٠٠٤). Stable isotope partitioning in aqueous and hydrothermal systems to [١١] Horita, J., Cole, D. R. (٢٠٠٤). Stable isotope partitioning in aqueous and hydrothermal systems to 
elevated temperatures, in Aqueous systems at elevated temperatures and pressures: Physical 
chemistry in water, steam and hydrothermal solutions, ed. D. A. Palmer, R. Fernández -Prini and 
A. H. Harvey, Elsevier, Amsterdam, pp. ٣١٩-٢٧٧.

ش ٨ اولین همایش ملی مهندسی قدرت و نیروگاه هاي هسته اي

Archive of SID

www.SID.ir

http://www.sid.ir


ش ٩ اولین همایش ملی مهندسی قدرت و نیروگاه هاي هسته اي

Archive of SID

www.SID.ir

http://www.sid.ir


 

 

https://sid.ir/1791
https://sid.ir/1792
https://sid.ir/1793
https://sid.ir/1795
https://sid.ir/1794
https://sid.ir/1796
https://sid.ir/1702
https://sid.ir/1700
https://sid.ir/1699
https://sid.ir/1698
https://sid.ir/1787

