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Special Section: 
Selected Papers From the International Youth Nuclear Congress 2018 - 26th WiN Global Annual Conference 

Dear Readers, 

In March 2018 , close to 450 people from all around the globe 
met in Bariloche, Argentina, for the IYNCWiN 18 conference; 
co-hosted by the International Youth Nuclear Congress (IYNC), 
the Argentinian Young Nuclear Generation (A YNG), Women in 
Nuclear (WiN) global, and WiN Argentina. This conference was 
conducted in the spirit of the vision and goals both organizations 
share: the promotion of nuclear sciences and applications for 
enhancing the quality of life in the most safe and secure way. 

The program covered many topics presented in workshops, tech
nical tracks, panel discussions, and plenary forums ranging from 
new trends in nuclear energy to nuclear applications in health, agri
culture, and environmental postaccidental management. 

Although critical voices often question their need, nuclear 
power and radiation science offer opportunities and solutions 
for the urgent needs to combat hunger, poverty, illnesses, and 
climate-change effects, and simultaneously meet energy needs 
and sustainable development of mankind at large. 

Despite an ongoing debate about the benefits of nuclear energy 
(mainly in Europe), which was triggered by past accidents at the Cher
nobyl and Fukushima NPPs, many countries, specifically in Asia and 
Arab countries, are re-establishing or embarking on nuclear energy. 

Advanced and new technologies have been developed, which 
are safe and at low risk or with a much lower impact after a poten
tial accident. Some of those were presented and discussed. 

WiN and IYNC signed a Memorandum of Understanding in 
2016 aiming at enhancing their cooperation. One area of collabo
ration between both organizations for several years is the 
Nuclear4Climate initiative. This initiative was created jointly by 
the French Nuclear Energy Society (SFEN), the American 
Nuclear Society (ANS), and the European Nuclear Society (ENS), 
with the United Nations Framework Convention on Climate 
Change (UNFCCC) COP21 (Conference of the Parties) climate 
talks, which took place in Paris in December 2015. This initiative 
has brought together nuclear scientists from all comers of the 
globe in their efforts to promote the environmental credentials of 
nuclear energy in its contribution to reduce carbon emissions. 
Both organizations, IYNC and WiN inter alia, are involved in and 
support this initiative as evidenced in their contributions in Paris 
(France, 2015), Marrakech (Morocco, 2016), Bonn (Germany, 
2017), and Katowice (Poland, 2018). 

A special focus of this conference and a general objective of 
both IYNC and WiN organizations is knowledge transfer between 
generations and across international boundaries. As such, IYNC
WiN 18 brought together matured professionals in the nuclear field 
and young people either in the beginning or the midterm of their 
professional life for their own career planning. It also intended to 
foster the career of young women in a STEM (Science, Technol
ogy, Engineering, and Mathematics) environment still dominated 
by men. Thus, an extended mentorship program was launched to 
pair young people with experienced scientists, engineers, and 

Fig. 1 Participants of 1YNCWIN18, in Bariloche, Argentina 
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decision makers to help the young generation making their way 
toward nuclear sciences and engineering. Finally, the poster 
sessions allowed participants to share their recent work with the 
science community and the award ceremony highlighting out
standing contributions in our efforts to promote atoms for peace, 
completed the program (Fig. I ). 

We, the co-chairs of this international conference being the first 
one of its kind conducted in Latin America, are pleased to 
welcome you to this Special Section capturing the essence and 
key materials presented at the IYNCWIN 18; that has been 
developed with the effort of the IYNCWIN18 JNERS. Guest 
Editors: Kevin Femandez-Cosials, Valentina A vincola, Fidel ma 
Di Lemma, and Ignacio Gomez. 

020301-2 / Vol. 5, APRIL 2019 

Co-chairs of IYNCWINI8 
Gabriele Voigt 

WiN Global Co-chair 

Denis Janin 
IYNC Co-chair 

Melina Belinco 
WiN Argentina Local Co-chair 

Cristian Vega 
A YGN Local Co-chair 

Transactions of the ASME 

Downloaded From: https://nuclearengineering.asmedigitalcollection.asme.org on 05/20/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use 



Hernan Ariel Castro 1 

Programa Nacional de Gesti6n 
de Residuos Radiactivos, 

Comisi6n Nacional de Energia At6mica, 
Centro At6mico Constituyentes, 

Av. General Paz 1499, 
San Martin 1650, Buenos Aires, Argentina; 

Escuela de Ciencia y Tecnologia, 
Campus Miguelete, 

Universidad Nacional de General San Martin, 
Martin de Irigoyen 3100, 

San Martin 1650, 
Buenos Aires, Argenti na 

e-mail : hcastro@cnea.gov.ar 

Raul Ariel Rodriguez 
Gerencia de Ouimica, 

Comisi6n Nacional de Energia At6mica, 
Centro At6mico Constituyentes, 

Av. General Paz 1499, 
San Martin 1650, Buenos Aires, Argentina 

e-mail : raularielrodriguez@cnea.gov.ar 

Vittorio Luca 
Programa Nacional de Gesti6n de 

Residuos Rad iactivos, 
Comisi6n Nacional de Energia At6mica, 

Centro At6mico Constituyentes, 
Av. General Paz 1499, 

San Martin 1650, Buenos Aires, Argentina 
e-mail: vluca@cnea.gov.ar 

Hugo Luis Bianchi 
Gerencia de Ouim ica, 

Comisi6n Nacional de Energia At6mica, 
Centro At6mico Constituyentes, 

Av. General Paz 1499, 
San Martin 1650, Buenos Aires, Argentina; 

Escuela de Ciencia y Tecnologia, 
Campus Miguelete, 

Universidad Nacional de General San Martin, 
Martin de Irigoyen 3100, 

San Martin 1650, Buenos Aires, Argentina 
e-mail : bianchi@cnea.gov.ar 

I Introduction 

Pyrolysis and High Performance 
Plasma Treatment Applied to 
Spent Ion Exchange Resins 
Treatment and conditioning of spent ion exchange resins from nuclearfacilities is a com
plex process that not only should contemplate obtaining a stable product suitable f or 
long-term storage and/or disposal, but also have to take into account the treatment of 
secondary currents generated during the process. The combination of low temperature 
pyrolysis treatment and high pe,formance plasma treatment (HPPT) of the off-gas gener
ated could be a novel solution for organic matrix nuclear wastes with economic and 
safety advantages. In the present work, results of lab scale studies associated with the 
pyrolysis off-gas characterization and the pe1formance and operating parameters influ
ence on the removal of model compounds in a laborat01y-scale jfow reactor, using induc
tively coupled plasma under subatmospheric conditions, are shown. The pyrolysis off-gas 
stream was largely characterized and the evolution of main compounds of interest as 
function of temperature process was established. The results of plasma assays with the 
model compound demonstrate a high destruction and removal efficiency (>99.990%) and 
a good control over the final gas products. First results of a bench scale arrangement 
combining both processes are presented and bode well for the application of this com
bined technology. [DOI: l O. l l l 5/ 1.4042193] 

Polymeric ion exchange resins are indi spensable material s 
across a broad spectrum of industries [ I], including the nuclear 
industry. Within nuclear power plants and research reactors, poly
styrene divinylbenzene-based ion exchange resins are extensively 
employed in the cooling water systems to control chemistry qual
ity. The aim of these materials is to minimize corrosion or the 
degradation of system components and to remove radioactive con
taminants · derived from activation and compromised fuel 

elements. Once exhausted, however, these materials become one 
of the most important operational waste streams (in volume terms) 
generated by the nuclear industry. The treatment and conditioning 
of spent ion exchange resins is a complex process encompassing a 
detailed consideration of their physical and chemical characteris
tics and their compatibility with the various processing, storage, 
and/or disposal options. Basically, there are two main strategies 
for the treatment of such materials: ( I) the degradation of the 
organic materials with the objective of reducing the volume and 
producing an inorganic intermediate product, which may or may 
not be further conditioned, suitable for long-term storage and/or 
disposal , and (2) direct immobilization in a matrix such as cement, 
bitumen or polymers [2]. Within the first group, a long list of 
processes have been developed including chemical [3], thermo
chemical [4], thermal , and biochemical ones [5]. 

1Corresponding author. 
Manuscript received June 29, 2018; final manuscript received November 26, 

2018 ; published online March 15 , 2019. Assoc. Ed itor: Ignacio Gomez. 
This work was prepared whi le under employment by the Government of 

Argentina as part of the official dut ies of the author(s) indicated above, as such 
copyright is owned by that Government, which reserves its own copyright under 
national law. 

Pyrolysis is one of the most attractive thermal methods and is 
characterized as a low temperature flameless process (compared 
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with high temperature thermal methods, e.g., incineration) in 
which the organic material is heated in a reducing atmosphere to 
leave a carbonaceous product or char. This process is being 
increasingly implemented at an industrial scale for the treatment 
of municipal and industrial organic wastes including biomass [6), 
waste plastics [7], and tires [8). Being a flameless technology, 
pyrolysis has the advantage of lower operational temperature and, 
of critical importance in the nuclear context, an enhanced safety 
profile. Thus , pyrolysis features as an innovative technology in a 
recent International Atomic Energy Agency (Vienna, Austria) 
report on thermal processing of radioactive wastes [9], being con
sidered, and even practiced, as a method for the treatment and 
conditioning of radioactive organic wastes such as solvents, oils, 
and especially spent ion exchange resins derived from the opera
tion of nuclear facilities . 

In this field , the Pettersson and Kemmler's [ I OJ early experien
ces form the basis of subsequently developed industrial scale 
processes by companies such as Nukem [ I I) and Belgoprocess 
[ 12). Another interesting example is the Thermal Organic Reduc
tion (THOR5

M) process [ 13) carried out at the Erwin Resin Solu
tions Processing Facility (Energy Solutions, Inc., Salt Lake City, 
UT) in Erwin, TN, where approximately half of the spent resin gen
erated by the U.S. power reactors has been treated . A major advant
age of pyrolysis is the minimization of the dispersion risk present in 
high temperature processes (such as incineration, or direct plasma 
treatment) reducing byproduct streams and also retaining a large 
part of radioactive inventory within the product. This simplifies the 
treatment of the flue gases since little or no radioactivity is expected 
to be present. 

A very important issue to consider is that thermal decomposi
tion of this kind of wastes can lead to the formation of complex 
gas streams which are formed by compounds of diverse nature 
and toxicity, and should be processed in a safe and efficient way 
(generally thr6ugh a postcombustion stage) in order to satisfy air 
emission regulations. 

In recent years, plasma technology has emerged as a novel 
processing methodology for environmental applications, such as 
the treatment of different waste streams, due to its high chemical 
reactivity [14). This attribute combined with the possibility of 
having control of the reaction products and avoiding the emis
sions ' dilution, associated with the incorporation of additional 
fuels and air, positions plasma technology as a novel alternative 
for substitution of conventional high temperature processes at 
postcombustion systems for the elimination of diverse complex 
compounds, including the dioxins [ 15). Also, this technology is 
widely applied in the nuclear industry for different purposes 
( 16). 

The combination of low temperature pyrolysis and high 
performance plasma treatment (HPPT) of the off-gas could be 
a novel solution for organic matrix nuclear wastes and could 
provide economic and safety advantages for countries with 
low and medium scale inventories. Moreover, this approach 
can be valuable for some industrial problematic organic 
wastes as a safe, economical , and environmentally friendly 
alternative. 

In the present work, we show lab scale study results related to 
the pyrolysis of ion exchange resins and the process off-gas char
acteristics. Studies of the influence of different operating parame
ters on the removal of model compounds using an inductively 
coupled plasma flow reactor under subatmospheric conditions are 
shown. By last, first results of a bench scale arrangement combin
ing both technologies are presented . 

2 Methodology 

2.1 Low Temperature Pyrolysis of Ion Exchange Resins 
and Characterization of the Off-Gas Stream. The resins used 
throughout this study were cross-linked polystyrene divinylben
zene gel beads Lewatit Monoplus M500 with quaternary amine 

020901-2 / Vol. 5, APRIL2019 

functional groups and Lewatit Monoplus S 100 with sulfonic acid 
functional groups. The cationic resin was used as received and 
the anionic resin was fully loaded with HC03- . A batch of ani
onic resin was put into a 0.10 M Na OH solution for a few 
minutes . After that, the resin was washed with ultrapure water 
and then putted overnight into a 0. 10 M NaHC03 solution . 
Finally, the resin was washed again and stored in ultrapure water 
until it was used. 

Thermal gravimetric analyses (TGA) were conducted in flow
ing argon using a TA Instruments Q600 system. A gas mass spec
trometer (Pfeiffer, Omnistar GSD 320) attached to the thermal 
analysis unit was used to characterize the composition of the off
gas stream generated. Off-gas samples for diverse process temper-· 
atures were captured in liquid nitrogen cooled trap in order to 
quantify methylamine and trimethylamine. The analysis of the 
condensed samples was made through electrospray ionization
mass spectrometry (ESI-MS) with a single quadrupole mass 
spectrometer of LCMS2020 (Shimadzu) and through high per
formance capillary electrophoresis (HPCE) in a P/ACE™ 
MDQ Capillary Electrophoresis System (Beckman Coulter) with 
indirect UV absorption detection at 214nm. 

A Fourier-transform infrared spectroscopy (FTIR) spectrom
eter Magna IR-560 (Nicolet) equipped with a thermostated 
flow cell with KBr windows coupled to the thermal analysis 
unit was used to determine the evolution of carbon dioxide 
and sulfur dioxide in off-gas samples for diverse process 
temperatures. 

2.2 Plasma Chemical Decomposition of Model Com
pounds. The experimental system consists of a laboratory scale 
inductively coupled plasma flow reactor operating under subatmo
spheric conditions (Fig. I ). 

The power was supplied to the plasma reactor by a 6-turn 
induction cooper coil (coupling antenna) from a radiofrequency 
(RF) generator (Advance Energy, AE CESAR 1330 400V) operat
ing at a frequency of 13.56 MHz, with a power rating of 3000 W 
and a matching network (Advance Energy, AE VarioMatch Match 
Network , VM 5000 Platform). 

The plasma was confined within a cylindrical quartz tube 
reactor (I 050 mm in length, 40 mm at outer diameter and 36 mm 
at inner diameter) which was located inside a confinement 
chamber. 

High purity argon and oxygen were used as plasma and carrier 
gases. The flow rate and composition of the gas streams were 
adjusted by a set of mass flow controllers (Horiba, SEC-Z500 
series). 

The system was maintained under slight negative pressure by a 
chemically resistant vacuum pump (Vacuumbrand, PC 3004 
VARIO). 

As a final conditioning stage, the gas stream was passed 
through a wet scrubber before being released to the atmosphere. 

Solutions of different concentrations of n-butylamine (99 .5%, 
Sigma-Aldrich) were used as model compound. These solutions 
were injected in a controlled form via a needle valve. The injec
tion system was heated by a simple electrical control with the aim 
of achieving the vaporization of the solutions. The steam was 
drawn into the plasma reactor by the carrier and plasma gases. 
The injection flow rate of the samples was 0.20 cm3/min. The tem
perature of the injection system was controlled using type-] ther
mocouples and a temperature controller. 

The experiments were carried out with a plasma power of 
I ~00 ± 10 W and an operating pressure of 5000 Pa. The 
plasma and carrier gas flow rates were 1.60 x I 0- 5 -1. 70 
x 10- 5 ± 2 x 10- 7 m3/s for argon and 0-8 .30 x 10- 7 ± 8 x 10- 9 

m3 /s for oxygen (volumetric flow rates at standard pressure 
I 01 ,325 Pa and temperature 273 . 15 K). The total flow rate was the 
same for all the experiments. 

The treated gas streams were captured downstream of the reac
tor in liquid nitrogen cooled traps. The concentrations of the 
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Fig. 2 Scheme of the bench scale pyrolysis and HPPT system 

model compound in the samples collected were measured through 
the ESI-MS system described before. 

The gas byproduct analysis was performed using a multigas 
analyzer system (Horiba, PG-250) fo r NO,, CO, CO2 and 0 2 and 
a gas mass spectrometer (Pfeiffer, Omnistar GSD 320) for H2. 

A high resolution spectrometer (Sciencetech 9490SD) was used 
not only to determine diagnostic parameters as electron density 
and electron temperature, but also to study the behavior of inter
mediate radicals (CH, CN") in the reaction medium through opti
cal emission spectroscopy (OES). Measurements of the hydrogen 
Balmer lines [17,18] indicated that, under the used ex~erimental 
conditions, the plasma had an electron density of~ I 0 1 m- 3 and 
the electron temperature exceeded 7000 °C. 

2.3 Pyrolysis and High Performance Plasma Treatment: 
Studies at Bench Scale. The bench scale experimental setup 
(Fig. 2) consists of a semicontinuous pyrolytic treatment system 
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coupled to the plasma gas treatment arrangement described 
previously . 

A stainless steel pyrolytic reactor with cylindrical geometry 
was constructed. Both the reactor and the carrier gas inlet pipe 
were electrically heated. The resin was fed through a sealed sys
tem designed to work under subatmospheric conditions. The resin 
feed system consisted of a sealed cylindrical hopper, where the 
resins were loaded at the beginning of the operation, and a motor
ized screw. The mass flow rate of resin used during the. tests was 
7 mg/s and it would be possible to scale it to higher flow rates. 
The resins used throughout this study were cross- linked polysty
rene divinylbenzene gel beads with quaternary amine functional 
groups (Lewatit Monoplus M500). 

The experiments were carried out with a plasma power of 
400 ::+:: IO W and an operating pressure of 3000 Pa. The plasma and 
carrier gas flow rates were 1.60 x 10- 5 ::+:: 2 x 10- 7 m3/s for argon 
and 8.30 x 10- 7 

::+:: 8 x 10- 9 m3/s for oxygen (volumetric flow 
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Fig. 3 Thermal gravimetric analyses of samples of ion exchange resins under Ar 

rates at standard pressure IO 1,325 Pa and temperature 273.15 K). 
The temperature control both in the pyrolysis reactor and in the 
plasma reactor was made through type-] thermocouples. Plasma 
reactor temperatures were low with values between 60 and 
100 ± I °C, whi le the pyrolysis reactor worked at a temperature of 
300 ± 5 °C. The gas byproduct analysis was performed by mass 
spectrum analysis of the off-gas stream once the system reached 
the steady-state. 

3 Results and Discussion 

3.1 Low Temperature Pyrolysis of Ion Exchange Resins 
and Characterization of the Off-Gas Stream. TGA of the resins 
are shown in Fig. 3. These analyses suggested that the degradation 
of both types of resins can be conveniently separated into three 
basic stages and showed some marked differences between the 
resins. The weight loss between 25 and 125 °C is ascribed to dehy
dration . From 140 °C to 240 °C and from 250 °C to 350 °C for ani
onic and cationic resins, respectively, the major part of weight 
loss results from the decomposition of the functional groups. For 
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anionic resin , the last stage (temperatures above 375 °C) is associ
ated with the degradation of the organic matrix and its subsequent 
mineralization. On the other hand, the cationic resin showed more 
thermal stability. This observation was made by Matsuda et al. 
[ 19] who associated this stability with the formation of sulfonyl 
bridges in the organic matrix . 

Figure 4 presents two-dimensional mass spectra of pyrolysis 
byproducts in argon atmosphere for both types of resins. These 
graphs show the evolution of the mass-to-charge ratio signal (m/z ) 
as a function of the process temperature. The colors indicate the 
signal intensity for each ml z, where blue is low intensity and red 
is high intensity. As seen in Fig. 3, we can observe the emission 
of compounds associated with the decomposition of the functional 
groups and the degradation of the organic matrix at the mentioned 
temperatures ranges. 

The anionic resin is characterized by releasing greater quanti 
ties of volatile degradation byproducts (principally amines) at 
pyrolysis temperatures between 140 °C and 240 °C. The principal 
amino compounds detected were methylamine (ml z = 31 ) and tri
methylamine (ml z = 58). At temperatures above 375 °C, mlz 
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Fig. 4 Two-dimensional mass spectra of gas pyrolysis byproducts in argon atmosphere for both types of resins as a function 
of the temperature. The colors indicate the signal intensity for each mlz ratio where blue is low intensity and red is high 
intensity. 
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trometry) as a function of the increasing pyrolysis temperature 

signals related with hydrocarbons, such as styrene (m/z = I 04), 
were detected. This family of compounds could be related with 
the degradation of the organic matrix . 

The cationic resin mainly emits S02 (m/z = 64) at pyrolysis 
temperatures between 250 °C and 350 °C, being the degradation 
of the sulfonic group its origin. At temperatures above 375 °C, mlz 
signals related with hydrocarbons were detected, but in lesser 
extent than in the pyrolysis of anionic resin. These results agree 
with the bibliography (19,20]. 

The presence of methylamine and trimethylamine in the off-gas 
was confirmed by HPCE analysis of the condensed samples 
obtained during the pyrolysis of anionic resins for diverse process 
temperatures. Figure 5 shows the normalized counts evolution 
associated with the concentration of trimethylamine in the sam
ples as a function of pyrolysis temperature. This tendency was 
also observed by ESI-MS analyses. These experimental data and 
gas mass spectrometry detection results are in broad agreement 
with the temperature range for the decomposition of the functional 
groups of anionic resins [ 19]. The methylamine concentrations 
measured were approximately of two orders of magnitude lower 
than the trimethylamine. This was only confirmed by HPCE 
because methylamine cannot be detected by ESI-MS technique . 
These results agree in some aspects with Dubois et al. (20] who 
presented a complex analysis of pyrolysis gas byproducts from 
anionic and cationic resins and established trimethylamine as the 
major amino compound for the process temperatures studied. 

Sulfur dioxide was confirmed as the major compound released 
during the pyrolysis of cationic resins by mass spectrometry of the 
off-gases (Fig. 5). This was also observed by FTIR measurements 
of the gases by studying the S = 0 stretching bands around wave
number 1360cm- •. 

Carbon dioxide is of particular interest because it is well known 
that 14C in spent anionic resins is mainly found inorganic form as 
co/- or HC03 [21 ]. Figure 6 shows the evolution of CO2, dur
ing the pyrolysis of anionic resin exhausted with HC03 - , meas
ured by mass spectrometry. This behavior was also observed by 
FTIR measurements (C = 0 stretching band around wavenumber 
2360cm- 1

) of the off-gases. Both experiments indicate that car
bon dioxide is expelled concomitantly with the decomposition of 
functional groups at temperatures around 200 °C. These results 
are broadly consistent with radiochemical analysis of 14C with 
resin samples labeled with the radioisotope tracer (22]. 

In terms of the final pyropolymer product characteristics, some 
information was presented in previous work (22,23]. The pyroly
sis treatment of the resins at low temperatures between 300 °C 
and 350 °C resulted in a stable waste product with a significant 
volume reduction (> 50%). Also, studies of simulated spent 
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Fig. 6 Normalized counts evolution of carbon dioxide (direct 
gas mass spectrometry) as a function of the increasing pyroly
sis temperature 

exchange resins loaded at close to their exchange capacity with a 
selection of cations (Cs 1

, Sr2 1
, Co2

-1 , Ni2+) (23] and anions (I - , 
Cl - , HC03 - ) (22] have been carried out to establish the structure, 
stability of the waste products and radionuclide inventory reten
tion as function of the process temperature . 

Due to the complexity and the environmental impact of the gases 
byproducts generated during the thermal degradation of the anionic 
resin compared with the cationic one, it was decided to put our 
efforts in the study of plasma decomposition of model compounds 
associated with the thermal degradation products of anionic resin . 

3.2 Plasma Chemical Decomposition of Model 
Compounds 

3.2./ Destruction and Removal Efficiency of Model Com
pounds. The performance of the plasma arrangement is described 
in terms of the destruction and removal efficiency (DRE) 

DRE(%)= C;n - Cout. JOO 
C;n 

(I) 

where C;n and C001 are the concentration of the compound before 
and after the plasma treatment, respectively. 

The concentration of the model compound (n-butylamine) 
was estimated from the ESI-MS spectra by the analysis of the 
m/z peak 74 which corresponds to the protonated species 
(n-butylamine-H+). 

The DRE values were over 99.990 ± 0.002% and simi lar results 
were obtained for other amines (24]. It is important to note that 
during these assays the reactor temperatures measured were about 
60-100 ± I °C, values that are significantly below the ranges of 
operation of conventional high temperature thermal processes, 
e.g., postcombustion chambers. 

The DRE for n-butylamine was also determined in presence 
and absence of 0 2 in the reaction medium as a function of the spe
cific energy (Pw!Q) (Fig. 7), where Pw is the power transferred to 
the reactor in Watts and Q is the flow of the model compound in 
mol/s, a parameter which is widely used in the field of nonthermal 
plasma processing. DRE values did not vary sign ificantly for the 
specific energies studied and the incorporation of 0 2 in the reac
tion medium did not influence the DRE values. 

3.2.2 Composition of the Plasma Treated Gas Stream. The 
effect of various operating parameters (water molar fraction , oxy
gen presence, residence time) on the final gaseous mixture was 
studied by analyzing the treated gas stream and by analyzing the 
OES of radical species present in the reaction medium. 
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Fig. 7 Evaluation of DRE for butylamine as function of the spe
cific energy (PW/Q) in presence and absence of 0 2 in the reac
tion medium. The molar fractions of the compounds in the inlet 
mixture were in the ranges: XAr = 0.75--0.90, XH20 = 0.08-0.20, 
Xbutylamine = 0.002--0.005, and X02 = 0-0.04. 

The effect of the molar fraction of H20 in the medium on radi 
cal species formed during the process was studied by analyzing 
the OES of CH (C-X system band) and CN (B-X system band). 
For assays at constant electron density and reactivity in the reac
tion medium, it was observed that the emission of both species 
decreased with the increase of the H20 fraction (Fig. 8). 

These observations could indicate that H20 has influence on 
the reaction mechanism by modifying the presence of intermedi
ary species. Thus, the role of H20 as an important participant in 
the oxidation mechanisms in plasma conditions was confirmed 
and the results agree with previous observations of the effect of 
H20 fraction in the reaction mixture over the final products [24]. 
This behavior could be associated with the generation of 0 2 and 
reactive oxidative species as O and OH radicals produced by plas
molysis of water [25] . These oxidative species reacts with the 
compounds under treatment contributing to a high DRE and lead
ing to the formation of oxidized products (CO2, NOx, etc.). This 
effect is very important taking into account that water vapor is a 
significant component of the off-gas generated during the pyroly
sis of the resins. 

On the other hand, the influence of 0 2 introduction as plasma 
and carrier gas was studied for the 11-butylamine decomposition . 
The experimental conditions explored were: 02 m a 
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stoichiometric ratio (balance) and 0 2 in excess (twice the stoichio
metric value). 

The selectivity for each product (Sx) was calculated through 
formulas (2)- (5) 

[CO] 
Seo = [CO] + [CO2] 

(2) 

S _ [CO2] 
co, - [CO] + [CO2] 

(3) 

S _ moles of NOx produced 
NO, - moles Nin the inlet (4) 

moles of H2 produced 
SH, = 2 1 fH. h . I · · mo es o mt em et 

(5) 

Figure 9 shows the influence of 0 2 in the selectivity of formation 
of NO" CO, CO2, and H2 for experiments with 11-butylamine 
10 wt %/wt solutions. As can be observed, increment of 0 2 pro
moted the formation of the oxidized products of C and N, and 
both the selectivity of formation of H2 decreased significantly. 
The decrease of H2 is relevant because of the safety profile of the 
process. 

Finally, other important operation parameter studied was the 
residence time (tR) of the model compound in the reaction 
medium which .had a clear influence on the final products. At low 
tR the amount of low molecular weight hydrocarbons (LWHC) 
such as ethane and ethylene, was higher (Fig. I O(a)). This tend
ency was also reflected in the emission spectra of the CH
(Fig. I O(b)), indicating that this radical would act as a reaction 
intermediate in the formation of the L WHC in the reaction 
medium. 

The increase of the tR led to a reduction of the signal for 
L WHC and 11-butylamine while signals for molecules produced 
from the complete degradation of the model compound (N2, CO, 
CO2 and NOx) grew (Fig. IO(a)). 

From these results, at tR about 15 s (corresponding to a carrier 
gas flow of 1.70 x 10- 5 m3/s through our plasma reactor) it is 
expected to obtain low levels of model compound remained and 
of LWHC (most converted into CO2), and a moderate production 
ofNOx. 

From the lab scale assays, working ranges for different operat
ing parameters (e.g. , plasma power, carrier gas flow and, 0 2 molar 
fraction in the reaction medium) were established. These working 
ranges were important in order to carry out bench scale tests in 
such physicochemical conditions that allowed removing in an 
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Fig. 8 CH (C-X) and CN (B-X) radicals emission spectra as function of the molar fraction of water in the reaction medium 
(XH20 = 0.01, 0.06, 0.11 and 0.17) 
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Fig. 10 Influence of the residence time (tR) of the model com
pound in the reaction medium in the final products (a), and in 
the CH radical emission spectra's (C-X) (b) 

efficient way the different target compounds from the pyrolysis 
off-gas. 

3.3 Pyrolysis and High Performance Plasma Treatment: 
Studies at Bench Scale. The destruction and removal efficiency 
of the plasma system were studied by mass spectrum analysis of 
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Fig. 11 Peak intensities of different compounds of interest 
from anionic resin pyrolysis off-gas stream with and without 
plasma treatment 

the off-gas stream generated during the pyrolysis of anionic resin. 
In first instance, the pyrolysis off-gas was analyzed without being 
treated by the plasma system. Then the pyrolysis off-gas was 
treated by the plasma system and the resultant gas stream was 
analyzed. 

Figure I I presents the base peaks corresponding to different 
compounds of interest present in the pyrolysis off-gas stream 
studied. 

The peak of m/z ratio 58 corresponds to trimethylamine, and 
methylamine is the major contributor to the mlz 31 signal . As seen 
before, these compounds come from the degradation of the quater
nary amine functional groups and represent the major compounds 
of the stream at the pyrolysis temperatures studied. 

On the other hand, the higher mlz peaks presented correspond 
to minority compounds in the pyrolysis effluent and are generated 
by the rupture of the organic polymeric matrix : toluene (91), sty
rene (104), ethylbenzene (106), l-methyl-2-vinylbenzene (117), 
and propylbenzene (120). The presence of these compounds was 
corroborated by gas chromatography-mass spectrometry analysis 
of the condensate samples of the pyrolysis effluent captured in liq
uid nitrogen cooled traps. 

For all the compounds presented, a clear decay of its peak sig
nal intensities was observed when the off-gas was treated by the 
plasma system (Fig. I I ). 
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4 Conclusions 
The pyrolysis off-gas stream was largely characterized . The 

evolution of compounds of interest (trimethylamine and S02, 

major products which come from the functional groups degrada
tion, CO2) as function of temperature process was established. 

The results of the plasma chemical decomposition of the model 
compound demonstrate the high destruction and removal effi
ciency (>99.990%) that can be achieved with the present experi
mental arrangement under a range of working conditions, at low 
reactor temperatures and with moderate power consumption. 

The influence of various operating parameters was established 
not only on intermediate species in the reaction medium, but also 
on the final gas products. A good control over the final gas prod
ucts could be achieved. The study and subsequent optimization of 
operating parameters will allow developing a high performance 
plasma treatment to be applied in a major scale process. 

The initial results obtained bode well for the use of this com
bined technology. 

The combination of both low temperature and flameless proc
esses could represent a novel alternative for the treatment of spent 
resins and any gaseous byproducts generated in nuclear fuel cycle 
facilities with greater simplicity and enhanced safety. 

This processing method also represents an effective way of 
reducing environmental impacts since it does not require the use 
of combustion and postcombustion stages, thus avoiding the addi
tion of fuels and air that lead to the dilution of the effluent. This 
allows greater control of the effluent to be conditioned and, 
mainly, reduces the dispersion of the volatile radioactive compo
nents, improving their capturing capacity at downstream condi
tioning stages. 

Nomenclature 
a.u. = arbitrary units 
Cin = concentration of the model compound before plasma 

treatment, M 
C out = concentration of the model compound after plasma 

treatment, M 
CO, = carbon oxides (CO and CO2) 

mlz = mass-to-charge ratio 
M = molar concentration 

NO, = nitrogen oxides (NO+ N02) 

Pw = power, W 
PwlQ = specific energy, J/mol 

Q = inlet flow of the model compound, mol/s 
S" = selectivity of formation of compound x 
tR = residence time= (plasma reaction medium volume/ 

gas carrier flow), s 
T = temperature, °C 
V = volts 

wt= weight 
X = molar fraction 
). = wavelength 

Abbreviations 

AMP = amplifier 
DRE = destruction and removal efficiency 

DVM = digital voltage meter 
ESI-MS = electrospray ionization-mass spectrometry 

FfIR = Fourier-transform infrared spectroscopy 
HPCE = high performance capillary electrophoresis 
HPPT = high performance plasma treatment 

HT = high tension 
L WHC = low molecular weight hydrocarbons 

MFC = mass flow controller 
OES = optical emission spectroscopy 

020901-8 I Vol. 5, APRIL 2019 

PH = photomultiplier 
RF = radiofrequency 

TGA = thermal gravimetric analysis 
THOR5

M = thermal organic reduction (Erwin resin solutions 
processing facility) 

UV = ultraviolet 
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Difficulties are experienced during the thermal-hydraulic design of a nuclear reactor 
operating in the transition flow regime and are the result of the inability to accurately 
predict the heat transfer coefficient (HTC). Experimental values for the HTC in rectangu
lar channels are compared with the calculated by correlations usually used for the 
design of material testing reactors (MTR). The values predicted by Gnielinski and Kreirh 
correlations at Reynolds numbers below 5000 are not necessarily conservative. The A/
Arabi-Churchill correlation with the correction proposed by Jones has proved to be con
servative for Reynolds between 2100 and 5000. Two alternative design approaches are 
proposed to solve a specific thermal- hydraulic design problem for a MTR operating at 
Reynolds 2500. The conservative approach comprises two alternatives: the use of A/
Arabi correlation with no uncertainty fa ctors, as it has proved to be co11se111ative, or the 
use of Kreith correlation with a maximum uncertainty. In this conse111ative approach, 
maximum deviations in other input parameters are also taken into account. The best esti
mate plus uncertainty approach considers an uncertainty distribution in input parameters 
to generate a random sample of 59 inputs. An uncertainty distribution based on the ratio 
between the experimental and the calculated HTC, when using Kreith correlation, is con
sidered. Results are given in terms of maximum and minimum bounds for the figure of 
merit used as design criterion with 95% probability and 95% confidence level. The best 
estimate plus uncertainty approach offers a less penalizing design and its use depends on 
regulator's acceptance. [DOI: J0.1115/1.4042363] 

Keywords: material testing reactor, heat transfer coefficient, transition flow regime , 
conse111ative calculation approach, best estimate plus uncertainty approach 

Introduction 
Successful heat removal from a nuclear system must be guaran

teed in order to satisfy one of the fundamental safety functions 
such as heat removal. Heat removal implies the transfer of the 
power generated in the fuel to a coolant, thus maintaining its 
integrity. The power to be removed strongly depends on the cool
ant's flow regime, which determines the cooling mode. 

The flow regime is characterized by the Reynolds number (Re). 
The power transferred to a coolant is calculated by using the heat 
transfer coefficient (HTC), which is expressed in terms of the 
Nusselt number (Nu). Nu is calculated by using verified experi
mental correlations. While different correlations have been pro
posed to determine Nu for circular channels in the turbulent 
(Re> 10,000) and laminar (Re < 2100) flow regimes, the most 
common ones being described in Refs. [1- 3], only a very small 
number of studies have been performed for the transition, 
laminar-to-turbulent regimes, from now on , "transition regime" 
(2100 < Re < 10,000). The mechanisms of heat transfer and fluid 
flow in such regime vary considerably from system to system and 
instabilities in fluid flow and fluctuations in pressure drops and 
heat transfer have been observed. In addition, entrance effects and 
channel geometry are relevant factors , which cannot be ignored in 
the determination of the HTC, as it usually happens when calcu
lating the HTC for the turbulent flow regime. Consequently, 
thermal-hydraulic designers try to avoid reactor designs operating 
in such flow conditions [4]. However, there are situations in which 
this may not be avoided. Examples include the upgrading of sys
tems originally working in the laminar flow regime, the use of 
plant equipment working under low flow rates or where the turbu
lent flow regime may not be achieved [4], and transients in which 
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the reactor cooling mode switches from the forced convection to 
the natural convection cooling mode. 

Most research reactors are designed by making conservative 
assumptions, and the margins to safety limits, must be guaranteed 
even with such conservative designs. The lack of verified correla
tions leading to an accurate determination of the HTC in the tran
sition flow regime and the impossibility to avoid nuclear reactors 
operating in such flow conditions force the designer to be aware 
of the errors committed during the design and to develop calcula
tion techniques guaranteeing that the established thermal
hydraulic safety margins are satisfied while not penalizing the 
design by making too conservative assumptions. 

The present work compares the HTC for the transition flow 
regime as calculated by different experimental correlations with 
published experimental values corresponding to a rectangular 
channel equally heated from both sides, such as the ones seen in 
the fuel assemblies of material testing reactors (MTR). The differ
ences observed are used to determine deviations and uncertainty 
distributions between the calculated and the experimental values. 
Finally, a specific thermal-hydraulic design problem with an 
MTR-type research reactor operating in the transition flow regime 
is presented and two alternative design approaches are proposed: 
a conservative and a best-estimate plus uncertainty (BEPU) 
approach. While being evaluated differently, both design alterna
tives make use of the deviations observed between the experimen
tal and the calculated values for the HTC. The impact of both 
calculation alternatives on the reactor design is also analyzed. 

Experiments to Measure the Heat Transfer Coefficient 
in Rectangular Channels Cooled in the Transition Flow 
Regime 

For MTR, experiments were performed by Silin et al. [4] to 
determine Nu in a rectangular channel equally heated from both 
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sides with variable coolant flows leading to fixed Re in the transi
tion flow regime (2100 <Re< 7000). For a constant inlet temper
ature of 20 °C, the coolant flows were varied according to the 
desired Re and the power provided to the channel was adjusted to 
maintain a temperature increase of IO °C in the cooling channel. 
The experimental facility consisted of a channel being 60 mm 
wide and 2.7 mm thick , axially divided into: a sharp inlet, 7 cm of 
unheated channel, an active region of 62 cm electrically heated 
channel providing a constant heat flux from both sides, and a final 
region of 7 cm length of unheated channel. Thermocouples were 
placed throughout the heated length and they were inserted into 
transversal slots cut in one of the walls of the channels and filled 
with a ZnPb alloy leaving the thermocouples embedded in the alu
minum wall. These thermocouples were used measure the wall 
temperature at different points of the cooling channel , so that the 
HTC, hexp, was experimentally determined for each Re and at dif
ferent axial points of the cooling channel as 

h exp (z) - ----,,=--q-~x~p_(_z ) __ _ 
- T;,'P (z) - p xp (z) 

(I) 

In this way, the experimental Nu for each Re and at different 
points of the cooling channel was calculated as 

Nu exp (z) = 1i exp (z). D1, 
k 

Correlations in the Transition Flow Regime 

(2) 

Experimental correlations have been proposed by different 
authors to estimate the HTC in terms of Nu. Gnielinski [ I ] 
reviews experimental results obtained by different authors who 
studied the heat transfer in fully developed transition and turbu
lent flows in circular ducts and proposes a modification to the 
Petukhov correlation [2] to provide a better agreement with exper
imental values for Nu in the transition flow regime. 

Silin et al. [4] compared the experimental values for the HTC 
in rectangular channels equally heated from both sides and being 
cooled in the transition flow regime with the values predicted by 
different correlations, including Dittus-Boelter [ I ], Petukhov
Kirillov [2], Sleicher and Rouse [5] and Gnielinski [ I ] . It was con
cluded that the Gnielinski correlation best fits experiment~! values 
for Re > 5000. For lower Re, however, entrance effects become 
significant and the estimated value exceeds the experimental 
value, leading to nonconservative calculations. 

The correlation proposed by Kreith [6] to calculate the HTC in the 
transition flow regime has been implemented by thermal-hydraulic 
codes such as RELAP5 [7] and TERMIC [8]. This last one is a cal
culation code specially developed for the thermal-hydraulic design 
of MTR fuel assemblies, which calculates the HTC for 
2100 < Re < 7000 by ad justing Kreith correlation to [8] 

h = Cpv . 0 971 X 10- 0.68-(log Re)2+5.45(log Rc) - 13.23 
Pr2/3 . (3) 

In this work, the cooling channel in the experiments performed 
by Silin et al. [4] was modeled in TERMIC [8] maintaining the 
initial and boundary conditions reported in their study. The exper
imental Nu at different points of the channel and for different Re 
was compared with the calculated values and the results are illus
trated in Fig . I . The first and last points are not included in the 
comparison as they correspond to the unheated region of the 
channel. 

As it can be seen from Fig. I , Kreith correlation as imple
mented in TERMIC, (Eq . (3) [8]) conservatively predicts the val
ues of Nu for 4000 < Re. However, as it happens when using the 
Gnielinski correlation, the Kreith correlation also fails to conser
vatively estimate Nu at low Re. Indeed, for Re < 3500, the Kreith 
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Fig. 1 Experimental + and calculated - Nu using Kreith cor
relation in TERMIC 

correlation overestimates the experimental Nu by a maximum of20%, 
leading to non-conservative calculations. 

A correction factor valid for 300 < Re< 105 has been proposed 
by Al-Arabi [9 ] for the uniform heat flux boundary condition to 
estimate Nu for a nonfully developed condition 

Being 

Nu C 
--=l + -
Nuoc, z/D,, 

C = (z/D,,)°
1

• (o.68 + 3000) 
Prl /6 Reo.s , 

(4) 

(5) 

In Eq. (4) , Nu00 is the Nu for the fully developed flow, which can 
be estimated using the correlation suggested by Churchill [ I OJ, for 
2100 < Re < I 06 

N 10 _N 10 {exp((2200 - Re) / 365] l }-s 
Uoo - U/ + 2 + -2 

Nu1 Nu1 

(6) 

In Eq. (6) , Nu1 is the Nu for the laminar flow regime, equal to 
8.235 for a rectangular channel equally heated from both sides. 
Nu1 is the Nu for the turbulent flow regime, which is calculated as 

N N 
0.079 (f / 2) l/2Re · Pr 

U1 = Uo +-------
( l + Pr4/5)s/6 

(7) 

In Eq. (7) , Nuo is equal to 6.3 while f is the friction factor, valid 
for 2100 < Re < 4000 calculated as [ 11 ] 

2.3 X 10- S 
f = 0.0054 + Re _312 (8) 

For a rectangular channel of aspect ratio a, Jones [ 12] has defined 
the laminar equivalent diameter, D1, as 

2 11 
Di = - + - · a · ( I - a) · D,, 

3 24 
(9) 

The use of Di instead of D1, has proved to reduce the difference 
between the experimental and calculated values when estimating 
Nu in rectangular channels [ 11 ] and so it should be used to replace 
the hydraulic diameter, D,, , in Eqs. (4) and (5) . 

In this study, Nu was calculated at different points of the cool
ing channel and for different Re using the Al-Arabi-Churchill 
correlation [9] with the correction for rectangular channels 
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proposed by Jones (Eqs. (4)- (9)). Results were compared to the 
published experimental values and they are illustrated in Fig. 2. 
The first and last points of the experimental values have been 
excluded from the comparison as they correspond to the unheated 
region of the channel. 

As seen in Fig. 2, the Al-Arabi-Churchill correlation [9) with the 
correction proposed by Jones [ 12) conservatively predicts Nu for 
2100 <Re< 5000 while for Re> 3500, the correlation becomes too 
conservative. The Al-Arabi-Churchill correlation with the correction 
proposed by Jones therefore appears as a viable alternative correlation 
to conservatively predict Nu at Re < 3000, the range at which Gnie
linski and Kreith correlations fail to perform conservative estimations. 

The analysis previously performed is based on experimental 
data collected at low heat fluxes, meaning that the changes in tem
perature are not significant and the correction by variable viscos
ity , usually introduced in the HTC correlation by including the 
factor (µ/ µ",)", can be omitted without introducing a significant 
error in the calculations 

Deviations and Uncertainty Distributions in Heat 
Transfer Coefficient 

The existence of experimental values for the HTC allows the 
thermal-hydraulic analyst to be aware of the errors committed 
while using empirical correlations in the calcul_ations. It is also 
important because it helps the designer to determine maximum 
and minimum deviations and uncertainty distributions, which may 
be used depending on the calculation approach to be used. 

As seen in Fig. I, the Kreith correlation, as implemented by 
TERMIC, may overestimate Nu at low Re (Re< 3500) while it 
becomes conservative at higher Re in the transition flow regime. 
The deviation between the experimental and the calculated values 
ranges between -20% and +50%. 

The values of Nu at Re= 2300, 3000, 3500, 4000, and 4800 at 
eight different locations of the cooling channel are considered, 
meaning there are a total of 40 values of experimental Nu, Nu exp , 

to be compared with the Nu, as calculated by the Kreith correla
tion, Nucalc . The uncertainty distribution, defined as Nu exp /Nucalc , 
is illustrated in Fig. 3 and it can be defined as a normal distribu
tion with a mean value of 1.4 and a standard deviation of 0.2 

For the case of the Al-Arabi-Churchill correlation with the cor
rection proposed by Jones, the calculated Nu underestimates 
the experimental value for all Re, seeing a deviation between - 70% 
and -10%. The uncertainty distribution for the Al-Arabi-Churchill 
correlation with the correction proposed by Jones is shown in Fig. 4 

Calculation Approaches for the Thermal-Hydraulic 
Design of Research Reactors 

Historically, most research reactors are calculated by making 
conservative assumptions for the sake of guaranteeing that the 

so 
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Fig. 2 Experimental + and calculated - Nu using the Al· 
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the Kreith correlation in TERMIC 
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Fig. 4 Uncertainty distribution for the HTC as calculated with 
Al-Arabi-Churchill correlation with the correction proposed by 
Jones 

safety limits are satisfied. Conservative calculations imply adopt
ing hypotheses leading to the worst scenario in terms of safety 
and introducing maximum factors on relevant design parameters 
to account for the deviation between the theoretical value of such 
parameter and the real value. 

In the last years, an alternative design approach has been pro
posed with the aim of adjusting the margins to the safety limits 
and obtaining less penalizing, more economic designs. While not 
widespread among research reactors, the BEPU calculation 
approach has been successfully used in the design of nuclear 
power reactors. In the BEPU approach, the thermal-hydraulic 
analyst considers different values of relevant input parameters to 
generate different inputs· and perform a series of calculations. The 
values considered in the inputs are randomly chosen based on the 
distribution characterizing each input parameter. The result is a 
distribution of values for the thermal-hydraulic figure of merit to 
be considered in the reactor design, with upper and lower bounds, 
used to evaluate the margins to the safety limits. 

Thermal-Hydraulic Design in the Transition Flow 
Regime 

In this section, a specific thermal-hydraulic design problem is 
proposed. Even though this problem may show a common 
thermal-hydraulic challenge to be faced during a research reactor 
design, this particular problem has been settled to perform an aca
demic study and by no means it represents a real issue . 

In this paper, the conservative and BEPU approaches are pre
sented as different alternatives to the thermal-hydraulic design. 
The design criteria to be satisfied and the calculation method for 
each design approach are described and results are finally shown. 

Design Issue. The problem to be solved is that of an MTR with 
a core consisting of 14 plate-type fuel assemblies cooled in an 
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upward flow direction and operating at a nominal steady-state in 
the laminar flow regime (Re< 2100). The proposal is to redesign 
the core making it more compact. This modification reduces the 
flow area, meaning that, for a fixed total coolant flow, the velocity 
in the cooling channels is increased, moving from the original 
laminar to the transition flow regime, Re = 2500. The 
thermal-hydraulic calculation aims at determining the maximum 
power to be removed in the new situation. 

Design Criteria. The thermal-hydraulic design criteria usually 
used for the design of MTR are related to phenomena, which may 
compromise reactor safety, such as departure of nucleate boiling 
or flow redistribution. These phenomena are normally evaluated 
in a "hot channel." In the hot channel , the average power is 
affected by a factor accounting for the nonhomogeneous power 
distribution seen in the reactor core and so it is an "envelope" for 
all possible core configurations. For academic purposes only, the 
thermal-hydraulic design criterion considered in this work estab
lishes that the maximum wall temperature in the fuel assembly 
must not exceed 90 °C. While this design criterion is not related to 
safety, it is a criterion usually considered to avoid degassing and 
bubble formation in the cooling channel. 

Calculation Method. The present section is divided into three 
parts, being: a description of the calculation model , a description 
of the thermal-hydraulic design considering the conservative 
approach, and a description of the thermal-hydraulic design using 
the BEPU approach. The uncertainty distributions and deviations 
described above are used as an input data to calculate the HTC in 
each approach. 

Calculation Model. A single cooling rectangular channel , 
equally heated from both sides, is considered in the calculations. 
The nominal (best estimate) values for the parameters describing 
the channel geometry are those considered in the experiment per
formed by Silin et al. [4] and they are summarized in Table 1. 
Operating conditions are also included in this table. 

The average heat flux in the cooling channel is calculated as 

( IO) 

The cooling channel is axially divided into different calculation 
nodes and a uniform power profile distribution is considered, 
meaning that the total power is equally distributed among these 
nodes. Consequently 

( 11 ) 

For the steady-state calculation, the energy equation is solved so 
that the total power transferred to the coolant at distance z from 
the inlet, Q(z) , is calculated as 

Table 1 Operating conditions and geometrical data for a single 
cooling channel 

Parameter 

Coolant 
Cooling mode and flow direction 
Coolant flow (m3/h) 
Re 
Coolant inlet temperature (°C) 
Gap of cooling channel (mm) 
Active width of cooling channel (mm) 
Active height of cooling channel (mm) 
Width of cooling channel (mm) 
Height of cooling channel (mm) 
Heat transfer area (mm2

) 

020902-4 I Vol. 5, APRIL 2019 

Value 

Light water 
Forced, upward 
0.2 
2500 
20 
2.70 
60 
620 
120 
634 
74400 

Q(z) = m · Cp · (T( z) - T;n) ( 12) 

The local wall temperature, at a distance z from the inlet of the 
cooling channel, Tw(z), which is the figure of merit considered for 
the design, is related to the heat flux by the HTC 

q"(z) = h(z) · (Tw(z) -T(z)) ( 13) 

The thermal-hydraulic design problem presented in this work is 
solved iteratively. The calculation implies supposing an initial 
value for the power in the channel and solving Eqs. ( IO)- ( 13). 
The HTC is calculated in each node by a suitable correlation, 
which may be the Kreith correlation as implemented by TERMIC 
or the Al-Arabi-Churchill correlation with the correction pro
posed by Jones. If the calculated wall temperature is lower or 
exceeds the design criterion, the initial value supposed for the 
power in the channel is either increased or reduced and the calcu
lation process is repeated . The iteration continues until the design 
limit is achieved. For this specific problem, no significant changes 
in the coolant temperatures are expected, meaning that the viscos
ity correction for temperature difference can be omitted without 
introducing a significant error. 

Conservative Calculation Approach. Standard deviations for 
relevant input parameters are considered as input data. The input 
parameters defined as relevant to perform this study and its devia
tions are given in Table 2 

Widespread methods to combine uncertainties include the 
deterministic and the statistical method . Even though this part of 
the study aims at performing a conservative thermal-hydraulic 
calculation , the deterministic method has become obsolete as it 
supposes that all uncertainties exist simultaneously at their maxi
mum value, an assumption which has been judged to be unneces
sarily conservative. A statistical method with direct error 
propagation is therefore used. In this method, a safety variable, Y, 
is considered to be a function of Xi, x2, . .. , x,,,, x111+ 1, X111+2, .. . , x,, 
input parameters. It is also supposed that the deviations for the 
first m (~x1, fu2, ... , 8xm) input parameters are statistical in nature 
and the n-m (fu,,,+ 1, 8 x,,,+2, •.• , fu,,) remaining parameters are 
systematic. The error in the variable Y, E(Y), is evaluated as 

m II 

E(Y) = L [E(Y ,x;)]2 + L IE(Y,x;)I ( 14) 
l = l m+ I 

Being 

E(Y,x;) = Y(x; + 8x;) - Y(x;) ( 15) 

The calculation approach is conservative as it considers the maxi
mum deviation (uncertainty) in all parameters defined as 
" relevant." The input parameters in Table 2 are statistical in 
nature while the HTC is considered as systematic. 

In this study, and within the conservative calculation approach, 
two design alternatives are used to determine the HTC 

• Alternative A: the use of Kreith correlation with a 20% devi
ation. The 20% deviation corresponds to the maximum 
uncertainty by which the correlation overestimates the exper
imental value, as seen in Fig. I . 

Table 2 Relevant input parameters and deviations 

Input parameter 

Coolant inlet temperature (0 C) 
Power(%) 
Heat transfer area (%) 
Channel gap(%) 
Coolant velocity(%) 

Deviation 

±2 
±5 
±5 

± 10 
± 10 
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• Alternative B: the use of Al-Arabi-Churchill correlation, 
with the correction proposed by Jones. No deviations are 
considered in this case since, as seen in Fig. 2, such correla
tion has proved to be conservative for all Re in the transition 
flow regime. 

Best-Estimate Plus Uncertainty Calculation Approach. The 
BEPU approach consists of a "best estimate" calculation comple
mented by a series of calculations leading to maximum and mini
mum bounds for a thermal-hydraulic relevant figure of merit. In 
the present study, and based on the design criterion, the 
thermal-hydraulic relevant figure of merit is the "maximum wall 
temperature" achieved in the cooling channel. 

The aim of a "best estimate" calculation is to predict the behav
ior of a reactor as accurately as possible and, therefore, the input 
values considered in the analysis are the nominal ones, without 
uncertainties or deviations considered. The same applies for the 
determination of the HTC, in which the value, as estimated by the 
correlation, is adopted. 

A series of calculations are required to complement the "best 
estimate" prediction . These calculations consider values for input 
parameters, which are the result of a random sampling of the val
ues that a parameter may have, when considering the maximum 
and minimum deviation and the uncertainty distribution character
izing such parameter. At the same time, the number of calcula
tions required to complement the "best estimate" calculation 
depends on the confidence and certainty level desired. 

In this work, the "input error propagation" technique is applied 
for the BEPU analysis. This technique consists of the following 
steps: 

• Step I : Determination of all input parameters required in the 
calculation (x1, x2, ... , Xno , x,,o .1 1, ... .x,,) 

• Step 2: Selection of the relevant input parameters (x 1, x2, .. . , 

x,,0) , using engineering judgment. The uncertainty distribu
tion is only considered on these parameters. In the present 
study, the relevant input parameters are those listed in Table 2 
and the HTC as well. 

• Step 3: Determination of the uncertainty distribution charac
terizing each relevant input parameter (PDF(x1) , PDF(x2), ... , 

PDF(x,,0)). For the parameters in Table 2, a normal distribu
tion has been considered. For the HTC, the Kreith 

I Input= /(Xz, X1, .. . , Xn<J, X,.o,zr .. ., Xn} 

S1/cdion of'r,l1vant• input para=trrs: 
X1,· Xi ; ... ; Xa0 l1o < n 

Drlermi,J.c,tion of uncrrtainty distribution for 
,och re~vant input para~t,r. 
PDF(x1 }, PDF(x, J, ... , PDF(x.o/, 

n Gt neration of N inputi: 
~ f (probability; confid• nce level} - Wilks ' 

Input 1 = /(flan, (PDF(x1}, PDF(x,J, ..• PDF(x.,,J}, x,,. ,1, ••. x.J 

Input 2 = /(flan, (PDF(x1}, PDF{x,J, ..• PDF{x.,,}}, " "" ''' ... x,} 

Input•= !(Ran,, (PDF(x, J, PDF(x,J, ... , PDF(x.o}), X.o,1, .. . x,J 

correlation, as implemented by TERMIC, is used in the cal
culations so that the uncertainty distribution illustrated in 
Fig. 3 is adopted. 

• Step 4: Determination of the number of cases (N) to be calcu
lated. In this study, the Wilks ' formula [ 13] is used to make 
such determination. In this study, a total of 59 calculations 
are performed, guaranteeing results with a 95 % probability 
and a 95% confidence level for a one sided statistical toler
ance interval [14,15]. 

• Step 5: For each relevant input parameter (xi, x2 , ... , x,,0) , a 
random sample of N' 2: N values is obtained, using the 
uncertainty distribution determined in step 3 (PDF(x1), 

PDF(x2), ... , PDF(x,,0)) 

• Step 6: N = 59 inputs to the calculation are generated by ran
domly combining the values of the sample obtained in step 
5, for each relevant input parameter. 

• Step 7: Perform the N = 59 calculations. Uncertainties are 
propagated while performing such calculations. 

• Step 8: Analysis of results. A total amount of 59 outputs are 
obtained, with a distribution characterizing each figure of 
merit. Maximum and minimum values for a particular figure 
of merit are guaranteed with a 95 % probability and a 95 % 
confidence level for N = 59. 

The steps described above, using TERMlC as the calculation 
code , are summarized in Fig. 5. 

Results 

For the conservative calculation approach and the alternative 
making use of the Kreith correlation with a 20% uncertainty factor 
(alternative A), a maximum power equal to 3.2 kW can be 
removed from the cooling channeL This maximum power falls to 
2.8 kW when using the Al-Arabi-Churchill correlation with the 
correction proposed by Jones and no uncertainty factor (alterna
tive B) considered in the determination of the HTC. Both results 
guarantee that the maximum wall temperature in the cooling chan
nel does not exceed the 90 °C, established as thermal-hydraulic 
design criterion . 

The results for the BEPU calculation approach, in terms of the 
maximum wall temperature distribution, for a power in the cool
ing channel equal to 3.5 kW , is illustrated in Fig. 6. They show 
that, for such power, 95% of the calculated maximum wall 

TERMJC 

Output, 
Output2 

Output u 

Distribution for •ach figur, of m•rit 

Y1 Y1 Y"' 

Fig. 5 Steps in the BEPU calculation approach 
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Fig. 6 Maximum wall temperature distribution for 3.5 kW in 
cooling channel (BEPU calculation approach) 

temperatures will fall within the minimum (77 °C) and maximum 
(86 °C) bounds observed , and that such results are guaranteed 
with a 95% probability and a 95% confidence level. 

Analysis of Results 

For the conservative calculation approach, the use of a correla
tion such as the Al-Arabi-Churchill correlation with the correc
tion proposed by Jones , which has proved to underestimate the 
experimental HTC by 70%, calculations result in a too conserva
tive design. Indeed, when the conservative calculation approach is 
still used, but the Kreith correlation with a 20% uncertainty factor 
is considered instead, the maximum power in the cooling channel 
increases from 2.8 kW to 3.2 kW, meaning that it increases 
approximately by 15%. The results obtained from the BEPU cal
culation approach imply that the maximum power to be removed 
from the cooling channel could still be increased to 3.5 kW, 
almost by 10% when compared to the less penalizing design alter
native of the conservative calculation approach. The BEPU analy
sis guarantees that , for the 3.5 kW to be removed, maximum wall 
temperatures will not exceed the 86 °C, thus satisfying the 
thermal-hydraulic design criterion with 95% certainty and 95% 
confidence level. 

Conclusion 

Heat removal is one of the safety fundamental functions in 
nuclear reactors and it must be guaranteed to preserve the fuel 
integrity. The thermal-hydraulic design of nuclear research reac
tors , most of the times, follows a conservative design approach, in 
which maximum deviations in relevant input parameters are 
adopted and combined so as to obtain the worst scenario in terms 
of nuclear safety. The thermal-hydraulic design usually involves 
solving the mass, energy, and momentum equations and using 
empirical correlations to determine friction factors and HTC,. thus 
closing the problem. Difficulties arise when facing 
thermal-hydraulic designs for reactors operating in the transition 
laminar-to-turbulent flow regime, i.e., 2100 < Re < 10,000. The 
presence of instabilities, the relevance of entrance effects, which 
may not always be ignored, in particular at Re < 3500, and the 
influence of the channel's geometry are factors that contribute to 
the difficulty in accurately predicting the HTC in the transition 
flow regime and in particular for rectangular cooling channels 
such as the ones in MTR. While most thermal-hydraulic analysts 
try to avoid rector designs working under such cooling regimes, 
this may not always be possible. 

Experimental values for the HTC in rectangular channels 
equally heated from both sides and being cooled in the transition 
flow regime are compared, in terms of Nu, in this and other stud
ies with correlations usually used in the thermal-hydraulic design 
of nuclear reactors . The comparison was made at low heat fluxes 
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so that the changes in temperatures are not significant. The 
Gnielinski correlation has proved to accurately predict the HTC 
for Re > 5000, while the Kreith correlation estimates the HTC for 
rectangular channels with a - 20% to + 50% deviation for 
2100 < Re< 5000. In particular, both the Kreith and the Gnielin
ski correlations overestimate the HTC in the zone in which 
entrance effects are not to be ignored, thus not being able to guar
antee a conservative calculation at 2100 < Re< 5000. The 
Al-Arabi-Churchill correlation with the correction for rectangular 
channels proposed by Jones has been analyzed as an alternative in 
this study for the prediction of the HTC. The calculated values 
underestimate the experimental results with a - 70% to - 20% 
deviation, thus guaranteeing a conservative prediction. The pub
lished experimental values have also been used in this work to 
determine the uncertainty distribution in the HTC when using 
both , the Kreith and the Al-Arabi-Churchill correlations. No cor
rection factors for changes in viscosity have been considered as 
the heat fluxes are low and no significant variations in the coolant 
temperatures are expected. 

In this work, a specific themrnl-hydraulic design issue for a 
MTR operating in the transition flow regime (Re =2500) is pre
sented and solved using different design approaches. The design 
alternatives considered in this study deal with uncertainties in the 
HTC and in other input parameters in different ways and they are 
both analyzed with the aim of determining the way in which 
uncertainty treatment in the different design approaches can affect 
the thermal-hydraulic design. The objective of the 
thermal-hydraulic problem being analyzed is to determine the 
maximum power to be generated in the core while being cooled in 
the transition flow regime. Although no safety relevant, the design 
criterion considered is that of a maximum wall temperature not 
exceeding 90 °C, thus avoiding degassing and bubble formation . 
Two design approaches are considered to solve such problem: the 
classic conservative approach and the BEPU approach . Within the 
conservative calculation, maximum deviations in relevant input 
parameters are statistically combined and two alternatives have 
been analyzed for the estimation of the HTC: the use of the Kreith 
correlation with a 20% uncertainty factor, and the use of the 
Al-Arabi-Churchill correlation with the correction for rectangular 
channels proposed by Jones, with no uncertainty factor included. 
For the conservative design approach, results show that the first 
alternative (i .e.,: the use of the Kreith correlation with a 20% 
uncertainty deviation in the HTC) leads to a less penalizing 
design. Results in this case guarantee that the design criterion of 
"maximum wall temperature" is satisfied. In the BEPU calculation 
approach, a normal distribution in relevant input data and the 
uncertainty distribution for the Kreith correlation determirn::d in 
this study were used to generate a random sample of 59 inputs to 
perform 59 calculations and obtain 59 outputs with maximum and 
minimum values for the different thermal-hydraulic figures of 
merit. When the BEPU calculation approach is used as the alterna
tive for the thermal-hydraulic design, the maximum power to be 
generated can be increased by 10% when compared to the less 
penalizing alternative in the conservative design approach . How
ever, results in this case are given in terms of upper and lower 
bounds for the wall temperatures in the cooling channel and, with 
59 calculations being performed, it can be said that the design cri
terion of "maximum wall temperature" can be satisfied with 95% 
probability and 95% confidence level for a one-sided statistical 
tolerance interval according to Wilks ' formula. 

The analysis performed is the same if applied to an "average" or 
to a "hot" channel. The difference is given by a factor, which con
siders the nonhomogeneous power distribution in the reactor core. 

It is important to point out that, even though a reactor design 
may be penalized if using the conservative calculation approach , 
such approach guarantees that thermal-hydraulic design criteria 
are satisfied. While the BEPU calculation technique may lead to 
more economic, less penalizing designs, results are given in terms 
of probabilities and levels of confidence. Indeed, the number of 
calculations to be performed needs to be increased if the 
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probability and level of confidence to guarantee a specific result is 
to be improved. Such is the case of reactors relying on passive 
safety systems. It is clear that, in the end, the thermal-hydraulic 
design alternative to be chosen depends on the designer and on 
regulators acceptance. 

Discussion 

The importance of having reliable experimental data on the 
HTC for the transition flow regime, under specific working condi
tions and for a specific geometry, has been seen throughout the 
ai:ialysis performed in this study. Indeed, experimental data are 
particularly important for the determination of deviations and 
uncertainty distributions when estimating its value while using 
different experimental correlations. The knowledge of the errors 
committed in calculations is relevant at the time of performing the 
thermal-hydraulic design, in particular, if a conservative analysis 
is required. This is because most correlations overestimate the 
HTC in the zone of the channel in which entrance effects are sig
nificant and they fail to predict the point of laminar breakdown. 

The Al-Arabi correlation offers a correction to the existent 
Churchill correlation, valid for 2100 < Re < 106. While the 
Churchill correlation predicts a fully developed flow, the 
Al-Arabi correction allows entrance effects to be considered. This 
new correlation with the correction for rectangular channel pro
posed by Jones has proved to be too conservative when compared 
to the experimental data. 

The analysis performed in this work may be seen as a starting 
point to discover different ways of calculating the HTC in a rec
tangular channel equally heated from both sides and being cooled 
in the transition flow regime. The alternatives to be explored will 
aim at reducing the deviation between the calculated and the 
experimental HTC. Examples include : (a) the possibility to pro
pose correction factors to the existent correlations or (b) the appli
cation of the AI-Arabi correction factor for entrance effects to the 
Gnielinski correlation or (c) considering the correlation for the 
friction factor established in Eq . (8) , valid for 2100 < Re< 4000 
to the Gnielinski correlation instead of using the Techo correlation 
valid for Re > 5000. An alternative, which has not been evaluated 
in this study, is to make a distinction in the uncertainty factors 
used in the determination of the HTC while working at different 
Re in the transition flow regime. As it has been seen, for each 
experimental correlation, the errors committed at low Re ( ;:::2100) 
may be different from those observed at higher Re (;:::5000). If, 
during the thermal-hydraulic design, the range of Re is well 
known, the deviations may be limited to a narrower range , thus 
resulting in less penalizing designs. 

It should be taken into account that, in the present study, the 
"relevant" input parameters on which uncertainty values are con
sidered were defined by using engineering judgment. A sensitivity 
analysis should be performed to determine the influence of uncer
tainties in both, input parameters and HTC estimations, on the 
uncertainties in the results . Such analysis may allow the 
thermal-hydraulic analyst to better determine the "relevant" input 
parameters over which uncertainties are to be considered. 

An interesting alternative, which may develop in the future as 
calculation capabilities are improved, is to study the heat transfer 
in the transition flow regime by making numerical experiments 
using direct numerical simulation. Direct numerical simulation is 
a calculation technique used in computational fluid dynamics in 
which the Navier-Stokes equations are numerically solved with
out using any turbulence model. Therefore, the whole range of 
temporal and spatial scales of the turbulence, from the smallest 
dissipative scales to the integral scales associated with the 
motions containing most of the kinetic energy, must be solved. 
Some studies have been presented already to determine the HTC 
in the transition flow regime in a narrow rectangular channel for a 
uniform temperature boundary condition [ 16]. The transition from 
the laminar to turbulent flow regime and the point of laminar 
breakdown has been efficiently predicted. However, the results 
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depend on the number of elements in which the calculation 
domain is divided and a fine mesh with an increasing number of 
elements may be required so as to obtain results independent from 
the discretization adopted . This results in an increasing memory 
storage capacity. In addition, an explicit calculation method with 
a small time-step must be used to solve the temporal part of the 
problem. The time taken to achieve a solution increases exponen
tially. While both, memory storage capacity and calculation times, 
may be a setback when considering this alternative for the deter
mination of the HTC in the transition flow regime, these are 
obstacles to be overcome with improving technology. 

Nomenclature 

2a = width of cooling channel, m 
2b = gap of cooling channel , m 
Cp = specific heat at constant pressure, J/kg·°C 
D1, = hydraulic diameter, m; (4 ·a· b/a + b) 
D1 = laminar equivalent diameter, m 

E(Y) = error in variable Y 
E(Y, xi) = error in variable Y due to parameter xi 

f = friction factor 
h = heat transfer coefficient, W/m2 ,°C 
k = thermal conductivity, W/m·°C 

m = coolant mass flowrate, kg/s 
PDF(x) = distribution for an input parameter x 

Q = power transferred to the coolant, W 
q'' = heat flux , W/m2 

T = bulk coolant temperature, °C 
v = coolant velocity , m/s 
x = parameter 
z = distance from inlet to the cooling channel , m; 

Greek Symbols 

ct= aspect ratio of cooling channel (2b/2a) 
~ = uncertainty 
b = coolant density , kg/m3 

µ = dynamic viscosity , Pa·s 
oo = fully developed 

Nondimensional Numbers 

Nu= Nusselt number; (h · D1,/ k) 
Pr= Prandtl number; (µ· Cp/k) 
Re= Reynolds number; (b · v · D1,/µ) 

Subscripts or Superscripts 

ave = average 
calc = calculated 
exp = experimental 

in= inlet 
n = total number of input parameters 

110 = number of input parameters whose uncertainty 
distribution is considered relevant 

N = number of calculations performed 
tot= total 
w= wall 

Acronyms and Abbreviations Widely Used in Text and List of 
References 

BEPU = best estimate plus uncertainty 
HT A = heat transfer area 
HTC = heat transfer coefficient 

INV AP S.E . = Investigaciones Aplicadas Sociedad de! Estado 
MTR = material testing reactor 

RELAP = thermal-hydraulic system code; from "reactor 
excursion and leak analysis program" 

TERMIC = thermal-hydraulic system code developed at 
INVAPS.E. 
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DIONISIO is a computer code designed to simulate the behavior of one nuclear fuel rod 
during its permanence within the reactor. Starting from the power history and the exter
nal conditions to which the rod is subjected, the code predicts all the meaningful varia
bles of the system. Its application range has been recently extended to include accidental 
conditions, in particular the so-called loss of coolant accidents (LOCA). In order to make 
realistic predictions, the conditions in the rod environment have been taken into account 
since they represent the boundary conditions with which the differential equations 
describing the fuel phenomena are solved. Without going into the details of the thermal
hydraulic modeling, which is the task of the specific codes, a simplified description of the 
conditions in the cooling channel during a LOCA event has been developed and incorpo
rated as a subroutine of DIONISIO. This has led to an improvement of the fuel behavior 
simulation, which is evidenced by the considerable number of comparisons with experi
ments carried out, many of them reported in this paper. Moreover, this work describes a 
model of high temperature capture and release of hydrogen in the nuclear fuel cladding, 
in scenarios typical of WCA events. The corresponding computational model is being 
separately tested and will be next included in the DIONISIO thermal-hydraulic module. 
[DOI: IOJ 115/1.4042705] 

1 Introduction 

The DIONISIO code is aimed at describing the phenomena 
occurring in a typical nuclear power reactor (pressurized power 
reactor (PWR) or pressurized heavy water reactor) fuel rod 
throughout its life. It is two-dimensional and assumes cylindrical 
symmetry in the rod. Taking the power history and environmental 
temperature as input data, the code predicts the temperature distri
bution in the rod, the elastic and plastic stress and strain fields , 
creep, swelling and densification, release of fission gases, cesium 
and iodine to the internal free volume of the rod, gas mixing, pres
sure increase, irradiation growth of the cladding (particularly 
made of the zirconium base alloy Zircaloy-4, Zry-4), development 
of an oxide layer on its surface and hydrogen uptake, restructur
ing, and grain growth in the pellet. The effects of an internal or 
external corrosive atmosphere as well as the possibility of pellet
cladding mechanical interaction are also considered. 

The finiie element method is used to solve the differential equa
tions, Due to the wide temperature range displayed in the fuel rod, 
most of the models employed to describe the diverse phenomena 
are highly nonlinear. The subroutines dedicated to each model are 
interconnected and mutually dependent. 

During the recent years, the DIONISIO code has undergone 
several improvements aimed at predicting the main fuel material 
characteristics in the high bumup range: radial distribution of 
power density, burnup, and concentration of U and Pu nuclides 
within the pellet were incorporated [1-4). 

In its latest version, the code is able to simulate a fuel rod in its 
whole length. To do this, the bar is axially divided into a user 
defined number of sectors (Fig. 1). In each one, the linear power 
and external temperature are assumed uniform. They represent the 
local inputs with which the code solves in each sector the com
plete problem in the system formed by one pellet and the corre
sponding segments of cladding and gap. In this way, the code 
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provides as outputs, at every time-step; the local values of temper
ature, stress, strain, and every other significant parameters. 

In a water-cooled reactor under normal operation conditions an 
c;levated coolant flow is required to remove the heat produced at 
high rates in the fuel rods. A considerable pressure, normally 

. about 10 7 
- 1.5 x 107 Pa, is necessary to maintain the coolant in 

the liquid phase with its temperature in the range 250-350 °C. In 
these conditions, modeling of the thermomechanical and thermal
hydraulic phenomena that take place within the fuel rod and in its 
environment are adequately accomplished by means of stationary 
equations that assume slow variations of the irradiation condi
tions. These simplifying assumptions no longer hold when acci
dental conditions are intended to be modeled. 

Among the different types of accidents that can occur within 
the core of a nuclear reactor, one of considerable seriousness is 
that described as loss of coolant accident (LOCA). These events 
can be due to a failure in the piping system and are characterized 
by a strong pressure drop and/or a marked decrease in the coolant 
flow. Although the safety systems normally act with short delay 
interrupting the nuclear reaction, the large amount of heat accu
mulated in the fuel rods and that still produced by radioactive 
decay have to be removed in possibly defective c.onditions. As the 
fuel temperature increases, that of the coolant also increases and 
different conditions can appear in it: single-phase turbulent flow 
of liquid water, nucleation of water vapor bubbles on the wall, 
rupture of the boundary layer and several more in single phase, 
either liquid or vapor, or two phase flow. After a few seconds, 
supplementary water is discharged from specially designed tanks 
until the equilibrium is restored. This transient can last between 
10 and 300 s depending on the reactor type and the physical condi
tions of the coolant. During this type of excursion, the rod temper
ature can reach high values, and as a consequence a fast cladding 
oxidation can occur. This reaction, which is due to dissociation of 
the coolant water molecule, is accompanied by the release of a 
considerable hydrogen volume. Some of it dissolves in the cooling 
channel and finally accumulates in the free volume of the reactor 
building and the rest dissolves in the cladding metal, usually of 
Zry. Both situations imply a severe risk, the former in connection 
with the possibility of hydrogen reaction with the atmospheric 
oxygen, which can provoke an explosion (as happened in Three 
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Mile Island, 1979). The second situation can lead to cladding 
material embrittlement during cooling with the consequent risk of 
direct contact between the irradiated fuel pellets and the coolant. 
Fortunately, in a LOCA type event, the reactor safety systems nor
mally act as to prevent catastrophic consequences. Nevertheless, 
the rod and structural materials can suffer some kind of irreversi
ble damage. The seriousness of these scenarios clearly indicates 
that predictions in this respect are of great importance. The future 
inclusion in DIONISIO of a module dedicated to this problem will 
undoubtedly contribute to its completeness. 

Thermal-hydraulic codes are the specific computation tools 
designed to simulate the conditions in the cooling channel. They 
supply a great deal of information about the different physical 
conditions that the coolant can exhibit during an accidental event. 
A possible strategy to simulate the fuel rod evolution in this type 
of scenarios is to employ a thermal-hydraulic code to provide the 
boundary conditions which serve as inputs for the fuel codes. 
Nevertheless, a different criterion was chosen in this work: in 
order to avoid the use of another code, a subroutine has been 
developed and recently incorporated to DIONISIO to give account 
of the conditions in the cooling channel. 

A vertical channel containing one fuel rod is modeled. Scenar
ios like forced single-phase (water or vapor) convection or 
double-phase flow, including departure from nucleate boiling are 
taken into consideration. 

The adopted model analyzes and quantifies the co_olant behavior 
in terms of the system pressure and coolant velocity. As a first 
step, the thermal-hydraulic module was subjected to a separate 
testing plan that consisted in comparing its predictions with spe
cific codes, like RELAP1 and ATHLET,2 in different flow 
regimes. Then, it was included as a subroutine of the DIONISIO 
code, and its results were compared with experimental data. 

Although a drastic simplification of the thermal-hydraulic 
description was necessary in order that it could be included in the 
fuel code as a subroutine, the results of t!Je tests carried out with it, 
have proved to be quite accurate, as will be seen below. A scheme 
of the accident module structure including the cladding oxidation, 
ballooning, and burst steps is shown in Fig. 2. The scheme also 
describes the cladding hydriding module, which is presently under 
separate testing and will be next incorporated to DIONISIO. 

2 Models and Parameters Involved 

2.1 Mechanical Aspects. In off-normal operation conditions 
like those that can be encountered in a LOCA, the combined 
effect of increased internal rod pressure and depressurization of 
the primary circuit can provoke a· considerable strain of the fuel 
clad which can locally adopt a balloon shape. The ballooning phe
nomenon can eventually lead to catastrophic clad rupture, usually 
designated as burst. Specific models to describe clad ballooning 
and burst have been recently included in the code. The corre
sponding subroutines evaluate cladding creep and the threshold 
stress leading to burst and predict the occurrence and localization 
of the failure. These subroutines are turned on if accidental condi
tions are met 

The correlation [5] 

de ( C4) - = C3 exp - - exp(-Csw10 )a"VM 
dt T 

(1) 

was adopted to evaluate the effective cladding creep rate, where T 
is the absolute temperature, w.ro is t!Je excess oxygen weight frac
tion in the cladding metal layer, and DVM is the von Mises stress. 
In the Nomenclature section, the values adopted by the constants 

1RELAP (reactor excursion and leak analysis program) is a computer code 
developed at Idaho National Laboratory (!NL) for modeling nuclear power plants. 

2ATHLET (analysis of thermal-hydraulics of leaks and transients) is a thermal
hydraulic system code for the analysis of the whole spectrum of leaks and transients 
in pressurized and boiling water reactors (PWRs and B WRs ). 
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C3, C4 , C5 and n are listed. They correspond to the Zry cladding 
material in the single-phase domains (o: or P). For the two-phase 
(o: + P) region, the creep rate is calculated as a weighted average 
of both single0phase rates according to the volume fractions of 
both phases. 

The catastrophic cladding rupture is assumed to occur when the 
hoop stress exceeds a limit value known as burst level, <l!J, for 
which the empirical correlation [5,6] 

(2) 

was adopted where C0 , C1 , and C2 are constants whose values for 
Zry in the single-phase domains o: and p are also listed in the 
Nomenclature section. 

2.2 Calculation of the Temperature Distribution in the 
Fuel Rod. The heat equation in cylindrical symmetry, whose gen
eral expression is 

(3) 

provides the temperature distribution in t!Je fuel and the cladding, 
where Id (W/(m K)) is the thermal conductivity of component j, 
with j = pellet, gap or cladding; the subscripts r and z indicate the 
possibility of no~isotropic conductivity; c/ (J/(kg K)) is the spe
cific heat, and p ' (kg/m3

) is the density of component j; the heat 
sources considered in the independent term pi (W/m3

) are 

. { fisssions and radioactive decay forj = pellet 
P'= 0 forj=gap 

oxidation forj = cladding 
(4) 

The thermal power density axial profile in the pellet is described 
by different laws before and after shutdown 

ppellet(z, t) 

{ 

PM(t)cos ~Z for t ~ to 

= 6.48 X I0:3ppellet(z,to)[(t-to)-0.2 _ ,-0.2] fort> to 

(5) 

where to is the instant when shutdown takes place, le is the extrap
olated rod length, Z is the axial coordinate in t!Je rod with Z = 0 at 
the rod midlength, PM(t) is the maximum power density, whose 
value is determined by the reactor power history. The first row of 
Eq. (5) represents the power density generated by the fission reac
tions, and the second one is the contribution of the p and y radio
active decay processes, the only heat sources after reactor 
shutdown [7]. 

Heat removal is assumed to occur only in the radial direction. It 
depends on the thermal-hydraulic conditions of the coolant on the 
cladding wall and satisfies the expression 

(6) 

where <I' (W /m2
) 'indicates the heat flux through the cladding sur

face, rec (m) is the external cladding radius below t!Je oxide layer, 
L (m) is the rod length, and Tcoot (K) is the coolant bulk tempera
ture. H (W) is the thermal power generated in the rod which has 
two sources: H =H1 + H2• The first one is that produced in the 
pellet (eit!Jer by fissions or by radioactive decay); the second one, 
H2, is that produced by cladding oxidation. H and Tcool are 
assumed constant in each axial segment into which t!Je rod is 
divided. From Eq. (3) T(rec) (K) is found. 

The convective heat transfer coefficient between t!Je metallic 
cladding surface and the coolant is expressed in t!Jis model by 
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means of a coefficient heff (W/(m2 K)) that deserves special atten
tion. It is due to two thermal resistances acting in series: 

• Contribution of the created oxide layer: Despite of its small 
thickness, the oxide layer represents a thermal barrier that 

(a) (b) 

0 }n 

0 
o· 
0}3 

0 }2 

0 }1 

z 

cannot be neglected. But it is precisely due to its thickness 
,'joxide (which is initially zero) that this layer cannot be given 
the same numerical treatment as the more bulky phases, 
since convergence problems would arise in the finite 

(c) 

(d) 

! r_: L'- J 
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Fig. 1 (a) A standard PWR fuel element and one rod, (b) fuel rod divided into a number. of 
axial sectors, (c) system pellet-gap-cladding where the complete problem is solved, and (cl) 
finite elements system nodalization where axial symmetry is assumed 
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Fig. 2 . Scheme of the accident module incorporated to DIONISIO. The relocation simulations 
will be incorporated in the near future. 

Journal of Nuclear Engineering and Radiation Science APRIL2019, Vol. 5 / 020903-3 

Downloaded From: https://nuclearengineering.asmedigitalcollection.asme.org on 05/20/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use 



elements calculation. For this reason, it is preferred in this 
work to represent the thermal effect of this layer by means of 
its conductance: h0 x = Koxide/<Joxide. 

• Contribution of the coolant: The parameter h"ff is crucial 
since it represents the different heat removal regimes that 
can be encountered, either in normal operation or in accident 
conditions. It is precisely the analysis of this parameter, par
ticularly in the latter type of situations, the reason of the 
development of the present work. 

The boundary conditions of the problem together with the con
tinuous matching of the solutions of Eq. (1) corresponding to the 
component phases, yield the temperature profile in the domain. To 
obtain these solutions, the thermal parameters of each phase need 
to be known. 

For the pellet and cladding conductivity, empirical expressions 
are used [8,9). 

2.3 Thermal-Hydraulic Conditions. Heat transfer between a 
fuel rod and the coolant is determined by several physical parame
ters like system geometry, coolant flow rate, heat flux rate, and 
distribution. Different possible heat transfer modes and coolant 
flow patterns can be axially encountered in a vertical channel with 
water flowing upwards, as in typical of PWR fuels [10- 13). 

In steady-state conditions and also in the first phase of a LOCA, 
heat removal from the fuel rod is executed by farced convection 
of a single-phase turbulent flow of liquid water in the subcooled 
state, i.e., at a temperature below that of saturation. At a certain 
rod height, the thermal regime can lead to the nucleation to bub
bles next to the cladding wall where the fluid is superheated, while 
the liquid in the bulk can still be subcooled. This condition is 
referred to as subcooled nucleate boiling. The turbulence caused 
by bubbles formation enhances heat removal and the wall temper
ature tends to stabilize. Going upper in the rod or as the conditions 
depart more from normality, the temperature in the bulk liquid 
continue increasing until when the saturation temperature is 
reached in the whole channel. The effect is the appearance of 
numerous bubbles that detach from the wall and agglomerate into 
large bubbles. The heat removal regime is described as saturated 
nucleate boiling, and the flow pattern is called slug flow. Heat 
transfer in this region is still quite efficient [5). As boiling pro
gresses, bubbles merging can give place to a vapor core in the 
channel with liquid droplets in it while a liquid film is formed on 
the wall through which heat transfer is executed by a convection 
mechanism. The film becomes progressively thinner due to evapo
ration at the liquid-vapor interface and at some point the wall 
becomes depleted of liquid reaching a condition known as dryout. 
Beyond this point the fluid is mostly vapor with some dispersed 
liquid droplets. As the vapor transfers heat less efficiently than the 
liquid, the wall temperature rises abruptly. Thus, through dryout 
the critical heat flux occurs. It represents the maximum heat flux 
that can be removed [13,14). For heat flux values higher than the 
critical heat flux, a steam-droplets (mist) flow is established. In an 
even higher heat flux range, the droplets are finally evaporated in 
the channel center. 

The rate of energy exchange between the solid surface and the 
fluid is generally evaluated by means of the heat transfer coeffi
cient. The specific thermal-hydraulic codes describe a variety of 
flow regimes that can be encountered along the fuel rod. Never
theless, since the objective of DIONISIO is focused on the simula
tion of the fuel behavior, the thermal-hydraulic analysis included 
in it is restricted to those modes considered as the more represen
tative. The present simplified description takes into account the 
five modes listed below: 

• forced single-phase convection to subcooled liquid; 
• saturated nucleate boiling; 
• postcritical transition boiling; 
• postcritical film boiling; 
• forced single-phase convection to superheated vapor. 
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Empirical correlations obtained from the open literature are 
used to calculate the respective coefficients. The correlation pro
posed by Thom [15) is employed to express the heat flux in the 
nucleate boiling regime. It is calculated as the sum of the contri
butions of saturate boiling and single phase convection. In the 
postcritical zone, the correlation proposed by Miropolskij [10,16) 
is used. It assumes that heat is transferred through the film formed 
between the cladding and the coolant. To evaluate the transition 
between nucleate boiling and film boiling, the criterion stated by 
Ramu and Weisman [17) is used in this work. The curve to fit the 
transition was already obtained in Ref. [1 8) and consists in 
expressing the heat transfer coefficient as an average between the 
nucleate and film boiling coefficients. In the single-phase vapor 
regime, the fluid temperature is assumed to be higher than that of 
saturation. The Dittus-Boelter correlation [15) is used. 

Figure 3 shows the heat transfer coefficients corresponding to 
the five modes considered in the present analysis; the superim
posed bold line indicates, in a particular example, how the code 
selects which is the mode operating in each axial segment. In the 
present case, heat removal is accomplished by liquid water in the 
six lower segments and by vapor in the upper ones. 

2.4 High Temperature Oxide Growth. In normal operation 
conditions, with the coolant temperature in the range 25D-400 °C, 
the Zircaloy cladding material develops an oxide (Zr02) layer on 
the external surface and the underlying metal exists in hexagonal 
close-packed structure that contains interstitial oxygen and is usu
ally indicated as IX-Zr(O). According to the model developed in 
Ref. [19), the oxide growth obeys different rate laws depending 
on the layer thickness. In fact, as the oxide layer thickens, a mor
phological change takes place which is responsible for the modifi
cation of the rate growth rule. Within that model, thin layers obey 
a cubic rate Jaw which changes to linear after transition. More
over, it states that the transition thickness is given by a tempera
ture dependent, Arrhenius-type expression. 

In the high temperature range, typical of accidental conditions, 
the oxide grows according to a parabolic law for which the 
Cathcart-Pawel [20) model is adopted. 

2.5 High Temperature Hydrogen Uptake. In accident con
ditions, the cladding temperature reaches high values and fast oxi
dation takes place. The associated dissociation of water molecules 
gives place to a considerable increase of the amount of hydrogen 
dissolved in the coolant and in the cladding material. A part of it 
precipitates forming hydrides that can be the cause of severe 
material damage during a sudden rod cooling. 

The model considered in this work assumes two different mech
anisms of hydrogen capture. One of them is the chemical reaction 
with H2 present in the coolant; the other one assumes fast 
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Fig. 3 Heat transfer coefficients corresponding to the five 
modes considered in the present analysis, according to the 
physical conditions operating in the ten axial rod sections 
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diffusion ofH+ through the oxide layer and consequent discharge 
at ihe oxide-metal interface by capture of one e- proceeding from 
the oxidation reaction [5,21- 25]. 

To carry out the simulation of these problems, the strategy 
usual in DIONISIO is employed: the fuel rod is divided into a 
number of axial segments. Then, in each one, the balance of the 
hydrogen content in the liquid and vapor phases of the coolant 
and also in the solid phases present in the outer cladding surface 
in contact with the coolant is performed. 

Due to the intensive oxidation that takes place in the high tem
perature range typical of accident conditions, the coolant upstream 
in a PWR enters the channel as pure steam and becomes enriched 
in hydrogen as it rises. The balance in the rod segment i is given 
by [26] 

(7) 

where Vg is the volume of water vapor in the axial rod segment i, 
Q (mol/s) is the total molar coolant flux rate, Ac (m2

) is the lateral 
claddinf area of segment i exposed to the vapor, Cg = p 101 /RT 
(mol/m ) is the vapor concentration in segment i, and Ptot (Pa) is 
the total pressure in the system, R is the gas constant, T (K) is the 
vapor temperature, Yi-I and Yi are the fractions of steam in the 
bulk at the entrance and exit of segment i, respectively, and w is 
the oxygen absorption rate per unit area through the oxide layer. 

For similar reasons, the vapor concentration next to the clad
ding wall is lower than that in the bulk, and hence, the oxide layer 
growth rate is limited by the flux of H20 arriving from the bulk. 
We have 

(8) 

where Ys is the fraction of steam next to the surface, kg (m/s) is the 
mass transfer coefficient of H20, and C, is the 0/Zr fraction on 
the cladding surface. Its value is determined, at a given tempera
ture, by the vapor composition. In a vapor saturated atmosphere, 
we have C, = 2.00, but in steam-starved conditions Ys can be 
quite low and then C, < 2. When C, reaches the lower concentra
tion limit in Zirconia, Ca = 1.985, the oxide dissolves and the 
cladding metal becomes exposed to the environment. 

If an oxide layer is present, the oxygen diffusion rate through it 
is governed by 

w = PoxD~x>(c, - Ca)/b (9) 

where D~x) = 33.3 x 10-4exp(-42, 418/RT) (m2/s) is the diffu
sion coefficient of oxygen in the oxide [21 ], Pox = 4.7 X 104 

(mol/m3
) is the molar density of Zr in Zr02, and 8 is the oxide 

layer thickness [1 8]. The conditions on the cladding surface are 
given by Eqs. (8) and (9). The oxygen concentration on the oxide 
surface can be reasonably estimated by the stoichiometric relation, 
C, ,::;l 2, even with a small vapor fraction in the coolant. Then. 
from Eqs. (8) and (9) Ys can be calculated as 

Ys = y; - D~x> Pox(2 - Ca)/kgCg8 (10) 

The oxygen absorption is controlled by diffusion in the solid 
phase as long as Eq. (10) predicts a positive value for Ys· In that 
case, the flux will be given by Eq. (9) with Cs = 2. But if a nega
tive value of y, is predicted by Eq. (10), then the value Ys = 0 is 
imposed in Eq. (8) which then gives the flux representing the rate 
controlling step for hydrogen uptake. In this case, the surface con
centration is given by 

C = C + k8C8yi[J 
s a (ox) 

Do Pox 

(11) 

Starting from Ys and C,, the partial pressures PH,o(s), PH, (s), 
Po,(s) of the gaseous components on the cladding surface are 
obtained [ 18]. 
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Equilibrium conditions are assumed for the chemical reactions 
of oxygen and hydrogen on the oxide/gas interface: dissolution of 
0, dissolution ofH as neutral atoms or as protons, and dissociation 
of the H20, H2 , and 0 2 molecules. The following rate constants 
are taken: for water dissociation, k = exp(-6.61 + 29, 600/T) 

[26]; for oxygen dissolution, /3 = J"2exp(2 - 68, 000/T) [27]; for 
the Sievert's coefficient K~X, that given by Moalem and Olander 
[28] and for the protons dissolution coefficient the expression 

y = J 1/(J.6865 x 108 
- 2.27005 x 107 · log(T)). 

The equilibrium equations and the chemical reactions just men
tioned above lead to the concentration of protons on the oxide sur
face [23] 

( 2kp112ci+/yPH,o(S)) + C~+ - y1i2P:/,2(s) = 0 (12) 

To calculate the transport of hydrogen through the oxide layer, its 
thickness is assumed much smaller than that of the cladding. 
Hence, the diffusion problem is simplified since only the radial 
dimension is representative. Then, hydrogen flux through the 
oxide is given by 

D(ox) ac dox) tic dox) AC 
iox) _ H H ,::;l H+ H+ + H 1.1 H 

H - or J(t) J(t) 
(13) 

where Dt;> and Dtx) represent, respectively, the diffusion coeffi
cients of protons and neutral hydrogen in the oxide, !!Cw = 
Cw(s) - CH+(i) and !!CH= CH(s) - CH(i) are, respectively, the 
concentration variation of protons and neutral H atoms between 
the oxide surface (s) and the oxide/metal interface (i) and 8(t) is 
the oxide thickness. 

The diffusion coefficient of protons in the high temperature 
range was fitted to experimental measurements carried out by 
Grosse et al. [29] 

D~;> = 4 x 10-8 exp (-7.2496 x 103 /T) (m2 /s) (14) 

The assumption of thermodynamic equilibrium at the oxide/metal 
interface leads to the following relation between the concentra
tions of protons at the interface, Cw (f), electrons in the oxide, 
C,(j), and hydrogen in the c,; - Zr metal phase, CH(m) 

(15) 

where k: is the Sievert's coefficient inc,; - Zr [30]. The condition 
of neutrality at the oxide-metal interface is expressed by 

C,(f) = 2Cvlf) · 
Cv(i) + Cw(f) = CH+ (f) + 2XbPox 

(16) 

where Xb = 0.015 is an empirical parameter valid in the high tem
perature range [26]. Starting from Eq. (15) the concentration of 
protons in the oxide next to the oxide/metal interface is obtained 

The H concentration at the interface and the underlying metal are 
related by 

(18) 

where l. = K':X/k: [23]. Equations (17) and (18) give the bound
ary condition of the one-dimensional hydrogen diffusion problem 
in c,; - Zr. The cladding oxidation on its external surface is taken 
into account by means of the balance equation 

d(/mCH(m)) = ](ox) _ d(8(t) [CH+ (s) - Cw (f)] 
dt H - ----'--'------,'2'--'d-t - -~ (19) 
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where Im indicates the cladding wall thickness. 
The model proposed by Park and Olander [31] assumes that the 

oxide layer, that acts as a barrier for the diffusion of neutral 
hydrogen, reaches a limiting thickness, which is assumed of about 
1-2 µm [23 ,32]. Diffusion of neutral hydrogen is neglected in 
comparison with that of protons diffusion for oxide layers thicker 
than this value. 

The model also assumes that the total hydrogen produced by 
vapor dissociation, H101, is related to the oxygen cladding uptake, 
Ov, given by the oxide growth model at high temperature [3,1 8] 

Htot = (1 / 8)0v (20) 

The upper limit of the amount of H captured by the cladding is 
calculated with [21 ] 

with 

<J> = 1.86- 3.18(T/1000) + l.38C~or (22) 

e = 6.56 - 10.97(T/ I000) + 4.63(
1
~

0
) 

2 

(23) 

and K2 = 75 cm/s. 
Then, the amount of hydrogen released, Hi, is obtained as the 

difference between those prnduced (20) and captured (21). 

3 Results 

3.1 Results of the Hydrogen Uptake and Release Model. In 
this section, several experiments performed with Zr alloys tubes at 
high temperatures in a vapor atmosphere are presented along with 
the simulations carried out with the model described above and 
compared with those obtained with other models. 

The capture and release of hydrogen during steam oxidation of 
the fuel rod cladding were measured in experiments like those 
reported in Refs. [29] and [30] involving samples of Zry-4 and 
Zr-1%Nb. 

The tests reported by Grosse et al. [29] were aimed at reproduc
ing the environment of the fuel cladding during LOCA type 
events, with high temperatures and a strongly oxidizing atmos
phere. Zry-4 cladding segments 20 mm long, with internal and 
external diameters of 9.25 and 10.75 mm, respectively, were 
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Fig. 4 Comparison between measurements presented In Ref. 
[29] of hydrogen content In Zry-4 samples at different tempera
tures, simulations reported in Ref. [23] and predictions of the 
present hydrogen uptake model 
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exposed at a constant vapor ·flow of 50 g/h at constant tempera
tures of 1373, 1473 y 1573 K. The experimental results for the 
atomic percent of hydrogen in zirconium metal are showi:i in 
Fig. 4 along with the results of the simulations reported in Ref. 
[23] and those carried out in this work with the model described 
in Sec. 2.5 . The agreement is fairly, good in most of the cases 
although a certain discrepancy is observed in one of the points at 
1573 K. According to the analysis of the experimental data carried 
out by Grosse et al. [29] crack formation and spalling of the oxide 
layer was observed. This process, that eliminates the previously 
existing protective oxide layer, leaves a fresh metal surface 
exposed to the oxidizing atmosphere. As a consequence, a locally 
incremented oxidation takes place and hence an enhanced hydro
gen release occurs, a part of which can be dissolved in the Zr clad
ding waJI. This mechanism provides an explanation for the 
unexpectedly high hydrogen content measured at 1573 K, which 
is much higher than predicted, since the model does not consider 
this effect. 

Similarly, in Fig. 5 experiments performed by Grosse et al. [29] 
on Zr-1 %Nb tubes segments were compared with predictions of 
Veshchunov and Shestak [23] and.those obtained with the hydro
gen uptake model presented in this work. 

It can be observed that the model presently described produces 
results in good agreement with the experimental values in both 
cladding materials. Generally speaking, the predictions show a 
fast initial increase of the absorbed hydrogen followed by a grad
ual decrease as time passes. The same tendency is predicted by 
Veshchunov and Shestak [23]. Both models also coincide in pre
dicting that the maximum concentration of hydrogen dissolved in 
the material increases with the temperature. Also, both models 
show a similar departure respect to certain experimental points, in 
particular in the Zr-1 %Nb sample at 1373 K. This difference can 
be attributed to certain difficulties in achieving precise experimen
tal determinations. In fact, the methods employed have a high 
uncertainty, superior to 10%. 

Frecska et al. [33] determined the hydrogen concentration in 
Zr-1%Nb tubes of 4.0mm length, 9.14mm of external diameter, 
and 0. 70 mm of wall thickness that were exposed to a vapor 
atmosphere at 900, 1000, 1100, and 1200°c , circulating at 
0.0075 g H20/s. The experimental values are compared in Figs. 
6(a) and 6(b) with the simulations carried out by Veshchunov and 
Berdyshev [21 ] and by Veshchunov and Shestak [23], respec
tively, and those obtained in this work with the model described 
above. It is seen that at 900 and 1000 °C the hydrogen uptake con
tinuously increases in the time duration of the experiments. At the 
higher temperatures tested some release is observed, which is 
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Fig. 5 Comparison between measurements presented in Ref. 
[29] of hydrogen content In samples of Zr-1 %Nb at different 
temperatures, simulations reported· In Ref. [23] and predictions 
of the present hydrogen uptake model 
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more evident and starts earlier as the temperature increases. It can 
be appreciated that the predictions obtained here fit quite well to 
the experimental results and show a similar tendency as those pre
viously reported by Veshchunov et al. [21 ,23]. 

3.2 Results of the Simulations of Loss of Coolant Accident 
Cases. Upon introduction of the accident subroutine in DIONI
SIO, several complex experiments were simulated, all of them 
obtained from the IAEA data basis. 

3.2.1 Simulations-of Instrumented Fuel Assembly Tests. The 
instrumented fuel assembly (IFA) experiments were integral in
pile tests under simulated LOCA conditions, designed with the 
main objective of re-examining the traditional safety criteria for 
LOCA accidents, that had been developed on the basis of experi
ments perlormed in the 1970. New fuel designs and cladding 
materials as well as a tendency to bumup extension determined 
the necessity of adequate measurements. The tests were carried 
out at the Halden Reactor, Norway, and included strong pressure 
drop and low coolant flow. The purpose was to evaluate. thermo
physical and thermochemical aspects like cladding temperature, 
ballooning, relocation of the fragmented pellet, cladding hydrid
ing, and oxidation [34]. 

The experimental device employed in IFA 650-2 consisted of a 
loop filled with heavy water initially at high pressure (7 x 106 Pa) 
flowing at a rate of 0.056kg/s (conditions usually found in a 
power reactor), surrounded by an electrical heater. The device 
was instrumented with a pressure sensor and four thermocouples. 
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Veshchunov et al. [21 ,23), and with the hydrogen uptake model 
presented in this work, (a) at 900 and 1000°c and (b} at 1100 
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To simulate accident conditions, valves were opened leaving 
the channel almost empty of water in about 30 s (Fig~ 7(a)). The 
coolant pressure as determined in the experiment is represented 
along with the curve fitted in this work which served as input for 
DIONISIO. The steep external pressure drop represents the acci
dent initiation (t = 0). The plot also includes the linear power his
tory. The coolant pressure decreased to 3 x 105 - 4 x 105 Pa and 
hence the temperature rose. 
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curve fitted by DIONISIO) and (b) comparison between calcu
lated and measured cladding temperature at two axial positions 
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and measured ballooning and burst times as well as the scram 
are also indicated . 
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Cladding ballooning and burst occurred during heat up. At this 
point, pulsed spray injection was started to stabilize the tempera
ture. For the simulations, the rod is divided into 20 axial segments 
[18]. The temperature curves plotted in Fig. 7(b) correspond to 
those axial segments that better coincide with the thermocouples 
locations. Predicted and measured times of ballooning and burst 
occurrence are also shown in Fig. 7(b). In this respect, a band is 
plotted to represent the time range for which the predicted accu
mulated creep is sufficient to produce ballooning of the tube. The 
test was ended with a reactor scram, which is al~o indicated in 
Fig. 7(b). 

In Fig. 8, the measured and calculated internal rod pressure are 
shown. The steep internal pressure drop indicates burst occur
rence, after which, according to the report of the experiment [34], 
the He pressure should have dropped to the rig pressure, of about 
3 x 105 Pa. This is the condition assumed in the simulation. The 
apparent discrepancy with the experimental curve is due to the 
pressure sensor desiin, which is not capable of measuring pres
sures below 5.6 x 10 Pa (the value indicated with the dashed line 
in Fig. 8). The code predicts burst occurrence at t = 110 s, while 
the experimental work reports a value of 99 s. The pressure 
decrease observed in the experimental curve prior to burst is 
attributed to the effect of ballooning [34]. DIONISIO is not able 
to reproduce this effect, because the mechanical models included 
in the code assume small strains, which is not the case. A model 
adequate for large strains is presently under development. 
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The measured and simulated values of cladding elongation are 
represented in Fig. 9 as functions of time after blow-down. The 
experimental curve shows an axial contraction which is associated 
with the occurrence of ballooning. The contraction stops abruptly, 
and this is interpreted as the instant when burst occurs, 99 s after 
blow-down [34]. The photographs obtained after experiment con
clusion show a major relocation which is surely responsible for 
the significant rod contraction observed in the final step. This phe
nomenon implies large deformations and involves the whole rod. 
For the same reasons as explained in connection with Fig. 8, this 
is not accounted for in DIONISIO and for this reason both curves 
depart significantly some 80 s after blow-down. Before that, the 
agreement between simulation and measurement is quite good. 

3.2.2 Simulations of Paksi Modell Kiser/et Tests. The Paksi 
Modell Kfserlet (PMK) experiment is a scaled-down model of the 
Paks Nuclear Power Plant (Budapest, Hungary), designed to study 
the safety margins of the water-water energetic reactor originally 
developed in the Soviet Union. Several experiments were per
formed in mid 1980s aimed also at validating the thermal
hydraulic simulation codes ATHLET, CATHARE3 and RELAP5. 

3CATHARE (code for analysis of thermal-hydraulics during an accident of 
reactor and safety evaluation) is a two-phase thermal-hydraulic simulator. 

Transactions of the ASME 

Downloaded From: https://nuclearengineering.asmedigitalcolleclion.asme.org on 05/20/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use 



1300 

. 1200 

1100 

1000 

E 
900 

BOO 
Cl) . 

700 '"' ::, 

~ 600 
Cl) 

500 Q. 
E 400 
~ 

300 

200 

100 

0 
0 

sectors 
DIONISIO 
ex erim. 

. , 

... ------------

' I ,,, 
\; I 
1/1 .,, ,, 
I' 
I ' 

I 

3 5 6 

50 100 150 200 ~ 300 350 400 450 500 550 600 650 

time (sec) 

8 

Fig. 12 Experimental and predicted cladding temperature evo
lution in selected sectors of rod 4 of the QUENCH-L 1 bundle 
experiment 

The reactor core was simulated by an electrically heated rod 
bundle. 

The IAEA-PMK-2 test was designed to investigate the proc
esses following small and medium size breaks (of 1-22%) in the 
primary circuit [35] simulated by an orifice opened to start the 
transient. About 200 s after the reactor trip, the facility cooling 
proceeded via steam discharge. The temperature and coolant pres
sure recorded during the experiment along with the predictions of 
RELAP, A THLET, and DIONISIO are represented in Fig. 10. 
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Fig. 13 Experimental .and predicted hydrogen release In rod 4 
of the QUENCH-L 1 experiment: (a) Instantaneous release rate 
and (b) accumulated amount of released hydrogen versus time 
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In both examples different heat transfer conditions are met dur
ing the transients. , Different coolant modes included in the 
thermal-hydraulic subroutine of DIONISIO, pointed out in Sec. 
2.3, are successively activated to give a realistic simulation. 

3.2.3 QUENCH Experiments. The QUENCH-LO and -LI 
experiments were performed at the Karlsruhe Institute of Technol
ogy (KIT, Karlsruhe, Germany) as a part of a series of fifteen tests 
carried out in the QUENCH-LOCA facility [36] mainly to investi
gate the ballooning and burst behavior as well as oxidation and 
hydrogen uptake under design basis accident conditions. 
QUENCH-LO was the commissioning test with Zry-4 claddings 
and different internal pressures of the rods. QUENCH-LI was a 
reference test with Zry-4 claddings and only one internal rod pres
sure. These experiments were performed in the forced convection 
mode (which is important for conditions in loss of coolant type 
accidents); a mixture of superheated steam with argon which 
acted as a carrier gas was used as coolant. Twenty one instru
mented rods were internally heated with tungsten heaters con
nected to copper electrodes. Two DC-generators were used for 
two groups of rods connected in parallel: ten internal rods with 
high electric power and 11 external rods with low electric power. 

In QUENCH-LO, the fuel rods were loaded with inner pressures 
of 3.5, 4.0, 4.5, 5.0, and 5.5 x 106 Pa, respectively [37]. The pur
pos.e was to investigate the influence of the pressure on the 
involved processes. The experimental determinations and DIONI
SIO predictions of pressure evolution are shown in Fig. 1 l(a). 
Burst occurrence is evidenced by the sharp pressure decrease. It is 
recognized in Fig. 1 l(b) that the rods subjected to higher tempera
ture (inner rods), i.e., at higher pressure, fail before than those at 
lower power but no significant difference in time for burst is visi
ble in connection with the initial internal pressure. According to 
the experimental determinations, burst occurs in the temperature 
range · 776-850 °C. DIONISIO predicts · a quite similar· range: 
789-850°C. 

In Fig. 12, the temperature evolution in different sectors of rod 
4 of the QUENCH-LI experii:nent is plotted. In the simulation 
with DIONISIO, the rod is numerically divided in ten segments. 
They are numbered from bottom· to top of the rod in such a way 
that sectors 5-7 correspond to the middle, while sectors 1-3 and 
8-10 are located in both rod extremes. Power supply is drastically 
reduced and cooling is increased after rod bursting, which is rec
ognized in the fast terriperature drop. However, the remnant heat 
provokes the evaporation of the entrained water and a further tem
perature increase is observed which is counteracted by a second 
injection of vapor accompanied by argon. This process occurs 
twice, as can be appreciated in the tail of the experimental curves. 
This step is not accounted for by the simulation with DIONISIO, 
which assumes that the process is over after the first drop, as evi
denced by the monotonous final decrease in the predicted 
temperature. 

Some preliminary results of hydrogen release obtained with the 
module described in Sec. 2.5 are compared with the experimental 
data reported in Ref. [37]. Figure 13(a) shows the instantaneous 
release rate and in Fig. 13(b) the accumulated amount of released 
hydrogen is given. When a fast temperature drop occurs, a sudden 
release of hydrogen is observed in the experiment and in the simu
lated curve. A disagreement between both is recognized at the end 
of the curve, surely originated by the mismatch in temperature 
already described in the last paragraph, (see Fig. 12). It is worth 
mentioning that experimental predictions are referred to the whole 
bundle while in DIONISIO only rod 4 was simulated, and then, 
the results were extrapolated to the entire bundle. This fact can be 
responsible for the observed disagreement in the results especially 
in the final stage of the experiment. 

4 Conclusions 
The division of the rod length into a user-defined number of 

segments has proved to be an effective strategy, yielding accurate 
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solutions in the simulation of irradiation conditions. Within this 
calculation scheme, the linear power and coolant temperature are 
averaged in each segment and the conditions are assumed uniform 
in the segment length. With these input parameters, the physical 
and chemical issues in a pellet, as the representative of the seg
ment, are solved, and the results are extended to the whole seg
ment. Then, the outputs of all the segments are coupled to obtain 
a description of the entire rod. 

The different thermal hydraulic models incorporated to the 
code are continuously subjected to revisions and improvements. 
As for the hydrogen uptake model described in the present report, 
it was subjected to comparisons with numerous experiments at 
high temperature in steam. Thanks to the good results obtained till 
now, many of which are shown in this article, the hydrogen model 
is being presently included in the accident subroutine of the DIO
NISIO code. Further testing will be carried out with this module 
embedded in DIONISIO. 

Generally speaking, the predictive ability of the code has been 
enlarged with the introduction of the thermal-hydraulic subroutine 
since it is able to provide the boundary conditions necessary to 
simulate the fuel rod behavior in accident conditions. The coeffi
cients corresponding to the different heat transfer regimes are acti
vated as the corresponding conditions are met. Through the 
simulation of different experiments, many of which are presented 
in this report, it was verified that the thermal-hydraulic subroutine, 
in spite of its simplicity, is able to generate an adequate prediction 
of the conditions in the channel, not far from those given by the 
specific thermal-hydraulic codes. With the incorporation of this 
subroutine, the description of the fuel rod environment is refined 
thus providing quite realistic boundary conditions for the simula
tion of the fuel rod behavior, without requiring the intervention of 
an external thermal-hydraulic code. 

The degree of development achieved with the code modules 
dedicated to the prediction of the rod behavior under accident con
ditions allows analyzing a great number of parameters, including 
thermal-hydraulic and thermochemical aspects related with the 
evolution of the reactor environment, improving the completeness 
and reliability of the code results. 
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Nomenclature 
Ac = lateral cladding area exposed to vapor, m2 

C0 = constant in Eq. (2) for pure ft Zr, 1052.63 
C0 = constant in Eq. (2) for pure IX Zr, 1052.63 
C1 = constant in Eq. (2) for pure ft Zr, N-m-2

, 2.3 x 109 

C 1 = constant in Eq. (2) for pure IX Zr, N-m-2
, 8.3 x 108 

C2 = constant in Eq. (2) for pure ft Zr, K- 1
, 0.003 

C2 = constant in Eq. (2) for pure IX Zr, K- 1
, 0.001 

C3 = constant in Eq. (1) for pure ft Zr, s-1 N-n m2
", 

1.65 X 10-22 

C3 = constant in El (1) for pure IX Zr, s-1 N-" m2
", 

3.994 X 10-3 

C4 = constant in Eq. (1) for pure ft Zr, 17079.0 
C4 = constant in Eq. (1) for pure IX Zr, 38487.0 
C 5 = constant in Eq. (1) for pure ft Zr, 0.0 
C5 = constant in Eq. (1) for pure IX Zr, 342.0 
C 8 = vapor molar concentration, mol/m3 

CH(m) = concentration of hydrogen in the metal, m-3 

CH+<!> = concentration of protons in the oxide next to the 
oxide/metal interface, m - 3 

dP = specific heat at constant pressure of component), 
J/(kg K) 
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Cs= 0/Zr fraction on the cladding surface, Cs '.','. 2 
DH(ox) = diffusion coefficient of neutral hydrogen in the oxide, 

m2/s 
DH+ (ox)= diffusion coefficient of protons in the oxide, m2/s 

Do(ox) = diffusion coefficient of oxygen in Zr02, m2/s 
H = thermal power generated in the rod, W 

h0
ff = cladding/coolant effective heat transfer coefficient, 

W/(m2 K) 
JH(ox) = hydrogen flux through the oxide, mol/(m2 s) 

kg = mass transfer coefficient of H20, m/s 
1. = extrapolated rod length, m 
n = constant in Eq. (1) for pure ft-Zr, 3.78 
n = constant in Eq. (1) for pure IX-Zr, 5.89 
P = power density in the pellet-gap-cladding system, 

W/m3 

PH,O, 
PH,, P 0 , = partial pressures of the gaseous components of the 

coolant on the cladding surface, Pa 
PM= maximum power density, W/m3 

Q = molar flux rate of vapor, mol/s 
q" = heat flux through the cladding surface, W/m2 

r, z = cylindrical coordinates in the pellet-gap-cladding 
system, m 

R = ideal gas constant, J/(K mo!), 8.31 
rec= external cladding radius below the oxide layer, m 

T = absolute temperature, K 
Tcool = coolant bulk temperature, K 

V8 = volume of vapor phase in each axial rod segment, m3 

w = oxygen abso7tion rate per unit area through the oxide 
layer, mol/m 

w.ro = excess oxygen weight fraction in the cladding 
metal 

y = vapor fraction in the bulk 
Ys = vapor fraction at the cladding surface 
() = oxide layer thickness, m 
e = cladding creep 
~ = thermal conductivity of componentj, W/(m K) 

Pox = molar density of Zr in Zr02, mol/m , 4.7 x 104 

rJ = density of component), kg/m3 

O'VM = von Mises stress, Pa 
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Implementation of Hydrogen 
Solid Solubility Data and 
Precipitation Threshold 
Stresses in the Fuel Rod Code 
TES PA-ROD 
During operation of light water reactors, the Zircaloy fuel .rod cladding is susceptible fo: 
hydrogen uptake. When the local solubility limit_of hyd~ogen in Zircaloy is :~ached, addi
tional hydrogen precipitates as zirconium hydride, which affects the ductility of the fuel 
rod cladding. Especially, the radially aligned hydrides enhance embritt!ement, whil~ cir
cumferential (azimuthal) hydrides have a less detriment~/ effect. In ~his w_ork, t~e influ
ence of high temperatures during the dry storage ~e~wd on hydride dis~oluti_on a~d 
precipitation is demonstrated. Therefore, in a descriptive exa':'ple scenarw being dis
cussed, the simulation of a limited heat removal from the cask will heat up the dry storage 
cask for days and causes dissolution of hydrides in the cladding. De~ending on ~he 
threshold stress for reorientation, the following coo/down results on different hy~r!de 
precipitation behavior. The threshold stress leads to an enhanc~d or 1elayed f:rec1p1ta
tion of radial hydrides. The GRS fuel rod code TESPA-ROD is eq_mpped wi!h a ~ew 
mode/for hydrogen solubility and applied to long-term storage trans_ients. ln this article, 
hydride refers to zirconium hydrides formed inside the fuel rod cladding. 
[DOI: 10.1115/1.4042118] 

1 Introduction 
After reactor operation, fuel assemblies are stored in spent fuel 

pools for several years. Subsequently, the current strategy for 
spent nuclear fuel in Germany is the consideration of dI1'. stora~e 
in dual-purpose casks before transfer into final geological dis
posal. These dual-purpose casks are designed for transport and 
storage and are kept in a controlled atmosphere at several storage 
facilities in the country. In the current situation, it is likely that at 
least some of the casks will face an exten,ded storage period 
beyond · the granted license period of 40 years, maybe . up to 
lOOyears, since the current prospect on the process of disposal 
site selection, planning, building, and operation will take more 
time. Additionally, in Germany, various types of light water reac
tor fuel including mixed oxide fuel (MOX) and high burnup fuel 
(up to 65 MW .Jkg HM, assembly averaged) must be included into 
the safety considerations during fuel storage. 

One important aspect of dry storage safety is the fuel ~ods' 
integrity, which contributes to the safe enclosure of the rad10ac
tive material, and in consequence to subcriticality and to the w~ll
defined removal of the fuel rods' decay heat. However, at high 
temperature and sufficient hoop stress, cladding creep causes an 
ongoing plastic deformation, which weakens the cl~dding's th~c~
ness and may lead to burst of cladding after some time [1]. This 1s 
prevented by safety limits for cladding stress, cladding strain, tem
perature, and decay heat [2]. In the scenario of an extended stor
age period, further material properties and processes may 
influence the single fuel rod's integrity which have not been fully 
investigated up to now. One of these processes is the phenomen_on 
of so-called hydride reorientation, to which different studies 
assign highest priority [3 ,4]. 

Manuscript received August 1, 2018; final manuscript received November 20, 
2018; published online March 15, 2019. Assoc. Editor: Fidelma Di Lema. 

1.1 Hydrogen and Hydride Behavior. Zirconium and 
zirconium alloys, such as Zircaloy, show solubility for hydrogen 
(H), which is the accommodation of hydrogen in the zirconium 
crystal lattice. The crystal lattice of alpha-zirconium has a hexag
onal close packed structure. Hydrogen is abundant due to different 
processes, such as radiolysis of water, coolant hydrogenation such 
as corrosion prevention, and oxidation of the zirconium cladding. 
The hydrogen released by the oxidation of Zircaloy is partly 
released to the coolant and partly absorbed into the fuel rod clad
ding. In the zirconium metal lattice, dissolved hydrogen (a~ pro
tons, H+) is highly movable via diffusion processes, where It can 
occupy interstitial positions in the crystal lattice [5]. Hydrogen 
affects the mechanical properties of the cladding and may lead to 
embrittlement if it forms zirconium hydrides [6]. 

The hydrogen solubility in Zircaloy shows strong temperature 
dependence. '.fhe terminal solid solubility (TSS) has been 
measured in various experiments with different methods, such as 
dilatometry [7], diffusion [8], calorimetry [9,10], and X-ray dif
fraction (XRD) [11]. In most of those experiments, two TSS 
curves have been observed: the TSS for dissolution (TSSd) and 
precipitation (TSSp). The TSSd and TSSp measurements can be 
described by an exponential equation in the form of 

C =A. exp(-Q/RT) (1) 

where C is the concentration of hydrogen in ppm, A is the factor, 
Q is the molar enthalpy in J/mol, R is the gas constant in J/mol K, 
and Tis the temperature in K. According to the terminal solid sol
ubility in Eq. (1), an increasing temperature T leads to a lower 
fraction · in the exponent and thus to a higher concentration of 
hydrogen being possible to be in solid solution. If the local hydro
gen content of the cladding exceeds the TSSp, it forms together 
with zirconium atoms zirconium hydrides. This may appear due to 
decreasing temperature (cooling) or increase of hydrogen (e.g., 
due to diffusion). If the brilk hydrogen concentration falls below 
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the TSSd, the remaining hydrides dissolve, which could be the 
result of increasing temperature (heating) or a decrease of hydro
gen. The difference between these two limits is often addressed by 
the term "hysteresis." The TSSd and TSSp correlations have been 
observed in many experiments, while they differ from each other. 

The zirconium hydrides (ZrH) can show different crystal 
structures, such as orthorhombic y-Zr, cubic 15-ZrH, or tetragonal 
e-ZrH) [12]. Compared to the hexagonal close packed lattice of 
alpha zirconium, the zirconium hydrides have lower density and -
therefore disturb the surrounding metal lattice. 

Precipitation and dissolution is a complex process dependent on 
material, alloying elements, texture, irradiation defects, cold 
work, and stress. The latter plays a crucial role in the orientation 
of hydrides. In literature, several models for the solubility of 
hydrogen can be found, especially models accounting the effect of 
the strain misfit energy, which is addressed to be the origin of the 
hysteresis [7]. 

Recent investigations propose a kinetic effect in hydride 
precipitation since some works show a varying TSSp [13]. New 
experiments showed shrinking hysteresis [14]. Especially, direct 
measurement of the amount of dissolved hydrogen with synchro
tron X-ray diffraction applied during temperature cycling revealed 
a metastable TSSp curve for temperature hold periods [15]. It is 
thought that the diffusion length limits the· hydrogen movements 
toward existing hydrides where an energetically favored precipita
tion would be possible resulting in a hydride growth. A not suffi
cient diffusion length would hence lead to a less energetically 
favored precipitation at a new precipitation seed. These seeds may 
be lattice defects, secondary phases, or grain boundaries. 

In reactor operation, the hydrogen precipitates circumferentially 
close to the outer rim of the cladding due to concentration-driven 
diffusion (Fick's law) and thermomigration (Soret effect) [16,17]. 
Especially, the latter causes the hydrogen accumulation on the 
outer rim due to the temperature gradient along the cladding thick
ness. It should be mentioned that average operational hydrogen 
uptake differs to a large extent between alloys used, such as older 
materials (e.g., Zry-4 or DUPLEX) with up to 500wt ppm H 
in comparison to more recent materials (e.g., Ms®, ZIRLO™) 
with around 100 wt ppm H. 

The circumferential hydrides represent the majority of hydrides 
in the cladding while stored in a spent fuel pool. Compared to ·the 
reactor operation, the temperature gradient over the cladding 
thickness is rather flat, and since the temperature is low, no further 
hydride precipitation occurs: After wet storage, the drying process 
follows, where the cladding is heated up and hydrides partly or 
fully dissolve. The fuel rods then cool down slowly during dry 
storage and hydrides precipitate under high hoop stresses, since 
the storage cask's atmosphere is close to ambient pressure while 
the fuel rod's inner gas pressure remains high. These high stresses 
now lead to a radially aligned reprecipitation of hydrides during 
cooling, which could lead to embrittlement of the cladding. The 
observations showed that the hoop stress effect dominates the 
temperature effect for orientation of precipitated hydrides [18]. 
Any temperature increase of the storage cask's environment dur
ing that time leads to a temperature increase of the cask's inven
tory, since no further heat sink but the outer cask environment is 
available. Reheating of the fuel rod cladding will then again lead 
to dissolving hydrides and recurring precipitation afterward, 
where a further change of the hydride orientation is likely to 
occur. 

1.2 Fuel Rod Code TESPA-ROD. GRS is developing the 
engineering scale fuel rod code TESPA-ROD, which represents 
the fuel rod behavior in a 11/2-dimensional spatial resolution [19]. 
It provides the transient radial temperature distribution in a cross
sectional area of a fuel rod while the axial temperature distribution 
is approximated from an axial power factor. 

TESPA-ROD uses a rigid pellet model with cladding mechan
ics, which allow plasticization including strain-hardening for 
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stresses above yield stress as well as creep models for different 
fuel cladding types. TESPA-ROD originally was developed for 
simulation of design basis accidents like reactivity-initiated acci
dents and loss-of-coolant accidents and is capable of fast transient 
behavior. Recently, the code was adapted to deal with long-term 
transients at acceptable computational costs [20]. For the long
term calculation, TESPA-ROD considers the swelling of the fuel 
due to alpha decay ofactinides [21]. Besides growth of the fuel 
lattice, the build-up of helium from alpha decay, which contrib
utes to internal fuel rod pressure, is considered. The GRS fuel rod 
code TESPA-ROD is available for research and education for civil 
nuclear safety purposes. 

2 Code Implementation 
In order to cope with the ideas of kinetic effects of growth and 

nucleation, the new TESPA-ROD data for hydrogen solubility 
based on XRD experiments at Argonne National Laboratory's 
(ANL) advanced photon source are chosen [15,22]. TESPA-ROD 
uses an in-house model for TSSd and TSSp, which was developed 
from XRD measurements performed at the ANL synchrotron 
source. It was applied to loss-of-coolant accidents phenomena 
[23], and we applied it to the hydride reorientation phenomena in 
this study. The temperature-dependent concentrations for TSSd 
and TSSp curves are given by 

CTssd = 1,750,000 · exp(-6060/T) (2) 

and 

CTssp = 166,495 · exp(-4145.72/T) (3) 

At temperatures above CTssd, no hydrides can exist, and they 
will eventually dissolve. Below CTssp, the excess hydrogen will 
form hydrides and precipitates. The solubility lines form a hyster
esis with an area in between. In Fig. 1, the TESPA-ROD model is 
compared to the McMinn model, which is used in other fuel rod 
simulation codes [24]. 

· McMinn used dynamic scanning calorimetry and found a time
and cooling rate-independent relationship [9]. These lines pre
sented in Fig. 1 are not generally valid, since they do not show the 
kinetic effects observed atthe XRD measurements [15,22]. The 
temperature cycling revealed three different time constants in 
total, when hydrogen content deviates from TSSd. These time 
constants are shown in Eqs. (4 5) with 

dCd· ) · 
d/" = 10-4(s-1 

. (CTSSd - cdiss) if CTsSp > Cctiss > CTSSd 
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Fig. 1 Terminal solid solubility llmits for from TESPA-ROD in 
comparison with data from McMinn [9] 
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Fig. 2 Comparison of TESPA-ROD calculation results and the 
XRD measurements of ANL thermal cycling tests [22] taken 
from Ref. (23] 

dCc!iss ( -I) . di= 0.5 s · (CrSSd - Cdiss) If cdiss < Crssd (5) 

dCdiss · 2 di= o: • (Crssp - Cdiss) 

+ 10-4 (s- 1
) • (Crssd - Cdiss) if Crssp < Cdiss (6) 

Here, Crssd and Crssp are · the temperature-dependent 
concentrations from Eqs. (2) and (3), while Cdiss is the amount of 
dissolved hydrogen in the metal lattice. The precipitation rate 
parameter o:2 can be expressed as an exponential temperature rela- · 
tion with 

2 5( ~1) ( 10
5K) a = 2 · 10 s exp ---;y- (7) 

with T as temperature in K. But cx2 is delimited just within 
0.01 s-1 and 0.1 s-1, since dissolution is observed to be faster 
than precipitation [23]. The parameter follows this exponential 
with rising temperature; with decreasing temperatures, rx.2 value 
remains constant on the level reached. This behavior can be inter
preted as diffusion process of rrotons migrating toward precipi
tated hydrides. The constant rx. resembles in this case a growth 
effect of hydrides, since a ~hort diffusion path for further precipi
tation at existing hydrides is assumed. Even at low temperatures, 
values higher than in Eq. (7) are achievable on this way. 

This newly developed model for dissolution and precipitation 
was implemented to the GRS fuel rod code TESPA-ROD and 
tested on the XRD data [23]. The model verification is shown in 
Fig. 2. In Fig. 3, the referring temperature cycling is shown. The 
first cycle leads to the full dissolution of all hydrides at 425 °C. 
The following temperature drop to 175 °C leads to the precipita
tion of hyi:lrides according to Eq. (6). The second cycle involves 
lower peak temperatures resulting in partly dissolving hydrides 
(about 180wt ppm H). The subsequent cooldown follows again 
the same TSSp curve as during the first cycle. With the tempera
ture hold for about 1200 s at around 285 °C in cycle 2, hydrides 
begin to precipitate at constant temperature until this phenornenon 
is stopped by the following third cycle in heating the specimen 
again to 425 °C _causing full dissolution. The third cycle behaves 
like the first cycle with the following TSSp curve. The experiment 
shows that the TSSp curve shown in Fig. 3 does exist. But it can 
be interpreted as a metastable equilibrium curve only. If the tem
perature hold is sufficiently long, the concentration for dissolved 
hydrogen would finally approach TSSd, as mentioned in Sec. I . 
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Fig. 3 Temperature profile of ANL cycling tests used for 
TESPA-ROD calculation [22] taken from Ref. [23] 

The TESPA-ROD prediction successfully reproduces the exper
imental measurements in all three cycles. Small deviations in 
the precipitation behavior can be seen especially in cycle 2. The 
small decrease in the concentration of dissolved hydrogen in the 
beginning of cycle three (triangles) is approximated by the 
model with constant hydrogen concentration (horizontal line at ca. 
95 wt ppm). This observed effect has been discussed and was 
linked to the accelerated diffusion due to the increasing tempera
tures [15]. Since this model reproduces the dynamics of the ANL 
XRD measurements within hundreds . of seconds, it is assumed 
that the model can predict transients occurring in the wet and dry 
interim storage of spent nuclear fuel. 

The orientation of precipitated hydrides has a large influence 
on cladding's ductility. TESPA-ROD distinguishes between 
radial and circumferential oriented hydrides depending on the 
biaxial stress state and temperature gradient across the cladding 
thickness, depending on measurements of Cinbiz et al. [18]. For 
the reorientation of hydrides, a threshold effective stress was 
found in many experiments. In this work, we focus on the 
experiments of Colas [11], with a threshold between 75MPa 
and 85 MPa, in comparison to threshold stresses from 90 MPa to 
110 MPa found by Aomi et al. [25]. Colas found rather low 
reorientation thresholds compared to others found in literature 
[18,25 ,26]. Singh found even higher threshold stresses (200MPa 
to 220MPa), which are, to the author's knowledge, unlikely to 
occur during spent fuel storage· [27] and would therefore show 
no effect here. Beyond this value, hydrogen is precipitated radi
ally, below circumferentially, respectively. Between these, a lin
ear function is used to interpolate the ratio of precipitated 
hydrogen in its orientation. When hydrides are dissolved partly, 
the remaining ratio of radial to circumferential hydrides stays 
constant. 

3 Simulations 

3.1 Boundary Conditions. The simulation of the long-term 
transient will be applied to a single fuel rod, facing the reactor 
shutdown, followed by wet storage, drying process, and finally 
being stored in dry conditions in a spent fuel cask. The rod is 
heated up by its own decay heat without outer heat sources, which 
implies that there is no other neighbor rod with a higher tempera
ture close to the simulated rod or any additional heating is applied. 
The simulated rod has Zircaloy-4 cladding and as pellet material, 
MOX-fuel was chosen · for the investigation at hand because it 
shows some aspects, which are considered as being a harder chal
lenge for long-term i_nterim storage as compared to UOrfuel: 

• Higher decay heat with a slower decrease over time; 
• Higher internal rod pressures due to helium production 

resulting from alpha decay; 
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Table 1 Fuel rod characteristics 

Parameter 

Burn-up (pellet average) 
Linear rod power end ·of last cycle 
Decay heat evolution 
Cladding material 
Cladding miter radius 
Cladding thickness 
Pellet outer radius 
Hydrogen content 

Value 

65 
10 

DIN" 
Zircaloy-4 

9.5 
0.57 
8.185 
300 

Unit 

MWJkgHM 
kW/m 

mm 
mm 
mm 

wtppm 

"Calculation standard for decay heat of MOX-fuel, DIN 25463-2. 

Table 2 Shared transient conditions 

Parameter 

Reactor shutdown 
Wet storage 
Drying process 
Dry storage before heat-up transient 
Heat-up transient 
Dry storage in total 

Duration 

10 
10 

100 
30 
80 

100 

unit 

h 
years 

h 
years 
days 
years· 

• Over the whole pellet distributed high bum-up structure in 
the fuel. 

The fuel rod's characteristics are shown in Table 1 and the tran
sient conditions are presented in Table 2. The transient conditions 
·start with reactor conditions and a simplified shut down leads to 
wet storage conditions for 10 years. The drying process inside the 
cask talces about 100 h [2], where heat transfer coefficients inside 
the. cask decrease due to the low-pressure helium atmosphere. 
Depending on the spent fuel's decay heat, the fuel rods need to 
heat up to achieve a certain limit for the water content. To show 
the effect of an additional temperature increase, a transient is 
modeled after 30years of storage. 

To test the model for hydrogen precipitation and dissolution, 
special transient conditions are applied. Besides the cooldown 
after drying process, an additional transient is modeled, where the 
heat transfer coefficient is deliberately reduced to zero for a cer
tain time. This condition is a computational test but can be inter
preted as a simplified simulation of a postulated, hypot~etical 
accident, resulting in a burying of the cask after 30 years m the 
spent fuel storage facility or on the transport. The heat-up transi
ent's starting point at 30 years of storage period and its duration of 
80 days are chosen arbitrarily and for illustrative purposes. The 
suppressed heat transfer is a conservative assumption for this kind 
of postulated accident. In this situation, the remaining decay heat 

400 ..-------------------------, 

350 

300 u 
!c..-250 
I!! 
.3 200 
~ 
~150 
a, 

F 100 

50 

0 

-Cladding 

O 10 20 30 40 50 60 70 80 90 100 
Time(s) 

Fig. 4 Temp of cladding and environment 

020904-4 I Vol. 5, APRIL 2019 

-300 
E 
CL 

C!-250 

! 
j200 
C: 

8150 

5i 
e'100 
-g_ 
:r 50 

.., 
I 

-~ .. ---------

- -Hydroge_n dissolved 

-Hydrides 
clrcumferentlal 

-- - Hydrides radial ------_ .. ______________ -. 

Hydrides cir.+rad. 

0 L__.J_ _ _._ _ __,_c...;:c..::,.,,,_,, ___ ~~~-------~ 

0 10 20 30 40 50 60 70 80 90 100 
Time (years) 

Fig. 5 Hydrogen and hydride behavior during the transient 

of the fuel will heat up itself and the cladding resulting in con
stantly increasing temperatures, accompanied by the dissolution 
of hydrides. For a duration of 80 days, the cladding is subject to 
deformation by thermal creep processes, which have sufficient 
time to a form geometrical and mechanical effect. The following 
restoration of the heat sink will decrease temperatures and will 
lead to precipitation of hydrides. The orientation of the hydrides 
will depend on the applied threshold stress. 

It should be mentioned that in case of such an accident scenario 
like complete burying of a cask during transport or storage, the 
hydride orientation is of rather low interest compared to other 
safety concerns. These extreme boundary conditions were only 
chosen to test the model. 

3.2 Results. A prediction for normal conditions with constant 
cooldown after drying is presented first. The temperatures and the 
hydrogen concentrations are shown in Figs. 4 and 5, respectively. 
After the end of operation, the temperature drops to 30 °C, the 
assumed temperature of the spent fuel pool. At this temperature, 
nearly all hydrides are precipitated (Fig. 5). The drying process 
after approximately 10 years heats up the cladding, and the 
hydrides dissolve (Figs. 4 and 5). In the following dry storage, the 
heat transfer from the cladding to the helium atmosphere inside 
the cask, through the cask structure to ambient temperature, is 
limited, which leads to a slow cooldown of the cladding tempera
tures. The hydrides precipitate during this cooldown, oriented 
according to stress level as circumferential or radial hydrides as 
described in Sec. 3. Due to the sufficient high hoop stresses, the 
share of radial hydrides increases after the drying process, 
whereas the circumferential hydrides stay constant (Fig. 5). 
Hydrides, which already precipitated in a certain orientation; 
remain in their orientation. 
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Fig. 6 Cladding temperature evolution of cladding and cask's 
outer surface over full simulation time 
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Fig. 9 Cladding hoop stresses over the full transient 

The gray dashed line shows the sum of all hydrides, which 
builds together with the dissolved hydrogen (black dashed line) 
the total amount of hydrogen in the cladding in wt ppm. 

The following results show the effect of the transient with sup
pressed heat transfer (Figs. 6-16) after 40 years. Two calculations 
were performed, which differ in the applied threshold stresses for 
hydride reorientation, resulting in different hydride orientations, 
shown in Figs. 14 and 16. The other figures are shared to both 
calculations. 

In Fig. 6, the cladding temperature is shown over the full simu
lation transient. The temperature evolution in Figs. 4 and 6 is 
identical up to the start of the heat-up transient. Due to a 
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Fig. 12 Cladding hoop strain during the transient 

suppressed heat transfer from cladding to the environment, the 
cladding heats up. After the heat transfer coefficients are set to 
previous values, the cladding temperature falls back to the temper
atures shown in Fig. 4 within approximately a few years, as shown 
in the detail on Fig. 7. 

Beginning with reactor shut-down, temperature decreases while 
the pressure difference remains low over the cladding, with the 
result of precipitation of circumferential hydrides (Figs. 6, 14, and 
16 respectively). During wet storage conditions, a small part of 
hydrogen stays in solution (Figs. 14 and 16.). With the beginning 
drying process, the heat transfer coefficient decreases by five 
orders of magnitude, while the decay heat leads to a rise in tem
perature, seen in Fig. 6 at about 10 years. About 50 wt ppm of the 
hydrides dissolve (Figs. 14 and 16), where circumferential 
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hydrides are still the majority. The low heat transfer coefficient 
and the heat generation from MOX-fuel cause a slow decrease in 
temperature. At this point, stresses are larger than the reorienta
tion threshold (Fig. 9, for both applied thresholds), while new 
hydrogen precipitates as radial hydride and the amount of hydro
gen in form of circumferential hydrides stays constant. 

Approximately 30years after beginning of dry storage, the 
postulated heat-up transient is simulated due to suppressed heat 
transfer causing a temperature rise in the cask. This resembles the 
change of the environment as heat sink into adiabatic conditions. 
This causes a reheating of the cladding (Fig. 7) and a heat flux 
equal to zero (Fig. 8). After a duration of 80 days, the heat sink on 
the outside is restored, temperature decreases slowly, while the 
heat flux turns positive again. The high cladding temperatures 
caused a full dissolution of all hydrides during the transient (Figs. 
14 and 16). 

During the first days of cool-down, the high cladding stresses 
affect the orientation of hydride precipitation. In Fig. 9, the hoop 
stress during the full transient is shown, where "hoop stress" 
depicts the overall cladding stress, whereas the "stress due to pres
sure difference" shows the share resulting from the gas pressure. 
If the pellet-cladding gap closes, both lines differ from each other 
resulting from additional rigid-body pressure of the pellet. 
According to Fig. 10, the stresses are high enough that only radial 
hydrides precipitate (Fig. 16) for the threshold stress of 75 MPa to 
85 MPa. The hoop stress decreases below 110 MPa which causes 
a beginning precipitation of circumferential hydrides, whereas 
radial hydride precipitation still dominates. With restoration of the 

020904-6 I Vol. 5, APRIL2019 

350 

-300 
E 
C. 

~250 
! 
c 200 
~ 

81so :---1 
C ._--~--

OJ 

e'100 

i 
"' 50 

- - Hydrogen dissolved 

-Hydrides 
circumferential 

• - - Hydrides radial 

Hydrides cir. +rad. 

,......... t 

0 .__~·· - --~---- -~ - ----- -~-.::: ~::-::::::::::::::::::::::::::! 
0 10 20 30 40 50 60 70 80 90 100 

Time (years) 

Fig. 15 Ratio of radial and circumferential hydrides and dis
solved hydrogen in the cladding (reorientation threshold: 75 to 
85MPa) 

350 

esoo ~' 
~250 \ 

11 

! 1:: / 
-_= 200 \1 ·,' ~ 

1
, I -Hydrides 

- -Hydrogen dissolved 

'I j circumferential 

r~ --------_ Jr : .. _\ "", "'' ~-'.::'.-"::::=·~· ~-::::'.::::::~:'::e:5::'.=:::;: :::::=I ::d.::::::::l 

39.8 40 40.2 40.4 40.6 40.8 
Time (years) 

Fig. 16 Shares of radial and circumferential hydrides and dis
solved hydrogen in the cladding during the heat-up transient 
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heat sink at 40.2 years, the pellet-cladding gap opens, and the 
stress is determined by gas pressure only (Fig. 10). 

For the other threshold, the stresses are in between 90 MPa and 
110 MPa, which causes a precipitation of radial and circumferen
tial hydrides at the same time (Fig. 15). The hydride orientation is 
similar to the conditions after drying, resulting in a slightly higher 
share of circumferential hydrides. Since the cool-down of the fuel 
rod continues, the amount of the dissolved hydrogen decreases, 
while radial and circumferential hydrides grow (Fig. 15). 

Figures 10 and 12 show the strain over the full simulation and 
the heat-up transient in detail, respectively. In TESPA-ROD, the 
deformation by strain is the sum of thermal expansion, elastic 
strain, plastic strain (i.e., stresses larger than yield strength), and 
the deformation by thermal creep. In the first 10 years in wet stor
age, total strain is controlled by elastic strain, which originates 
from gas pressure and later also rigid-body pressure. The total 
hoop stress shown in Fig. 9 turns out to be lower after the transient 
than it was before. This is connected to the pellet-cladding 
mechanical interaction (PCMI). Gap closure can be observed, 
where the actual cladding stress differs from the stress due to pres
sure difference over cladding thickness (Fig. 9), starting from 
around 7 years of wet storage. The calculated hoop stress 
(140MPa) is below the yield stress of the irradiated Zircaloy-4 
cladding all the time. Thus, no plastic strain is observed. With the 
cladding heat up over 400 °C in the heat-up transient, temperature 
and stress are high enough to start a creep process, which leads 
to a permanent deformation of 0.4% of the cladding diameter 
(Fig. 12). Following to the fast heat up the thermal strain 
approaches a similar trend like before the transient, since the 
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cooldown of the cladding continues (Figs. 11 and 6), marked with 
the elevated constant creep strain mentioned before. The elastic 
strain is somewhat lower than before the transient since the creep 
relaxed the rigid-body pressure (Fig. 10) during pellet-clad closure 
under high pressure. After approximately 92 years, the lines for 
elastic and thermal strain cross, since the helium production due 
to alpha decay contributes to the fuel rod's inner pressure, while 
thermal expansion decreases further. 

4 Discussion 
The temperature rise during drying process results from the 

decay heat and from change of the heat transfer coefficient. Dur
ing wet storage, most of the hydrides are circumferentially orien
tated as expected. After the drying process, where approximately 
50 wt ppm of the hydrides dissolve, a period of a constant number 
of circumferential hydrides follows. This effect is observed, since 
a sufficient high hoop stress is built up due to the rigid body pres
sure of the pellet to the cladding (PCMI) (Figs. 10 and 12). The 
pellet-gap closure during wet storage is a result of pellet swelling 
due to alpha decay [23]. The cooldown during rates during this 
simulation is rather slow compared to the experimental cycles 
shown in Fig. 4. The longest period of a temperature hold in the 
ANL experiment is at 285 °C for about 2000s, which already 
shows a significant reduction of the hysteresis (i.e., approach of 
TSSp to TSSd). The simulated drying temperature has similar val
ues (about 320 °C) and is believed to behave connatural to the 
experiment. The temperatures during the heat-up transient are 
even higher, whereas the approach from TSSp to TSSd will be 
even faster. Since all temperature cooling rates in this long-term 
simulation are smaller, TSSd is the controlling limit for hydride 
precipitation. To the author's knowledge, there are no experiments 
published with nearly as slow cooling rates as assumed in dry stor
age conditions. 

The heat-up transient causes a temperature, strain, and stress 
peak in the cladding (Figs. 8, 11 , and 13). This leads to a creep 
deformation of the cladding, which is large enough for a stress 
relaxation from the rigid-body pressure. The high temperatures 
lead to the dissolution of all hydrides followed by reprecipitation, 
which enhances radial orientation in the case of low threshold 
stresses (Fig. 16) or a lowered radial hydride precipitation 
(Fig. 14). After the transient, the stress is controlled by the inner 
fuel rod gas pressure. This pressure constantly rises because of 
helium production due to alpha decay. 

The dry storage cask resembles a large. heat sink with larger 
time constants as it is shown here. A more realistic approach 
would lead to a delay in the temperature effect inside of the fuel 
rod. Since the amount of injected energy into the system i~ the 
same, this simplification was chosen. 

5 Conclusion 
The hydrogen model implemented in TESPA-ROD enables pre

diction of the hydride evolution during long-term dry storage of 
spent nuclear fuel. The model highly relies on the quality of the 
measured parameter, such as TSS-data and the threshold stresses 
for reorientation. 

The example discussed above shows that the drying tempera
ture directly affects the amount of dissolved hydrogen. The pres
ence of circumferential hydrides delays the precipitation of radial 
hydrides. Just the second large dissolution of hydrides caused by 
the high temperatures during the heat-up transient may lead to a 
strong increase in radial hydrides, if stresses are large enough. 
Depending on the threshold stress, the radial hydride fraction may 
be limited or even enhanced in growth after reheating accompa
nied with a cladding stress relaxation. 

The precipitation of radial hydrides causes an increase of the 
ductile to brittle transition temperature, which may later affect the 
handling of the fuel rods, like during unloading of the casks or 
conditioning of fuel assemblies. The large differences between the 
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various experimental data aggravate characterizing the fuel's 
material state in the beginning of dry storage. In this work, it is 
mentioned that this heat-up transient could resemble a postulated 
accident of a transport and storage cask being buried with limited 
heat removal, which is a simplified approach for illustration 
purposes only. The assumption of fully suppressed heat transfer 
would be very conservative and would neglect additional mechan
ical loads due to possible cask movement. Nevertheless, TESPA
ROD can predict the bulk hydrogen behavior in the cladding 
during long-term transients. As future work, an uncertainty and 
sensitivity analysis would be a possible next step, which would 
help identifying the most influential parameters. However, it is 
crucial to have knowledge about the condition of the irradiated 
fuel rod at the end of reactor operation. 

From today's situation, there is no general statement possible to 
decide whether low temperature or high temperature potentially 
leads to integrity-threatening parameters. The assumption that 
high temperature fuel rods are those rods considered to be the 
most endangered ones facing exceeding of regulatory limits and 
potential cladding failures is considered to be conservative in 
many regards and this assumption still remains valid. But this 
does not mean that the reverse conclusion, that lower temperatures 
keep all parameters on the safe side, is true, too. 
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Nomenclature 

C = concentration, kg/kg 
Q = molar activation energy, J/mol 
R = gas constant, 8.3145 J/mol K 
T = temperature~ K 

Greek Symbol 

rY.
2 = precipitation rate, s-• 

Subscripts 

diss = dissolved hydrogen 
TSSd = terminal solid solubility for dissolution 
TSSp = terminal solid solubility for precipitation 

Acronyms and Abbreviations 

ANL = Argonne National Laboratory 
cir. = circumferential 

DIN = Deutsches Institut fiir Normung, German industry 
standard 

DUPLEX = zirconium alloy with liner 
GRS = Gesellschaft fiir Anlagen- und Reaktorsicherheit 

gGmbH 
H = hydrogen 

HM = heavy metal 
MS® = Registered trademark for zirconium alloy 

MOX = mixed oxide fuel 
ppm = parts per million 

PCMI = pellet-cladding mechanical interaction 
rad. = radial 
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TSS = terminal solid solubility 
TSSd = terminal solid solubility for dissolution 
TSSp = terminal solid solubility for precipitation 
U02 = uranium dioxide 

wt = weight . 
wt ppm = weight ppm, 10-6 kg/kg 

XRD = X-ray diffraction 
Zircaloy = zirconium alloy 

ZIRLO™ = trademark for zirconium alloy 
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The study presented in this paper is part of the technological surveillance performed at 
the Electricite De France (EDF) Research and Development (R&D) Center, in the 
Pericles department, and investigates the feasibility of model_ing in-vessel melt retention 
( NMR) phenomena for small modular reactors (SMR) with the modular accident analysis 
program version 5 in its EDF proprietary version (MAAP5 _ EDF), applying conservative 
hypotheses, such as constant decay heat after corium relocation to the lower head. The 
study takes advantage of a corium stratification model in the lower head of the vessel, 
developed by EDF R&D for large-sized prospective pressurized water reactors (PWRs) . 
The analysis is based on a stepwise approach in order to evaluate the impact of various 
effects during NMR conditions. First, an analytical calculation is pe,formed in order to 
establish a reference case to which the MAAP5 _ EDF code results are compared. In a 
second step, the impact of the lower head geometry, vessel steel ablation, and subsequent 
relocation on the heat flux has been analyzed for cases where heat dissipation through 
radiation is neglected (in first approximation). Finally, the impact of heat losses through 
radiation as well as the crust formation around the pool has been assessed. The results 
demonstrate the applicability of the MAAP5 _ EDF code to SMRs, with heat fluxes lower 
than 1.1 MW!m2 for relevant cases, and identify modeling improvements. 
[DOI: 10.1115/1.4042360] 

1 Introduction 
Small modular reactors (SMR) are regaining attention world

wide (e.g., Nuscale, CAREM), opening new market opportunities 
for the nuclear industry [1,2]. One of the main characteristics of 
SMRs, apart from their modularity, scalability, and flexibility, is 
their enhanced safety features. Indeed, the low power level 
of SMR designs-compared to large sized ones-as well as their 
integrated design is assumed to increase safety margins. 

In this context, Electricite De France (EDF) is proceeding to a 
technological surveillance and investigating the in-vessel melt 
retention (IVMR) potential for pressurized-water SMR designs. 
The studies presented in this paper have been conducted at EDF 
R&D using the modular accident analysis program version ·5 
(MAAP5) [3] in its EDF proprietary version [4]. The aim of the 
present study is to draw preliminary conclusions on the IVMR 
potential of a 170-MWe SMR concept using an in-house model 
for IVMR simulations [4]-applied for the first time to an SMR 
design-and to highlight possible code improvements for the 
modeling of SMRs. The approach is a stepwise one, where physi
cal phenomena, known for large-sized pressurized water reactors 
(PWR) with IVMR strategies, are added one by one to move from 
a bounding approach to a more realistic case. 

2 In-Vessel Melt Retention: Physical Phenomena in 
Large Pressurized Water Reactors and Associated 
Modeling in MAAP5 _ EDF 

2.1 Physical Phenomena Associated With In-Vessel Melt 
Retention. The possibility of retaining corium in the vessel by 
external cooling (e.g., by flooding the reactor pit) is one of the 
options envisaged for the management of severe accidents in large 
pressurized water reactors, like the Westinghouse AP 1000 design 
(Pittsburgh, PA) [5]. 

Manuscript received July 31, 2018; final manuscript received December 14, 
2018; published online March 15, 2019. Assoc. Editor: Fidelma Di Lema. 

During a hypothetical severe accidental scenario in a large 
PWR, e.g., a loss of coolant accident with a series of assumed fail
ures of safety systems, heat produced by nuclear fission cannot l:le 
correctly removed. This situ<J.tion will lead to an increase in both 
pin and coolant temperatures. Steam will be formed and cladding 
will be oxidized, leading to both zirconium clad and fuel melting. 
A mix composed of molten fuel, clad, and structures-called 
corium-,-will then form locally and rapidly propagate to the entire 
core region, leading to the formation of a molten pool. This melt 
_configuration remains at high temperatures due to the decay heat 
and is hardly coolable due to its low surface to volume ratio: it 
will eventually relocate to the vessel lower head through succes
sive corium jets. 

The subsequent evolution of the accident highly depends on the 
mass, composition, and temperature of corium in the vessel. After 
this corium propagation phase, three situations can occur and 
potentially endanger the vessel: corium jets can jeopardize the 
integrity of the vessel wall, hydrogen and steam explosion could 
occur, a,nd/or a liquid pool could form in the vessel lower head. 

The temperature of the corium relocating to the vessel lower 
head is usually larger than 2373 K and hence higher than 1800 K, 
i.e., above the melting temperature of steel (material which com
poses the vessel) [7]. In these conditions, if no external cooling 
of the vessel is applied (i.e., if no water is injected in the reactor 
pit), the vessel wall will eventually fail and corium will be poured 
into the reactor cavity. Hence, IVMR strategies with external 
cooling are investigated worldwide [6,7], to prevent or at least 
delay vessel failure. 

When relocating, and if water is present in the vessel lower 
head, the corium will be partly fragmented into particles, solidify, 
and form so-called solid debris. If no water is present in the lower 
head when the corium has relocated (e.g., if the water has fully 
evaporated), the melt cannot be cooled and will become fully liq
uid. When the temperature of the corium pool in the lower head 
reaches the miscibility gap, it will progressively stratify to a mul
tiphase configuration and at least two phases will be observed [6]: 
an "oxide" and a metal phase (Fig. 1). · 
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Fig.1 Phenomena observed during IVMR [11 ] 

The former mainly contains uranium and zirconium oxides 
while the· latter mainly contains nickel (Ni), chrome (Cr}, iron 
(Fe) and nonoxidized zirconium (Zr). Depending on the initial 
melt composition, the light metal (LM) phase might as well incor
porate some uranium (U) and zirconium. Its density can hence be 
modified, which could lead to an inversion of the phases [7]. 

It is therefore necessary to be able to predict the conditions 
which would lead to a configuration where the metal phase would 
be on top of the oxide phase, since in this case a so-called focus
ing effect could potentially fail the vessel. Indeed, the light metal 
phase would receive a heat flux through its lower surface, in con
tact with the oxide layer, and part of the received energy would be 
transferred to the vessel wall, mainly through convection. The 
thinner this layer, the larger the focusing effect [7]. 

A crust will form at the interface between the high temperature 
melt and the surrounding "cold" environment. Ablation of the ves
sel wall might occur. The ablated steel mass will either be homog
enized into the pool or relocate on top of it. The latter one might 
result in a focusing effect. Indeed, since the radiative heat flux 
from the upper surface of the steel is limited, a large part of the 
heat from the oxide pool will divert toward the vessel through a 
potentially small lateral area. '!:his could possibly lead to vessel 
rupture within minutes/hours after corium relocation, depending 
on the amount of relocated mass in the lower head, its residual 
power, and the presence or absence of water [7]. 

2.2 In-Vessel Melt Retention Modeling With the MAA
PS EDF Code. In order to model the above mentioned phenom
ena, a dedicated proprietary model has been previously developed 
at EDF R&D [4] for the MAAP5 code. The various hypotheses 
and details of the model are described hereafter. 

Boundary condition: 

T melt_stee1=1800K 

Focusing effect 

Crust 

Boundary condition: 

Tuq=f(M) 

Possible inversion 

of stratification 

As mentioned earlier, when a hot corium pool is present in the 
vessel lower head, thermal exchanges will occur between the 
pool, the vessel wall, and the upper structures. Both vessel and 
upper structures have a melting point lower than the temperature 
of the hot corium pool, and a refractory crust will then form 
between the pool and the structures. 

The developed model takes into account this crust formation by 
making the assumption that the crust will have the same composi0 

tion as the first solid to form in the pool, i.e., mainly oxide. The 
inte.rface temperature between the pool and the crust is taken 
equal to the overall liquidus temperature of the pool (boundary 
condition, Fig. 2). 

The model also allows for a possible stratification of the pool. 
When the pool reaches conditions which are close to thermody
namic equilibrium, it will stratify into two nonmiscible layers. 
Due to the possible variation of the chemical composition, an 
inversion of layers could occur, leading to the transient configura
tion of three nonmiscible layers (Fig. 2) as to know: a heavy metal 
layer, an oxide layer, and a LM layer. In fine, the pool will tend 
toward a new equilibrium with a new two-layer configuration. 

Vessel creep and steel ablation can also be modeled. According 
to the chosen option (user-dependent), ablated steel can then 
either relocate on top of the pool, forming a thin layer, or mix 
itself with it. Steel dissolution is neglected. The MAAPS_EDF 
IVMR model also takes into account debris formation on top of 
the pool (due, e.g., to delayed corium jets) and upper structure 
melting with subsequent mixing into the pool. 

Both the steel and the debris layer are considered to be out of 
equilibrium and in direct contact with the vessel wall. The steel 
layer does not contain any power source but receives a heat flux 
from the underlying phases. This heat is then evacuated through 
the upper and lateral surfaces (i.e., the interface between the steel 
layer and the vessel wall), mainly by radiation and convection 
phenomena. Depending on the thickness of the steel layer, the 
heat flux transmitted to the vessel wall can reach high values and 
lead to a rupture of the vessel through "focusing effect." 

In order to estimate the heat flux to the vessel wall, a OD energy 
and mass balance equations are solved by the MAAPS_EDF 
IVMR model for each layer i present in the lower head, via 
Eq. (1) 

8m = '°'F-
8t ~ I 

I 

!out of equilibrium! 

Solid debris · 

Steel : Fe, Ni, Cr 

I At equilibrium 

Light Metal 

«Oxide» 

Heavy Metal 

(1) 

Fig. 2 Modeling of corium in the vessel lower head with the MAAP5_EDF code [4]. 
T: temperature (K). 
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Table 1 Masses of elements present in the lower head of the 
reactor vessel 

U02 Zr02 Zr Fe Cr Ni Total 

Mass (kg) 19,982 2670 2930 5920 1580 825 33,907 

In Eq. (1), His the enthalpy (J), m is the mass (kg), and F is the 
flow rate from one layer to another (kg/s). Qv is the decay power 
density (W/m\ and Q; is the heat rate through interface i (W) and 
defined as Eq. (2) 

(2) 

where S; is the surface of interface i (m2
), T is the temperature 

(K), and h; is the heat transfer coefficient to be considered (W/m2 

K). The latter is defined in Eq. (3), where J. is the thermal conduc
tivity (W/m K), L; is a characteristic length of the interface (m), 
and Nu is the Nusselt number defined for each interface as a func
tion of Rayleigh (Ra) and Prandtl (Pr) numbers [4] 

k 
h; =Nu-~ 

L; 
(3) 

On the external vessel wall, the critical heat flux (CHF), represent
ing the upper limit of heat that can be dissipated via external cool
ing before entering boiling crisis, is calculated via a CHF 
coefficient hcHF (W/m2 K) itself determined by the standard 
MAAPS correlation (Eq. (4) , Ref. [3]) 

h PgVcrithfg 
CHF=~ (4) 

In Eq. (4) , p8 is the vapor density (kg/m3
), Vcrit is the critical steam 

vapor velocity (m/s), h18 is the latent heat of water (J/kg), and tiT 
is the temperature difference (K) between vessel and saturated 
water. 

This model has been previously tested on large sized reactors 
[4] and has been applied for the first time to an SMR design for 
the studies detailed in this paper. 

3 Studies 
Forewords: 

- This paper does not address if the hypothesis "Whether or 
not an accidental scenario leading to core melt" is possible 
according to the enhanced safety features of SMRs. This 
scenario is assumed by hypothesis. 

- This paper does not address if the hypothesis "The core 
melt occurs x hours after the initial accident (and therefore 
the level of decay heat)" is possible or not according the 
enhanced safety features of SMR. This value of decay heat 
is assumed by hypothesis. 

3.1 General Hypotheses. The aim of the performed studies is 
twofold: (1) understand the phenomena that can benefit/jeopardize 
IVMR strategies and (2) demonstrate the applicability of the 
IVMR model previously developed in MAAPS_EDF to an SMR 
design and highlight further improvements. 

The studies detailed in this paper postulate an advanced stage 
of the accident, where corium is assumed to have already relo
cated to the vessel lower head (benchmark-like approach) to study 
the IVMR strategy. The corium mass assumed to have relocated 
to the lower head is taken equal to the total SMR core mass. Its 
composition in terms of element masses1 is shown in Table 1. In 

1The masses have been obtained by using an adapted rule of 3 from the EPR 
reactor. 
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Fig. 3 Evolution of the decay heat power after SCRAM versus 
time for a preliminary pressurized water SMR design (540 
MWth). Outcome of the APOLL02/DARWIN2.3.1 calculation. 

this cpnfiguration; about 48% of Zr has been assumed oxidized 
previous to relocation to the vessel lower head. Water presence in 
the vessel lower head is neglected, in order to be representative of 
a worst case scenario. The vessel is assumed to be depressurized. 
The reactor pit is assumed to be fully flooded with saturated water 
(1 bar, 373 K) during the entire calculation time. 

Starting from these assumptions, a step by step approach is 
used in order to identify which effects could be beneficial to an 
IVMR strategy and which ones could jeopardize it. 

3.2 Decay Power. Since the success of IVMR highly depends 
on the level of decay power produced by the corium pool, it is 
important to determine which level of decay heat to consider for 
the current analyses, which itself depends on the time of corium 
relocation to the vessel lower head. 

The time of corium relocation to the vessel lower head is highly 
design and scenario dependent. The current study presented in this 
paper is based on the few data available in literature, although 
related to different SMR designs [8]. These data indicate that 
corium relocation for some SMR designs would occur around 
7-8 h after reactor scram, with a very conservative approach (for 
some designs, core melting would occur much later, and only after 
a series of successive failures). Hence, this time of relocation is 
assumed as a starting point for the current studies, in first 
approximation. 

Considering a preliminary SMR neutronic layout, several 
APOLL02/DARWIN2.3.l [9] calculations have been performed 
in order to estimate the level of decay heat power at different 
times after reactor scram (Fig. 3). The calculations assume a 540 
MWth core with two enrichments zones [9]. From Fig. 3, it can be 
concluded that at around 7-8 h after reactor scram, the decay 
power of the considered SMR design reaches 3 MW. Hence, this 
value will be used for the current studies. The level of decay heat 
will be kept constant throughout the duration of the calculation, as 
a bounding approach, since the decay heat is almost constant dur
ing the time considered for the calculation (cf. Fig. 3). More 
detailed calculations with a time dependent decay heat approach 
are planned in the future. 

3.3 Reference Case: Theoretical and MAAPS EDF Cross
Calculations. In order to establish a reference fo~ comparison 
with the MAAPS_EDF code results, an analytical calculation is 
first performed. 

Since a stratified corium pool would lead to more severe IVMR 
conditions, due to a possible focusing effect, a configuration with 
two layers has been chosen for the analytical calculation. The dis
position of the layers is as follows: one layer assumed to be on top 
of the pool, referred to as "light metal layer" and assumed to 
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Table 2 MAAP5 EDF calculation and comparison to the reference case. LM stands for light metal T for temperature. X stands for 
cases where values were not calculated. 

Layer type Mean T(K) Mass (kg) 

Analytical LM X 8590 
Oxide X 25300 

MAAP5_EDF Case 0 LM 2600 11310 
Oxide 2679 20597 

MAAP5_EDF Case 1 LM 2605 11310 
Oxide 2670 20597 

H1otal 

Hox 

Fig. 4 Two phase corium pool power distributions. OX: OXlde, 
LM: Light Metal. Orea: decay power (MW); Oup power transmit· 
ted through the upper surface (MW), Qs: power transmitted lat
erally (MW). Hiota1: total height of the pool (m), R: radius (m), 
S,,,0181: metal surface (m2

). 

contain Ni, Fe, Cr, and a fraction of 'ZJ: elements and another layer 
referred to as "oxide layer" assumed to contain all other elements. 

For this analytical case, steel ablation, crust formation, and heat 
losses through radiation processes are omitted in first approxima
tion. The vessel lower head geometry is assumed to be 
hemispherical. 

It is assumed that the oxide layer, which contains 100% of the 
decay power, representing 3 MW as detailed in Sec. 3.2, transmits 
about 50% of its power to the vessel wall and about 50% of it to 
the upperlying light metal layer (i.e., l.50MW) [7,10]. Since heat 
losses through radiation have been neglected, the light metal layer 
transmits 100% of it to the vessel wall. Considering the densities 
and masses of both layers, as well as the vessel geometry, one can 
deduce their respective volumes and hence their respective heights 
(see Table 2). Since the metal surface (Smetal> m2

) in contact with 
the vessel wall (Fig. 4) can be calculated using Eq. (5) (parameters 
are detailed in Fig. 4), an average heat flux of about 0.80 'MW/m2 

can be deduced (calculations are omitted here). This flux is lower 
than the CHF of 1.1 MW/m2 commonly admitted in large sized 
pressurized water reactors, and no rupture due to focusing effect 
is expected 

Smetal = 2nR{Hiotal - Hoxide) (5) 

In order to confirm these theoretical values and conclusions, the 
MAAP5_EDF code is employed. In the MAAP5_EDF calculation 
(case O, Table 2), the corium instantly stratifies into two layers: 
one layer composed of light metals (Cr, Ni, Fe, and a fraction of 
U and 'b:) and another one mainly composed of oxides (uranium 
oxide, zirconium oxide, but as well some fraction of Zr). This is 
due to the way that the model has been developed. It has to be 
mentioned that stratification is a time dependent process in nature, 
but it is not taken into account in the MAAP5_EDF IVMR model. 

As shown in Fig. 4, MAAP5_EDF calculates that the oxide 
layer contains about 78% of the decay power (2.33/3 =78%) at 
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Height (m) Density (kg/m3
) Mean/maximum flux (MW/m2

) 

0.150 6900 0.80/X 
0.740 8398 

0.223 7494.8 0.56/0.62 
0.703 7674.5 

0.173 7494.8 X/0.63 
0.513 7674.5 

equilibrium, a value that differs from the 100% assumed in the 
analytical calculation. This is due to the fact that the light metal 
layer in the MAAP5_EDF calculation contains a fraction of metal 
U. This was not the case in the analytical calculation.2 Further
more, about 38% of the oxide layer decay power is transmitted to 
the upper metal layer (0.89/2.33 = 0.38). These 38% plus the 
decay heat produced in the light metal layer are then fully trans
mitted to the vessel wall facing the metal layer (since radiation is 
omitted) and represent about l.56MW (versus l.50MW in the 
analytical case). The average heat flux is 0.56MW/m2

, i.e., 30% 
lower than the 0.80MW/m2 in the analytical calculation, but in 
the same order of magnitude. In conclusion, the MAAP5_EDF 
code represents fair! y well the analytical calculation. 

Since the currently investigated SMR vessel lower head design 
is not exactly hemispherical, the previous calculation (case 0) has 
been repeated in order to evaluate the applicability of the model 
to this specific geometry (case 1). From Table 2, it can be con
cluded that results are quite satisfying. 

3.4 Application of the MAAPS_EDF In-Vessel Melt 
Retention Model to More Complex Cases 

3.4.1 Cases Without Radiative Heat Losses. While calcula
tions detailed in Sec. 3.3 have confirmed the applicability of the 
MAAP5_EDF IVMR model to SMR designs in a very simplified 
case (neglecting heat losses through radiation, crust formation, 
and steel ablation), other physical phenomena occurring during 
IVMR conditions, such as steel ablation (Table 3) have to be taken 
into account. Indeed, this phenomenon might lead to a vessel fail
ure due to focusing effect, as detailed in Sec. 2.1. The MAA
P5_EDF calculation presented hereafter considers a stratified 
corium pool configuration. The MAAP5_EDF IVMR model 
allows for two configurations when steel ablation of the vessel 
wall occurs: it is considered to either mix itself with the pool 
(case 2) or to relocate on top of it (case 3) in the form of a layer, 
depending on the user chosen option. The results of both cases 2 
and 3 are shown in Table 4 . 

In case 2, since ablated steel is chosen to mix itself with the 
corium pool, the light metal layer mass is increased, which leads 
to a subsequent increase in the height of this layer. Thus, at equal 
decay power, the maximum heat flux ransmitted to the vessel 
wall decreases (0.58 against 0.63 MW/m ). 

In case 3, steel is assumed to relocate on top of the pool, form
ing a thin layer, and a vessel rupture due to focusing effect is 
observed. Indeed, a maximum heat flux of 10.01 MW/m2 is 
reached just before vessel failure, a value which is about 9 times 
larger than CHF of 1.1 MW/m2

• It has, however, to be stressed 
that heat transfers through radiation processes, which would con
siderably reduce this value, have been neglected for both cases 2 
and 3. 

3.4.2 Cases With Radiative Heat Losses." In order to better 
model realistic situations, case 3 detailed in Sec. 3.4.1 . has been 

2Jn MAAP5, since the evolution of fission products, responsible for the decay 
power, in the respective layers cannot be modeled, the assumption is made that 
decay power depends on U concentration. 
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Table 3 MAAP5_EDF calculations hypotheses 

Neglected 
Neglected• 

Steel ablation 

Yes. If it occurs, steel mixes with the pool 

Radiative heat losses Crust formation 

Case 0 
Case 1 
Case 2 
Case 3 
Case4 
Case 5 

Yes. If it occurs, steel forms out of equilibrium layer on top of pool 
Yes. If it occurs steel forms out of equilibrium layer on top of pool 
Yes. If it occurs steel forms out of equilibrium layer on top of pool 

Neglected 
Neglected 
Neglected 
Neglected 
Taken into account 
Taken into account 

Neglected 
Neglected 
Neglected 
Neglected 
Neglected 
Taken into account 

"Cases O and 1 differ by the geometry of the vessel lower head. 

Table 4 MAAP5_EDF results. LM: light metal. T: temperature. The calculation hypotheses of each case can be found in Table 3. 

Layer type Mean T(K) Mass (kg) 

Case 2 LM 2503 18349(4647 steel) 
Oxide 2660 20205 

Case 3 Steel 2543 1011 
LM 2586 13310 

Oxide 2757 20597 

Case 4 Steel X X 
LM 2450 13310 

Oxide 2619 20597 

Case 5 Crust 2308 1143 
LM 2528 8623 

Oxide· 2619 13344 

repeated while allowing for heat removal through radiation proc
esses (case 4). Emissivities of the pool and structures have been 
taken equal to 0.85 and 0.9, respectively, according to Ref. [4]. 
Structures have been assumed to be at a temperature of about 1800 K. 

In case 4, the MAAP5_EDF calculation results show that no 
steel has been ablated (Table 4). Thus, heat seems to be suffi
ciently removed (mainly through radiation) from the pool, which 
consequently cools down. From Fig. 5, it can indeed be se<;n that 
the temperature of all layers gradually decreases, as does the 

2850 

2800 

2750 

Height(m) Density (kg/m3
) Maximum flux (MW /m2

) 

0.240 7285.3 0.58 
0.509 7635.5 

0.014 6384.1 10.01 
0.173 7504.3 
0.513 7675.1 

X x 0.15 
0.170 7623.7 
0.513 7676.3 

O.Ql5 7675.2 0.22 · 
0.132 7556.7 
0.524 7676.3 

interface one. The oxide layer temperature even reaches the solidi
fication temperature and oscillates around this value, preventing 
the pool from further cooling down: the oxide layer solidifies, con
vective heat transfers are reduced, heat is hence less dissipated, lead
ing to a melting of the layer, and so on. This phenomenon is 
linked to the heat transfer coefficient calculation (Eq. (3)): indeed, 
in MAAP5_EDF, the Nusselt .nurnber used for calculating the heat 
flux through the upper pool surface switches from a formulation 
like detailed in Eq. (6) to a formulation as detailed in Eq. (7) 

Upper surface temperature LM 
- Temperature LM layer 
· · ·· ·· Interface temperature Ox/LM 
- Temperature oJdde layer 

Tliquidus oxide layer 

gz100 
QI Oscillations ... 
::ll 

ii 2 650 
Cl 
Q. 
E 
{!2 600 

2550 

2500 

2450 

2 400 
0 2 000 4000 6000 8000 10 000 · 12 000 14 000 

Time (s,) 

Fig. 5 Temperature evolution In pool (case 4). Ox: oxide, LM: light metal. Blue square: zone 
where oscillations In oxide layer temperature occur. 
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when the temperature of the oxide layer is below its solidification 
temperature 

Nuup = 0.38l(Ra)°'234
, ifliquid 

Nuup = l, if solid 

(6) 

(7) 

where Nuup is the Nusselt number used for calculating the heat 
flux through the upper pool surface and Ra is the Rayleigh 
number. 

Hence, the value of the power dissipated through radiation 
processes oscillates between 0.097MW and 4:684MW, inducing 
either a slight melting or a slight solidification of the corium pool 
and preventing its temperature from further decreasing. 

Using a formulation for the heat transfer coefficient as 
expressed in Eq. (8) instead of Eq. (3) is envisaged for improving 
the model for future studies 

h; = h, -f + h1 · (l - !) (8) 

where h, and h:5. are the heat transfer coefficients of a solid or liq
uid pool (W/m K) , respectively, andf is the solid fraction of the 
pool. 

Finally, a case allowing for crust formation at the interface 
between the hot pool and the colder environment has been mod
eled ( case 5). This case is closer to a realistic situation. Once 
more, calculation results of case 5 show that no steel ablation is 
observed. The axial distribution of heat flux is depicted in Fig. 6, 
where an almost uniform dissipation of power is seen in the oxide 
layer. This is representative of a conductive heat transfer. In Fig. 
6, a discontinuity can be observed at the interface between the 
LM layer and the oxide layer. This is due to the abrupt change in 
conductivities in the two layers. From Fig. 7, it can be seen that 
incoming and outgoing power balance out when the pool reaches 
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Fig. 6 Axial distribution of fluxes in vessel wall, case 5. Eleva
tion O corresponds to the end of the cylindrical part of the 
vessel. · 
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Fig. 7 Evolution of ingoing and outgoing power versus time, 
cases 

its equilibrium state. It is to note that in case 5, the maximum heat 
flux transmitted to the vessel wall is of 0.22 MW/m2

, which allows 
large safety margins with regard to the CHF of 1.1 MW/m2

• 

4 Conclusions 
This paper demonstrates the applicability of the IVMR MAA

P5_EDF model to an SMR design. A benchmark-like approach 
has been used, where corium is assumed to have already relocated 
to the vessel lower head (i.e., a molten pool is present in the lower 
head of the vessel at the start of the calculation). The maximum 
heat flux on the internal vessel wall reached 0.22 MW/m2 for real
istic cases, thus aliowing for large safety margins with regard to 
the CHF, given the current conservative hypotheses (constant 
decay power level for example). Improvements of the current 
MAAP5_EDF IVMR model, such as a new formulation for calcu
lating the Nusselt number, could be identified. 

Sensitivity studies related to the oxidation state of the pool, 
model improvements, investigation of CHF correlations, and new 
developments to allow for the specificities of pressurized water 
SMRs to be modeled in order to simulate a full accidental scenario 
from the initiating event to more advanced stages of the accident 
are foreseen. This would allow to simulate transient situations 
with progressive relocation of corium to the vessel lower head and 
hence a progressive pool formation. An enhanced modeling of 
IVMR strategies will derive in enhanced severe accident manage
ment guidelines. 

Nomenclature 
f = solid fraction of the pool 
F = mass flow, kg/s 
h = heat transfer coefficient, W/m2 K 

htg = latent heat of water, J/k:g 
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H = enthalpy, J 
H; = height of layer i, m 

H,0 , 01 = total height of corium pool, m 
L = characteristic length, m 
m = mass.kg 
Q; = heat rate through interface i, W 
Q. = decay power density, W/m3 

R = radius, m 
S = surface, m2 

t = time, s 
T = temperature, K 
V = volume, m3 

Greek Symbols 

A= thermal conductivity, W/m K 
v crit = critical steam vapor velocity, m/s 

pg= vapor density, kg/m3 

Subscripts or Superscripts 

crit = critical 
g = vapor 
i = interface or layer 

L = liquid 
res = residual 

s = solid or side 
up= upper 

v = volumetric 

Acronyms and Abbreviations 

ARIS = advanced reactors information system 
CHF = critical heat flux 
EDF = Electricite De France 

IVMR = in-vessel melt retention 
LM = light metal 

MAAP = modular acddent analysis program 

Journal of Nuclear Engineering and Radiation Science 

PWR = pressurized water reactor 
SMR = small modular reactor 

Nondimensional Numbers 

Nu = Nusselt number 
Pr = Prandtl number 
Ra= Rayleigh number 
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Nuclear energy has created controversy since its conception during the 1950s. Arguments 
against it have been constant through the years until the current state on whichjthe 
majority of western societies are against it as seen in recent surveys. Additionally, confi
dence in science and scientists is also relatively low. In Spain, these two facts are related 
with science alphabetization; an average person with lower science alphabetization tends 
to be more negative about science, and specifically, about nuclear energy science. In this 
aspect, as science affects major decisions in society, in democracy, it is important that 
the public is able to interpret scientific information. It is in this context that J 6venes 
Nucleares appeared: an organization created by the Spanish Nuclear Society and formed 
by young people interested in nuclear energy. One of its main goals was the spreading of 
nuclear science into society. This was made through lectures at high schools, content cre
ation, and enveloping communication campaigns. A skeptical approach has always been 
taken trying to separate from the lobby argumentation and promoting a strong critical 
thought. In this paper, as an example of communication campaign, the Basic Nuclear 
Fusion Course is presented. This campaign involved the creation of the informative con
tent, gathering it into a book, the development of a lecture (consisting of nine topics 
related to nuclear fusion) to be delivered in universities or high schools, and a strong 
advertisement effort through social media and presentations in congresses. This cam
paign has been possible thanks to voluntary work; the main cost of the campaign was the 
book printing. The early results predict a great support to this new format included into 
the J6venes Nucleares divulgation activities as perceived in the attendance and feedback 
provided by the audience. With these activities, J6venes Nucleares aspires to put another 
grain of sand toward narrowing the gap between science and society. 
[DOI: 10.1115/1.4042192] 

1 Introduction 
Nuclear energy and western societies have held a turbulent rela

tionship since its initial steps during the 1950s and 1960s. Since 
the beginning, nuclear energy has had supporters and detractors, 
both with strong arguments that have been maintained until the 
present day. Nowadays, according to the last Eurobarometer, most 
of the European countries maintain a major rejection toward 
nuclear energy [1]. Moreover, after the Fukushima-Daiichi acci
dent, countries like Germany started nuclear phase-out programs 
in an attempt to reduce the perceived risk of their citizens toward 
the country energy mix [2]. In this context, the need of an edu
cated society in terms of nuclear energy becomes critical, as polit
ical decisions are strongly influenced by the public and 
mainstream opinion, and these decisions can cause a tremendous 
effect in the long term. 

In Spain, during the 1990s, the Spanish Nuclear Society (SNE, 
by its initials in Spanish) incentivized the creation of a group of 
young people called J6venes Nucleares (JINN) to divulgate 
nuclear science to society, to promote knowledge transfer between 
generations, and to provide a platform for the young people that 
supported nuclear energy. This organi;zation is also similar to the 
Europeans young generation networks (YGNs). 

To fulfil the divulgation goal, JINN started spreading nuclear 
knowledge among the society through organizing conferences in 
high schools, institutes, and universities. In all divulgation events, 
JINN encourages the audience to generate their own opinion using 
a reflexive approach, always based on knowledge and facts and 
not on beliefs or passions. Facts are always presented as they are, 
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in their most objective facet, trying to avoid biased views of the 
complex probleins of obtaining energy, which have to be faced by 
humanity. 

The main motivation of JINN could be stated in quite a generic 
way as· "to make the World a better place to live." For people 
involved in nuclear science, the better way to do their part for this 
goal is to divulgate their knowledge among society. The core of 
this idea lies under the "democratic argument" depicted in Ref. 
[3]. Science affects major decisions in society, and therefore, it is 
important that, in a democratic society, the general public is able 
to interpret basic scientific information. This practical way of fac
ing such an ambitious goal must also be developed under ethical 
and transparent means. 

In recent years, the divulgation labor of JINN has had a great 
impulse; JINN has been a reference in Spain for the divulgation 
of nuclear fission energy science and, after 2017, it also aspires to 
be a reference in the nuclear fusion energy field. JINN has devel
oped the "Basic Nuclear Fusion Course" (BNFC) which responds 
to the public demand for knowledge in this field·, which has not 
stopped growing in recent years. This initiative includes the crea
tion of lecturing content, which is subsequently presented in uni
versities and Spanish institutions. This content is embodied in a 
book, which is expected to be a reference as a beginners' lecture 
of nuclear fusion in Spanish. With this initiative, JINN maintains 
one of its goals and, furthermore, opens a new line which appears 
to have a great future. 

After the introduction, Sec. 2 of this paper will briefly review 
the current situation of the relationship between nuclear science 
and society, specifically in Spain, and how JINN initiatives fit into 
the whole picture. Section 3 will describe the beginning of the 
communication campaign along with other JINN initiatives. 
Section 4 will deepen into the Basic Course of Nuclear Fusion, 
describing its sections and characteristics. Section 5 describes the 
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early results of the communication campaign, and finally, some 
discussion and future steps are drawn in Sec. 5. 

2 Context and Need 
The idea of progress, highlighted as one of the main cultural 

distinctions of the society of the XX century, was built on scien
tific and technology innovations. However, since the last third of 
the mentioned century, and especially after the appearance of 
massive destruction weapons, the appreciation of potential risks, 
which seemed to scape to the management from the responsible 
institutions, has modified the idea of progress in a complicated 
manner. Thus, western societies entered a risk culture in which 
the inadequate management of the environmental and social con
sequences of science was consciously taken into account [4]. 

Several studies have been deepened in this topic and a range of 
factors, that have influenced the separation of science from soci
ety, have been identified [5,6]. One of these factors is a reduced 
recognition of expertise and authority, as was noted in a Eurobar
ometer on which the majority of the population · stated that 
"scientists cannot be trusted to tell the truth about controversial 
scientific and technological issues" [7]. This trend was associated 
with factors such as the perceived increasing reliance of scientists 
and institutions on funding from private sources. In addition to 
this factor, scientific frauds or pseudoscientific projects such as 
the EM drive are normally exposed in the mainstream media, [8], 
as well as information scandals such as the "Climategate" [9], 
which undermine even more the confidence in science, and 
·increases the gap between innovations and society. Finally, the 
media, capable of influencing the collective memory and being 
the main driver of information, usually has negative attitudes 
toward nuclear energy, as seen in the study of Perko et al. [10]. 

This distrust in science progress and innovations appeared as 
well in Spain, and in particular, with nuclear energy since the con
struction of the first Generation-II reactors in the 1970s. The result 
of this trend ended up in 1991 when the Spanish government 
stopped completely seven nuclear power plant (NPP) projects; 
some of them were completely built at the moment of being aban
doned. Positions against any nuclear-related technology contin
ued, and even fusion projects had a strong opposition from 
ecologist organizations [ll ]. Even though the opposition exists, 
the finished NPPs were responsible of producing 21 % of Spanish 
electricity consumption in 2017 [12]. Nuclear is, in fact, the main 
contribution to the energy mix in the recent years. 

Nowadays, according to a public survey conducted in 2016, 
17% of the Spanish population believes that nuclear energy 

benefits outperform its drawbacks. The majority, 43% of popula
tion, thinks that the drawbacks of nuclear energy are bigger than 
the benefits associated with it, see Fig. 1 [ 13]. There is a similar 
trend observed in the European Union, in which 51 % of the popu
lation thinks that the risks outnumber the benefits, compared to 
34% who thinks the opposite [l ]. In the U.S., the percentage 
against nuclear energy is 54% [14]. 

The percentage of support of nuclear energy changes widely 
over time, as shown in Fig. 2. The year 2011 is remarkable as the 
survey was made just after the Fukushima accident, and the per
centage of people against nuclear energy rose to its highest value. 
This opposition can be compared with the poll about benefits and 
drawbacks but questioning about science in general. The results 
were that 54% of Spanish population answered that science and 
technology have more benefits than drawbacks. It is, therefore, 
remarkable that nuclear energy maintains a poor image relative to 
other scientific innovations, see Fig. l. 

The reasons for this tendency can be investigated thanks to the 
data of the mentioned survey, called Encuesta de la percepci6n de 
la Ciencia y la Tecnologfa (EPSCYT) 2016. This study was made 
through telephone calls to 6357 persons, distributed by region and 
population. A common belief is that people with a higher education 
tend to have a more positive image of nuclear science and technol
ogy than people without it. However, the data from this poll prove 
this statement to be wrongly interpreted; in fact, a person education 
shows no correlation with the attitude toward nuclear energy. What 
does have a correlation with a favorable attitude toward nuclear 
energy is a higher level of science alphabetization. That is, people 
with a broader kuowledge of common science and technology facts 
tend to have a more positive image about nuclear energy [13]. 

Another important correlation found is that people that tend to 
associate science with risks are very likely to have a negative 
image of nuclear energy. This strong correlation does not appear 
so clearly in other controversial science innovations such as clon
ing, stem cells research, or internet. This means that nuclear 
energy is a representative picture of what is disliked when recall
ing a typical application with risks bigger than its benefits. 

Finally, another relevant correlation is related to left-right polit
ical positioning. Ideologica\ schemes used by political parties pro
vide a guiding position to individuals regarding controversial 
applications. This is normally explained as that political parties or 
ideological positions help individuals to position against complex 
topics on which the majority of the population do not have speci
alized information [1 6]. This can be observed even if political par
ties do not hold a stable position in this topic [17]. In the case of 
Spain, this can be validated at the present day, as no political party 

DRAWBACKS AND BENEFITS OF DIFFERENT SCIENCE 
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Fig. 1 Results from Spanish poll about science in 2016 [13) 
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Fig.2 Evolution of the Spanish population attitude toward nuclear energy [15] 

as a whole has an open and positive attitude toward nuclear 
energy. 

With the present information, it is concluded that a higher level 
of science alphabetization is associated with values that highlight 
the importance of science in society. The more a citizen knows 
about scjence, the more he or she supports science. A specific 
study on this topic and its relationship with nuclear energy was 
made in 2016 with 1000 persons and showed the expected pattern 
[18]. Citizens against nuclear energy represent more than 55% of 
the population (for this study the question was slightly modified, 
which influences the percentages). However, from the people who 
knows that nuclear energy produces 20% of the electricity con
sumed in Spain, only 48% continue against it. If they also know 
that nuclear energy does not produce greenhouse emissions during 
its operation, nuclear energy opposition decreases to 35%, being 
lower than people in favor, which represent 58%, see Fig. 3. This 
percentage has been somewhat constant through the last decade, 
see Fig. 2. This shows that developing communication campaigns 
on science and nuclear energy that aim to increase science alpha
betization in society can change the citizenship positioning. 

Another relevant aspect revealed in the data of EPSCYT 2016 
is that, on average, people admit to be poorly informed about 
topics related to science and technology; only 6.5% assures to be 
informed very much about science [13]. However, this contrasts 
to the fact that more than 40% of the population assures to be 
highly interested in topics related to science and technology, see 
Fig. 4. This can be interpreted as a predisposition of the popula
tion to acquire more knowledge on scientific topics. 
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Fig. 3 Results from a Spanish poll about nuclear energy in 
2016 [18] 
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Answers to: How do you consider yourself in 
relation to science and technology 

Kot at all Slightly Some Prelty Veiy much 

Fig. 4 Differences between interest and informed perception 
on science and technology [13] 

Another remarkable data observed in EPSCYT 2016 are that, 
even though the trust in science is undermined, scientists are the 
most trusted collective as a source of information. In this line, 
nongovernmental organizations such as Greenpeace or JJNN have 
more credibility when speaking about controversial scientific 
topics than the Spanish government itself, only surpassed by uni
versities and national labs [13]. In this sense, JJNN would be in a 
preferred position to create the adequate confidence atmosphere 
during their communication campaigns. 

Finally, regarding nuclear energy, it is commonly thought that 
the main argument used by antinuclear advocates is the lack of 
safety, using Chernobyl and Fukushima accidents as examples. 
However, according to IPSOS poll of 2016, more than 75% of the 
Spanish population believes that Spanish NPPs work with enough 
or total safety [18]. This last result raises the importance for the 
nuclear lobby not to focus on communicating that NPPs are safe, 
but instead focus on divulgate science and, in particular, nuclear 
science. It is possible to find an example in countries like China, 
where 71 % of the population supports the scientific research even 
if it brings no immediate benefits [19], and as a related fact, 45% 
of the population supports nuclear energy [20]. 

With all this information in hand, JJNN began developing 
nuclear energy communication campaigns, motivated by the dem
ocratic argument, such as the Basic Nuclear Science and Technol
ogy Course (BNSTC) [21], high-school lectures, or knowledge 
contests. In the last few years, the nuclear fusion communication 
campaign was started, and in this paper, it will be used as an 
example of the process used to develop the strategy. 
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3 Precedents and First Steps 
Since the 2000s, JJNN has carried out many activities regarding 

Nuclear Fission Science and Technology spreading throughout 
Spanish high schools, universities, and institutions. In the course 
of them, JJNN has realized that a growing interest about Nuclear 
Fusion Science has appeared in the general public. As an example, 
while imparting the BNSTC, only 5 min were devoted to Nuclear 
Fusion, but most of the audience questions were directed to this 
topic [21]. 

Since the first decade of this century, JJNN organizes the 
Nuclear Fusion Seminaries, a four days serriinar devoted to 
nuclear fusion but . it had some problems: As a seminary, it was 
too advanced for general public, as taking 4 days, it was difficult 
to attend for large number of people and, as lacking of a base text, 
it was hardly exportable to other universities, speakers used to be 
the same year after. year, so their involvement used to be a condi
tion of possibility for the seminars to take place. This initiative 
was abandoned in 2017 after 6 yr of existence. 

This way a BNFC will help to alphabetize people on science, 
and it was designed with this goal in mind. It is similar in structure 
to the BNSTC, it is backed up by a book, and a communication 
campaign envelopes it. It is known that face to face activities have 
several disadvantages, such as the limited audience reach, the 
resource demand, both in materials and persons, and that the typi
cal audience is someone with an existing interest. However, these 
downsides are compensated . with the two-way communication 
that appears, the personal touch, and the capability of easily 
involving people from different organizations. 

Unlike nuclear fission, finding nuclear fusion speakers with 
enough knowledge is not easy among the usual members of JJNN, 
so the writing of a supporting text for the course appeared to be a 
must not only as a tool for attendants, but also to help the speakers 
to prepare their talks. The authors for different chapters were cho
sen both for their knowledge of the subject, writing skills, and 
ability to work. Although having different authors implies the pos
sibility of encountering different narrative styles during the read
ing of the book, it was considered as a minor problem, since 
otherwise the book would have to be written by a single person, 
and the will and dedication and commitment that this requires are 
excessive. In order to counteract the · difference in styles, it was 
established that there would be several total revisions of the book 
by independent persons, which would help to homogenize the 
content of the book. 

In addition to the full reviews, it was established that each 
chapter would be cross-checked technically by another expert in 
the corresponding topic. In this way, each of the chapters is agreed 
by the editor and the corresponding reviewer. To generate some 
stress in the workgrciup that may help to stay motivated during the 
creation process, it was decided to establish a date for the realiza
tion of the first edition of the course. Valencia was chosen as the 
test city for its good reception to all the activities of JJNN and for 
the excellent organizational capacity of the JJNN members 
located in that city. The proposed date was December 2016, which 
gave the organization about 8 months before to create the 
campaign. 

3.1 The Nuclear Fusion Communication Campaign. From 
the very beginning, JJNN have considered a holistic communica
tion campaign, where the writing of the book is nothing but a part. 
The main product of the campaign is a key-in-hand course which 
may be reproduced with minor changes in universities, professio
nal (or not) associations, lobbies, etc. The book is written as a 
script for the speakers and also to attract potential attendants, even 
though it is itself a strong educational tool. The physical book will 
be freely distributed to anyone interested and the digital version 
can be also freely downloaded, see in Ref. [22]. 

The first step has been the setting of the course structure. JJNN 
have used for that the well-proved structure of our "Basic Course 
in Nuclear Science and Technology." It consists of nine talks of 
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between 15 and 20min (with a lOmin break between fifth and 
sixth) followed by a conversation with the attendants to answer 
their questions and concerns. Finally, JJNN have also added a 
final quiz, using the tool "kahoot" which allows us to measure the 
degree of understanding. It all takes at most four hours but the 
change of the speaker and topic every 20min allows the attend
ants to maintain attention. 

Attending to this predefined scheme of nine talks, the assign
ment has been done as follows: 

Chapter I-Introduction to Fusion Nuclear Physics l: In this 
introductory chapter, all the concepts regarding atomic physics 
are presented. It begins with a brief history of nuclear science, 
from the classic era concept of atom to the actual standard model. 
Then, the atom is presented with its forming particles. Nuclear 
stability and decay is also shown as an introduction to riuclear 
reactions and the cross section concept. 

Chapter 2-lntroduction to Fusion Nuclear Physics Tl: Based 
on the basic concepts learned in the previous chapter, more speci
alized concepts are stated here. Quantum physics are briefly 
described to explain the basis of the tunnel effect, which allows 
the fusion reaction rate to be high enough at laboratory achievable 
conditions. The other fundamental branches of physics needed for 

. understanding fusion physics (i.e., plasma physics) are also 
explained here. As a practical example, tightly joined with fusion 
science development, the nuclear fusion in ,stars is discussed. The 
chapter ends allowing ·the reader to understand the scheme of the 
whole book: the two human-achievable ways of confining plasma 
(magnetic and inertial confinement) are presented. 

From here on, the book follows a parallel scheme for both 
fusion technology schemes (Chaps. 3 and 4) and state of art 
(Chaps. 7 and 8). However, chapters are disposed to form a whole 
unit (with the "hardest" part of the physics and technology) from 
Chaps. 1-5 (before the course's break), leaving an easier subject 
for the final talks. · 

Chapter 3-Magnetic Confinement Fusion: As the first of the 
group of two "technology chapters," some common concepts are 
explained here. The chapter begins with the general operation of a 
nuclear fusion reactor as a thermal power plant and the "Lawson's 
Criterion" as an ignition criterion, and ends with a brief introduc
tion to the tritium cycle with the breed.ing blanket concept. 
Regarding the magnetic confinement fusion (MCF), the chapter 
goes through the main topics such as the physics of a magnetic 
confinement reactor, the heating of the plasma, the main plasma 
instabilities to be found in a magnetic confinement reactor with its 
associated problems, and the superconductivity concept. Later on, 
both tokamak and stellarator schemes are shown as different solu
tions for the problem of the poloidal field and their main compo
nents are presented. 

Chapter 4-/nertial Confinement Fusion: Regarding its 
physics, general principles are explained together with shock 
waves and laser physics. Then, different schemes of inertial con
finement fusion (ICF) are shown: direct and indirect schemes and 
hotspot and fast ignition schemes. The Z-pinch approximation to 
ICF is also explained here. The chapter ends with an explanation 
on how a commercial ICF plant may work. 

Chapter 5-Nuclear Fusion Main Challenges: In this chapter, 
the last of the first block, the main challenges of Nuclear Fusion are 
stated. It begins with general challenges of MCF in international ther
monuclear experimental reactor (ITER) and ICF in National Ignition 
Facility (NIF). Later on, it explains the challenges related with plas
mas in both technologies, going deep in the instabilities introduced in 
Chap. 3. The technology challenges for both approximations are pre
sented then. Fmally, the great challenge involving materials is shown, 
with generous information about IFMIF-EVEDA, in Japan. This 
<;:hapter also serves as a sum up of all the material seen in the previous 
two chapters, using the previously learned concepts so that the most 
important are retained by the attendants. 

Chapter 6--Fusion in Perspective: After the break, a great 
change comes with a historical chapter. This is an absorbing chap
ter both because of the topic (Manhattan project tends to result 
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interesting among all audiences) and the way it is written. 
There is a brief historical introduction until the present, starting 
with the beginning of nuclear fusion, from Einstein and Thomson, 
through the Manhattan Project, Zeta, Joint European Torus, and 
finally, the NIF project. · 

Here, the course comes back to the technical way with two 
short chapters. They are devoted to MCF and ICF current state. 
They describe the main experiments which have recently taken 
place and their respective goals. 

Chapter 7-Current State of MCF: The technology of ITER 
and the German Wendelstein 7-X stellarator are described as well as 
the current state of the scientific advances. Regarding ITER, we go 
into detail regarding budget, deadlines, difficulties encountered, etc. 

Chapter 8-Current State of !CF: The NIP technology is 
described, as well as the current state of scientific advances in this 
technology. Other minor projects such as Laser Mega Joule in 
France or the Gekko in Japan are also shown in this chapter. 

Chapter 9-Fusion and Sustainabfo Development: In the final 
chapter, a new path is taken. It is mainly devoted to explain the 
real concept of sustainable development (SD) as described in 
"Brundland report" [23]. This concept shows to be different from 
the idea that most of the audience holds about SD. Once it is 
stated, the main characteristics of an energy system compatible 
with SD are enumerated. The chapter ends up with some short 
indications on how nuclear fusion may collaborate with the SD 
targets. This last part is made short on purpose,' encouraging the 
reader to think about it. 

As an independent spreading tool, the whole book is written 
with a truly ambitious criterion: it aims to fulfil the needs and 
expectations of both the nuclear engineer searching for going in 
depth in some concepts and also the member of the general puplic, 
new to any technical concept. This balance is achieved mixing 
both popular comparisons and more technical data. Probably 
minor parts may tum out to be boring for the prior or difficult to 
understand for the latter. 

This criterion makes the book work as theoretical base for both 
a course imparted in a technical university or in a general purpose 
talk. 

As a volunteer nonprofit association, an extra target in any 
JJNN activity is the care for the volunteer. The technical training 
or growing of our volunteers is always a factor. Despite the edi
tiori of the book has been done by a graphic design student, thanks 
to the special care applied in it, the feeling is that of a professional 
book. Special attention has been paid in little details in order to 
increase the readability. 

Coherence in expressions, formats, and vocabulary is essential 
for the best understanding. Thus, a huge work of homogenization 
has been carried throughout the book. While conserving the main 
spirit of each chapter and the writing style of each author, all con
cepts which can be expressed in a number of ways have been 
changed to appear always the same consistent manner. 

All the graphical work of the book has been done (or modified 
from previous sources) in order to preserve the esthetic coherence 
of the work. Small details are also included here such as always 
using the same color code for the particles depending on its 
charge. All this contributes to help the reader understanding the 
complexity of the nuclear fusion concepts. 

To increase the digital version readability, numerous internal 
references to other parts of the book have been included. Follow
ing the same idea, a glossary of nuclear terms has been added at 
the end of tlie book. 

Because of both environmental and social reasons, it was 
decided to also create a deliverable in digital format. Matching 
with the idea of preparing an edition as professional as time and 
capacity allows, a specific digital edition has been also prepared. 
This digital edition adds some specific details such as hyperlinks 
between chapters, and more comfortable fonts and formats for 
screen reading. For those preferring a printed reading, a lighter 
edition has been also released, with less picture detail and a 
white-background cover. 
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The release of this campaign has been supported by social net
work tools such as Facebook, Twitter, and Linkedln: First, all 
courses are communicated among all JJNN followers. The book 
release was melted with the communication campaign of JJNN 
"12 months 12 reasons" for nuclear, see Fig. 5. One month was 
devoted to nuclear fusion with the slogan "Nuclear is the new 
green" and the book was linked. 

Moreover, in order to increase the range of the campaign, the 
content of the book has been presented in national and interna
tional congresses such as the Spanish Nuclear Association Annual 
Meeting or International Young Nuclear Congress [24]. The book 
will also be presented to different informative competitions such 
as PRISMA and FECyT. 

4 Early Results 
Up to the writing of this paper, the course has been d~livered 

three times in three different universities of Spain: Inauguration 
took place on Dec. 2, 2016 (7 4 deg anniversary of the first human
induced nuclear chain reaction by E. Fermi) in the Universitat 
Politecnica de. Valencia. This edition took place when the book 
was not still edited but the main body of the chapters was already 
written. Nearly 300 attendants come to this first edition of the 
course. Once the book was edited, JJNN prepared a second edition 
in Universidad Politecnica de Madrid, where 200 people attended. 
The last course was held on April 13, 2018 in Euskal Herriko Uni
bersitatea (Bilbao), promoted for the postgrad students but also 
open to other students so up to 80 students attended. 

The results of the contest at the end of the course, Table 1, 
prove that the attention was maintained during most of the course, 
as the average score was near 70% of correct answers that involve 
technical content such as the differences between a stellarator and 
a tokamak. Some concepts as the nature <if nuclear fusion were 
the most understood (96.6 correct answers), and the least under
stood was the difference between ignition and break even (17 .9% 
of correct answers). 

Nuclear 
is 
Iha 

Fig. 5 Image created for the communication campaign 

Table 1 Results of the final contests at the end of the course 

Number of 
players 

191 

Correct 
answers 

68.5% 

Most correct 
answer 

96.6% 

Most wrong 
answer 

17.9% 
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Fig. 6 Cover and back cover of the Basic Nuclear Fusion Course book 

The public presentation of the book took place in the Spanish 
Nuclear Society 43rd Annual Meeting in Malaga, with nearly 600 
attendants. It has also been used as a stand-alone informative tool. 
A first edition of one thousand copies was printed, see Fig. 6. It 
has been given to main libraries in universities, to the attendants 
of the courses, and to the attendants of the Spanish Nuclear Soci
ety 43rd Annual Meeting in Malaga. 

The total cost of the nuclear fusion campaign without taking 
into account the printing costs is below 1000 USD which implies 
that informing the audience costs less than a USD per person. The 
cost involves speakers support and ·travel, and the salary of the 
graphic illustrator. 

Future editions of the course will be set around the Spanish 
geography, as the BNFC is highly demanded. Additionally, future 
actions include creating a 2nd edition of the book, correcting the 
minor mistakes detected, reprinting the physical book, and trans
lating it to other languages. 

5 Conclusion 
Nuclear energy has been a controversial innovation since its 

conception because it has several drawbacks that highly influence 
the public opinion. Given the current state of distrust in science 
and progress, science divulgation appears as a strong counterpart 
to this tendency. 

Science affects most major decisions in society, and therefore, 
it is critical that publics are able to interpret basic scientific infor
mation. With this idea in mind, JJNN was conceived and started 
to enhance nuclear science communication campaigns to society 
through talks in high schools or universities, debates, or contests. 

As an example of communication campaign, the BNFC com
munication campaign has been presented in this paper. This cam
paign is composed of the creation and gathering of divulgation 
content into a book, the creation of a 4 h lecture, the generation of 
digital content from Facebook to Twitter, and the presentation of 
this campaign in meetings, conferences, or congresses. 

The creation of the basic course of nuclear fusion, its imple
mentation, as well as the stabilization through the book, has been 
the product of the effort of dozens of people, working in a volun
tary way in this common objective. Since the launching of that 
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small seed, with great aspirations in the second quarter of 2016, 
until its consolidation, a year and a half has elapsed, demonstrat
ing the content development capacity of JJNN. 

The volunteers count also with strong motivators such as the 
promise of a limitless energy with almost no pollution created and 
that fights climate change. And because bringing the energy of the 
stars to Earth is important not only because of socio-economic 
and environmental reasons, but also because confining our atten
tion to terrestrial matters would be to limit the human spirit. 

The creation of the basic course of nuclear fusion, its imple
mentation, as well as the stabilization through the book, has been 
the product of the effort of dozens of people, working in a volun
tary way in this common objective. Since the launching of that 
small seed, with great aspirations in the second quarter of 2016, 
until its consolidation, a year and a half has elapsed, demonstrat
ing the content development capacity·of J6venes Nucleares. 
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Nomenclature 

BNFC = basic nuclear fusion course 
BNSTC = basic nuclear science and technology course 

EPSCyT = Encuesta de la percepci6n de la Ciencia y la 
Tecnologfa (by its acronym in Spanish) 

FECyT = Fundaci6n Espanola para la Ciencia y 
Tecnologfa (by its acronym in Spanish) 

ICF = inertial confinement fusion 
IFMIF-EVEDA = International Fusion Materials Irradiation 

Facility-Engineering Validation and Engineer
ing Design Activities 

ITER = international thermonuclear experimental 
reactor 

JET = Joint European Torus 
JJNN = J6venes Nucleares 
MCF = magnetic confinement fusion 

NIF = National Ignition Facility 
NPP = nuclear power plant 

SD = sustainable development 
SNE = Spanish Nuclear Society (by its acronym in 

Spanish) 
YON= Young Generation Network 
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Glasses have emerged as alternative materials that can be used for long-term treatment 
and management of radioactive waste. Specifically, glasses can be used as a matrix to 
immobilize the radioactive material. Within the glass industry, silicate glasses are the 
most widely used due to their properties and to the large knowledge existent about them. 
Alkaline free silicate glasses are particularly corrosion resistant. Due to the latter, rare 
earth aluminosilicate glasses are good candidates for actinides immobilization, espe
cially, yttrium aluminosilicate (YAS) glasses. The crystallization kinetics of YAS glasses 
on heating has been, already studied, and this work is focused on the effect of lutetium 
addition on the YAS glass crystallization kinetics. Thepresence of a small amount of lute
tium in a YAS glass decreases the surface density of nucleation sites (N,) by about 1 order 
of magnitude and significantly decreases the crystal growth rate (U). In this work, it was 
observed that lutetium additions on the order of 0.2 (wt%) to a YAS glass dramatically 
decreased Ns,for example, at 1000°C from 1011 to la9 nuclei!m2. Additionally, U for 
yttrium disilicate phase decreased from (8.21 ± 0.28) µmlh to (054 ± 0.04) µm/h at the 
same temperature. [DOI: 10.1115/1.4042497] 

Introduction 
An optimized material for nuclear waste immobilization must 

provide a solid, stable, and durable matrix. The material should 
also be more easily and securely stored than the current solid or 
liquid wastes [I]. The choice of the immobilization technology 
depends on the physical and chemical nature of the waste, the 
storage acceptance criteria, and the disposal facility where the 
waste will be stored. Nowadays, the main viable available tech
nologies are cementation and vitrification [2,3]. Vitrification is an 
attractive route because of the chemical durability of the glassy 
products. Examples of the latter are borosilicate, high silica, and 
aluminosilicate glasses. 

Aluminosilicate glasses containing rare earth oxides have been 
widely used due to their excellent properties. They typically have 
high hardness, high elastic constants, and excellent chemical dura
bility as refractory glasses [ 4]. 

Rare earth glasses are commonly used in lasers, sensors, and 
radiation shield glasses because of their optical and magnetic 
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properties [5- 7]. Moreover, yttrium acts in a similar way as rare 
earth ions in glasses [8]. 

Hence, although yttrium aluminosilicate glasses (YAS) do not 
contain the .oxides dt;'.fined as glass modifiers, they are of great 
interest due to the role of trivalent ions in their glass structures 
[9]. Yttrium and lanthanum are usually found together with other 
lanthanides in nature [10] and exhibit the same oxidation state. 
Also, these elements are usually found together with the lantha
nides in nature [1 0]. Thus, YAS glasses are relevant for different 
technological applications. Matrices for waste immobilization and 
laser host materials are some of them. 

Specifically, for nuclear waste immobilization, although the 
crystallization of vitreous waste forms has always been regarded 
as undesirable, it has been demonstrated that rare earth cations 
can generate chemically durable disilicate phases [11,12]. 

Crystallization of these glasses has been studied for various 
compositions. Arita et al. studied the composition of 44.6 Y20 3, 
24.5 Al203, and 30.9 Si02 (wt%) [13]. Hyatt and Day studied dif
ferent compositions: between 25-40 Y20 3, 13-35 Al20 3, and 
25-55 Si02 (wt%) [14]. Finally, Sadiki and Coutures worked in a 
wide range of compositions [15]. 

Lago and Prado [16] found the surface density of nucleation site 
(N,) values in as-obtained YAS splat cooled pieces, of about 
1.5 x 1011 nuclei/m2 at 1000°C and crystal growth rates (U) 
between 8 and 12 µm/h in the temperature range of 1000-1040 °C. 
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Prado et al. [17] designed a sintering process for a YAS glass 
which minimizes crystallization during the sintering immobiliza
tion process. Furthermore, Lago et al. [1 8] determined that the 
crystalline phases that grow on heating are highly corrosion resist
ant phases with high toughness and hardness. 

In addition, it has been recently demonstrated that the formation 
of Lu2Si20 7 in a deep geologic repository might account for the 
success of the clay barrier. Probably, smectite loses its swelling 
and cation exchange capacity due to the disilicate phase stability 
[19]. Also, lutetium is an actinide (+3) state simulator [20,21]. 

Similarly, lanthanides are often used on a laboratory scale as 
actinide surrogates. Due to their electronic configurations, lantha
nides have similar properties to trivalent actinides without being 
radioactive (besides promethium) [1 OJ. 

In this work, we show that a lutetium addition on the order of 
0.2 (wt%) to a Y AS glass dramatically decreases N., and U for 
yttrium disilicate at 1000 °C. 

These facts suggest that Y AS glasses and lutetium added to 
Y AS glasses can be used in many applications, such as nuclear 
waste immobilization, where crystallization must be avoided or at 
least minimized. 

Experimental Methods 

Glass Preparation. Two aluminosilicate glasses were prepared 
with compositions (wt%): 35 Si02, 20 Al20 3, and 45 Y203 
(YAS) and 44.91 Y203, 19.96 Al203, 34.93 Si02, and 0.2 Lu203 
(YAS-Lu). The small difference in the composition was chosen 
with the aim to evaluate if small lutetium additions could act as 
nucleation centers, promoting crystallization or not. 

The mixture of high purity oxide precursors was homogenized 
in a rotating mill and melted in a platinum crucible for 2 h at 
1600°C. The melt was poured over a stainless steel plate and 
immediately splat-cooled with a second steel plate. A fraction of 
the glass was separated and identified as slab. 

Differential Thermal Analysis Measurements. A thermal 
characterization was performed on the slab sampli,: with a SDT
Q600 TA instrument (New Castle, DE). The differential thermal 
analysis (OTA) measurements were done in alumina crucibles. 
The reference crucible was an empty alumina crucible. Experi
ments were carried out up to 1300 °C with a heating rate of 10 °C/ 
min, in a lOOml/min flux of nitrogen 99.999 purity. The glass 
transition temperature (T8 ), crystallization beginning temperature 
(Tc), and the crystallization peak maximum temperature (Tx) were 
determined from these measurements. 

Sample Characterization: Glassy Structure and Chemical 
Homogeneity. X-ray diffraction (XRD) analyses were carried out 
using a Bruker D8 Advance diffractometer at a wavelength of 
0.154nm. Scans were performed in the range of 10-90deg with a 
step size of 0.01 deg. XRD analyses of the crystallized slabs were 
used to characterize the crystalline phases present in the samples 
at the various stages of growth. The crystal phase identification 
was made through comparison of the diffraction patterns with 
XRD patterns for known crystalline phases. Crystalline samples 
were characterized morphologically using a scanning electron 
microscope (SEM) and chemically by an energy-dispersive spectro
scope (EDS). Neutron activation analysis was carried out to measure 
the lutetium concentration in different glas~ pieces and to confirm 
the homogeneity of this trace element in the Y AS-Lu glass. 

Surface Density of Nucleation Sites. To determine the surface 
density of nucleation sites (N,) on glass slabs, heat treatments 
were performed on both glasses samples at 1000, 1020, and 
1040 ± 2 °C. For each temperature, heat treatments were carried 
on during 1, 2, 4, 6, 10, and 15 h. 

After each heat treatment, the number of crystals per unit area 
was determined using optical microscopy in those cases where 
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crystals did not impinge among themselves. N, values were deter
mined assigning one crystal nuclei to each surface crystal. After 
thermal analysis, crystals were characterized morphologically 
using SEM and chemically by EDS. 

Crystal Growth Rate. Crystal growth rates (U) were calcu
lated by the slope of the measured crystal sizes as a function of 
time for the larger crystal found each time. At short heating times, 
when crystals do not impinge on each other, the crystal size was 
measured as half its larger dimension. But when a complete crys
talline layer was formed, the crystal size was measured as the 
layer thickness. In this case, cross sections of the samples were 
cut, polished up to 3 µm diamond paste, and etched with 2% 
hydrofluoric acid solution for 60 s. 

Results 

Glass Characterization. The absence of crystallization was 
confirmed for both Y AS and Y AS-Lu as-obtained glasses. The 
diffractograms obtained in each case exhibit a broad halo charac
teristic of an amorphous structure as can be observed in Fig. 1. 

Since the lutetium content in the YAS-Lu glass was below 
1 wt%, EDS could not be used as a quantitative tool to verify the 
composition homogeneity, so neutron activation analysis was the 
technique employed to obtain more accurate results. 

Taking into account the characteristic 177Lu gamma emissions 
at 112 and 208 ke V, the results obtained from calculations are 
described in Fig. 2. Neutron activation results on ten samples con
firm the lutetium content homogeneity of the YAS-Lu glass. 

The standard deviation in the concentration corresponding to 
all pieces is 6.1 %. The error of each concentration measurement 
was found to be below 1 %. 

Thermal Analysis. Figure 3 shows the DT A results for slabs of 
YAS and YAS-Lu glasses. The traces corresponding to each slab 
exhibit the T8 inflection and Tx·as expected. 

The results of the OTA analysis, including the characteristic 
temperatures, are resumed in Table 1. 

From these results, it is possible to determine the beginning of 
the crystallization process, which is at 1135 °C and 1080 °C for 
YAS and YAS-Lu glasses, respectively. 

The crystallization peak of the YAS-Lu glass is broader than 
that of the original glass. Nevertheless, the maximum of the crys
tallization temperature is almost the same. 

Chemical Analysis and Crystalline Phase Identification. 
From the analysis of the diffractograms obtained by XRD of 
Y AS crystallized glass, the following crystalline phases were 
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Fig. 1 X-ray diffraction of the as-obtained VAS glass 
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Fig. 2 Neutron activation analysis results for the lutetium con
tent of different pieces of the VAS-Lu glass 

present: yttrium disilicate (Y 2Si20 7), mullite (Al2_3Sio.70 4 .s5), 

and sillimanite (Al2Si05), Fig. 4. These results are in agree
ment with those published by Hyatt and Day [14] and Arita 
et al. [13]. 

On the other side, the crystalline phases determined in the crys
tallized YAS-Lu glass were similar, with the exception of the lute
tium phases: yttrium disilicate (Y 2Sii07 ), mullite (Al6Si20 13), 

and lutetium disilicate (Lu2Si20 7), Fig. 5: 
Yttrium disilicate (Y 2Sii07) is one of the most refractory sili

cates with a melting point of 1775 °C. The latter makes it a good 
candidate for high-temperature applications [22]. Dense Y2Si20 7 

can be used in environments with corrosive atmospheres or fast 
cooling due to its low thermal expansion coefficient and good ero
sion resistance [13,14]. 
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Fig. 3 Differential thermal analysis of VAS and VAS-Lu glass 
slabs 

Table 1 Characteristic temperatures of VAS and VAS-Lu 
glasses determined by DTA 

Sample 

YAS 
YAS-Lu 

921(3)" 
917(5)" 

"Number in parentheses is the estimated error. 

1135 
1080 

T, (DC) 

1243 
1245 
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Fig. 4 X-ray diffraction of crystallized VAS glass after 24 h of 
heat treatment at 1000 °C, where;; is yttrium disilicate, µ is mull
ite, and a is sillimanite 

The YAS-Lu slab obtained after the crystallization process was 
examined by SEM and EDS. Figure 6 shows the SEM images 
obtained after the crystallization process on the YAS-Lu slab. 
Chemical analyses were performed on crystals and matrices of 
these samples. 

Through this analysis, Y 2Si20 7 crystals were identified in crys
tallized Y AS-Lu glass after the heat treatment at 1000 °c during 
24h, see Fig. 5. 

These chemical analysis shows that crystals have lower alumina 
and higher yttria content than the vitreous matrix. As shown in 
Table 2, surface crystals are highly enriched in yttrium. Also, the 
relationship Y /Si is very close to that of yttrium disilicate. This 
fact agrees with the crystalline phases determined by XRD. 

Surface Density of Nucleation Sites of the Yttrium Disilicate 
Crystalline Phase Identified in Yttrium Aluminosilicate and 
Yttrium Aluminosilicate-Lu Glasses. The Ns values affect the 
kinetics of the overall crystallization process. To calculate the 
transformed glass fraction on a given thermal treatment, it is nec
essary to know the density of nucleation sites (for surface crystal
lization), U, and the crystal shape for each crystalline phase [23]. 

The value of the measured Ns of the yttrium disilicate phase for 
YAS-Lu glass was about 5.38 x 109 nuclei/m2 after 1000 °C, 
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Fig. 5 X-ray diffraction of crystallized VAS-Lu glass after 24 h 
of heat treatment at 1000°c, where;; is yttrium dlsllicate, M is 
mullite, and A is lutetium disilicate 
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Fig. 6 Scanning electron microscope micrographs of surface ·crystals on VAS (upper row) and VAS-Lu glasses (lower row). 
Heat treatments of 1 h at 1000, 1020, and 1040°C (columns). Micrograph bars (bottom): 10 µm and 20 µm for 1040°C heat 
treatments. 

Table 2 Chemical analysis of Y2Sl20 7 identified In VAS-Lu 
crystallized surface 

Chemical analysis (wt%) 

y 

71.17• 
61.52b 
76c 

•crystal. 
bMatrix. 

Al 

7.37 
13.7 

0 Yttrium disilicate composition as reference. 

Si 

21.49 
24.77 

24 

2.05 x 1010 nuclei/m2 after 1020 °C, and 2.46 x 1010 nuclei/m2 

after 1040 °C heat treatment during 4 h and slightly increasing 
with time. 

On the other side, the Ns value of the same phase for YAS glass 
was 1.78 x 1011 nuclei/m2 after 1000 °C and 3.1 x 1011 nuclei/m2 
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Fig. 7 Yttrium alumlnosilicate and VAS-Lu N5 values at differ
ent temperatures and times of heat treatments 
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Fig. 8 Crystal's radius values as a function of time at different 
temperatures for VAS and VAS-Lu glass surfaces (lines are 
guide to the eyes) 

after 1020°C heat treatment during 2h. For larger times and tem
peratures, crystal impingement impeded isolated crystals identifi
cation [18]. 

YAS-Lu showed an increase in the Ns yttrium disilicate phase 
with time; however, the Ns measured values for this glass were 
about 1 order of magnitude lower than those measured in Y AS 
glass, Fig. 7. 

Surface Crystal Growth Rate of the Yttrium Disilicate 
Crystalline Phase Identified on Yttrium Aluminosilicate and 
Yttrium Aluminosilicate-Lu Glasses. The crystal size or the 
thickness of the crystalline layer observed on a polished glass 
cross section resulting from the yttrium disilicate crystallization 
heat treatment was measured. Subsequently, U for this phase was 
determined, and the values obtained in YAS-Lu glass were 
(0.54 ± 0.04) µm/h, (1.88 ± 0.03) µm/h, and (7.97 ± 0.5) µm/h at 
1000, 1020, and 1040 ± 2 °C, respectively. 
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Fig. 9 Dependence of U with temperature. Lines are guide to 
the eyes. 

On the other hand, U for the same crystalline phase on the Y AS 
glass surface was (8.21 ± 0.06) µm/h, (8.05 ± 0.07) µm/h, and 
(13.1 ± 0.04) µm/h at 1000, 1020, and 1040°C, respectively. 

Figure 8 shows the surface crystal radius values as a function of 
time at various temperatures. Growing crystals are mainly yttrium 
disilicate on YAS and YAS-Lu glass surfaces. 

From these results, it is possible to appreciate the effect of the 
lutetium addition on the crystallization kinetics of the Y AS 
glasses. A little amount of this lanthanide decreases U of the 
yttrium disilicate phase . 
. Figure 9 exhibits the dependence of U with temperature. 

Discussion 
Yttrium disilicate glasses exhibit mainly surface crystalliza

tion. Nevertheless, a few crystals were found to grow within the 
volume, which allowed estimating volume crystallization (Nv) 
~ 10mm3 for YAS-Lu glass. Prismatic yttrium disilicate crys
tals were developed, as shown in Figs. lO(a)- lO(c) . From Fig. 
10, half a diagonal is about 50.3 µm large which gives U of 
5 µm/h. From Fig. 8, U at 1040 °C is equal to 7 µm/h. 

With such low N,., the effect of lutetium could not be deter
mined; however, the large values of Ns allowed studying the effect 
of the lutetium content on the surface crystallization. 

Lanthanides can be used as structural analogs of actinides, to 
provide nonradioactive models [24]. 

The results show a strong decrease in N, and U of yttrium disili
cate due to the addition of lutetium, the latter represents the effect 

of the addition of actinides. Hence, these types of glasses are good 
candidates for actinide immobilization . 

Likewise, it has been determined that silicates of the type 
RE2Si207 are one of the final products of the chemical interaction 
of radioactive cation surrogates and the silicates used in the engi
neered barrier of deep geological repositories [12]. The formation 
of these lanthanide disilicate phases, such as Lu2Si20 7, could con
tribute to the confinement of radioactive wastes in engineered 
barriers . 

Conclusions 
A homogeneous Y AS glass doped with lutetium was obtained. 

Neutron activation analyses confirm these results. 
Thermal characterization analysis allowed the determination of 

T8 , Tc, and Tx for both glasses slab samples. 
The identified crystalline phases were yttrium disilicate and 

milllite in both glasses; added to sillimanite and lutetium 
disilicate, which were present in YAS and YAS-Lu glasses, 
respectively. 

Through chemical and morphological analysis, Y 2Si20 7 crys
tals were identified and characterized in both glasses. This non
stoichiometric crystallization process needs atomic diffusion to 
form the required phase compositions; in this case, the formed 
crystalline phases exhibit lower alumina and higher Yttria con
tents than the vitreous matrix. 

For the heat treatments at 1000 and 1020 °C during 2 h, the Nf 
values for YAS glass were 1.78 x 10" nuclei/m2 and 3.1 x 101 

nuclei/m2
• Meanwhile, the N, values of the same crystalline phase 

at 1000, 1020, and 1040 °C during 4 h for YAS-Lu glass were 
5.38 X 109 nuclei/m2 after 1000°C, 2.05 X 1010 nuclei/m2 

after 1020°C, and 2.46 X 1010 nuclei/m2 after 1040°C heat 
treatment. 

In fact, U for this phase in YAS-Lu glass was (0.54 ± 0.04) 
µm/h, (1.88 ± 0.03) µm/h, and (7.97 ± 0.5} µm/h at 1000, 1020, 
and 1040 ± 2 °C, respectively. Meanwhile, for the YAS glass 
surface was (8.21 ± 0.06) µm/h, (8.05 ± 0.07) µm/h, and 
(13.1 ± 0.04) µm/h at 1000, 1020, and 1040 °C, respectively. 

In conclusion, the presence of a small amount of lutetium in 
YAS glass decreases Ns by about I order of magnitude and signifi
cantly decreases U. However, care should be taken to control their 
size avoiding mechanical stresses. 

Finally, the incorporation of the radioactive actinide cations as 
a silicate phase could be a method that helps to ensure the safe 
confinement of the nuclear wastes [19]. 
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· Nomenclature 
N, = surface density of nucleation sites, nuclei/m2 

Nv = volume crystallization, mm3 

RE2Si20 7 = rare earth disilicate 
Tc= crystallization beginning temperature, °C 
Tg = glass transition temperature, °C 
Tx = crystallization peak maximum temperature, °C 
U = crystal growth rates, µm/h 

Greek Symbols 

{J = yttrium disilicate, Y 2Si201 
A = lutetium disilicate, Lu2Si20 7 

µ = mullite, Al2,3Sio.104,85 
M = mullite, Al6Siz013 

µm = micrometer 
u = sillimanite, Al2Si20s 

Acronyms/ Abbreviations 

CNEA = Comisi6n Nacional de Energia At6mica (National 
Atomic Energy Commission of Argentina) 

DTA = differential thermal analysis 
EDS = energy dispersive spectroscopy 

h = hour 
keV = kilo-electron-volt 

177Lu = lutetium 177 isotope 
min = minute · 

ml = milliliter 
nm = nanometer 

PICT= Proyecto de Investigaci6n Cientifica y Tecnol6g
ica (Project of Scientific and Technological 
Research) 

ppm = parts per million 
SEM = scanning electron microscope 

wt= weight% 
XRD = X-ray diffraction 
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Y AS = yttrium aluminosilicate 
Y AS-Lu = yttrium and lutetium aluminosilicate 

References 
[l] Donald, I. W., Metcalfe, B. L., and Taylor, N. J., 1997. "Review. The Immobili

zation of High Level Radioactive Wastes Using Ceramic and Glasses," J. 
Mater. Sci ., 32(22), pp. 5851-5887. 

[2] Ojovan, M. I., and Lee, W. E., 2011, "Glassy Wasteforms for Nuclear Waste 
Immobilization," Metall. Mater. Trans. A, 42. pp. 837-851. 

[3] Ojovan, M.1., and Lee, W. E., 2005, An Introduction to Nuclear Waste Immobi
lization, 2nd ed:, Elsevier Science Publisher, Amsterdam, The Netherlands. 

[4] Jantzen, C. M., 1986, "System Approach to Nuclear Waste Glass Devel
opment," J. Non-Cryst. Solids, 84(1-3), pp. 215-225. 

[5] Marchi, J., Morais, D., Shneider, J., Bressiani, J., and Bressiani, A., 2005. 
"Characterization of Rare Ear1h Aiuminosilicate Glasses," J. Non-Cryst. Solids, 
351(10--11), pp. 863~68. 

[6] Lemercier, H., Rouxel, T., Fargeot, D., Besson, J. L., and Piriou, B., 1996, 
"Yttrium SiAION Glasses: Structure and Mechanical Properties-Elasticity and 
Viscosity," J. Non-Cryst; Solids, 201(1-2), pp. 128-145. 

[7} Clayden, N. J., Esposito, S., Aronne, A., and Pernice, P., 1999, "Solid State 
27 Al NMR and Ff!R Study of Lanthanum Aluminosilicate Glasses," J. Non
Cryst. Solids, 258(1-3), pp. 11- 19. 

[8] Baghshahi, S., Brungs, M., Sorrell, C.. and Kim, H., 2001, "Surface Crystallization of 
Rare-Earth Aluminosilicate Glasses," J. Non-Cryst. Solids, 290(2-3), pp. 208-215. 

(9] Shelby, J., and Kohli, J., 1990, "Rare-Earth Aluminosilicate Glasses," J. Am. 
Ceram. Soc. , 73(1), pp. 39-42. 

[ 10] Babelot, c.; 2012, Monazite-Type Ceramics for Conditioning of Minor Acti
nides: Structural Characterization and Properties, Vol. 182, Energy & Envi
ronment, Jiilich, Germany. 

[11] Galunin, E., Alba, M ., and Vidal , M ., 2011, "Stability of Rare-Earth Di silicates: 
Ionic Radius Effect," J. Am. Ceram. Soc., 94(5), pp. 1568-1574. 

[12} Alba, M., and Chain, P., 2007, "Persistence of Lutetium Disilicate," Appl. Geo
chem., 22(1), pp. 192-201. 

[13] Arita, I. H., Wilkinson, D. S .• and Purdy, G. R., 1992, "Crystallization of 
Yttria-Alumina-Silica Glasses,'" J. Arn. Ceram. Soc., 75(12); pp. 3315-3320. 

[14] Hyatt, M. J., and Day, D. E., 1987, "Glass Properties in the Yttria-Alumina
Silica System," J. Am. Ceram. Soc. , 70(10), pp. C-283-287. 

[15] Sadiki, N., Coutures, J. P., Fillet, C., and Dussossoy, J. L., 2006, 
"Crystallization of Lanthanum and Yttrium Alurninosilicate Glasses,'' J. Nucl. 
Mater .• 348(1-2), pp. 70--78. 

[16] Lago, D. C., and Prado, M. 0 ., 2013, "Crystallization of Yllrium and Samarium 
Aluminosilicate Glasses," Phys; Procedia, 48, pp. 10--16. 

[ 17] Prado, M., Lago, D., and Rodriguez, 0 ., 2012, "Sintering Kinetics of Yttrium 
Aluminosilicate Glasses," MRS Online Proc., 1475, p. imrcll-1475-nw35-o49. 

(18] Lago, D., Garces, D., and Prado, M., 2012, ''.Crystallization of Yttrium Alurni
nosilicate Glass for Nuclear Waste Immobilization," MRS Online Proc. , 1475, 
p. imrcll-1475-nw35-pl3. 

[19] Alba, M. D., and Chain, P., 2005. "Interaction Between Lu Cations and 2:1 Alu
minosilicates Under Hydrothermal Treatment," Clay Miner .• 53(1 ), pp. 39-46. 

[20] Chapman, N. A., and Smellie, J. A. T., 1986, "Introduction and Summary of 
Workshop," Chem. Geo!. , 55(3-4), pp. 167-173. 

[21] Leturcq, P., Schmidt, D., Madejova, J., and Cicel, B., 1999, "Initial and Long
Term Dissolution Rates of Aluminosilicate Glasses Enriched With Ti, Zr and 
Nd," Chem. Geo!. , 160(1-2), pp. 39~2. 

[22] Ehrhardt, G. J., and Day, D. E., .1987, "Therapeutic Use of"°Y Microspheres," 
Int. J. Radial. Appl. Instrum., Part B, 14(3), pp. 233-242. 

(23] Prado, M. 0., Ferreira, E. B., and Zanotto, E. D., 2006, "Sintering Kinetics of 
Crystallizing Glass Particles. A Review," Melt Chemistry, Relaxation, and Sol
idification Kinetics of Glasses. Vol. 170, Wiley, Hoboken, NJ, pp. 163-179. 

(24] Raymond, K., and Szigethy, G .• 2008·, "On the Suitability of Lanthanide, as · 
Actinide Analogs," MRS Online Proc., pp. 1~. 

Transactions of the ASME 

Downloaded From: https://nuclearengineering.asmedigitalcollection.asme.org ·on 05/20/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use 



I. Gomez-Garcia-Toraiio 

Validation of Selected Cesar 
Friction Models of the ASTECV21 
Code Based on Moby Dick 
Experiments 

lnstitut de Radioprotection et de 
SGrete Nucleaire (IRSN). 

Cadarache, bat 702, 
Saint-Paul-lez-Durance 13115, France 

e-mail: ignacio.gomezgarciatorano@irsn.fr 

L. Laborde 
lnstitut de Radioprotection et de 

SGrete Nucleaire (IRSN), 
Cadarache, bat 702, 

Saint-Paul-lez-Durance 13115, France 
e-mail: laurenl.laborde@irsn.fr 

In the event of a loss of integrity of the main coolant line, a large mass and energy 
release from the primary circuit to the containment is to be expected. The temporal evolu
tion of such depressurization is mainly governed by the critical flow, whose correct pre
diction requires, in first place, a correct description of the different friction terms. Within 
this work, selected friction models of the CESAR module of the Accident Source Term 
Evaluation Code (ASTEC) V2.l integral code are validated against data from the Moby 
Dick test facility. Simulations are launched using two different numerical schemes: on 
the one hand, the classical five equation ( drift flux) approach, with one momentum con
servation equation for an average fluid plus one algebraic equation on the drift between 
the gas and the liquid; on the other hand, the recently implemented six equation 
approach, where two differential equations are used to obtain the phase velocities. The 
main findings are listed hereafter: The use of five equations provides an adequate 
description of the pressure loss as long as the mass fluxes remain below 1.24 kglcm2 s 
and the gas mass fractions below 5.93 x 10- 4

_ Beyond those conditions, the hypotheses 
of the drift flux model are exceeded and the use of an additional momentum equation is 
required. The use of an additional momentum equation leads to a better agreement with 
the experimental data/or a wider range of mass fluxes and gas mass fractions. However, 
the qualitative prediction for high gas mass fractions still shows some deviations due to 
the decrease of the regular friction term at the end of the test section. 
[DOI: 10.1115/1.4042119] 

1 Introduction 
In the event of a loss of integrity of the main coolant line of a 

pressurized water re~ctor (PWR) due to the existence of a break 
or an intended primary side depressurization via the pressurizer 
valves, a large mass and energy release from the primary circuit 
to the containment is to be expected. The temporal evolution of 
such depressurization is mainly governed by the critical flow, 
which is considered to be the maximum flow reached when, for 
given conditions upstream of a channel, any pressure decrease 
downstream does not involve any increase in the flow. Therefore, 
the correct prediction of critical flows is of prime importance and 
requires, in first place, the validation of the different laws describ
ing the pressure and thermal losses in the momentum and energy 
equations. These models are then integrated into numerical simu
lation tools, which are used to derive optimized strategies to pre
vent and/or mitigate the severe accident progression. 

The Accident Source Term Evaluation Code (ASTEC) V2.1 
severe accident code [l ], currently developed at the Institut de 
Radioprotection et de Siirete Nucleaire (IRSN), can simulate com
plete severe accidents for different types of light water reactors. 
ASTEC consists of several modules, each of them dealing with a 
particular set of severe accident phenomena. In particular, its 
CESAR module [2], deriving from the CATHARE code [3], is a 
lumped parameter code describing the system thermal hydraulics. 
For that aim, the CESAR code can use two approaches: first, clas
sical approach, using five equations (two on mass for the liquid 
and gas phases, two on temperature for the liquid •and gas phases 
and one on momentum for the mixture) plus one algebraic equa
tion on the phase slip velocity between the liquid and gas phases; 
second, use an additional momentum equation, solving this way 
one momentum equation for each phase velocity. The last 

Manuscript received August 3, 2018; final manuscript received November 20, 
2018; published online March 15, 2019. Assoc. Editor: Kevin Femandez-Cosials. 

approach has been recently implemented in CESAR, which is also 
a module of the IRSN design basis code DRACCAR [4]. How
ever, the last approach needs further validation and testing. In this 
context, IRSN has reinitiated the validation of the CESAR module 
[5] in order to decide if the future versions of ASTEC will include 
by default a five or six-equation numerical scheme. 

Within this work, the CESAR friction temJs describing the 
pressure loss of single and two phase flows through a vertical pipe 
are validated against data from the Moby Dick facility [6,7]. 
Selected experiments consider subcritical flows in order to rule 
out the calculation of critical flows, which would blur the out
comes of the study. First of all, calculations on selected single and 
two phase flow (low, moderate and high void fractions) Moby 
Dick experiments are performed using five equations. Then, the 
analysis is repeated using CESAR six-equations, the study com
paring and contrasting the predictions of the two numerical 
schemes. 

2 Description of Friction Terms by the CESAR 
Module of ASTEC V2.1 

2.1 The CESAR Module. The ASTEC code aims at simulat
ing the progression of entire severe accident sequences in nuclear 
water cooled reactors, from occurrence of the initiating event up 
to the release of radioactive elements out of the containment. Its 
main fields of applications are severe accident management and 
probabilistic safety assessment level 2 studies. The code is modu
larized, each module describing a particular set of physical phe
nomena which may take place during a severe accident. A 
detailed description of the scope of each ASTEC V2.1 module 
can be found in Ref. [1] . . 

The CESAR module describes the thermal hydraulics through
out the primary and the secondary circuit, including the reactor 
pressure vessel. For such aim, it uses a two-fluid and a five or six
equation approach. Although both approaches are operative, the 
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latter has been recently implemented [4] and requires further vali
dation, especially at the reactor scale. In the CESAR module, the 
mass and energy equations are solved at the cell center while the 
momentum equations at the cell boundary named junctions. For 
the purposes of the present article, a formal description of the dif
ferent terms involved in the resolution of the momentum equation 
will be made for either approach. 

2.2 Momentum Conservation Equations in the Five
Equation Approach. First of all, the different terms involved in 
the calculation of phase velocities for the five-equation numerical 
scheme are described. Assuming that the flow along the test sec
tion is one-dimensional, stationary, fully developed, and that the 
test section is uniform, the momentum balance equation for the 
junction J projected along the flow direction can be written 
according to Eq. (1) . The meaning of the variables can be found 
either here below or in the nomenclature. From left to right, the 
total pressure gradient (including the hydrostatic pressure gradi
ent), the regular friction term, and the advective term can be found 
at the left-hand side (l.h.s.) of the equation 

oP ,,.reg r,adv - 0 oz +rM +rM - (1) 

The regular friction term represents the friction between the 
fluid and the solid surfaces. For a given junction J, it is given by 
the following equation: 

(2) 

where D 11 is the hydraulic diameter, Q is the mass flow rate, p is 
the mean density of the mixture, calculated using Eqs. (3) and 4 
(up and down refer to the upstream and downstream volumes), 
and SJ is the cross section of the junction J. Besides, cL is the 
friction coefficient, which depends on the Reynolds number, Re 

(3) 

(4) 

The advective term represents the net flux of momentum toward 
through the open boundary of the control volume under considera
tion. For a given junction J, it is given by the following equation: 

Fadv O (- - tT TT* - - V '"') 
M =oz !X.a·Pa·va·•a+rx.L'PL' L'VL (5) 

In the previous equation, Vk is the k phase velocity at the junc
tion J, whereas v; is the average k phase velocity at the junction 
J, generally calculated using· the phase velocities at the upstream 
and downstream junctions J;-1 and J;+1 (see Eq. (6)). Therefore, 
it can be observed that such term cannot be calculated at the low
ermost and uppermost junctions of the system. Equation (5) also 
includes mean phasic densities and volumetric fractions, calcu
lated using Eq. (4) 

(6) 

As mentioned earlier, when using a five equation approach, an 
algebraic equation must be introduced for the calculation of the 
drift between the gas and the liquid phase. Such relation, named 
phase slip correlation, is a complex model assessed on a large 
number of experimental data and depends on the orientation of 
the junction (horizontal or vertical), the geometry of the system, 
the configuration of the flow and other thermodynamic parameters 
[8]. For vertical junctions, the drift velocity can be written as 
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(7) 

where F(ri.} is a smoothing function depending on the mean void 
fraction (ri., equal tori.a} and FNR is the nonstratified interfacial 
friction term, which is calculated according to the Wallis' interfa
cial friction model [8]. It is important to point out that only the 
nonstratified interfacial friction term is involved in the calculation 
of the drift velocity, since the junctions under consideration are 
vertical. For horizontal junctions, the stratified interfacial friction 
term would also play a role. 

2.3 Momentum Conservation Equations in the Six
Equation Approach. The previous five-equation scheme, often 
referred as to drift flux approach, can be used for quasi-steady devel
oped flows in pipes without strong phase changes and with O < ri. < 
0.7 [9]. However, for nonstationary and/or accelerating flows (where 
the advective term is significant), two momentum equations have 
better capabilities. Considering a stationary one-dimensional flow, a 
uniform test section and neglecting the capillary forces (pressure of 
the liquid and the gas are similar and equal to P), the two momentum 
balance equations for the liquid and gas phases projected along the 
flow direction at the junction J can be written as follows: 

;;; OP + ,,.reg + padv pint _ 0 
~L ' OZ r L L - LG - (8) 

ri. i]p + preg + P,.dv + pint _ 0 
G'i)z G G LG- (9) 

It can be seen that the interfacial friction term between the liq
uid and gas phases Pz'.l1, is now explicitly considered. This term is 
a function of the system configuration, the geometry of the duct 
and other thermal hydraulic parameters, such as the phase veloc
ities and the void fraction [8]. For a vertical nonstratified flow, the 
interfacial friction between the liquid and the solid is given by Eq. 
(10). Therein,fm1(ix} is the interfacial friction coefficient, integrat
ing the effects of geometry and flow configuration and can be 
obtained using a number of correlations [8]. The regular friction 
term is given by Eq. (11), the friction coefficient K;,"g being calcu
lated with another set of correlations different to the ones used for 
Eq. (2). Hence, the form of the regular friction term changes from 
five to six equations. The same applies to the gas phase. Finally, 
the advective term for the liquid is calculated using Eq. (12) 

Freg_l (4) Kreg -v2 
L - 2 · D,. · L • PL L 

Fadv iJ (- - V V*) L = i)z PL . !X.L ' L ' L 

3 Modeling of Moby Dick Tests With ASTEC V2.1 

(10) 

(11) 

(12) 

3.1 Short Description of the Experimental Loop. The 
Moby Dick facility at CEA was designed to investigate the role of 
various parameters taking part in flow dynamics when a break 
occurs in the main coolant line of the PWR primary circuit [6]. 
The facility was conceived for the investigation of steady critical 
and subcritical flows under varying conditions of inlet/outlet pres
sures and gas mass fractions. The test channel that this study 
frames is shown in Fig. 1 (geometry taken from Ref. [10]) and 
consists of two parts: 

• Inlet section, which is a 2.3 m length vertical cylinder (up to 
the middle of the yellow zone) with a 14 mm inner diameter; 
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Fig. 1 Moby Dick test section considered for code validation 

• Test section, which is a 0.35 m length vertical cylinder (the 
other half of the yellow zone) followed by a 7 in. divergent 
resulting in another 45 mm diameter vertical cylinder. 

In the tests under consideration, a steady single/two phase sub
critical flow is established along the test section. The flow rates 
are controlled by a bypass gate downstream the test section. The 
temperature and the pressure at the inlet of the test section are 
fixed through preheaters. The pressure at the outlet of the test sec
tion is controlled by a leak gas flow rate regulation using a pilot 
· valve. For tests involving two phase flows, nitrogen is injected 
into the test section, this way hindering water evaporation. -The 

Pressure profile at steady state 
(single-phase Seq) 

3.0 ,---------;:==::::::::====.i 
- ASTEC_md3100 
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Table 1 Selected Moby Dick experiments for the validation of 
CESAR wall friction laws together with their main thermal 
hydraulic features (flow rate, gas (nitrogen) title (i.e., mass frac
tion) and average liquid temperature) 

Test number 

3095 
3131 
3100 
3154 
3107 
3110 
3101 
3103 
3118 
3117 
3119 
3116 
3133 
3134 

Mass flux (kg/cm2 s) 

1.24 
1.26 
1.42 
1.77 
1.08 
1.16 
1.23 
1.25 
1.06 
1.00 
0.98 
0.92 
0.80 
0.82 

0 
0 
0 
0 
5.93 
5.43 
6.03 
5.27 

11.37 
11.72 
12.26 
12.71 
49.50 
50.10 

'f Liquid (° C) 

39.65 
27.95 
26.65 
32.55 
39.85 
41.75 
32.75 
38.80 
37.35 
37.30 
37.50 
37.20 
39.80 
37.95 

uncertainty associated with the pressure measurements is about 
0.25% [6]. 

3.2 Selected Tests for Code Validation. Selected experi
ments for the validation of CESAR friction laws are subsonic and 
can be divided into single and. two phase flow tests. The main 
thermal hydraulic features of all experiments are entailed in 
Table 1. Experiments are mainly characterized by the total mass 
flow rate, the gas mass fraction (if applicable), and also the liquid 
temperature. The mass fluxes can be compared to the ones flowing 
through the main coolant pipe of a PWR reactor (1.00-1.SOkg/ 
cm2 s) under nominal conditions. Liquid temperature is constant 
and uniform along the test section. Gas temperature is about 19 °C 
and remains constant and uniform along the test section for all 
experiments involving two phase flows. Pressure measurements 
were taken both along the inlet and the test section in order to cap
ture the experimental pressure drop. Evaporation and condensa
tion can be neglected in the considered experiments. 

3.3 ASTEC V2.1 Model of the Facility. Since the aim of 
this study is to validate friction laws along a uniform test section, 
only the region (1.97 m, 2.67 m) has been modeled (see yellow 
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erate, and high gas titles). Results obtained using CESAR 5 equations. 

zone in Fig. 1). This approach is similar to the one followed by 
Ref. [11] when validating the thermal hydraulic code CATHARE. 
The resultant 0.7m pipe length is divided into 30 nodes (control 
volumes), which is significantly finer than the discretization typi
cally used for a reactor calculation with ASTEC. This value has 
been selected to verify that ASTEC can capture the governing 
physics regardless of the nodalization. Those nodes are 
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automatically connected by junctions. The flow rate is imposed at 
the inlet, whereas the pressure is imposed at the outlet. 

4 Validation of the CESAR Five-Equation Models 
In the following, results using CESAR five-equations are ana

lyzed. The section is broken down in single and two phase flow 
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tests. For each set of experiments, a comparison of the 
computational-experimental axial pressure drop is carried out. 

4;1 Single Phase Flow. A comparison of the computational 
and the experimental pressure profile along the test section is 
shown in Fig. 2-left for the tests 3100 and 3154. Therein, solid 
lines represent CESAR predictions and dots represent experimen
tal measurements. Below, in parentheses, the parameters that are 
constant for all simulations can be found (in this case the use of 
five equations). Additionally, the contribution of the total pressure 
gradient including the hydrostatic pressure gradient. (green up-tri
angles), the regular friction (red circles), and advective term 
(black diamonds) in the test 3154 is depicted in Fig.'2-right. 

Looking at the computational-experimental pressure profiles, it 
can be observed that ASTEC captures well the experimental pres
sure drop regardless the mass flow rate. Moreover, the higher the 
mass flow rate, the higher the pressure drop, since the regular fric
tion term depends on the velocity. Looking at the contribution of 
the different friction terms for the experiment 3154, it is possible 
to see that the pressure loss is clearly dominated by the regular 
friction term. Advection remains low, since the void fraction is 
close to zero along the test section, this preventing the accelera
tion of the liquid. As a result, velocity remains uniform and the 
pressure drops linearly up to the end of the test section. 

4.2 Two Phase Flow. Since both the flow rate and the gas 
mass fraction were varied in the experiments, the analysis is bro
ken down in three parts: low, moderate, and high gas (nitrogen) 
mass fractions. CESAR predictions for the three types of tests are 
shown in Fig. 3. For each kind of test, the comparison between the 
computed and the experimental pressure profiles is represented at 
the left column, whereas the right column entails the distribution of 
the computed pressure drop profile for a representative experiment 
of each category (low, moderate, and high void gas mass fraction). 

For low mass flow rates (3110), the pressure profile fits to the 
experimental data and follows a similar trend to the one detailed 
in Sec. 4.1. In particular,. the profile is almost linear, indicating a 
uniform pressure loss along the test section. This is related to the 
low liquid velocities together with a low value of the void fraction 
at the inlet, which leads to a negligible advective term in compari
son with the regular friction. When the mass flow rate is increased 
(3103), the pressure loss becomes slightly underestimated, espe
cially at the upper third of the test section length. Besides, it can be 
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noticed that both the experimental and predicted pressure profile 
become curved. This can be explained by the more significant contri
bution of the advective term. Indeed, for a given void fraction, the 
increase of liquid velocity results in a higher expansion of the gas. 
Consequently, the water is accelerated and the advective term 
becomes comparable to the regular friction one. In tum, this leads to 
an increasing nonlinear pressure loss at the end of the test section. 

As far as the tests with a moderate gas mass fractions are con
cerned (3116 and 3118), one can observe that CESAR predicts the 
pressure losses for all three tests with an underestimation of 
around 20%. The pressure loss along the test section is higher in 
the test 3118 because of the higher mass flow rate. Alike the tests 
with low gas mass fractions and high mass flow rates, the profile 
is almost linear. In fact, despite the gas mass fraction is higher, 
the liquid mass flow rate is lower and the pressure drop is smaller. 
Therefore, the gas does not expand significantly, leading to a low 
acceleration of the liquid, and hence,' a negligible advective term. 
Therefore, the velocity remains almost uniform and the pressure 
drops uniformly along the test section. Tests with higher mass 
flow rates (e.g., of about l.20kg/cm2 s would result in a more sig
nificant acceleration of the fluid and hence, a more significant 
advective term. 

The deviation between the experimental and computed pressure 
loss increases for the tests involving high gas mass fractions (3 I 33, 
3134). The pressure profile is underestimated by about 20% along 
the entire test section, especially within the upper test section length. 
It can be noticed that the advective term in these tests is much more 
significant than in the previous tests, even if the liquid mass flow 
rates are much lower (0.8 kg/cm2 s) than the tests involving low and 
moderate gas mass fractions. This happens because the void fraction 
is already significant at the entrance of the test section (at least 0.6). 
This leads to a quick expansion of the gas within the flow, which 
leads to an acceleration of the liquid and hence a significant advec
tive term within the upper part of the test section. For these cases, the 
advective term is dominant in comparison with the regular friction 
one. It can be then understood that the pressure. profile is linear at the 
beginning and becomes nonlinear at the end of the test section. 

it is worthwhile highlighting that all predictions show some dis
continuities in the axial pressure gradient (right column of Fig. 3) 
at the bottom of the test section. This is due to the fact that the 
advective term is not considered in the momentum conservation 
in those junctions, in contrast to the rest of the circuit (see expla
nation in Sec. 2.2). 
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Fig. 5 · Left: comparison of computational (solid and dashed lines) and experimental (dots) 
pressure profiles at ·steady-state for selected two phase subsonic Moby Dick tests Involving 
low (first row), moderate (second row), and high (third row) gas titles; solid and dashed lines 
correspond to CESAR five- and six-equation modeling, respectively; right: contribution of 
selected friction terms to the pressure gradient along the test section for the tests 3103, 3116, 
3133 (low, moderate, and high gas titles) using CESAR 6 equations 

5 Comparison of Results Using CESAR Five Versus 
Six-Equation Model 

Hereafter, it is studied whether the pressure drop can be better 
predicted by introducing an additional momentum equation (see 
Sec. 2.2). The same tests from Sec. 4 have been selected. For each 
set of experiments, a comparison of the predictions using five and 
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six equations on selected experiments is shown. The same figures 
of merit as Sec. 4 are analyzed: the pressure profile and the pres
sure gradient profile. Results for single phase and two phase tests 
with low and moderate gas mass fractions are depicted from Figs. 
4 to 5. For each of those figures, two subplots can be observed: 
the one at the left depicts the comparison between computational 
(solid and dashed lines) and experimental (dots) results on the 
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pressure drop, where solid and dashed lines correspond to the five 
and six-equation modeling, respectively; the one at the right 
depicts the contribution of the different friction terrns to the total 
pressure gradient for a given test when using six equations, 
including the interfacial friction term (blue down-triangles). 

As far as single phase tests are concerned (see Fig. 4), the pres
sure loss matches the experimental measurements. This is reason
able, since the use of an additional momentum conservation 
equation is not relevant in the absence of the gaseous phase. 
Therefore, the liquid velocity remains uniforrn and the pressure 
drops uniformly along the test section, giving a linear pressure 
drop as in the case of five equations. 

In case of the two phase flow tests with a low gas mass fraction 
(see first row in Fig. 5), one can see that the use of the six
equation model leads to a better prediction of the pressure loss 
compared to the ones of the five-equation model. Besides, the 
code can predict the trend of the pressure loss along the test sec
tion even for high velocities, where the advection becomes more 
significant. In contrast, the use of five equations underestimates 
the pressure loss at the. end of the test section. Compared to the 
predictions of the five-equations model on 3103, one can observe 
that the regular friction terrn increases more significantly com
pared to Fig. 2, since the momentum equation is not anymore 
written on averaged velocities, but in the phase velocities. The 
advective term in six equations is slightly higher over the last third 
of the test section than for it was for five equations, this being 
compensated by the increase of the interfacial friction term. As far 
as the test 3110 is concerned, the behavior is similar to the one 
described in single phase tests. Again, the main difference is the 
increasing regular friction term along the test section, related to 
resolution of individual phase velocities. In turn, this brings a 
higher pressure loss at the end of the test section and hence a bet
ter agreement in the pressure profile when using six equations. 

The use of an additional momentum equation also leads to a 
better description of the pressure loss in all tests involving moder
ate gas mass fractions (see second row Fig. 5). It can be noticed 
that, similar to the analysis using five equations, there is a domi
nance of the regular friction term over the advective and the inter
facial one due to the low mass flow rate. Therefore, the pressure 
drops almost linearly, similar to what happened for single phase 
tests. The main difference with respect to the use of five equations 
is that the regular friction terrn increases more significantly along 
the test section, which is related to the lower void fraction pre
dicted in the case of six equations. 

Finally, a comparison on tests involving high gas mass fractions 
is carried out. For such aim, the third row of Fig. 5 is analyzed 
together with Fig. 6, depicting the comparison of pressure, void 
fraction, liquid velocity and gas velocity profiles for the tests 3133 
and 3134 using five and six equations. 

It can be noticed that, despite the use of six equations predicts a 
total pressure loss closer to the experimental one, the qualitative 
behavior is not well reproduced. In particular, the pressure profile 
is linear for the case of six equations, while the experimental has a 
strong pressure drop at the upper part of the test section. On the 
other hand, the qualitative behavior of the pressure profile is better 
reproduced when using five equations, but the pressure loss is sig
nificantly underestimated. 

Looking at the pressure gradient profile for high gas mass frac
tions (see last row of Fig. 5), it is possible to understand the quali
tative difference of both profiles: when using five equations, the 
regular friction term increases as the fluid moves downstream, 
since the velocity of the liquid is increasing due to the expansion 
of the bubbles within the liquid. On the other hand, when six 
equations are used, the regular friction term starts to decrease for 
z > 2.3 m, even if the liquid velocity is increasing due to bubble 
expansion. One could think that this is due to a different predic
tion of the void fraction, but Fig. 6 shows that the void fraction 
profile is alike both in five and six equations. Studying the regular 
friction term in six equations (given by Eq. (11)), it has been 
observed that the product 7h · Vf increases quadratically, which 
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hints that there is a significant decrease of K'i,eg. Effectively, such 
drop is mainly driven by the significant increase of entrainment 
rate E with the void fraction, which in turn reduces the nonstrati
fied regular friction term for the liquid (see expressions in Ref. 
[3]). Other correlations to predict the entrainment rate may be 
used in the future. 

In turn, the decrease of the regular friction term and the com
pensation between the advection and the interfacial friction, which 
depend on the square of the drift velocities, lead to a pressure loss 
that is uniform along the test section. Hence, when six equations 
are used for highly voided flows, the pressure loss is almost linear. 

6 Discussion 
Considering additional tests and tagging those by their mass 

flux and the gas mass fractions, it is possible to quantify the range 
of conditions within which CESAR predicts the experimental 
results using both numerical schemes. Such inforrnation is repre
sented at the left-hand side of Fig. 7 for CESAR five-equation 
model and at the right-hand side for the six-equation model. A 
qualitative analysis has been already presented in Secs. 4 and 5. 
Within each diagram of Fig. 7, each point corresponds to a given 
simulation/experiment. Points are characterized by two independ
ent variables: in the abscissa, the mass flux; in the ordinate, the 
gas mass fraction within the flow. Points are colored according to 
one figure of merit: the relative deviation between the computed 
(CESAR) and the experimental axial pressure drop from 1.97 m to 
2.67 m. Three categories can be distinguished: <10%, 10-20% 
and >20%. 

According to the results obtained using the CESAR five
equation model, it can be stated that the prediction of the experi
mental pressure drop is acceptable for mass fluxes lower than 
1.24kg/cm2 sand gas mass fractions below 5.93 x 10-4

• Beyond 
this range of conditions (i.e., higher liquid flow rates and/or higher 
gas mass fractions), the bubbles expand within the liquid core and 
accelerate the liquid. In that case, the advective term becomes sig
nificant over the interfacial one and the hypotheses of the drift 
flux model are exceeded (see Sec. 2.2), requiring the use of an 
additional differential equation to solve more precisely the 
momentum balance conservation. 

Effectively, when one additional momentum equation is used, 
predictions fit very well the experimental results for a wider range 
of mass fluxes and gas mass fractions. Regardless of the two 
aforementioned parameters, relative errors are always below 10%, 
which is satisfactory for any system code. In particular, one can 
see can see that the prediction for low and moderate void fractions 
is much improved with respect to those obtained using the five
equation model. It is also important to highlight that, even if the 
predictions for high gas tittles are improved, the pressure profile 
differs qualitatively with respect to the experiment. 

All thirigs considered, the above-mentioned results suggest that 
the applicability of the CESAR six-equation model allows a better 
representation of the pressure drop along the Moby Dick test sec
tion. No significant impact on the process time has been observed, 
due to the simplicity of the system under consideration. 

7 Conclusions 
Within this document, the CESAR physical models describing 

selected friction terrns of the momentum conservation equations 
have been compared with selected data from the Moby Dick test 
facility. Predictions were made using a five and six equation 
numerical scheme to solve the system thermal hydraulics. The for
mer uses one momentum conservation equation on the mean 
velocity by assuming that the buoyancy and interfacial drag forces 
are higher than the advective and regular friction terrns, whereas 
the later uses two momentum conservation equations for each 
phase (liquid and gas), including explicitly the influence of the 
interfacial friction. The tests analyzed cover a wide range of liquid 
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flow rates and gas (nitrogen) mass fractions. The main findings 
are provided hereafter: 

• Predictions using the CESAR five-equation model provide 
an adequate description of the pressure loss through the test 
section in case of single phase flows, whatever the mass flow 
rate. For two phase flows, predictions are acceptable as long 
as the mass flow rates remain below 1.24 kg/cm2 s and the 
gas mass fractions below 5.93 x 10-4

• Beyond that range of 
conditions, advection becomes more significant and the 
hypotheses of the drift flux model are exceeded. In that case, 
the use of an additional momentum equation would be 
required. 

• The use of an additional momentum equation leads to a bet
ter agreement with the experimental data. In fact, code pre
dictions fit to the experimental pressure drop both 
quantitatively and qualitatively for low and moderate gas 
fractions. However, the code deviates in the qualitative 
description of the pressure loss as soon as gas mass fractions 
reach 50 x 10-4 for the considered flow rates. After the anal
ysis of the pressure gradient profiles for the tests with high 
gas mass fractions, it is oj:,served a decrease of the regular 
friction term after z > 2.3 m, this being mainly caused by the 
significant increase of the entrainment rate. Other correla
tions for the entrainment rate may be implemented in the 
future. · 

Summing up, the use of an additional momentum equation pro
vides generally a better agreement with the experimental data, but 
further validation work is needed for significant gas mass frac
tions. Consideration of other tests involving moderate or high gas 
mass fractions and a higher mass flow rate would be helpful to 
validate the interfacial friction term, since the mass flow rates 
used in these tests was quite low. 

The identification of this low deviation domain both for 
CESAR five and six-equation numerical schemes is essential 
before starting the validation of critical flow models. Effectively, 
knowing that the CESAR friction models do an adequate predic
tion of the pressure drop for a given range of mass fluxes and gas 
mass fractions, ii is better to select experiments within this 
domain. · Beyond this interval, it would be difficult to evaluate if 
the errors in the prediction of critical flows are due to incorrect 
critical flow models or to the determination of the different pres
sure drop terms. 

Nomenclature 

General Symbols 

cL = friction coefficient associated with the calculation of 
pr;/ 

Dh = hydraulic diameter of junction .7 (m) 
F(ri) = smoothing function for the calculation of .6 V 

fm1 (ri) = interfacial friction coefficient associated with F~ 
(kg/m4) 

FNR = interfacial friction term associated with nonstratified 
flows (kg/m4

) 

F'J.', Ft = advection term for the mixture, kth phase (Pa/m) 
r;;l, F t8 = regular friction term for the mixture, kth phase 

(Pa/m) 
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Ftb = interfacial friction term between G and L (Pa/m) 
g = gravitational acceleration (m/s2

) 

K';8 = regular friction coefficient associated with kth phase 
· P = pressure (Pa) 

Q = mass flow rate (kg/s) 
Re = Reynolds number 
S1 = cross section of junction .7 (m2

) 

VM, Vk = velocity of the mixture, kth phase (m/s) 
Vl = average velocity of kth phase (m/s) 
X = mixture average of variable X 

Xk = phase average of variable X 

Greek Symbols 

Ii= mean·void fraction, equal to <1.<J 

11.k = volumetric fraction of kth phase 
.6V = drift velocity between G and L (m/s) 
Pk = density of kth phase (kg/m3

) 

Subscripts and Superscripts 

DOWN = downstream volume 
G = gas phase 
k = kth phase, i.e., liquid and gas k = L, G 
L = liquid phase 

M = mixture between L and G 
UP = upstream volume 
.7 = junction under consideration 

Ji+I = downstream junction 
J;-1 = upstreamjunction 
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1 Introduction 

Sensitivity Analysis of the 
Thermal Diffusion Coefficient 
Effect on the Departure From 
Nucleate Boiling Ratio With the 
VIPRE Code 
One of the limiting conditions during operation of a pressurized water reactor (PWR) is 
cladding integrity in class I (normal operations) or class II (most frequent). Cladding 
integrity is limited typically by the departure from the nucleate boiling (DNB), which cri
terion ensures an appropriate core cooling. Adequate heat transfer between the fuel clad
ding and reactor coolant is achieved by preventing DNB that is avoided if the local heat 
flux is lower than the critical heat flux (CHF ). The DNB is estimated thanks to thermal
hydraulic (TH) design codes, as the VIPRE,W code that predicts the fluid behavior based 
on the geometry of the problem, the fuel rods and the fluid properties among others. One 
of the parameters that influences the DNB estimation is the thermal diffusion coefficient 
(TDC), which depends on the fuel design and is ·affected by the grid spacing. As a matter 
of fact, the TDC enters into the DNB calculation for thermal mixing between subchannels 
and in some special cases like the most primitive fuel designs, as a factor within the DNB 
correlation. Nevertheless, although the TDC is a variable, the TH design codes used for 
the DNB prediction consider the TDC as a constant. This investigation is founded on a 
new numerical program developed to explore the effect of the TDC on the DNB. ln addi
tion to this, variables as the effect of the turbulent momentum factor (FTM) and the cor
relation effect has been explored too. The most direct outcome of this research is the 
substantial · extension of the existing studies of VIP R E-W TH code. The results show that 
TDC has an effect on the DNB dominated by the radial power distribution. The departure 
from nucleate boiling ratio (DNBR) increases up to I.2% when TDC is a variable under 
normal operation radial shapes. For the design radial distribution, this effect is vanished 
but observable for values under 0.02 with an exponential increase of the DNBR with 
respect to the TDC. From this moment on, the energy exchanged between subchannels is 
negligible due to the flatness shape of the radial enthalpy distribution. 
[DOI: 10. l l 15/1.4042358] 

Maintaining the safety is a main task in the design and opera
tion of the nuclear power plants (NPPs). The operating conditions 
assure that NPPs operate safety in all modes of operat.ions and at 
all times [l ]. In a pressurized water reactor (PWR), the first safety 
barrier for the fission products release is the fuel clad which integ
rity, limited by the suitable heat transfer between the fuel and the 
coolant, is essential during class· I (normal operation) and class II 
(most frequent events) transients. As a matter of fact, the main 
objective of the core thermal-hydraulic (TH) designer is to ensure 
that the heat generated by the fuel is transferred to the coolant 
under the design accident conditions while maintaining fuel rod 
integrity. To do so and avoid the release of fission products, the 
fuel cladding must be prevented from overheating under all oper
ating or postulated accident conditions. This is accomplished by 
preventing departure from nucleate boiling (DNB). DNB occurs 
when the fuel rod surface and coolant temperature are high 
enough to create a vapor blanket around the fuel rod. The vapor 
film acts as a barrier that promotes the decrease of the heat trans
fer from the cladding to the coolant. It results in a vexy sharp 
increase of the fuel rod surface temperature · that involves a possi
ble deterioration of the cladding material, and so, a possible 

release of the fission products. Therefore, a reliable prediction of 
the DNB is of an outstanding importance in the design and safety 
analysis of a PWR. 

Three-dimensional TH design analysis is used to determine the 
core power capability such that -the allowed overall power distri
bution peak does not violate the minimum DNB at any time dur
ing a fuel cycle [2]. Due to the complex phenomena occurring at 
the same time within the reactor vessel, the DNB is predicted 
though empirical design correlations, which consider the different 
mechanisms: the thermal diffusion and the effects of inlet 
enthalpy, the nonuniform heat flux effects or the core geometry 
among others. In this way, each phenomenon is encapsulated into 
a coefficient within the correlation. An important parameter to 
consider is the thermal diffusion coefficient (TDC): the dimen
sionless coefficient that accounts for the rate of heat exchange by 
turbulent mixing between flow channels. It has a straight effect on 
the DNB, since the shorter the distance between grids, the higher 
the diffusion of energy and the lower the DNB risk. The value of 
TDC includes the effect of turbulent diffusivity as well as the 
forced mixing characteristics of .the particular grid design of 
the fuel assembly. Nevertheless, besides of the correlation used, 
the DNB tests have shown that the values of the TDC currently 
used with the VIPRE-W code are constant and conservative with 
respect to the values that are justified based on the test data [3]. 
Then, the DNB could be improved by the consideration of the 
TDC as a function of the grid spacing. 

Manuscript received July 27, 2018; final manuscript received December 18, 
2018; published online March 15, 2019. Assoc. Editor: Ignacio Gomez. 

Journal of Nuclear Engineering and Radiation Science 
. Copyright© 2019 by ASME 

APRIL 2019, Vol. 5 / 020909-1 

Downloaded From: https://nuclearengineering.asmedigitalcollection.asme.org on 05/20/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use 



This paper summarizes the results of the most relevant simula
tions performed to assess the effect of the TDC as a function of 
the grid spacing on the DNB with the TH design code, VIPRE-W. 
The objective is twofold: to extend the existing database of the 
studies of VIPRE-W TH code and to explore and assess the effect 
of the TDC on the DNB correlations. Other parameters as the tur
bulent momentum factor (FfM), which determines how effec
tively the turbulent flow mixes momentum, have been explored 
too. Finally, no less important, the new data will provide a way of 
improving the VIPRE-W code in general and the departure from 
nucleate boiling ratio (DNBR) models in particular. 

2 Background 
The overall aim of the thermal-hydraulic design of a reactor 

core is to provide adequate heat transfer to ensure that perform
ance and safety criteria requirements are met. Adequate heat 
transfer between the fuel cladding and reactor coolant is achieved 
·by preventing DNB. 

2.1 The Thermal-Hydraulic Versatil Internals and 
Component Program for Reactors EPRI Design Code. The 
Versatil Internals and Component Program for Reactors EPRI 
(VIPRE-W code) has been developed by Westinghouse for 
nuclear power utility thermal-hydraulic analysis applications in 
light water reactor cores and vessels [ 4]. It is designed to help 
evaluate nuclear reactor core safety limits including minimum 
DNBR, critical power ratio, fuel and clad temperatures, and cool
ant state in normal operation and assumed accident conditions. It 
uses a two-fluid representation of two-phase flow, solving conser
vation equations for mass, momentum, and energy for each phase. 
Models for phase interaction based on flow regime mapping are 
provided and based on semi-empirical correlations for heat and 
mass transfer, and vapor generation [4]. 

The VIPRE-W is a PWR subchannel code (Fig. 1) [5]. It pre
dicts the hot subchannel fluid behavior based on the geometry of 
the problem, fluid properties, boundary conditions and forcing 
functions, the flow and heat transfer models, and the numerical 
solution method to be used. 

2.2 The Departure From Nucleate Boiling Ratio. In case of 
a PWR core, the critical heat flux (CHF) is the result of a rela
tively sudden reduction of the heat transfer capability cf the cool
ant that in terms of the thermal design it is translated into the 
DNB [6]. This phenomenon occurs in the subcooled or low
quality region, normally along the fuel rod where due to the rela
tively high-heat fluxes, a cloud of bubbles appear adjacent to the 
rod surface. The bubbles do not break away from the fuel surface 
anymore and develop into a vapor film (Fig. 2). The heat flux is 
reduced due to the smaller heat transfer coefficient, then the 

Fuel 
Assembly 

0 
Control 
Volume 

Fig. 1 Fluid elements in analysis within VIPRE [5] 
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Fig. 2 Forced convective flow regimes for vertical fuel rod 
within coolant flow shroud (with cosine power profile) [7] 

energy accumulates in the rod leading. to a dramatic rise of clad
ding and fuel temperature. 

The measure of the margin to the critical heat flux is given by 
the DNBR, given by Eq. (1) . It is defined as the ratio of the limit 
heat flux for which the steam bubbles within the fuel channel 
develop into a vapor film (i.e., CHF); to the local heat flux (HF1oca0 
at the point of the fuel channel where the DNBR is calculated 

DNBR= CHF 
HF1ocal 

(1) 

If the local heat flux is lower than the CHF, i.e., DNBR > 1, 
there is not DNB. 

The DNB design basis is such that there is at least a 95% proba
bility that DNB will not occur on the limiting fuel rod during nor
mal operation, operational transients, and any transient conditions 
arising from faults of moderate frequency (condition I and II) at a 
95% confidence level. 

2.3 The Departure From The Nucleate Boiling Correlations. 
l)ue to the complexity of the nucleate boiling phenomenon, no 
mechanistic model has yet been established and the DNB correla
tions are empirical, based on experimental data. Following the 
improvement of the fuel designs, Westinghouse has updated DNB 
correlations too. The most common Westinghouse fuel is robust 
fuel assembly (RFA) that stands for robust fuel assembly. The 
European version of the RFA is modified advance European fuel 
(MAEF) that stands for modified advanced European fuel. The 
first DNB correlation was the W-3 developed for closed hot chan
nels. After a while, it was improved with the cold wall factor to 
take into account the. nonheated walls, as those from the control 

.rod thimble, and a factor to consider the nonuniform axial shapes. 
Then, the fuel element geometry was considered within specific 
c<;>rrelations as the WRB-1 and WRB-2 that incorporate also the 
effect of mixing grids. The WRB-2M correlation was developed 
and improved based on the previous WRB-2. It is designed for the 
current fuel RFA and applicable to MAEF. In terms of the DNBR 
improvement, it has been estimated that a 20% of margin in 
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DNBR is gained with the WRB-2M with respect the WRB-1 [8]. 
Finally, the WNG-1 correlation, that considers the grids spacing 
among other variables too, has been developed. 

The VIPRE-W code requires a description of the thermai' and 
momentum exchange due to turbulent mixing, between the hot 
subchannel and interconnected adjacent subchannels, for the 
DNBR calculation. The momentum exchange due to turbulent 
mixing is given by the FTM. It determines how effectively the tur
bulent flow mixes momentum. It can be specified on a scale rang
ing from 0.0 to 1.0, where 0.0 indicates that the turbulent 
crossflow mixes enthalpy only and not momentum, and 1.0 indi
cates that it mixes momentum with the same strength as it mixes 
enthalpy. Normally, the momentum mixing is neglected in the 
exchange due to turbulent mixing and the FTM is zero. The 
energy turbulent mixing term involves the thermal diffusion 
coefficient. 

2.4 The Thermal Diffusion Coefficient. The TDC evaluates 
the ability of the enthalpy to diffuse within the turbulences in the 
mass of flow. It is given by the following expression: 

w' 
TDC=-

S · Gavg 
(2) 

where w' is the flow exchange rate per unit length (kg/s m), Gavg 

is the average mass velocity in the channels (kg/s m2
), and S is the 

gap width (m). 
The DNB depends on the TDC. It accounts for thermal mixing 

between subchannels for the determination of the subchannel 
coolant conditions, and also, in very primitive fuel designs as a 
term within the DNB correlation1

• An accurate prediction of the 
local hot subchannel conditions requires a description of the ther
mal interchange or mixing between the hot subchannel and inter
connected adjacent subchannels within the hot assembly [9]. 

This study is based on two DNB correlations: Correlation 1 
(Corr.I) and Correlation 2 (Corr.2). Both of them take into con
sideration the effect of mixing grids and the grid spacing and none 
consider the TDC as a factor within its equation. 

The TDC is affected by the grid design and the grid spacing 
although it is limited by 0.1 for the Westinghouse fuel designs. A 
value of 0.038 has been approved by the Nuclear Regulatory Com
mission for standard fuel. This value is for a grid spacing of 26 in. 
or less. Nevertheless, a TDC equal to 0.059 can be considered for 
grid spacing smaller than 22 in. It is worth to point out that in a 
MAEF fuel the grid spacing changes (Fig. 3); however, for con
servative reasons, a constant value of 0.038 is considered [10]. 

Also, for conservative reasons, the DNBR is estimated with a 
generic radial distribution. The design or generic power distribu
tion are relatively flat. It provides a gradual power gradient with 
peaks around the hot channels to reduce the benefit of crossflow 
into the hot channels. However, the normal operation radial power 
distribution of the reactor core is a function of the fuel enrichment 
and burnup, burnable absorber, loading pattern, and the presence 
or absence of control rods. These distributions are normally non
flat or peak. Since the larger the differences in power between 
subchannels, the larger the transfer of enthalpy, there is a presum
ably effect of the TDC on the DNBR with normal operation 
distributions. 

3 The Numerical Program 
The design of the numerical program is founded on the analysis 

of the boundary conditions that may have an effect on the TDC 
during the DNBR estimation. 

The specific objective of this study is to analyze the effect of 
the TDC on the DNBR with the 8.1.0 version of the VIPRE-W 

1The DNB correlations of this study belong to nowadays fuel designs and the 
TDC does not contribute as a term within the correlation. 
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Fig. 3 Modified advance European fuel assembly (ENUSA) 

code. The numerical program has been based on the DNBR calcu
lation with the Correlation 1 and the Correlation 2. The first one 
was developed for the MAEF fuel that is the most common fuel 
used nowadays in the Westinghouse design NPPs. The 
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Table 1 Boundary conditions 

Conditions Pressnrey.;."'1, MPa (psia) Flowvesseh m3 
S (gpm) Power(%) Temperature;nJet, K (0 F) 

Nominal 
CLl 
CL2 
CL3 
CL4 

15.6 (2262) 
16.7 (2425) 
16.7 (2425) 
12.9 (1872) 
12.9 (1872) 

18.53 (293,700) 
18.53. (293,700) 
18.53 (293,700) 
18.53 (293,700) 
18.53 (293,700) 

100 
100 
120 
100 
120 

562 (553) 
·596 (613) 
577 (580) 
583 (590) 
561 (550) 

Table 2 Matrix of variables 

DNB correlation 

Correlation 1 
Correlation 2 

Conditions 

Nominal 
CLl 
CL2 
CL3 

,CL4 

TDC 

0.000 
0.010 
0.020 
0.038 
0.059 
0.100 

FfM 

0.0 
0.2 
0.5 
0.8 

Radial power distribution 

Generic distribution 
Normal operation distributions• 

Variable (0.038/0.059) 

"130 normal operation radial power distributions have been run. 

Correlation 2 was developed by Westinghouse for new fuels but 
can be used for current fuel designs [ 11). 

The key variable of this work is the TDC. Two scenarios have 
been studied: one by keeping the TDC constant (0, 0.01, 0.02, 
0.038, 0.059, 0.1) along the element. And one "variable" situation, 
in which the TDC is varied with values of 0.038 and 0.059 
depending on the grid spacing. 

The simulations explore different working conditions, from 
nominal to core limits (CL) as shown in Table I. The nominal 
conditions cover the normal plant operation, while the core limits 
encompass the maximum and minimum power and pressure and 
the inlet temperatures which are adjusted to obtain the DNBR. In 
order to understand the effect of the turbulent momentum mixing, 
the FTM was a variable ranged from Oto 0.8. 

Finally, due to the enthalpy transfer between subchannels it has 
been covered the design or generic (relatively flat distributions) 
and the normal operation radial distributions (peak distributions). 

In summary, more than 250 cases have been run as the result of 
the combination the variables from the numerical matrix of 
Table 2. 

4 Results and Discussion 

4.1 Overview of Results. Figure 4 shows the DNBR as a 
function of the FTM. The simulations have been run under nomi
nal· conditions and the design radial distribution, with two correla
tions, Corr. I and Corr.2, for three situations of TDC: constant 
TDC (i.e., 0.038 and 0.059), and variable (i.e., by taking 0.038 for 
a spacing larger than 12 in. and 0.059 for grid spacing shorter than 
12in.). Roughly speaking, whatever the conditions, there are two 
bands of DNBR results: the higher band around 2.72 correspond
ing to the Corr.I results; and a lower band around 2.52 corre
sponding to the Corr.2 results. 

An overview of the results shows that the correlation used influ
ences the prediction of the DNBR more than the TDC and FTM 
parameters under the conditions explored. The difference between 
the DNBR results for both correlations has been quantified and 
correspond to a 7%. 

One may realize that due the complex phenomenology of the 
nucleate boiling event, no mechanistic model has yet been estab
lished (Sec. 2.3). In other words, the Corr.I is a correlation devel
oped specifically for the RFA, and as consequence, for the MAEF 
fuel. It is based on the empirical results obtained directly from the 
experiments performed with this type of fuel. 

020909-4 / Vol. 5, APRIL2019 

In addition to the previous statement, Fig. 4 illustrates that the 
momentum exchange due to turbulent mixing is negligible. The 
lack of sensitivity of the DNBR with respect to the FTM shows 
that the turbulent crossflow mixes enthalpy only and not 
momentum. 

Finally, the effect of the TDC as a function of the grid spacing 
has been quantified. The DNB is improved in a factor of 0.04% 
compared with the case with TDC constant. The sensitivity of the 
subchannels turbulent energy exchange is insignificant for TDC 
values higher than the Nuclear Regulatory Commission approved 
value, 0.038, due to the much lower radial enthalpy pattern. 

4.2 The Thermal Diffusion Coefficient Effect on the 
Departure From Nucleate Boiling Ratio. The importance of the 
turbulent heat exchange on the TDC has led the analysis of 
the effect of the TDC on the DNBR and divide it in two stages. 
The first stage is performed with the generic radial power distribu
tion under a "separate effects" approach. This means that the only 
variable modified in the simulations is the TDC: no momentum 
exchange is considered (i.e., FTM = 0), the DNB correlation is 
constant (i.e., Corr.I), and the radial power distribution and the 
boundary conditions are constant too. 

Aimed to understand the influence of the radial power pattern 
on the TDC, the second stage is performed by keeping the TDC 
variable (as a function of the grid spacing) and constant (equal to 
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Fig. 4 The DNBR as a function of the FTM 
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Fig. 5 The DNBR as a function of the TDC. First stage: design radial power distribution. 
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Fig. 6 Real radial power distribution in a 17 x 17 fuel assembly 

0.038), under several normal operation radial distributions. All the 
previous variables, FfM and DNB correlations, are constant 
(FfM = O; DNB correlation= Corr.I). 

It is worth to point out that the most restrictive scenario is con
templated, i.e., the plant conditions are those corresponding to the 
CLl, the worst within the core limits. 

Figure 5 summarizes the results of the first stage of the analysis 
and shows the DNBR as a function of the TDC for the design 
radial distribution. 

Even though the data points are few, a gentle trend can be 
noted: the larger the TDC the higher the DNBR up to a TDC equal 
to 0.02. From this value on, the DNBR increases 2% in DNBR for 
an increase of 16% in TDC. This observation is consistent with 
the above statement. There is a turbulent energy exchange 
between subchannels, until the flow is mixed and the enthalpy is 
equal among them. Such an energy mixing occurs fast due to the 
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conservatism (i.e., flatness) of the radial power peaking distribu
tion used in the deslgn. As a consequence, the energy exchange 
mechanism has a role on the final mixing. 

Figure 6 shows a normal operation radial distribution in a 
17 x 17 fuel assembly. This is one example among the 130 normal 
distributions tested. It represents the rod power relative to the 
average core power for every single rod of the fuel assembly. As 
can be noted, the pattern is a peak power distribution in which the 
differences between the rod power and the average core power is 
ranged in a factor between 1 and 1.5. 

The effect of the TDC on the DNBR under normal radial power 
distributions is analyzed through a wide variety of radial distribu
tions. For each one, the DNBR obtained when keeping the TDC 
constant (i.e., equal to 0.038) has been compared to the DNBR 
when keeping the TDC variable (i.e., by taking 0.038 and 0.059). 
Figure 7 shows the relative difference in DNBR (%) when TDC is 
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Fig. 7 Thermal diffusion coefficient effect on the DNBR for radial distributions. Second 
stage: normal operation radial power distribution. 

variable with respect the TDC constant for every single real radial 
power distribution. In total, the investigation covers more than 
130 shapes, 

The relative difference in the DNBR's for TDC variable and 
TDC constant under normal operation radial distribution is even
tually the result of an evident enthalpy transfer between the hot 
subchannel and interconnected adjacent subchannels. The points 
with a relative difference in DNBR around zero show radial power 
shapes relatively flat and close to the design distribution. How
ever, the cloud of points with relative differences ranged between 
0.2% and 1.2% corresponds to radial shapes with drastic wells 
and peaks of power. Such a difference in power between subchan
nels evidences a heat flux transfer from hotter to colder regions 
during the turbulent mixing. Since the TDC evaluates the ability 
of the enthalpy to diffuse within the turbulences in the mass of 
flow, the results indicate that the larger the difference in power 
between subchannels, the larger the effect of the TDC on the 
DNBR. 

S Conclusions 
A new numerical research study aimed to explore the effect of 

the TDC on the DNBR has been performed. By conducting more 
than 250 runs, the effect of the TDC and the FI'M on the DNBR 
has been· explored by. considering different DNB correlations, 
radial power distributions (more than 130 shapes), and boundary 
conditions (normal operations and core limits). The most direct 
outcome of this research is the substantial extension of the exist
ing studies of VIPRE-W TH code. 

The major insights gained from this study can be summarized 
as follows: · 

• The TDC has an effect on the DNBR that evidences the tur
bulent enthalpy exchange. 

• Such an effect is small, in a range of a few percent, under 
design conditions. The range of TDC under 0.02, where a 
significant effect is found, is not influential on PWR designs 
always using assemblies with mixing vane spacers ending up 
in mixture coefficients larger than 0.03. Nevertheless, the 
TDC effect is highlighted · under· normal operation radial 
power distributions· where the turbulent heat flux transfer is 
observable as the DNBR increases up to 1.2%. 

• The impact of the TDC on the DNBR found is the same for 
different DNB correlations and boundary conditions (pres
sure vessel, cooling flow, power, and temperature). 

020909-6 I Vol. 5, APRIL 2019 

• This study validates the design parameters of the turbulent 
mixing models: On one hand, the energy model given by a 
TDC equal to 0.038; and on the other one, the momentum 
model driven by an FI'M equal to 0.0. 

In summary, the turbulent energy exchange mechani~ms 
have a role on the final energy mixing and the uses of the pre
sumably gained DNBR due to the effect of the TDC are the 

· bases for a future work that could improve the thermal
hydraulic design. 
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Nomenclature 
CHF = critical heat flux 

CL = core limits 
Class 1 = PWR normal operation events 
Class 2 = PWR most frequent events 

DNB = departure from the nucleate boiling 
DNBR = departure from the nucleate boiling ratio 

ENUSA = ENUSA Industrias Avanzadas, SA, SME 
(Spanish National Uranium Company) 

EPRI = Electric Power Research Institute 
f= function 

FI'M = turbulent momentum factor (-) 
Gavg = average mass velocity in the channels (kg/ 

sm2
) 

HF= heat flux (W/m2
) 

MAEF = modified advance European fuel 
NPPs = nuclear power plants 
PWR = pressurized water reactor 
RFA = robust fuel assembly 

S = gap width (m) 
TDC = thermal diffusion coefficient (-) 

TH = thermal hydraulic 
VIPRE/VIPRE-W = versatile internals and component program 

for reactors, EPRI 
w' = flow exchange rate per unit length (kg/s m) 

W-3 = Westinghouse critical heat flux correla
tion-3 
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WRB-1 = Westinghouse rod bundle critical heat flux 
correlation-1 

WRB-2 = Westinghouse rod bundle critical heat flux 
correlation-2 

WNG-1 = Westinghouse new generation critical heat 
flux correlation-I 

Subscripts 

Avg= average 
Local = local, precise position 
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1 Introduction 

Preparation of Uf 4 by 
Carbochlorination of UaOa 
and Solid-State Halogen 
Exchange Reaction 
Uranium tetrafluoride was synthesized using a novel method, which consists of a com~i
nation of carbochlorination reaction between a mixture of U3011 and sucrose carbon with 
chlorine, and a solid-state halogen exchange reaction between the products of the carbo
chlorination reaction and sodium fluoride. The thermodynamic feasibility to produce the 
halogen ·exchange reaction between UC14 and NaF was analyzed. Reactions a~e favor
able in standard conditions, even at low temperature . We have prepared a mixture of 
UC/ and UC/20 2 by U30 8 treatment in C/2 atmosphere with presence of sucrose carbon· 
at 9~0 °c. UC/4 and UC120 2 were obtained as a condensed product, which was collected 
in a quartz capsule containing NaF. The capsules were sealed after several -repeated 
stages of argon purges and mechanic vacuum. Subsequently, they were treated at 
300-350"C for 2 h. We obtained that when NaF is the limiting reagent, the solid produ~t 
of the _thermal treatment of the capsules consists in a mixture ~f UF4 and Na_Cl. Solid 
products were characterized by X-ray diffraction (XRD), scanning electron microscopy 
(SEM), fluorescence spectroscopy, and energy dispersive X-ray spectroscopy. Gaseous 
products were identified by Fourier-transform infrared spectroscopy. 
[DOI: 10.1115/1.4042362] 

Uranium fluorides are of industrial, governmental, and aca~ 
demic interest due to · their application within the nuclear fuel 
cycle for uranium chemical and enrichment processes, an~ ~~r its 
potential use in molten salt reactors. Molten sal_t reactors, mltlally 
developed in the 1950s, are one of the generation IV nuclear fis
sion reactors; they use molten fluoride salts as primary coolant, at 
low pressure. Working at low pressure reduces the mechanic 
stress · in the system, which simplifies the design and improves 
security. Besides, molten salt reactors have benefits in higher 
efficiencies and lower waste generation. Growing interest in this 
technology has led to renewed development activities in recent 
years [1 ,2]. In the nuclear fuel cycle, UF4 is important as a reac
tion intermediate in the production of UF6, and in postenrichment 
chemical processing into uranium oxides and metal for reactor 
fuel fabrication. 

Typically, UF4 is prepared using U02 and HF as raw materials, 
at 550 °C [3]. HF is difficult to manipulate and extremely corro
sive; the usage of another fluorinating agent like NaF would con
tribute to lower the productions costs. The idea of using NaF as a 
fluorinating agent in exchange reactions with chlorine-containing 
compounds has been explored since 1960 for synthesis of organic 
compound [4 ]. Recently; Haverkamp studied the fluorination of 
carbon anodes in molten NaF-AIFrCaF2 [7]. Within the nuclear 
enrichment process, NaF is used as a UF6 sorbent. Even though it 
has been considered as a poor reagent for halogen exchange reac
tions, we found that UF4 can be produced by halogen exchange 
reaction between uranium chloride and sodium fluoride. We have 
proposed a new method for UF4 synthesis, which involves first the 
production of uranium chloride by carbochlorination of uranium 
oxide, followed by a solid-state reaction in which uranium chlor
ides react with sodium fluoride to form uranium fluoride. To the 
author's best knowledge, this method for UF4 production has not 
been previously reported. 

'Corresponding author. 
Manuscript received August 1, 2018; final manuscript recei~ed December 15, 

2018; published online March 15, 2019. Assoc. Editor: Fidelma D1 Lema. 
This work was prepared while under employment by the Government of 

Argentina as part of the official duties of the author(s) indicated above, as such 
copyright is owned by that Government, which reserves its own copyright under 
national Jaw. 

2 Experimental 
U30 8 was prepared by heating an uranium oxide mixture at 

850 °c in air for 5 h. The U30 8 purity was 99.82% weight, deter
mined according to American Society for Testing and Materials 

Journal of Nuclear Engineering and Radiati~n Science . 
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(ASTM-C 1267). Sucrose carbon was obtained from the pyrolysis 
of sucrose (Fluka Chemical AG, Munich, Germany) in inert 
atmosphere at 980 °C during 48 h. NaF 99% (Sigma-Aldrich, St. 
Louis, MI,) purity was used. 

The gases used were Ar 99.99% purity (Linde, Neuquen, 
Argentina), N2 99.99% purity (Linde) and Cl2 99.8% purity 
(PRAXAIR, Rosario, Argentina). 

The initial solids and condensed products were characterized by 
scanning electron microscopy (SEM 515; Philips XL30 Electronics 
Instruments), energy-dispersive X-ray spectroscopy (EDS, EEDAX 
Genesis 2000), X0ray diffraction (XRD, Bruker D8 Advance) with 
Ni filtered and Cu Kix radiation, multi-element analysis by 
wavelength-dispersive X-ray fluorescence spectroscopy (WD-XRF, 
Bruker S8 Tiger) and fluorescence spectroscopy (fluorometer 
Horiba Jobin Ivon Fluoromax 4P). Solid phases were quantified by 
Rietveld method using the DIFFRACPLUS TOPAS 4.2 software [8]. 

HSC 6.12 software was used in order to obtain thermodynamical 
data and calculate equilibrium compositions in standard condi• 
tions [9]. 

2,1 Experimental Setup of the U30 8 Carbochlorination. A 
molar ratio U30 8:C equal to 1:5 (7% weight of C) and an initial 
mass of 0.050 g were used as raw material. The reactions were 
performed in a closed system. The solid reagents were placed in 
the bottom of a vertical quartz reactor (called experimental reac
tor), and then it was purged with N2(g) for 24 h. At the same time, 
another reactor of equivalent volume was purged with N2(g) 
and then filled with Cl2(g) at 101.325 x 103 Pa (this is called the 
chlorine reactor). 

The experiments were performed through the following steps: 
first, the experimental reactor is connected to a vacuum 
pump; then, after certain vacuum value is reached, the experimen
tal reactor is connected to the chlorine reactor so that chlorine fills 
both reactors. The final pressure in each reactor is about 
50.662 x 103 Pa (half of the initial value because the volume is 
doubled). Finally, the experimental reactor is closed and isolated 
and once the furnace has reached the reaction temperature, the 
reactor is placed inside the furnace. 

An electric furnace with a water-refrigerant on top was employed 
to carry out the reactions. The reactor was placed in such a way 
that the bottom of the reactor was located at the furnace tempera

. ture plateau. The upper zone of the reactor, above the refrigerant, 
was surrounded by air at room temperature. This configuration gen
erates a temperature gradient all along the reactor. 

The reactions were performed at 900°C (at the furnace temper
ature plateau) during 3 h. The products of reaction were gaseous, 
some of which condensed in the cool part of the reactor. The 
remaining chlorine and gaseous products were purged with N2(g). 
The condensed products were mechanically recovered from the 
reactor and manipulated inside a glove box with a relative mois
ture value below 1 %. 

We obtained that the reaction products were different depend
ing on the vacuum value reached in the first step pf the experi
ment. The N2 used to purge the reactor is 5.0, meaning that the 
molar fraction of 0 2 in N2 is about 10-5

• The values of pressure 
reached in the vacuum step, before filling the reactor with chlo
rine, were 1013 and 10Pa. These values correspond to oxygen 
partial pressures (after filling the reactor with chlorine) of 10-2 

and 10-4 Pa, respectively. 
U02Cl2 is the main product of the reaction obtained for 0 2 par

tial pressure of about 10:-2Pa, while uranium chlorides are the 
main products when 0 2 partial pressure is about 10-4Pa. Uranium 
chloride is the raw rnaterial desired for the thermal treatment with 
NaF. For that reason, we used the second condition (::::::10-4Pa of 
0 2) in the experiments discussed later. 

2.2 Experimental Setup of the Solid-State Reaction 
Between Uranium Chlorides and N~. Quartz capsules were 
constructed in order to perform these reactions. First, dry NaF was 
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placed inside the capsule. Then, inside a glove box under Ar 
atmosphere, a mixture of UCl4 and UCl20 2 was introduced into 
the same capsule. Finally, the capsules were purged with Ar and 
sealed after evacuating the Ar with a mechanical· vacuum pump. 
Capsules were treate.d at 300 or 350 °C for 2 h. 

3 Thermodynamic Considerations 

3.1 Carbochlorination of U30 8• Thermodynamic analysis of 
the gas-solid chlorination reaction of U30 8(s) using Cli(g) and 
C(s) has been performed by Taki et al. [10] and Shin et al. [11]. 
Taki et al. studied the /1G0 (change in the standard Gibbs free 
energy, J/mol) for the reactions leading to formation of UC4(g) 
and UC16(g) between 25 and 1500°C. Based on the AG0 values, 
they concluded that both compounds will be formed (both reac
tions have negative /1G0

) and that the lower chloride, UC4(g), 
is expected to be formed to a higher extent than the higher 
chloride, UC16(g), in standard conditions. Shin et al. calculated 
the /1G (change in the Gibbs free energy, J/mol) with the 
Gibbs-Helmholtz equation for carbochlorination reactions of 
U30 8(s) with formation of UC13(g), UC14(g), UC15(g), and 
UC16(g) between 127 and 827 °C. The highly negative values of 
/1G obtained indicate that all reactions are irreversible and 
UC14(g) would be the main product. 

In addition to these studies, we analyzed the equilibrium com
position, between 25 and 1000 °C, for a closed system at constant 
total pressure of 101.325 103 Pa where the initial components 
were 2mol ofU30 8(s), lOmol of C(s) and 70mol of Cl2(g). These 
quantities were chosen in accordance with the experimental condi
tions where Cl2(g) is the excess reagent and the U30 8:C molar 
ratio is 1 :5. Figure 1 shows the logarithmic percentage equilib
rium composition between 700 and 1000°C. We obtained that, in 
standard and equilibrium conditions, solid reactants (U30 8 and C) 
would be consumed completely and all products would be gase
ous. UC14(g) and UCl5(g) would be the main products. Reactions 
would take place with formation of CO(g) and COi(g), the pres
ence of CC14(g) would be expected due to the reaction between 
Cl2(g) and C(s). 

Reactions were performed at constant volume (in a closed reac
tor) and at constant temperature (once the furnace has reached the 
reaction temperature, the closed reactor is inserted into the fur
nace). The total pressure of the reacting system can change during 
the reaction between the initial value of 50.662 x 103 Pa and a 
maximum value of 253.312 x 103 Pa. Although the experimental 
conditions are not identical to those of the thermodynamical 
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Cl,(g) 

750 800 850 · 900 950 1000 
Temperature ("C) 

-Cl,(g):- CO,(g~ - UCl.(g~ - UC1,(g): - CO(g); - UC1,(g); - CC1
0
(g) 

Fig. 1 Logarithmic percentage equilibrium composition for a 
system with Initial composition: 2 mol of U30 8(s), 1 O mol of C(s) 
and 70 mol of Cl2(g) 
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Fig. 2 Ellingham diagram for solid state reactions between 
NaF and UC14, UCls and UCl202 

study, these results are valuable as starting information for the 
experimental system. 

3.2 Solid-State Reaction of Uranium Chlorides and NaF. 
We know that the material collected from the condensed product 
of the carbochlorination of U30s contains UCI4 and UC120 2. The 
presence of UC120 2 may be due to the decomposition of UCl5. 

Consequently, UC15 could also be present [12]. 
Based on these results, the values of /!G0 versus temperature 

for the reactions between NaF and UC4, UCls artd UCii02 were 
analyzed. This is shown in Fig. 2 where the Ellingham diagram is 
presented for the corresponding reactions. It can be seen that, in 
standard conditions, all reactions would be expected to take place 
since the /!G0 values are largely negative between O and 1000 °C. 

4 Results and Discussion 

4.1 Chlorination of U30 8 in Presence of Sucrose Carbon. 
Red-brown vapors are formed during the reaction, which 

condense in the cold zone of the reactor as a thin powder. The 
appearance is in accordance with the reported physical aspect of 
UC15 [3]. However, UC15 is highly unstable in presence of mois
ture; it would react even with the residual moisture inside the 
glove box (below 1 % ) leading to the formation of UC4 and 
U02Cl2 [3]. 

Figure 3 shows a XRD profile of the condensed product. The 
presence of U30 8 evidences that, even though the condensed 
product was manipulated inside a glove box and a XRD sample 
holder was used, residual moisture reacted with the sample. 

XRD 
Up

8 
(ICDD 01-072-1078) 

10 20 30 40 50 <,() 70 80 

29 (") 

Fig. 3 X-ray diffraction of the condensed product collected 
from the reactor, a.u.: arbitrary unit 
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Fig. 4 Fluorescence spectra of the gradual oxidation due 
to atmospheric exposition of the condensed chlorination 
products 

Phases like uranium chlorides, uranium oxychlorides, and/or prod
ucts of their decomposition could not been uni vocally identified in 
the XRD profiles. This is attributed to the high instability of these 
species that decompose during the XRD analysis (about 2.h). The 
gaseous phase was analyzed by Fourier-transform infrared spec
troscopy: CO and CO2 were ident.ified. 

An experiment similar to the one performed by Grossmann 
et al. [1 3] was used in order to corroborate the oxidation path of 
the condensed product. U(V) and U(VI) have an excitation band 
reported at 408 nm, U(V) has· an emission at 447 nm, and a group 
of bands between 460 and 580 nm corresponds to U (VI) emission. 
The initial sample corresponding to the condensed products from 
the reactor was mounted in the spectrofluorometer, exposed to air, 
and spectra were recorded every 3 min. Results are shown in 
Fig. 4. No signal was observed in the initial spectrum, this is in 
accordance with the presence of only U(IV), which does not pres
ent any · emission into the measured range. Subsequent spectra 
show a low intensity signal around 447 nm that first grows and 
then decreases; this emission is in accordance with U(V) that is 
being formed from U(IV) and disappears due to U(Vl) formation. 
Spectra measured after 3 min show a group of bands between 460 
and 580 nm that increase with time, which corresponds to U(VI) 
formation. 

It can be concluded that UCl4 is the main product of reaction 
because it is in accordance with the thermodynamical data, it was 
found in the fluorescence analysis were no signals of U(V) and 
(VI) were detected in the initial condensate, and it is also in 
accordance with the presence of UF4 in the material after thermal 
treatment in capsules with NaF. UC15 could also be a reaction 
product as it is suggested by the color of the initial vapors. How
ever, the presence of UCI5 could not been confirmed. 

4.2 Solid-State Reaction of Uranium ·chlorides and NaF. 
After thermal treatments, capsules at room temperature were 
opened mechanically. This experimental procedure does not allow 
analyzing the gaseous phase. . 

By XRD, UF4 and NaCl were identified in the solid product of 
the capsules when NaF was the limiting reagent (Fig. 5). Uranium 
chloride, oxychloride, and oxyfluoride are volatile at low tempera
ture; they would condense in cold zones of the capsules; this is 
shown in Fig. 6: the green deposit (bottom of the capsule) corre
sponds to a UF4 and NaCl mixture while the yellow condensed 
(top of the capsule) is in accordance with volatile uranium chlo
ride, oxychloride, or/and oxyfluoride. 

The phases present (NaCl and UF4) were quantified by the 
Rietveld method. The different densities of the phases were taken 
into account in the calculation; the software allows to correct the 
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Fig. 5 X-ray diffraction of the solid product (green deposit) of 
a capsule treated at 300°C for 2 h, a.u.: arbitrary unit 

Fig. 6 A capsule at room temperature after a treatment at 
300°C for 2 h 

Table 1 Quantification of phases present in the solid product 
(green deposit) of capsules treated at 300 or 350°C by the 
Rletveld Method 

UF4 (% weight) 

43 
47 
45 
37 

Molar relation NaCI/UF4 

7.1 
6.0 
6.6 
9.0 

volume irradiated by the X-rays according to the phase density. 
The starting lattice parameters were taken from crystallographic 
data of the patterns fitted. Table I shows the results. 

The reaction of UF4 formation is the following: 

UC14(s) + 4NaF(s) -+ UF4(s) + 4NaCl(s) (1) 

A NaCl/UF4 ratio higher than 4 indicates that another reaction 
is taking place in the system, probably formation of volatile 
U02F2. 

Figure 7 shows images of NaCl and UF4 from a capsule 
thermally _treated. Particles of different morphology can be 
observed. The phases were identified by EDS: the biggest par
ticles correspond to NaCl, and the others are UF4• 

Molten salts are currently been studied for their possible use as 
nuclear fuel in Generation IV reactors, being.fluoride molten salts 
the most promising candidates [14]. So, the NaCl-UF4 mixture 
obtained here could be employed in this kind of development. 
Furthermore, NaCl and UF4 could be separated. NaCl is water 
soluble, whereas a solubility value of 10-4 mol/1 for UF4 in 
oxygen-free water at 25 °C had been reported [15]. 2 UF4-5H20, 
which is extremely stable, ·precipitates from UF4 aqueous 
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(a) 

(b) 

Fig. 7 Scanning electron microscopy images of NaCl and UF4, 

which are produced by thermal treatment of a capsule 

solutions. The moisture can be removed in two steps: first, by dry
ing in air at l00°C, and then heating to 400°C under controlled 
atmosphere to avoid hydrolysis and oxidation [1 6]. This separa
tion procedure is being studied and is out of the scope of this 
paper. 

On the other hand, in capsules containing initially excess of 
NaF, we observed the presence of Na2UF6, Na3U02F5, NaCl, and 
Na2SiF6. The XRD profile of the solid products of a capsule 
treated at 350 °C for 2 his shown in Fig. 8. 

Several very stable double salts of the type M2UF6 (M = Na, K) 
have been reported as products from a gas-solid reaction between 
Na(s) andUF6(g)[l7] or being formed by the melting ofUF4 with 
alkaline fluoride salts [18]. 

Synthesis of Na3U02F5 has been reported by evaporation of 
NaF-U02F2 solution in stoichiometric molar ratio [19] and by 
reaction of uranyl nitrate with NaF in H20 [19,20). 

These references, in addition to our results for capsules contain
ing initially NaF as limiting reagent (formation of NaCl, UF4, and 
possibly U02F2), suggest that Na2UF6 and Na3U02F5 are products 
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Fig. 8 X-ray diffraction of the solid product of a capsule ini
tially containing excess of NaF and was treated at 350 °c for 2 h, 
a.u.: arbitrary unit 

of the interaction between NaF with UF4 and U02F2, respectively, 
according to the following reactions: 

UF4(s) + 2NaF(s) --> Na2UF6(s) 

U02F2(g) + 3NaF(s) --> Na3U02Fs(s) 

(2) 

(3) 

The presence of a Si-containing compound (Na2SiF6) indicates 
that the Si of the quartz (Si02) reacts with the phases present in 
the system when NaF is introduced in excess. 

5 Conclusion 
The thermodynamic of the U30 8-C-Ch system was analyzed 

and the U02Ch-UC4-NaF system was studied with the aim of 
developing a new method to synthesize uranium fluorides, which 
avoids the use of HF or F2• We obtained a two-step method, which 
involves: first production of uranium chlorides by carbochlorina
tion of U30 8, and second, formation of uranium fluoride by solid
state halogen exchange reaction between uranium chlorides and 
NaF. 

The condensed products of the carbochlorination reactions 
were UC4 and U02Cl2• Uranium chlorides formation was 
enhanced (instead of uranium oxychloride formation) by carbo
chlorination of U30 8 under oxygen partial pressure of about 
10-4 Pa. The formation of UC15 during the reaction is also likely, 
but this compound decomposes easily to UC4 and U02Cl2 and 
could not been confirmed. 

Mixtures of UC4, UC120 2• and dry NaF were treated at 300 or 
350°C for 2h into quartz capsules. UF4 and NaCl were observed 
in the solid product. By Rietveld analyses, formation of an excess 
of NaCl was detected; this can be explained considering formation 
of volatile U02F2. Based on these results (i.e., formation of excess 
of NaCl), the presence of Na2UF6 and Na3U02F5 among the prod
ucts of the thermal treatments of capsules containing initially 
excess of N aF, and information about similar systems available in 
the literature [17- 20], we propose the following reaction path
ways: (1) when NaF is the limiting reagent: UF4, U02F2, and 
NaCl are produced by the interaction between UC4, UC120 2, and 
NaF; U02F2 is.volatile at the reaction temperature and condenses 
at the top of capsule at room temperature; (2) when there is excess 
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of NaF, UF4 and U02F2 react with NaF, and the products of these 
reactions are Na2UF6 and Na3U02F5, respectively. 

Finally, we conclude that it is possible to synthesize UF4 with 
this procedure at laboratory scale. . 
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1 Introduction 

Use of Irradiated Fracture 
Toughness Values in Nuclear 
Vessel and Component Design 
Specifications for Fitness-For
Service Analysis Using the 
Unified Curve Method 
The American Society of Mechanical Engineers (ASME) Section Ill Rules for Construc
tion of Nuclear Facility Components subsection NB-2331 Material for Vessels requires 
that the effects of irradiation shall be considered on material toughness properties in the 
core belt line region of the reactor vessel. The code also states that "the design specifica
tions shall include additional requirements, as necessary, to ensure adequate fracture 
toughness for the service lifetime of the vessel." In a design report of nuclear pressure 
vessel, the design and service loads do not include loads that are affected by fracture 
toughness of the material. However, in the cases of fitness1or-service assessment for 
component flaws (prevalent with age of component), irradiated material properties 
become highly relevant. An example of a fitness-for-service is that of a beyond design 
basis reactor vessel head drop accident in a pressurized water reactor with a nozzle junc
tion flaw. As a case study, the critical size of a postulated external surface semi elliptical 
circumferential crack in the combustion engineering three-loop pressurized water reactor 
nozzle-vessel junction is calculated using ANSYS Workbench (Academic version) with the 
applied impact load from the vessel head drop accident. Failure assessment diagrams for 
numerous crack depths and lengths were developed considering the fracture toughness 
properties of the irradiated reactor vessel steel. The mode I stress intensity results used 
in the failure assessment diagram were compared with the available finite element and 
the American Petroleum Institute (AP!) standard APT 579 analytical solutions for valida
tion, showing good agreement. From this case study, it is demonstrated that the effects of 
irradiation on fracture toughness become prominent at the same postulated crack size in 
the nozzle-vessel junction dispositioned as "safe" becomes "unsafe" in the fracture 
assessment diagram. Using the unified curve method, the irradiated fracture toughness 
data in design specification can be supplied so that it may be used in fitness-for-sen•ice 
analysis to account for component aging. [DOI: 10.1115/1.4042498] 

The objective of this paper is to demonstrate the effective use 
of the Unified Curve Method in performing fitness-for-service 
analysis for an in-service water reactor with irradiated steel. A 
U.S. pressurized water reactor is typically designed to operate for 
30-40years with a neutron flux of 1-3 x 1023 neutrons/m2 s 
depending on the specific design [l ]. The case study assessment 
used is of a postulated scenario where an external surface crack is 
present in the critical stress region of the nozzle-vessel junction 
during the pressurized water reactor vessel head drop event. 

develop such a curve, a series of fracture toughness test (e.g., 
Charpy V-notch) are performed and repeated over a range of tem
peratures. Typically, tests with the same conditions are repeated 
in round robin and fitted using a probabilistic distribution to a 
curve. This curve can be described by an equation which fixes the 
location of the curve to a reference temperature, T0 , where the 
fracture toughness value, Kjc, is 100 MPa 11m 

Kjc(med) = 30 + 700.019(T-T.) (I) 

where Kjc(med) is the median fracture toughness, T is the test tem
perature, and T0 is the reference temperature [2]. However, the 
master curve in its original form does not provide the fracture 
toughness of an irradiated metal that may fail by cleavage like.a 
brittle material. Nuclear power operators have collected informa
tion on the Charpy V-notch tests performed as part of the surveil
lance programs using installed capsules that were irradiated over 
time. The test data allow operators to determine the shift in the 
reference temperature T0 and then update the master curve for an 
irradiated material. Modifying the master curve by changing the 
reference temperature T0 is convenient but is limited by a generic 
shape of curve since the other variables in the equation are not 
changing. This simplified modification is called the lateral 

1.1 Fracture Toughness Calculation Methods for Irradi
ated Metal 

1.1.1 Master Curve Method. This method is appropriately 
named after its principal characteristic that defines the fracture 
toughness of materials with a generic curve for ferritic steels. The 
underlying assumption of this method is that the material will fail 
like a brittle material by cleavage, which involves separation of 
atomic bonds along the planes of crystal lattice structure. To 
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Fig. 1 Unified curve for fracture toughness of the irradiated and new A533 steel 

A 
SECTION A-A 

Fig. 2 CAD drawing of the combustion engineering three loop 
pressure vessel reactor (all dimensions in inches) 

temperature shift [2]. A better representation. of modeling the 
degree of neutron embrittlement is provided by the unified curve 
method. 

1.1.2 Unified Curve Method. The unified curve method is 
obtained in a way similar to the master curve method but uses a 
special parameter, Q, to produce a unique curve to represent the 
variation in degree of neutron embrittlement experienced by a 
material. This method is based on a probabilistic model called the 
Prometey model [2]. The benefit of this model over the master 
curve is its ability to allow for shift and produce a unique curve 
shape. However, the use of the Prometey model is complicated 
and requires more material testing compared to the master curve 
method. 

vShelf [ (T - 130)] Kjc(med) = n. Jc + Q · 1 + tanh · ~ (2) 

where K}~elf = 26 MPa · Jm and Q is a measured parameter. 

1.1.3 Irradiated Reactor Pressure Vessel Steel Fracture 
Toughness Using the Unified Curve Method. The reactor vessel 
and head are constructed of A533 steel [3]. Fracture toughness 
data for both unirradiated and irradiated A533 steel exposed to a 
fluence of 1.64 x 1023 neutrons/m2 were originally presented by 
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Fig. 3 Finite element model of the combustion engineering 
three loop reactor outlet nozzle 

Merkle et al. [4]. Depending on the type of design, this represents 
70-100% of the design life of a typical U.S. pressurized water 
reactor vessel. These data are later transformed into an equation 
based on the unified curve method [2] as shown in Fig. 1. 

The fracture toughness curves for the irradiated and new A533 
steel shown in Fig. 1 demonstrate the aging affect that takes place 
due to neutron flux over the reactor's operation cycle. At the refu
eling operation temperature of approximately 38 °C [5], the frac
ture toughness of the new A533 specimen is approximately 105 
MPa · y'm and 69 MPa · y'm for the irradiated specimen. The 
greatest decrease in fracture toughness properties is at higher tem
peratures of 100-260 °C, which represent the normal operating 
temperatures of a reactor pressure vessel. 

2 Methodology 
The scope of this paper is limited to the analysis of a 

nozzle-vessel junction with a postulated semi-elliptical 
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Fig. 4 Stress intensity due to Fy of the phase I nozzle-vessel 
junction crack with ale= 1/3 and alt= 0.2 

circumferential flaw. The geometry used in the analysis is based 
on the combustion engineering three-loop pressurized water reac
tor pressure vessel. A computer-aided drawing (without filets or 
smooth edges) was constructed as shown in Fig. 2 to illustrate 
some of the key dimensions of the vessel that are relevant for the 
analysis. Using the geometry from Fig. 2, a finite element model 
of the nozzle-vessel junction wa:s built on ANSYS Workbench 
R14.5 Academic version as shown in Fig. 3. 

2.1 Assumptions. The main assumptions used in the analysis 
were as follows: 

• The dynamic impact load due to the reactor vessel head drop 
event was treated as a sustained static load applied at the 
location of impact. This assumption simplified the analysis 
in order to evaluate the nozzle-vessel junction strictly from a 
linear elastic fracture mechanics (LEFM) point of view. 
However, conservatism was maintained by neglecting the 
load dampening effects of the full reactor vessel structure 
elasticity. 

• The impact load due to the reactor vessel head drop event 
was carried entirely by the four nozzle-vessel junctions, 
spaced equally around the vessel circumference. This 
assumption translates into the model scope by distributing 
the impact load to each of the four supports equally. 

• To simplify the analysis; only the postulated flaw scenario of 
an external surface semi-elliptical crack around the nozzle 
circumference was selected by assuming that it represented 
the worst case for mode I stress intensities. The postulated 
flaw was an idealized case, but in reality, flaws are much 
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more complicated especially around the region of 
nozzle-vessel junction weld where embedded flaws may also 
be present. 

• The effects of residual stresses around the nozzle-vessel 
junction weld line were assumed to be negligible for the pur
poses of evaluating the stress intensity. 

2.2 Phase I-Finite Element Analysis Validation. The goal 
of phase I was to establish confidence in the overall ANSYS crack 
modeling and meshing technique by benchmarking the stress 
intensity modes Yi, Y11, and Y111 parameter results from Ref. [6], 
which used a similar nozzle geometry in ABAQUS software to calcu
late the modes I-Ill stress intensities. This comparison was lim
ited to a single crack specimen with a depth-to-half-length a/c 
ratio of 1/3 and depth0 to-nozzle thickness a/t ratio of 0.2. The 
ANSYS model used in phase I had the following geometric char
acteristics that were similar to those in Ref. [ 6]: 

• nozzle thickness to nozzle mean radius ratio t/rm of 0.33; 
• nozzle mean radius to vessel mean radius ratio r.,/Rm of0.2; 
• nozzle thickness to vessel thickness ratio t /T, of 1. 

2.3 Phase II-American Petroleum Institute (API 579) 
Solution. The goal of phase II was to perform a comparison 
between ANSYS Academic workbench results with the API 579-1 
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Fig. 5 Stress intensity due to Fz of the phase I nozzle-vessel 
junction crack with ale= 1/3 and alt=·0.2 
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results, which are based on the weight function method introduced 
by H. Buckner [7] (see Appendix for a background on the API 
579 solution). The combustion engineering three-loop pressurized 
water reactor nozzle-vessel junction model was used in phase II 
with the following geometric characteristics: 

• nozzle thickness to nozzle mean radius ratio t /rm of 0.44; 
• nozzle mean radius to vessel mean radius ratio rm/Rm of 

0.205; 
• nozzle thickness to vessel thickness ratio t/T, of 0.77. 

2.4 Phase III-Critical Flaw Size Assessment. The goal of 
phase III was to determine the critical flaw size of the external sur
face semi-elliptical circumferential crack in the combustion engi
neering three-loop pressurized water reactor nozzle-vessel 
junction. The stress intensity value Ki for a mode I crack was cal
culated from ANSYS Workbench Academic version under load
ing conditions of a postulated head drop event during reactor 
refueling. The worst case impact load of 1.05 x 107 lbf wa.s used 
in the ANSYS model which is based on the explicit dynamic finite 
element simulation of a typical Westinghouse pressurized water 
reactor vessel head drop performed by Westinghouse Electric 
Company, Cranberry Township, PA [8]. The mode I stress inten
sities from ANSYS Workbench Academic were used to create the 
API 579-1 Option 1 Flaw Assessment Diagram, w~ich was based 
on the empirical relation 

f(L,) = [1-0.14L;] · [0.3 +0.7 exp(-0.65L~)] (3) 
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where L, is the dimensionless ratio of static load applied on the 
cracked component to the plastic capacity of the material. 

3 Results and Discussion 

3.1 Phase I. The goal of phase I was to establish confidence 
in the overall ANSYS crack modeling and meshing technique by 
benchmarking the mode I-III stress intensities from Fig. 4 in Ref. 
[6]. This comparison was limited to a single crack specimen with 
a depth to half-length ratio a/c of 1/3 and depth to nozzle thick
ness ratio a/t of 0.2: The ANSYS model used in phase I was simi
lar to the one used in Fig. 4 of Ref. [6]. 

3.1.1 Stress Intensity Evaluation for Crack Due to Tension 
and Shear. The stress intensities from the ANSYS model were 
obtained along the crack front for tension and shearJoads. For the 
case of pure tension show in Fig. 5, the results from ANSYS 
Workbench Academic are identical to those from ABAQUS in 
Ref. [6]. Evidently, mode I stress intensity dominates and is the 
highest at the center and deepest point of the crack ( designated by 
</J = 90deg). This indicates that the mesh produced in ANSYS 
Workbench Academic was adequate for the purpose of producing· 
stress intensities for mode I. However, for the case of mode II 
stress intensities due to vertical and lateral loads as shown in 
Figs. 4 and 6, respectively, the results were not similar for 
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ANSYS and ABAQUS. This discrepancy is possibly an indication of 
the relative coarseness of the ANSYS mesh at the surface of the 
nozzle. The modes I-III stress intensity results from ANSYS and 
ABAQUS at the deepest point of the crack (cp = 90deg) are similar 
for the pure tension loading as shown in Fig. 5. However, for the 
case of shear loading, the mode I stress intensity of 1.35 from ABA

QUS is higher than ANSYS stress intensity of 1.2 as shown in 
Fig. 4. While the difference is small, it shows that ABAQUS results 
are more conservative. 

3.1.2 Stress Intensity Evaluation for Crack Due to Bending. 
The results generated due to bending loads were somewhat similar 
to those due to axial and shear loads. For the case of pure bending 
shown in Fig. 7, the mode I results from ANSYS Workbench Aca
demic were slightly higher than the ones from ABAQUS in Ref. [6] 
at the deepest point of the crack (designated by cp = 90deg), 
unlike the case of pure tension shown in Fig. 5 where the results 
from ABAQUS [6] were slightly higher. A similar trend is observed 
for the case of lateral bending shown in Fig. 8 where the dominant 
mode III stress intensity is slightly higher than for ABAQUS. But the 
last case of mode III stress intensity caused by the twisting 
moment shown in Fig. 9 takes away some of the confidence in the 
model created in ANSYS Workbench Academic due to the more 
conservative results from ABAQUS in Ref. [6]. For instance, as 
shown in Fig. 9 at cp = 90deg mode III stress intensity from 
ABAQUS is 1.25, whereas from ANSYS, it is 0.75, which is a non
conservative difference. However, since the only loads that will 
be used in phases II and III will be bending, this discrepancy is 
unlikely to affect the results or conclusions. 
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Fig. 9 Stress Intensity due to Mz of the phase I nozzle-vessel 
junction for a crack with ale= 1/3 and alt= 0.2 

3.2 Phase II. Stress intensity results from ANSYS Work
bench Academic were compared with the API 579 solution for the 
exact geometry of the combustion engineering three-loop pressur
ized water reactor nozzle. The principal stress profile for the 
uncracked nozzle geometry was obtained as shown in Fig. 10 and 
was used to perform the API 579 calculations. Figure 11 shows 
that the API 579 results were slightly higher and thus more con
servative for the mode I stress intensities at the deepest point of 
the external surface semi-elliptical crack in the combustion engi
neering three-loop pressurized water reactor nozzle. However, the 
nozzle inner radius R; to nozzle wall thickness.t ratio (see Fig. 2 
for measurements) of the combustion engineering three-loop pres
surized water reactor is 

R; - = 1.77 (4) 
t 

which was slightly Jess than the lower limit of the API 579 methodol
ogy requirement for a ratio of 2. Therefore, there is a risk that the 
application of API 579 for the case of the combustion engineering 
three-loop pressurized water reactor is not accurate. But the results 
are still a good indication that the ANSYS Workbench Academic 
mode I stress intensities are reliable for the exact geometry of the 
combustion engineering three-loop pressurized water reactor nozzle. 

3.3 Phase III. A range of crack depth a and half-length c 
were evaluated and for each the stress intensity ratio K, and 
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plastic collapse ratio L, calculated and plotted on the API 579-1 
Option 1 failure assessment diagram as shown in Fig. 12; the 
ratios are calculated as follows: 

p 
L,=----

PL(a, <Ty) 

where K(P, a) is the elastic stress intensity factor at the crack tip 
with depth a due to applied load P, K1c is the fracture toughness, 
<Jy is the yield stress and PL(a, ay) is the plastic collapse limit load 
of the component with the crack. 

The diagram shows that the failure mechanism for the analyzed 
cracks falls in the linear elastic fracture mechanics region. This 
was ensured by confirming that the plastic zone radius rp was less 
than a/8. 

3.4 Summary. Finite element results for three crack depths 
were compared against the fracture toughness of the irradiated 
and new A533 steel. The top three crack geometries are plotted in 
Figs. 12 and 13 and tabulated in Tables 1 and 2. Under the impact 
load conditions and irradiated A533 steel fracture properties, the 
critical depth and length of the external surface semi-elliptical cir
cumferential crack are 0.4 and 0.8 in., respectively, whereas for 
the same load conditions with new A533 steel fracture properties, 
the critical depth and length of the same external surface crack are 
0.8 and 3.33 in., respectively. 
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Fig. 12 Fracture assessment diagram of the irradiated A533 
nozzle-vessel junction from phase Ill of the analysis 

The critical flaw was modeled as an external surface circumfer
ential crack subjected to mode I stress intensity due to a vessel 
head drop accident impact load. The API 579-1 option 1 failure 
assessment diagram was used for its conservatism and convenient 
appHcation. The diagram showed that the failure mechanism for 
the analyzed cracks falls in the LEFM region. 
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Fig. 13 Fracture assessment diagram of the nonirradiated 
{new) A533 nozzle-vessel junction from phase Ill of the 
analysis 

Table 1 Fracture assessment diagram data-of the irradiated 
A533 nozzle-vessel Junction flaw 

a 
a C aft afc KfK, LfL, rp rp <s 
0.41 0.83 1 0.05 0.850 0.258 0.005 True 
0.83 1.67 1.00 0.10 1.130 0.259 0.009 True 
0.83 3.33 0.50 0.10 1.291 0.261 0.012 True 

Table 2 Fracture assessment diagram data of the new A533 
nozzle-vessel junction flaw 

' a C aft a/c K/K, L/L, 1;, rp <s 
0.41 0.83 1 0.05 0.57 0.258 0.005 True 
0.83 1.67 1.00 0.10 0.75 0.259 0.009 True 
0.83 3.33 0.50 0.10 0.86 0.261 0.012 True 

Comparison of Figs. 12 and 13 reveals the importance of con
sidering the irradiated metal fracture toughness properties. Only 
one of the three flaw sizes is in the safe region of the failure 
assessment diagram when the irradiated metal fracture toughness 
properties are considered, whereas all three flaw sizes were in the 
safe region when the new metal fracture toughness properties 
were used. 

4 Conclusions and Recommendations 
ANSYS mode I stress intensity at deepest point in the crack 

( </> = 90 deg) due to the shear and twisting moment load were 
lower than the research paper [6]. This could be due to the coarse 
mesh, which was limited by the academic version of ANSYS soft
ware. For this reason, the validation is considered partial. After 
this partial validation of the ANSYS crack module against the 
results in the benchmark research paper [6] and API 579 in phases 
I and II, the results in phase ill for various crack depths were com
pared using the fracture toughness of the irradiated and new A533 
steel. With the new material properties, all three flaws are in the 
"safe region," but with irradiated (aged) material fracture tough
ness properties two of three flaw sizes were downgraded to the 
"unsafe region," as shown in Figs. 12 and 13. This implies that 
fitness-for-service analysis should take into account the aging of 
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material to avoid unconservative nuclear safety decisions. Nuclear 
vessel and component design specifications should contain irradi
ated material data so that the most accurate fitness-for-service 
assessment can be performed. Having data readily available can 
be especially useful in making decisions in difficult situations 
where a flaw/crack in an aging component is found, which cannot 
be repaired/replaced due to accessibility or feasibility. 
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Nomenclature 

a = surface crack depth, m 
c = surface crack length, m 
E = elastic modulus, MPa 

Fx = force in the x-axis, N 
Fy = force in the y-axis, N 
F, = force in the z-axis, N 

K,c = fracture toughness, MPa · ~m 
Kjc(med) = median fracture toughness, MPa~m 

K, = ratio of elastic stress intensity factor at the crack tip to 
the fracture toughness 

L, = ratio of static load applied to the plastic capacity 
Mx = moment in the x-axis, N ·m 
My = moment in the y-axis, N -m 
M, = moment in the z-axis, N·m 

P = static load, N 
rm= nozzle radius, m 
rp = nozzle crack plastic zone radius, m 
R; = nozzle inner radius, m 

Rm = vessel radius, m 
t = nozzle thickness, m 

T = temperature, °F 
T0 = reference temperature, °F 
T, = vessel thickness, m 
Y, = mode I crack stress intensity factor 
Yu = mode II crack stress intensity factor 
Ym = mode III crack stress intensity factor 

(JY = yield stress, MPa 
</> = angle between deepest point on nozzle crack geometry 

from the outside edge, deg 
<p = angle between the surface and the deepest point on the 

crack plane, deg 

Appendix: API 579-01 Solutions for Nozzle-Vessel 
Junction External Circumferential Surface Cracks 

Nozzle-vessel junctions are a common area of interest in the 
fitness-for-service evaluations with consideration of crack-like 
flaws. A literature review on this topic was performed by Sedgihi
nai et al. (2012), which concluded that for the case of surface 
cracks on the outside of the nozzle-vessel junction, only a limited 
amount of research has been conducted and a solution by the 
American Petroleum Institute (API) standard API579 (American 
Petroleum Institute, 2000) [9] is an approximate technique avail
able for a mode I cracks. The API 579 solution, however, is lim
ited to a certain range of geometries with nozzle inner radius, R;, 
thickness, t, and crack depth, a, as shown in Fig. 14 

R-
2 <~ < 2000 

t 
(Al) 
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Fig. 14 Illustration of the API 579 nozzle and crack geometry 
(section view} 

a 
0.0 St S 0.8 (A2) 

API 579 uses approximate solutions based on the weight func
tion method that allowsOhe calculation of stress intensity of a 
cracked body if the stress profile of the original uncracked body is 
known. The weight function has a rich history of development 
from the time it was introduced by Biickner [7]. There is a certain 
depth of mathematical foundation that is required to understand 
the full derivation of the weight function but as an overview, the 
mode I stress intensity, K,, is defined by the integral 

K, = r u(x) · h(x, a)dx 

E ou, 
h(x,a)=-·-

1XKr 8a 

(A3) 

(A4) 

where u(x) is the stress as a function of distance x across thick
ness, E is the elastic modulus, u, is the crack opening displace
ment function u,(x, a), for plane stress IX is I and for plane stain IX 

is defined as 

(AS) 

where vis the Poisson's ratio. One can observe from Eq. (A4) that 
the weight function can only be determined if the reference stress 
intensity factor K, and crack opening displacement function 
u,(x, a) are known. If not available, knowledge of the crack open
ing displacement function u,(x, a) for a complex or unusual geom
etry is often difficult to obtain. To overcome this challenge, Shen 
and Glinka [10,11] introduced a universal weight function equa
tion for mode I cracks, which is based on an approximation of the 
available analytical weight functions. The universal weight func
tion has reduced the derivation of a weight function to the deter
mination of the terms M1, M2 and M3 in the following equation: 

h(x,a) = 
2 

·[l+M1·(1 - ::)!+M2·(1+::) 
J 2n(a -x) a a 

+M3·(l-;y (A6) 

For a cracked body or component, terms M1, M2, and M3 are 
determined by simultaneously solving three sets of Eq. (A6) with 
separate reference stress fields. Relying on the principles of the 
universal weight function and analytical weight functions, API 
579 has a compendium of stress intensity equations in Appendix 
C for common industry component body and flaw shapes. One 
such example of interest is the nozzle-vessel junction referenced 
in paragraph C.8.3 of API 579 and shown in figure C.25 [9). 

Paragraph C.8.3 of API 579, while referring to flaw type "A" in 
figure C.25 [9], suggests the use of the specific paragraphs for the 
corresponding component, crack, and loading condition as shown 
in Table 3. 

Relevant to this paper's scope of the external surface semi
elliptical circumferential direction is paragraph C.5.15, which 
refers to the use of the weight function method based on Eq. (A3) 
and API 579 paragraph C.14.5. As per C.5.15, the use of the 
weight function method is bounded by the nozzle-vessel junction 
crack and geometry dimensional limits as specified in notes from 
API 579 C.5.14.2.d (Tables 4 and 5): 

0.2 S a/t S 0.8 (A7) 

1.0 S c/a S 32.0 (A8) 

Odeg s <p s 180deg (A9) 

(AlO) 

where <p is the angle between the surface and the deepest point on 
the crack plane. If the analyzed crack and geometry fall within the 
limits specified, procedure from AP1 579 paragraph C.5.15 and 
C.14.5 can be followed and the M1, M2, andM3 terms ofEq. (A6) 
are calculated by three equations: 

(Al 1) 

(A12) 

6n 8 
M3 =--·(Go - 2G1) +-

,/fQ 5 
(Al3) 

In Eqs. (All)-(Al3), the influence parameters Go and G1 are 
directly obtained from API 579 table C.12 "influence coefficients 
for a circumferential semi-elliptical surface crack in a cylinder." 
For instance, a nozzle with radius-to-wall thickness ratio, R;ft, of 
10 and a crack with depth-to-half-length ratio, c/a, of 1 has the 
following influence parameters as shown in Tables 4 ·and 5: 

Table 3 API 579 reference paragraphs for component, crack and loading conditions 

Para. 

C.5.2 

C.5.3 

C.5.9 

C.5.15 

C.5.17 

C.5.19 

Component, crack, and loading condition 

Cylinder-through-wall crack, circumferential direction, through-wall membrane and bending stress (KCTCCl) 

Cylinder-through-wall crack, circumferential direction, pressure with net section axial force, and bending moment (KCTCC2) 

Cylinder-surface crack, circumferential direction-360deg, through-wall arbitrary stress distribution (KCSCCL3)" (using C.14.5 
weight function method with influence coefficient Go and Gl from C.5.7.2.b) 

Cylinder-sudace crack, circumferential direction-semi-elliptical shape, through-wall arbitrary stress distribution (KCSCCB3)" 
(using C.14.5 weight function method) 

Cylinder-embedded crack, circumferential direction-360 deg, through-wall fourth-order polynomial stress distribution (KCECCL) 

Cylinder-embedded crack, circumferential direction-elliptical shape, through-wall fourth-order polynomial stress distribution (KCECCE) 

020911-8 / Vol. 5, APRIL 2019 Transactions of the ASME 

Downloaded From: https://nuclearengineering.asmedigitalcollection.asme.org on 05/20/2019 Terms of Use: http://www.asme.org/about-asme/lerms-of-use 



Table4 API 579 Influence parameter G0 

R;ft cfa aft Ao A1 A2 A3 A4 A5 A6 Go 

10 0.2 1.237 -0.880 1.714 0.748 2.432 3.671 1.508 1.055 
0.4 1.303 -0.980 1.940 1.218 1.880 3.332 1.416 1.082 
0.6 1.400 -1.100 1.824 0.552 3.005 4.167 1.632 1.102 
0.8 1.512 -1.248 L817 0.742 1.959 2.711 0.982 1.111 

Table 5 API 579 Influence parameter G1 

R;/t cf a aft Ao A5 

10 0.2 0.201 0.568 0.803 0.803 -0.884 1.436 -0.576 0.745 
.4 0.221 0.538 0.875 -0.913 0.835 1.457 -0.589 0.753 

0.6 0.249 0.508 0.835 -0.737 -1.080 1.585 -0.600 0.758 
0.8 0.275 0.494 0.745 -0.551 -1.101 1.407 0.494 0.774 
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1 Introduction 

Since 2007, Electricity of France (EDF) and the Alternatives 
Energy and Atomic Energy Commission (CEA) have launched an 
R&D collaborative prograin in order to investigate the reasons of 
the tube's support plate (TSP) blockage phenomenon (see Fig. 1). 
To carry out this experimental program, EDF and CE~ cofinanced 
a representative test loop, named COLENTEC. This loop v:as 
specifically designed, constructed, and instrumen~d to r~~hze 
tests in thermohydraulic and chemical representative cond1t10ns 
and to measure on-line local parameters (thermohydraulic and 
chemical parameters) expected influencing the different steps of 
clogging [l ]. 

The evolution of the clogging is a long run, more than 10 years, 
located mainly in the hot leg, in the upper peripheral zone of t~e 
steam generators (SGs). Chemical cleaning is one of the ·mam 
effective remedies against clogging, but this method is expens~ve 
and time-consuming. It seems very interesting to study alternative 
solutions to avoid clogging. First results of the EDF investigation 
identify the pH as an important factor [2]. All plants affected by 
clogging have a target pH of 9.2. In addition, for the same operat
ing time, most plants, having the same SGs type and operating at 
the target pH of 9.6, are not affected by clogging. . 

COLENTEC's Installation is composed of three thermodynami
cal loops that allow recreating the two-phase flow present in the 
secondary side of a SG at the upper tube's _support plate ,level. ~e 
SG mock-up is geometrically representative of a TSP s fraction 
containing four primary tubes (Fig. 2), and the TSP has been 
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designed with movable test coupons in the four quatrefoils to 
ensure the possibility to characterize the deposits on surfaces. 

The first experimental phase (2014-2017) focused on the 
deposit's characterization of these coupons. Determining on-line 
the kinetics of deposits according to the pH is the next step of the 
EDF and CEA collaborative program. This second experimental 
phase has begun in 2018. It is based on injection ~fa radioac~ive 
tracer (59Fe) associated with on-line gamma counting. The objec
tives of this campaign are locally to measure increases or 
decreases in low levels of 59Fe. 

The clogging deposits are mainly composed of magnetite 
(Fe30 4 ). With tracer injection (59FeJ, it is possible to estimate 
deposit rates on-line by y-counting. 9Fe i~ a g~~a emitter: In 
the tests phase, 59Fe incorporates the deposit dunng its formation. 
This allows locating the position of deposits, determining the par
tition of species, and measuring ,the kinetic effect. The increase or 
decrease in activity makes it possible to follow deposition rates as 
a function of time and then to determine the evolution of the 
kinetics. The 59Fe provides on-line a direct access to the impact of 
pH on the clogging phenomenon. 

The deposit develops inside the quatrefoils in the area between 
the tube and the tube support pl:\te. Because of the TSP's thick
ness with respect to the quantity and position of the deposit, the 
environment of the TSP required a precise dimensioning of the 
instrumentation and the associated devices. This modeli~ 
combines the Monte Carlo N-Particle transport code (MCNP' ) 
and the MERCUREv code to converge toward the most appropri
ate measurement configuration and to associate the y-spectrometer 
best suited to this type of measurement. 

In addition, the modeling determined the type of shielding 
necessary to improve the signal-to-noise ratio. The calculations · 
carried out with the MERCUREv code show that it is necessary to 
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Fig. 1 Clogging phenomena in PWR's SG (EDF source) 
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Fig. 2 Schematic view of Colentec setup 

reinforce the shielding at the TSP level and to protect the 
y-detector. The physical parameters (geometry, crystal size of the 
y-ray spectrometer, shielding) have been optimized to ensure 
maximum detection sensitivity and optimal location of the deposi
tion area. 

020912-2 / Vol. 5, APRIL 2019 

2 Context of the Study 

Clogging deposit is located at the inlet of the hole of the TSP. 
This deposit develops perpendicularly to the tube or the TSP and 
it forms a characteristic lipping form, which progressively reduces 
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Fig. 3 Colentec stet up and the SG mock-up associated 

the broach holes of the tube support plates (see Fig. 1). At least, 
three phenomena describe the formation of this lipping form: flash
ing, veina contracta [3,4], and electrokinetic phenomenon [5]. 
When the secondary flow reaches the TSP, it undergoes a sudden 
contraction at the entrance of the foils (veina contracta), which 
causes its acceleration as well as a sudden loss of pressure. In addi
tion, after this brutal contraction at the entrance of the foils, the 
main stream separates from the wall. The low velocity recirculation 
zone created along the wall promotes the trapping of particles [4]. 
In addition, this sudden contraction induces local vaporization 
(flashing) [6], which causes precipitation of soluble species. 

Therefore, fouling deposition is the result of the precipitation of 
soluble species, associated with the impact of particles formed in 
situ by precipitation, and particles resulting from the corrosion of 
upstream surfaces and transported to the wall [7]. The addition of 
electrokinetic phenomena, induced by the rearrangement of the 
charges in the regions of acceleration of the flow [5], completes 
the explanation of the formation of fouling deposits in the form of 
lipping at the entrance of TSP and periodic ripples along the tube 
support plate. 

The broach holes of the upper tube's support plates, hot leg side 
and placed in the peripheral areas are considered as the most 
clogged. For this reason, the thermohydraulic conditions of the 
COLENTEC tests are preferentially representative of this area of 
the steam generator. We can therefore assume that a dispersed 
droplets pattern arrives at the eighth TSP. 

3 Colentec: A Thermohydraulic and Chemical 
Representative Test Facility 

3.1 Description of the Experimental Set-Up. The experi
mental COLENTEC setup (Fig. 2) consists of three thermal
hydraulic loops to reproduce the conditions encountered in the 
secondary side of a SG at the eighth level tube's support plate. 
The fluid at the top of the tube bundle of the steam generator is a 
two-phase liquid/vapor flow, 277 °C, 6.1 MPa, and a void fraction 
ofupto 85%. 

A precise description of the Colentec test setup is given by 
Ref. [l ]. The primary circuit connects to an auxiliary boiler, which 
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provides water at operating conditions, pressure, and temperature, 
representative of the primary of a pressure water reactor (PWR) 
(350 °C, 15.5 MPa). In accordance with the thermal and hydraulic 
scale parameters, the primary thermal power is provided by a 
594kW boiler. Tube heat flux is around 130kW/m2

, close to a 
51B SG tube's estimation at the eighth TSP level. The primary 
fluid velocity inside the tubes is near 6.5 m/s, very close to the 
real case. The thermal exchange coefficient and the global heat 
exchange coefficient are representatives, respectively, less than 
5.4% and 1 % from the estimated operational value. Figure 3 gives 
a view of the Colentec setup. 

3.2 Test Section. The test section (Fig. 3) is a scale mock-up 
of a portion of the eighth TSP. It is composed of 4 SG tubes. The 
TSP of the steam generator mock-up is designed with movable 
test coupons in the four quatrefoils [l ], to preserve the deposits 
in term of mass and localization and to ensure the possibility of 
characterizing the deposits [7]. 

3.3 Chemical and Volume Control System. Connected at 
the condensate container, there is a chemical and volume control 
system. This circuit, functioning at room temperature, measures 
chemical parameters (pH, redox, 0 2, conductivity), adjusts the 
fluid chemistry, and purifies if necessary. Two types of iron injec
tions are possible, soluble species or particle species, associated 
or not with its isotope 59Fe. 

4 Measure of the Clogging Phenomena Kinetics 

4.1 59Fe Choice. The deposits are mainly composed of mag
netite (Fe30 4). The y-tracing consists of labeling the 56Fe by 59Fe. 
Thus, the measurement of the kinetics of the deposits is possible 
by y-counting. These isotopes have the same electronic configura
tion, so identical physical and chemical properties. The only iso
topic effect is the mass difference. This effect could affect the 
kinetics of the chemical reactions, but between 56Fe and 59Fe the 
difference mass is less than 5%. In addition, the amount of 59Fe 
involved is negligible compared to the stable 56Fe. The saturation 
concentration of iron in the secondary fluid under the test 
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Fig. 4 Schematic view of the TSP zone 

conditions is 5.6µg/L. The activity of 59Fe is l.81015 Bq/g. The 
activity of the standard source 6.4 x 106 Bq corresponds to 3.6ng 
of 59Fe. 

In the Colentec tests, it is necessary to measure low levels of 
59Fe activities in a radioactive environment.59Fe is an energetic 
y-ray emitter. It has two peaks greater than 1 MeV, one at 
1099 keV (56%) and another at 1291 keV (44%) that are detected 
by y-spectrometry from very low concentrations. 

4.2 y-Ray Spectrometer Selection. The physical parameters 
(geometry, size of the y-ray spectrometer, shielding) have been 
optimized to ensure maximum detection sensitivity and optimal 
location of the deposition area [8]. Due to the general environ
ment, a low activity of 59Fe in the lobes with respect to the thick
ness of the TSP and the amount of 59Fe present in the secondary 
fluid, the y measurement required a precise dimensioning. It was, 
therefore, necessary to choose a detector capable of measuring 
then selectively locating low levels of 59Fe activity in this specific 
environment. This requires detector's family equipped with a 
large volume crystal (high sensitivity criterion). Two families of 
detectors are suitable: 

( 1) The scintillators family based on a crystal associated with a 
photomultiplier. In addition, in this family, two types of 
crystals are suitable for these measurements: a Lanthanum 
tribromide (LaBr3) crystal and a sodium iodine (Nal) crys
tal. A LaBr3 crystal has the advantage of having better reso
lution than a NaI crystal: ~ 3% at 662 Kev for LaBr3 versus 
~7% at 662 Kev for Nal. These two types of detectors do 
not require cooling system, but need thermal stabilization 
system to avoid gain drift during acquisitions. The LaBr3 
crystal contains a radioactive isotope, 138La. This isotope 
has a high radioactive period (1.35 x 1011 years) and it is 
present at a very low proportion in the crystal (0.09%). 
However, 138La generates a high background noise that 
could significantly degrade the performance of the detector 
in terms of detection threshold. This aspect disqualifies it 
for this application. 

(2) The semiconductor family using a high purity germanium 
(HP-Ge) crystal. These detectors exist with crystals of vari
able dimensions. The price of these detectors is a function 
of the size of the crystal. This type of detector works if the 
crystal HP-Ge is maintained at liquid nitrogen temperature 
( ~-195 °C). The nitrogen tank requires regular filling. 
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This constraint has repercussions on the management of the 
tests; so, it was taken into account during the analysis of 
the choices. 

Because of the feedback coming from y-counting techniques 
used on similar tests loops, only two detectors are evaluated: a 
NaI 3 in. x 3 in. and a Ge 30% Coaxial [9- 12]. The evaluation cri
terion used to select the detector is the lowest detection limit value 
for both 59Fe peaks at 1099 and 1291 keV. 

4.3 Evaluation Criterion 

4.3.1 Background Noise Modeling. The first phase is to have 
a reliable modeling of the natural background noise to which the 
y-ray spectrometer will be subjected (Fig. 5). It is numerically 
determined with the MCNPrv code simulating the transport of X
rays and gamma photons [8]. This modeling of the background 
noise spectrum is carried out by combining two calculations: (1) 
A spectrum of y-ray's energy representative of a real background 
spectrum and with an intensity proportional to the actual fluence 
of the selected spectrometer. (2) A continuum between lOOkeV 
and 2 Me V restores an atmosphere of diffused photonic radiation. 
Modeling provides a background spectrum very close to a meas
ured spectrum (Fig. 5). 

When the spectral distribution of the source is adjusted, the 
next phase consists of determining its intensity under conditions 
close to real ones. To carry out this modeling, we used the feed
back coming from y-counting performed with a Ge 30% coaxial, 
on similar tests conditions, in order to define a realistic count rate. 
The coefficient obtained makes it possible to determine the inten
sity of the radiation source associated with this natural back
ground. This source used for the modeling of the selected 
detectors provides spectra for calculating the detection thresholds 
(in c/s). 

4.3.2 Detection Limit of the Spectrometers. The second phase 
is the y-ray spectrometer selection. The comparison of the detec
tor's performance requires the ability to express the detection lim
its in Bq. For that, a modeling of the four-tubes SG mock-up is 
carried out with the MERCUREv code. It is followed by a calcu
lation of the efficiency of the two y-ray spectrometers, executed 
with the MC~ code. 

Modeling of the four-tubes steam generator mock-up takes into 
account the primary and secondary thermal and hydraulic design 
conditions. For the primary circuit, the average temperature taken 
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Table 1 Comparison of detection limit of Ge and Nal detectors (Tc 1200 s) 

59FePeak (Kev) Detection threshold (s-1
) Gamma emission(%) Efficiency (c/s pour 1 Bq/cm3) Detection limit (Bq/cm3

) 

Ge 30% coaxial (selection modeling) 
1099 2.53 X 10- 2 

1291 2.1 X 10- 2 

Nal 3 in. x 3 in. (selection modeling) 
1099 2.53 X 10- 2 

1291 2.1 X 10- 2 
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into account is 330°C, with a representative density of water at 
this temperature. Secondary side, the temperature taken into 
account is 277 °C with a void fraction ranging from 75% to 85% 
and a mean density of the two phases set at 109 kg/m3

• As an indi
cation, the TSP of the four-tubes SG mock-up is 3 cm tall, repre
sentative of that of the French PWR SG. The broached holes are 
quatrefoil forms. The pitch of the SG mock-up tube is the same as 
the pitch of the French PWR SG's tubes. 

Table I presents the results of the detection limit calculations 
carried out from .the modeling and for an acquisition time of 
1200s. The Ge 30% coaxial is much more efficient in terms of 
detection limit. 

It was interesting to check on a reconstructed spectrum the pos
sibility for a software to extract easily the net area of the peaks 
corresponding to this detection limit in the presence of the back
ground noise. 

Figure 6 shows the obtained spectrum with a 59Fe activity equal 
to the detection limit of 13 Bq/cm3. The peaks are perfectly identi
fiable and quantifiable. 

4.3.3 y-Ray Spectrometer Selection. Finally, the y-ray spec
trometer selected presents a HP-Ge crystal. For an activity of 
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Energies (keV) 
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1 Bq/cm3
, a realistic counting time of 1200s, the modeling shows 

that with a HP-Ge crystal the peaks of 59Fe are visible (see 
Fig. 7). In comparison, with a Nal crystal, it is more difficult to 
distinguish them. Knowing that in a real situation of measure, 
other events degrade the signal, the y-ray spectrometer with a HP
Ge crystal has been selected. An excellent energy resolution char
acterizes this detector. 

In addition, the atmosphere around the detector is at least 40 °C 
and the need to also ensure a thermal regulation of the Nal crystal 
makes its use as complex as the HP-Ge crystal cooled with liquid 
nitrogen. 

4.4 Sizing of the Shielding of the Tubes Support Plate. The 
third phase is the ability to focus detection on clogging deposits 
area. The results of the MERCUREv calculations show that it is 
necessary to protect the area around the tube support plate. The 
signal-to-noise ratio calculated is 0.26. The noise is, in this case, 
four times greater than the signal. This makes the measurement 
very sensitive to variations in the volume activity of the secondary 
fluid as well as to those resulting from the fouling of the surfaces. 
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Fig. 8 On line y-counting at the SG mock-up level 
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Fig. 9 Efficiency of the rray detector as a function of the measured zone 

In order to improve the signal-to-noise ratio, it is necessary to sup
plement the protection of the test section. 

To discriminate the signal due to the deposit, the SG mock-up 
is inserted into a tungsten screen on Fig. 8. To measure specifi
cally the central area, it is necessary to adjust and then increase 
the thickness of the protection system on both sides of the meas
ured area. Finally, for a better signal-to-noise ratio, a tungsten 
crown (Fig. 8) is placed around the TSP area. Its single opening 
faces the tube's support plate axis. In addition, a lead collimator 
protects they-ray detector. 

In this context, the calculated detection limit of the spectrome
ter increases from 13 Bq/cm3 to 58 Bq/cm3

• 

5 Evolution Perspectives 
The last step is the ability to measure the evolution of activity 

in each lobe. It can provide additional data to understand and ana
lyze the deposit formation mechanisms. For example, the outer 
lobes are not submitted to the same heat flux as the inner lobes. 
To obtain a measurement of each lobe, a mapping of the signal 
emitted by the TSP lobes was carried out by modeling. Figure 9 
shows the efficiency variation of a quatrefoil for a simple rotation 
of the measuring system. As expected, the lobe with the best mea
surement is the outer lobe (blue line Fig. 9). Such a complex dis
tribution of activity cannot be simply determined by rotations of a 
measure system around. the test section. This option requires an 
adaptation of the measure system, associated with a modeling 
reconstituting the measure by Jobe. The measuring system and the 
data analysis associated will progressively evolve according to the 
first tests results. · 

6 Conclusion and Prospects 
The use of 59Fe radiotracer is very advantageous, even if this 

type of measure requires precise modeling, because of the position 
of the clogging deposit in regard of the tube's support plate thick
ness. This sizing study allowed to choose the detectors, to select 
the best one for this application, and to choose the ideal configura
tion. The perspectives are important for the EDF and CEA collab
orative program. It is the way to follow the deposit, to determine 
on-line the influ.ence of the various parameters having . an impact 
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on the clogging phenomenon, and to check the hypotheses of the 
formation and the evolution of the clogging. · 

The MCNPIV and MERCUREv are the tools for sizing the mea
surement configuration, also the tools for expressing the results, 
isolating the signal of clogging deposit from the ambient noise 
signal. 

In the end, these tests open up many opportunities. They could 
advance the understanding of clogging deposit formation and 
helping to choose the right remedies. Because the deposit kinetics 
are accessible, it becomes possible to determine on-line the impact 
of thermal hydraulic and chemical parameters. 

Nomenclature 
BG = background 

CEA = alternatives energy and atomic energy commission 
EDF = electricity of France 

MCNP = Monte Carlo N-particle transport code 
PWR = pressure water reactor 

SG = steam generator 
TSP= tube's support plate 
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The Internation~l Atomic Energy Agency's (IAEA) Incident and Emergency Centre (JEC) 
has custom designed software tools to support assessment and prognosis of nuclear and 
radiological emergency scenarios, aimed at ensuring consistent and concise technical 
reports for emergency assessments. In this paper the functionality, updating and struc
tural development of emergency communications tools is presented, that lead the user 
through a series of questions with the aid of instructions that will collect relevant techni
cal deta~ls ~nd organize the':' into standardized reports. These reports can be exported 
for use in internal communication or communication with external stakeholders. This 
paper discusses enhancemen,ts i11 the suite of tools, specifically the reactor assessmellt 
tool (RAT), which was up~ted, the emergency response action, and the radiological 
source assessment tools, w/11clz were expanded and finally the development of two dose 
assessment tools (DAT) for internal and external exposure to radioactive substances. 
[DOI: 10.1115/1.4042906) 

1 Introduction 
The International Atomic Energy Agency's (IAEA) Incident 

and Emergency Centre (IEC) serves as the global focal point for 
emergency preparedness and response. In this capacity, one of its 
roles is to perform assessment and prognosis of the consequences 
and progression of possible scenarios, in the case of a nuclear or 
radiological emergency [l ]. This task is supported by a team of 
experts working in the IAEA IEC using a variety of custom 
designed software, tools and procedures. There are many chal
lenges faced in producing these technical assessments during an 
incident or emergency. One specific challenge is to ensure that 
consistent and concise technical reports are created for internal 
and interagency communication, regardless of the staff members 
on shift providing input. Another related challenge is to ensure 
that these reports are easy and intuitive to navigate while simulta
neously conveying the necessary detail of technical information 
needed by emergency communication counterparts [2,3]. For sev
eral years, the IAEA IEC used internally developed tools which 
were created in Microsoft Excel, which were functional and 
accomplished the desired task. However, they were not in an ideal 
format to share with external organizations and maintained poten
tial risk of compatibility issues due to software updates in the 
Microsoft Excel environment. To improve these tools and be able 
to share them with emergency communication counterparts in 
IAEA Member States, a project was initiated to enhance and 
migrate these tools onto a web platform. This project involved 
both improving the tools which existed at the time as well as 
developing other required tools. For this purpose, the existing 
tools for reactor, emergency response actions and source assess
ment were updated to conform to the most recent guidelines as 
well as expanded in scope while a new dose assessment tool 
(DAT) was developed. Figure 1 shows all the developed 
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assessment tools with their submodules. The lead author of this 
paper worked as an intern in the IAEA IEC supporting and lead
ing the migration and development project. This paper provides 
an overview of the project and discussion of the achieved results 
during that internship. 

2 Structure of the Assessment Tools 
The scope of this project was to develop an online website 

which hosts tools that support the assessment methodology of the 
IAEA IEC and help the technical specialist produce an assessment 
of an ~mergency that is concise, correct and of consistent quality. 
For this to be feasible, two main objectives were identified: keep 
it simple in stru~ture and intuitive in use. The first was realized by 
~he modular design of both the tools as well as the questions posed 
m those tools that lead the assessment. The ease of use and intui
tive operation was ensured by developing graphical representa
~ions of selections and integrated technical instructions. Finally, 
mtegr~ted assessment report templates ensure consistency of 
reportmg across all types of emergencies, technical team mem
bers, and technologies. 

Figure 2 shows the generic structure of each of the assessment 
tools which were to be migrated to the online website from the 
existing Excel based versions. The input for each event assess
ment is provided by the user through a set of questions purpose
fully selected to acquire the minimum information required to 
perform_ an emergency assessment. Subsequently the necessary 
calcula~1ons are performed and finally a report template is popu
lated with the results and inputs. This can then be downloaded and 
further edited if needed. 

2.1 Assessment Guidance Through Targeted Questions. 
Emergency situations are often fast paced with the situation and 
technical details rapidly changing as the response progresses. 
Hence, when developing the potential questions for these tools 
main objectives were for them to be quick to use and to avoid 
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Fig. 1 All lAEA IEC Assessment Tools with their submodules 

Fig. 2 Schematic representation of the structure of the IAEA 
IEC assessment tools 

requesting unnecessary information from the user. Additionally 
the interface in which they are presented was required to be clear 
enough that it could be used by any professional with minimal 
training. 

Each of the tools consists of two types of questions. Every 
assessment begins with collecting information on the event such 
as location and a description of the details. After that, between 10 
and 20 questions, depending on the tool, are used for collecting 
technical details. The process is streamlined by having drop-down 
menus or multiple choice answers that can speed up the process of 
producing an assessment. For ease of priority setting while filling 
out the tool, subquestions are visually separated from main ques
tions. Each question also has an option to enter additional techni
cal details beside the selections offered by the drop-down menus. 

The questions are not only designed for speedy results, they are 
also meant to serve as guidance for the professional performing 
the assessment. All questions were developed through consulta
tion with experts and their purpose is to help the user identify the 
relevant technical information during any emergency situation. In 
that capacity, they also serve as a high level check-list of high pri
ority information that needs to be collected in each situation. For 
this reason, they are phrased as concise and as unambiguous as 
feasible. For further support of the user, information buttons open 
instructions from the manual while working in the tool user 
interface. 

2.2 Schematic Representations. Thematically, the assess
ment tools fall into two categories. The reactor assessment tool 
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(RAT) and the emergency response action assessment tool 
(ERAAT} are mainly for technical detail collection and their 
structured representation. In contrast to that the source assessment 
and dose assessment tools' main functionality is to perform calcu
lations with the collected technical information. Based on this, the 
needs for representation of information between those tools 
diverged and while the second group of tools does not necessarily 
require illustrative summaries, a graphical representation of the 
information was chosen to be integrated in the first group of tools. 

The basis for representing the collected information as a graphi
cal summary is the need to have an overview of the event details 
on a format that is both concise and intuitively understandable, 
which can potentially also be used to communicate the situation 
to external stakeholders. To achieve this, in the reactor assessment 
tool, a simplified schematic representation of a power or research 
reactor is used. Color coding is employed to indicate the high
level state of each system. For the emergency response action 
assessment tool, all the collected information is grouped into a 
table with icons and a visual division between the different groups 
of possible emergency response actions. Additional information 
as to the status of each of those actions is also included and color 
coding is used to indicate compliance with international guidance. 

An example of the importance of a schematic representation 
can be seen in the RAT. When using this tool, a trained user is 
asked to evaluate the current (and future) status of critical safety 
functions (relating to cooling, control, and containment) and asso
ciated systems (i.e., current status of power supply). The possible 
answers for each are available within drop-down menu items 
beside each question and can be "status not confirmed, no data 
available," "function normal," "function degraded" and "failure." 
These questions are meant, not only to gain information on the 
current status of the power plant but also to evaluate a possible 
degradation that might impact the stability of the situation. The 
instructions provide details on the definition of the available selec
tion options along with background information on the respective 
safety function or key barrier. Associated reactor systems are dis
cussed and the user is provided with a list of technical questions 
that can help establish an accurate assessment. As each dropdown 
selection is changed, the user will see the schematic representation 
on the right side of the screen change dynamically. The coloring 
white, green, yellow, and red representing the answer correspond
ing to the previously described options, respectively. This pro
vides the user a very quick visual indication of the status of the 
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Fig. 3 Schematic representations from the RAT for the most common reactor types of commercial reactors: (a) pressurized 
water reactor (PWR) for homogeneity, (b) pressurized heavy water reactor/Canada Deuterium Uranium, (c) boiling water reac-
tor, and (d) water-water power reactor · 

reactor unit. An example of the different schematic representa
tions made by the RAT can be seen in Fig. 3 (for a PWR, pressur
ized heavy water reactor/Canada Deuterium Uranium, boiling 
water reactor, and water-water power reactor, respectively) and a 
fully populated output can be seen in Fig. 4. 

2.3 Standardized Reporting. After all the necessary (or 
available at the time of assessment) information is entered in the 
user interface, the assessment report template is populated and 
can then be exported into Microsoft Word or pdf format. All 
reports have a recognizable format, based on the same basic tem
plate. It consists of the event details, the graphical summary or the 
calculations table, and the tables with the detailed information 
including comments and further details that have been entered by 
the user. If calculations are performed with guidance values or 
other constants, either from external or IAEA publications, these 
references will be also included in the report for completeness. 
Each report as well as graphical summary will include a time
stamp indicating the time of export from the. online tool as well as 
the name of the user performing the assessment. 

3 Emergency Response Action Assessment 
An ERAA T was expanded and a schematic representation 

designed with the purpose to produce a comprehensive summary 

Journal of Nuclear Engineering and Radiation Science 

of all actions taken in response to a nuclear or radiological 
incident. A separate module was implemented for each type of 
incident, nuclear and radiological. As with all tools, questions 
with embedded instructions guide the user through determining 
the protective actions, in line with IAEA general safety require
ments related to emergency preparedness and response (GSR part 
7) [4], as well as the radius, or.the maximum implementation dis
tance in a noncircular case, in which they are implemented. For 
internal evaluation, the compliance with IAEA safety standards 
can be assessed as well. Additionally, other response actions, 
actions supporting decision making, and external hazards can be 
described. 

As before, the assessment starts by determining the location 
and facility of the event. Next, the user is guided through four sec
tions of questions and depending on the answers, a graphical rep
resentation gets populated. An example ofthis can be seen in Fig. 5 
for a radiological emergency. The color coding in this case is used 
to assess compliance and can be only accessed by a user at the IEC. 
As before it is white, green, yellow, and red for "no information," 
"broad compliance, "concerns," and "not in line," respectively. 

3.1 Protective Actions. The first section of questions deter
mines which protective actions have been taken or are in the 
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Fig. 5 Schematic summary of the radiological ERAAT as it appears on the user interface 

process of being implemented. The ·considered protective actions 
are evacuation, sheltering, iodine thyroid blocking, food/milk/ 
water restrictions, and relocation for nuclear power plant emer
gencies. In the case of radiological emergencies, the protective 
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actions assessed are evacuation, sheltering, inner cordon, food/ 
milk/water restrictions, and relocation. For each of those protec
tive actions, the user can select the status of implementation from 
"implemented" and "in progress" to "lifted" or "not implemented" 
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as well as "not needed." In the case of missing information, this is 
also an available selection. The next step is to enter the implemen
tation radius in kilometers for each protective action. As protec
tive actions often are not implemented radially, an additional field 
provides the option to enter the maximum implementation dis
tance. As before, each question has associated instructions that 
provide definitions and a text field for technical elaboration. The 
information entered for elaboration will appear in a tabulated 
summary in the report but not in the schematic representation. 

3.2 Other Actions and Hazards Relevant to the 
Emergency. Besides the protective actions, a multitude of other 
response actions as well as situational hazards can be relevant in 
an emergency situation. This is captured by the next three sections 
of questions, each providing a list of checkboxes for responses to 
the associated subject of each section. The purpose of the particu-
1:µ- design of this section is to equally streamline the process of 
assessment as much as possible and to provide guidance to the 
professional assessing the emergency. 

According to previous considerations the second section is con
cerned with other response actions besides the protective actions 
addressed in the first section, such as registration of the affected 
population and. public information. In order to support decision 
making as well as implementation of protective and other 
response actions, various actions supporting the decision making 
can be implemented, like ground and skin monitoring: this is the 
subject of the third section of the ERAAT. 

The final step in this assessment is reporting any nonradiation
related hazards, such as flooding or fires, that have the potential to 
impact the emergency. Each checkbox of possible hazards is com
plimented by a dropdown menu, which is only activated if the 
associated box is selected, to indicate the impact of the hazard on 
the response to the situation. As can be seen in Fig. 5, the possible 
selections here are "no impact," "minor impact," "major impact," 
and "no information." 

In all checkbox sections of this tool, additional text fields are 
provided for details and explanations. As before, information but
tons will access the relevant section of the instructions to provide 
guidance during the assessment. After completion of the assess
ment, a word or pdf report containing all information from the 
tool as well as the summary schematic and summary tables that 
include additional details can be downloaded and saved or further 
edited. 

4 · Radiological Source Assessment 

The radiological source assessment tool (RSAT) provides the 
means to rapidly assess the hazard of lost or found radiological 
material following the methodology outlined in IAEA Safety 

... 
next module 

Guide RS-G-l.9 [5] and EPR-D-values [6]. As with the previous 
tools, after entering the event details, the user is led through a 
series of questions that prompt input on the type of the source or 
sources in question. The schematic in Fig. 6 shows the full func
tionality of the RSAT. Since the scope of this tool, is not only to 
produce an assessment report but also to be a practical tool during 
emergency assessment, all calculations are also performed on 
screen without the need to fill out the full emergency details. 

The first section of questions is targeted to gathering informa
tion on the event. Country, location and most importantly the type 
of event can be entered. The instructions include a number of 
common event scenarios like transport accident, disconnected 
source, and damaged source and a blank field is to be used for fur
ther details on the event that will be entered into the final report. 
In the following, the user can specify technical details of the 
source and, in the final step provide a full description of the 
source. This is facilitated by a link to the International Catalogue 
of Sealed Sources and Devices. For a complete and descriptive 
assessment, images or diagrams of the source in question can be 
uploaded and will be integrated into the resultant report. 

4.1 Activity and Source Category Determination. The 
RSAT's main purpose is to calculate the source category and with 
that the source's potential hazard. The source category is deter
mined through the ratio of it's activity to the D-value which is 
dependent on the nuclide and its state of dispersion (Eq. (1)). The 
value, a, of this ratio will determine the category from 1 (most 
dangerous to human health) to 5 (low risk) as defined in IAEA 
Safety Guide RS-G-l.9 [5]. The associated document also pro
vides a plain language explanation from the referenced safety 
guide and is included in the source assessment report. 

activity 
a=---

D-value 
(1) 

In order for the source category determination to be performed, 
the user has to provide the activity of the source or sources, as 
multiple nuclides can be selected simultaneously. In order to mini
mize unit conversion errors, inputs can be done in any system of 
units, Bequerel (Bq) or Curie (Ci), including all common prefixes. 
Associated with the activity, the validity date can be provided for 
each source. All inputs will be converted to MBq and corrected 
for decay based on the provided validity date of the activity value 
for the following calculations. The activity and accordingly, 
source category calculation, is directly printed in the web interface 
for increased practicability and speedy assessments. 

A minimal example of the produced radiological source assess
ment report can be seen in Fig. 7. It includes tabulated source 

Fig. 6 Diagram of the functionality of the RSAT. As before the circle represents user input. 
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Radiological Source Assessment Report 

The following report was produced on 2018-12-16 22:14:11 UTC by the Radiological Source 
Assessment Tool (RSAT) and concerns 2 sources of radioactive material. This assessment 
concerns an incident at Location in Country. A short description of the event is provided below. 

Event description: 

Source damaged during an accident on the highwway. 

Source report summary: 

Table 1: summary of source properties an~ classlflcatlon. 

Radionuclide HaHIHe Activity ls this AJD• Category of 
(s) (Mbq) source source 

dispersed? 

Co-60 1.660e+ 74 No 2.467e- 5 
008 003 

Cs-137 9.460e+ 0.08 Yes 4.000e- 5 
008 009 

'The classification is based on the ca k:ulalion of A/0 described In EP R-D-Values and IAEA Sale¥ Guide RS-G-1.9. 

Device Description: 

2 devices. No descrption available yet. 

The shielding of the device is suspected/confirmed to be damaged or ruptured. One source is 
intact, while the second one ruptured. 

Fig. 7 Sample of the assessment report including activity and source category information 
from the RSAT 

information including the decay-corrected activity, the source 
category and a plain-language explanation of the category classifi
cation can be found in the appendix of the report. Depending on 
the amount of details known about the event, these will also be 
included and so will any available source pictures that were 
uploaded by the user performing the assessment. 

S Dose Assessment 
The DAT was uniquely developed during the internship for the 

purpose of facilitating a speedy assessment of an individual's radi
ation exposure in an emergency situation based on procedures out
lined in IAEA-TECDOC-1162 [7]. The main scope of this tool 
initially, is to have a fast and reliable assessment of the severity of 
the exposure situation. Following this consideration, its purpose is 
to determine significant exposures but not to replace a Monte 
Carlo based model for accurate dose simulation in a specific 
situation. For this, two different types of radiation exposure were 
considered that are reflected in the two modules of this tool. 
Radiation exposure to external sources of various geometries 
comprises the first of the two modules of the DAT. The second 
module is for the estimation of internal dose and calculates effec
tive doses due to ingestion and inhalation of nuclides. To ensure 
·consistency with the currently used methodology, both modules 
and the calculation algorithms used in them were modeled follow
ing IAEA guidance [7]. As the tools discussed before, the ques
tions guide the user through a process of event detail input and 
provide standardized reporting that conveys both qualitative and 
quantitative information on the emergency. 

5.1 External Dose Assessment. The external dose assess
ment tool (EDAT) follows a methodology of assessing dose due 
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to external exposure that is similar to other assessment tools 
described before. A schematic representation of the functionality 
of the EDAT is presented in Fig. 8. After entering the initial event 
details on the location and a description of the event, the user is 
prompted to select an exposure situation. Currently, available are 
three geometries: solid point source, solid line source, and solid 
plane source. Following this, additional information on the geom
etry can be entered that is relevant for calculation of the dose as 
well as the exposure duration in any unit expressing time. For a 
point source, the only value needed is the distance. However, for 
line and plane sources, some additional values have to be pro
vided, such as the radius of the disk source and length of the line 
source. 

As it is frequent to encounter radiological material inside a 
device or shielded enclosure, accommodation for this can be 
added to the calculation if needed. For this, the shielding material 
and its thickness can be selected from a list of the common shield
ing materials: lead, iron, aluminum, water, and concrete. The 
attenuation calculation here is performed based on half-value 
layers. The final step is to describe the sQurce itself that is the 
nuclide and its activity. The same input in Ci and Bq with all com
monly used prefixes is supported as in the RSAT. In the case of 
multiple sources, they too can be added to the assessment. 

The calculations are done nearly instantaneously and can be 
either read directly from the screen or exported to a pdf or Micro
soft Word report. In order to produce a consistent report, details 
about the incident entered in the appropriate fields will be incor
porated in the assessment summary that can subsequently be 
edited. 

5.2 .Internal Dose Assessment. In the case of internal expo
sure to radiation, the commonly considered scenarios are 
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II 

Fig. 8 Diagram of the functionality of the EDAT. As before the circle represents user input. 
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Fig. 9 Diagram of the functionality of the IDAT: input (top) and calculations (bottom). As before the circle repre
sents user input. 

inhalation and ingestion of nuclides which are taken into account 
in the submodule of the DAT, the internal dose assessment tool 
(IDAT). Especially when considering radiation exposure due to 
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ingestion, there are two pathways that need to be considered
milk/water/food ingestion and ingestion of soil. Figure 9 shows a 
schematic of the conceptual design of the assessment tools on the 
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Table 1 Dose and dose rate calculation of a 1 x 109 Bq Cs-137 
source at various distances as calculated by the EDAT in the 
case of breached shielding 

Distance 

0.1 m 
0.5 m 

Dose without shielding 

44.6 x 10-4 Sv 
17.8 X 10-5 Sv 

Dose rate without shielding 

89.2 x 10-4 Sv/h 
35.7 x 10-5 Sv/h 

example of internal dose assessment. The questions in the user 
interface are written to mirror the information required for the 
calculations. 

The user is guided through the process of exposure detail acqui
sition through the user interface in order to perform the calcula
tion of effective whole body dose in each exposure situation. 
After populating the fields for location and event description, the 
exposure scenario is selected. 

In the case of inhalation, the age of the exposed individual can 
be selected from adult, adult worker, child, and infant. This will 
define the breathing rate to be used for the calculations as well as 
the dose conversion factor, both of which are consistent with 
ICRP Publication 119 [8]. The user can overwrite this value by 
toggling the associated box. The instructions give guidance on 
common values for alternative breathing rates grouped by refer
ence to ensure consistency with other IAEA Publications such as 
EPR-NPP-OILS [9]. Subsequently, the exposure duration can be 
entered. 

In the case of radionuclide ingestion, either through drink/food 
or through the inadvertent ingestion of soil, the same basic sce
nario information will be collected. After selection of the exposed 
population the default ingestion rates [10,11] can be changed. As 
before, there is guidance on alternative values as well as maxi
mum soil ingestion rates consistent with the previously used meth
odology [7]. 

The source description consists of specifying the nuclide or 
compound (e.g., H-3 OBT) and its concentration in soil/food/air. 
In the same manner as the EDAT, the nuclide concentration can 
be specified in all common units and prefixes to avoid conversion 
mistakes and the radiation dose as well as the dose rate to the indi
vidual is displayed on the screen. The assessment can then be 
exported into a standardized report. 

5.3 Application of the Dose Assessment Tool. In the follow
ing a simple example application of the DAT will be given 
through the analysis of an accident scenario involving a 
1 x 109 Bg Cs-137 gauge. The gauge has a dose rate of 
20 x 10-6 Sv/h with intact shielding at 10 cm. In the case of an 
accident that causes a breakage of the shielding and a person is 
exposed for 30min, the dose at different distances from the source 
can be calculated from the EDAT as can be seen in Table 1. The 
advantage when using the IAEA/IEC Tools is that calculation and 
reporting are accessible in one interface. Upon calculation those 
values are automatically entered into the report produced along 
with any details on the scenario that have been included in the 
"event detail" portion of the assessment. 

6 Modularity and Expansion 
Compared to the previous Microsoft Excel based tools, the 

EDAT and IDAT have the added complication of significant situa
tional dependence. The value of absorbed dose by a person is 
highly dependent, not only on the geometry and the source but 
also on the type of exposure and the person. Additionally, in 
emergency situations, various factors may not be known. Conse
quently, in order for this tool to be useful in an emergency, meth
odologies for estimating these factors need to be included (e.g., 
activity concentration in a plume based on wind speed and dis
tance from dispersal point). This was addressed in the project by 
implementing a highly modular design which can be expanded 
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upon. Modules that can perform estimations stating all assump
tions as well as inverse calculations, like calculating the distance 
of a source based on activity measurements at different locations 
can be incrementally implemented and the architecture has been 
built to accommodate such additions. 

6.1 Proposed Future Modules: External Dose Assessment. 
The EDAT currently only comprises the three basic geometries. 
For a full functionality as well as expanded scope, additional geo
metries as well as source configurations could be added. Figure 8 
shows the functional schematic of additional calculation modules 
that could be selected by the user after the initial event informa
tion phase of the questions in the user interface. For example in 
the current version, there is no geometry option for assessing the 
dose due to skin contamination with liquids or powders. Addition
ally, air immersion and ground contamination are geometries than 
need to be considered when assessing dose due to external expo
sure. Of more limited use, but included for completeness are neu
tron and X-ray sources. 

6.2 Proposed Future Modules: Internal Dose Assessment. 
Following the methodology of TECDOC-1161 [7] that both 
DATs are modeled on, the main addition to the IDAT, would be 
modules that give guidance on estimating certain quantities that 
cannot be readily measured. An example is given in Fig. 10 which 
shows the basic functionality of a module that estimates the air 
concentration of a nuclide when it is not known, based on environ
mental factors. Due to the modular nature of the assessment tool 
design, this could be also invoked in the EDAT if needed in con
junction with dose assessment due to air immersion. 

This module design includes three submodules that help the 
user estimate the concentration of a nuclide that is dispersed
wind speed, fire release rate, and dilution factor estimation. How
ever, caution has to be exercised to state all assumptions that are 
made and to fulfill the basic conditions for this estimation. For 
concentration calculation, the necessary input values are wind 
speed and dilution factor as well as release fraction in the case of 
fire. The wind speed can be very roughly estimated by observa
tion. The dilution factor on the other side needs the stability class, 
also obtained by weather observation, and the release distance. In 
the case that the air contamination stems from a fire, the release 
rate can be calculated by knowing the available activity, the 
nuclide dependent fire release fraction and the release duration. 

7 Testing and Optimization 
The assessment tools were developed through consultation with 

international experts. Input from experts on nuclear reactor 
technology and the response to radiological emergencies was 
evaluated in order to establish the focus points of the technical 
questions in each assessment tool. Subsequently, consistency with 
all relevant guidance documents published by the IAEA was also 
considered at all stages. 

After the development phase, all assessment tools were tested 
in emergency response drills and exercises with technical experts 
and feedback was collected. Both direct feedback and observation 
of the technical experts' interaction with the website and evalua
tion of the reports produced, provided valuable insights on the 
user experience. This helped to significantly optimize the work
flow and design in order to efficiently support the emergency 
technical assessment process. 

8 Conclusions 
The IAEA IEC Assessment Tools' purpose is to optimize and 

standardize emergency response communication. This is achieved 
by a set of modularly designed web-based tools that are easy and 
intuitive to use. They can be used for speedy situation assessments 
but at the same time, have enough flexibility to collect technical 
data if the need should arise. Besides their supportive function in 
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Fig. 10 Diagram of the functionality of a possible expansion of the IDAT: estimation calculations for nuclides in air for the 
inhalation scenario 

the emergency technical assessment process, their major appeal is 
that they provide a recognizable and standardized report format. 
This is especially desirable in situations where fast and concise 
reporting is crucial. The automatically generated graphics and 
summary tables can be used not only for high level technical com
munication but also for communication between agencies as well 
as other stakeholders. Finally, the modular design · facilitates 
expansion to meet future needs for emergency assessment. 

Since the official launch on April 2017, after incorporating 
feedback received during the Technical Meeting to Review the 
IAEA's Assessment and Prognosis Procedures for Nuclear and 
Radiological Emergencies, December 2016 [1 2), the online 
assessment tools have been successfully incorporated and imple
mented for international and internal use. The tools have been 
used in more than 30 exercises, both internal and with IAEA 
Member State counterparts. This internship provided an excellent 
opportunity to gain experience in the role of the IAEA for emer
gency preparedness and response. Working closely with both the 
IEC and the information technology development group at the 
IAEA proved to be an enormously interesting and significant 
introduction into the important international work of the IAEA. 
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Nomenclature 
A= activity, Bq 

BR= breathing rate, m3/s 
C = concentration, Bq/m3 in air, Bq/kg in food 

DCF = dose conversion factor, Sv/Bq 
DF = dilution factor, m-2 

D-value = operational definition of a dangerous source. The 
quantity of a radioactive material, which, if 
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_uncontrolled, could result in the death of an 
exposed individual or a permanent injury, Bq 

E = effective dose, Sv 
Q = release rate, Bq/s 
T= time, s 

T(l/2) = radionuclide half-life, s 
ii = average wind speed, m/s 

U1 = ingestion rate, kg/s 

Nondimensional Numbers 

a = ratio for source category determination 
(activity/D - value) 

FRF = fire release fraction, 
( activity released/ activity in fire) 

Subscripts or Superscripts 

e = exposure 
f= fire 
i = nuclide/compound 

ing = ingestion 
inh = inhalation 

r = release 

Acronyms 

AC = alternating current 
BWR = boiling water reactor 
DAT = dose assessment tool 

DC = direct current 
EDAT= external dose assessment tool 

EOG = emergency diesel generator 
EPR = emergency preparedness and response 

ERAA T = emergency response action assessment tool 
H-3 OBT = organically bound tritium 

IAEA = International Atomic Energy Agency 
ICRP = International Commission on Radiological 

Protection 
IDAT = internal dose assessment tool 

IEC = Incident and Emergency Centre 
PWR = pressurized water reactor 
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RAT = reactor assessment tool 
RSAT = radiological source assessment tool 

UNSCEAR = United Nations Scientific Committee on the Effects 
of Atomic Radiation 

US-EPA= United States Environmental Protection Agency 
VVER = water-water power reactor 
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The thermal stability of N, N-dimethylhydroxylamine (DMHAN) in the HN03 solution 
was studied using microca/orimeter. The influence of concentration of HN03 , DMHAN, 
methylhydrazine (MH), atmosphere (air and nitrogen}, and metals was investigated. The 
kinetic parameters and self-accelerating decomposition temperature (SADT) of the feed 
in process (stripping reagents 1 BX, scouring agent 2DS, stripping reagents 2BX, and 
waste aqueous phase 2DW) were calculated by Advanced Kinetics and Technology Solu
tions (AKTS) thermokinetics software. The molar enthalpy of the reaction of NaN02 with 
DMHAN and MH was also determined. The results show that the initial reaction temper
ature (T0 ) of DMHAN/HN03 (HN03 : 1.5-3.0mol/L, DMHAN: 0.05-0.Bmol/L) is 
increased as the acidity is reduced or the concentration of DMHAN is increased. Holding 
reductant MH made the induction period of the autocatalytic reaction longer. The air, 
nitrogen atmosphere, Fe, and the fission products (Zr, Ru) do not affect the decomposi
tion ofDMHAN, but the stainless steel made the T0 ofDMHANIHN03 become lower. The 
SADT of 1 BX/2DS, 2BX, and 2DW is 56 °C, 52 °C and 47 °C, respectively. The molar 
enthalpies of formation of the reaction of NaN02 with DMHAN and MH are -411 .3 kJ/ 
mo/, -246.0kJ/mol, respectively. [DOI: I0.1115/1.4042499] 
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1 Introduction 
The PUREX process is the only commercially used process to 

treat irradiated nuclear fuel from power plants in many countries 
including France, UK, Russia, India, Japan, and China. It can be 
said safely that the PUREX process achieved world-wide accep
tance as the premier fuel reprocessing scheme and still occupies 
that position today [ 1,2]. Reprocessing plants requires safe opera
tion with minimum environmental impact (3,4]. Research and 
development of salt-free technology is one of the important fields 
to meet these requirements. One important trend in the develop
ment of future reprocessing extraction process is the usage of salt
free, highly efficient reductants in U/Pu separation [5- 7]. 

An advanced plutonium and uranium recovery process, named 
APOR (advanced PUREX process based on organic reductants) 
process, developed in China, has been established, which was 
based on two organic reductants, N, N-dimethylhydroxylamine 
(DMHAN) and methylhydrazine (MH) as U/Pu separation 
reagents [8,9]. The APOR process is composed of three cycles, 
including U/Pu co-decontamination/separation cycle, uranium 
purification cycle, and plutonium . purification cycle. Using 
DMHAN and MH as plutonium stripping reagents in the U/Pu co·
decontamination/separation cycle and plutonium purification 
cycle, the APOR process exhibits high performance with follow
ing highlights (8,10]: (I) the process is much simpler because of 
the elimination of technetium scrubbing operation and the supple
ment extraction operation, (2) high efficiency of U/Pu separation 
can be achieved in the first cycle, (3) plutonium product solution 
of high concentration can be obtained in the Pu purification cycle 
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with a simple extraction operation instead of circumfluent extrac
tion or evaporation of the plutonium solution. 

Dimethylhydroxylamine is a type of derivative of hydroxyla
mine nitrate (HAN), and its chemical property is similar to HAN. 
Due to its chemical properties, HAN has been involved in many 
incidents (3,4]. The current study on ihe thermal stability of HAN 
is relatively mature (3,4, 11 - 15]. In the APOR, the DMHAN solu
tion mainly exists in the reductant of U, Pu co-decontamination 
cycle (!BX), plutonium stripping reagents of plutonium purifica
tion cycle (2BX), scouring agent of uranium purification cycle 
(2DS), and plutonium reductive stripping solution (IBP, 2BP). 
These solutions involve the makeup, storage and destruction of 
the DMHAN solution. So, its thermal stability is one of the most 
important factors, which affect its feasibility in the reprocessing 
plant [ 11 , 12]. In this paper, we studied the thermal stability of 
DMHAN in HN03 solution using microcalorimetric method. 

2 Experimental 

2.1 Chemical. DMHAN (98%) was synthesized and purified 
as described in Ref. [ I OJ. MH was supplied by China Aerospace 
Science and Technolog{ Corporation (Beijinjl, China) (98%). 
Sources of ferric ion (Fe +), ruthenium ion (Ru- +), and zirconium 
ion (Zr4+) are ion nitrate nonahydrate [Fe(N03)3-9Hi0], ruthenium 
nitrosyl nitrate solution [Ru(NO)..(OH)y, x + y = 3], and zirconium 
nitrate pentahydrate, respectively. These compounds including a 
metallic element, sodium nitrite (NaN02) , and HN03, were of 
analytical grade and supplied by Sinopharm Chemical Reagent 
Corporation, Ltd (Shanghai, China). 

2.2 Apparatus. The Calvet calorimeter C80 was used in this 
study, which is a heat flow calorimeter manufactured by Setaram 
in France. The C80 calorimeter is adapted to isothermal 
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calorimetry, as well as mixing calorimetry and temperature scan
ning calorimetry. The core technique parameters include: the sam
ple amount of 1-10 g, the measurable temperature range from 
ambient temperature up to 300 °C, the heating rate (/3) from 0.0 I 
to 2.00 °C/min, the temperature accuracy of ::+::0 .1 °C, the mea
surement accuracy of 0.1 µW, the heat measure sensitivity of 
2-5 µW. The C80 calorimeter mainly includes four parts: calorim
eter, CS Evolution, power module, and computer (Fig. I ). The CS 
evolution is mainly composed of a CPU board and of different 
data acquisition and amplifier boards. 

2.3 Experimental Methods. The instrumentation used to 
measure the temperature and heat was thoroughly checked and 
calibrated by measuring the standard substance In and Sn. The 
maximum uncertainties of primary parameters are listed in 
Table I . In order to verify the accuracy of the molar enthalpy of 
the reaction of liquid-liquid two-phase flow, the molar enthalpy 
of reaction of NaOH with HCJ was measured and the results of 
the trials are shown in Table 2. The results showed good agree
ment with the experiment and literature data with an error of 
0. I 7%, which is actually within the uncertainties of the experi
mental heat values. Therefore, the measurement used in this paper 
to determine the molar enthalpy of the reaction of liquid-liquid 
two-phase flow is feasible. 

Accurately weighed sample was added to the C80 glass sample 
cell or stainless steel cells according to the research contents, and 
the reference substance is a-alumina. The research contents 
include three parts. One is the influencing factors included in the 
concentration of HN03[c(HN03)] , the concentration of 
DMHAN[c(DMHAN)], MH, atmosphere (air and nitrogen), and 
metals. The second is the calculation of kinetic parameters and 
self-accelerating decomposition temperature (SADT) of the feed 
in process. The third is the determination of the molar enthalpy of 
the reaction of NaN02 with DMHAN, MH. The influencing fac
tors on the thermal stability of DMHAN/HN03 were investigated 
at a definite heating rate from ambient temperature to J00 °C. The 
initial reaction temperature (T0) examined during the experiment 
is defined as the intersection of the tangents of the peak with the 
extrapolated baseline. T0 should stay unchanged when the condi
tions of the experiment were exactly the same. Thus, T0 can be 
used for comparison of different thermal events. In order to elimi
nate the effect of HN03 self-reaction, an aqueous HN03 solution 
was used as a blank test. The experimental results show that the 
calorimetric curve of HN03 aqueous solution is gentle; there is no 
obvious heat absorption and exothermic process during the heat
ing process. And it has no influence on T0 and heat release of the 
DMHAN/HN03 solution. Three trials were carried out for each 
sample, and average values of the peak and overall heat of the 
reaction were calculated. 

The selection of experimental conditions: The concentrations of 
DMHAN and HN03 in the APOR process are 0.05-0.5 mol/L and 
0.4-1.45 mol/L, respectively. In order to avoid the effect of vapor
ization on the determination of reaction, the ranges of DMHAN 
concentration and HN03 concentration were selected to be 

Reference Sample CS Evolution 

D 

C80 Calorimeter Power module Computer 

Fig. 1 Sketch map of CBO calorimeter 
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Table 1 Maximum uncertainties of primary parameters 

Parameters Maximum uncertainty(%) 

Temperature :!:0.9 
Heat :!: 1.5 

Table 2 The data of neutralization heat of acid and alkali 

Trial no. Experimental (kJ/mol) Average (kJ/mol) Literature (kJ/mol) 

I 
2 
3 . 

-56.77 
-57.22 -57.20 
- 57.62 

c(HCI) = 0.5 mol/L, c(NaOH) = I .0 mol/L, T = 298 K. 

-57.30 

0.05-0.8 mol/L and 1.5-3.0 mol/L so that the reaction of the 
research system would react under I 00 °C. 

The determination of the molar enthalpies of formation of 
HN02 with DMHAN and MH: Fig. 2 shows the schematic view 
of the sample cells used in this part. A definite NaN02 solution 
was placed in ampoule A. The DMHAN/HN03 or MH/HN03 
solution was placed in ampoule B. Wait for the calorimetric signal 
to stabilize before mixing. Mixing is done by breaking the 
ampoule A cap with a stainless steel needle. Once the ampoule A 
is broken, remove the needle, and the calorimeter will record the 
heat flow curve. In order to calibrate the heat of HN03 dilution, 
the heat of dilution was also tested and deducted. 

2.4 Kinetic Analysis. In this paper, kinetic characteristics of 
the reaction were determined by differential isoconversional 
methods, which is also the kinetic analysis method recommended 
by the International Thermal Analysis and Calorimetry Associa
tion (ICTAC) [ 16,17]. 

The general reaction kinetic equation can be expressed as 

da = kf(a) 
dt 

( I ) 

where a is the reaction progress, t is the time, k is the reaction rate 
constant, and/(a) is the kinetic model function. 

The differential isoconversional method applied in Advanced 
Kinetics and Technology Solutions (AKTs) thermokinetics soft
ware is based on the Arrhenius equation provided in the below 
equation : 

(2) 

where A is the pre-exponential factor, £ is the apparent activation 
energy, R is the gas constant, and Tis the temperature. 

needle 

A 

B 

Fig. 2 The sample vessel of the calorimeter 
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The differential isoconversional method assumes that the reac
tion rate at constant reaction progress is only a function of temper
ature and that the temperature dependence is contained only in the 
Arrhenius expression [ 18). The reaction rate is expressed by the 
below equation: 

da ( £) -=Aexp - - f(a) 
dt RT 

(3) 

Friedman proposed to apply the logarithm of the conversion rate 
da/dt as a function of the reciprocal temperature at any conversion 
a [19]: 

(
da) £0 In - = In[A/(a)] - -
dt RT 

(4) 

-£,JR and ln[A/(a)] are the slope and the intercept with the verti
cal axis of the plot of ln(da/dt) versus 1/T. /(a) depicts the differ
ential form of the function of the reaction progress a depending 
on the reaction mechanism. 

The logarithm of the reaction rates is presented as a function of 
the reciprocal temperature for the different temperatures and heat
ing rates. The differential isoconversional analysis allows finding 
the Arrhenius dependence for any, arbitrarily chosen reaction pro
gress a. The slope of this dependence gives the apparent activation 
energy (£0 ) and pre-exponential factor ln[A/ta)] at each stage of 
the reaction progress a. · 

Using the conversion-dependent kinetic parameters, the reac
tion progress and reaction rate can be calculated for comparison 
of the experimental signals by numerical integration to verify the 
accuracy of the kinetic parameters. The SADT could be calculated 
with an accurate heat balance by finite element analysis, which is 
a numerical method for solving problems of engineering and 
mathematical physics based on the kinetic parameters [ 18] 

J
, Ja da 

10 
= o dt = o [Af(a)Jefr 

(5) 

The SADT is the lowest ambient temperature at which the center 
of the material within the package heats to a temperature of 6 °C 
greater than the environmental temperature after a lapse of a 7 
days period or less. This period is measured from the time when 
the temperature in the center of the packaging reaches 2 °C below 
the ambient temperature [20]. The SADT of packaged materials is 
an important parameter that characterizes the thermal hazard pos
sibility under transport conditions of self-reaction chemicals. 
Based on the value of the SADT, temperature control during ship
ment, storage, and usage may be required in order to ensure safe 
[ 18). In this paper, the kinetic parameters and SADT were calcu
lated by AKTS. 

110 

100 c(DMHAN)= 0.2 mol/L 
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Fig. 3 Influence of HN03 on the thermal stability of DMHAN 
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3 Results and Discussion 
Main influence factors on the thermal stability of DMHAN 

such as concentration of HN03, DMHAN, MH, 0 2, and metal 
ions were studied in this research. 

3.1 Influence of HN03• As shown in Fig . 3, the initial reac
tion temperature (T0 ) of DMHAN/HN03 decreases significantly 
with the increase of HN03 concentrations. For DMHAN in HN03 
solution, the higher the initial reaction temperature, the more sta
ble the solution. The APOR is a process with HN03 , and the 
c(HN03) is different at different cycles. A lot of solutions involve 
the makeup, storage, and destruction of the MHAN/HN03 solu
tion. Since high concentration of HN03 accelerates the thennal 
decomposition of DMHAN, mixing of solution of high HN03 
concentration with solution of DMHAN should be avoided in the 
APOR process. 

3.2 Influence of DMHAN. As shown in Fig. 4, T0 of 
DMHAN/HN03 solution decreased with the decrease of DMHAN 
concentration. Therefore, it is extremely dangerous to mix HN03 
solution with the solution of diluent DMHAN. The DMHAN/ 
HN03 is a complex reaction system in which HN02 is generated 
and consumed simultaneously. And the HN02 is a key to initiate 
the autocatalytic reactions. If the HN02 concentration reaches a 
threshold, the DMHAN/HN03 solution will react violently. 
Therefore, increasing the concentration of DMHAN in DMHAN/ 
HN03 system is not conducive to the accumulation of HN02 and 
the stability of the system will increase. 

3.3 Influence of Holding Reductant MH. As shown in 
Table 3, in the presence of MH , the system becomes more stable. 
T0 increases by 21 °C and the release heat is increased by 
469.5 kJ/mol. The main reason is MH reacting easier with HN02 
than DMHAN. It is not conducive to the accumulation of HN02• 

Besides, the reaction products of MH with HN02 do not include 
explosive HN3 [8]. So, in order to avoid the autocatalytic reac
tions , the MH can be used in the reprocessing process as the hold
ing reductant. 

3.4 Influence of 0 2• The heat flow curve of DMHAN/HN03 
is shown in Fig. 5; the decomposition characteristics in air of 
DMHAN/HN03 were similar to that in N2. So, the detected oxida
tion products (NO, N20) are formed primarily by oxygen avail
able within the DMHAN molecule [ 10]. Similar heat rates were 
measured under air and N2 conditions. This result shows that an 
attempt to pacify DMHAN runaway reactions by handling 
DMHAN under oxygen-free atmospheres will not result in milder 
decomposition reactions. Therefore, 0 2 has very limited influence 
on the stability of DMHAN/HN03 system. 
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100 

£) so 
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60 

40 
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. 
c(HNO;>= 2.0 mol/1 

p=O. l K/min 
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Fig. 4 Influence of DMHAN on the thermal stability of DMHAN 
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Table 3 Influence of MH on the thermal stability of DMHAN 

c(MH) (mol/L) To(' C) H (kJ/mol) 

0 
0.1 

83.5 
104.6 

c(DMHAN) = 0.2 mol/L, c(HN03) = 2.0 mol/L, fJ = 0.1 K/min. 

882.2 
1351.7 

3.5 Influence of Metal Ion. It is reported in the literature 
[4,15- 17] that many metal elements have a catalytic effect on the 
autocatalytic reaction of HAN. In the nuclear spent fuel reprocess
ing process, stainless steel tanks are usually used. So, it is neces
sary to study whether the stainless steel materials have effect on 
the decomposition of DMHAN. The experimental results for glass 
and stainless steel sample cells are presented in Fig. 6. The effect 
of sample cell material on T0 shows that a glass cell provides a 
metal-free environment, but stainless steel can accelerate the 
decomposition of DMHAN/HN03. Compared with the glass, the 
decomposition occurs at a lower temperature, but releases the 
same heat. 

Small amount of zr4+, Ru3+, and Fe3+ exists in the nuclear fuel 
reprocessing process, and their influence on DMHAN/HN03 are 
presented in Table 4. As shown in the table, whether or not Zr4+ 
and Ru3+does not change the T0 of DMHAN/HN03, which indi
cates that Zr4 + and Ru3+ do not contribute to the reaction of 
DMHAN/HN03. When Zr4+, Ru3+ , and Fe3+ are present in the 
system, the reaction heat will be increased. It indicates that the 
three metal ions participate in the reaction . Besides, the T0 of 
DMHAN/HN03 increased slightly by the presence of Fe3+, which 
indicates that the Fe3+ suppresses the reaction. 

3,6 Self-Accelerating Decomposition Temperature of Dif
ferent Solution in Advanced PUREX Process Based on 
Organic Reductant Process. In the APOR , the DMHAN solution 
mainly exists in the reductant of U, Pu co-decontamination cycle 
( I BX: 0.1 mol/LDMHAN-1.5 mol/LHN03) , plutonium stripping 
reagents of plutonium purification cycle (2BX: 0.5 mo!/ 
LDMHAN-3.5 mol/LHN03), scouring agent of uranium purifica
tion cycle (2DS: 0.1 mol/LDMHAN-1.5 mol/LHN03), and waste 
aqueous phase (2DW: 0.05 mol/LDMHAN-1.5 mol/LHN03). 
These solutions involve the makeup, storage, and usage of the 
DMHAN solution. In order to keep safe operation in the APOR, 
we need to know the SADT. 

The experiments of 1BX/2DS were performed in stainless steel 
cells at heating rate of 0.025, 0.1, 0.2, and 0.4 K/min. Figure 7 
shows C80 signals at different heating rates of the examined mate
rial used for thermokinetic evaluation. There is a large exothermic 
peak between 70 and l l0 °C. For the analysis of the heat flow 
curve, the thermal stability characteristic parameters such as the 
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Fig. 6 Effect of the cell materials on the thermal stability of 
DMHAN 

Table 4 Influence of Zr4 +, Ru2 +, Fe3 + on the thermal stability 
of DMHAN 

Metal ion To ('C) H (kJ/mol) 

None 80.3 681.7 
Zr4+ 79.8 716.3 
Ru31 79.4 746.4 
Fe3+ 84.1 714.8 

c(DMHAN) = 0.1 mol/L, c(HN03) = 1.5 mol/L, fJ = 0.1 K/min, 
c(Zr4+) = I mmol/L, c(Ru3+) = I mmol/, c(Fe3+) = I 00 mmol/L. 

initial heat release temperature T0 and the heat release H are 
obtained, as shown in Table 5. 

The thermal kinetic parameters of I BX/2DS were obtained by 
the Friedman differential isoconversional methods, where -E(a)/ 
R and ln(A(a)f(a)) are the slope and the intercept with the vertical 
axis of the plot of ln(da/dt) versus 1/T(t) as presented in Figs. 8 
and 9. 

The Ea and ln[A.fia)] of 2BX and 2DW solution were calculated 
in the same way. 

The SADT is a measure of the combined effects of the ambient 
temperature, decomposition kinetics, package size, and the heat 
transfer properties of the substance and its packaging. We estab
lish an industrial application model and calculate the SADT of 
I BX, 2BX, 2DS, and 2DW by AKTS based on finite element analy
sis method. And according to safety temperature regulation, we 
can calculate the control temperature in Table 6. 

3.7 The Determination of Molar Enthalpy of the Reaction. 
The reductant DMHAN and the holding reductant MH of the 
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Table 5 Properties of curves at different heating rate of 1 BX/ 
2DS 

Heating rate (K/min) T0 (°C) H (kJ/mol ) 

O.D25 73.5 689. l 
0.1 82.5 681.7 
0.2 85 .5 706.0 
0.4 105 611.3 

-aqueous stripping solution I BP, 2BP need to be oxidized before 
entering the next section in the APOR process, while the Pu(III ) 
has to be oxidized to Pu(IV) (21 - 23). Introducing NaN02 or N204 
to the I BP, 2BP feed are the two common methods. The NaN02 
and N20 4 are transformed into HN02 in the oxidation process. 
The reactions of NaN02 and N20 4 with DMHAN and MH are 
exothermic reactions. The temperature has a direct effect on the 
stability of reductants (DMHAN, MH) and the valence stability of 
Pu (24]. Therefore, the molar enthalpy of the reaction is one of the 
important parameters in the design of the valence adjustment 
equipment and it will decide whether a cooling equipment needs 
to be added or not. However, the molar enthalpy of the reaction of 
HN02 with DMHAN and MH has not been reported. The C80 
microcalorimeter was used to measure the molar enthalpy of reac
tion of HN02 with DMHAN, MH, respectively, and provide basic 
data for the development of relevant adjustment equipment. 

3.7.1 Determination of the Molar Enthalpy of HN02 With 
Dimethylhydroxylamine . The concentration of HN02 was kept 
constant and more than double of DMHAN. The heats of the dif
ferent concentrations of DMHAN react with HN02 were meas
ured. The heat data; which have been deducted off the heat of 
dilution, are shown in Fig. 10. The relationship between the con
centration of DMHAN and HN02 is linear. And the slope is the 
molar enthalpy of the reaction of HN02 with DMHAN, which is 
411.30 kJ/mol. 

3.7.2 Determination of the Molar Enthalpy of Reaction of 
HN02 With Methylhydrazine. The concentration of HN02 was 
kept constant and more than double of MH. The heats of the dif
ferent concentrations of MH react with HN02 were measured. 
The heat data, which have been deducted off the heat of dilution, 
are shown in Fig. I I. The relationship between the concentration 
of MH and HN02 is linear. And the slope is the molar enthalpy of 
the reaction of HN02 with MH. So, the formation molar enthalpy 
of the reactions between HN02 and MH is 246.03 kJ/mol. 

3.7.3 Calculating the Temperature Rise in the Valence 
Adjustment Process. In the APOR process, the IBP and 2BP con
tain radioactive element Pu. In this paper, we calculate the tem
perature rise in the valence adjustment process with the simulated 
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tion of the reaction progress for decomposition of the 1 BX/2DS 
solution 

Table 6 SADT and recommended control temperature of the 
feed in process 

Feed IBX/2DS 2BX 2DW 

SADT (0 C) 
T, (°C) 

56 
46 

52 
42 

47 
37 

solution of I BP and 2BP without Pu, and the components of simu
lated solutions are showed in in Table 7. 

NaN02 was used to oxidize the reductant; the reaction and exo
therm occurring in the oxidation reaction apparatus are as follows : 

HN02 + DMHAN l1,Hm1 = - 41 l.30kJ/mol (6) 

HN02 + MH i'1rHm2 = - 246.03 kJ / mo! (7) 

During the valence adjustment process, the temperature rise of the 
liquid due to the redox reaction of HN02 With the salt-free reduc
tants satisfies the following formula: 

Q = cµmt1Tact = Jl1,H,,,i[c(DMHAN)V + Jl1,H,,,2Jc(MH)V (8) 

where Q, Cp, m, 6.Tad, 6.rHmt, 6.rHm2 , and V are the release heat , 
specific heat, mass, the adiabatic temperature rise expressed by 
the heat of reaction , molar enthalpy of reaction of HN02 with 
DMHAN, molar enthalpy of reaction of HN02 with MH, and vol
ume, respectively. The density (p) and the specific heat (cp) of the 
DMHAN/HN02 solution were assumed to equal to water, 
p = 1000 kg/m3 and cP = 4.2 kJ/kg ° C. We calculated the tempera
ture increases of 18.58 °C, 60.68 °C by using 3 mol/L NaN02 
(excess 30%) to oxidize I BP, 2BP under adiabatic conditions. 
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Fig. 10 The relationship between the concentration of DMHAN 
and heat release 
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Table 7 The components of simulated 1 BP, 2BP solution 

c(DMHAN) (mol/L) c(MH) (mol/L) c(HN03) (mol/L) U(IV) Pu(lll) 

IBP 
28P 

0.1 
0.5 

4 Conclusion 

0. 15 
0.2 

l.5 
1.5 

The thermal stability of OMHAN/HN03 (HN03: 
1.5-3.0 mol/L, OMHAN: 0.05--0.8 mol/L) increased with the 
decrease of acidity concentration or the increase of OMHAN. The 
holding reductant MH improves the stability of OMHAN in 
HN03 solution. 0 2, Fe, and the fission products (Zr, Ru ions) have 
limited influence. Contact with stainless steel can accelerate the 
decomposition of OMHAN/HN03• The SAOT of I BX/20S, 2BX, 
and 20W is 56 cc, 52 cc and 42 cc, respectively. We calculated 
that the temperature could increase 16.8 cc, 46.6 cc by using 
3 mol/L NaN02 (excess 30%) to oxidize IBP, 2BP under the adia
batic conditions; thus, the destruction equipment should install the 
stirring and cooling system. 

5 Recommendations 
According to the above experimental research, the following 

recommendations on the storage, makeup, and destruction of 
OMHAN/HN03 solutions are drawn: 

(I) It is suggested that the storage conditions of the OMHAN/ 
HN03 solution in the factory should follow the following 
principles: the concentration of OMHAN is greater than 
0.1 mol/L, the concentration of HN03 is lower than 
3 mol/L. The ventilation and heat dispersion are necessary, 
and the temperature should be held below 30 cc_ The maxi
mum storage period should be less than 6 months, and the 
tank material is nonmetal (e.g., glass or PTFE) . 

(2) The makeup conditions of the OMHAN/HN03 solution 
are that dilute HN03 ( <3 mol/L) should be added to 
OMHAN (>0.1 mol/L) solutions slowly in a well-mixed 
and vented tank, and the temperature should be held 
below 25 cc. 

(3) The destruction (valence adjustment) equipment should 
install a stirring and cooling system. The OMHAN/HN03 

solutions need to be oxidized before evaporation by addi
tion of sodium nitrite. 

Nomenclature 
A = pre-exponential factor , 1/s 
c = concentration, mol/L 
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Cp = specific heat at constant pressure, kJ/kg cc 
E = apparent activation energy, kJ/mol 

/(ry_) = kinetic model function 
H = heat, kJ/mol 
k = reaction rate constant, l/s 

m = mass, kg 
Q = release heat , kJ 
R = molar gas constant, 8.31451 J/mol K 
t = time, s 

T = temperature, K 
Tad = adiabatic temperature rise, cc 
Tc = control temperature, cc 
T0 = initial reaction temperature, cc 
V= volume, L 

6.l-f,,,t = molar enthalpy of reaction of HN02 with OMHAN, 
kJ/mol 

6.,H,,,2 = molar enthalpy of reaction of HN02 with MH, 
kJ/mol 

Greek Symbols 

ry_ = reaction progress 
f3 = heating rate , K/min 

6. = difference 
p = density, kg/m3 

Subscripts or Superscripts 

ry_ = reaction progress 
0 = initial 

Acronyms 

AKTS = Advanced Kinetics and Technology Solutions 
APOR = Advanced PUREX process based on Organic 

Reductants 
OMHAN = N, N-dimethylhydroxylamine 

HAN = hydroxylamine nitrate 
ICT AC = International Thermal Analysis and Calorimetry 

Association 
MH = methylhydrazine 

PUREX = plutonium and uranium recovery by extraction 
SAOT = self-accelerating decomposition temperature 

IBX = plutonium stripping reagents for IB unit 
l BP = plutonium reductive stripping solution from I B unit 
2BP = plutonium reductive stripping solution from 2B unit 
2BX = plutonium stripping reagents for 2B unit 
20S = scouring agent for 20 unit 

20W = waste aqueous from 20 unit 
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Electrical Power System Modeling 
of Atucha II Nuclear Power Plant 
Using ETAP 
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This work shows the introduction of the Electrical Power System 
Analysis (ETAP) software as a calculation and analysis tool for 
power electrical systems of the nuclear power plants (NPP) under 
the orbit of Nucleoelectrica Argentina S.A (NASA). Through the 
use of the software, the model of the electrical power system of 
the Atucha II NPP was developed. To test the functionality of the 
modeled electrical power circuit, studies of load flow and short
circuit analysis were conducted, yielding satisfacto1y results, 
which were contrasted with the plant design values. Once the 
model has been validated, this will be the basis for canying out 
different studies in the plant through simulation. Furthermore, 
with the incorporation of £TAP as a fundamental calculation and 
analysis tool for power electrical systems at the company's engi
neering departments, it is expected to improve the safety, opera
tion, quality, reliability, and maintenance of both the Atucha II 
NPP electrical power system and the other nuclear power plants 
operated by Nucleoelectrica Argentina S.A. 
[DOI: IO. l l I 5/l.4042361 J 

Keywords: nuclear power plant, electrical power system 
modeling, load flow analysis, short-circuit analysis, £TAP 

1 Introduction 
Nucleoelectrica Argentina S.A (NASA), as a nuclear operator, 

has decided to model the electrical systems of all its nuclear 
power plants (NPP) (the Embalse single unit NPP, and both 
Atucha I and II NPPs) through the Electrical Power System 
Analysis (ETAP) software [ I]. 

The software is a full spectrum analytical engineering software 
specialized in the analysis, simulation, monitoring, control, opti
mization, and automation of electrical power systems, which 
simulates electrical generation, transmission, distribution, indus
trial, and transportation networks. It is also used in the main elec
trical engineering companies and in power plants of different 
countries. 

The study is focused on the modeling of the electrical power 
systems of Atucha II NPP. 

Atucha II is a pressurized heavy water reactor that produces 
approximately 2000MW,h and 750MWet· It is connected to the 
National Interconnected Electrical System (Lima, Argentina) (SIN, 
by its initials in Spanish) through both the 500 kV and the 132 kV 
grids. Commercial operation started on January 2015. It is located 
in the town of Lima, 120 km north of the city of Buenos Aires. 

The initiative to model Atucha II NPP electrical system through 
software allows to carry out electrical studies, such as load flow, 
short-circuit analysis, and protection coordination, among others, 
applied to different states of operation of the plant. 

The first stage objective is to model the Atucha II NPP electri
cal systems in the Software. The first step consists of: 

Manuscript received August l, 2018; final manuscript received December 13, 
2018; published online March 15 , 2019. Assoc. Editor: Fidelma Di Lema. 
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• Data entry 
• Creation of operational plant scenarios for maximum and 

minimum short-circuit current analysis. 

Once the data are introduced and scenario creations are com
pleted, the model will be ready to perform load flow and short
circuit analysis. 

The results obtained through the software will allow the con
trast to those obtained by the designer and studies carried out by 
private consultants. Consequently, it will be possible to validate 
the model under study, and it will be also applicable to corrobo
rate the results of Atucha II NPP total range simulator developed 
by Nucleoelectrica Argentina S.A. and Tecnatom, among others. 

Thereby, Nucleoelectrica Argentina S.A. incorporates an essen
tial tool to perform calculations and analyses of the electrical 
power systems of its NPP. 

2 Electrical Power System Modeling of the Atucha II 
Nuclear Power Plant 

The modeling consists in recreating the electrical power system 
of the Atucha II NPP, considering both the plant internal distribu
tion system and the external electrical system to which the plant is 
connected. 

In order to generate the model of Atucha II NPP electrical sys
tem, medium voltage levels were developed considering all loads, 
while in low voltage level , only the loads greater than l MW were 
taken into account. 

Figure I shows Atucha II simplified electrical single-line 
diagram: 

The onsite and off-site Atucha II NPP electrical power system 
is described as follows. 

2.1 Off-Site Power System. Main Grid: The Atucha II NPP is 
connected to the 500 kV system, which is the highest transmission 
voltage used in the country and is part of the SIN. The main step-up 
transformer bank consists of three 21/515 kV one-phase units. 

Standby off-site grid: The standby grid is a 132 kV system, also 
part of the SIN, connected to the unit by a cable to the off-site 
transformer (BCTOJ-described below). 

When simultaneous failure of the main grid (500 kV) and the 
turbine generator set takes place, the l 32 kV grid provides power 
required for shutting down operations of the plant down to the 
"hot subcritical" condition. 

2.2 Onsite Power Systems. The AC power system consists 
of the auxiliary power system ("normal system") and the AC 
emergency power system. The second one is also subdivided into 
a short-interruption system and an interruption-free system. 

2.3 Auxiliary Power System. The auxiliary power system 
supplies the energy required by the loads, which are necessary 
during normal, start-up, and shut-down operations. 

It is subdivided into four trains , which are supplied by unit aux
iliary transformers (BBTOI and BBT02, described below). The 
transformers are fed in via single phase totally enclosed leads 
either from the main generator or from the grid via the external 
step-up transformer. 

For shut-down operation or after loss of both the normal power 
supply grid and the generator, the electrical system may be fed by 
the off-site power supply. The off-site power supply is automati
cally connected by a changeover device. 

The normal auxiliary system involves the following equipment: 

• Two auxiliary transformers (BBTOJ and BBT02), with sec
ondary and tertiary windings, 56/34/22 MVA and 21/13.8/ 
6.95 kV transformation ratio. 

• One off-site transformer (BCTO l ), with secondary and terti
ary windings, 56/34/22 MVA and 132/13.8/6.95 kV trans
formation ratio. 

APRIL 2019, Vol. 5 / 020915-1 
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SINGLE-LINE DIAGRAM OF ATUCHA II NPP 
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Fig. 1 Simplified single-line diagram for the Atucha II NPP electrical distribution 

• Two 13.2 kV buses for normal auxiliary services (BBA and 
BBC busbars). 

• Two 6.6 kV buses for normal auxiliary services (BBB and 
BBD busbars). 

• Eight 380 V buses for normal low voltage auxiliary serv-
ices. (BFE-BFF-BFG-BFH-BHA-BHB-BHC-
BHD) 

• Four 3200 kV A transformers, each with secondary and 
tertiary windings, 3.2/1 .6/1 .6 MV A. Two of them have a 
13.2/0.4/0.4kV transformation ratio, while the other two 
have a 6.6/0.4/0.4 kV transformation ratio. The described 
transformers are named BHTI I, BHT21, BHT31 , and 
BHT41. 

2.4 Emergency Power System. The power required for safe 
shut-down of the reactor and to maintain it in a subcritical condi
tion, as well as for removal of residual heat and to prevent release 
of radioactivity during normal operation and accident conditions 
resulting from system faults, is supplied by the AC emergency 

020915-2 / Vol.5,APRIL2019 

power system. It also provides power to some loads important for 
plant availability. 

The AC emergency power system is subdivided, according to 
the safety systems to be supplied, into four independent (redun
dant) trains. Each train is capable of supplying 50% of the power 
required to perform the safety functions of the whole NPP. 

The AC emergency power system is also subdivided into two 
subsystems, one short-interrupted supply subsystem (powered by 
emergency diesels generators) and one uninterrupted supply sub
system (powered by DC/AC converters). 

Normally, the AC emergency power system is connected to the 
two 6.6 kV buses (BDA-BDB-BDC-BDD) belonging to the nor
mal auxiliary power system. Therefore, it can be fed (as well as 
the normal electrical system) via the generator/step-up trans
former system via BBTOI/BBT02 transformers, or by the off-site 
grid via BCTO I transformer. 

2.5 Direct Current Power System. In the event of loss of 
the auxiliary supply voltage, there are many loads, which must 
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stay in service or come into service to ensure a safe plant run
down. These loads are divided into two main groups: 

• Loads for which a no-voltage period during diesel run-up is 
acceptable. These are connected to the 6.6 kV and 380 V 
diesel systems. 

• Loads which must stay or be switched in operation in the 
event of loss of auxiliary power. These loads are either 
directly connected to the 220 V (DC) (24 V (DC)) system or 
via a DC/AC converter to the uninterruptable 380 V (AC) 
system. 

The DC power system was not modeled since the model was 
only made for medium voltage loads. 

3 Scenarios 
Once the electrical power system was modeled with the soft

ware, two operation scenarios were defined (with the assistance of 
the Atucha II NPP simulator engineers) , one for the maximum 

Journal of Nuclear Engineering and Radiation Science 

short-circuit current and one for the minimum short circuit 
current. 

In the maximum short-circuit current scenario, the system is 
considered to be in normal operation, that is, with the generator in 
parallel with the 500 kV grid. Both house-load transformers 
BBTOI and BBT02 are connected and the circuit breakers feeding 
busbars BBA, BBB, BBC, and BBD are closed. Simultaneously, 
transformer BCTO I is being fed from the 132 kV auxiliary grid 
but the related circuit breakers feeding the above mentioned bus
bars are open . Circuit breakers related to the BBT transformers 
are interlocked with the ones related with the BCT transformer in 
such a way that they are never closed simultaneously. It is also 
important to remark that circuit breakers feeding busbars BDA
BDB from BBB and busbars BDC-BDD from BBD are closed, 
as shown in Fig. 2. 

In the minimum short-circuit current scenario, the system is 
considered to be fed directly from the 500 kV transmission line, 
with the main generator out of service, and conditions in busbars 
BBA, BBB, BBC, and BBD identical to the previous scenario, as 
shown in Fig. 3. 
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Table 1 Component parameters 

Busbar Component Rated voltage Rated power 

BAA Power grid 500kV 
MKAOI Main generator 2lkY 745MW 
BATOI Generator transformer 21/500kY 825 MVA 
BBTOI Transformer 21/13.2/6.6kV 56/34/22 MY A 
BBT02 Transformer 21/13.2/6.6 kV 56/34/22 MY A 

BBA JEBIOAPOOI Pumps 13.2 kV 12.25 MW 
PACIOAPOOI Main cooling water pump 13.2kY 5.75MW 
PAC20AP001 Main cooling water pump 13.2kV 5.75MW 
LAC30APOOI Feed water pump 13 .2 kY 6MW 

BBB LCBIOAPOOl Main condensed pump 6.6kV 0.815MW 
QNA20ANOOI Refrigeration unit 6.6kV 0.68MW 
QNA40ANOOI Refrigeration unit 6.6kV 0.68MW 
KAAIIAPOOI Pumps 6.6kY 0.26MW 
KAA21AP001 Pumps 6.6kY 0.26MW 
KLEOlANOOl Fan 6.6kY 0.4MW 

XKAIO Diesel generator 6.6kV 5.76MW 

BBC JEB20AP001 Pumps 13.2kY 12.25MW 
LAClOAPOOI Feed water pump 13.2kY 6MW 
LAC20APOOI Feed water pump 13.2kY 6MW 
PAC30APOOI Main cooling water pump 13.2kV 5.75MW 

XKA50 Hydraulic generator 13.2kY 8MW 

BBD QNAIOANOOI Refrigeration unit 6.6kV 0.68MW 
QNA30ANOOI Refrigeration unit 6.6kV 0.68MW 
LCB20APOOI Main condensed pump 6.6kV 0.815MW 
LCB30APOOI Main condensed pump 6.6kY 0.815MW 
KLE02ANOOI Fan 6.6kV 0.4MW 

XKA30 Diesel generator 6.6kV 5.76MW 

Table 2 Voltage and current-busbar BBA-BBB-BBC-BBD 

ETAP Field recorded parameters Table 2 shows both software simulated and field recorded volt-
age and current values for busbars BBA-888-BBC-BBD. 

Busbar Voltage (kV) Current (kA) Voltage (kV) Current (kA) Table 3 shows current values for normal plant operation, both 

BBA 
BBB 
BBC 
BBD 

13.35 
6.9 

13.34 
6.91 

I.I 
0.65 
1.3 
0.43 

13.5 
6.6 

13.5 
6.9 

1 
0.6 
1 
0.5 

3.1 Loading Data in the Software. The modeling in the soft
ware of the Atucha II NPP electrical system consists in loading 
the data of the electrical components with their nominal parame
ters , such as generators , transformers, busbars, switches, motors 
[2]/pumps, cables, among others. 

Table 1 includes the nominal parameters of the main electrical 
components modeled in the software. 

3.2 Power Flow Analysis. The power flow analysis is impor
tant for the calculation of the voltages and currents to which the 
different parts of the power-system are exposed. This is necessary 
to design the different power system components such as genera
tors, lines , transformers , and shunt elements so that these can 
withstand the stresses they are exposed to during steady-state 
operation without any risk of damage. 

The ETAP load flow analysis module calculates the bus voltages, 
power factors , currents, and power flows throughout the electrical 
system. 

ETAP has four calculations methods available: 
Newton-Raphson, adaptive Newton-Raphson, fast-decoupled and 
accelerated Gauss-Seidel. 

ETAP recommends using the Newton-Raphson method to per
form the calculation for the first time. Therefore, this method was 
used for this analysis. 

A power flow analysis was run in the software to verify the 
response of this model for a normal plant operation scenario. The 
results obtained were compared with data recorded in the field. 
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software simulated and field recorded. 
Based on the results obtained through the power flow analysis 

for the normal plant operation scenario, it is verified that the 
results obtained by simulation vary less than 10% with respect to 
the actual operative values. 

3.3 Short-Circuit Analysis. A short circuit is an electrical 
circuit that allows a current to travel along an unintended path 
with no or a very low electrical impedance. This results in an 
excessive amount of current flowing into the circuit. 

A short circuit can be caused by different types of faults: a one
phase fault to ground, a two-phase fault, a two-phase fault to 
ground, a three-phase fault, and a three-phase fault to ground. 
Determining the short circuit current in electrical systems, at all 
current and voltage levels, can be even more important than deter
mining nominal current values of electrical loads. 

The short circuit current values need to be calculated for two 
main reasons: 

(I) To protect the network : 
(a) Determine worst case device duty results. 
(b) Display critical and marginal alerts. 
(c) Load terminal short-circuit calculation. 
(d) Determine the breaking capacity of the protection ele

ments such as switches, fuses, among others. 
(e) Protective device coordination and selectivity. 

(2) To protect users . 

All electrical installations must be protected against short 
circuits. 

The short-circuit current value must be calculated for each level 
of the installation in order to determine the characteristics of the 
component that will withstand the fault current. 
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Table3 Load consumption 

Component Voltage (kV) % Rated power' 

JEBIOAPOOI 13.2 67 
JEB20APOOI 13.2 67 
LACIOAPOOI 13.2 80 
LAC20APOOI 13.2 80 
PACIOAPOOl 13.2 80 
PAC20APOOI 13.2 80 
PAC30APOOI 13.2 80 
KAAIOAPOOI 6.6 100 
KAAIIAPOOI 6.6 100 
KAA20APOOI 6.6 100 
KBA32APOOI 6.6 80 
KLEOIANOOl 6.6 100 
LCB10APOOI 6.6 80 
LCB20APOOI 6.6 70 
PEClOAPOOI 6.6 80 
PEC20APOOI 6.6 80 
PEC30APOOI 6.6 90 
PEC40AP001 6.6 90 
QKAIOANOOI 6.6 50 
QKA20AN001 6.6 50 
QKA30ANOOI 6.6 50 
QKA40ANOOI 6.6 50 
QNAIOANOOI 6.6 60 
QNA40ANOOI 6.6 60 

'These loads were not in operation. 
b% Difference between current measured and calculated in ETAP. 

Calculations produce two different types of short circuit current 
values, which are different in magnitude: 

• Maximum short circuit current used to deterrnine the 
capacity of the electrical component. 

• Minimum short circuit current used as a basis for calibration 
and the selection of protection devices. 

ETAP current (A) Current measured (A) % differenceb 

431 420 2.55 
439 430 2.05 
245 244 0.41 
275 255 7.27 
239 222 7.11 
240 222 7.50 
241 222 7.88 

27 - a 0.00 
27 26 3.70 
27 - ' 0.00 
30 - a 0.00 
39 40 -2.56 
68 68 0.00 
60 60 0.00 
94 95 - 1.06 
94 96 - 2.13 
57 58 - 1.75 
57 57 0.00 
30 28 6.67 
23 - a 0.00 
24 24 0.00 
30 - . 0.00 
42 - a 0.00 
42 42 0.00 

According to the circuit affected, consequences may include : 

• Excessive electrodynamic stress (deformation of busbars, 
disconnection of cables, etc.). 

• Overheating: due to the increase of Joule-effect losses, with 
the risk of degradation of the insulation. 

Consequences in other electrical systems in the same network, 
Therefore, the following hypotheses will be considered for or networks nearby: 

calculation: 

• The short circuit type considered is not modified along the 
total duration of the short circuit event. 

• There are no changes in the network considered along the 
total duration of the short circuit event. 

• The transforrner impedance is considered with the tap 
changer in the main position . 

3.4 Causes of a Short Circuit. A short circuit can be caused 
by: 

• Mechanical factors: conductor break-up, accidental contact 
between two conductors produced by a foreign conductor 
object, such as tools or animals. 

• Electrical factors: for instance, due to the degradation of the 
insulation of an electrical conductor. 

• Atmospheric factors : a lightning strike on a power line. 
• Human errors. 

The occurrence of a short circuit on a power network can cause 
excessive currents, voltage drops, and power imbalance. 

3.5 Consequences of a Short Circuit. It depends on the 
nature and duration of the faults , on the spot affected and the over
current value. 

According to the location of the fault , the presence of an arc can: 

• Degrade the insulation. 
• Melt conductors. 
• Cause a fire or jeopardize personal safety. 

Journal of Nuclear Engineering and Radiation Science 

• Voltage drops along the duration of the defect clearance, 
going from a few milliseconds to several hundreds of 
milliseconds. 

• Disconnection of part of the installation, depending on the 
protection scheme and selectivity. 

• Dynamic instability and/or loss of synchronism of rotating 
machines. 

• Perturbations in command and control circuits. 

3.6 Short-Circuit Analysis in Electrical Power System 
Analysis. The ETAP short-circuit analysis program analyzes the 
effect of three-phase, line-to-ground, line-to-line, and line-to-line
to-ground faults on electrical distribution systems. The program 
calculates the total short circuit currents as well as the contribu
tions of individual motors , generators, and utility ties in the sys
tem. Fault duties are in compliance with the latest editions of the 
American National Standards Institute (ANSl)/lnstitute of Electri
cal and Electronic Engineers (IEEE) Standards (C37 series) 
[3- 13] and International Electrotechnical Commission (IEC) 
Standards (IEC 60909 and others) [14,15]. 

Once the model was completed and the aforementioned consid
erations were taken into account, short-circuit simulations were 
carried out based on the IEC 60909 Standard. 

In this case, three-phase short circuit currents were calculated. 
See Figs. 4 and 5. 

In IEC short-circuit calculations, an equivalent voltage source 
at the fault location replaces all voltage sources. A voltage factor 
c is applied to adjust the value of the equivalent voltage source for 
minimum and maximum current calculations. 

All machines were represented by their internal impedances. 
Transforrner taps can be set at either the nominal position or at an 
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Fig. 4 Maximum short circuit current values calculated with ETAP 
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SHO~ IRCUIT 
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SHORT CIRCUIT 
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880 
15 , 615 kA 6, 6 kV 14,724 kA 

Fig. 5 Minimum short circuit current values calculated with ETAP 

operating position, and different schemes are available to correct 
transformer impedance and system voltages if off-nominal tap set
ting exists. See Figs. 6 and 7. 

3.7 Comparison of Obtained Results. Once the Atucha II 
NPP electrical system was modeled, the short-circuit results 
obtained from the software were compared with the design values 
and those calculated by external consultants. 

The calculations for design values were made by means of a 
digital computer in the year 1982 and the calculations for external 
consultant were made by means of NEPLAN power system software 
version 5.3.51 . 

Fig. 6 Three-phase V (AC) model (nonmeshed radial network) 
[14] 
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Impedance de ligne k 

1)---(-[1-:;:~):::J~F 

f,b_ l 1;,0l ( 
.Ji' ~. o,-.._ ____________ ....... _______ _.._ 

Fig. 7 Equivalent circuit diagram, positive-sequence system, 
before the short circuit at F [14]. E' a-subtransient voltage 
behind the impedance of a network feeder connected at Q, F
short-circuit location, f'k0-initial symmetrical short-circuit cur
rent (rms), f' ka-initial symmetrical short-circuit current (rms), 
"3-three-phase short circuit, U~J3-equivalent voltage source 
(rms), Us/J3-equivalent voltage source (rms), UdJ3-equiva
lent voltage source (rms), ZA-impedance in the point A, ZL
line impedance, Za-impedance in the point a, ,x-factor for the 
calculation of short-circuit currents. 
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Table 4 Maximum short-circuit currents in kA 

Busbar 

BBA 
BBB 
BBC 
BBD 

ETAP 

25.31 
25.28 
29.63 
25.28 

Design values 

24.1 
28.2 
26.4 
28.3 

External consultant 

25.931 
17.324" 
28.345 
17.527" 

"Nore: External consultants did not consider the contributions of the emer
gency diesel to the short-circuit current of the branches BB.Band BCD. 

Table 5 Minimum short-circuit currents in kA 

Busbar ETAP Design values External consultant 

BBA 15.59 12.5 13 .486 
BBB 14.69 13.1 13.26 
BBC 15.63 12.5 13.486 
BBD 14.82 13.1 13.26 

Table 4 corresponds to the maximum short-circuit current val
ues , while Table 5 corresponds to the minimum short-circuit cur
rent values. 

Based on the results obtained for the maximum and minimum 
short-circuit current plant configurations, it is possible to confirm 
that the results obtained by simulation are similar to the design 
values and external consultants' ones. 

4. Conclusions 
In the first stage, it was possible to make an Atucha II NPP 

model as detailed as possible, as well as the definition of the dif
ferent operating scenarios of the plant. 

To test the functionality of the model , studies of load flow and 
short-circuit analysis were conducted, yielding satisfactory results. 
For the case of load flow , the results obtained vary less than 10% 
with respect to the values measured in the field and for the case of 
short circuit, which were contrasted with the plant design values 
and external consultants, acceptable results were obtained. 

Once the model has been validated, it will be the basis for car
rying out different studies in the plant through simulation. The 
line of investigation in the future will include some possible cases, 
such as: 

• Perform the validation of the electrical values produced by 
the Atucha II NPP total range simulator, developed by 
Nucleoelectrica Argentina S.A. and Tecnatom. 

• Evaluate design changes on Atucha II NPP. 
• Protective device coordination and selectivity. 
• Arc flash analysis. 
• Open-phase analysis of nuclear power plants (recommended 

by World Association of Nuclear Operators (WANO) Sig
nificant Operating Experience Report (SOER) 2015/1) 
[16,17]. 

• Transient stability analysis. 
• Emergency power supply system of a nuclear power plant

modeling [18]. 

Finally, with the incorporation of ETAP as a fundamental calcu
lation and study tool for power electrical systems in the com
pany's engineering departments, it is expected to improve the 
safety, operation, quality , reliability , and maintenance of all the 
nuclear power plants under the orbit of Nucleoelectrica Argentina 
S.A. 
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Nomenclature 

I = current, A 
L = length, m 

POW = power, W 
ISi = apparent power, VA 
U = voltage, V 

Subscripts or Superscripts 

el = electrical 
th= thermal 
" = subtransient 

Acronyms and Abbreviations 

AC = alternating current 
ANSI = American National Standards Institute 
BAA = busbar = 21 kV 

BATO I = generator transformer 
BBA = busbar = 13.2 kV 
BBB = busbar = 6.6 kV 
BBC = busbar = 13.2 kV 
BBD = busbar = 6.6 kV 

BBTO I = high voltage auxiliary power transformer 
BBT02 = high voltage auxiliary power transformer 
BCTO 1 = transformer 

BDA = busbar 6.6 kV 
BDB = busbar 6.6 kV 
BDC = busbar 6.6 kV 
BDD = busbar 6.6 kV 
BFE = busbar 380 V (AC) 
BFF = busbar = 380 V (AC) 
BFG = busbar= 380 V (AC) 
BFH = busbar 380 V (AC) 
BHA = busbar 380 V (AC) 
BHB = busbar 380 V (AC) 
BHC = busbar 380 V (AC) 
BHD = busbar 380 V (AC) 
BHH = busbar 380 V (AC) 

BHTI I = low voltage auxiliary power transformer 
BHT21 = low voltage auxiliary power transformer 
BHT3 I = low voltage auxiliary power transformer 
BHT4 l = low voltage auxiliary power transformer 

BME = busbar 380 V (AC) 
BMF = busbar 380 V (AC) 
BMG = busbar 380 V (AC) 
BMH = busbar 380 V (AC) 
BMJ = busbar 380 V (AC) 

BMK = busbar 380 V (AC) 
BML = busbar 380 V (AC) 

BMM = busbar 380 V (AC) 
BRA = busbar = 380 V (AC) 
BRB = busbar 380 V (AC) 
BRC = busbar 380 V (AC) 
BRD = busbar 380 V (AC) 
BRE = busbar 380 V (AC) 
BRG = busbar 380 V (AC) 
BUC = busbar 220 V (DC) 
BUD = busbar 220 V (DC) 
BVA = busbar 220 V (DC) 
BVB = busbar 220 V (DC) 
BVC = busbar 220 V (DC) 
BYD = busbar = 220 V (DC) 
BVN = busbar 48/24 V (DC) 
BVP = busbar 48/24 V (DC) 
BVQ = busbar 48/24 V (DC) 
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BVR = busbar 48/24 V (DC) 
c = voltage factor 

CB = circuit breaker 
DC = direct current 

ETAP = Electrical Power System Analysis and Opera
tion Software 

IEC = International Electrotechnical Commission 
IEEE = Institute of Electrical and Electronics Engineers 

IYNCWiNl8 = Youth Nuclear Congress and Women in 
Nuclear 

JEB I OAPOO I = reactor coolant pump 
JEB20APOO I = reactor coolant pump 

KAAI IAPOOI = cooling pump 
KAA2 I APOO I = cooling pump 
KLEO I ANOO I = fan 
KLE02ANOO I = fan 
LACIOAPOOI = feed water pump 
LAC20APOO I = feed water pump 
LAC30APOO I = feed water pump 
LCB I OAPOO I = main condensed pump 
LCB20AP00l = main condensed pump 
LCB30APOO I = main condensed pump 

MKAO I = main generator 
NASA = Nucleoelectrica Argentina S.A. 
NEPLAN = power system software 

NPP = nuclear power plants 
PACIOAPOOI = main cooling water pump 
PAC20APOOI = main cooling water pump 
PAC30APOOI = main cooling water pump 

QNAIOANOOI = refrigeration unit 
QNA20ANOO I = refrigeration unit 
QNA30ANOOI = refrigeration unit 
QNA40ANOOI = refrigeration unit 

RMS = root-mean-square 
SIN = National Interconnected Electrical System 

SOER = Significant Operating Experience Report 
WANO= World Association of Nuclear Operators 

XKAIOAGOOI = diesel generator 
XKA30AGOO I = diesel generator 
XKASOAGOOI = hydraulic generator 
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1 Introduction 

Subchannel Analysis of 
Thermal-Hydraulics in a Fuel 
Assembly With Inner Duct 
Structure of a Sodium-Cooled 
Fast Reactor 
In the design study of advanced loop-type sodium-cooled fast reactor in Japan , a specific 
fuel assembly (FA) called FA with inner duct structure (FA/DUS) is expected to enhance 
reactor safety during a core-disruptive accident. Evaluating the thermal-hydraulics in 
FA/DUS under various operating conditions is required for its design. This study is the 
first step toward confirming the design feasibility of FA/DUS; the thermal-hydraulics in 
FA/DUS are investigated with an in-house subchannel analysis code called asymmetrical 
flow in reactor elements (ASFRE), which can be applied to a wire-wrapped fuel pin bun
dle in conjunction with the distributed resistance model (DRM) and the turbulence
mixing model of the Todreas- Turi correlation model (TTM) . Before simulating the 
thermal-hydraulics in FA/DUS , a f ew validations of DRM and TTM are conducted by 
comparing the numerical results of the pressure drop coefficients or temperature distribu
tion obtained using ASFRE with the e>.perimental data obtained using an apparatus with 
water or sodium for simulated FAs. After these validations, thermal-hydraulic analyses 
of FA/DUS and a typical FA are conducted for comparison. The numerical results 
indicate that, at a high flow rate simulating rated operation condition , no significant 
asymmetric temperature and velocity distribution occur in FA/DUS compared to the dis
tribution in the typical FA. In addition , at a low flow rate simulating natural circulation 
condition in decay heat removal, the temperature distribution in FA/DUS is similar to 
that in the typical FA. This is because the local flow acceleration and the flow redistribu
tion due to buoyancy force may occur in FA/DUS and the typical FA . 
[DOI: I0.1115/ 1.4042191] 

In the design study of advanced loop-type sodium-cooled fast 
reactor (advanced SFR) in Japan Atomic Energy Agency (JAEA) 
[ 1], a specific fuel assembly (FA) called FA with inner duct struc
ture (FAIDUS) [2] is expected to enhance reactor safety during 
a core-disruptive accident. Figure I shows an illustration of 
FAIDUS. In a typical FA for sodium-cooled fast reactor (SFR), a 
wire is wound helically around the fuel rods as a spacer to main
tain a constant gap width between adjacent rods and enhance cool
ant mixing in the rod bundle. The wire-wrapped fuel rods are 
contained in a hexagonal wrapper tube. In addition to this configu
ration of the typical FA, FAIDUS has an inner duct of rhombic 
cross section at the comer of the wrapper tube so that the molten
fuel in the rod bundle can be discharged immediately to the out
side of the core region. Owing to the use ofFAIDUS, re-criticality 
may be avoided during a core disruptive accident. To confirm the 
design feasibility of FAIDUS, the thermal-hydraulic influence of 
the inner duct should be studied under various operating condi
tions because the local temperature distribution around the inner 
duct may affect the structural integrity of the surrounding fuel 
rods. 

subchannel analysis code called thermal-hydraulic analysis of 
asymmetrical flow in reactor elements (ASFRE) [3,4], which has 
been developed by JAEA. Okano et al. [3] presents the results of 

Shield 

Upper blanket 

Core 

Lower blanket 

Gas plenum 

Inner duct 

In the present study, a thermal-hydraulic analysis of FAIDUS 
under two typical high and low flow rates is conducted as the first 
step toward confirming the design feasibility of FAIDUS using a 

Manuscript received October 31, 2017; final manuscript received November 27 , 
2018; published online March 15, 2019. Assoc. Editor: Yanping Huang. 

Journal of Nuclear Engineering and Radiation Science 
Copyright © 2019 by ASME 

Wrapper tube 

Fig. 1 Illustration of FAIDUS 

APRIL 2019, Vol. 5 / 021001-1 

Downloaded From: https://nuclearengineering.asmedigitalcollection.asme.org on 05/20/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use 



thermal-hydraulic analysis in FAIDUS at the rated operating con
dition, as obtained using ASFRE. However, numerical simulation 
of the thermal-hydraulics in FA over a wide range of flow rates , 
and that in FAIDUS at low flow rates , has not been validated 
using the latest version of ASFRE. Before applying ASFRE to 
FAIDUS, the distributed resistance model (DRM) [5] and the 
turbulent-mixing model of the Todreas-Turi correlation model 
(TTM) for rod bundles [6] employed in ASFRE are validated. In 
validation of the DRM, the numerical results of the pressure loss 
coefficients are compared with the experimental data obtained 
using a FA-simulating water apparatus without an inner duct over 
a wide range of Reynolds numbers. In the TIM-focused valida
tion, the numerical results of the sodium temperature distributions 
are compared with the experimental data obtained using an 
FA-simulating sodium apparatus without an inner duct. After 
these validations, thermal-hydraulic analyses of FAIDUS consist
ing of 255 fuel rods and of the typical FA consisting of 271 fuel 
rods without an inner duct for use in Advanced SFR are performed 
using ASFRE under two typical conditions: a high flow rate con
dition at rated operation and a low flow rate condition in the decay 
heat removal mode accompanied by natural circulation. The influ
ence of the inner duct on the fluid flow and the temperature field 
in FAIDUS is discussed by comparing the numerical results of 
FAIDUS and the typical FA obtained using ASFRE under the 
high and low flow rate conditions. 

2 Outline of Asymmetrical Flow in Reactor 
Elements Code 

The subchannel analysis code ASFRE was developed as a design 
tool to simulate thermal-hydraulics in a fuel rod bundle arranged in 
a triangular fashion. In general, three-dimensional computational 
fluid dynamics (CFD) codes are suitable for analyzing the fine 
structure of thermal-hydraulics in a rod bundle with a heavy com
putational load. In contrast, ASFRE is suitable for analyzing mac
roscopic thermal-hydraulics in a relatively wide region of a rod 
bundle with a reasonable computational load for design study. For 
example, using ASFRE on a workstation, approximately IO min 
are required to calculate the thermal-hydraulics in an entire rod 
bundle of an FA under the high flow rate condition and approxi
mately 30min under the low flow rate condition, as described in 
Sec. 4. Figure 2 shows the subchannel mesh arrangement of the 
127-pin bundle without an inner duct. The circles represent the fuel 
rods and the hexagonal boundary represents the wrapper tube. In 
ASFRE, the triangular cells surrounded by three fuel pins are 
defined as inner subchannels, rectangular cells surrounded by two 
fuel rods and a side surface of the wrapper tube are defined as edge 
subchannels, and the quadrilateral cells surrounded by one fuel rod 
and a comer surface of the wrapper tube are defined as comer sub
channels. The governing equations are discretized in the control 
volumes of these subchannels. Figures 3(a) and 3(b) show 

Fuel rod 

Fig. 2 Subchannel mesh arrangement (ex., 127-pin bundle 
analysis) 
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(a) (b) 

Fig. 3 Control volumes for ASFRE: (a) mass and energy equa
tion and (b) momentum equation 

schematic drawings of the control volumes for the mass and energy 
equation and the momentum equation, respectively. As shown in 
Fig. 3(b), two types of momentum control volumes are defined: 
one for the axial velocity component and the other for the lateral 
velocity component. · 

2.1 Numerical Method. The governing equations of mass, 
momentum and energy in the flow field in the conservative form 
to be solved in ASFRE are as follows: 

8p 
&t + 'v · (pv) = 0 ( I ) 

a 
o,(pv) + 'v · (pvv) = -'vp- v' · t + pg (2) 

a 
o,(Pe) + 'v · (pev) = -'v · q (3) 

where p, t , v, p , and e denote the fluid density, time, velocity, 
pressure, and internal energy of the fluid , respectively. The varia
bles in bold font are vector quantities. q is the heat flux, and v'q is 
divergence of the heat flux between the solid wall and the fluid or 
between the fluids, and the internal energy exchange between the 
subchannels by turbulent mixing; v't denotes momentum diffu
sion, including momentum exchange between the subchannels by 
turbulent mixing, and g denotes gravitational acceleration. The 
governing equations were discretized into the finite difference 
scheme in each control volume, as shown in Fig. 3. The forward 
difference scheme was applied to the time integration term , while 
the first-order upwind difference scheme was applied to the advec
tion terms of the momentum conservation equation in Eq. (2) and 
the energy conservation equation in Eq. (3) . Three governing 
equations of mass, momentum , and energy were solved using the 
semi-implicit method [7]. The mass and energy equations and the 
pressure gradient terms in the momentum equation were solved 
implicitly, and the other terms in the equations were solved 
explicitly. All goven;iing equations were transformed into 
Newton-Raphson equations. Poisson-type pressure equation was 
solved using the incomplete LU bi-conjugate gradient (ILUBCG) 
method [8] under appropriate boundary conditions. 

2.2 Simulation Models. The most important feature of the 
FA of SFR is that a wire-spacer is wound spirally around the fuel 
rod to maintain a constant gap width between fuel rods. The wire
spacer generates cross flow around the fuel rod and swirl flow in 
the peripheral region of the FA. In ASFRE, the pressure drop due 
to the wire-spacer is evaluated using DRM [5] to reproduce the 
cross flow and the swirl flow in the FA. The implementation of 
DRM in ASFRE is explained briefly in this section, and detailed 
description of the DRM and a few model verifications are given in 
Ref. [5]. 
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The momentum conservation equation in the integral form is as 
follows : 

8 I J -;,-{PV} + .---- pv(v · n)dA 
ut uVJ ff 

={p}g+~J (-pn + [t · n])dA + ~J (-pn +[t · nJldA 
uVJ Arr uVJ Ar, 

(4) 

where dV1, Arr, and Ar, are the net fluid volume, fluid-fluid inter
face area, and fluid-structure interface area within a given control 
volume, respectively.tis the stress tensor, and n is the unit vector 
normal to the structural surface. The marks I},<· > , and [·) stand 
for the processes of volume averaging, scalar product of two vec
tors , and vector product of a tensor and a vector, respectively. The 
last term on the right-hand side of Eq. (4) represents momentum 
exchange between the wire-wrapped rod surface and the fluid or 
that between the duct wall and the fluid. This term is equivalent to 
distributed resistance RDR , and it is written as follows: 

RoR = -
1
-J (-pn + [t. nl)dA + ~J (-pn + [t . nl)dA 

dVJ AR uVJ Aw 

(5) 

where AR and Aw are the rod surface area and the wire surface 
area, respectively, in the subchannel or in the gap control volume. 
Because RDR can be replaced with FDR, where FDR is the force of 
the fluid acting on the structure, Eq. (5) can be rewritten as 
follows : 

FoR= - -
1
-J (-pn+ [t ·nl)dA--

1
-J (-pn+[t-nl)dA 

dVJ AR dVJ Aw 

=FR+Fw (6) 

This equation means that the force acting on the solid structures 
FDR is decomposed into the force of the fluid acting on the rod FR 
and the force of the fluid acting on the wire-spacer F W· Moreover, 
each force can be decomposed into tangential and nom1al compo
nents as follows: 

(7) 

(8) 

where nA and nL are the axial and the lateral unit vectors founded 
based on the fuel rod axis, respectively, while llT and RN are the 
tangential and the normal unit vectors founded based on the wire
wrap direction. The components of these forces in the axial and 
transverse momentum equations are as follows: 

(9) 

( 10) 

(11) 

(12) 

v2 = w2 + u 2 ( 15) 

where w and u are the velocity components in the axial and the lat
eral directions of the fluid resultant velocity v through the subchan
nel , respectively. The symbol <p in Eq. ( 14) denotes the wire angle, 
while the symbol (} is the angle between the fluid velocity v and the 
vertical direction. The angle (J is introduced considering that the 
fluid velocity v deviates owing to the presence of the wire-spacer. 
The symbol /A is a friction factor along the axial direction. Moo
dy's correlation of !A modified using Rehme ' s theory [9) is 
employed here. The symbol/Lis the friction factor along the lateral 
direction. The correlation of fL is expressed in terms of the Reyn
olds number using the gap flow velocity [ I OJ. The symbols dw and 
d z denote the diameter of the wire-spacer and the axial mesh 
length, respectively. The maximum axial mesh length is consid
ered to be one-twelfth of the wire pitch H , so the axial mesh length 
dz should be set to HI( 12k) (k is a positive integer) [5). The calibra
tion constants CON and n in Eq. ( 13) are empirical coefficients, 
and their values are tentatively recommended here as 1.3 and 1.0, 
respectively. The symbols A8 and Amg denote the gap flow area 
without the wire-spacer and the minimum gap flow area, respec
tively. The Reynolds number Re in Eq. (13) is defined as Re=p 
dw vN/µ , where d,.. is the wire-spacer diameter, and vN is the veloc
ity component normal to the wire-wrap direction. 

In the subchannel analysis, the physical quantities are averaged 
in the subchannel. Therefore, appropriate macroscopic correla
tions based on experimental results or detailed CFD analysis 
results should be employed in the subchannel analysis code. In 
ASFRE, TIM [6) is employed to evaluate the thermal diffusion 
caused by the flow across the wire-spacer. The mixing factor fJ is 
defined by Eqs. (16a) and ( 16b), where W;j is the flow rate per unit 
length from subchannel i to subchannel j , and G is axial mass flux. 
The term W;j in Eq. ( 16c) can be calculated by providing the 
empirical coefficient of /J . In ASFRE, fJ = 0.03 is recommended 

/3 = w'u/Gd"' (16a) 

(16b) 

(16c) 

ASFRE can consider the heat transfer between the fuel rod and 
the fluid in the subchannel [11 ). Heat conduction in the fuel rod 
can be calculated using the following three-dimensional heat con
duction equation : 

pC oT _ ~~ (rkoT) +~~ (~ oT) +~ (koT) + ,,, Pot - ror or ro(Jc ro(Jc oz oz q 

(17) 

where t, r, (Jc, and z denote the time, radial distance, circumferen
tial angle, and axial distance; T , Cp, k, and q"' denote the tempera
ture, specific heat at constant pressure, thermal conductivity, and 
heat generation rate per unit volume, respectively. The Nusselt 
number Nu is calculated using the fast flux test facility correlation 
[ 12): 

for P/D 2'. 1.2 

Nu = 4.0 + 0.16(P /D) 5 + 0.33(P /D)38 (Pe/ 100)0 86 

for P/D < 1.2; Pe> 150 

( 18) 

C = CON(A8 /Amg)"(l + IO/Re213
) 

Nu= [- 16.15 + 24.96(?/ D) - 8.55(P/ D)2]Pe03 

( 13) for Pe :S 150 

( 19) 

VN = wsin(<p) - ucos(<p) (14) Nu= [-16.15 + 24.96(P/D) - 8.55(P/D)2]4.496 (20) 
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Table 1 Specification of simulated FAs 1.00 

Index Value o Exp . 

Experiment (I) (2) 

Number of rods 
Rod pitch , P (m) 
Rod diameter, D (m) 
Wire diameter, d., (m) 
Wire wrapping pitch, H (m) 
Face-to-face distance in the wrapper tube (m) 

127 
6.47 X 10- 3 

5.5 X 10- 3 

0.9 X 10- J 
0.209 
0.0747 

169 
7.87 X 10- J 
6.5 X 10- 3 

1.32 X 10- 3 

0.308 
0.1046 

where P and D are the fuel rod pitch and pin diameter, 
respectively. 

3 Validation of Engineering Models in Asymmetrical 
Flow in Reactor Elements 

The DRM and the TTM were validated before they were 
applied to FAIDUS. In Sec. 3. 1, the pressure loss coefficients 
obtained numerically using ASFRE with the DRM are compared 
with the measured data obtained in an experiment using water. In 
Sec. 3.2 , the numerical results of the sodium temperature distribu
tion obtained using ASFRE with the TTM are compared with the 
measured data obtained in an experiment using sodium. 

3.1 Pressure Loss Coefficient in Pin Bundles Without 
Inner Duct. Measurements of pressure drop in mock-up FAs of 
SFRs have been performed in a FA hydraulic simulation test loop 
using water [13,14]. In the water experiments in which simulated 
typical FAs consisting of 127-pin and 169-pin bundles were used, 
pressure loss coefficient data were obtained over a wide range of 
Reynolds numbers from a high flow rate corresponding to the 
rated operation to a low flow rate corresponding to natural circula
tion. In this validation, the predicted pressure loss coefficient 
obtained using ASFRE was compared with the experimental data. 
Table I lists the specification of the simulated typical FAs used in 
the present validation. The axial length of the analysis domain in 
the FAs was nine times the wire wrapping pitch H. The size of the 
axial meshes was fixed at 1/12 of the wire wrapping pitch H, 
which the recommended value for use of the DRM, as mentioned 
in Sec. 2.2 . Figure 2 shows an example of the arrangement of 
computational meshes on the horizontal cross section of the 127-
pin bundle. The numbers of cells in the inner, edge, and comer 
subchannels of the 127-pin bundle were 216, 36 and 6, respec
tively, while the number of cells in each of the three aforemen
tioned subchannel types in case of the 169-pin bundle were 294, 
42, and 6. In the numerical analysis , the mass flow rate and tem
perature at the inlet boundary were set according to the experi
mental conditions. The reference pressure was set at the outlet 
boundary. The mass flow rate was varied parametrically from 200 
to 80,000 in terms of the bundle-averaged Reynolds number. The 
bundle-averaged Reynolds number is defined as follows: 

Re = pVmcanDe/µ (2 1) 

where V mean and D, are the averaged axial velocity in the cross 
section and the hydraulic equivalent diameter, respectively. 
Figures 4 and 5 show the pressure loss coefficients of the 127-pin 
and 169 pin bundles, respectively; the results obtained using 
ASFRE with the DRM, experimental data, and results calculated 
using the detailed Cheng and Todreas pressure loss correlation 
(CTC) [ 15, 16] are compared. In Figs. 4 and 5, the vertical axis 
represents the pressure loss coefficient )., which is defined as 
follows: 

0.10 

0.01 
1.ox102 

l t 1 .. , 

... *f 

1.0xl03 

-CTD 

1.0xl04 1.0x105 

Re 

Fig. 4 Pressure loss coefficient of 127-pin bundle (experimen
tal data are referred from Ref. (131) 

1.00 

0.10 
-c 

0.01 

1.0x102 

r 

1.0x103 1.0xl04 

Re 

• ASFRE 
o Exp. 

-CTD 

1.0x105 

Fig. 5 Pressure loss coefficient of 169-pin bundle (experimen
tal data are referred from Ref. (141) 

where 1'J,.P , L, D,, and V mean are the pressure difference, axial 
length, equivalent diameter, and averaged axial velocity in the 
cross section. The numerical results. agree well with the experi
mental results over the range of the Reynolds number employed 
herein, although a slight difference is observed between the 
numerical results and the results calculated using the detailed 
CTC. Table 2 lists the relative errors between the predicted results 
obtained using ASFRE and the experimental results. The relative 
errors in the turbulent regime (Re > 2000) were smaller than I 0%, 
and maximum relative error between the laminar and the transi
tion regime was approximately 15%. Thus, the DRM imple
mented in ASFRE provides accurate values of the pressure loss 
coefficients over a wide range of Reynolds numbers. 

3.2 Temperature Distribution in Small Pin Bundle With
out Inner Duct. For validations focusing on TTM in ASFRE, two 
test small pin bundles of the sodium experiment facilities, namely, 
plant dynamics test loop (PLANDTL) [ 17] and core component 
test loop with core flow redistribution (CCTL-CFR) [18], were 
used. The DRM validated in Sec. 3.1 was used with the TTM in 
the present validations. 

M = ).~pV~can 
D, 2 

(22) 3.2./ Sodium Experiment With 37-Pin Bundle. Figure 6(a) 
shows a simplified diagram of PLANDTL consisting of the 
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Table 2 Relative error of pressure loss coefficient• 

127-pin bundle 169-pin bundle 

Re Error(%) Re Error(%) 

200 14.3 227 15.8 
400 5.9 447 10.7 
600 5.6 766 9.3 
1000 2.4 1080 16. 1 
2000 - 1.2 2140 9.0 
4000 - 0.5 2870 5.8 
8000 2.5 4050 3.1 
12,000 1.2 7400 2.5 
20,000 0. 1 8920 2.8 
40,000 -1.3 11 ,900 2.8 
70,000 -2.3 18,100 1.5 
43,800 -3.5 22,600 0.7 
33,800 -3.0 32,800 0.8 
23,600 - 1.8 18,400 1.2 
70,100 -4.7 28,000 1.4 
19, 100 - 1.6 41 ,900 1.6 

5 1,900 1.0 
61,200 0.1 
71 ,000 0.6 
83,500 -1.0 

"Relative error: error= ifcak. - fcxp.l/fcw 

primary and the secondary loops, as well as the test section [ 17]. 
Figure 6(h) shows a schematic drawing of the horizontal cross 
section of the 37-pin bundle test section. Table 3 lists the 

r as 

Hot plenum 

l l IHX 
Test Test 
section 2 section 1 ! 

E.M. 
flowmeter 

E.M . pump 

-----+ 
Primary loop Flow direction 

Warm-up heater Thermal insulator 

(b) 

Simulated fuel rod 
(Heating heater) 

r.:'f,.~PJ.~~w..,._+Line Tl 

Line Ml 

'\ 
Supporting container 

Line T2 

Fig. 6 Overview of PLANDTL facility: (a) flow diagram of exper
imental setup and (b) horizontal cross section of simulated FA 
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Table 3 Specifications of 37-pin bundle in PLANDTL 

Index 

Rod pitch, P (m) 
Rod diameter, D (m) 
Wire diameter, dw (m) 
Wire wrapping pitch, H (m) 
Face-to-face distance in the wrapper tube (m) 
Heated length, Lh (m) 

Value 

7.87 x l0 3 

6.5 X 10-J 
I.32xl0 3 

0.307 
0.0502 
0.930 

Table 4 Thermal-hydraulic conditions of 37-pin bundle in 
PLANDTL (data no. 16079 are referred from Ref. [191) 

Index 

Inlet temperature (°C) 
Power of the pin bundle (W) 
Axial rod power distribution 
Mass flow rate (m3/s) 
Re number at inlet temperature 

Value 

406.3 
543.7 X 103 

Chopped cosine 
2.30 X 10- 3 

25,500 

specifications of the 37-pin bundle in PLANDTL. The thermal 
hydraulic conditions of the 37-pin bundle in PLANDTL are listed 
in Table 4. In the 37-pin bundle test section, electrically heated 
simulated fuel rods were placed in the hexagonal wrapper tube. In 
terms of the numerical conditions of ASFRE, the size of the axial 
meshes was fixed at 1/12 of the wire wrapping pitch H, accord ing 
to the recommendation for the use of the DRM, as mentioned in 
Sec. 2.2. The sodium temperature under the high flow rate condi
tion was compared to the numerical result obtained using ASFRE. 

Figure 7 shows the sodium temperature distribution in the mid
dle cross section of the heated region in the 37-pin bundle, and 
Fig. 8 shows the sodium temperature distribution in the top cross 
section of the heated region. The vertical axis represents the nor
malized temperature T" as fo llows: 

1.5 

1.0 

r.. 

(a) 

... ... 

(b) 

0.5 

0.0 

1.5 

1.0 

0.5 

0.0 
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CJ Exp. . ~ . ~ . ~ . ~ . 
e • . ~ 

• 

-0.25 0.00 
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0.25 0.50 

• ASFRE 

CJ Exp. 

e • l!l•~·~•fil . ~ 
-0.25 0.00 

r/Lw 
0 .25 

• 

0 .50 

Fig. 7 Sodium temperature distributions in 37-pin bundle on 
middle cross section of heated region along (a) line M1 and (b) 
line M2, as shown in Fig. 6(b) (experimental data are referred 
from Ref. [19)) 
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Fig. 8 Sodium temperature distributions in 37-pin bundle on 
top cross section of heated region along (a) line T1 and (b) line 
T2, as shown in Fig. 6(b) (experimental data are referred from 
Ref. [19]) 

T* = (T-Tin) / !J.Te (23) 

(24) 

where T, Tin, !J.T,, Q, ri1, and CP are the numerical results of the 
mean temperature, inlet temperature, estimated temperature 
increase, heater power, mass flow rate at inlet, and specific heat at 
constant pressure, respectively. Here, the lateral axis represents 
the normalized distance r/Lw, where r and Lw are the radial dis
tance and the length of the wrapper tube along the diagonal line, 
respectively. The traverse lines are shown in Fig. 6(b). Although a 
slight difference between the numerical results and the experimen
tal data can be found in the temperature distributions in Figs. 7 
and 8, the numerical results reproduce well the convex tempera
ture distribution of the experimental data. The maximum relative 
error in the center region is less than 5% of the estimated tempera
ture increase defined in Eq. (23) and that in the peripheral region 
is less than 10%. 

3.2 .2 Sodium Experiment With 61-Pin Bundle. Figure 9 
shows a simplified diagram of the sodium experiment facility in 
CCTL-CFR [ 18]. The test section consists of a 61-pin bundle, two 
19-pin bundles, and a cooling channel. In the experiment using 
the CCTL-CFR, the electric heater power in each bundle was 
varied to measure the radial heat transfer between the bundles. 
Table 5 lists the specifications of the 61-pin bundle, and Table 6 
lists the thermal hydraulic conditions in this facility. In the present 
numerical analysis, the size of the axial meshes was fixed to 1/12 
of the wire wrapping pitch H , which is the recommended value 
for using DRM, as mentioned in Sec. 2.2. ASFRE solved only the 
thermal hydraulic field of the 61-pin bundle in the test case with
out radial heat transfer between the bundles under the low flow 
rate condition for validation of the TTM. Although this test condi
tion without radial heat transfer was applied to the experiment, the 
experimental data indicated the occurrence of a small degree of 
radial heat transfer among the 61-pin bundle, other two bundles, 
and cooling channel. Therefore, to consider the influence of radial 
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Heater 

(a) 

Fig. 9 Overview of CCTL-CFR facility: (a) flow diagram of 
experimental setup and (b) horizontal cross section of simu
lated core 

Table 5 Specifications of 61-pin bundle (CCTL-CFR) 

Index 

Rod pitch , P (m) 
Rod diameter, D (m) 
Wire diameter, d .. (m) 
Wire wrapping pitch , H (m) 
Face-to-face di stance in the wrapper tube (m) 
Heated length , L1, (m) 

Value 

17.4x 10- 3 

16.0 X 10- 3 

1.4 X 10- 3 

0.200 
0.140 

l.70 X 103 

Table 6 Thermal-hydraulic condition of CCTL-CFR {data no. 
ST164 are referred from Ref. [19]) 

Index 

Inlet temperature (0 C) 
Power of 61-pin bundle (W) 
Axial rod power distribution 
Mass flow rate (m3/s) 
Re number at inlet temperature 

Value 

251.0 
14.49 X 103 

Flat 
1.59 X 10- 4 

367 

heat transfer in the experiment, the axial distributions of radial 
heat flux estimated by linear interpolation of the measured data 
were applied to each axial mesh on the side surfaces of the 61-pin 
bundle in the ASFRE calculations. Figures IO and I I show the 
temperature distribution on the middle and top cross sections of 
the heated region in the 61-pin bundle, respectively. The vertical 
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Fig. 10 Temperature distribution of 61-pin bundle on middle 
cross section of heated region along line A, as shown in 
Fig. 9(b) (experimental data are referred from Ref. (191) 
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Fig. 11 Temperature distribution of 61-pin bundle on top cross 
section of heated region along (a) line A and (b) line B, as 
shown in Fig. 9(b) (experimental data are referred from 
Ref. (191) 

axis represents the normalized temperature T* defined in Eq. (23) 
and the lateral axis represents the normalized distance r/Lw. In 
Figs. IO and 11 , the temperature distributions of the numerical 
results obtained using ASFRE and the experimental data are com
pared along the traverse lines A and B shown in Fig. 9(b) . 
Because the local flow acceleration and the flow redistribution 
due to the buoyancy force under the low flow rate were more 
effective for flattening the temperature distribution than those 
under the high flow rate, the measured temperature distributions 
in this bundle under the low flow rate were flatter than those in the 
PLANDTL bundle under the high flow rate, as described in Sec. 
3.2. 1. This flattened temperature profile in the experiment was 
well reproduced by the numerical results of ASFRE with the TIM 
and the DRM. The relative error in the center region was smaller 
than 1 %, and that in the peripheral region was smaller than 5%. 

4 Application of Asymmetrical Flow in Reactor 
Elements to Fuel Assembly With Inner Duct 
Structure-Type Pin Bundle 

Through the validations described in Sec. 3 , the applicability of 
ASFRE in conjunction with the DRM and the TIM engineering 
models for simulating the thermal-hydraulics in the typical FA 
was confirmed. In this section, thermal-hydraulics of FAIDUS 
under two typical conditions of high flow rate and low flow rate 
are analyzed. These conditions correspond to the rated operating 
condition and the natural circulation condition in the Advanced 
SFR, respectively. First, a numerical analysis of the typical FA 
consisting of the 271-pin bundle without the inner duct was con
ducted to compare the thermal-hydraulic characteristics of a 
large-scale pin bundle with those of FAIDUS. Figure I 2(a) shows 
the computational meshes on the horizontal cross section of the 
271-pin pin bundle. Figure I 2(b) shows the arrangement of the 
subchannel meshes on the horizontal cross section of FAIDUS. 
Figure I 2(c) shows the axial regions of the model for ASFRE, in 
which the axial numbers of the cross sections are displayed. The 
flow rate under the natural circulation condition was investigated 
preliminarily and estimated as 3% of the rated value [20]. The 
size of the axial meshes was set to 1 /12 of the wire wrapping pitch 
H, which is the recommended value for use of the DRM, as men
tioned in Sec. 2 .2. Based on the validation study in Sec. 3, it was 
assumed that the relative errors of 10% and 5% in the estimated 
temperature difference l'lT, in Eq. (23) could be considered to be 
associated with the high and the low flow rate conditions, respec
tively, in the present thermal-hydraulics analysis of the large-scale 
FA and FAIDUS. 

4.1 271-Pin Bundle Fuel Assembly Without Inner Duct. 
Table 7 lists the specifications of the 271-pin bundle based on the 
tentative design conditions of the advanced-SFR. As shown in 
Fig. I 2(a) , the numbers of cells in the inner, edge, and comer 
subchannel are 486, 54, and 6, respectively. Table 8 lists the 
thermal-hydraulic condition in the high flow rate case (case HI) 

168 
Outlet 

C: 
154 .2 op cross section 
142 

~ 
"O 
Cl) 

iddle cross section ... 
n, 
Cl) 

84 

69 

Inlet 

Fig. 12 Traverse lines in (a) 271-pin bundle FA, (b) 255-pin bundle FAIDUS, and (c) axial 
region of models 
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Table 7 Schematic specifications of 271- and 255-pin bundles 

Index 

Type 
Number of rods 
P/D 
HID 
Face-to-face distance in the. wrapper tube (m) 
Heated length, L,. (m) 

Typical 
271 

Value 

I.I 0 
19.7 

FAIDUS 
255 

0.1916 
1.00 

Table 8 Thermal-hydraulic conditions of 271-pin bundle FA 

Case HI LI 

Relative flow rate(%) 100 3 
Inlet temperature (0 C) 395.0 
Power of FA (W) 8.82 X 106 265 X 103 

Axial rod power distribution Chopped cosine 
Mass flow rate (kg/s) 36.3 

• ... 
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• • • Case Hl 

a Case Ll 

1.09 
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1.0 
• • ... 

0.5 • Case Hl • 
a Case Ll 

0.0 
-0.50 -0.25 0.00 0.25 0.50 

(b) r/Lw 

Fig. 13 Temperature distribution in 271-pin bundle FA on top 
cross section of heated region along (a) line A and (b) line B, as 
shown in Fig. 12(a) 

corresponding to the rated operating condition and in the low flow 
rate case (case LI) corresponding to 3% of the rated operating 
condition. The axial power distribution of the fuel rods was 
assumed to have a chopped cosine shape. 

Figure 13 shows the temperature distributions on the top cross 
section of the heated region in cases HI and LI. Here, the vertical 
axis represents the normalized temperature r" defined in Eq. (23) 
and the lateral axis represents the normalized distance r/Lw. The 
traverse lines are shown in Fig. 12(a) . In case HI , the temperature 
in the inner region was higher than that in the edge region, which 
was similar to the test results obtained in the PLANDTL experi
ment using the 37-pin bundle described in Sec. 3.2. 1. In addition, 
flat temperature distribution was observed in the inner region in 
the 37-pin bundle test. The flat temperature distribution was 
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Fig. 14 Velocity distribution of 271-pin bundle FA on top cross 
section of heated region along (a) line A and (b) line B, as 
shown in Fig. 12(a) 

probably caused by the effect of increased bundle size. The trend 
in the results is the same as that in the results obtained in previous 
three-dimensional CFD simulations of7-, 19-, and 61-pin bundles 
[21 ] and the 217-pin bundle [22,23 ] with typical FA. Figure 14 
shows the axial velocity distributions of the 271-pin bundle on the 
top cross section of the heated region along the traverse lines (a) 
A and (b) B, as shown in Fig. I 2(a) . Here, the vertical axis repre
sents the normalized axial velocity V/Vmean, where Vmean is the 
averaged axial velocity over the cross section. The lateral axis is 
the normalized distance r/Lw. As shown in Fig. 14, the velocity 
distributions in the inner region were higher in case LI than those 
in case HI. This velocity distribution was probably caused by 
buoyancy force , that is, a certain local flow acceleration due to the 
redistribution of flow in the pin bundle owing to buoyancy force. 
Owing to flow redistrib,ution because of buoyancy force , the tem
perature differi:nce between the inner and the edge regions might 
be smaller in case LI than that in case HI as shown in Fig. 13. 
Thus, ASFRE can analyze the temperature distribution in a large
scale typical FA without an inner duct not only under a high flow 
rate but also under a low flow rate. 

4.2 255-Pin Bundle Fuel Assembly With Inner Duct 
Structure. In the tentative design of Advanced SFR, the use of 
FAIDUS with the 255-pin bundle was considered. In FAIDUS, 
the area of 16 pins near a comer of the wrapper tube in the 271-
pin bundle was replaced with the inner duct. The specifications of 
the 255-pin bundle are essentially the same as those of the 271-
pin bundle, except for the inner duct. The thermal-hydraulic 
conditions of the 255-pin bundle (cases H2 and L2) are listed in 
Table 9. The power and the axial power distribution of each fuel 
rod are the same as those of the 271-pin bundle. The flow rate 
through FAIDUS was determined to maintain the bundle
averaged temperature increase in the 271-pin bundle. As shown in 
Fig. l 2(b) , the numbers of cells in the inner, edge, and comer sub
channels are 454, 54, and 7, respectively. The number and the size 
of axial meshes in the 255-pin bundle were the same as those in 
the 271-pin bundle, as shown in Fig. I 2(c). To adjust the 
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Table 9 Thermal-hydraulic conditions of 255-pin bundle 
FAIDUS 

Case 

Relative flow rate(%) 
Inlet temperature (°C) 
Power of FA (W) 
Axial rod power distribution 
Mass flow rate (kg/s) 

1.5 

H2 

100 

8.30 X 106 
395.0 

L2 

3 

249 X 103 

Chopped cosine 
34.2 1.03 

1.0 

~ 

~·······21, ...... , c1 u?b 1 1 rrrru 

• 
0.5 

0.0 

-0.50 

(a) 

1.5 

1.0 .. • .... 
0.5 

0.0 

-0.50 

(b) 

• Case H2 
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a Case L2 
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r/Lw 

0.00 

r/Lw 

• 

0.25 0.50 

• 

0.25 0.50 

Fig. 15 Temperature distribution of 255-pin bundle FAIDUS on 
top cross section of heated region along (a) line A and (b) line 
B, as shown in Fig. 12(b) 

computational mesh to the subchannel shape of the inner duct , 
two meshes of the edge subchannel were replaced with trapezoidal 
subchannels. Notably, the ORM described in Sec. 2.2 could esti
mate the distribution of the resistance forces due to the rod and 
the wire-spacer in each control volume. Because the specifications 
of the fuel rod and the wire-spacer in FAIOUS are the same as 
those in the typical FA, the new trapezoidal subchannel cell was 
treated in the same way as the other edge subchannel mesh in the 
ORM, and the ORM could analyze the thermal-hydraulics of 
FAIDUS. 

Figure 15 shows the temperature distribution on the top cross 
section of the heated region in cases H2 and L2. The vertical axis 
represents the normalized temperature r* defined in Eq. (23) and 
the lateral axis represents the normalized distance r/Lw. The 
traverse lines are shown in Fig. l 2(b ). Because of the presence of 
the inner duct , the temperature on the right side along line A 
decreases in the more interior region compared to that in the case 
of line B. Asymmetric temperature distributions owing to the 
presence of the inner duct could not be observed along line B, 
along which there was no inner duct. 

Figure 16 shows the axial velocity distributions of the 255-pin 
bundle on the top cross section of the heated region along the tra
verse lines (a) A and (b) B, as shown in Fig. 12(b). The vertical 
axis and the lateral axis represent the normalized velocity V/V mean 

and the normalized distance r/Lw, respectively. It was confirmed 
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Fig. 16 Velocity distribution of 255-pin bundle FAIDUS on top 
cross section of heated region along (a) line A and (b) line B, as 
shown in Fig. 12(b) 

that velocity in the inner region was higher in case L2 than that in 
case H2 owing to the buoyancy force, and the velocity distribution 
was similar to that in case of the 271-pin bundle. 

4.3 Discussion of Influence of Inner Duct. Figure 17 shows 
a comparison of the temperature distribution on the top and the 
middle cross sections of the heated region between the typical FA 
and FA.IOUS. The vertical axis and the lateral axis represent the 
normalized temperature r* defined in Eq. (23) and the normalized 
distance r/Lw, respectively. The traverse lines are shown in 
Fig. 12. In cases HI and H2, the temperature difference between 
the inner and the peripheral regions increased on the top cross sec
tion compared to that on the middle cross section of the heated 
region. In contrast , in cases LI and L2, the temperature difference 
between the inner and the peripheral region decreased from the 
middle to the top cross section owing to local flow acceleration 
caused by the buoyancy fo rce. Although no significant difference 
in temperature distribution was observed between the typical FA 
and FAIOUS, the location of the maximum temperature on the 
top cross section of the heated region in FAIDUS moved slightly 
to the opposite side of the inner duct compared to that in the typi
cal FA. The maximum temperature on the top cross section of the 
heated region in FAIDUS in case H2 was I% higher than that in 
case HI because the percentage of flow path area of the inner sub
channel region over the entire flow area of FAIOUS was smaller 
than that in case of the typical FA, while the ratio of power to 
flow rate was the same in this analysis. In contrast, in cases LI 
and L2, the tendency of temperature distribution in FAIDUS was 
the same as that in the typical FA owing to the local flow accelera
tion and the flow redistribution caused by the buoyancy force in 
the pin bundle. Figure 18 shows a comparison of the axial velocity 
distributions on the top and the middle cross sections of the heated 
region between the typical FA and FAIOUS. In cases HI and H2, 
the difference in axial velocity distribution between the top and 
the middle cross sections of the heated region was small. In con
trast , in cases LI and L2, the axial velocity distributions on these 
cross sections differed considerably. The axial velocity on the 
inner region of the top cross section was larger than that of the 
middle cross section. The buoyancy force could have increased 
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Fig. 17 Temperature comparison on top and middle cross 
sections of heated region along line A, as shown in Figs. 12(a) 
and 12{b): (a) under high flow rate condition and (b) under low 
flow rate condition 

the local flow acceleration and enhanced flow redistribution, not 
only in the typical FA but also in FAIDUS. Figure 19 shows a 
comparison of the temperature distribution on the top cross sec
tion of the heated region along the peripheral line of the wrapper 
tube wall or the inner duct wall . The vertical axis represents the 
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Fig. 18 Velocity comparison on top and middle cross sections 
of heated region, along line A, as shown in Figs. 12(a) and 
12{b): (a) under high flow rate condition and (b) under low flow 
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normalized temperature r" defined in Eq. (23) and the lateral axis 
represents the peripheral position. The temperature at the position 
around 5 rr/3 rad in FAIDUS is locally higher than that in the typi
cal FA. The inner comer of the inner duct is located far from the 
wrapper tube wall. In that position, the sodium temperature in the 
inner region of FAIOUS was higher than that in the peripheral 
region near the inner duct wall , and there was a possibility that a 
specific crossflow through the peripheral region around the inner 
duct might have conveyed the high temperature sodium from the 
inner region to the outer region in the bundle. 

5 Conclusions 

As the first step toward confirming the design feasibility of 
FAIDUS, the influence of the inner duct on the thermal-hydraulics 
in FAIDUS was analyzed under the conditions of the high and the 
low flow rate cases using ASFRE. Before applying ASFRE to 
FAIDUS, the applicability of ASFRE was validated through a 
numerical analysis of the water experiments performed using the 
simulated FAs without an inner duct. The pressure loss coefficient 
over a wide range of Reynolds numbers was calculated using 
ASFRE with the ORM. In addition, a numerical analysis of the 
sodium experiment conducted using the simulated FAs without an 
inner duct was conducted to confirm the validity of ASFRE with 
the ORM and the TIM. The results showed that the coolant tem
perature distributions obtained using ASFRE under the high and 
the low flow rates were consistent with the experimental data. 
After validating ASFRE with the experimental data, thermal
hydraulic analyses of the typical FA and FAIDUS were conducted 
using ASFRE with the ORM and the TIM under two typical con
ditions of the high and the low flow rates. It was confirmed that no 
significant asymmetric temperature and velocity distribution 
occurred, even when the inner duct was present in the pin bundle. 
When FAIOUS was used under the low flow rate condition, the 
obtained temperature distribution showed the same tendency as 
that when the typical FA is used. This was because the local flow 
acceleration and the flow redistribution caused by the buoyancy 
force when using FAIDUS were nearly the same as those when 
using the typical FA. Through this study of ASFRE, it was clari
fied that the influence of the inner duct of FAIDUS on the 
thermal-hydraulic field in the pin bundle is small. In the future , 
further thermal-hydraulics analysis of FAIDUS will be performed 
using a three-dimensional in-house CFO code called single-phase 
thermal-hydraulic analysis in an irregular rod array layout (SPI
RAL) [24]. and the present results obtained using ASFRE will be 
compared with those obtained using SPIRAL. 

Nomenclature 

A = flow area, m2 

A' = total wetted surface area including wire spacer, 
m2 (AR+Aw) 

Arr= fluid-fluid interface area, m2 
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Ar, = fluid-solid interface area, m2 

A8 = gap flow area without the wire-spacer, m2 

Amg = minimum gap flow area, m2 

AR = fuel rod surface area, m2 

Aw= wire surface area within control volume, m2 

C = coefficient in DRM 
CON = calibration constant of DRM 

CP = specific heat at constant pressure, J/kg K 
D = fuel rod diameter, m 

D, = hydraulic diameter, m (4Aff/P "') 
dw = wire diameter, m 

e = internal energy, J 
f= friction factor (hr/(LV2/Dc2g)) 
F = force, N 

FDR = force due to the rod and wire surface, N 
G = axial mass flux, kg/s m2 

G = averaged axial mass flux, kg/s m2 

((G; + G1)/2) 
g = gravitational acceleration, m/s2 

h = heat transfer coefficient, W/m 2 K 
H = wire wrapping pitch , m 
h1 = friction head, m 
k = thermal conductivity, W/m K 
L = length, m 

L,. = heated length, m 
Lw = length of wrapper tube along diagonal line, m 
,ii = mass flow rate at inlet, kg/s 

11 = calibration constant of DRM 
fi = unit vector normal to surface 
P = fuel rod pitch, m 

Pw = subchannel wetted perimeter, m2 

q = heat flux, W/m2 

Q = power, W 
r = radial distance, m 
R = distributed resistance term, N 
t= time, s 

T = temperature, °C 
T" = normalized temperature 
u = lateral velocity component, m/s 

u8 = gap flow velocity, m/s 
v = fluid velocity, m/s (v2 = w2 + u2

) 

V mean= cross section average of axial velocity, m/s 
w = axial velocity component, m/s 

w'iJ = flow rate per unit length from subchannel i to 
subchannel j, kg/s m 

z = axial distance, m 

Greek Symbols 

f3 = mixing factor ( w';jGdw) 
8 = difference 

8P = pressure difference, Pa 
8T, = estimated temperature increase 
8V1= net fluid volume, m3 

M = axial mesh length, m 
0 = angle of fluid velocity from vertical direction, 

rad 
Oc = circumferential angle, rad 
}, = pressure loss coefficient; (8P/(LpV2/2Dc)) 
µ = viscosity, Pa·s 
p = density, kg/m3 

, = stress tensor, Pa 
<p = wire angle, rad 

Subscripts or Superscripts 

A= axial 
c = circumferential 

DR = distributed resistance 
e = equivalent (hydraulic) or estimated 
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f = fluid or friction 
ff= fluid-fluid interface 
fs = fluid-solid interface 
g = gap 
h = heated 
i = subchannel i 
ij = from subchannel i to subchannel j 
in= inlet 
j = subchannel j 
L = lateral 

mg = minimum gap 
mean= cross section mean (average) value 

N = normal 
R = fuel rod 
T = tangential 

W = wetted or wire or wrapper tube 

Acronyms and Abbreviations 

Advanced SFR = advanced loop-type sodium-cooled fast reactor 
ASFRE = thermal-hydraulic analysis of asymmetrical 

flow in reactor elements 
CCTL-CFR = core component test loop with core flow 

redistribution 
CFD = computational fluid dynamics 
CTC = Cheng and Todreas pressure loss correlation for 

wire-wrapped rod bundle friction factor 
DRM = distributed resistance model 

FA = fuel assembly 
FAIDUS = fuel assembly with inner duct structure 

FFTF = fast flux test facility 
ILUBCG = incomplete LU biconjugate gradient 

JAEA = Japan Atomic Energy Agency 
PLANDTL = plant dynamics test loop 

SFR = sodium-cooled fast reactor 
SPIRAL = single-phase thermal-hydraulic analysis in an 

irregular rod array layout 
TIM = Todreas-Turi correlation model 

Nondimensional Numbers 

Nu = Nusselt number (h L/k) 
Pe = Peclet number (Re Pr) 
Re = bundle-averaged Reynolds 

number (p Vmean D,/µ) 
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l Introduction 

Laminar Natural Convection 
Heat Transfer From Vertical 
7 x 7 Rod Bundles in Liquid 
Sodium 
Laminar natural convection heat transfer from vertical 7 x 7 rod bundle in liquid sodium 
was numerically analyzed to optimize the thermal- hydraulic design for the bundle geom
etry with equilateral square array (ESA). The unsteady laminar three-dimensional basic 
equations for natural convection heat transfer caused by a step heat flux were numeri
cally solved until the solution reaches a steady-state. The code of the parabolic hyper
bolic or elliptic numerical integration code series (PHOENICS) was used for the 
calculation considering the temperature dependence of thermophysica/ properties con
cerned. The 7 x 7 heated rods for diameter (D = 0.0076 m), length (L = 0.2 m) and LID 
(=26.32) were used in this work. The swface heat fluxes for each cylinder, which was 
uniformly heated along the /engt~ , were equally given for a modif1ed Rayleigh number, 
(Raf~ij and (Ra1.J Nx xNy,S1D, ranging from 3.08 x Jr/ to 4.28 x JO (q = I x id' ~7 x Jr/' 
Wlm ) in liquid temperature (h = 673 .15 K ). Th e values of ratio of the diagonal center
line distance between rods for bundle geometry to the rod diameter (SID) for vertical 
7 x 7 rod bundle were ranged from J .8 to 6 on the bundle geometry with ESA. The spatial 
distribution of average Nusselt numbers for a vertical single cylinder of a rod bundle, 
(NuavJij, and average Nusselt numbers f or a vertical rod bundle , (Nuav,B)Nx xNy.S/D , were 
clarified. The average values of Nusselt number, (Nu 0 ,.)ij and (Num·.BJNxxNy,S/D, for the 
bundle geomet1y with various values of SID were calculated to examine the effect of 
array size, bundle geometry, SID, (RaJiJij and (RaJiJNx xNy,StD on heat transfer. The bun
dle geometry for the higher (Nu 0 •• 8JNxxNy.SID value under the condition of SID= constant 
was examined. The general correlations for natural convection heat transfer from a verti
cal NxxNy rod bundle with the ESA and equilateral triangle array (ETA), including the 
effects of array size, (Ra1.JNxxNy.SID and SID were derived. The correlations for vertical 
NxxNv rod bundles can describe the theoretical values of (Nuav.B)Nx xNv.swfor each bun
dle geometry in the wide analytical range of SID (= l .8-6) and the modified Rayleigh 
number ((Ra1iJNxx Ny.SID = 3 .08 x Jr/ to 4.28 x 107

) within -9.49 to J0.6% differences. 
[DOI: I0.1115/1.4042356] 

Keywords: laminar natural convection heat transfer, liquid sodium, vertical 7 x 7 rod 
bundle, array size , ESA, ETA 

Knowledge of natural convection heat transfer from a vertical 
Nx x Ny rod bundle in liquid sodium is important as a database for 
the natural circulation and the design of a heat exchanger in a fast 
reactor core for decay heat removal in the case of a loss of coolant 
accident and a loss of flow accident. However, there has been pub
lished little fundamental experimental work from a vertical 
Nx x Ny rod bundle in liquid sodium . 

for use in subchannel analysis codes. And they presented specific 
correlations for subchannel and bundle friction factors, flow split, 
enhanced eddy diffusivity , and the peripheral wire-induced swirl 
velocity. Ninokata et al. [3] have developed three-dimensional 
flow hydrodynamic distributed resistance models for rod bundles. 
The models were tested against subchannel velocity and tempera
ture data taken from bundles of triangular rod array configurations 
with wire spacers. Gajapathy et al. [4] have predicted flow and 
temperature distributions of sodium in generating fuel pin bundle 
with helically wound spacer wire from basic principles by solving 
the three-dimensional conservation equations of mass, momen
tum, and energy, for a wide range of Reynolds number. The 
geometry details of the bundle and heat flux from the fuel pin are 
similar to those of the Indian prototype fast breeder reactor. Rolfo 
et al. [5] presented refined three-dimensional simulations of the 
flow and heat transfer in fuel assemblies as found or suggested for 
liquid metal coolant fast reactor. The wire spacers, helically 
wound along the pin axis, generated a strong secondary flow pat
tern in opposition to smooth pins. Merzari et al. [6] investigated 
the effect of pin-wire contact modeling from the point of view of 
both the hydraulic and the heat transfer characteristics. In particu
lar, it focused on the prediction of the hot spot in conjugate 
heat-transfer calculations. Several other choices for the wire-pin 
interface modeling, including the introduction of a nominal gap 
between the wire and wall , were exam ined. Hu and Fanning [7] 

Laminar natural convection heat transfer from a vertical rod 
bundle in liquid sodium and in liquid metal has been studied as 
follows: Dutton [ I] conducted an experimental investigation for 
natural convection heat transfer in an array of uniformly heated 
vertical cylinders in mercury. The test section consisted of seven 
electrically heated cylinders of 0.034671 m diameter and 
0.097155 m heated length arranged in equilateral triangle pattern. 
Four geometries were studied : the single vertical cylinder (Pl 
D = oo), and three bundle spacings, PID = 1.5, 1.3, and 1.2, where 
P/D is the pitch-to-diameter ratio. Rod-average correlations for 
the four geometries were presented. Cheng and Todreas [2] have 
developed consistent hydrodynamic models for subchannel fric
tion fac tors and mixing parameters in wire-wrapped rod bundles 
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have developed a three-dimensional momentum source model 
to model the anisotropic flow without the need to resolve the 
geometric details of the wire wraps to improve the hydraulic mod
eling of wire-wrap spacers in a rod bundle. An overview of state
of-the-art evaluations of fuel assembly and pool thermal hydraul
ics for liquid metal fast reactors was provided by Roelofs et al. 
[8]. The tight interaction required between experiments and 
advanced numerical simulations were shown. Furthermore, the 
latest worldwide developments using computational fluid dynam
ics (CFD) simulation technics with a special focus on the develop
ments and achievements within Nuclear Reactor and Consultancy 
Group in the Netherlands were highlighted. Raj and Velusamy [9] 
have carried out Reynolds-averaged Navier-Stokes based CFD 
simulation of flow and temperature fields in a sodium-cooled fast 
reactor fuel subassembly, which consists of 217 pins with helical 
wire spacers. Based on the investigation of transverse and axial 
flows in different types of subchannels, correlations have been 
proposed for calculation of transverse flow, which forms an 
important input for development of subchannel analysis codes. 

Recently, natural convection heat transfer from vertical 
5 x 5 rod bundles in liquid sodium was numerically analyzed for 
two types of the bundle geometry with equilateral square array 
(ESA) and equilateral triangle arrays (ET A). The unsteady lami
nar three-dimensional basic equations for natural convection heat 
transfer caused by a step heat flux were numerically solved until 
the solution reaches a steady-state. The code of the parabolic 
hyperbolic or elliptic numerical integration code series 
(PHOENICS) was used for the calculation considering the temper
ature dependence of thermophysical properties concerned. The 
5 x 5 heated rods for diameter (D = 0.0076 m), length (L = 0.2 m), 
and Lid (=26.32) were used in this work. The surface heat fluxes 
for each cylinder, which was uniformly heated along the length, 
were equally given for a modified Rayleigh number, (Ra1.L)ij and 
(Ra1.L)s x,1,sw, ranging from 3.08 x I 04 to 4.19 x !07 (q = 1 x I 04 

~ 7 x IO W/m2
) in liquid temperature (TL=673 . 15 K). The val

ues of ratio of the diagonal center-line distance between rods for 
bundle geometry to the rod diameter (SID) for vertical 5 x 5 rod 
bundles were ranged from 1.8 to 6 on each bundle geometry. The 
spatial distribution of local and average Nusselt numbers , (NU8 v);1 
and (Nuav.Bh x s.sw, on vertical rods of a bundle was clarified. 
The average value of Nusselt number, (Nu •• )u and (Nuav.Bh x s.st 
0 , for two types of the bundle geometry with various values 
of SID was calculated to examine the effect of the bundle geome
try, SID , (Raf.L)ij and (Ra1.L)s x s.stD on heat transfer. The 
bundle geometry for the higher (Nuav.nh x s.stv value under the 
condition of SID= constant was examined. The correlations for 
(Nuav.nh x s.s1D for two types of bundle geometry above mentioned 
including the effects of (Ra/L)s x s.s1D and SID were developed. The 
correlations can describe the theoretical values of (Nuav.n)s x s.s1D 
for two types of the bundle geometry for SID ranging from 1.8 to 6 
within -12.64 to 7.73% differences [ I 0-13]. 

The objectives of present study are: (I) to analyze theoretically 
laminar natural convection heat transfer from vertical 7 x 7 rod 
bundle in liquid sodium to optimize the thermal-hydraulic design 
for the bundle geometry with ESA, (2) to obtain the numerical sol
utions of average Nusselt numbers on a vertical single cylinder of 
a rod bundle, (Nu •• )u, and average Nusselt numbers on a vertical 
7 x 7 rod bundle, (Nu0 •. 8 h x 1.sw, from theoretical laminar natural 
convection equations for wide ranges of (Ra1.L)ij, (Ra1.Lh x 1.s1D 
and SID on bundle geometry, (3) to clarify the effect of array size, 
(Ra1.L);1, (Ra1.Lh x 1.s1v and SID on heat transfer, (4) to obtain the 
array size accompanied with a higher heat transfer coefficient, and 
(5) to derive general correlations for natural convection heat trans
fer from a vertical Nx x Ny rod bundle with ESA and ETA to 
describe the effect of array size, bundle geometry, (Ra1L)Nx xNy.S1D 
and SID on laminar natural convection heat transfer. 

2 Apparatus and Method 
Explanations on major parts of the apparatus are as follows 

[ IO]: The test vessel is shown schematically in Fig. I. It is a 
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Fig. 1 Schematic diagram of a test vessel with a 0.00762-m 
diameter test cylinder 

cylindrical vessel of 0.288 m in inner diameter and 0.64 m in 
height containing liquid sodium of about 0.03 m3

• A test cylinder 
is mounted vertically at a distance of 0.05 m from the central axis 
of the vessel. Measuring device of the vertical temperature distri
bution in the liquid consisting of several K type thermocouples 
and one standard R (13 %) type thermocouple is mounted verti
cally at a distance of 0.1 m from the central axis of the vessel on 
the opposite side to the test cylinder by using a flange on the top 
of the vessel. Liquid temperature measured by the standard R 
(13 %) type thermocouple located at the height of0.17m from the 
inner bottom of the vessel was regarded as the bulk liquid temper
ature, h, in this work. The value of TL would be defined as the 
inflow liquid temperature at the leading edge of the heated section 
for the test cylinder. Lower part of the vessel up to the· height of 
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0.5 m is in an electric furnace whose power is proportional , inte
gral and derivative terms controlled to keep the liquid in the vessel 
at a desired temperature. 

The test cylinder used in the experiment is shown in Fig. 2. It 
was 0.00762 m in diameter and 0.186 rn in heated length. The leading 
edge of the heated section for the test cylinder was located at the 
height of 0.12 m from the inner bottom of the vessel. The test cylin
der was a nickel sheathed once-through current type with a spiral tan
talum heating element one end of which is connected to an electrode 
with a potential tap, the other end being grounded to liquid sodium. 
Boron nitride was used as the electrical insulation material. Eight 
0.0005-m diameter K type thermocouples were embedded in the 
grooves on the test cylinder surface, brazed, and surface-finished. 

The heating current to a test cylinder was supplied by a power 
amplifier, which can sup ply a direct current of up to 600 A at a 
power level of 21 x JO W; 0.05% of maximum output current 
value +0.01 A or less accuracy. The input signal of the power 
amplifier was controlled by an analog computer so that the heat 
generation rate in the test cylinder agreed with a desired value. 
The surface heat flux for the test cylinder, which was uniformly 
heated along the length, was ranged from 2 x 104 to 2 x 106 W/m2 

at each bulk liquid temperature. 
Signal voltages expressing the heating current and the terminal 

voltage of the test heater, heater surface temperatures, and bulk 
liquid temperatures are sent to each insulated amplifier, and the 

. amplified signals were led to a digital computer through AID con
verters. The heat flux, q, was calculated from the measured values 
of the heating current and the terminal voltage. The meas.med out
put voltage for each thermocouple was converted to temperature 
by using the voltage-temperature relation preliminary calibrated 
for each thermocouple. The calibration was performed in sodium 
by using a standard precision R (13%) type thermocouple. The 
heater surface temperature, T.,, was calculated from the measured 
temperature at 0.00025 m inner positions from the surface by solv
ing the heat conduction equation in the heater sheath supposing a 
uniform surface heat flux , q. Measurement error was estimated to 
be I% in the heat flux and 2 K in the heater surface temperature. 

Experiments were performed as follows: After charging up liq
uid sodium to the test loop from the storage tank, sodium was 
purified to an oxide content of less than 5 ppm by circulating it 
through a cold trap at the temperature of 390 K for about 8 h. 
Then, the circulation pump was shut off and liquid level in the test 
vessel was adjusted to about 0.35 m from the leading edge of the 
heated section. Liquid temperature was raised and kept constant at 

. up 

D 
0.186 

the desired value (673 , 773, and 873 K) by using the electric fur
nace. Pressure of Argon cover gas was kept constant at around 
atmosphe~ic. After the electric furnace was turned off and the sys
tem has reached a steady-state with the vertical temperature distri
bution of less than 2 K in the liquid, electric current to the test 
cylinders was gradually raised to a desired heat flux level. The 
heat flux was kept for 76 s during which the measurements were 
made in the time intervals of 0.1 s at each heat flux level. 

3 Theoretical Solution of Laminar Natural 
Convection Equations 

A test vessel with a 0.00762-m diameter test cylinder and one
half model of the test vessel for a vertical 7 x 7 rod bundle with 
0.0076-m diameter heated cylinders are shown schematically in 
Figs. 3(a) and 3(b). These are a cylindrical vessel of 0.288 m in 
inner diameter and 0.47 m in height and a rectangular vessel of 
0.288 m in width, 0.32 m in length and 0.47 m in height containing 
liquid sodium of about 0.04332 m3

• A single test cylinder and a 
7 x 7 rod bundle with 49 single heated cylinders of D = 0.0076 m 
in diameter were mounted vertically at a central axis of the vessel, 
respectively. Natural convection heat transfers from vertical 
7 x 7 rod bundles are numerically analyzed for the bundle geome
try with ESA as shown in Fig. 4. The 7 x 7 heated cylinders with 
ESA are mounted vertically at even intervals on circumference of 
diameter S m with a central axis of the vessel. The diagonal cen
terline distance between rods for bundle geometry is defined as S 
m by the chimney effect: buoyancy driven flow. 

3.1 Fundamental Equations. Considering the one-half sym
metry model of the problem for calculation with ESA as shown in 
Fig. 4 , the unsteady laminar three dimensional basic equations in 
boundary fitted coordinates for ESA in Figs. 5(a) and 5(b) are 
described as follows: 

(Continuity equation) 

op o o a 
ot + OX (pu) + i}y (pv) + oz (pw) = O (1) 

(Momentum equation) 

(2) 

downD Healed section 

~ 

Fig. 2 Schematic diagram of a 0.00762-m diameter test cylinder 
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Fig. 3 Schematic diagrams: A test vessel with a 0.00762-m (0.0076-m) diameter test cylinder 
(a) and 1/2 Model of a test vessel for a vertical 7 x 7 rod bundle with 0.0076-m diameter heated 
cylinders (b) 

Top view for 7x7 rod bundle with ESA 
1/2 Model 

y 

Fig. 4 Top view for vertical 7 x 7 rod bundle with ESA 

i} i} i} i} 
8t (pv) + Bx (puv) + By (pvv) + Bz (pwv) 

8P ( a a a ) =--8 + ,,r,y+ -8 !yy+-8 r,y y ux y. z . 

(Energy equation) 

(3) 

(4) 

(5) 
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Fig. 5 Boundary fitted coordinates: ESA ((a) and (b)) 

where 

av 
! yy = 2pv-a , 

y 

(
au av) 

' xv = ' vx = pv -a + -a , . . y X (
av aw) 

Ty: = Tzy = pv az + Dy , 

ta, = Txz = pv(~; + !:) 

(6) 

(7) 

u, v, and w are the x , y , and z components of a velocity vector, 
respectively . 

3.2 Boundary Conditions. The calculation domains for 1/2 
symmetry models of a rectangular vessel of 0.288 m in width, 
0.32 m in length, and 0.47 m in height were divided into (82, 209, 
37) grid points for the x, y, and z components with ESA. And as 
described in the following Fig. 5, the first control volume width 
for r-component, ( ~r)0 u, ( =fu and ~y), on the heated section was 
given 0.0004 m as shown in Fig. 4 [ I 0-1 3]. The time-step, ~t, 
was set to 0.03 s. The fundamental equations are numerically ana
lyzed together with the following boundary conditions. 

On the surfaces of uniformly heated cylinders: constant heat 
flux and nonslip condition. 

At the outer boundary of test vessel 

T= To , Bu =O 
Bx 

and T = To, 
av 
Dy= 0 for in - flow (8) 

aT = O 
ax , 

au= O 
ax 

and BT = O 
By , 

av = O 
By 

for out - flow 

At the lower and upper boundaries 

T= To, 

8T 
i)z = 0, 

aw= 0 for in - flow az 
Bw oz = 0 for out - flow 

where T0 is a bulk liquid temperature. 

(9) 

(10) 

( 11 ) 
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3.3 Method of Solution. The control volume discretization 
equations were derived from these fundamental equations by 
using the hybrid scheme [ 14]. The thermophysical properties for 
each control volume such as specific heat at constant pressure 
(c,,) , thermal conductivity (},), dynamic viscosity (µ) , and density 
(p) are given as those at each volume temperature. The procedure 
for the calculation of the flow field is the SIMPLE algorithm, 
which stands for semi-implicit method for pressure-linked 
equations. 

The surface heat fluxes, q, for each cylinder, which was uni 
formly heated along the length, were equally fiven in the range of 
Ix 104, 2 x I04, 7 x l04, I x 105

, 2 x !O, 7xl05
, l x I06

, 

2 x 106, and 7 x 106 W/m2 as an initial condition, and numerical 
calculation was continued until the steady-state was obtained. The 
surface temperature on the cylinder was calculated from the ana
lyzed temperature of the first control volume on the cylinder sur
face , temperature (TEM), which is supposed to be located on the 
center of the control volume, by solving the thermal conduction 
equation in liquid sodium as follows [ I 0- 13]: 

(12) 

where ( ~r)0 u, is the first control volume width for the ,._ 
component. In Fig. 6, the heated cylinder surface is located at 
r = O m and the conductive sublayer [ 11 - 13,15,16] exists on the 
heated cylinder surface. The liquid temperatures in the conductive 
sublayer on the heated cylinder surface will become linearly lower 
with an increase in the radius by the heat conduction from the sur
face temperature on the heated cylinder, Ti= T, - (q/},,)[(~r)0 u,I 
2]. And let those , T1, equal the TEM as given in Eq. ( 12) . Half the 
first control volume width for the r-component, (~r)0u1/2 , would 
become the thickness of the conductive sublayer, bcsL, for the 
local heat transfer on a vertical cylinder under two-phase model 
classified into laminar sublayer and transition region of the 
buoyancy-driven flow . The thickness of the conductive sublayer, 
licsL, for the laminar heat transfer on the cylinder of D = 0.0076 
m and L = 0.2 m in Fig. 6 is constant at almost 2 x I 0- 4 m at the 
surface heat fluxes , q, of I x 104, 2 x 104, 7 x 104, I x 105

, 

2 x 105
, 7 x 105

, I x 106, 2 x 106, and 7 x 106 W/m 2
, respec

tively. Average heat transfer coefficient on each cylinder surface 
was obtained by averaging the calculated 36 (8 direction) x 20 (z 
direction) local surface temperatures at every IO deg and 10- 3 m, 
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Fig. 6 Liquid temperatures in the conductive sublayer, "csL, 
based on numerically predicted data points (solution of 
unsteady laminar three dimensional basic equations) for verti
cal single cylinder with D= 0.0076 m 

(Ts.m·)ij = (l/Nz)f/\l !No)f/8 1T,(0, z);j dO dz, in the heated 
length, L, of 0.2 m. All the calculations were made by using the 
PHOENICS code [17]. 

4 Results and Discussion 
In this section, correlations of natural convection heat transfer 

from a vertical single cylinder and vertical 5 x 5 rod bundles with 
ESA and ET A previously obtained are first explained. The corre
lations for vertical 7 x 7 rod bundles with ESA and ET A are 
derived by the use of the following correlation for a vertical single 
cylinder. 

Table 2 Parameters for Calculation on a vertical single test 
cylinder 

System pressure (P) (Pa) 
Cylinder diameler (D) (m) 
Heated length (L) (m) 
Liquid temperature (TL) (K) 

101 ,300 
0.00762 (0.0076) 
0.186 (0.2) 
673 , 773 and 873 

Heat flux (q) (W/m 2
) I X 104, 2 X 104, 7 X 104, 2 X 1()'5, 

7 x 105 and 2 x 106 

Ra1.,(=Gr;Pr2/(4 + 9Pr 112+ IOPr)) 2.1-4.3 X 106 

4.1 Correlations for a Vertical Single Cylinder (N = 1) 
Previously Obtained. 

4.1.1 Local Nusselt Number. The local Nusselt number, Nuz, 
for the experimental data and the numerical solutions from liquid 
sodium and the numerical solutions from air are approximately 
expressed by the following correlation [ I 0, 18- 20]: 

Nu, = [ I + ~ (!_) o.
86

] Ra'f0·2 ( 13) 
(Ra;) · D 

where 

C = 0.85 Pr 
( )

- 0.2 

4 + 9Pr 1/ 2 + IOPr 
( 14) 

Ra; = Gr;Pr ( 15) 

( 16) 

Gr*Pr2 

Ra= 2 

'f 4 + 9Pr1/ 2 + IOPr 
( 17) 

In case of liquid sodium for liquid temperatures ranging from 673 
to 873 K, C is constant ranging from 3.258 to 3.375 and almost 
equals to 3.36. The curves of Nu, derived from the correlation, 
Eq. ( 13 ), are in agreement with the experimental data and the 
numerical solutions for vertical single cylinders within 20% 
difference. 

Natural convection heat transfer from a single vertical cylinder 
of 0.00762-m diameter to liquid sodium was measured for bulk 
liquid temperatures of 673, 773, and 873 K. Liquid head, H, from 
the leading edge of the heated section was kept at about 0.35 m 
and the heat flux ranged from around 2 x 104 to 2 x 106 W/m2

: 

the modified local Rayleigh numbers , Ra1 [=Grx*Pr2/(4 + 9Pr 112 

+ IOPr)], ranged from 1.5 x 102 to 4.7 x 106
. Experimental condi

tions are tabulated in Table I . On the other hand, theoretical equa
tions for laminar natural convection heat transfer from a vertical 
cylinder were numerically solved for the same conditions as the 
experimental ones considering the temperature dependence of ther
mophysical properties concerned by using a commercial CFO code 
PHO ENI CS [ 17]. Table 2 shows the parameters used for the 
calculation. 

Table 1 Experimental conditions on a vertical single test cylinder 

Measured parameter 

System pressure (P) (Pa) 
Cylinder diameter (D) (m) 
Heated length (L) (m) 
Liquid temperature (h) (K) 
Liquid head (H) (m) 
Heat flu x (q) (W/m2

) 

Heat Iransfer coefficient (h) (W /m2 K) 
Ra1.:(=Gr, ' Pr2/(4 + 9Pr 112+ I OPr)) 

021002-6 / Vol. 5, APRIL 2019 

Measured value 

90,600-101 ,150 
0.00762 
0.186 
663-887 
0.312--0.357 
2 X 104 to 2 X 106 

l.2044X 104-1.5315 X 104 

1.5 X 102 to 4.7 X 106 

Uncertainty 

±3.949% 
±0.197% 
±0.215% 
±0.209% 
±0.321% 
±0.378% 
±8.899% 
±0.378% 
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Experimental Data 
Pressure 94,200-95, 100 Pa 
Liquid Temp. 766-798 K ~ Numerical Solution 
Liquid Head 0.336 m for Vertical Cylinder 
Heater Diam. 0.00762 m - - Eq. (13) 
Heated Length 0.186 m I .. 

1x1o•w1m2 

2x1o•w1m2 

0.05 0.1 0.15 0.2 0.25 

z (m) 

Fig. 7 Experimental data of local surface temperature rises, 
( T5 )z- h, for vertical single test cylinder versus the vertical dis
tance from the leading edge of the heated section, z, at heat 
fluxes of 2 x 105 to 2 x 106 W/m2 compared with the numerical 
solutions and Eq. (13). 

The local surface temperatures, (T .. )c, on the test cylinder were 
calculated from the temperatures measured by the thermocouples 
embedded in the sheath by solving heat conduction equation in 
the sheath. Typical experimental results of the local surface tem
perature rises, (Ts): - h , at seven positions on the nickel sheathed 
test cylinder of 0.00762-m diameter are shown against the vertical 
distance from the leading edge of the heated section, z, in Fig. 7 
for the liquid temperature of about 773 K and the heat flux , q, 
ranging from 2 x I05~2 x I06 W/m2

. For each heat flux , the local 
surface temperature becomes higher with increasing z as shown in 
the figure. The increasing rate of (Ts): - h is steep near the lead
ing edge and it becomes gradually gentle for z larger than 0.03 m. 
The local surface temperature increases with the increase in the 
heat flux , q, at a fixed z. Numerical solutions of (T,)z - h for a 
vertical cylinder at the same conditions as the experimental ones 
are also shown in the figure as the red solid circles for comparison. 
The experimental values of (T,): - h are almost in agreement 
with the corresponding theoretical ones, although the experimen
tal ones for q = 2 x I 06 W /m2 are somewhat scattered in compari
son with the theoretical ones. It is assumed that turbulent eddies 
would be formed at some distance from the leading edge, depend
ing on the temperature difference between cylinder surface and 
environment. The values obtained from Eq. ( 13) are also shown in 
the figure as red broken lines for comparison. These temperature 
distributions are almost in good agreement with those for the 
experimental data and the numerical solutions on a vertical single 
cylinder within -14.91 to 18.25 % differences and - 8.14 to 
- 2.52% ones. 

4.1.2 Average Nusselt Number. The average Nusselt number, 
Nuav, for a vertical single cylinder is expressed from Eq . (13) as 
follows: 

Nu - - + - Ra0·2 [ I C (L) 0
·
86

] 
av - 0.8 0.86(Rai)0 2 D 'f .L 

( 18) 

where 

Ra~= Gr~Pr ( 19) 

Journal of Nuclear Engineering and Radiation Science 

(20) 

Gr*Pr2 
Ra - L 

'!.L - 4 + 9Prl /2 + IOPr 
(2 1) 

The values of the average Nusselt number, Nuav, derived from 
the correlation, Eq. (18) , on a vertical single heated cylinder of 
0.00762 m in diameter and 0.186 m in length become 41 .502 and 
45 .511 for the heat fluxes , q, of I x I06 and 2 x 106 W /m2 at the 
liquid temperature of 673.15 K, and 42.386 and 46.576 for the 
heat fluxes , q, of I x 106 and 2 x 106 W/m 2 at the liquid tempera
ture of 773.15 K, respectively. 

The typical example of the laminar natural convection heat 
transfer curve for vertical cylinder, D, of 0.00762 m, heated 
length, L , of 0.186 m and heated length-to-cylinder diameter 
ratios, Lid, of 24.41 without helical wire spacer at the liquid tem
perature, h, of around 773 . 15 K is plotted versus the temperature 
difference between average inner surface temperature and liquid 
bulk mean temperature, 11h (=Ts.av - h), in Fig. 8. The numeri
cal solutions for the relation between the heat flux , q, and the tem
perature difference between average inner surface temperature 
and liquid bulk mean temperature, 11h, are shown as green solid 
circles. The numerical solutions of the theoretical equations for 
laminar natural convection are in good agreement with the experi
mental data and the values derived from Eq. ( 18) within -15% 
differences as shown in Fig. 8. The thickness of the conductive 
sublayer, bcsL, for the laminar natural convection heat transfer on 
the vertical cylinder of D = 0.00762 m and L = 0.186 m in Fig. 8 
is 2 x I 0- 4 m. The thickness of the conduction sublayer does not 
depend on the heat flux and is almost constant at 2 x I 0- 4 m in 
the wide q and 11h regions. 

4.2 Correlations for Vertical 5 x 5 Rod Bundles With 
Equilateral Square Array and Equilateral Triangle Array 
Previously Obtained. The effect of SID on natural convection 
heat transfer from vertical 5 x 5 rod bundles with the ESA and 
ETA was estimated based on the numerical solutions for the SID 
ranging from 1.8 to 6 at the heat flux , q, of I x 106 W/m2 

((Rat.Lh x 5.S/D= 3.52x 106
) (12,13]. The (Nuav.Bh x 5.S/D values 

for vertical 5 x 5 rod bundles with ESA and ET A agree each other 
forming two straight lines, respectively, and can be expressed by 
the following empirical correlations: 

• F..J:perimenhll Data 
Pressure 94.l00-95.100 Pa 
Li"'id Temp. 766-798 K 
Li.,..id Head 0.336 m 
Jkakr Diam. 0.00762 m 
I.kat<dLength 0.186 m 

~umrrical Solution 
r ... Vertical Cvlindl.'r 
• -6csL=ixtff"m 6cn " 

· - - F.q. (18) I>' 

, , 
/ " 

, ,., 

, , 

Fig. 8 Heat transfer process on the vertical cylinder of 
D = 0.00762 m and L = 0.186 m without helical wire spacer com
pared with heat transfer curves numerically analyzed by 
ocsL = 2 x 10-4 m, and thickness of conductive sublayer, <>csL 
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(NUav,B)sxS,S/D = 2.21 + 24.5 X In(~) for S/D ~ 4.47 , ESA 

(22) 

(Nuav,B)s xs,S/D = Nuav = 38.88 for S/D> 4.47, ESA (23) 

{NUav,B ls xS,S/D = 5.89 + 24.5 X ln (~) for S/D ~ 3.84, ETA 

(24) 

{Nuav,B)s xs,s/D = Nuav = 38.88 for S/D > 3.84 , ETA (25) 

The widely and precisely predictable correlation of natural con
vection heat transfer from vertical 5 x 5 rod bundles with ESA 
and ETA in liquid sodium was given based on the numerical 
solutions. 

(Nuav,B)s xS,5/D = C, X {Rar,L)~ xS,S/D 

x [o'.8 + 0.86(~a;f2 (t) os6] {Ra1,1. )~; s,s;o 

(26) 

(
s)2.47 

C, = 0.00394 x D for ESA (27) 

n= 0.267 - 0.0341 x (i) forESA (28) 

(s) 2.s2 
C1 = 0.00550 x D for ET A (29) 

n= 0.263 - 0.0390 x (~) for ETA (30) 

The numerical solutions for (Nuav.sh x 5,s,o with ESA and ET A 
are in good agreement with the values given by the correlations, 
Eqs. (26)- (28), within -8.90 to 2.90% differences and Eqs. (26) , 
(29) and (30), within -12.64 to 7.73 % differences under the wide 
range of SID as shown in Figs. 9 and I 0, respectively. 

4.3 Calculated Results for Vertical 7 x 7 Rod Bundle With 
Equilateral Square Array. Natural convection heat transfer 
from vertical 7 x 7 rod bundle was numerically analyzed for the 
bundle geometry of an ESA as shown in Fig. 4. SID for the rod 
bundle, which are ratios of the diagonal center-line distance 
between rods for bundle geometry to the rod diameter, on the bun
dle geometry were ranged from l .8 to 6 with ESA. The surface 

0 ur 
ill 
,,; 

~ 
~ 

:::, 
2 
-:: to' 

> .. 
:::, 
2 

Numerical Solutions for Vertical 6x6 Rod Bundle 
with ESA Vertk:al single cylinder 1.1m 

Pressure 101,300 Pa Eq. (18) - -Nun~-37•Rar.L1Ln 
Uquld Temp. 673 K o -Nu.,=S.55.Ri\o.&. 
Heater Diam. 0.0076 m 
Heated Length 0.2 m 

• -5/0=3 
• ---5/0=5 

I 10 
Ra1,L, (Ra1,ds,s,s,o 

to" 

Fig. 9 Theoretical solutions of (Nuav,s)s x 5,s!D for vertical 
5 x 5 rod bundle with ESA with Eqs. (26)-(28), and the correla
tion for vertical single cylinder 
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'° oll 
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:::, 
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~ 10' .. 
:::, 
2 

10 to" 
Rar,L, (Ra,.ds,s,s,o 

Fig. 10 Theoretical solutions of (Nuav,s)s x s,SID for vertical 
5 x 5 rod bundle with ETA with Eqs. (26) , (29) and (30) , and the 
correlation for vertical single cylinder. 

heat fluxes for each cylinder, which was uniformly heated alonf 
the length, were equal~ given at I x 104, 2 x 104, 7 x 10 , 
I x 105

, 2 x 105
, 7 x 10·, I x 106, 2 x 106

· and 7 x 106 Wlm2
. 

The parameters used for the calculation are tabulated in Table 3. 

4.3.J Relationship Between (Nu 0 .,)u and, Nx and Ny- The 
numerical results of the average N usselt numbers for each vertical 
single cylinder, (Nu.,.);J (=qL/[2Ad (Ts,av\rh) }]), on a rod bundle 
of a 7 x 7 array of an ESA with SID= 2 for (Ra1.du = 3.54 x I 06 

(q = l x I 06 W lm2
) were shown in Figs. I I and 12 as typical 

example. The average surface temperature, (Ts.avlu, the average 
Nusselt number, (Nu.,.)u, and the modified Rayleigh number, 
(Ra1.L)iJ, for a vertical single cylinder of a rod bundle in Nx x Ny 
array were obtained as follows: 

1 IN, l JN" 
{Ts,av )ij = N, 

1 
No 

1 
{T, (0 , z)} 1/lklz 

qL 
{Nu., \j = -------

2),,{ {T,,av )ij - h} 

{Gri.))Pr)~ 
{Ra1.d u = 1;2 

4 + 9{Pr)ij + lO{Pr)ij 

(3 1) 

(32) 

(33) 

These are shown as the (Nu8 v)iJ versus Nx and Ny graphs with Ny 
and N.,· as a parameter, respectively, where N1 and Nx are the col
umn numbers, and NJ and Ny are the row numbers (N; = I and 7 
are the edge columns; N1 = 4 is the center column; NJ= I and 7 
are the edge rows; NJ= 4 is the center row)'. The values of (Nu8 v)iJ 
are almost symmetrical on the graph in Fig. 11 , because this cal
culation domain is one-half symmetry model against Ny axis at 
N1 = 4. The values of (Nuavlu on each column for NJ= 1 and 7 
(the edge rows) are higher than those for the other rows. The 4 
values of (Nu8 v);J at N;= I and 7 for NJ= I and 7, (Nuavl11 , 
(NUavln, (NUavh1 , and (Nu.,.)77, are almost the maximum. The 
values of (Nu8 v)iJ for each column become smaller with an 
increase and a decrease in the row number from edge rows. The 
25 values of (Nuavlu at N1 = 2, 3, 4, 5, and 6 for NJ= 2, 3, 4, 5, 
and 6 are almost the minimum. The values of (Nu.v)iJ at NJ= 2, 3, 
4, 5, and 6 for N1 = I and 7 (edge column) are higher than those 
for other columns on the same row number and are 12.4% higher 
than those at N1 = 2, 3, 4, 5, and 6 for NJ= 1 and 7 (edge row). 
These ten values of (Nu8 v)iJ at N1 = 2, 3, 4; 5, and 6 for NJ= I and 
7 (edge row) are almost the middle. These 49 values of (Nuavlu at 
N1 = 1-7 for NJ= 1-7 are considerably 19.53 to 70.19% lower 
than that for vertical single cylinder. 

4.3.2 Relationship Between (Nuu,,)iJ and, (N1 - l )l(Nx - I) and 
(NJ - I )/(Ny - I). The numerical results of the average Nusselt 
numbers for each vertical single cylinder, (NuavliJ, on a rod bun
dle of a 7 x 7 array of an ESA with SID= 2 for 
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\
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- D- 5 
- • - 6 
- 9 - 7 
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Nx (column) 

Fig. 11 (Nu8 v)11 versus Nx for vertical 7 x 7 rod bundle with 
ESA with Ny as a parameter at (Ra,.d,, = 3.54 x 106 (q = 1 x 106 

W/m2
) 

40 
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z 
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10 

Vertical N xx Ny rod bundle 
with ESA 

S/D=2 Vertical 
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Ny (row) 

8 9 

Fig. 12 (Nuav)11 versus Ny for vertical 7 x 7 rod bundle with 
ESA with Ny as a parameter at (Ra,,d,,= 3.54 x 106 (q= 1 x 106 

W/m2
) 

(Ra1.L)ij = 3.54 x 106 (q = I x 106 W/m2
) were also shown versus 

the nondimensional column number and the nondimensional row 
number in Figs. 13 and 14 as typical example, respectively. These 
are shown as the (Nuav)ij versus nondimensional column number, 
(N; - I )/(N x - I), and nondimensional row number, (Nj - l )/(Ny 
- I), graphs with nondimensional row number, (Nj - 1)/(Ny - I) , 
and nondimensional column number, (N; - I )/(Nx - I) , as a 
parameter, respectively, where (N; - I )/(Nx - I)= 0 and I are the 
edge columns; (N; - I )/(Nx - I)= 0.5 is the center column; (Nj -
I )/(Ny - I)= 0 and I are the edge rows; (Nj - l )/(Ny - I)= 0.5 
is the center row. The numerical results of the average Nusselt 
numbers for each vertical single cylinder, (Nu 3 v)ij, on a rod bun
dle of a 5 x 5 array of an ESA with SID= 2 for (Ra1L.)ij 
=3.52 x 106 (q = I x 106 W/m2

) were also plotted on (Nu3 v)ij ;er
sus (N; - 1)/(Nx - I) and (Nj - 1)/(Ny - I) graphs in the figures 
as green and dark green symbols for comparison, respectively. As 
shown in the figures, the four values of (Nu3 ,.);j at (N; - 1)/(Nx -
I) = 0 and l for (Nj - I )!(Ny - I) = 0 and I on a 7 x 7 array, 
(NU3 v)u , (NU3 v)l7, (NUavh1, and (NU3 v)77, are almost the same 
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Fig. 13 (Nu8 v),1 versus (N1 - 1)/(Nx - 1) for vertical 5 x 5 and 
7 x 7rod bundles with ESA with tN, - 1)/(Ny- 1) as a parameter 
at (Rar,t),,= 3.54 x 106 (q = 1 x 10 W/m2

) 
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Fig. 14 (Nu8 v),1 versus (N1 - 1)/(Ny - 1) for vertical 5 x 5 and 
7 x 7 rod bundles with ESA with \N' - 1)/(Nx - 1) as a parameter 
at(Ra,.L),1 = 3.54 x 106 (q = 1 x 10 W/m2

) 

TEMP 
853 . 0792 
824 . 7618 
796 . 4443 
768 . 1269 
739,8094 
711 , 4919 
683 . 1745 
654. 8571 
626 . 5396 
598 . 2222 
569 . 9047 
541 . 5873 
513.2698 
484 . 9524 
456.6349 
428.3174 
400.0000 

with those on a 5 x 5 array, (NU8 v)u, (NU8 v)15 , (Nuavh1 , and 
(Nu •• )55. The 25 values of (NuavliJ at (N; - I )/(Nx - I)= 0.167, 
0.333 , 0.5, 0.667, and 0.833 for (Nj - I )/(Ny - I)= 0.167 , 0.333 , 
0.5 , 0.667, and 0.833 on a 7 x 7 array are also the same with the 
nine values of (NU8 v)iJ at (N; - 1)/(Nx - I)= 0.25, 0.5, and 0.75 
for (Nj - 1)/(Ny - 1)=0.25, 0.5 , and 0.75 on a 5 x 5 array. The 
ten values of (NUav)iJ at (Nj - 1)/(Ny - 1)=0.167, 0.333, 0.5, 
0.667, and 0.833 for (N; - I )/(Nx - I)= 0 and I (edge column) 
and those at (N; - 1)/(Nx - 1)=0. 167, 0.333 , 0.5, 0.667, and 
0.833 for (Nj - I )/(Ny - I)= 0 and I (edge row) on a 7 x 7 array 
are 21.3 and 9.8% higher than the six values of (NuavliJ at (Nj -
I )/(Ny - I)= 0.25, 0.5, and 0.75 for (N; - I )/(N, - I)= 0 and I 
(edge column) and those at (N; - 1)/(Nx - 1)=0.25, 0.5, and 
0.75for(Nj - l)/(Ny - l )=Oand I (edgerow)ona5x5array, 
respectively. The numerical results of the average Nusselt num
bers for each vertical single cylinder, (Nuavlij• from a vertical 
5 x 5 rod bundle seem to derive the general numerical solutions 
from a vertical Nx x Ny rod bundle, although (Nua,,)iJ on a 5 x 5 
array becomes a little lower at (Nj - I )/(Ny - I)= 0.25 , 0.5, and 
0.75 for (N; - I )/(Nx ~ I)= 0 and I (edge column) and those at 
(N; - I )/(Nx - I)= 0.25, 0.5, and 0.75 for (Nj - I )/(Ny - I) = 0 
and I (edge row), respectively. 

4.3.3 Contours of Liquid Temperature and Distributions of 
Velocity Vectors. The contours of liquid temperature at the x-y 
plane on z = 0.025 , 0.095 and 0.195 m (iz = 11 , 18 and 28) for a 
vertical 7 x 7 rod bundle of the ESA with SID= 2 at (Ra1.Lh x 7.s1 
D = i = 3.54 x 106 (q = I x I 06 W/m2

) were plotted in Fig. 15. It is 
recognized that the liquid temperatures of the flow channels for 
bundle geometry become higher at circumference of the center 
cylinder and those become also higher with an increase in the ver
tical distance from the leading edge of the heated section, z, as 
mentioned in a former article [ I 0--13]. The contours of liquid tem
perature on a vertical 7 x 7 rod bundle of the ESA with S/D = 2 
for (Rar.Lh x 1.s10 =2= 3.54 x 106 were plotted at the x-z plane on 
the mesh number iy = I 04 and at the y-z plane on the mesh num
ber ix = I in Fig. 16. It is recognized that the liquid temperatures 
on the edge column and the edge row are lower at the leading 
edge of the heated section, and those on the center column and 
the center row become higher and those become higher with the 
increase in the vertical distance from the leading edge of the 

Fig. 15 Contours of liquid temperature of the x-y plane on L = 0.025, 0.095 and 0.195 m for a 
vertical 7 x 7 rod bundle of the ESA with SID= 2 at (Ra,,Lh x 7 ,SID=2 = 3.54 x 106 (q= 1 x 106 

W/m2
) 
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TEMP 

853 . 0792 
824 . 7618 
796 . 4443 
768 . 1269 
739 . 8094 
711 . 4919 
683 . 1745 
654 . 8571 
626 . 5396 
598 . 2222 
569 . 9047 
541 . 5873 
513 . 2698 
484 . 9524 
456 . 6349 
428 . 3174 
400 . 0000 

NATURA.I. CONVECTION FROM 7x7 bQ17b S/ D: 2 NATURAL CONVECTION FROM 7x7 

un-\1 -111111 
Fig. 16 Contours of liquid temperature at the x-z plane on iy= 104 and at the y-z plane on 
ix=1 for a vertical 7x7rod bundle of the ESA with SID=2 at (Rar,Lhx 7 ,SID=2 =3.54x106 

(q = 1 x 106 W/m2
) 

69 . 86078 
65.20407 
60.54736 
55 . 89065 
51.23394 
46.57723 
41. 92052 
37 . 26381 
32. 60710 
27.95039 
23 . 29368 
18.63697 
13 . 98026 
9.323555 
4.666846 
0.010137 

Fig. 17 Distributions of velocity vectors of the x-y plane on 
iz = 1, 12, 20, 30 and 37 for a vertical 7 x 7 rod bundle of the ESA 
with SID= 2 at (Rar,Lh x 7 ,SID=2 = 3.54 x 106 (q = 1 x 106 W/m2

) 

heated section, z, as mentioned in a former article [10- 13]. The 
distributions of velocity vectors on a vertical 7 x 7 rod bundle of 
the ESA with SID= 2 for (Rat.Lh x 7.sw=2 = 3.54 x 106 were plot
ted at the x- y plane on the mesh number iz = 1, 12, 20, 30 and 37 
in Fig. 17. It is also recognized that a flow of liquid sodium turns 
to the center column and row, and ascends along the center rods 
[10-1 3]. 
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6x6 N,:S Eq. (2~ .a7x7 "c,5 Eq. ~
2 

• - SJD:2 
• - SJD--2 .31 
• ---S/0=3 
• - S/0=6 

I 10' 10• 

Rar,L, (Rar,JNxxNy,S/D 

Fig. 18 Theoretical solutions of (Nuav,ah x 7 ,S1D=2 for vertical 
7 x 7 rod bundle of ESA with SID= 2 and (Nuav,a)s x s;SID for verti
cal 5 x 5 rod bundle of ESA with SID= 1.8 to 5, and Nuav for ver
tical single cylinder 

S Correlations for Vertical 7 x 7 Rod Bundles 
The numerical solutions were numerically analyzed natural 

convection heat transfer from vertical 7 x 7 rod bundles in liquid 
sodium for the bundle geometry with ESA. In this section , the cor
relations for the vertical N_,. x Ny rod bundles including the effects 
of array size, SID, and (Ra1.L)Nx x Ny.S1D are derived based on the 
numerical solutions. 

5.1 Calculated Result of Average Nusselt Number, 
(Nua,·,Bh x 7,S /D=2, for Vertical 7 X 7 Rod Bundle With 
SID = 2. Numerical solutions of average heat transfer coefficients 
from vertical 7 x 7 rod bundle of ESA with SID= 2 are plotted on 
(Nuav .B)Nxx Ny.SID versus (Raf.L)Nx x Ny.SID graph in Fig. 18. The 
average Nusselt number, (NUav,B)NxxNv.S/D , and the modified 
Rayleigh number, (Ra1.n)Nx x Ny.S1D , for ·a rod bundle in Nx x N y 

array were obtained as follows: 

Ni Ny 

(NUav,B)N, xN,,S/D = LL (NUav)u/ (N, X N v) (34) 
i = I J= I 
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N, N, correlations for vertical 5 x 5 rod bundle, Eqs. (26)- (28) , seem to 

(Rar,L)N,xN,,SID = LL (RaJ,L);)(Nx x Ny) 
i = I j= l 

(35) become the general correlations for average Nusselt number versus 
modified Rayleigh number, (NUav.B)NxxNy.SID = f((Ra1L)Nx xNy.s1D), 
from a vertical N.,.xNy rod bundle. 

The numerical solutions for a vertical 7 x 7 rod bundle of the 
ESA with SID= 2 are shown as a sky-blue open square symbol in 
the figure. And solid circles, triangles, squares, inverted triangles, 
and rhombuses symbols with each color show the results for aver
tical 5 x 5 rod bundle of the ESA with SID= 1.8, 2, 2.31, 3, and 5, 
respectively [ 12,13]. The numerical solutions, Nuav, for the verti
cal single cylinder are shown in the figure for comparison as the 
open circles [ l 0]. The curve-fitted numerical solutions based on 
the least-squares method of power law for vertical single cylinder 
are shown in the figure as a black solid curve for comparison. The 
Nuav values for vertical single cylinder predicted by Eq. ( 18) are 
also shown in the figure as a black broken curve. The values given 
by Eqs. (26)- (28) for the vertical 5 x 5 rod bundle with ESA are 
shown in Fig. 18 as colored solid lines at each ratio of the diago
nal centerline distance between rods for bundle geometry to the 
rod diameter, SID , for comparison. The numerical solutions for 
the vertical 5 x 5 rod bundle with ESA are in good agreement 
with the values given by the correlations, Eqs. (26)-(28) , within 
-8.90 to 2.90% differences. As can be seen in the figure , the 
numerical solution of (Nuav,Bh x 1,s1D=2 for the vertical 7 x 7 rod 
bundle of the ESA with SID= 2 is about 79.77% lower than the 
value calculated by Eq. (l 8) for the vertical single cylinder at the 
(Ra1Lh x 1,s10 =2 of 6.18 x !04 (q = 2 x !04 Wlm2

). Those become 
also linearly higher with an increase in the (Ra1.Lh x 1,SID=2· The 
numerical solutions of (Nuav.Bh x ?.SID=2 for vertical 7 x 7 rod 
bundle of the ESA with SID= 2 are almost in better agreement 
with those of (Nuav.B)s x 5 .slD=2 for vertical 5 x 5 rod bundle of 
the ESA with SID= 2 in the whole range of the modified Rayleigh 
number, (Ra1.B)Nx xNy.SID=2> and those can be expressed by 
authors' correlations for vertical 5 x 5 rod bundles with ESA, Eqs. 
(26)-{28). 

5.1.1 Comparison of Analytical Solutions of (Nu 0 ",Bh x 7,SID=2 
for Vertical 7 x 7 Rod Bundle With Equilateral Square Array 
With Authors' Correlations for Vertical 5 x 5 Rod Bundle, Eqs. 
(26)-(28). The numerical solutions for a vertical 7 x 7 rod bundle 
of the ESA with SID= 2 are compared with authors' correlations 
for vertical 5 x 5 rod bundle, Eqs. (26)- (28) , in Fig. 19. The ratios 
of the numerical solutions for a vertical 7 x 7 rod bundle of the 
ESA with SID= 2 to the values given by the correlations, Eqs. 
(26)-(28), are plotted on [(NUav,B)Nx xNy.SIDlN-sl [(NUav ,B)NxxNy,SI 
olcal versus (Ra1L)Nx xNy.SID graph in Fig. 19. The authors' correla
tions for vertical 5 x 5 rod bundle are in good agreement with the 
numerical solutions for a vertical 7 x 7 rod bundle of the ESA 
with SID= 2 within -9.49 to 4.4% differences as well as with the 
numerical solutions for a vertical 5 x 5 rod bundle of the ESA 
with SID= 2 within -5.67 to 6.4% differences. The authors' 

ii t.5~~~~~~~~~~~-~~~~-..-~~= 
"';3 N~:::~~:~ 1r

1
~go'5p~or Vertical N)(xNy Rod Bundle wtth ESA 

......_ ~ Liquk1Ternp. 673K 

~ f ::::::~ ~:~·~7! m 

'o :l! cnm + 10°/o - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

i , i1----o---c---- -0'"'....--~---o~o- ~ -------1 
~.; ... 0 Q 

zz lOo/o---- .0. --------------------------------------,= -~-~ 
' A - SJD:2 
~ 7x7 ':;5 Eq. f~z 
= 

0-~""o~~~-'-'-'u.u,,o-,.--~~-'-'~1'=-~~........_~1"'0..-~~_....._....,IO, 

(Ra1,dNxxNy,S/D 

Fig. 19 Comparison of theoretical solutions of (Nuav,sn x 1,S1 

0=2 for vertical 7 x 7 rod bundle with ESA and (Nuav,s)s x s,s1D=2 
for vertical 5 x 5 rod bundle with ESA with authors' correlations, 
Eqs. (26)-(28). 
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5.2 Effect of SID on Average Nusselt Number. Natural con
vection heat transfer for a vertical 7 x 7 rod bundle of the ESA 
was numerically analyzed to examine the effect of SID on heat 
transfer, at the constant heat flux conditions of (Ra1Lh x 7 sio = 
3.54 x 106 (q= I x 106 Wlm2

) for SID ranging from 1.8 to 6'. 

5.2 .1 In the Case of Equilateral Square Array. The effect of 
SID on average Nusselt numbers, (Nuav.Bh x ?,SID, from a vertical 
7 x 7 rod bundle with the ESA was estimated based on the numer
ical solutions for the SID ranging from 1.8 to 6. The calculations 
were madl for the heat flux, q, of l x I 06 Wlm2 ((Ra1Lh x ?.SID= 
3.54 x IO ). The (Nuav.Bh x 1.slD (a sky-blue open square symbol) 
are shown versus SID with array size as a parameter in Fig. 20. As 
can be seen in the fi&ure, the values of (Nuav.Bh x ?,SID for the heat 
flux of l x !06 WJm- become also linearly higher with an increase 
in SID for the SID ranging from 1.8 to 4.47 and are almost con
stant for the SID higher than 4.47. The (Nuav.B)5 x S.SID values for 
vertical 5 x 5 rod bundles with ESA and ETA (a black solid 
square symbol and a red solid triangle one) are shown in the figure 
for comparison, respectively [ 12, 13]. The (Nuav.8 )5 x 5 ,slD values 
for vertical 5 x 5 rod bundles with ESA and ET A agree each other 
forming two straight lines and can be expressed by authors ' corre
lations for vertical 5 x 5 rod bundles with ESA and ET A, Eqs. 
(22) and (23) , and Eqs. (24) and (25), respectively. The values of 
(Nuav.Bh x ?,SID for vertical 7 x 7 rod bundle with ESA almost 
agree each other with those of (Nuav.Bh x 5,slD for vertical 
5 x 5 rod bundle with ESA in the whole range of SID and those 
can be expressed by authors ' correlations for vertical 5 x 5 rod 
bundles with ESA, Eqs. (22) and (23), although those are a little 
higher at SID = 5 and 6. 

The ratios of the numerical solutions for a vertical 7 x 7 rod 
bundle of the ESA with SID = 1.8-6 to the values given by the 
correlations, Eqs. (22) and (23) , are plotted on [(NUav.B)NxxN,·.SI 
olN-sl [(Nuav.B)Nx xNy,S1Dlca1 versus SID graph in Fig. 21 . These cor
relations for vertical 5 x 5 rod bundle almost describe the theoreti
cal solutions for a vertical 7 x 7 rod bundle obtained in this work 
within -4.65 to 10.60% differences under the wide range of SID. 
And these authors ' correlations were similarly in good agreement 
with the numerical solutions for a vertical 5 x 5 rod bundle of the 
ESA with SID= 1.8 to 6 within -3.36 to l.79% differences. The 

50 
Vertical N. X Ny rod bundle 
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6 
(Rar,0NxxNy,SIIT3,54X 10 
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--(Nu.,.e)NuNy.sm=S,89+24.Sln(S/D) 

5 lO 
SID 

Fig. 20 Average Nusselt number, (Nuav,s)NxxNy,SID, for th~ 
ESA and ETA versus the SID at (Rar,dNxxNy,SID=3.54 x 10 
(q =1 x 106 W/m2

) 
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Fig. 21 Comparison of theoretical solutions of (Nuav,e)7x7,S1D 
for vertical 7 x 7 rod bundle with ESA and (Nuav,e)sxs,S/D for ver
tical 5 x 5 rod bundle with ESA with authors' correlations, Eqs. 
(22) and (23). 

authors ' correlations for vertical 5 x 5 rod bundles with ESA and 
ETA, Eqs. (22) and (23), and Eqs. (24) and (25), seem also to 
become the general correlations for average Nusselt number ver
sus SID, (NUav.BlNxx Ny.S!D = f(SID) , from a vertical NxxNy rod 
bundles with ESA and ETA, respectively. 

5.3 General Correlations for Natural Convection Heat 
Transfer From Vertical 7 x 7 Rod Bundles With SID. In this 
section, the correlations for natural convection heat transfer from 
the vertical NxxNy rod bundles with ESA and ETA including the 
effects of bundle geometry, array size, (Rat.LlNx xNy.StD and SID 
are derived based on the numerical solutions. The numerical solu
tions were numerically analyzed natural convection heat transfer 
from vertical 7 x 7 rod bundle of ESA with the SID ranging from 
1.8 to 6 in liquid sodium. The authors' correlations for vertical 
5 x 5 rod bundle with ESA, Eqs. (26)-(28), are in good agreement 
with the numerical solutions for a vertical 7 x 7 rod bundle of the 
ESA with SID= 2 at the heat fluxes, q, of I x I o4, 2 x I o4, 
7 x 104, I x 105

, 2 x 105, 7 x 105
, I x 106, 2 x 106 and 7 x 106 

Wlm2 within -9.49 to 4.4% differences as shown in Figs. 18 and 
19. And furthermore, the authors ' correlations for vertical 
5 x 5 rod bundle with ESA to express the effect of SID, Eqs. (22) 
and (23) , almost describe the theoretical solutions for a vertical 
7 x 7 rod bundle with the ESA with SID= 1.8-6 at the heat flux , 
q, of I x 106 Wlm2 ((Rat.Lh x 7.s!D=3.54 x 106

) obtained in this 
work within -4.65 to 10.60% differences in Figs. 20 and 21. 
These theoretical solutions are plotted on (NUav.BlNx xNy.SID versus 
(Rat.LlNxxNy.SID graph in Fig. 22 as an open square symbol with 
each color. Those are also in better agreement with the values 
given by the correlations, Eqs. (26)- (28) . It is judged from these 
facts that the general correlations for natural convection heat 
transfer from vertical Nx x N" rod bundles with ESA and ETA in 
liquid sodium will be given by the correlations for vertical 
5 x 5 rod bundles with the ESA and ET A based on the numerical 
solutions as follows : 

(NUav ,B)N,xNy,SID = C1 X (Rar,L)~xx Ny,SID 

[ I C (L) 0
·
86

] 
x 0.8 + 0.86(Rai)°2 D 

X (RaJ,L )~~xNy,SID (36) 
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Numerical Solutions for Vertical NxxNy Rod Bundle 
with ESA Vertical single cylinder 

Pressure 101,300 Pa Eq. (18) - -Nu..,=8 .37*Rat,L:~~ 
Liquid Temp. 673 K o --Nu..,=6.SS*Ra,.1. 
Heater Diam. 0.0076 m 
Heated Length 0.2 m 

7x7 N-S Eq. (22) 
0 - S1D=1 .8 
0 - S1D=2 
o -S1D=3 

-S1D=4 
Cl - SID=& 
Cl - S1D=6 

10' 10 10 10• 
Rar,L, (Raf,LJNxxNy,S/D 

Fig. 22 Theoretical solutions of (Nuav,s)NxxNy.S/D for vertical 
7 x 7 rod bundle with ESA with the Nuav and the correlation for 
vertical single cylinder 

where 
In the case of ESA 

Ct = 0.00394 X (Ds)2.41 
(37) 

11 = 0.267 - 0.0341 X (i) (38) 

In the case of ET A 

Ct = 0.00550 X (D
s)2.s2 

(39) 

11 = 0.263 - 0.0390 X (i) (40) 

The effect of SID on average Nusselt numbers, (Nu., .. n)Nx xNy.StD, 
from a vertical Nx x Ny rod bundle with the ESA and ETA will 
be generally estimated based on the numerical solutions for the 
SID ranging from 1.8 to 6 at the constant heat flux, q, of 
I x I 06 Wlm2 

((Rat.LlNx xNy.SID = 3.54 x 106
). The values of 

(NUav .BlNxx Ny.SID for vertical Nx X Ny rod bundles with ESA 
and ET A can be expressed by the following empirical 
correlations: 

In the case of ESA 

(NUav,e)N,xNy,SID = 2.21 + 24.5 x In (i) for S/ D :::'. 4.47 

(4 1) 

(Nuav ,B)N,xN, ,SID = Nuav = 38.88 forS / D> 4.47 (42) 

In the case of ET A: 

(Nuav s)N xN SID = 5.89 + 24.5 X In(~) for S/D :::'. 3.84 , , ,. . D 

(43) 

(NUav ,B)N,xN,,SID = NUav = 38.88 forS / D> 3.84 (44) 
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6 Conclusions 

Laminar natural convection heat transfer from vertical 7 x 7 rod 
bundle in liquid sodium was numerically analyzed for the bundle 
geometry with ESA. The 7 x 7 heated rods for diameter 
(D = 0.0076 m), length (L = 0.2 m), and Lid ( =26.32) were used 
in this work. The surface heat fluxes for each cylinder, which was 
uniformly heated along the length, were equally given for a modi
fied Rayleigh number, (Ra1L)ij and (Ra1LlNx xN6'SID, ranging from 
3.08 X 104 to 4.28 X 107 (q= I X 104~ 7 X 10 W/m2

) in liquid 
temperature (h = 673 .15 K). The values of SID for the rod bundle 
were ranged from 1.8 to 6 on bundle geometry. Numerical solu
tions lead to the following conclusions. 

(I) For the numerical results of (Nuav)ij on a rod bundle of a 
7 x 7 array of an ESA with SID = 2 for 
(Ra1L)ij = 3.54 x 106 (q= Ix 106 W/m2

), the four values 
at N;= I and 7 for Nj= l and 7, (Nuavh 1, (Nuav)I7 , 
(NUavh1 , and (NUav)n, are almost the maximum. The 25 
values of (Nu.v)ij at N; = 2, 3, 4, 5 and 6 for Nj = 2, 3, 4, 5 
and 6 are almost the minimum. These 49 values of (Nu8 v)ij 
at N;= 1-7 for Nj= 1-7 are considerably 19.53-70.19% 
lower than that for vertical single cylinder. 

(2) On the (Nu8 v)ij versus nondimensional column number, (N; 
- I )/(Nx - I) , and nondimensional row number, (Nj - I)/ 
(Ny - I) , graphs with nondimensional row number, (Nj -
I )/(Ny - I), and nondimensional column number, (N; - I)/ 
(N,. - I), as a parameter, respectively, the numerical results 
of the average Nusselt numbers for each vertical single cyl
inder, (Nu8 v);j, from a vertical 7 x 7 rod bundle are also the 
same with those from a vertical 5 x 5 rod bundle, although 
the ten values cif (Nu8 v)ij at (Nj - I )/(Ny - I)= 0.167, 
0.333, 0.5, 0.667 and 0.833 for (N; - 1 )/(N,. - I)= 0 and I 
( edge column) and those at (N; - I )/(Nx - I)= 0.167, 
0.333, 0.5, 0.667 and 0.833 for (Nj - I )/(Ny - I) = 0 and I 
(edge row) on a 7 x 7 array are 21.3 and 9.8% higher than 
the six values of (NUav)ij at (Nj - I )/(Ny - I)= 0.25 , 0.5 
and 0.75 for (N; - I )/(N_,. - I)= 0 and I (edge column) and 
those at (N; - I )/(N,. - I)= 0.25 , 0.5 and 0.75 for (Nj - I)/ 
(Ny - I)= 0 and I (edge row) on a 5 x 5 array, 
respectively. 

(3) The numerical solutions of (Nuav.Bh x 7.SiD = 2 for vertical 
7 x 7 rod bundle of the ESA with SID= 2 are almost in bet
ter agreement with those of (Nuav.Bls x 5.SID=2 for vertical 
5 x 5 rod bundle of the ESA with SID = 2 in the whole 
range of the modified Rayleigh number, (Rar.s)Nx xNy.SID=2, 
and those can be expressed by authors' correlations for ver
tical 5 x 5 rod bundles with ESA, Eqs. (26)- (28) . 

(4) The effect of SID on average Nusselt numbers, 
(Nuav.nh x 7,S/D, from a vertical 7 x 7 rod bundle with the 
ESA was estimated based on the numerical solutions for 
the SID ranging from 1.8 to 6. The values of (NUav.Bh x 7,s1 
D for vertical 7 x 7 rod bundle with ESA almost agree each 
other with those of (Nuav.Bh x 5,s,D for vertical 5 x 5 rod 
bundle with ESA in the whole range of SID and those can 
be expressed by authors ' correlations for vertical 5 x 5 rod 
bundles with ESA, Eqs. (22) and (23), although those are a 
little higher at SID= 5 and 6. 

(5) The general correlations of natural convection heat transfer 
from vertical Nx x Ny rod bundles with ESA and ET A in 
liquid sodium will be given by the correlations for vertical 
5 x 5 rod bundles with the ESA and ET A based on the 
numerical solutions (36)- (40) 

(6) The effect of SID on average Nusselt numbers, 
(Nuav ,B)Nx xNy.S/D, from a vertical Nx x Ny rod bundle with 
the ESA and ETA will be generally estimated based on the 
numerical solutions for the SID ranging from 1.8 to 6 at the 
constant ~eat flux, q, of I x 106 W /m 2 

((Ra1L)Nx xNy.S1D = 
3.54 x IO ). The values of (NUav .B)Nxx Ny.SID for vertical 
Nx x Ny rod bundles with ESA and ETA can be expressed 
by the empirical correlations ( 41 )- ( 44 ). 
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Nomenclature 

C = parameter in Eqs. ( 13), ( 14), ( 18), (26), 
and (36) 

Cp = specific heat at constant pressure, J/kg K 
d = diameter of measuring device of the vertical 

temperature distribution in the liquid, m 
D = cylinder diameter and rod diameter, m 
g = acceleration of gravity, m/s2 

h = heat transfer coefficient, W/m2 K 
H = liquid head and height on calculation 

domain, m 
I = depth on calculation domain, m 

L = heated length, m 
N; = column number 
Nj = row number 
Nx = column number 
Ny = row number 
N= = grid point for the z-component 
N0 = grid point for the 0-component 
P = system pressure, Pa 
q = heat flux, W/m2 

r = radius of a cylinder, m 
S = diagonal center-line distance between rods 

for bundle geometry, m 
t= time, s 

T = temperature, K 
Ti= liquid temperature, K 
h = bulk liquid temperature, K 
Ts = heater surface temperature, K 

(Ts.av)ij = average surface temperature for a vertical 
single cylinder, K 

T,(0, z);J = local surface temperatures for a vertical 
single cylinder, K 

T0 = bulk liquid temperature, K 
TEM = analyzed liquid temperature of the first 

control volume on the cylinder surface, K 
u = velocity component in x-direction, m/s 
v = velocity component in y-direction, m/s 
w = velocity component in z-direction, m/s, and 

width on calculation domain, m 
x = Cartesian coordinate, m 
y = Cartesian coordinate, m 
z = Cartesian coordinate, cylinder height and 

vertical distance from the leading edge of the 
heated section, m 

( L1r) 0 u, = first control volume width for r-component, 
m 

i1t = time step, s 
fu = '1r-component in x-direction , m· 
i1y = '1r-component in y-direction, m 

Greek Symbols 

/3 = volumetric expansion coefficient, 1/K 
bcsL = thickness of the conductive sublayer, m 

((11r)
0
u.f2) · 

0 = peripheral angle from inside on the r- 0 plane 
}, = thermal conductivity, W/m K 
µ=dynamic viscosity, Pas 
v = kinematic viscosity, m2/s 
p = density , kg/m3 

Nondimensional Numbers 

GrL * = Grashof number for constant heat flux 
(g /3,qL 4 /J.W!) 
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Gr,*= local Grashof number for constant heat flux 
(gfJ,qz4 / Jc,v,) 

Nu = Nusselt number 
Nu== local Nusselt number for a vertical cylinder 

(qz/},,(Ts - h)) 
(Nu3 .);i = average Nusselt number for a vertical single 

cylinder 
(Nuav.Bh x s,S/D = average Nusselt number for the vertical 

5 x 5 rod bundle with various SID 
(Nuav.nh x 7.stD = average Nusselt number for the vertical 

7 x 7 rod bundle with various SID 
(NUav ,B)Nx x Ny.SID = average Nusselt number for the vertical 

Nx x Ny rod bundle with various SID 
Pr= Prandtl number; (c11 µ1/ },,) 

Raf.== Gr=*Pr2/(4 + 9Pr 112 + lOPr), modified local 
Rayleigh number 

Ra1.L = GrL *Pr2
/( 4 + 9Pr 112 + 1 OPr), modified 

Rayleigh number 
(Ra1.L)ii = (GrL *)u(Pr);//( 4 + 9(Pr);/12 + lO(Pr)u), 

modified Rayleigh number for a vertical sin
gle cylinder 

(Rat.Lls x s.sw = = (GrL*)., x5.S/D(Pr)s xs.sw2! 
( 4 + 9(Pr).s x s.sw 112+ IO(Pr)s x s.swL 
modified Rayleigh number for the vertical 
5 x 5 rod bundle with various SID 

(Ra/:Lh x 1.s1v = (GrL *)1 x 1.sw(Prh x 1.sw2
/( 4 + 9(Pr)7 x 1.s1 

0
112+ IO(Pr)7 x ?.SID), modified Rayleigh 

number for the vertical 7 x 7 rod bundle with 
various SID 

(Rat.LlNx x Nv.SID = (GrL *)Nx x Nv,SID(Pr)Nx x Nv,StD
2f 

· ( 4 + 9(Pr);x x Nv.StD
112+ iO(Pr)Nx x Nv,SID }, 

modified Rayle1gh number for the vertical 
NxxN" rod bundle with various SID 

Subscripts 

RaL * = GrL *Pr, Rayleigh number for constant heat 
flux 

Raz* = Grz *Pr, local Rayleigh number for constant 
heat flux 

av= average 
B = bundle 

CSL = conductive sublayer 
f = fluid 
i = column 
j= row 
I= liquid 

L = liquid 
N_,-= column number 
Ny = row number 

out = outside 
p = pressure 

SID = ratio of the diagonal center-line distance 
between rods for bundle geometry to the 
rod diameter 

s = surface 
z = Cartesian coordinate, cylinder height and ver

tical distance from the leading edge of the 
heated section, m 
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Acronyms and Abbreviations 

AID = analog-to-digital (conversion) 
CFD = computational fluid dynamics 
ESA = equilateral square array 
ET A = equilateral triangle array 

PHOENICS = parabolic hyperbolic or elliptic numerical 
integration code series 

PID = proportional, integral and derivative terrns 
SID = ratio of the diagonal center-line distance 

between rods for bundle geometry to the rod 
diameter 

SIMPLE = semi-implicit method for pressure-linked 
equations 

TEM = temperature 

References 
111 Dullon, J. C. , 1975, "An Experimental Investigation of Natural Convection 

Heat Transfer From an Array of Uniformly Heated Vertical Cylinders to Mer
cury," M.S. thesis, Oregon State University, Corvallis, OR, p. 179. 

121 Cheng, S . K., and Todreas, N. E., 1986, "Hydrodynamic Models and Correla
tions for Bare and Wire-Wrapped Hexagonal Rod Bundle Friction Factors, Sub
channel Friction Factors and Mixing Parameters," Nucl. Eng. Des ., 92(2), pp. 
227-512. 

13] Ninokata, H., Efthimiadis, A., and Todreas, N. E., 1987, "Distributed Resistance 
Modeling of Wire-Wrapped Rod Bundles," Nucl. Eng. Des., 104(1), pp. 93-102. 

14] Gajapathy, R., Velusamy, K. , Selvaraj, P. , Chellapandi , P., and Chetal, S . C. , 
2007, "CFO Investigation of Helical Wire-Wrapped 7-Pin Fuel Bundle and the 
Challenges in Modeling Full Scale 217 pi Bundle," Nucl. Eng. Des., 237(24) , 
pp. 2332- 2342. 

151 Rolfo , S., Peniguel , C. , Guillaud, M., and Laurence, D., 2012, 'Thermal
Hydraulic Study of a Wire Spacer Fuel Assembly," Nucl. Eng. Des .. 243, pp. 
251-262. 

161 Merzari , E., Pointer, W. D., Smith, J. G., Tentner, A. , and Fischer, P., 2012, 
" Numerical Simulation of the Flow in Wire-Wrapped Pin Bundles: Effect of 
Pin-Wire Contact Modeling," Nucl. Eng . Des., 253, pp. 374-386. 

171 Hu. R. , and Fanning, T. H., 2013, "A Momentum Source Model for Wire
Wrapped Rod Bundles-Concept, Validation, and Application," Nucl. Eng. 
Des ., 262, pp. 371 - 389. 

181 Roelofs, F., Gopala, V. R. , Jayaraju, S., Shams, A., and Komen, E., 2013, 
" Review of Fuel Assembly and Pool Thennal Hydraulics for Fast Reactors," 
Nucl. Eng . Des., 265, pp. 1205- 1222. 

19] Raj , M. N., and Velusamy, K., 2016, "Characterization of Velocity and Tem
perature Fields in a 217 Pin Wire Wrapped Fuel Bundle of Sodium Cooled Fast 
Reactor, Annu .," Nucl. Energy , 87, pp. 331-349. 

110] Hata, K. , Takeuchi, Y., Hama, K., Shiotsu, M ., Shirai, Y., and Fukuda, K. , 
2014, " Natural Convection Heat Transfer From a Vertical Cylinder in Liquid 
Sodium," Mech . Eng. J .. 1(1), pp. 1- 12. 

111] Hata, K., Fukuda, K .. and Mizuuchi , T., 2016, "Natural Convection Heat Transfer 
From Vertical Rod Bundles in Liquid Sodium," Mech. Eng. J., 3(3), pp. 1-16. 

112] Hata, K. , Fukuda, K., and Mizuuchi, T. , 2016, "Natural Convection Heat Trans
fer From Vertical 5 x 5 Rod Bundles in Liquid Sodium," 24th International 
Conference on Nuclear Engineering, Charloue , NC, June 26- 30, pp. 1-12. 

113] Hata, K. , Fukuda, K., and Mizuuchi, T., 2017, "Natural Convection Heat Trans
fer From Vertical 5 x 5 Rod Bundles in Liquid Sodium," ASME J. Heat Trans
fer , 139(3), p. 032502. 

114] Patankar, S. V., 1980, Numerical Heat Transfer and Fluid Flow, Hemisphere 
Pub. Corp, New York, p. 197. 

1151 Favre-Marine!, M., and Tardu, S., 2009, Com•ective Heat Transfer, !STE Ltd 
and Wiley , London, p. 373. 

1161 Hanjalic, K. , Kenjeres , S., Tummers, M. J. , and Jonker, H.J . J. , 2009, Analysis 
and Modeling of Physical Transport Phenomena, VSSD, Delft , South Holland, 
The Netherlands, p. 244. 

117·1 Spalding, D. 8., 1991 , The PHOENICS Beginner's Guide , CHAM, Wimbledon. UK. 
118] Lefevre, E. J., and Ede, A. J., 1957, "Laminar Free Convection From the Outer 

Surface of a Vertical Circular Cylinder," Ninth International Congress on 
Applied Mechanics, Brussels, Belgium, Sept. 5-13, pp. 175- 183. 

119] Mabuchi, I., 1961, "Laminar Free Convection From a Vertical Cylinder With Uni
form Surface Heat Flux, Trans," Jpn. Soc. Mech. Eng., 27(180), pp. 1306-1313. 

(201 Burmeister, L. C., 1983, Convective Heat Transfer, Wiley, New York, p. 536. 

APRIL 2019, Vol. 5 I 021002-15 

Downloaded From: https://nuclearengineering .asmedigitalcollection.asme.org on 05/20/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use 



Experimental and Numerical 
Analysis of Mixing Process 
of Two Component Gases in a 
Vertical Fluid Layer in a VHTR 

Tetsuaki Takeda 
Department of Mechanical Engineering, 

Graduate School of Engineering , 
University of Yamanashi , 

4-3-11 Takeda, 
Kofu 400-8511 , Yamanashi , Japan 

e-mail: ttakeda@yamanashi.ac.jp 

When a depressurization accident of a very-high-temperature reactor (VHTR) occurs, air 
is expected to enter into the reactor pressure vessel from the breach and oxidize in-core 
graphite structures. Therefore , in order to predict or analyze the air ingress phenomena 
during a depressurization accident, it is important to develop a method for the prevention 
of air ingress during an accident. In particular, it is also important to examine the influ
ence of localized natural convection and molecular diffusion on the mixing process from 
a safety viewpoint. Experiment and numerical analysis using a three-dimensional (JD) 
computational fluid dynamics code have been carried out to obtain the mixing process of 
two-component gases and the flow characteristics of localized natural convection. The 
numerical model consists of a storage tank and a reverse U-shaped vertical rectangular 
passage. One sidewall of the high-temperature side vertical passage is heated, and the 
other sidewall is cooled. The low-temperature vertical passage is cooled by ambient air. 
The storage tank is filled with heavy gas and the reverse U-shaped vertical passage is 
filled with a light gas. The result obtained from the JD numerical analysis was in agree
ment with the experimental result quantitatively. The two component gases were mixed 
via molecular diffusion and natural convection . After some time elapsed, natural circula
tion occurred through the reverse U-shaped vertical passage. These flow characteristics 
are the same as those of phenomena generated in the passage between a permanent 
reflector and a pressure vessel wall of the VHTR. [DOI: 10.1115/1.4041690] 

Introduction 

The development of a very-high-temperature reactor (VHTR), 
which is a next-generation nuclear plant design, is being pursued 
worldwide. Aside from its broad economical appeal resulting 
from its unique high temperature capability, the reactor also 
exhibits inherent and passive safety and aims at an enhanced 
safety goal. The Japan Atomic Energy Agency (JAEA) has suc
cessfully built and operated a 30 MW,h high-temperature engi
neering test reactor (HTTR) and designed commercial systems 
such as a 300 MW c l gas turbine high-temperature reactor for co
generation (GTHTR-300C) [ I]. 

When a primary pipe rupture accident occurs, air is expected to 
enter the reactor core from the broken part of the pipe and oxidize 
in-core graphite structures. The reactor core is filled with helium 
gas, and the bottom part of the reactor pressure vessel is filled 
with a gas mixture of helium and air, and thus , a stable stratified 
fluid layer is formed. During a pipe rupture accident in the HTTR, 
localized natural convection will occur in the space between the 
reactor pressure vessel and the permanent reflector. For example, 
in the HTTR [2], the range of Rayleigh (Ra) number based on the 
space width (d) is about O < Rad < 5.0 x 109

. The transport phe
nomena of air into the reactor core will be greatly affected by 
localized natural convection. The amount of oxygen contained in 
air transported will depend not only on molecular diffusion but 
also on natural convection. Therefore, it is important to under
stand the mixing process of different kinds of gases in the stable 
or the unstable stratified fluid layer. 

Previous studies focused mostly on the mixing process of a two 
component gases by molecular diffusion and natural circulation in 
a reverse U-shaped tube and in a simple test model of the HTTR 
[3]. In order to investigate the basic features of the flow behavior 
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of multicomponent gas mixture consisting of helium (He), nitro
gen (N2), oxygen (02), carbon dioxide (CO2), carbon monoxide 
(CO), etc. , experimental and numerical analysis studies were per
formed [4]. These studies are to clarify a combined phenomenon 
in terms of molecular diffusion and natural circulation of the mul
ticomponent gas mixture along with a graphite oxidation reaction 
in a reverse U-shaped tube. The numerical analysis result was in 
good agreement with the experimental result in regards to the den
sity change of the gas mixture, the molar fraction change of the 
gas species, and the onset time of the natural circulation of air. 
Furthermore, the objectives of these studies were to investigate 
the air ingress process and to develop a passive safe technology 
for the prevention of air ingress [5]. Recently, a density-gradient 
driven air ingress stratified flow was analyzed using computa
tional fluid dynamics code for the Next Generation Nuclear Plant 
(NGNP), which is a U.S. designed VHTR [6,7]. Authors have 
reported on the mixing process of two component gases through 
natural convection and molecular diffusion in a stable stratified 
fluid layer [8]. According to the report, the mixing process 
through molecular diffusion in the vertical stratified fluid layer 
was significantly affected by localized natural convection induced 
by the slight temperature difference between both vertical walls. 
Author has also reported that transport phenomena due to molecu
lar diffusion were affected by not only localized natural convec
tion, but also by natural circulation of the gas mixture. Localized 
natural convection may affect an onset time of natural circulation 
[9-1 2]. In order to predict or analyze the air ingress phenomena 
during a depressurization accident in a VHTR, it is important to 
examine the influence of localized natural convection and molecu
lar diffusion on the mixing process. Figure I shows the schematic 
drawing of the GTHTR-300C and its simple models. 

In general, mixing processes of two component gases in a verti
cal stable stratified fluid layer are often governed by molecular 
diffusion. When a stable stratification is formed in a vertical slot 
with two component gases which have different densities, the rate 
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Fig. 1 Schematic drawing of GTHTR-300C and its simple models 

of transportation will be different, as determined by a mutual dif
fusion coefficient. On the other hand, it is expected that natural 
convection will occur in the vertical slot when one sidewall is 
heated and the other sidewall is cooled. When a stable stratifica
tion is formed with the two component gases and the two vertical 
parallel walls of the slot are kept at different temperatures, the 
transport process of the gases becomes more complex. In this 
case, the heavier gas diffuses into the lighter gas. In addition to 
that these gases will also be transported by localized natural con
vection. Both phenomena may occur at the same time during the 
air ingress process of the primary pipe rupture accident. Accord
ing to previous experiments [3- 5], molecular diffusion and natural 
convection will occur simultaneously in the annular passage 
between the inner barrel and the water-cooled jacket. The range of 
the Rayleigh number based on the width of the annular passage is 
about O <Rad< 3.26 x 105 and Rad< 1.56 x 106

, respectively. 
The Rayleigh number based on the width of the annular passage 
of the HITR or the GTHTR-300C will be larger than two digits 
of Rayleigh number of the simulated apparatus. Therefore, it is 
necessary to know which phenomenon is dominant in the mixing 
process of two component gases in a vertical stable stratified fluid 
layer. It is also important to quantitatively evaluate the influence 
of natural convection on the mixing processes due to molecular 
diffusion. In this study, an experiment has been conducted using 
two vertical passages with keeping at different temperatures. In 
addition, a numerical analysis has been carried out using a three
dimensional (30) computational fluid dynamics code to investi
gate the mechanism behind the generation of natural circulation 
and the mixing process of gases. Finally, the onset time of natural 
circulation of air was discussed in terms of the results obtained 
from the previous experiments and the present experiment. 

Experimental Apparatus and Method 

Figure 2 shows a schematic of an apparatus consisting of two 
vertical passages. One side-passage consists of the heated wall 
and cooled wall. The other side-passage consists of the two cooled 
walls. The dimensions of the vertical passages are 598 mm in 
height, 208 mm in depth , and 70 mm in width . Each two vertical 
passages were connected and were a reverse U-shaped passage. 
The dimensions of the connecting passage were 16 mm in height, 
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Fig. 2 Schematic of apparatus consisting of reverse U-shaped 
passage 

106 mm in depth, and 210 mm in length. The storage tank was 
connected to the lower part of the reverse U-shaped passage. The 
dimensions of the storage tank were 398 mm in length, 398 mm in 
depth, and 548 mm in width . The reverse U-shaped passage and 
the storage tank were separated by a partition plate. 

Figure 3 shows the high-temperature side passage of the reverse 
U-shaped passage. A stainless sheath heater and a water cooling 
pipe made from copper were attached to the copper walls. These 
walls were covered by an insulator which was 30 mm in thickness. 
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Fig. 3 High-temperature side passage 

Gases 

Helium (He) 
Neon (Ne) 
Nitrogen (N2) 

Argon (Ar) 

Table 1 Density of gases 

Density (kg/m3
) (20 ' C, 0.1 MPa) 

0.164 
0.838 
1.17 
1.64 

Table 2 Mutual diffusion coefficient of two component gases 

Two component gases 
(light-heavy) 

Ni-Ar 
Ne-Ar 
He-N 2 
He-Ar 

Diffusion coefficient 
(m2/s) (20 ' C, 0.1 MPa) 

0.2 X 10- 4 

0.32 X 10- 4 

0.68 X 10- 4 

0.73 X 10- 4 

The dimension of the heated wall and cooled wall was 500 mm in 
height and 200 mm in width. The dimension of the low
temperature side passage was the same as the high-temperature 
side passage. The distance between the heated wall and cooled 
wall was set to 20 mm. 

The wall and gas temperatures were also measured using a K
type thermocouple. An accuracy of the thermocouple was ±0.4 
K. In consideration of the errors induced by the thermocouple, a 
scanner junction, and a digital volt meter, the entire accuracy of 
the temperature measurement was within ± I K. The gas mixture 
was sampled from the top of the passages to measure the molar 
fraction. The mole fraction of Argon, Nitrogen, Neon, and Helium 
was measured using an ultrasonic density gas analyzer. The rela
tive uncertainties in the molar fraction of the two components gas 
mixture of N,JAr, Ne/Ar, He/N2, and He/Ar were found to be 
±4%, ±4%, ±9%, and ±9%, respectively. The uncertainty in the 
inlet velocity was estimated to be ±7%. 

The experimental procedure is as follows. At first, the reverse 
U-shaped passage and the gas storage tank were filled with the 
heavy gas. The heavy gas was poured from the bottom part of the 
gas storage tank. The partition plates were closed. The light gas 
was poured from the top end of the passage. The heavy gas was 
released from the bottom end of the passage. Therefore, the light 
gas filled the reverse U-shaped passage and t,he heavy gas filled 
the storage tank. In the high-temperature side passage, a sidewall 
was heated and the other wall was cooled. The pressure in the 
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passage and the storage tank was kept at atmospheric pressure. 
After the temperature reached the steady-state condition, the parti
tion plate was removed and the experiment was started. 

The combination of the two-component gases was set to NJ Ar, 
Ne/Ar, He/N2, and He/Ar. The combination of density ratio was 
7/10, 5/10, 1.4/10, and 1/10, respectively. The density of gases 
and mutual diffusion coefficient are shown in Tables I and 2. The 
temperature difference between the heated wall and cooled wall 
was set to 30, 50, 70, and I 00 K. 

Numerical Model and Condition 

The numerical analysis was carried out using the commercially 
available analysis code, PHOENICS (provided by Concentration 
Heat and Momentum Limited, CHAM). Figure 4 shows a numeri
cal model consisting of the reverse U-shaped passage and the stor
age tank. One side of the high-temperature side passage was 
heated, and the other side of the passage was cooled. The outside 
of the heated wall and cooled wall was insulated. In order to con
sider heat released to ambient air, the boundary condition of the 
low-temperature side passage was set to natural convection heat 
transfer boundary. The temperature condition of the numerical 
analysis was same as the experimental condition. The physical 
properties of the fluid took the temperature and pressure depend-

. encies into consideration. In this study, the numerical analysis 
was carried out using two-dimensional (2D) and 3D models. The 
length in the depth direction of the reverse U-shaped passage was 
set to 398 mm in the numerical analysis . The volume of the pas
sage of the numerical model was about 1.95 times that of the 
experimental apparatus. Other dimensions of the numerical analy
sis were same as the experimental apparatus. The number of cell 
of the numerical model was X = 118, Y = 1, and Z = 113 for 2D, 
and X = 118, Y = 20, and Z = 113 for 3D; the total number of the 
cell was 13,334 for 2D and 266,680 for 3D. Figures 5 and 6 show 
a mesh arrangement in the X-Z and X-Y plane, respectively. The 
analysis took the buoyancy into consideration. Though 
PHOENICS can use the k- i; (KECHEN) [13] turbulence model, 

210mm 

Cooled wall 

X 

548mm 

V1 
IJ) 
00 
3 
3 

SJ 
.I> 
00 
3 
3 

\ !!I' 
' rif ,,,oei 

Fig. 4 Numerical model consisting of the reverse U-shaped 
passage and the storage tank 
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Fig. 5 Mesh arrangement in the X-Zplane 

Fig. 6 Mesh arrangement in the X-Yplane 

we did not use the turbulence model in the present analysis. This 
is because the natural circulation flow is almost laminar flow . The 
localized natural convection is almost conduction or transition 
regime [14]. A grid sensitivity analysis of this code has been done 
in another study [ 15]. The numerical results will not be much 
affected by the turbulence model and grid size in the present con
dition of the experiment. 

The procedure of the numerical analysis is as follows: First, the 
storage tank was filled with a heavy gas, and the reverse U-shaped 
passage was filled with a light gas. The pressure in the reverse U
shaped passage and the storage tank was kept at atmospheric pres
sure. In the high-temperature side passage, localized natural con
vection was generated by the temperature difference between the 
heated wall and cooled wall. The flow characteristics were 
obtained through the steady-state analysis. Unsteady-state analysis 
was started when the partition plate was opened. The time-step 
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was set to 0.02 s/step from O to 10 s, and it was set to 0.05 s/step 
after IO s. The unsteady-state analysis was calculated using the 
results of the steady-state analysis as the initial condition . 

Numerical and Experimental Results 

Figures 7 and 8 show the gas temperature change in the high
temperature and low-temperature side passages for the He/Ar 
experiment. The temperature difference between the heated wall 
and cooled wall was set to I 00 K. The gas temperature decreased 
suddenly at about 54 min after the experiment started. The gas 
temperature in the low-temperature side passage increased at 
54 min after the experiment started. From the temperature change 
obtained in this experiment, it was found that natural circulation 
flow through the reverse U-shaped passage was generated sud
denly at 54 min . Therefore, the low temperature argon gas flowed 
into the high-temperature side passage from the gas storage tank. 
The high temperature mixture gas flowed into the low
temperature side passage from the high-temperature side passage. 

Figure 9 shows the gas temperature change in the high
temperature side passage for the He/Ar numerical analysis. 
Figure IO shows the gas temperature change in the low
temperature side passage. The temperature difference between the 
heated wall and cooled wall was set to 100 K. The gas tempera
ture in the high-temperature side passage decreased suddenly at 
about 55 min after the unsteady-state analysis started. The gas 
temperature in the low-temperature side passage increased sud
denly at about 55 min. The difference between the experimental 
result and numerical analysis result regarding the onset time of 
natural circulation may be caused by the released heat from the 
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Fig. 7 Gas temperature change in the high-temperature side 
passage in the experiment (He/Ar, ii T= 100 K) 
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Fig. 8 Gas temperature change in the low-temperature side 
passage in the experiment (He/Ar, ii T= 100 K) 
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Fig. 9 Gas temperature change in the high-temperature side 
passage in the numerical analysis (He/Ar, AT= 100 K) 
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Fig. 10 Gas temperature change in the low-temperature side 
passage in the numerical analysis (He/Ar, AT= 100 K) 

outer wall of the apparatus. The gas temperature in the experiment 
was higher than that in the numerical analysis. The difference of 
the temperature between the numerical analysis and the experi
mental result is about 15 K in the high-temperature side passage 
before the onset of natural circulation. The difference of the gas 
temperature between the numerical analysis and the experimental 
result is about 5 K in the low-temperature side passage after the 
onset of natural circulation. This is because, the heated wall was 
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covered by an insulator to prevent heat release but a small amount 
of heat will be released to the ambient air. On the other hand, the 
boundary condition of the wall was set to an adiabatic condition 
in the numerical analysis. 

Figures I l(a)- 1 l(c) show the distribution of the flow velocity 
obtained from the numerical analysis. Localized natural convec
tion was generated by the temperature difference between the 
heated wall and the cooled wall in the high-temperature side pas
sage as shown in Fig. 11 (a) . Just before the onset of natural circu
lation, natural convection also formed in the low-temperature side 
passage as shown in Fig. 11 (b) . Finally, natural circulation 
through the entire passage was generated suddenly as shown in 
Fig. I l(c). 

Figures 12(a)- 12(c) show the temperature distribution 
obtainted from the numerical analysis . Gas temperature at the 
lower part of the high-temperature side passage becomes low just 
after generating the natural circulation flow. The gas temperature 
at the higher part of the low-temperature side passage becomes 
high at the same time. Figures I 3(a)- l 3(c) show the results of the 
molar fraction distribution obtained from the numerical analysis . 
Before the onset of natural circulation, the molar fraction of Ar in 
the low-temperature side passage is still small as shown in 
Figs. I 3(a) and I 3(b) . 

Tables 3 and 4 show the results of the onset time of natural cir
culation obtained from the experiment and the numerical analysis 
(2D model), respectively. Table 5 indicates the difference of the 
onset time of natural circulation between the experiment and 
numerical analysis (2D model) based on the experimental result. 
A minus sign indicates that the onset time of natural circulation in 
the numerical analysis was shorter than that in the experiment. 
The volume of the reverse U-shaped passage of the 2D model was 
larger than that of the experimental apparatus. Therefore, trans
portation of heavier gas into the passage will take a long time 
especially in the case of He/N2 and He/Ar experiment. Thus, the 
difference of the onset time of natural circulation becomes large. 

Table 6 shows the onset time of natural circulation obtained 
from the numerical analysis (3D model) . Table 7 indicates the dif
ference between the onset time of natural circulation obtained 
from 2D model analysis and that of natural circulation obtained 
from 3D model analysis . Table 8 shows the difference of the onset 
time of natural circulation between the experiment and numerical 
analysis (3D model) based on the experimental result. The onset 
time of natural circulation obtained from 3D model analysis is 
shorter than that obtained from 2D model analysis. Figure 14 
shows the velocity distribution in the top space of the high
temperature side passage. This is because as shown in Fig. 14, as 
the gas mixing process will be promoted by the Y-direction 

(b) (C) 

Fig. 11 Flow velocity distribution obtained from the numerical analysis (He/Ar, 
AT= 100 K): (a) 30min localized natural convection generated in the high
temperature side passage, (b) 52 min just before natural circulation generated, and 
( c) 54 min natural circulation generated through the passage 
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Fig. 12 Gas temperature distribution obtained from the numerical analysis (He/Ar, 
AT= 100 K): (a) 30 min localized natural convection generated in the high
temperature side passage, (b) 52 min just before natural circulation generated, and 
(c) 54 min natural circulation generated through the passage 
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Fig. 13 Molar fraction change of Ar obtained from the numerical analysis (He/Ar, 
AT= 100 K): (a) 30min mixing by molecular diffusion was promoted by localized 
natural convection in the high-temperature side passage, {b) 52 min just before nat
ural circulation generated, and (c) 54 min natural circulation generated through the 
passage and mole fraction became uniform 

Table 3 Onset time (min) of natural circulation obtained from Table 5 Difference of the onset time of natural circulation 
experiment 

AK(K) Ni/Ar Ne/Ar He/N2 He/Ar 

30 175 138 101 90 
50 137 128 76 75 
70 88 96 72 63 
100 68 83 60 54 

Table 4 Onset t ime (min) of natural circulation obtained from 
numerical analysis (2D model) 

tiK (K) Ni/Ar Ne/Ar He/N2 He/Ar 

30 161 137 102 94 
50 125 123 82 80 
70 92 IOI 76 67 
100 73 86 61 58 

021003-6 I Vol. 5, APRIL 2019 

between the experiment and the numerical analysis (2D model) 
based on the experiment 

tiK(K) Ni/Ar Ne/Ar He/N2 He/Ar 

30 -7.8 -0.4 -0.2 4.7 
50 -8.8 -4. 1 6.0 6.8 
70 4.2 5.4 5.2 7.0 
100 6.9 3.6 1.7 6.8 

Table 6 Onset time (min) of natural circulation obtained from 
numerical analysis (3D model) 

!',,.K(K) Ni/Ar Ne/Ar He/N2 He/Ar 

30 151 130 95 89 
50 118 115 76 75 
70 86 95 72 64 
100 69 81 58 55 
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Table 7 Difference of the onset time of natural circulation 
between the 20 model and the 30 model based on the 3D model 

tiK (K) Ni/Ar Ne/Ar He/N2 He/Ar 

30 6.2 5.6 5.3 5.7 
50 5.6 6.0 5.4 6.0 
70 6.2 5.9 5.5 5.2 
100 5.1 5.6 4.9 5.2 

Table 8 Difference of the onset time of natural circulation 
between the experiment and the numerical analysis (30 model) 
based on the experiment 

tiK (K) Ni/Ar 

30 
50 
70 
100 

- 13.5 
-13.9 

- 2.3 
1.5 

Y-Velocity, m/s 
0.019000 
0.016625 
0 . 014250 
0.011875 
0 . 009500 
O.OO?l.25 
0 . 004750 
0 . 002375 
0. 000000- - --
-0 . 002375 
-0 . 004750 
-0 . 007125 
-0 . 009500 
-0 . 011875 
-0 . 014250 
-0.016625 
-0 . 019000 

Ne/Ar He/N2 He/Ar 

- 6.0 - 5.5 - 1.2 
-9.8 0.3 0.3 
- 0.9 - 0.6 1.5 
-2.2 -3.3 1.2 

Fig. 14 Flow velocity distribution in the top space of the high
temperature side passage (N2/Ar, ti T= 100 K) 

Table 9 Range of Grashot numbers (Gr) based on the width of 
the high-temperature side passage in the numerical analysis 

tiK (K) N2/Ar (x 104
) Ne/Ar (x 104

) He/N2 (x 104
) He/Ar (x 104

) 

30 
50 
70 
100 

2.7-3.2 
4.2-4.8 
5.0-6.2 
6.9-8.6 

0.5-1.4 
0.79- 2.5 
0.92-3.1 
1.2-4.0 

0.056--0.87 0.047--0.97 
0.084-1 .3 0.057-1.6 
0.099-1.6 0.086-1.7 
0.13-1.9 0.11-2.3 

velocity component, the natural circulation will be generated 
faster than that in the case of 20 analysis. Therefore, the onset 
time of natural circulation obtained from 30 model analysis was 
in agreement with the experimental result in the case of He/N2 

and He/Ar. 
As shown in Tables 3 ,4 , and 6, the onset time of natural circula

tion decreased with an increasing temperature difference for each 
combination of gases. The range of the Grashof (Gr) number 
based on the width of the high-temperature side passage in the 
numerical analysis is shown in Table 9. The Gr number increased 
with an increasing temperature difference. The influence of local
ized natural convection increased with an increase in the 
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Table 10 Mutual diffusion coefficient (m2/s) of the two-
component gases 

tiK(K) N2-Ar Ne-Ar He-N2 He-Ar 

30 0.207 X 10- 4 0.328 X 10- 4 0.668 X 10- 4 0.740 X 10- 4 

50 0.214 X 10- 4 0.327 X 10- 4 0.694 X 10- 4 0.775 X 10- 4 

70 0.228 X 10- 4 0.353 X 10- 4 0.744 X 10- 4 0.818 X 10- 4 

100 0.231 X 10- 4 0.364 X 10- 4 0.790 X 10- 4 0.854 X J0- 4 

temperature difference between the heated wall and cooled wall. 
Thus, the onset time of natural circulation was shortened. 

Table 10 shows the mutual diffusion coefficient of the two
component gases. When the temperature difference was 30 and 50 
K, the onset time of natural circulation decreased with an increase 
in the diffusion coefficient. However, the onset time of natural cir
culation for Nz/Ar was shorter than that for Ne/Ar regardless of 
the diffusion coefficient when the temperature differences were 70 
and I 00 K. Figure 15 shows the molar fraction change of Ar in 
the Nz/Ar and Ne/Ar experiment in the case of temperature differ
ence of 50 K. Figure 16 shows the molar fraction change of Ar in 
the Nz/Ar and Ne/Ar experiment in the case of temperature differ
ence of 70 K. The Grashof number for Nz/Ar is larger than that 
for Ne/Ar as shown in Table 9. Therefore, the onset time of natu
ral circulation depended more on molecular diffusion than the 
strength of localized natural convection when the temperature dif
ference was small. On the other hand, the onset time of natural cir
culation depended not only on molecular diffusion but also on 
localized natural convection when the temperature difference was 
large. As the densities of Ne/Ar and Nz/Ar are larger than those of 
He/Ar and He/N2 , the Grashof number for Ne/Ar and NzfAr are 
larger than those for He/Ar and He/N2. 

Figure 17 shows the molar fraction change of Ar in the case of 
Nz/Ar in the high-temperature side passage. The temperature dif
ference was 30, 50, 70, and I 00 K. The molar fraction of Ar in the 
case of a temperature difference of 100 K rapidly increased in 
comparison with the other cases. Figure 18 shows the molar frac
tion change of Ar in the case of Ne/Ar in the high-temperature 
side passage. Figures 19 and 20 show the molar fraction change of 
N2 in the case of He/N2 and the molar fraction change of Ar in the 
case of He/Ar, respectively. The onset time of natural circulation 
decreased with an increasing temperature difference between the 
heated wall and the cooled wall in the high-temperature side 
passage. 

The Grashof numbers for He/Ar were larger than those for He/ 
N2• Therefore, the molar fraction of Ar in the case of He/Ar 
increased faster than that of N2 in the easer of He/N2. Since natu
ral convection in the case of He/ Ar was stronger than that in the 
case of He/N2, the molar fraction of Ar increased rapidly. 

Figure 2 1 shows the onset time of natural circulation against 
the wall temperature of the high-temperature side passage. 
Figure 22 shows the onset time of natural circulation obtained by 
three apparatus. Three apparatus are the reverse U-shaped tube 
[ 11 , 12), three parallel channels [I OJ, and vertical parallel walls 
[9). The height of the heated part is less than I m. As shown in 
Fig. 22, the onset time of natural circulation becomes long when 
the phenomenon is governed mainly by molecular diffusion. 
When not only the localized natural convection but also natural 
circulation was generated, the onset time of natural circulation 
becomes short. Therefore, it is important to know the localized 
natural convection or circulation is generated or not. 

In order to investigate of preventing natural circulation flow by 
injecting helium gas, the experiment has been done as follows. 
First, heavy gas is filled with the reverse U-shaped passage and 
the storage tank. Then, two vertical walls of the high-temperature 
side passage are heated and cooled. Thus, natural circulation flow 
will be generated. When the steady-state is established, helium 
gas injects from the top of the passage. Natural circulation will be 
stopped immediately. After the time elapsed, natural circulation 
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Fig. 15 Molar fraction change of Ar in the N2/Ar and Ne/Ar experiments (AT= 50 K): (a) high
temperature side and (b) low-temperature side 
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Fig. 17 Molar fraction change of Ar in the high-temperature 
side passage (N2'Ar, AT= 30, 50, 70, 100 K) 

will be regenerated suddenly. Figure 23 shows re-onset time of 
natural circulation. Re-onset time of natural circulation increased 
with increasing the amount of injecting helium gas. In order to 
prevent natural circulation flow, the amount of injecting helium 
gas increased with increasing temperature difference. Figure 24 
shows relationship between re-onset time of natural circulation 
and amount of injecting helium gas using simple reverse U
shaped tube [ 12]. In this case, there is no effect on localized natu
ral convection. Therefore, it takes much time to generate natural 
circulation. From the results obtained from these experiments, if a 
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Fig. 18 Molar fraction change of Ar in the high-temperature 
side passage (Ne/Ar, AT= 30, 50, 70, 100 K) 

helium canister is placed in the upper part of the reactor pressure 
vessel or the recuperator of the GTHTR-300C [16], air ingress 
from the ruptured pipe can be prevented. The amount of injecting 
helium gas needed to prevent the onset of natural circulation 
through the reactor is the same as the volume of the reactor pres
sure vessel at about 0.2---0.5 MPa. Thi s is a small amount of 
helium gas. 

The other experiment for a horizontal pipe break case is 
planned using an apparatus which is shown in Fig. 25 . Air ingress 
scenario in the case of the horizontal pipe break of the GTHTR-
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Fig. 19 Molar fraction change of N2 in the high-temperature 
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Fig. 20 Molar fraction change of Ar in the high-temperature 
side passage (He/Ar, AT= 30, 50, 70, 100 K) 

• Nitrogen.Argon 7 10 

)00 
• Neon/ Argon 5 10 

• Hel ium Nitrogen 1.5'1 

• llel iunvA rgon I 10 

0 

j 120 

~ 
60 • 

,o 100 l~O 

lka1cd side wall tcmpcn1.t111c e c1 

Fig. 21 Onset time of natural circulation against wall tempera
ture of the high-temperature side passage 

300C is as follows. After the pipe ruptures, air will flow into the 
bottom part of the reactor pressure vessel by the counter-current 
flow. The density stratified fluid layer will be formed. Buoyancy 
will be produced between the hot and cold legs. As the buoyancy 
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Fig. 24 Relationship between re-onset time of natural circula
tion and amount of injecting helium gas using simple reverse 
U-shaped tube 

will be small, the natural circulation flow will not produce under 
the condition of this density distribution. Thus, air will be trans
ported to the reactor core by mainly molecular diffusion . How
ever, from the results obtained in these experiments, air will be 
transported to the reactor core by localized natural convection. In 
the configuration of the HTIR, a vertical channel existed between 
the reactor core and the pipe rupture part. So, it took much time to 
generate natural circulation of air. In the configuration of the 
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Fig. 25 Apparatus simulated horizontal pipe rupture accident 
in GTHTR-300C 

GTHTR-300C, the vertical path does not exist between the reactor 
core and the pipe rupture part. Therefore, air may be transported 
to the reactor core earlier. The onset time of the natural circulation 
of air and the amount of infiltrating air during the accident will be 
greatly affected to the produced position and strength of localized 
natural convection in the pressure vessel. If localized natural con
vection occur inside the channel , it is difficult to estimate not only 
the density change of gas mixture but also the onset time of natu
ral circulation through the reactor. Anyway, after the time elapses, 
natural circulation may occur suddenly. In order to research the 
mixing process of two-component gas when the horizontal pri
mary pipe of the GTHTR-300C is ruptured, experiment and 
numerical analysis are planned . 

Conclusions 
We carried out an experiment and a numerical analysis to 

investigate the mixing processes of two-component . gases. The 
conclusions are as follows. 

Numerical analysis result regarding the temperature, flow 
velocity, molar fraction , density, and onset time of natural circula
tion through the apparatus qualitatively corresponded to the exper
imental result. 

The onset time of natural circulation depended more on molec
ular diffusion than the strength of localized natural convection 
when the temperature difference was small. On the other hand, the 
onset time of natural circulation depended not only on molecular 
diffusion but also on localized natural convection when the tem
perature difference was large. 

The onset time of natural circulation becomes long when the 
phenomenon is governed mainly by molecular diffusion. When 
not only the localized natural convection but also natural circula
tion was generated, the onset time of natural circulation becomes 
short. Therefore, it is important to know the localized natural con
vection or circulation is generated or not. 

From the results obtained from these experiments, if a helium 
canister is placed in the upper part of the reactor pressure vessel 
or the recuperator of the GTHTR-300C, air ingress from the rup
tured pipe can be prevented. The amount of injecting helium gas 
needed to prevent the onset of natural circulation through the reac
tor is the same as the volume of the reactor pressure vessel at 
about 0.2-0.5 MPa. This is a small amount of helium gas. 

These flow characteristics are the same as those of phenomena 
generated in the passage between a permanent reflector and a 
pressure vessel wall of the HTTR and the GTHTR-300C. We are 
planning to carry out experiment and numerical analysis of the air 
ingress phenomena when the horizontal primary pipe of the 
GTHTR-300C ruptures. 
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Nomenclature 

Subscripts or Superscripts 

d = space width 
el = electrical 
th= thermal 

Acronyms and Abbreviations 

Ar= argon 
CHAM = Concentration Heat and Momentum Limited 

CO = carbon monoxide 
CO2 = carbon dioxide 

GTHTR-300C = gas turbine high temperature reactor 300 for 
cogeneration 

He= Helium 
HTTR = high temperature engineering test reactor 
JAEA = Japan Atomic Energy Agency 

KECHEN = the Chen-Kim modified KE-EP turbulence 
model 

Ne= Neon 
NGNP = Next Generation Nuclear Plant 

N2 = nitrogen 
02 = oxygen 

PHOENICS = "Parabolic Hyperbolic or Elliptic Numerical 
Integration Code Series" Name of CFD program 
provided by Concentration Heat and Momentum 
Limited 

VHTR = very-high-temperature reactor 
20 = two-dimensional 
30 = three-dimensional 

Nondimensional Numbers 

Gr = Grashof number 
Ra = Raleigh number 

References 
111 Yan, X. L., Kunitomi , K., Nakata, T ., and Shiozawa, S., 2003, "GTHTR300 

Design and Development," Nucl. Eng. Des., 222(2- 3), pp. 247-262. 
[21 Saito, S., Tanaka, T ., Sudo, Y., Baba, 0 ., Shindo, M., and Shiozawa, S., 

1994, "Design of High Temperature Engineering Test Reactor (HTTR)," 
Deparment of HTTR Project Team, Tokai , lbaraki, Japan, Report No. JAERl -
1332. 

[31 Takeda, T ., and Hishida, M ., 1992, "Studies on Diffusion and Natural Convec
tion of Two-Component Gases," Nucl . Eng. Des., 135(3), pp. 341 - 354. 

14] Takeda, T ., and Hishida, M ., 1996, "Studies on Molecular Diffusion and Natu 
ral Convection in a Multicomponent Gas System," Int. J. Heat Mass Transfer, 
39(3), pp. 527- 536. 

151 Takeda, T., and Hishida, M .. 2000, "Study on the Passive Safe Technology for 
the Prevention of Air Ingress During the Primary-Pipe Rupture Accident of 
HTGR ," Nucl. Eng. Des., 200, pp. 251 - 259. 

161 Oh, C.H., and Kim, E. S. , 2011 , "Air- Ingress Analysis-Part I: Theoretical 
Approach," Nucl. Eng . Des., 241(1), pp. 203-212. 

[71 Oh, C. H., Kang, H. S., and Kim, E. S ., 2011 , "Air-Ingress Analysis-Part 2: 
Computational Fluid Dynamic Models," Nucl. Eng. Des., 241(1 ), pp. 213- 225. 

[81 Takeda, T. , lsomi, H. , and Hanazawa, H .. 2010, "Effectiveness of Natural Con
vection on Molecular Diffusion of Two Component Gases in a Vertical Fluid 
Layer," HTR2010, Prague, Czech Republic, Oct. 18- 20, Paper No. 038, 

[9] Takeda, T ., Mizuno, H., and Funatani, S. , 2014, "Study on Mi xing Process of 
Two Component Gases in a Vertical Fluid Layer," Nucl. Eng . Des., 271 , pp. 
424-430. 

I !OJ Takeda, T ., 2010, "Air Ingress Phenomena in a Depressurization Accident of 
the Very-High~Temperature Reactor," Nucl . Eng. Des., 240( 10), pp. 
2443-2450. 

[ 11 J Takeda, T ., Nomura, M., Yanagawa, N. , and Funatani , S., 2014, " Study on Con
trol Method of Natural Circulation by Injection of Helium Gas," Nucl. Eng. 
Des ., 271 , pp. 417-423 . 

11 2 1 Takeda. T., Hatori , H. , and Funatani , S., 201 6, "Experiments and Numerical 
Analysis of a Control Method for Natural Circulation Through Helium Gas 
Injection," Nucl. Eng . Des., 306, pp. 108-116. 

Transactions of the ASME 

Downloaded From : https://nuclearengineering.asmedigitalcollection .asme .org on 05/20/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use 



[ I 31 Turbulence models in the PH OEN JCS Encyclopeadia, I 994, "The Chen-Kim 
Modified KE-EP Turbulence Model ," Concentration, Heat and Momentum 
(CHAM), London, accessed Oct. 22, 2018, hllp://www.cham .co.uk/phoenics/ 
d po lis/d enc/lurmod/enc 1342.htm 

[141 Eckert, E. R. G., and Carlson, W. 0., 1961, "Natural Convection in an Air 
Layer Enclosed Between Two Vertical Plates With Different Temperatures," 
Int J Heal Mass Transfer, 2(1-2) , pp. 106-120. 

Journal of Nuclear Engineering and Radiation Science 

I 151 Kuriyama, S., Takeda, T., and Funalani, S., 2015. "Study on Heal Transfer 
Characteristics of the One Side-Heated Vertical Channel With Inserted Porous 
Materials Applied as a Vessel Cooling System," Nucl Eng. Tech., 47(5), pp. 
534-545 . 

[161 Yan, X. L., Takeda, T., Nishihara, T., Ohashi, K., and Kunitomi, K., 2008, "A 
Study of Air Ingress and Its Prevention in HTGR," Nucl. Tech., 163 (3), pp. 
401-415. 

APRIL2019, Vol. 5 I 021003-11 

Downloaded From: https://nuclearengineering.asmedigitalcollection.asme.org on 05/20/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use 



Christopher J. Hurt1 

Research Reactors Division, 
Oak Ridge National Laboratory, 

P O Box 2008, 
Oak Ridge, TN 37831-6399 

e-mail: hurtcj@ornl.gov 

James D. Freels 
Research Reactors Division, 

Oak Ridge National Laboratory, 
P 0. Box 2008, 

Oak Ridge, TN 37831-6399 

Thermomechanical Safety 
Analyses for a 238Pu Production 
Target at the HFIR 

Prashant K. Jain 
Reactor and Nuclear Systems Division, 

Oak Ridge National Laboratory, 
Oak Ridge, TN 37831 

G. Ivan Maldonado 

Safety analyses at the high flux isotope reactor (HFIR ) are required to qualify irradiation 
of production targets containing neptunium dioxide/aluminum cermet (Np02IAI) pellets 
for the production of plutonium-238 ( 3RPu). High heat generation rates (HGRs) duet~ a 
fertile starting material (237Np) , low melting temperatures, and previously unswd1ed 
material irradiation behavior (i. e. , swellingldensification , fission gas release) require a 
sophisticated set of steady-stare thermal simulations in order to ensure sufficient safety 
margins. Experience gained from previous models for preliminary target designs is rncor
porared into a more comprehensive production target model designed to. qualify a target 
for three cycles of irradiation and illuminate potential in-reactor behav10r of the target. 
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I Introduction 
Steady-state models [1-4] were previously developed in COM

SOL Multiphysics (a finite element code) [5] that use heat transfer 
and solid mechanics equations strongly coupled by phenomena 
such as thermal expansion, contact physics, and temperature
dependent properties. The experience from these models is used 
to develop a comprehensive model [2] that is analyzed for three 
irradiation cycles and incorporates detailed input and fully 
coupled thermomechanical physics throughout the entire target 
domain. 

It is important to note that for an adequate experi_ment saf~ty 
review at the high flux isotope reactor (HFIR), certam operating 
conditions must be analyzed at steady-state including: (I) nominal 
conditions, (2) 50% flow conditions, and (3) a 130% overpower 
case that is typically observed to be the limiting condillon for 
most analyses [6,7]. For this production model , four cases are 
analyzed which encompass these safety conditions: \ 1) a bes~
estimate or design-basis (DB) case that reflects nommal condi
tions, (2) a 50% flow DB case, (3) a thermally limiting safety
basis (TLB) at 130% overpower conditions which bo~nds 
maximum temperatures in the target, and (4) a struc~~rally h~1t
ing safety-basis (SLB) at 130% overpower cond1t1ons which 
bounds maximum stresses in the target. In this way, cases 3 and 4 
are designed to conservatively ensure adequate cooling and struc
tural integrity of the target, respectively, for the 130% overpower 
conditions. 

Furthermore, the scope from preliminary target model analyses 
is expanded to include more time steps (30 time steps over three 
operating cycles) and target pins (all seven m the nominal target 
holder array, as well as the "hot" pin in a lower neutron flux posi
tion) for a total of 240 analyzed solution permutations. 
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1.1 Brief 238Pu Production Background. Plutonium-238 
(238Pu) dioxide pellets fuel the radioisotope thermoelectric gener
ators (RTGs) that are the established power sources for deep space 
missions where solar power is not viable, including spacecraft and 
such exploratory vehicles as the Mars Curiosity robotic rover. The 
U.S. Department of Energy (DOE) has been tasked to re-establish 

. . '38 [8 . f h 238p the domestic product10n of - Pu ,9] m support o sue u-
powered spacecraft utilized by the National Aeronautics and 
Space Administration (NASA). 

This production project uses the existing domestic stockpile of 
neptunium as a feed stock to an irradiation campaign of converte_d 
neptunium-237 (237Np) dioxide _(Np0~

3
f.owder whos_e output 1s 

chemically processed for extraction of Pa. The 1ITadiat1on cam
paign utilizes existing DOE nuclear research reactors such as the 
HFIR at Oak Ridge National Laboratory (ORNL) in the neutron 
irradiation of neptunium dioxide/aluminum cermet (NpO:JAl) pel 
lets inside a variety of target designs. Figure I below shows an 
example Np02/Al pellet and production-style target pins within a 
target holder. 

The irradiation campaign phases are incremental toward full
scale production and include : ( I ) single pellet capsules in nonpro
totypical encapsulations, (2) partially loaded targets in prototypi 
cal encapsulations, (3) fully loaded targets in prototypical 
encapsulations, and ( 4) production targets. Each phase provides 
postirradiation examination (PIE) data to the subsequent phase 
that informs the design, fabrication, and qualification efforts and 
serves as a hold-point to future phases. The steady-state analysis 
for the first three phases has been completed and documented 
elsewhere [I ], this paper documents development and results for 
the initial phase 4 or production phase model. The context and 
necessity of these thermal analyses within target qualification is 
provided in the following section. 

-- ~--

Fig. 1 An NpO:z/AI pellet (left) and target rods in target holder 
(right) 
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1.2 High Flux Isotope Reactor Experiment Safety Review. 
Experiment qualification at the HFIR requires that a safety review 
is completed to ensure that safe reactor operation is not impaired 
(via a large reactivity insertion, release of material into the reactor 
coolant, etc.) during nominal conditions as well as safety basis 
conditions from the HFIR Safety Analysis Report that do not 
result in reactor fuel damage. In the case of this work, care is 
taken to ensure steady-state target cooling is maintained so that 
(l) maximum temperatures do not exceed melting (-650 °C for 
aluminum), (2) target surface temperatures do not exceed the reac
tor coolant saturation temperature (to avoid steam blanketing and 
potential burnout), and (3) internal spatial clearance is maintained 
or stress is not put on the containment past its material strength. 

As previously mentioned, three steady-state operations condi
tions are required to be assessed for each experiment safety 
review. The principal failure mode of concern for the preliminary 
experiment designs during the initial three phases of the project 
has been the maximum target internal temperatures with respect 
to melting at 130% overpower conditions. With regard to the 
fourth phase, production model analyses presented here, greater 
attention is paid to all potential failure branches, due to the exten
sion to a third irradiation cycle as well as the availability and utili
zation of more up-to-date and precise PIE data. 

The steady-state thermal-structure analyses presented here are 
one part of the safety review required, where the target cooling 
calculations include both steady-state and transient heat transfer 
that is computed using nuclear safety software quality assurance
approved codes COMSOL Multiphysics [5] and RELAP5 [ I O], 
respectively. Calculations for neutron transport and material 
depletion [ 11 ,12) support these analyses (via heat generation rates 
(HGRs), fission gas inventories, fission densities, etc.) as well as 
satisfy radionuclide inventory and reactivity requirements. How
ever, a relevant transmutation characteristic to note is the linear 
build-in of fissile isotopes in the pellets (with some decay between 
cycles) that results in maximum heat generation rates at end-of
cycle (EOC), and therefore, limiting thermal conditions are fre
quently observed at EOC. 

Altogether these safety analyses support an experiment authori
zation basis document that presents the final target qualification 
with respect to the HFIR safety review. The safety review process 
for these experiments is shown in Fig. 2, where the focus of this 
paper, thermal-structure analyses, is outlined. 

2 Methods 
The modeling methodologies in terms of model inputs and gov

erning physics are explained in this section. Significant variation 
occurs from the methodologies of previous models [ I ) and where 

Transport and 
Depletion Analysts 

Fig. 2 Simple diagram of the experiment safety review process 
at the HFIR 
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possible these variations are noted here; however, the develop
ment of each model was a continuous process with significant 
overlap in methods from each model the full details of which are 
not provided here. As models progressed, new knowledge in terms 
of input data required evolving and creative modeling approaches; 
however, throughout the process it has always been a priority to 
place the safe irradiation of the experiments before project sched
ule or cost. 

2.1 Governing Physics. The COMSOL built-in heat transfer 
physics interface is used, which is governed by the domain equa
tion given in Eq. ( 1), where k is the thermal conductivity (W/m 
K), Tis the field variable temperature (K), and Q is a volumetric 
heat source (W/m3

) . For this problem, the transient heat and con
vection terms are eliminated as the analysis is for steady-state 
conditions in a solid medium (excluding fission gas regions) 

V · (-kVT) = Q (I) 

The solid mechanics interface is designed for structural mechanics 
in R-Z geometries to solve the dependent variables u, v, and w for 
displacement. The contact pair conditions and gravity body force 
are defined under this interface. This physics interface is applied 
over the entire domain , as opposed to previous models [ I ) where 
only the pellet(s) and surrounding components (i.e. , housing/ 
cladding tube or heat sinks) were solved for structural equations. 
In addition, the temperature field from the heat transfer interface 
is used to determine all temperature-dependent properties, serving 
as a coupling between the two physics. 

The interface is governed by the domain equations, Eqs. 
(2)- (4) , wherein Eq. (2) is the equation of motion where Fv is the 
body force or load (N/m3)-gravity is one such body force-and 
a is the stress (Pa) in the target 

Va+Fv =O (2) 

The strain tensor, e, is given in terms of the displacement field 
variable, u (m), in Eq. (3) , and the stress tensor, a (Pa), is related 
to the strain tensor via Hooke ' s law in Eq. (4) , where C is the 
fourth-order elasticity tensor (Pa), the subscript O denotes initial 
stresses and strains, 6th , e,w, and e,h are the strains due to thermal 
expansion, swelling, and shrinkage/densification (-), respectively, 

J ( T T ) e = 2 (Vu) +Vu+ (Vu) Vu (3) 

(4) 

2.2 Gas Gap Conductance. The total thermal conductance, h 
(W/m2 K) , between two surfaces (the pellets and housing/heat 
sinks in these experiments) as shown in Eq. (5) is the sum of the 
gaf conductance, hg (W/m2 K), and contact conductance he (WI 
m K), where radiation conductance, hr (W/m2 K), is conserva
tively considered negligible due to the low absolute temperatures 
in the target. The gas gap conductance, the primary form of heat 
transfer for the preliminary targets [ 1], shares its contribution with 
the contact conductance (detailed in Sec. 2.3.) 

h =he+ h8 + h, (5) 

The gas gap conductance is calculated as the one-dimensional 
(ID) conductance relation of thermal conductivity of the fill gas 
helium, k88e (W /m K), over gap distance, o (m), with the modifi
cations of ( 1) a thermal conductivity reduction factor, /me, due to 
fission gas release, and (2) thermal "jump" distances, g; (m), for 
each surface that are used to account for inefficient gas-to-solid 
heat transfer particular to that surface/gas combination, as shown 
in the following equation: 
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h _ f kHe*kgtte 
g - ,5+g, +g2 

(6) 

Individual gas and gas/surface properties are calculated to make 
up the "temperature jump distance," g, shown in Eq. (7) [ 13], 
where the latter of the two forms shown is used 

g=(2-r1.,h) 2 kg l=(2-r1.,h) 2y kg). (7) 
r1.1h (y + I) (µCv) r1.1h (y + I) (µCp) 

where o:,h is the thermal accommodation coefficient (dimension
less, an empirical function of temperature [14- 16], y is the ratio of 
specific heats (Cv/Cp), kg is the thermal conductivity of the gas 
(W/m K), µ is the dynamic viscosity of the gas (Pas), Cp and Cv 
are the gas heat capacity (J/kg K) at constant pressure and volume, 
respectively, and }, is the gas molecular mean free path (in meters , 
which is itself a function [ 17] of the gas molecular density (mo!/ 
m3

) and the gas collision diameters (m) [18- 20]. 
This term is specific to individual gas molecule/surface combi

nations and the effective thermal jump at one surface for a given 
gas mixture, g111 , is then a combination of all gases present accord
ing to (8) [13] 

(8) 

where X; and M; represent the constituent gas i mole fraction (-) 
and molecular mass (g), respectively. 

The thermal conductivity of the resulting gas mixture within 
the target gas plenums is approximated by a reduction factor to 
the thermal conductivity of the pure helium fill gas. This can be 
estimated by a curve fit of the xenon-gas mole fraction using a 
NASA reference set of measurements [21 ). This curve fit is 
included directly in the COMSOL model by Eq. (9) , which con
servatively includes the sum of the krypton (Kr) and xenon (Xe) 
mole fractions , xK, and Xxe , respectively , in place of the xenon 
mole fraction 

fkNASA = -1.7299*(.Xxe + XKr )
5 + 5.6988*(.Xxe + XKr )

4 

- 7.7342*(Xxe + XKr) 3 + 5.9074*(Xxc + XKr )
2 

- 3.104l*(Xxe +xK,) + I (9) 

In addition, two conservative curve fits to measurement data that 
are found in the Thermophysical Properties Material Database 
(TPMD) [22] are used as well (for a thin-hot wire and thick-hot 
wire method of measuring the thermal conductivity) as shown in 
the following equations: 

fkthinwirc = -0.5372*(.Xxe + XKr)
5 + 2.6203*(.Xxe + XKr)

4 

- 4.9526*(.Xxe + XKr )
3 + 4.9348*(.Xxe + XKr) 2 

- 3.0198*(.Xxe + XKr) + I 

/k1hickwire = 2.9406*(.Xxe +xK,)6 - 10.5127*(.Xxe +xK,)5 

+ 15.6983*(.Xxe +xK,)4 
- 13.4061*(.xxe +xK,)3 

(10) 

+ 7.7818*(.Xxe +xK,)2- 3.4658*(.xxe +xK,) + 0.9999 

(II) 

The reduction in helium thermal conductivity is, therefore, the 
average of these three fits as shown in the equation given below: 

fj _ (/kNASA + /k,hinwire + fkthickwirc) 
kHc -

3 
(12) 

Generally, the thin-hot wire method results and NASA results 
agree fairly well, while the thick-hot wire is usually more conserv
ative (has a greater reduction in helium thermal conductivity) than 
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the other two. The initial single pellet models used the NASA fit 
with only the xenon mole fraction as a fit parameter; later the 
other fits and krypton mole fraction were added in the prototypical 
models for greater conservatism. 

2.3 Contact Conductance. Third cycle production targets are 
the first set of analyses where strong side contact between the pel
lets and cladding occurs, where gas gap conductance and contact 
conductance are comparable and complementary heat transfer 
mechanisms. · 

The contact term of the total gap conductance represents that 
portion due to the conductance created from pressure forces acting 
on the two touching solid surfaces, where greater contact pressure 
creates a larger surface area at the microlevel and thus higher con
ductance. Two forms of conductance may be formed , for an elas
tic, h" or plastic, hp, regime of microdeformation, where each is a 
strong function of contact pressure as well as certain material 
properties of the contact surfaces [ 13] 

(k"'m) (P../2)0.94 
he = I .55 --;- E' m ( 13) 

hp= l.13e"~m) (;;)°94 ( 14) 

It has been observed that the solid spot conductance under elastic 
deformation gives a conservatively lower value than the plastic 
deformation definition, and previously the elastic form was used 
for this reason. However. a plasticity index as defined from Eq. 
(3.23) of Ref. [ 13] is now used to determine the type of 
deformation 

E' 
i/J=m

H 
(15) 

where a value above 1.0 has been observed to exhibit plastic 
deformation even at light loads and a value below 0.7 exhibits 
elastic deformation even under heavy loads. A linear interpolation 
of the two conductance values for a plasticity index range between 
0.7 and 1.0 is then utilized to complete the continuous function of 
conductance as a function of microdeformation plasticity. 

2.4 Irradiation Volumetric Swelling. The possibility of sig
nificant densification and swelling in the neptunium oxide pellets 
was discussed prior to the phase I irradiations; however, the 
expectation was that for the production burn-up levels the 
observed densification of the pellets would be minor and swelling 
would be the more measurable factor. While swelling presents a 
safety consideration in possible breach or failure of the target 
housing, densification, or negative swelling presents a safety con
sideration as it increases the gap between the pellets and target 
housing, hence, reducing radial heat transfer, and elevating pellet 
temperatures near melting. 

The behavior of irradiated fuel oxides suspended in an alumi
num dispersion mixture has been measured in previous experi
ments [23- 25]. The experiment results exhibit the general 
characteristics of densification and swelling as described in the 
equations and Fig. 3 below. Fabrication void volumes experience 
a radiation-enhanced sintering which reduces the overall volume 
of the pellets for the early irradiation periods, likely limited by the 
initial porosity fraction, P0 , which is observed to vary with pellet 
fabrication heat-treatment. Subsequently, the linear swelling due 
to fission gas and fission product release dominates the irradiation 
behavior as the reduction in void volume falls off 

1W 
- =a*BU 
V swell . 

(16) 

V dens. 
= Po(e- P•BU - I) (17) 
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Accumulated Fission Density 

Fig. 3 General trend and contributions to pellet dimensional 
irradiation behavior 

Using the newly available fully coupled PIE data for six targets, a 
net volumetric swelling curve may be fit that combines these two 
effects 

( ) 1:W ( - b • le-20•BU I) Vol.Swell. BU =Vo= a*le -20*BU + c e -

( 18) 

As shown in Fig. 3, the irradiation behavior, as measured by the 
pellet dimensional changes in the PIE results, has mostly been 
observed in the time period after maximum densification and 
swelling due to fission products is recovering the negative volume 
change; however, a trend consistent with theory in Fig. 3 can be 
seen. The maxima densifications are observed early in the irradia
tion periods, which is consistent with previous oxide fuel studies 
at around less than 4000 MW-d/t-fuel [24- 26]. Preliminary mod
els made use of either a constant bounding value for shrinkage/ 
swelling or limited linear trends, due to lack of available PIE 
dimensional data, whereas the current production model may 
leverage more complete PIE data to yield a more complete swel
ling/shrinkage curve. 

Due to previously observed erroneous outliers in the results 
(derived from measurement difficulties such as machined pellet 
flats during target destruction and unremoved debris) that created 
an unrealistic spread in the data, the moving or running average of 
the PIE data was used to yield a best-estimate curve fit according 
to the above parameters. Figure 4 shows this curve fit along with 
the moving average PIE data for two different sets of confidence 
intervals. These are based on the likelihood of another observation 
(or data point) and use either nonsimultaneous or simultaneous 
intervals, the latter yielding larger intervals by definition. 

Using the confidence interval based on the nonsimultaneous 
observation for the running average is chosen as a sufficiently 
conservative case given its analysis in conjunction with the 130% 
overpower conditions as well as other conservative assumptions 
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Fig. 4 Fit and moving average of PIE dimensional data with 
two different sets of observation confidence intervals, nonsi
multaneous (left) and simultaneous (right) 

021004-4 I Vol. 5, APRIL 2019 

and inputs incorporated into the model as described here and 
throughout the calculation. A supplementary calculation addresses 
the impact of an additional potential curve using the simultaneous 
method of the moving average which demonstrates, even with an 
additional 1.1 power factor, adequate cooling, and structural 
integrity of the target are maintained. 

Altogether these irradiation behaviors have a significant effect 
on the heat transfer in the gap between the pellets and housing 
tube, via either by changing the gap size or by reducing the gas 
thermal conductivity. As shown in the radial temperature profile 
in Fig. 5, where no contact is occurring, the temperature gradient 
in the gap can be very significant and is the primary driver behind 
maximum temperatures in the pellets. 

2.5 Pellet Properties. NpO:JAI pellets are pressed from 
Np02 powder (which has been processed from Np feedstock by 
removal of 233Pa and oxide conversion) with aluminum (Al) pow
der, where approximate volume composition yields are -70% 
Al, 20% Np02, and 10% void with an effective density of 
-4.11 g/cm3

. 

The pellet thermal conductivity measurements were last 
updated in the initial fabrication of 1200 °C heat-fired pellets. It is 
likely that a higher thermal conductivity could be credited given 
more up-to-date measurements, but at the time a conservative con
stant value is estimated that accounts for conservative bounds in 
the fabricated oxide+void volume percentage [27] and a slight 
decrease with temperature. 

The pellet thermal expansion was previously calculated for 
three different pellet heat-treatments . For this calculation three 
new measurements are made for the pellet heat-treatment of inter
est (1200 °C) and a best-estimate curve fit made to the measure
ment results, where little spread was seen. In addition, a 
validation COMSOL model was made to confirm correct imple
mentation against the measured expansion as shown in Fig. 6. 

The initial Young's modulus and Poisson ' s Ratio estimates 
were based on consensus expert opinion in determining a conserv
ative estimate of these values (in addition using measurements of 
a surrogate oxide material) at 70 GPa and 0.1. These values were 
used for the preliminary target models, until axial stresses due to 
aggregate pellet stack swelling became a concern during the tran
sition to the "best-estimate" production model. Updated measure
ments [28] for the elastic modulus were taken at different pellet 
temperatures as shown in Fig. 7. What was observed was a strong 
dependence on temperature, where the modulus and ultimate 
strength of the pellet decreased with increasing temperature. 
Temperature-dependence of Young's modulus is thus derived as 
an interpolated table of the values derived from the measurements 
at 20, 200, 300, 400, and 500 °C. No Poisson's ratio measure
ments on the pellet material have been conducted; however, a 
value between 0.1 and 0.35 is assumed, depending on which value 
is conservative for the assessment. 
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Thermo-physical properties for other crucial materials include 
that of Al-6061-t6 [29- 37] and -t4 [38] fission gases helium, 
xenon , and krypton [39,40] in addition to those listed in Sec. 2.2, 
and water [4 1-44]. 

2.6 Boundary Conditions. The bottom of the target is fixed 
in the z-direction to denote the fixed position of the target while 
sitting in its vertical experiment facility (VXF) position. The axial 
symmetry node applies only to the boundaries at r = 0 and repre
sents symmetry in the loads and geometry. Thermally, insulation 
is assumed at the top and bottom ends of the target. The outside 
walls of the target experience internal forced convection [45] 
from the reactor coolant where the bulk temperature is conserva
tively calculated and a thermally resistant oxide layer [46] modi
fies the heat transfer coefficient for the prototypical models. These 
are the only external constraints on the geometry and are 
explained in greater detail in Sec. 2.7. 

Concerning internal boundaries, continuity (in heat transfer and 
structural) was assumed between components far away from the 
pellet(s). Conduction in small gas regions between solid compo
nents were not modeled to save on meshing and computation 
time, where either thermal insulation or ID heat transfer in the 
form of thermally resistive layers are conservatively assumed. In 
models with multiple pellets, the axial heat transfer between pel
lets is conservatively neglected (i.e., thermal insulation is assumed 
on NpOi/Al pellet tops and bottoms)-however, the equations to 
model this effect are setup to test and confirm that heat transfer is 
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predominantly in the radial direction. The radial heat transfer 
between pellets and the surrounding components (the lower heat 
sink or cladding/housing tube) is coupled to the contact pair gap 
distance in equations explained in Sec. 2.2. 

Contact pairs are applied to internal components that may come 
into contact or where the gap distance needs to be calculated , 
where possible, in particular for axial contact between pellets in a 
pellet stack, between pellet(s) and radially adjacent components, 
and in the single pellet models axially between the surrounding 
heat sinks. A more robust, accurate feature for contact was avail
able and used: a modified version of the penalty method that is 
better at preventing penetration, augmented Lagrangian, which is 
an improvement over previous models [ I] which used the unmodi
fied penalty factor method for contact pairs. 

2.7 Target Surface Heat Transfer. A non-negligible factor 
in the final temperatures is buildup of the corrosion oxide layer on 
the target surface, which has been studied at the HFIR for the alu
minum cladding on HFIR fuel plates [46]. The heat transfer coef
ficient at the surface is for external forced convection from 
Incropera [45] as built-in to COMSOL, and the bulk temperature 
is calculated according to a discrete energy balance of the coolant 
control volume and target components. The oxide layer buildup is 
conservatively assumed to be in line with the HFIR fuel plates 
[46] (whose surface heat fluxes are three orders of magnitude 
higher), where oxide thickness, X, of cycle q is a function of time, 
t, and the surface temperature, Tsq 

( 19) 

And buildup terms account for the effect of continued buildup 
from previous cycles 

5920 Tfq· J ,TSq 
<l>q-1 = (<l>q-2 + fit)e· * Sq-I Sq (20) 

The above equations are empirical correlations where the input 
units used should be standard SI units (seconds for time, K for 
temperature, and the output oxide thickness is in microns (µm). 

This low thermal conductivity, thermally resistive layer is 
incorporated with a modified heat transfer coefficient on the target 
surface boundaries 

hmod = h ( ) 
1 + box Xox* ..!!.__ 

kox 

(2 1) 

2.8 Input From Neutron/Depletion Calculations. It has 
been observed in previous calculations [ 11 ] that the build-in of fis
sionable isotopes results in maximum pellet heat generation at the 
EOC for each target irradiation. Previously, the calculated 238Pu 
purity was insufficient to irradiate a single target for three cycles; 
however, improved methods in this calculation revealed a sufficient 
margin to adequately qualify the targets for three cycles [ 12]. 

Detailed data were generated by neutronics calculations in 
MCNP and ORIGEN-S [ 11 , 12] that was input to thi_s calculation, 
including irradiation time-dependent data for three cycles for 
eight different target pin locations at ten time intervals per cycle. 
These data included discrete accumulated fission density or 
burnup, fission gas inventory, and mass-specific HGRs organized 
by discrete pellet regions that were then turned into 5-deg polyno
mial fitted curves as shown in an example set of heat generation 
curves for pin 1, cycle 3 at 6 time intervals in Fig. 8 (a full 10 
time interval data set is not displayed here; however, it occurs at 
days 0, 1, 3, 5, IO, 15, 20, 22, 24, and 26). For the hottest target 
location, total pellet heat loads range from ~20, 24, 28 kW at 
EOC-1, 2, and 3, respectively, whereas EOC pellet heat loads may 
be as low as ~ 12 kW for lower flux positions. Nonpellet heat 
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Fig. 8 Pin 1 pellet mass-specific heating rates versus axial 
position for the polynomial fits and input data at 0, 5, 10, 15, 20, 
and 26 days into the third cycle 

loads are on the order of ~0.2 kW at EOC and are conservatively 
held at their EOC values. 

Heat source specifications in COMSOL take the form shown in 
the below equation: 

Q; = /powc,P/J 111 (z) (22) 

where the subscript i denotes the target component domain.f power 

denotes the power factor ( 1.0 for nominal reactor conditions), P; 

denotes the component material density (kg/m3
), and 4.m is the 

component mass-specific heating rate (W /kg). For nonpellet com
ponents, the domain-averaged heating rate is commonly given, 
with an exception for pnJtotypical target components with heights 
on the order of the target length (the housing/cladding tube, cool
ant volume, and target holder). 

2.9 Solver Methodology. Two solution methods were used: 
(I) direct fully coupled solver was the preferred setting for the 
solver for all models, solving all equations in one step, and (2) a 
segregated solver using a lumped fully coupled step of the temper
ature and displacement field variables, followed by a second solu
tion step ·of the contact pair variable(s). The former method was 
primarily used and preferred, although it uses greater computa
tional resources and poses greater convergence issues, due to its 
more robust and accurate solutions. 

A steady-state solution is sought and obtained for all solutions 
shown in this report to the default residual value of I x 10- 3

• A 
smaller residual, e.g. , 1.0 x I o-6

, will typically add several iterations, 
but no significant change in the temperature field, the maximum of 
which, is usually what is being examined for this type of simulation. 

The initial guess for the solution is important to convergence, 
sometimes requiring manual scaling of the field variables in order 
to improve stability or speed. The difficulty in model convergence, 
particularly for those cases with strong contact between the pellet· 
side and inside containment housing tube surface, has commonly 
required approaching solutions with an increased load, sweeping 

Fig. 10 Radial cut-view of prototypical target holder with 
seven prototypical target "pins" 

the power factor, irradiation day, or other parameter in increasing 
steps, while using the previous solution as an initial guess. 

The finite-element basis function that is used for the variable 
interpolation between node points of the model observed some 
variation for each model, where its increase, along with the solution 
mesh, considerably increases both the computation resources and 
accuracy of the solution. Linear, quadratic, and cubic linear basis 
function were used, with either quadratic or cubic basis solutions 
used for the final solution. In addition, mesh refinements were com
monly performed to ensure adequate solution convergence, with 
variations in memory usage between a few GB to around 25 GB. 

3 Production Target Geometry 
The geometry of the production model target is an extension of 

the prototypical target designs, around 0.84 m in length, where a 
pellet stack is contained within an aluminum (Al) housing tube, as 
shown in Fig. 9. Similar features to the prototypical targets 
include: Al dummy pellets at either end of the pellet stack, an Al 
top end cap with a large helium plenum, an Al bottom end cap, 
spacer tubes at either end of the target, and an Al support tube. 
There are welds to the housing/cladding tube at the top and bot
tom end caps, to complete target encapsulation. 

Expansion spacer assemblies were added on either end of the 
pin, each consisting of a roll pin that slides into a sleeve under 
axial compression. These were designed to create greater axial 
clearance in the event of axial stresses in the target due to pellet 
stack swelling-the nominal length of spacer tubing decrea_sed 
from prototypical designs in order to accommodate them. The pel
let stack contains 52 Np02/ Al pellets, ~0.64 cm in diameter and 
~0.95 cm in length, with a total stack length of ~49.5 cm. A 
~0.89 mm thick Al alloy type 6061 (Al 6061) housing tube encap
sulates the internal components, containing six outer fins designed 
to stabilize the target in its holder (to prevent excess flow vibra
tion) and to better mix flow. 

The target holder geometry, shown in Fig. 10, is made of an 
aluminum alloy tubing consistent with other HFIR holders. Seven 
prototypical target pins are held in seven bolt holes that act as 
coolant channels to each pin or target. One pin is located in the 

Top End Cap RollPin 
Pellet 
#1 

Pellet 
#52 

Bottom 
Cap 

Support 
Tube 

Exp. 
Assem. 

Fig. 9 Representation of production model target pin components 
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Fig. 11 Extra-coarse, finer, and extremely fine triangular 
meshes in the pelleVcladding region 

center of the holder, with six outer pins rotated 60 deg around the 
holder. By convention, "Pin I" is denoted as the pin facing the 
reactor core with the other pins named sequentially in the clock
wise direction and pin 7 as the center pin. Pin I, being closest to 
the reactor core, experiences the highest heat generation rates and 
therefore receives the greatest degree of examination by these 
safety calculations. 

3.1 Mesh. A total of five mesh cases were designed in analyz
ing this problem utilizing a free triangular mesh built in COM
SOL. These five cases are designated (I) extra coarse, (2) normal, 
(3) finer, (4) extra fine, and (5) extremely fine. All five mesh cases 
are similarly formed and differ primarily by the selection of their 
free mesh size types as defined by COMSOL predefined settings 
which are sometimes custom adjusted (in terms of minimum and 
maximum element sizes, or ratio for element growth) in order to 
optimize the mesh ratios in the side gap (best set at a pellet/hous
ing ratio of 2 or greater). 

The pellet and adjacent housing domain mesh have the highest 
impact on the solution and are shown for the extra-coarse, finer, 
and extremely fine mesh cases in Fig. I I. Note that the mesh den
sity is refined near the cylinder radius edge as recommended by 
the COMSOL documentation for contact-pair problems, with a 
desired ratio of 2 to I for the adjacent cladding surface mesh den
sity, as well as on the top surfaces of each pellet which is evident 
for the finer meshes. This is a noted improvement from previous 
models [ I] that did not control the mesh as closely in this manner. 
The housing is chosen as the source boundary as it is both the 
stiffer and concave-shaped surface under contact, the destination 
boundary (pellet radial surface) is then more finely meshed as a 
result. Although the pellet/housing domains were the primary con
trol for meshing refinement, the resolution from the extra coarse 
to extremely fine mesh cases can be seen for upper and lower tar
get regions in Figs. 12 and 13, respectively. 

An extensive mesh-density evaluation of this problem was per
formed early in the study and revealed that the extra coarse mesh 
with linear finite-element basis function was sufficient to analyze 
this problem's time-dependent values provided that a quadratic 
finite-element basis function was also exercised with the 
extremely fine-mesh to confirm extra coarse mesh values at the 
times yielding safety basis values, EOC-1 and EOC-3. Memory 
usage from the model varied from a few to ~25 GB, with,a single 
simulation converging with a direct, fully coupled solver in a time 
range of minutes to hours. 

4 Production Model Analyses and Results 
In the previous fully loaded target analyses, three of the five 

revisions addressed the maximum target temperatures with respect 
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Fig. 12 Extra coarse and extremely fine meshes in the upper 
region near the support tube 

0 0.2 

Fig. 13 Extra coarse and extremely fine meshes in the lower 
region near the bottom cap, lower spacer tube, lower expansion 
spacers, and housing 
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to the melting temperature and the final two revisions supported 
the assessment of target axial stresses with axially dependent ther
mal data. The analyses for the production model address the 
bounding temperatures and provide supporting axially dependent 
thermal data in one assessment, while also providing an assess
ment of the structural integrity of the target (in terms of the axial 
stresses among other features). 

There are four different model cases analyzed: (I) DB case at 
steady-state 100% flow, or "best-estimate", (2) DB case at steady
state 50% flow, (3) TLB case at 130% overpower conditions, and 
(4) SLB case at 130% overpower conditions. Cases 2 and 3 are 
run for the hot pin (or Pin I) in the hot VXF position, and the DB 
case at 100% flow model (also referred to as the "best-estimate" 
model) is run for all seven pins in the hot VXF position and pin I 
in the colder VXF position (a lower flux position). The SLB case 
is run only at EOC-3 for pin I, where maximum irradiation swel
ling leads to the limiting conditions for structural integrity. 

4.1 Best-Estimate Analyses. The best-estimate case is ana
lyzed for all irradiation pins, all seven positions in the holder in 
the hot VXF position and the hot pin (pin I) in the colder VXF 
position which is referred to as a "Pin 8." All eight pins are ana
lyzed over the course of three cycles, at ten discrete time periods 
(0, I, 3, 5, 10, 15 , 20, 22, 24, and 26 days into each irradiation 
cycles). Figure 14 provides a summary of the analyses for the 
eight pins with their maximum target temperatures plotted against 
irradiation days into the cycle. In the second and third cycles, 
maximum target temperature with respect to irradiation time pla
teaus at around 350 °C due to the competing effects described in 
Sec. 2.2 and later in this section. The important results are that Pin 
I of the hot VXF position has the highest temperatures over the 
three cycles, Pin 8 (or pin I of the cold VXF position) has the sec
ond highest, and all pins have their maximum temperatures at 
EOC-1, which are results that needed to be confirmed due to the 
pellets' burnup-dependent behavior. 

Figure 15 shows the temperature profiles in the NpOi/ Al pellet 
stack on a 20 R-Z section (spatially not-to-scale) for the EOC-1, 
2, and 3, while Fig. 16 shows the effect of irradiation-induced 
swelling/densification in the pellet/housing gap at EOC-1, 2, and 
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3. Figures 17- 19 show the pellet centerline temperature profiles 
for cycles I , 2, and 3, respectively, at ten discrete time steps in 
each cycle. Figures 20 and 21 show pellet side surface tempera
ture and pressures, respectively, for cycle 3 at ten discrete time 
steps in the cycle. 

Taking into account the bumup-dependence of pellet dimen
sional behavior yields a complex axial temperature distribution 
with time, as the burnup is itself axially dependent due to the flux 
cosine curve of the HFIR core. In the first cycle (see Fig. 17 and 
left of Fig. 15 for illustration), the axial temperature distribution 
follows the cosine curve of HFIR core fluxes, with temperatures 
being dictated by the flux-driven heat generation rates and densifi
cation. In the second cycle (see Fig. 18 and middle of Figs. 15 and 
16 for illustration), the center pellet regions which have experi
enced the highest flux (and therefore highest burnup) see volumet
ric swelling outpace densification and begin to cool and the peak 
temperatures move toward the opposing ends of the pellet stack as 
a result. This peaking at the outer ends is amplified by EOC-3 (see 
Fig. 19 and the right of Figs. 15 and 16 for illustration), as the cen
ter pellets experience net diametrical swelling into the cladding 
and cool down significantly. 

The steep drop in temperatures where side pressure occurs 
can be seen in Figs. 20 and 21 , as well as the fact that side 
pressure may occur as early as day 5 into cycle 3. There is also 
some peaking in side pressure at the pellet ends due to the hour
glass "bowing" that occurs (a typical behavior of oxide fuel 
pellets). 

4.2 Thermally Limiting Basis. As previously noted, the 
TLB yields the highest pellet temperature and the minimum safety 
factor for the calculation. The TLB case is analyzed for the hot 
pin only over three cycles, as the best-estimate case analyses of 
all pins establishes that Pin I is the "hottest" pin and most impor
tant for thermal safety analyses. Figure 22 shows the maximum 
pellet temperatures in material regions 5611-5619 (named where 
lower numbers denote pellets closer to the horizontal midplane, in 
groups of six, or the center four pellets for 5611). As observed, 
the maximum temperature at around 500 °C at EOC-1 remains 
well below the melting temperature of 650 °C. Thereafter, in 

10 20 30 40 50 60 70 
Days of Irradiation (d) 

Fig. 14 Maximum target temperatures over three irradiation cycles (78 days) for all seven pins in the hot 
VXF position and pin 1 in the colder VXF position ("Pin 8") 
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Fig. 16 2-D R-Z (distorted, y-axis grid in cm) pellet temperature profiles (°C) showing radial gap for EOC-
1, 2, and 3 where gap width shown is approximately 25 µm 

cycles 2 and 3, the maximum temperature remains fairly constant 
with the center pellet regions cooling as the outer regions become 
hotter. 

4.3 Structurally Limiting Basis. In order to ensure structural 
integrity, two SLB cases are considered, SLB-1 and SLB-2 
designed to drive conservatively large side stresses on the target 
housing and to drive conservatively large axial forces on the target 
weld regions, respectively. The SLB-1 case considers a rigid 
inside cladding surface along with the bounding upper interval of 
Fig . 4. The SLB-2 case additionally uses conservatively high tem
peratures calculated from a best-estimate curve (thus solving only 
the structural mechanics equations) and conservatively only 
allows expansion due to thermal or irradiation effects to occur in 
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the axial direction after the pellets swell into the housing surface. 
To do this, the expansion coefficient ·(of the combined effects) is 
limited to a maximum value diametrically, and the axial or z com
ponent is modified beyond this point to conserve net volumetric 
expansion 

CXzthmod = 
[ 

(1 + r:t.Ll'lT)
3 

] 
(I+ r:t.1iml'lT) 2 

- I 

f'lT 
(23) 

The SLB conditions are only analyzed at EOC-3 , for the two pri
mary cases that serve to maximize either radial or axial stresses/ 
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Fig. 17 Pin 1, cycle 1 best-estimate pellet centerline tempera
tures as a function of axial position 

forces in the target. The reason for this limited solution space is 
that the structurally limiting conditions, as confirmed by analysis 
of the previous case results, are driven by the pellet volume swel
ling under irradiation, which is at its maximum at the highest 
burnup at EOC-3. 

For both cases, the resulting stresses/forces were within their 
safety limits, as later described. The "hot pellet" or center pellet 
stress contour profile at EOC-3 is shown for a 3D rotation of 
315 deg for the TLB case, SLB-1 and SLB-2 cases in Fig. 23 with 
JOOx deformation . The axial elongation due to pellet side contact 
is extended even further for the SLB cases,.where pellet volumet
ric swelling due to irradiation is significantly increased. For the 
SLB-1 case, side stresses approximately triple and the pellet 
deforms upward. For the SLB-2 case stress maxima are in the cen
ter of the target , since for this case axial compression occurs on 
the pellet stack and expansion into the cladding side wall is mini
mized. The stress maxima in the pellet stack are higher for the 
SLB-1 case; however, average stress profiles are higher in SLB-2 
where the stress of axial compression is spread throughout the 
entire pellet stack, as shown in the distorted 3D stress plots in 
Fig. 24 which show the entire pellet stack stress profiles for SLB-
1 and SLB-2. 

The SLB results indicate a maximum side stress at around 
60 MPa for SLB- l and a maximum axial force of around I. I kN, 
which are both well below their limiting values of 145 MPa and 
~2 .9 kN (the latter determined by destructive testing). 

4.4 Design-Basis 50% Flow. The worst-case steady-state 
flow reduction of 50% is analyzed at DB or normal reactor 
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Fig. 18 Pin 1, cycle 2 best-estimate pellet centerline tempera
tures as a function of axial position 
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Fig. 19 Pin 1, cycle 3 best-estimate pellet centerline tempera
tures as a function of axial position 

operating conditions per internal procedure. As the best-estimate 
case analyses of all pins establishes that Pin l is the "hottest" pin 
and most important for thermal safety analyses, the DB 50% flow 
case only analyzes the pin I conditions for 3 cycles. 

The bulk temperature profiles as a function of position along 
the target coolant channel is shown in Fig. 25 . The target surface 
temperature profiles as a function of distance into the coolant flow 
(starting from the top of the target) are shown in Fig. 26 at EOC-3 
for both the DB 50% flow case as well as the DB 100% flow (or 
best-estimate) case and TLB case. The end of the third cycle is the 
time period of highest steady-state coolant and target surface tem
peratures as the highest heat generation rates occur in this cycle. 
Although the highest target surface and bulk temperatures occur 
in the DB at 50% flow case, the TLB results remain the bounding 
safety factor for coolant burnout as they are at 130% overpower 
conditions which includes a reduced coolant pressure and thus 
reduced saturation temperature at around 199 °C. 

4.5 Mesh Refinement Study. Mesh refinement studies were 
performed for both the best-estimate and TLB cases that will now 
be discussed. The TLB study was performed at EOC-1 and the 
best-estimate study was performed at 100% flow EOC-3 in order 
to assess a sufficient variety of the solution space. 

The number of mesh elements in the pellet/housing region was 
roughly doubled at each convergence step and an error estimate 
was made from three postprocessing results: (I) the net energy 
balance loss in the pellets (energy generated minus energy 
removal) , (2) the maximum pellet centerline temperature, and (3) 
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Fig. 20 Pin 1, cycle 3 best-estimate pellet side temperatures as 
a function of axial position 
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Fig. 21 Pin 1, cycle 3 best-estimate pellet side pressures as a 
function of axial position 

the maximum pellet side pressure (for EOC-3 study) or minimum 
axial clearance (for EOC-1 ). The individual error estimates were 
defined in the equation below, where e is the error norm, Tis the 
parameter of interest, d is the element order or basis, and h/2 
denotes the doubling of the mesh number: 

h l'lTi 
e'=---ilL' - I 

(24) 

The final error "norm" is defined as the p-norm of the three indi
vidual estimates 

( 

3 ) 1/3 
lleh/2

11 = g eJ (25) 

There are some limitations to this error norm estimation method, 
in that its derivation assumes equal size mesh elements, which is 
not true for this refinement study, and that it assumes doubling of 
the mesh number for each refinement step, which is approximately 
true for this refinement study. The error norm is plotted against 
the reciprocal of the mesh number in log-log scaling in Figs. 27 
and 28 using the error norm based on an average of all three 
parameters and the maximum temperature , respectively. Each plot 
contains refinement curves using linear (d = I) and quadratic 
(d = 2) basis elements as well as EOC-1 and EOC-3 inputs. The 
refinement study for the higher basis quadratic elements have both 
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lower error norms and an increased convergence "slope." The 
EOC-1 and EOC-3 refinement studies exhibit very similar conver
gence slopes and error values. 

The error norm estimate using only the maximum temperature 
shows a clear increased convergence slope compared to the three
parameter averaged error norm, possibly due to the increased role 
of nonlinear physics in the other two parameters. The convergence 
slopes for all refinement studies fall short of the theoretical values 
of 2 (for linear basis) and 4 (for quadratic basis), where a value of 
"'0.85 to 1.54 is observed for the linear basis studies and "'1.28 to 
2.92 is observed for the quadratic basis studies. This is likely due 
to the nonlinear thermomechanical feedback and complexity of 
the model, as well as the limitations in this refinement study previ
ously mentioned. Comparing the convergence slopes to those in the 
revision 4 analysis of the fully loaded target model [ l], there is a con
siderable increase in the convergence slope likely due to improved 
methodology in the production model (including augmented Lagran
gian contact instead of penalty factor, more detailed meshing control, 
etc.). For reference, the local convergence slope would be determined 
as follows, where M is the number of mesh elements: 

log(i) 
slope = ( ) log 2 

(26) 

4.6 Summary of Production Target Analyses. A summary 
of the limiting parameter results for each case and identification 
of the case which yields the lowest safety factor ratio are given in 
Table I . The primary safety limits of interest over the entire three 
cycle irradiation period are: (I) the maximum target temperature, 
(2) the maximum side/radial pressure on the cladding wall by the 
NpOi/AI pellets, (3) the maximum estimate of the force on the tar
get axially, (4) the maximum target surface temperature, and (5) 
the maximum local linear cladding strain due to single pellet 
expansion . The axial clearance was also included, since many 
cases did not put any load on the target axially . The maximum tar
get temperature typically occurs at EOC-1, with other temperature 
local maxima occurring at EOC-2, EOC-3 and around day 10 into 
cycle 2. The maximum target stress/strains and target surface tem
peratures occur at the EOC-3. 

The lower two rows of the table show the safety limits and mini
mum safety factors (ratio of safety limit to analyzed value), where 
the value that yields the minimum safety factor for each parameter 
is highlighted in bold in the upper portion of the table. In order to 
satisfy structural integrity of the target, the side pressure safety limit 
will be set to the tensile yield strength of the cladding material Al-
606 l-t4 at"' 145 MPa [38] and the axial force safety limit of the tar
get will be set to -2.9 kN as taken from the minimum of failure 
tests conducted. Tests have shown that the yield strength of 6061 
grade aluminum increases under irradiation (47]. 

A special case where the hydrostatic collapse of the target 
causes the cladding to surround each pellet individually-a con
cern raised from PIE gamma scans of the irradiated targets-is 
considered here. To address this, the local strain maxima for each 
pellet, conservatively allowing no diametrical strain to occur 
against the adjacent housing, are considered for this case. The uni
rradiated failure strain for clad material 6061-14 is 22%. Under 
irradiation, the failure elongation decreases and tests (47] for 
606 l-t6 showed a decrease from 15% to 55% (from 50 to 150 °C) . 
Considering that the T4 temper has a greater unirradiated elonga
tion than the T6 temper, that temperatures in the housing are 
below 150 °C, and that neutron fluence in the reference case were 
on the two orders of magnitude greater than those expected over 
three cycles: the 5% elongation failure is likely an overly conserv
ative estimate. Taking the middle ground between 50 and 150 °C 
loss of elongations and the ratio of the greater elongation for T4 to 
T6, a better still conservative estimate is given as "'I 0%. In addi
tion, this conservatively assumes that no elastic compression of 
the pellets will occur, that is the. pellets are expanding and 
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Fig. 23 Three-dimensinal center pellet von Mises stress profile (in MPa) at EOC-3 for TLB, 
SLB-1, and SLB-2 cases with 100x deformation (grid dimensions in cm) 
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Fig. 24 Three-dimensinal pellet stack von Mises stress profile 
(in MPa) at EOC-3 for SLB-1 and SLB-2 cases with 100x defor
mation and 20x distortion in R direction (grid dimensions in 
cm) 

incompressible. The saturation temperature of water at the lowest 
coolant pressure (target outlet) is used for the surface temperature 
limit for each case. 

The minimum safety factor comes from the pellet melting tem
perature shown in bold, where the calculated maximum tempera
ture for the TLB case at EOC-3 is approximately 150 °C below 
the melting temperature. 

It is worthwhile to note that although for case SLB-2 no radial 
expansion due to thermal or irradiation effects is allowed to occur 
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Fig. 25 EOC-3 target bulk temperature as a function of axial 
position for all cases 

past the cladding side wall, some significant side pressure still occurs. 
This is due to elastic axial compression of the pellet stack that causes 
a transverse strain into the side wall, a result of the calculated stress/ 
strain equations in COMSOL that are not easily adjusted. 
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Fig. 26 EOC-3 target surface temperature as a function of axial 
position for all cases 
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quadratic bases using an averaged error norm 

1.0E+Ol 

1.0E+OO 

1.0E-01 

E 
l.OE-02 0 

C: 

"' f 
::, 1.0E-03 

~ 
l .OE-04 .. 

C. 

E 
{E 1.0E-05 

1.0E-06 

l .OE-07 

SE-07 SE-06 SE-05 
Reciprocal Mesh Element Number 

Fig. 28 Mesh refinement results for EOC1/EOC3 and linear/ 
quadratic bases using the maximum temperature error norm 

5 Conclusions 
A comprehensive thermomechanical steady-state model was 

developed for the 238Pu production target that included the most 
up-to-date PIE data, pellet properties, gap conductance physics 
methodologies, and irradiation time-dependent information over 
three cycles. Four primary sets of analyses were presented: ( 1) a 
best-estimate set that looked at over 2 IO perturbation cases, (2) a 
DB at 50% flow case, (3) a 130% power thermally limiting case, 
and (4) a 130% power structurally limiting case. The results dem
onstrated the structural and thermal safety of the production target 
design over three cycles, the complex tightly coupled thermal
structure behavior that occurs in these targets, and the power of 
high fidelity multiphysics models to solve unique problems. 

Further use and development of this model may serve to opti
mize the target design (i.e. examine impact of proposed new fea
tures that may remove helium plenum, reduce target clearance, 
etc.), the pellet fabrication (Remove Np02 loading above 20% 
will allow greater product output) , or inform other safety analyses 
(such as analyses on a second generation target holder) . Such 
applications of this work may be necessary to achieve full produc
tion capacity at the HFIR and successfully complete 238Pu pro
duction project objectives [ 48]. 
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Nomenclature 

a,b ,c = fit parameters to volumetric expansion curve 
BU = pellet bumup or fi ssion density (fissions/cm3

) 

C = fourth-order elastici ty tensor (Pa) 
CP = heat capacity at constant pressure (J/kg K) 
Cv = heat capacity at constant volume (J/kg K) 

d = finite element or basis function order 
e = normalized error of a mesh refinement step 
E = reduced or effective elastic modulus of the two contact 

surfaces (Pa) 
fk He = average reduction factor for the thermal conductivity 

in the gas gap 
fkNASA = reduction factor for the gas thermal conductivity using 

measurements from NASA 
/ k,hinwirc = reduction factor for the gas thermal conductivity using 

thin-wire measurements from TPMD 
/k,hickwirc = reduction factor for the gas thermal conductivity using 

thick-wire measurements from TPMD 
/power = power factor 

Fv = body force or load (N/m3
) 

g = thermal "jump" distance in the pellet/housing gas gap 
(m) 

g; = thermal jump distance at surface i or for gas const itu
ent i (m) 

gm = mean or mixture thermal jump of multiple gas constit
uents (m) 

g 1 = thermal jump distance at surface 1 (e.g., the pellet 
radial surface) (m) 

g2 = thermal jump distance at surface 2 (e.g., the housing 
inside radial surface) (m) 

h,0 , = total thermal conductance in the pellet/housing side 
interface (W/m2 K) 

he = thermal contact conductance in the pellet/housing side 
interface (W/m2 K) 

h, = thermal contact conductance in the elastic microdefor
mation regime (W/m2 K) 

h8 = gas gap conductance in the pellet/housing side inter
face (W/m2 K) 

hp = thermal contact conductance in the plastic microdefor
mation regime (W /m2 K) 

h,. = radiative conductance in the pellet/housing side inter
face (W/m2 K) 

H = minimum hardness of the two contact surfaces (Pa) 
k = thermal conductivity (W /m K) 

k8 = thermal conductivity in the gas gap (W/m K) 
kgttc = helium thermal conductivity in the gas gap (W/m K) 

km = harmonic mean of the thermal conductivity of the two 
surfaces (W /m K) 

m = mean absolute slope of asperities of the two contact 
surfaces 

M = number of mesh elements 
M; = molecular mass of gas constituent i (g/mol) 
P = contact pressure that the pellet exerts on the housing/ 

cladding inside surface (Pa) 
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Table 1 Summary of safety limit results for the production target analyses 

Model case T max(° C) P max-,;de (MPa) <>min-axial (mm) F ma,-ax;a1 (kN) T max-surl' ( ° C) Em ax-local 

DB at 100% flow 382 23 2.9 0 101 • 3.8% 
DB at 50% flow 404 21 3.0 0 139' 4.1% 
TLB 495 13 4.0 0 132b 2.7% 
SLB-1 309 59 1.0 0.2 131 b 5.6% 
SLB-2 405 24 0 1.1 131 b 5.7% 
Safety limit 650 145 NIA 2.9 200· -222b 10% 
Safety factor 1.2 2.5 NIA 2.6 1.3 1.8 

"Model cases with note "a" use a DB inlet pressure and thus surface saturation temperature of ~222 °C. 
bModel cases with note "b" use a DB inlet pressure and thus surface saturation temperature of ~200 ' C. 

P0 = initial porosity fraction, same as parameter c 
Q = volumetric heat source (W/m3

) 

q m = mass-specific heating (W /kg) 
r = radius (m) 
t = time (s) 

T = temperature field (Kor 0 C) 
Thl 2 = a solution parameter examined for a mesh refinement 

step 
T max = maximum target temperature (K or °C) 
T,urf = maximum target surface temperature (Kor °C) 

u = displacement field (m) 
u ,v,w = velocity field (m/s) 

V = volume or volume change due to irradiation swelling 
(m') 

X = oxide thickness (m) 
X; = mole fraction of gas constituent i 

XK, = mole fraction of krypton gas constituent 
xx. = mole fraction of xenon gas constituent 

z = axial position (m) 

Greek Symbols 

a, /3 = fit parameters to volumetric expansion curve 
a11, = thermal accommodation coefficient 

y = ratio of specific heats 
i3 = gap distance between the pellet/housing side (m) 
d = difference 
E = strain tensor 

E11, = strain due to thermal expansion 
), = mean free path of the gas (m) 
µ = dynamic viscosity of gas constituent (Pa-s) 
v = Poisson 's ratio 
p = density (kg/m3

) 

rJ = stress tensor (Pa) 
rJ5 = the effective combined surface roughness of the two 

contact surfaces (m) 
<l> = buildup factor for oxide thickness correlation (s) 
1/1 = plasticity index that describes the microdeformation 

regime in the contact interface 

Subscripts or Superscripts 

axial = axial direction 
c = contact 
e = elastic 
g = gas 
h = mesh size 

He= helium 
i = component 

k = thermal conductivity 
Kr= krypton 
L = lengthwise 

lim = limiting 
m = mixture 

021004-14 / Vol. 5, APRIL2019 

max = maximum 
min = minimum 
mod = modified 

N= NASA 
ox= oxide 

p = plastic 
P = pressure 

Pa = protactinium 
q = cycle 
r = radiative 
s = surface 

sh = shrinkage 
side = pellet radial sides 
surf= surface 
sw = swelling 
th= thermal 

thkw = thick-hot wire 
thnw = thin-hot wire 

v,V = volumetric 
Xe= xenon 

0 = initial 

Acronyms or Abbreviations 

Al = aluminum 
DB = design-basis 

DOE = Department of Energy 
EOC = end-of-cycle 

HFIR = high flux isotope reactor 
NASA = National Aeronautics and Space Administration 

Np = neptunium 
Np02 = neptunium dioxide 

ORNL = Oak Ridge National Laboratory 
PIE = postirradiation examination 
Pu= plutonium 

RTG = radioisotope thermoelectric generator 
SLB = structurally limiting basis 
SQA = software quality assurance 
TLB = thermally limiting basis 

TPMD = Thermophysical Properties Material Database 
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It is well known that electrical-power generation plays che key role 
in advances in industry, agriculture, rechnology, and srandard of 
li1·inf? . Also. srronfi power indusrry with dil'erse enerfiy sources is 
very important for a coumry's independence. /11 general, electrical 
energy can be mainly generated from: (I) nonrenewable energy 
sources (75.5% of rhe total electricity generation) such as coal 
(38.3%), natural gas (23 .1%). oil (3.7%) , and nuclear (10.4% ); 
and (2) renewable energy sources (24.5%) such as hydro, biomass, 
wind, georhermal , solar, and marine power. Today, the main sour
ces for electrical-energy generation are: ( 1) thermal power 
(61.4%}--primarily using coal and secondarily using narural gas; 
(2) ''large" hydro-electric plants ( 16 .6%); and (3) nuclear power 
(10.4%). The balance of the energy sources (11.6%) is from using 
oil, biomass , wind, geothermal , and solar, and has l'isible impact 
jusr in a few coulllries. This paper presents the current starus of 
electricity generation in the world, various sources of industrial 
electricity generation and role of nuclear power wirh a comparison 
of nuclear-energy systems to other energy systems. A comparison 
of the latest data 011 eleccricity generation with those several years 
old shows that world usage of coal , gas, nuclear, and oil has 
decreased by 1-2%, but usafie of renewables has increased by/% 
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for hydro and 2% for other renewable sources. Unfortunately. 
within last years, electricity generation with nuclear power has 
decreased from 14% before the Fukushima Nuclear Power Plant 
(NPP) severe accident in March 2011 to about 10%. Therefore, it 
is importa/11 to evaluate current status of nuclear-power industry 
and to make projections on near (5-10 yr) and far away ( 10-25 _vr 
and beyond)furure trends . [DOI : I0.1115/1.4042194] 

1 Statistics on Electricity Generation in the World 
and Selected Countries 

This paper is a logical continuation of our previous publications 
on this topic f 1-4]. It is well known that electricity generation and 
consumption are the key factors for advances in industry, agricul
ture, technology. and standard of living (see Figs. 1-4 and Tables l 
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Fig. 1 Impact of electrical-energy consumption (EEC) on human 
development index (HDI) for all countries of the world (based on 
data from the Appendix: graph with all countries in the world are 
shown, but only selected countries are identified). This graph 
shows clearly strong dependence of HDI from EEC. 

Fig. 2 This composite image showing a global view of Earth at 
night, was compiled from over 400 satellite images. Lights in 
image show density of population and EEC. Credit: NASA/ 
NOAA. Last updated: Aug. 4, 2017 [5]. 
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Fig. 3 Electricity generation in the world and selected countries by source (data presented 
here just for reference purposes): population from Ref. [6] (data for 2018); EEC from Ref. [7] 
(data mainly from 2017 to 2015; for exact details see the reference); and HDI from Ref. [8] 
(data from 2017); data in diagrams from 2016: World from Ref. [9]; China, USA, and Germany 
from Ref. [10]: (a) World: population 7659 million (Oct. 19, 2018); EEC 24,816 TW-h per year 
or 372 W per capita; HDI 0.728 or HDI Rank 98. (b) China: population 1415 million; EEC 5920 
TW-h per year or 510W per capita; HDI 0.738 or HDI Rank 86. (c) India: population 
1354 million; EEC 1048 TW-h per year or 114 W per capita; HDI 0.640 or HDI Rank 130. 
(d) USA: population 327 million; EEC 3,911 TW-h per year or 1377W per capita; HDI 0.924 or 
HDI Rank 13. (e) Germany: population 82 million; EEC 515 TW-h per year or 753W per cap
ita; HDI 0.936 or HDI Rank 5. (f) UK: population 67 million; EEC 302 TW-h per year or 547 W 
per capita; HDI 0.922 or HDI Rank 14. (g) Russia: population 144 million; EEC 890 TW-h per 
year or 854 W per capita; HDI 0.816 or HDI Rank 49. (h) Italy: population 59 million; EEC 296 
TW-h year or 535 W per capita; HDI 0.880 or HDI Rank 28. (1) Brazil: population 211 million; 
EEC 461 TW-h per year or 287 W per capita; HDI 0.759 or HDI Rank 79. (J) Canada: population 
37 million; EEC 517 TW h per year or 1704 W per capita; HDI 0.926 or HDI Rank 12. 
(k) Ukraine: population 44 million ; EEC 133 TW-h per year or 369W per capita; HDI 0.751 or 
HDI Rank 88. (/) France: population 65 million; EEC 436 TW-h per year or 736 W per capita; 
HDI 0.901 or HDI Rank 24. 

and 21 (in the Appendix)) . Also, strong power industry with 
diverse energy sources is very important for a country's independ
ence. In general, electrici ty (see Fig. 3) can be mainly generated 
from: (I ) nonrenewable energy sources such as coal , natural gas , 

024001-2 I Vo l. 5, APRIL 2019 

oil, and nuclear and (2) renewable energy sources such as hydro, 
biomass, wind, geothermal, solar, and marine power. 

Today , the main sources for global electrical-energy genera
tion (see Fig. 3(a)) are: ( I) thermal power- primari ly using coal 
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Fig. 4 Electricity generation in UK by source (data presented here just for ref
erence purposes): Data in diagrams for 2015-2017 [11 - 13] (a) UK 03 2015, {b) 
UK 03 2016, (c) UK 03 2017 {all renewables 30%), (d) UK Jan. 16-22, 2017: popu
lation 67 million; EEC 302 TW·h/yr or 547W per capita; HDI 0.922 or HDI Rank 14 

(38 .3%) and secondarily using natural gas (23 .1 %); (2) " large" 
hydro-electric plants (16.6%); and (3) nuclear power (10.4%). 
The last 11.6% of the electrical energy is generated using oil 
(3 .7%), and the remainder (7 .9%)-from biomass, geothermal , 
and intem1ittent wind, solar, and marine energy. Main sources for 
electrical-energy generation in selected countries are also shown 
in Figs. 3(b)---(/) and 4 . 

A selected comparison of the data in Fig . 3 with those data 
(main ly related to 2013 or even earlier) presented in our previous 
publication from 2016 [ I] shows that : 

(I) World usage of coal , gas, nuclear, and oil has decreased by 
1- 2%. Usage of renewables has increased by I% for hydro 
and 2% for other renewable sources (Fig. 3(a) ). However, 
these changes are not so significant within a number of 
years. 

(2) China has significantly decreased usage of coa l for elec
tricity generation from 80% to 65 %; and increased usage 
of hydro power from 15% to 20%, gas from I% to 3%, 
nuclear from 2% to 4%, wind from 0% to 4%, and 
solar from 0% to I%, which is a very good trend , i .e., 
decreasing usage of "dirty" coa l for electricity genera
tion (Fig . 3(b) ). 

(3) The U.S. have decreased usage of coal from 39% to 30%: 
increased usage of gas from 28% to 34%; nuclear, hydro 
power, and other renewables are approximately on the 
same level , i.e., 20%; 7%, and 7%, respectively, which is 
also a good trend (Fig. 3(d)). 

(4) Russia has increased usage of gas for electricity generation 
from 49% to 59%, nuclear from 17% to 19%, and hydro 
power from 16% to 17% (Fig. 3(g)). Due to these increases , 
the usage of coal has substantially decreased from 16% to 
less than 5%. 
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(5) Ge1many has visibly decreased usage of coal for electricity 
generation from 47% to 37%; however, at the same time, 
the usage of nuclear power was also decreased from 16% to 
12% (Fig. 3(e)). This drop in electricity generation was 
mainly compensated with wind power, which was increased 
from 8% to 16% (onshore wind farms-13 .3% and off
shore-2.8% ), gas from 11 % to 13%, and solar up to 4% 
increase. 

(6) The United Kingdom has significantly decreased their 
usage of coal for electricity generation from 17 to 3% 
within 2015-2017 (Fig. 3(!); also, more detailed compari
son, based on data for Q3 per each year, is shown in 
Figs. 4(a)-4(c) ). The usage of coal was substituted mainly 
with gas , and, partially, with nuclear and renewables . How
ever, in January 2017 quite unusual events have happened, 
which affected significantly the electricity generation from 
various sources (Fig. 4(d)). At that time, the UK grid faced 
a "pe1fect stom1," wh ich co-inside with a temporary shut
down of a number of NPPs in France, nuclear trips in the 
UK, and a broken interconnector with France. On the top of 
that , on Jan. 16, 20 17, wind diminished for the whole week. 
These special and unexpected conditions could definitely 
lead to a complete blackout. However, gas- and coal-fired 
power plants have saved the grid ( usage of gas for electric
ity generation has increased by ~ 11 % and of coal-by 
~ 15%). 

(7) France has not significantly changed their usage of various 
sources for electricity generation (Fig. 3(/)) over the same 
period. 

Therefore. considering fast changes in climate, possible cata- · 
strophic events such as powerful hurricanes, melting ice-caps in 
mountains, and changes in solar activity, countries should not rely 
on unreliable renewable sources such as hydro, wind, solar, and 
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Fig. 5 Aerial view of the largest NPP in the world-6384-MWei Bruce NPP (courtesy of Bruce NPP1). 
(The Douglas Point NPP was Canada's first full-scale NPP and the second CANDU reactor. Its 
success was a major milestone for Canada to enter into global nuclear-power scene. Construc
tion began on Feb. 1, 1960 and decommission date: May 4, 1984.) 

marine unless there is a significant backup with reliable energy 
source(s) independent of Mother Nature (in the case of UK there 
were thermal power plants and NPPs). 

Just for comparison purposes, Table 2 lists 20 largest power 
plants of the world by installed capacity, and Table 3 li sts largest 
operating power plants of the world by energy source. based on 
installed capacity. 

Two very important parameters [ l ,3 J of a power plant are: 

(I) Overall (gross) or net efficiency (see Table 4): Gross 
efficiency of a unit during a given period of time is the 
ratio of the gross electrical energy generated by a unit to 
the energy consumed during the same period by the 
same unit. The difference between gross and net 
efficiencies is an internal need for electrical energy of a 
power plant, which might be not so small (5% or even 
more). 

(2) Capacity factor of a plant: Net capacity factor of a power 
plant is the ratio of the actual output of a power plant over a 
period of time (usually, during a year) and its potential out
put, if it had operated at a full nameplate capacity the entire 
time. To calculate the capacity factor, the total amount of 
energy a plant produced during a period of time should be 
divided by the amount of energy the plant would have pro
duced at the full capacity. Capacity factors vary signifi
cantly depending on the type of a plant (see Table 5). 
Average capacity factors of the largest power plants in the 
world are listed in Table 2. 

How various energy sources generate electricity in a grid can 
be illustrated based on the Province of Ontario (Canada) system . 
Currently, the Province of Ontario (Canada) ha s completely 
eliminated coal-fired power plants from its electrical grid. Some 
of them were closed, others--converted to natural gas. Figure 
6(a) shows installed capacity, and Fig. 6(b) shows electricity 
generation by energy source in the Province of Ontario (Canada) 

1www.brucepower.com 
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in 2015. Analysis of Fig. 6(a) shows that in Ontario major 
installed capacities in 2015 were nuclear (38% ), gas (29% ), 
hydro (25%), and renewables (mainly wind) (8%). However, 
electricity (see Fig. 6(h) ) was mainly generated by nuclear 
(60%), hydro (24%), natural gas (8.7%), and renewables (mainly 
wind) (4.9%). 

As a result , Ontario has committed to a massive $25B refur
bishment and multiyear life extension of its existing NPPs, on 
the grounds that "There are currently no alternative generation 
portfolios that could provide the same supply of low emissions 
baseload electricity generation at a comparable price to the 
Nuclear Refurbishment Plan ." (Ontario Financial Account
ability Office , "Nuclear Refurbishment Report, " Nov. 21, 
2017 (15 ]). 

Figure 7 shows power generated (a) and capacity factors (h) 
of various energy sources in Ontario (Canada) electrical grid in 
winter (Feb. 11 , 2015) , in spring (Apr. 16, 2015), and in 
summer (June 17 , 2015). Analysis of the data in Fig. 7 shows 
that nuclear, hydro, gas, wind, biofuel , and solar are the major 
sources for electricity generation. However, in winter, solar 
might not be visible (see Figs. 7(a 1) and 7(b 1) ). Somewhere in 
spring, solar became visible in a grid (see Figs. 7(a2) and 
7(b2 ) ). Therefore, a detailed analysis of the Ontario grid opera
tion is provided below for a summer day (see Figs . 7(a_,) and 
7(b3) ). 

Electricity that day from midnight till 3 o 'clock in the morning 
was mainly generated with nuclear, hydro, gas, wind, and biofuel. 
After 3 o ·clock, biofuel power plants have increased slightly elec
tricity generation followed by hydro and gas-fired power plants 
due to increased consumption of electricity in the province. Also, 
at the same time, wind power plants have also slightly increased 
electricity generation by the Mother Nature. However, after 7 
o'clock wind power started to fluctuate and , eventually, decreased 
significantly. After 6 o'clock in the morning, solar power plants 
started to generate electricity. 

During a day, hydro, gas-fired, and biofuel power plants had 
variable electricity generation to compensate changes in con
sumption of electrical energy and variations in generating elec
tricity from wind and solar power plant s. After 9 o'clock in the 
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Table 1 Population, EEC and HDI in selected countries 

EECL> (2015-2017) 

HD!" rank (2017) Country HDla (2017) W/capita GW-h Population in millions (2018) 

Very high HD! 
1 Norway 0.953 2740 133, !00 5.35 
2 Switzerland 0.944 809 58,450 8.54 
3 Australia 0.939 1112 223,600 24.77 
4 Ireland 0.938 576 23,790 4.80 
5 Germany 0.936 753 514,600 82.29 
6 Iceland 0.935 5777 17,980 0.34 
8 Sweden 0.933 1467 125,400 9.98 
12 Canada 0.926 1704 516,600 36.95 
13 USA 0.924 1377 3,911 ,000 326.76 
14 UK 0.922 547 301 ,600 66.57 
19 Japan 0.909 841 933,600 127. 18 
23 South Korea 0.903 1109 497,000 51.16 
24 France 0.901 736 436,100 65.23 
34 United Arab Emirates (UAE) 0.863 1848 110,600 9.54 
40 Saudi Arabia 0.853 1102 292,800 33.55 
49 Russia 0.8 16 854 890,100 143.96 
56 Kuwait 0.803 2176 54.110 4.19 

High HDI 
60 Iran 0.798 300 220,900 82.01 
64 Turkey 0.791 294 213 ,200 81.91 
74 Mexico 0.774 220 245 ,200 130.76 
78 Venezuela 0.761 288 73 ,990 32.38 
79 Brazil 0.759 287 460,800 210.86 
86 China 0.752 510 5,920,000 1415 .05 
88 Ukraine 0.751 369 133,400 44.01 

World 0.728 370 24,816,000 7658 .82 
Medium HD! 

114 South Africa 0.699 445 207,700 57.40 
130 India 0.640 128 1,048,000 1354.05 
137 Republic of Congo 0.606 13 901 5.40 
150 Pakistan 0.562 46 85 ,900 200.81 

Low HD! 
158 Rwanda 0.524 4 644 12.50 
161 Madagascar 0.519 6 1108 26.26. 
162 Uganda 0.516 8 2936 44.27 
168 Haiti 0.498 4 372 11.11 
169 Afghanistan 0.498 16 2866 36.37 
173 Ethiopia 0.463 7 8143 107.53 
177 Guinea-Bissau 0.455 2 32 1.91 
179 Eritrea 0.440 5 330 5.18 
184 Sierra Leone 0.419 3 163 7.72 
185 Burundi 0.417 4 304 11.21 
186 Chad 0.404 I 200 15.35 
187 South Sudan 0.388 6 694 12.91 
188 Central African Republic 0.367 4 162 4.73 
189 Niger 0.354 7 1072 22.31 

aHDI-Human Development Index by United Nations (UN); HD! is a comparative measure of life expectancy, literacy, education, and standards of 
living for countries worldwide. HDI is calculated by the following formula: HDI = v'LEI x EI x II, where LEI- Life Expectancy Index, EI-Education 
Index , and II-Income Index. It is used to di stinguish whether the country is a developed, a developing or an underdeveloped, and also to measure the 
impact of economic policies on quality of life. 

h W (EEC. (GWh/ yr)) x (109 /(365days x 24h )) 
EEC.--.- = . . . 6 ; EEC compares the total electricity generated annually plus imports and minus expons, 

capita (populat1on , millions) x 10 
expressed in gigawatt-hours (GW-h). 

Note: Population from Ref. 161 (data for 2018); EEC from Ref. 171 (data mainly from 2017 to 2015 ; for exact details see the reference); and HD! from 
Ref. [8] (data from 2017). Data for all countries in the world are li sted in the Appendix, Table 21 . 

evening, energy consumption started to drop in the province , and 
at the same time, wind power increased. Therefore, gas-fired, 
hydro, and biofuel power plants decreased energy generation 
accordingly . 

Tt should be noted that NPPs operated at about 100% of 
installed capacity providing reliable basic power to the grid. This 
example shows clearly that any grid that includes NPPs and/or 
renewable-energy sources must also include "fast-response " 
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power plants such as gas-fired, coal-fired and/or large hydropower 
plants to compensate changes in consumption of electrical energy 
per day and variations in electricity supply by wind and/or solar 
power plants. 

Usually , NPPs operate continuously on the maximum load, 
because of a high capital costs and low operating costs . The rela
tive cost of electrical energy generated by any system is not only 
dependent on building capital costs and operating expenses, but 
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Table 2 Twenty largest power plants of the world by installed capacity [2] 

No. Plant Country Capacity MWc1 Average annual generation TW ·hycar Capacity factor % Plant type 

Three Gorges Dam• China 22,500 93.52016 47 Hydro 
2 Itaipu Dam• Brazil/Paraguay 14,000 !03.12016 84 Hydro 
3 Xiluodu" China 13,860 55 .22015 46 Hydro 
4 Guri Dam Venezuela 10,235 47 average 52 Hydro 
5 Tucurui Dam Brazil 8370 21.41999 29 Hydro 
6 Kashiwazaki-Kariwa (not in service) Japan 7965 (60.31999) (86) Nuclear 
7 Robert-Bourassa Dam Canada 7722 26.5:lverage 39 Hydro 
8 Grand Coulee Dam USA 6809 20.2avc ragc 34 Hydro 
9 Xiangjiaba China 6448 30.72015 54 Hydro 
IO Longtan Dam China 6426 17.32015 3 1 Hydro 
II Sayano-Shushenskaya Russia 6400 26.9201 6 48 Hydro 
12 Bruce (Fig. 5) Canada 6384 47.6201 s 85 Nuclear 
13 Kori South Korea 6040 39.3201 s 74 Hydro 
14 Krasnoyarsk Dam Russia 6000 18.4.iverage 35 Hydro 
15 Hanul South Korea 5928 48.2 93 Nuclear 
16 Hanbit South Korea 5875 47.6 93 Nuclear 
17 Nuozhadu Dam China 5850 23 .9 est 1m:ire 47 Hydro 
18 Zaporizhia Ukraine 5700 48.2 96 Nuclear 
19 Kashima Japan 5660 Fuel oil , natural gas 
20 Shoaiba Saudi Arabia 5600 Fuel oil 

"It should be noted that , current ly, the largest under construction power plants are hydroelectric ones-Baihetan Dam (!6,000MWe1) in China and Belo 
Monte Dam (11,233 MWc1) in Brazil. Also , there are two known in the world proposals for future power plants: (I) Grand Inga Dam in Democratic 
Republic of Congo with possible max imum install ed capacity of 39,000 MWc1 and (2) Penzhin Tidal Power Plant Projec t in Russia with possible maxi
mum installed capacity of 87,000 MW c l· 

Table 3 Largest operating power plants of the world (based on installed capacity) by energy source [2] 

Rank Plant Country Capacity MW0 1 Plant type 

Three Gorges Dam China 22,500 Hydro (dam ) 
2 Bruce NPP (Fig. 5) Canada 6384 Nuclear 
3 Taichung Taiwan 5780 Coal 
4 Shoaiba South Arabia 5600 Fuel oil 
5 Surgut-2" Russia 5597 Natural gas 
6 Gansu China 5160 Wind (onshore) 
7 Jirau Brazil 3750 Hydro (run-of-the-river) 
8 Bath Count / USA 3003 Hydro (pumped storage) 
9 Eesti Estonia 1615 Oil shale 
10 Tengger Desert Solar Park China 1547 Solar (flat panel photovoltaic) 
II The Geysers USA 1517 Geothemial 
12 Shatura" Russia 1500 Peat" 
13 Iron bridge UK 740 Biofuel" 
14 Walney UK 659 Wind (offshore) 
15 TPP3'. Jordan 573 Internal combustion engines 
16 lvanpah USA 377 Solar (concentrated thermal ) 
17 Sihwa Lake South Korea 254 Tidal 
18 Vasav i Basin Bridge India 200 Diesel 
19 Golmud 2 China 60 Concentrated photovoltaic 
20 Soten,is Sweden 3 Marine (wave) 

"It should be noted that actually , some thermal power plants use multifuel options, for example, Surgut-2 ( 15 % natural gas); Shatura (peat-11.5%, 
natural gas-78%, fuel oi l---6.8%, and coal-3.7%) power plants . 
hPumped-storage hydro-electricity , or pumped hydro-electric energy storage , is a type of hydro-electric power plant used by electric grids for load bal
ancing. During off-peak hours (or during periods of lower electricity prices), usually at night , water is pumped from a lower elevation reservoir to a 
higher elevation one. During peak hours (or periods of high e lectricity prices), the plant is used as a regular hydro-elec tricity plant. It should be noted 
that such plants usually consume energy overall , but the plant increases revenue by selling more electricity during periods of peak demand, when e lec tric
ity prices are highest) . 

also dependent on the capacity factor. The higher the capaci ty 
factor- the better, as generating costs fa ll proportionally . How
ever, some renewable-energy sources with exception of large 
hydro-electric power plants can have sign ificantly lower capacity 
factors compared to those of thermal- and nuclear-power plants 
(see Table 5). 
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Also, it should be noted here that countries having a large per
centage of variable power sources such as wind and solar, run the 
ri sk of an electrical-grid collapse due to unpredicted power insta
bilities (see the abovementioned example for UK (Fig, 4)) , More
over, the following detrimental factors are usually not considered 
during estimation of variable power-sources costs: ( 1) costs of 
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Table 4 Typical ranges of thermal efficiencies (gross) of modern thermal and NPPs [1] 

Power plant 

Combined-cycle power plant (combination of Brayton gas-turbine cycle (fuel-natural gas or 
liquefied natural gas (LNG); combustion-products parameters at the gas-turbine inlet: 
P in ::::e 2.5 MPa, Tin ::::e 1650 °C} and Rankine steam-turbine cycle (steam parameters at the turbine 
inlet: Pin a:; 12.5 MPa (Pc,=22.064 MPa) , Tin""' 620 °C (Tc, =374 °C)) 
Supercritical-pressure coal-fired power plant (Rankine-cycle steam inlet turbine parameters: 
Pin ::::e 25-38 MPa (P 01 = 22.064 MPa), Tin ""'540-625 °C (T" = 374 ' C; and P «heai ""'4-6 MPa, 
T«heot ""' 540-625 ° C) 
Internal-combustion-engine generators (diesel cycle and Otto cycle with natural gas as a fuel) 
Subcritical-pressure coal-fired power plant (older plants: Rankine-cycle steam: Pin = 17 MPa. 
Tin= 540 °C (Tn = 374 °C; and P,d,eai a:; 3-5 MPa, T«1iea, = 540 °C) 
Carbon-dioxide-cooled reactor NPP (generation-Ill) (reactor coolant: P = 4 MPa, 
T = 290---050 °C; and steam: Pin = 17 MPa (Tsai= 352 °C) and Tin= 560 °C; and P ,chcai a:; 4 MPa, 
T,ehea1 = 560 °C) 
Sodium-cooled fast reactor (SFR) (BN-600/BN-800) NPP (steam: Pin= 14.2 MPa 
(Tso,= 338 °C), Tin = 505 °C; and Preheat ""'2 .5 MPa, T,d,ea, = 505 °C) 
Pressurized-water-reactor NPP (Generation-Ill+) (reactor coolant: P = 15.5 MPa, Tout= 327 °C; 
steam: Pin = 7.8 MPa, Tin = 293 °C: and P,ehea, ""'2 MPa, T,eheai ""'265 ' C) 
Pressurized-water-reactor NPP (Generation-Ill, current fleet) (reactor coolant: P = 15.5 MPa, 
Tout= 292-329 °C; steam: P in= 6.9 MPa, Tin= 285 °C); and P, eheat ""' 1.5 MPa, T,eheat ""' 255 °C) 
Boiling-water-reactor NPP (Generation-Ill, current fleet) (Pin= 7.2 MPa, Tin = 288 °C); and 
P «hea1""' 1.7 MPa, T,eheai ""'258 °C) 
Pressurized heavy water reactor (PHWR) NPP (generation-III, current fl eet) (reactor coolant: 
P = 11 MPa and T = 260-310 °C; steam: Pin = 4.7 MPa, Tin = 260 °C; and P,eheat ""'0.6 MPa, 
T,0 1,0 , 1 ""' 250 °C) 
Concentrated solar thermal power plants with heliostats, solar receiver (heat exchanger) on a 
tower, and molten-salt heat-storage system. Molten salt maximum temperature is ~ 565 °C. 
Subcritical-pressure Rankine-steam-turbine power cycle used . 

Gross thermal efficiency 

Up to 62% 

Up to 55% 

Up to 50% 
Up to 43 % 

Up to42% 

Upto40% 

Up to 36-38% 

Up to 34-36% 

Up to 34% 

Up to 32% 

Up to 20% 

Table 5 Average (typical) capacity factors of various power plants (for the U.S. data, see [14]) 

Power plant type Location Year Capacity factor, % 

Nuclear USA 2017 92 
Russia 2014 81 

UK 2015 75 
World 2017 81 

Geothermal USA 2017 76 
Bioenergy USA 2017 51-71 

Combined cycle USA 2017 55 
Coal fired USA 2017 54 

Hydroe lectric USA 2017 45 
World (average) 2011-2013 ~ 45 

Wind USA 2017 37 
World 2011-2013 20--40 

Concentrated solar themial USA 2017 22 
Spain (molten salt with storage) 2014 63 

Photovoltaic solar USA 2017 27 
UK 2015 12 

Wave UK 2015 3 

fast-response power plants with service crews on site 24/7 as a 
back-up power; and (2) faster amortization/wear of equipment of 
fast-response plants. 

"unfriendly" due to significant carbon-dioxide emissions (for 
example, the largest in the world 5780-MW c1 Taichung coal-fired 
power plant (Taiwan) is the world's largest emitter of carbon 
dioxide with over 40 x 106 ton per year) [1,19]) and air pollution 
as a result of the combustion process. In addition, coal-fired 
power-plants produce significant amounts of slag and ash, and 
other greenhouse gases such as S02, which contributes to acid 
rains. Comparison of various electricity-generating power plants 
based on carbon footprint is shown in Fig. 8, deaths per terawatt 
for various energy sources-in Fig. 9, and per cent of various 
wastes in total amount-in Table 6. Therefore, nuclear power 
looks quite attractive based on the abovementioned comparisons. 

The major driving force for all advances in thermal power 
plants is directed towards increasing thermal efficiency (see 
Table 4) in order to reduce operating fuel costs and minimize spe
cific emissions, and by that parameter thermal power plants have 
the highest thermal efficiencies in the power industry: up to 62% 

for combined-cycle power plants and up to 55% for supercritical
pressure coal-fired power plants. 

Despite all advances in the1mal power-plants design and opera
tion worldwide, they are still considered as environmentally 
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(b) 

Fig. 6 Installed capacity (a) and electricity generation (b) by energy source in 
Ontario (Canada) (population ~ 13 million people), 2014-2015 (based on data 
from Ontario Energy Board [16) and Ontario Energy Report [2,17] 
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Fig. 7 Power generated (a) and capacity factors (b) of various energy sources in Ontario (Canada) in selected winter, spring, 
and summer working days of 2015 (based on data from [18)) (shown here just for reference purposes) [1,2) 

2 Modern Nuclear-Power Reactors and Nuclear 
Power Plants 

Nuclear power is often considered to be a nonrenewable-energy 
source as the fossil fuels , such as coal and gas. However, nuclear 
resources can be used for significantly longer time than some fos
sil fuels , and in some cases almost indefinitely, if recycling 
of unused or spent uranium fuel , thoria-fuel resources , and 
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fast-neutron-spectrum reactors are used. The major advantages of 
nuclear power [ I] are: 

(I) concentrated and reliable source of almost infinite energy, 
which is independent of weather conditions (however, it 
should be noted that in summer of 2018, which was very 
hot on a record due to fast climate changes, some reactors/ 
NPPs were forced to decrease power loads or even were 
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Fig. 8 Carbon footprint for various energy sources (courtesy 
of Dr. J. Roberts, University of Manchester, Manchester, UK; 
based on the data from Ref. [20]). If carbon capture and storage 
is used then the carbon footprint can be decreased for coal and 
gas by about six times. (For details on carbon footprint of 
NPPs-see Fig. 10). 

shut down for some time, because of lower levels of water 
in rivers, etc. , and/or of relatively high water temperatures 
including not only in-land water resources, but, also, sea/ 
ocean waters) ; 

(2) high capacity factors are achievable, often in excess of 90% 
with long operating cycles, making units suitable for con
tinuous base-load operation (Table 5); 

(3) essentially negligible operating emissions of carbon dioxide 
(see Fig. 8) and relatively small amount of wastes generated 
(see Table 6) compared to alternate foss il -fue l thermal 
power plants; 

(4) relatively small amount ~f fuel required compared to that 
of foss il -fuel the1mal power plants (see Table 7 ); and 

(5) NPPs can supply relatively cheap electricity for recharging 
of electrical vehicles during night hours as they usually 
operate on full load (capacity) 24/7 (see Fig. 7). 

As a result, nuclear power is considered as the most viable 
source for electricity generation within next 50-100 yr. However, 
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Fig. 9 Deaths per TW·h for various energy sources (based on 
data from Ref. [21 )) 
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Fig. 10 Carbon footprint of NPP various phases (courtesy of 
Dr. J. Roberts, University of Manchester; based on the data 
from British Energy for Torness AGR NPP) 

nuclear power must operate and compete in energy markets based 
on relative costs and strategic advantages of the available fuels 
and energy types. 

Current statistics of all world nuclear-power reactors connected 
to electrical grids are listed in Tables 8- 12, and shown in Figs. 
12- 15. Analysis of the current statistical data on nuclear-power 
reactors shows that , currently, 31 countries in the world have 
operating nuclear-power reactors (within these count ries: 18 plan 
to build new reactors , and 13 do not plan to build new reactors) 
and 5 countries without nuclear-power reactors (Bangladesh, 
Belarus', Egypt , Turkey, and UAE) are working toward introduc
ing nuclear energy on their soils (see Table 10). 

The largest group of nuclear-power reactors by type is pressur
ized water reactors (PWRs) (30 I from 452 reactors or 67% of the 
total number), and quite significant number of PWRs are planned 
to be built (about 77) (for details , see Table 8). The second largest 
group of reactors is boiling water reactors (BWRs)/advanced 
BWRs (ABWRs) (72 reactors or 16% of the total number). The 
third group is PHWRs (48 reactors or 11 % of the total number). 
Considering the number of forthcom ing reactors, the number of 
BWRs/ABWRs and PHWRs will possibly decrease within next 
20-25 yr. Furthermore, within next 10-15 yr or so, all advanced 
gas-cooled reactors (AGRs) (carbon-diox ide-cooled) and light
water-cooled graphite-moderated reactors (LGRs) will be shut 
down forever. However, instead of carbon-dioxide-cooled AGRs 
helium-cooled reactors will be built and put into operation . 

Analysis of the data in Tables 9 and 10 shows that real nuclear 
"renaissance" is in China (32 reactors built and put into operation 
within past 8 yr') , in Russia (addition of 5 reactors) , and in South 
Korea (addi tion of 3 reactors). Meanwhile, the most significant 
drop in a number of reactors is in Japan ( 12 reactors were shut 
down) (only about 9 reactors out of 42 are currently in operation) , 
in Germany (10 reactors). in U.S. (6 reactors) , in UK (4 reactors) , 
and in Canada (3 reactors) . In addition, Germany and Canada 
have no plans to build new reactors (for details on other countries, 
see Tables 9 and I 0). 

Table 11 lists current ac tivi ties in various countries worldwide 
on new nuclear-power-reactors build. Analysis of the data in 

Table 6 Percent of various wastes in total amount 

No. Wastes % of total amount 

Mining and quanying 27 .30 
2 Agriculture 20.1 3 
3 Demolition and construction 18 .51 
4 Industrial 12.73 
5 Dredged spoils 7.64 
6 Household 6.94 
7 Commercial 6.48 
8 Sewage sludge 0.23 
9 Radioactive 0.04 

Note: Data courtesy of Dr. J. Roberts, University of Manchester; partially 
based on the data from Ref. 122]. 
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Table 7 Approximate tonnage of wastes per 1000-MWe, power per year for nuclear and coal-fired power plants 

Nuclear power plant 

Fuel 
25 ton of 002 

Wastes 
35 ton high leve l wastes 
310 ton intermediate level wastes 
460 ton low level wastes 

Note: Data courtesy of Dr. J. Roberts , University of Manchester. 

Coal-fired power plant 

2.6 x 106 ton of coal (5 x 1400 ton trains a day) 

6,500,000 ton of CO2 

900 ton of S02 

4500 ton of NO, 
320,000 ton of ash 
400 ton of toxic heavy meta ls 

Table 8 Number of nuclear-power reactors connected to electrical grid and forthcoming units as per December 20188 and before 
the Japan earthquake and tsunami disaster" 

No. of units Installed capacity, GWc1 Forthcoming unit s 

Reactor type (some As of December Before March As of December Before March No. of 
No. detail s on reactors) 2018 2011 20 18 20 11 units GWe1 

PWRs (largest group 301 T 268 286 T 248 77 84 
of nuclear reactors in 
the world--67%) 

2 BWRs or advanced 721 92 721 84 6 8 
BWRs (second largest 
group of reactors in 
the world- 16%; 
ABWRs were the first 
Generation-III + 
reactors put into oper-
ation in 1996-97) 

3 PHWRs (third largest 48 J 50 23 l 25 8 5 
group of reactors in 
the world- I I%; 
mainly CANDU-
reactor type) 

4 LGRs (3 %) (Russia, 15 1 15 10 IO 0 0 
11 RBMKs and 4 
EGPs; these 
pressure-channel 
boiling-water-cooled 
reactors will be shut 
down in the nearest 
future and will not 
be built again) 

5 AGRs (3%) (UK, 14 14 l 18 8 J 9 I a 0.2' 
reactors) ; (all these 
COi-cooled reactors 
will be shut down in 
the nearest future 
and will not be built 
again) 

6 Liquid-metal fast- 2T 1.3 T 0.6 3 0.6 
breeder reactors 
(LMFBRs)(Russia, 
SFRs-BN-600 and 
BN-800 (see Fig. 11 )) 

In total 452 T 444 402T 378 97 IOI 

"Data up to Dec. 31, 20 17 are based on Nuclear News (March 2018) [23]; data on reactors put into operation in 2018 are from World Nuclear Association 
(WNA) 124 1 and Internationa l Atomic Energy Agency (IAEA) 125]. 
bNuclear News, March 201 1 [26] (technical parameters of various reactors are shown in [1,27,28] and by WNA and IAEA). 
' Forthcoming reactor is a helium-cooled reactor-high temperature reactor pebble-bed modular (HTR-PM) (China). 
Note: Data in the table include 42 reactors in Japan , 33 of which are not in service as per December, 20 18. Arrows mean decrease or increase in a number 
of reactors. 

Table 11 clearly shows that China and Russia are the front runners 
in new nuclear builds in their countries and abroad. And it is not a 
big surprise, because both governments provide a significant and 
long-term support with various funds for nuclear-power R&D and 
their nuclear vendors, especially, to build NPPs abroad plus 
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credits and other incentives for foreign countries, which would 
like to introduce nuclear power on their soil s. 

Last several years and, espec ially, year of 2018, were very 
important for the nuclear-power industry of the world. As such, 
Russia put into operation a number of Generation lil + VVERs 
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Table 9 Number of nuclear-power reactors connected to grid by nation (11 nations ranked by nuclear-reactor installed capacities) 
as per October 20188 and before the Japan earthquake and tsunami disasterb 

No. of units (PWRs/BWRs) Installed capacity, GW.1 

As of December Before As of Before Changes in number of reactors 
No. Nation 2018 March 201 l December 20 18 March 201 l from March 20 l l 

l USA 98 (65/33) 104 102 103 1 Decreased by 6 reactors 
2 France 58 (58/-) 58 63 63 No changes 
3 China 45 (43/-/2') 13 42 10 T Increased by 32 reactors 
4 Japand 42 ( 19/23) 54 40 47 1 Decreased by 12 reactors 
5 Russia 37 (20/-/J5e/2f) 32 29 23 ! Increased by 5 reactors 
6 South Korea 23 (20/-/3' ) 20 23 18 T Increased by 3 reactors 
7 Canada 19 (-/-/l 9c) 22 14 15 1 Decreased by 3 reactors 
8 Ukraine 15 (15/-) 15 13 13 No changes 
9 Gem1any 7 (6/1) 17 10 20 1 Decreased by 10 reactors 
10 Sweden 8 (5/3) 10 9 9 1 Decreased by 2 reactors 
ll UK 15 (1/-/W) 19 9 10 1 Decreased by 4 reactors 
In total 367 (252/60/J 5< /2f/22c /148) 364 353 331 T Increased by 3 reactors and installed capacity 

increased by 33GWc1 

"Data up to Dec. 31 , 2017 are based on Nuclear News (March 2018) [23 !; data on reactors put into operation in 2018 are from WNA [24] and lAEA 125 ]. 
bNuclear News, March 20 1 l r26]. Data for all countries with nuclear-power reactors are listtd in Table 10. 
cPHWRs. 
dAs per December, 2018, only nine reactors are in operation (for details on Japan nuclear-power industry, see the JSME Greeting to NERS readers by 
Professor K. Okamoto at the beginning of the January 2019 NERS issue). 
"Number of LGRs. 
rLMFBRs. 
gAGRs. 
Note: Arrows mean decrease or increase in a number of reactors. 

(PWRs) (for technical parameters, see Tables 13 and 14) and 
the SFR-BN-800 reactor in 2016 (for technical parameters, see 
Table 15 and Fig. 11 ) and continue to lead the SFR technologies 
in the world. 

China put into operation many reactors/NPPs including the 
largest in the world Generation III+ PWR-EPR (Areva design) 
with amazing installed capacity of 1660 MW •1 (see Table 12 for a 
li st of largest operating nuclear-power reactors in the world with 
installed capacities from 1400 MW cl and above, and Table 16 for 
basic parameters of EPR). In addition, several AP- I 000 reactors 
(Westinghouse design), also, a Generation Ill + design, were put 
into operation in China first time in the world (for major differen
ces between Generation III and Generation III + reactors, see a 
comparison of basic parameters of ABWR and BWR by Hitachi
GE Nuclear Energy (Table 17)). In general, Generation III+ reac
tors/NPPs have installed capacities from 1000+ to 1660 MW ch 

enhanced safety, and can reach slightly higher thermal efficiencies 
up to 36-37% (38%) compared to those of generation ill reactors/ 
NPPs. In addition, Table 18 lists basic data on APR-1400 (Doosan 
design)-Generation III + PWR from South Korea, which oper
ates there, and seven more will be put into operation soon: three 
in South Korea and four in UAE (Table 10). 

Year of 2019 and following years will be also very important 
ones, because a unique OCR-a helium-cooled reactor-HTR
PM should be put into operation China. Also, a number of Genera
tion Ill+ reactors around the world are expected to be put into 
operation as well, plus , at least one, or a number of SFR(s) can be 
added to the fleet of nuclear-power reactors (see Table 10 or the 
latest March issue of Nuclear News [23 J). In addition, a number 
of nonnuclear-energy countries will have operating nuclear-power 
reactors (Table I 0). 

Figure 12 shows impact of the major NPPs accidents within 
the last 50 yr on new builds. Analysis of the data in this figure 
shows that we might face a very significant drop (up to three 
times) in a number of operating nuclear-power reactors some
where between 2030 and 2040 (see Fig. 16); if we assume that 
cuITent operating te1m of reactors is on average 45 yr, and the 
rate of building and putting into operation new reactors is ~21 
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reactors per 5 yr. Even with higher rates of new nuclear
. capacities additions, we will have a tangible decrease in a num
ber of operating reactors. If this forecast(s) is correct, the 
nuclear-power industry will face very difficult times ahead. Con
servative projections for selected countries in terms of a number 
of reactors , which might be shut down within future years, are 
shown in Figs. 17 and 18. 

It should be once more emphasized that , in general, cuJTent 
problems in the world nuclear-power industry are: significant 
delays in putting into operation new, mainly, Generation Ill + 
reactors, indecision of governments in terms of support of 
nuclear-based electricity generation; and radioactive-waste man
agement and safe storage. 

Currently, operating NPPs with water-cooled nuclear reactors, 
which are the largest group of all reactors' types (~96% of 452 
nuclear-power reactors), have lower thermal efficiencies 
(32-36% (38%)) compared to those NPPs with liquid metal
cooled (SFRs) (up to 40%) and gas-cooled reactors (AGRs) (up 
to 42%), and way below of those of modem advanced thermal 
power plants (see Table 4). Therefore, to be competitive on 
energy markets, it is necessary to make this type of NPPs more 
efficient. 

The major problem with low thermal efficiency of NPPs with 
water-cooled reactors is that at the turbine inlet we have only satu
rated steam of low parameters (maximum steam parameters as of 
today are: P,a, ;::::; 7 MPa and Tsai = 285.8 °C). Areva has planned 
to have the pressure of 7.8 MPa (Tsai= 293.7 °C) at the turbine 
inlet of the largest in the world by the installed capaci ty EPR 
( 1660 MW ei), which can push the gross thermal efficiency of a 
NPP up to 37-38%. 

Therefore, we need to have bright future for these the most 
"popular" NPPs. The conventional way, which the thermal-power 
industry has passed at the end of 50 s, was increasing a pressure at 
the steam-turbine inlet from a subcritical to supercritical one and 
having steam superheat up to 625 °C. This approach allowed to 
move from about 43% gross thermal efficiency to about 55% for 
superc1itical-pressure coal-fired power plants (see Table 4). Due 
to this one of the six concepts of the Generation IV nuclear-power 
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Table 10 Number of nuclear-power reactors connected to electrical grid and forthcoming units as per December 2018" 

# Units (type) NetMWc1 # Units Net MWc, Type 

No. Nation (connected to grid) (forthcoming) 

I Argentina 3 (PHWRs) 1632 I 25 PWR 
2 Armenia I (PWR) 375 0 0 
3 Bangladesh 2 2400 PWR 
4 Belarus 2 2218 PWR 
5 Belgium 7 (PWRs) 5913 0 0 
6 Brazil 2 (PWRs) 1884 I 1245 PWR 
7 Bulgaria 2 (PWRs) 1926 0 0 
8 Canada 19 (PHWRs) 13 ,554 0 0 
9 China 45 (43 PWRs; 2 PHWRs) 42,000 21 22,576 20 PWRs, I GCRb 
10 Czech Republic 6 (PWRs) 3930 0 0 
11 Egypt 4 4760 PWR 
12 Finland 4 (2 PWRs; 2 BWRs) 2764 2 2800 PWR 
13 France 58 (PWRs) 63,130 1 1600 PWR 
14 Germany 7 (6 PWRs; I BWR) 9515 0 0 
15 Hungary 4(PWRs) 1889 2 2400 PWR 
16 India 22 (18 PHWRs; 2 BWRs; 2 PWRs) 6225 8 5187 6 PHWRs; l PWR;l LFMBR 
17 Iran I (PWR) 915 2 2000 PWR 
18 Japan< 42 (19 PWRs; 18 BWRs; 5 ABWRs) 39,752 2 2650 BWR 
19 Mexico 2 (BWRs) 1552 0 0 
20 Netherlands I (PWR) 482 0 0 
21 Pakistan 5 (4 PWRs; l PHWR) 1320 3 3028 PWR 
22 Romania 2 (PHWRs) 1300 2 1440 PHWR 
23 Russia 37 (20 PWRs; 15 LG Rs; 2 LMFBRs) 28,961 7 4802 6 PWRs;l LMRd 
24 Slovakia 4(PWRs) 1814 2 880 PWR 
25 Slovenia I (PWR) 688 0 0 
26 South Africa 2 (PWRs) 1860 0 0 
27 South Korea 23 (20 PWRs; 3 PHWRs) 21,832 5 6760 PWR 
28 Spain 7 (6 PWRs; I BWR) 7121 0 0 
29 Sweden 8 (3 PWRs; 5 BWRs) 8629 0 0 
30 Switzerland 5 (3 PWRs; 2 BWRs) 3333 0 0 
31 Taiwan 4 (2 PWRs; 2 BWRs) 3844 2 2600 BWR 
32 Turkey 4 4800 PWR 
33 Ukraine 15 (PWRs) 13,107 3 3020 PWR 
34 UAE 4 5380 PWR 
35 UK 15 (1 PWR; 14 AGRs) 8883 2 3200 PWR 
36 USA 98 (65 PWRs; 33 BWRs) 101,502 6 7100 4 PWRs;2 BWRs 
In total 452 400,852 97 100,931 
Summary: 31 countries have operating nuclear-power reactors, and 5 countries plan to build nuclear-power reactors (in green color). In addition, 
30 countries are considering, planning or starting nuclear-power programs, and about 20 countries have expressed their interest in nuclear 
power. However, 13 countries with NPPs do not plan to build nuclear-power reactors (in black color). Moreover, such countries as Switzerland and some 
others might not proceed with new builds. In particular, President of France. Mr. E. Macron. sa id that France will shut down 14 nuclear reactors by 2035 
and would cap the amount of electricity derives from NPPs to 50% from current 73%. 

"Data up to Dec. 31 , 20 17 are based on Nuclear News (March 2018) [23J and data on reactors put into operation in 2018 are from WNA [24J and IAEA 
125 1. 
bGCR is a helium-cooled reactor- HTR-PM (China). 
cFor detail s on Japan nuclear-power industry, please see the JSME Greeting to NERS readers by Professor K. Okamoto at the beginning of the January 
2019 NERS issue. 
"LMR is an SVBR-100 reactor (Lead-Bismuth Fast Reactor (in Russian abbreviations)) . 

reactors is a supercritical water-cooled reactor [1,28 ,35 ,36]. Also, 
there is an interim approach , which is only applicable to pressure
channel reactors-to introduce a nuclear steam superheat inside a 
reactor, which was tested in 1960s and 1970s in USA, Russia , and 
some other countries [37]. 

3 Small Modular Reactors 
Small modular reactors (SMRs) are today 's a very "hot" topic 

in nuclear engineering worldwide [ 1,38 J. According to the IAEA 
ARIS (Advanced Reactors Information System) data, there are 
about 55 SMRs designs/concepts, which can be classified as: (I) 
water-cooled SMRs (land based)-19; (2) water-cooled SMRs 
(marine based)---6; (3) high-temperature gas-cooled SMRs- 10; 
(4) molten-salt SMRs-9; (5) fast-neutron-spectrum SMRs-10; 
and (6) other SMRs-1. From all these 55 SMRs only two KL T-
40S reactors have been constructed, installed on a barge, and 
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should be put into operation in 2019; CAR EM (Central Argentina 
de Elementos Modulares) SMR (PWR-type; 25 (32) MW e1; 
CNEA (Comision Nacional de Energia At6mica), Argentina) is 
under construction now, and FUJI (200 MW 0 1, MSR International 
Thorium Molten-Salt Forum (ITMSF) , Japan) is possibly within 
an experimental phase. 

In general, as of today, a number of small nuclear-power reac
tors by installed capacity ( I 0-300 MWc1) operate around the 
world (see Table 19). Moreover, some of them operate success
fully for about 50 yr! However, they cannot be named as SMRs. 
Also, France, Russia, UK, USA, and other countries have great 
experience in successful development, manufacturing, and opera
tion of submarines, icebreakers, and ships propulsion reactors. 
Therefore, many modern designs/concepts of SMRs are based on 
these achievements. (Also, it should be mentioned that a number 
of SMRs concepts are based on the Generation IV nuclear-power
reactors concepts [ I].) 
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Table 11 Current activities worldwide on new nuclear-power-reactors build 

No. 

2 

3 

4 

5 

6 

7 

8 

9 

IO 

II 

Country/nuclear vendor 

China/various vendors (nuclear-power activities are supported by 
the Chinese government) 
Russia/Rosatom (outside Russia-ASE (AtomStroyExport) is the 
Russian Federation ' s nuclear-power equipment and serv ice 
exporter. It is a fully owned subsidiary of Rosatom. Nuclear-power 
activities are financially supported by the Russian government.) 
USA/Westinghouse, GE 

South Korea/various vendors 

India/various vendors 

France/Areva 

Japan/Hitachi , Toshiba 

Slovakia/Skoda 

Canada/AECL (Candu Energy, Inc., Mississauga, ON, Canada) 

Germany/KWU (KraftWerk Union AG) 

Argentina/CNEA (Comision Nacional de Energia At6mica) 

"Based on Nuclear News, March 20 18 [23]. 
h?-Means "Commercial start date-indefinitely" (Nuclear News, 2018 [23J). 

Countries, which looking forward for new builds 
(number of planned units) 

China (21 + I ?b), Pakistan (3) , Romania (2) , UK (2) 
In total: 28 + I? 
Russia (4 + 3?), Belarus (2) , Finland (I) , Iran (2), Hungary (2), 
India (I}, China (2), Turkey (4) , Egypt (4?), Bangladesh (2) , 
India (I) 
In Total: 21 + 7? 
China (2), USA (4 + 27), Taiwan (2?) 
In total : 6 + 4? 
UAE (4), South Korea (3) 
In total: 7 
India (6) 
In total: 6 
China (1) , Finland (I), France(]}, UK (2) 
In total: 5 
Japan ( I + I?), USA (2) 
In total: 3 + I? 
Slovakia (2) 
In total: 2 
Romania (2) 
In total: 2 
Brazil (I?) 
In total: I? 
Argentina (I?) 
In total: I? 

Table 12 Largest in the world operating nuclear-power reactors [23] 

Name No. units Net MWc1 Reactor type Com. start Reactor supplier Country 

Oskarshamn 1400 BWR 1985 ABB-Atom Sweden, Oskarshamn, Kalmar 
Philippsburg 1402 PWR 1985 KWU Germany, Philippsburg, Baden-Wiirttemberg 
Jsar 1410 PWR 1988 KWU Germany, Essenbach, Bavaria 
Brokdorf 1410 PWR 1986 KWU Germany, Brokdorf, Schleswig-Holstein 
Shin-Kori 1416 PWR 2016 Doosan South Korea, Gijang 
Civaux 2 1495 PWR 2002 Framatom France, Civaux, Vienne 
Chooz 2 1500 PWR 2000 Framatom France, Chooz, Ardennes 
Taishan 1660 PWR 2018 Areva China, Guangdong 

Table 13 Reference parameters of Generation Ill+ VVER 

Parameter Value 

Thermal power 
Electric power 
NPP thermal efficiency 
Primary coolant pressure 
Coolant temperature at reactor inlet 
Coolant temperature at reactor outlet 
Steam-generator pressure/temperature 
Main equipment service life 
Replaced equipment service life 
Capacity factor 
Length of fuel cycle 
Frequency of refueling 
Fuel assembly maximum burn-up 
Annual average length of scheduled shut-downs (for refueling, scheduled maintena,ice work) 
Refueling length 
Number of not scheduled reactor shutdowns 
Frequency of severe core damage 
Frequency of limiting emergency release 
Efficient time of passive safety and emergency control system operation without operator ' s action and power supply 
Operating basis earthquake/SSE, magnitude of MSK-64 scale 
RP main stationary equipment is designed for SSE of magnitude 

Note: Mainly based on data from paper by Ryzhov et al. (2010) [29] [ I]. 

3200MW11, 
ll60MWc1 
36% 
16.2MPa 
298 °C 
329 °c 
6.27 MPa / 278 °C 
60yr 
Not less than 30 yr 
Up to 90% 
4-5 yr 
12-18 months 
Up to 60-70MW day/kgU 
16---40 days per year 
S 16 days per year 
S I per year 
< Io- " per year 
< 10- 7 per year 
2;:24h 
6 and 7 
8 
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Table 14 Additional typical parameters of latest VVER-1000 
series 300 and 400 [1] 

Parameter 

Pressure vessel ID 
RPV wall thickness 
RPV height without cover 
Core equivalent diameter 
Core height 
Volumetric heat flux 
Average volumetric flow rate in assembly 
No. of fuel assemblies 
No. of rods per assembly 
Fuel mass 
Fuel enrichment 
Part of fuel reloaded during year 

Value 

4.14m 
0.19m 
10.9m 
3.12 m 
3.56m 
l lOMW/m3 

515 ::': 55 111 3/h 
163 
3 17 
80 ton of U02 
4% 
1/3 

As such, Russia has adjusted their proven marine reactor
KL T-40S for operation as an SMR for electricity generation and 
heat supply (also, a desalination of water is possible). Figure 19 

shows a schematic of KLT-40S reactor and its systems; Fig. 20-
photo of reactor KL T-40S with four steam generators and reactor
coolant circulation pumps; Fig. 2 1- KLT-40S reactor-core cross 
section ; Fig. 22-photo of the floating nuclear thermal-power 
plant (FNThPP) with two KL T-40S reactors; and Table 20-main 
parameters of KLT-40S . 

The barge with two KLT-40S SMRs will be towed to and then 
put into operation at Pevek , Russia's northernmost city in 2019, 
where it will gradually replace the Bilibino NPP (see Table 19) 
and the Chaunskaya combined heat and power plant , which are 
being retired. Commercial start of these two SMRs is planned for 
2019 (23]. Currently, the FNThPP is temporary located in the port 
of Murnrnnsk (Russia) , where, on Nov. 4, 2018, first KL T -40S has 
reached the minimum controlled power level. 

It is very difficult to believe that SMRs somewhere in the future 
will replace nuclear-power reactors , but they have their own 
"niche," in particularly, electricity and heat supplies (also, desali
nation of water possible) for remote settlements. military bases. 
mines, etc. around the world. 

In general, SMR-based NPPs will have lower thermal efficien
cies compared to those of similar type regular NPPs; higher level of 

Table 15 Key-design parameters of Russian SFRs-BN reactors [1 J 

No. Parameters BN-600' 

I Thermal power (MW,1,) 1470 
2 Electrical power (MW e1) 600 
3 Basic components: 

No. of turbines x type 3 x K-200-130 
No. of generators x type 3 x TrB-200-M 

4 Pressure vessel 
Diameter (m) 12.86 
Height (111) 12.60 

5 Number of heat-transfer loops 3 
6 T of reactor coolant: sodi um, primary loop--T;,/f.,"' (°C) 377/550 
7 T of intermediate coolant: sodium, secondary loop--T;,,/T0 u, (°C) 328/5 18 
8 T of power-cycle working fluid : water/steam-T;,,/T0 u, (°C) 240/505 
9 P at SG outlet (MPa) 13.7 
IO Scheme of steam reheat with Sodium 
II Basic unchangeable component s service tem1 (yr) 30 
12 NPP the1mal efficiency (gross)(%) 42.5 
13 NPP them1al efficiency (net)(%) 40.0 

"BN-600 is currently in operation at the Beloyarsk NPP (BNPP); BN-600 commercial start-I 981. 
"BN-800--commercial start in 2016 (BNPP). 

BN-800b (see Fig. 11) 

2100 
880 

I x K-800-130 
I x T3B-800-2 

12.96 
14.82 

3 
354/547 
309/505 
210/490 

14.0 
Steam 

40 
41.9 
38.8 

'" BN-1200--concept/design of future Russian SFR with objective to move to a close fuel cycle in nuclear-power industry. 

Fig. 11 Reactor hall of BN-800 reactor (Courtesy of Rosatom, Photo by A. Savransky) [30) 

BN-1200' 

2800 
1220 

I x K-1200-160 
I x T3B-1200-2 

16.9 
20.72 

4 
410/550 
355/527 
275/510 

17.0 
Steam 

60 
43.6 
40.5 
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November 2018 (based on data from Nuclear News [23,321) [1]; Four reactors (India 2 x 150MW.1; Switzerland 
1 x 365 MW.1; and USA 1 x 613 MW.1 and 1 x 650 MW.1) have been put into operation in 1969, i.e., they operate for 
almost 50yr. It is clear from this diagram that the Chernobyl NPP accident has tremendous negative impact on 
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140 

120 

~ 
100 

{l 
(1l 80 
~ 
0 
ai 

60 

.0 
E 
:, 40 

z 
20 

(a) 

Three Mlle Island I Chernobyl NPP Fukushima Daiichi NPP 

NPP ·Accident 
Accident I I March 11 , 2011 

March 29, 1979 I 
I I 
I I 
I I 
I I 
I I 
I I 

I 
I 
I 
I 

1970 19751980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 

Years 

120000 

100000 

20000 

(b) 

1970 19751980 1985 1900 1995 2000 2005 2010 2015 2020 2025 2030 2035 

Years 

Fig. 13 Number of reactors built in the world [34] (based on the data from Ref. [23]): (a) and their installed capacities 
and (b) from 1969 till 2018 (solid lines and dark green columns) and planned reactors and installed capacities until 
2035 (dashed lines and green columns) (for details, see Fig. 14) 

fuel enrichment compared to water-cooled nuclear-power reactors 
to be able to operate for longer periods between refuelings, etc. 

4 Economic and Competitiveness Issues for Nuclear 
Power Plants 

Key to successful deployment of any such new or next genera
tion nuclear concepts or designs is the ability to compete against 
available energy alternates, especially, in local or national power 
markets. 

Market share is fundamentally determined by price advantage 
relat ive to competitors, and conversely, the driving forces for 
innovation and cost reduction are those of the competitive mar
ketplace [ 40]. Traditional overall electricity demand, market 
economics, comparative plant costing, and regulations are cov
ered in great detai I elsewhere [ 41--44]. To determine the 
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optimization of cost and size in competi tive power markets, the 
competition for power and energy generation is low capital cost 
of natural-gas combined-cycle plants with multiple module lay
outs; and large advanced supercritical-pressure-coal units, both 
with cycle efficiencies reaching near 60% [43 ], which are 
cheaper (on an overnight capital , levelized unit energy cost 
(LUEC) or cost of energy (COE) basis). The reactor island is a 
small fraction of the total plant or project costs, so it is evident 
that technology choice is not the key, as the market has no 
"favor ites." The real issue is fully optimizing the overall cost 
and efficiency of the design and performance of any 
"Technology X" units to meet power- and financial-market 
requirements, not choosing or developing something that is 
superficially attractive, but too expensive. 

Adverse external key-market developments and challenges to 
increased nuclear deployment include: (I) the emergence of even 
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lower cost "fracking" technology for natural-gas production ; (2) 
closure and insolvency threats for some U.S. NPPs; (3) the 
Fukushima NPP accident; (4) the effective bankruptcy and finan
cial/corporate reorganization of three large nuclear-plant manu
factures; (5) new build activity dominated by state-supported 
manufacturers with financing, and/or political guarantees; (6) the 
utilization of mandatory portfolios, feed-in tariffs and reverse 
metering preferentially for wind and solar generation. The 
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requirements and internal challenges for any new nuclear . con
cepts/design/technology are, and always will be [1,2,45]: 

• safer than previous "generations" ; 
• low financial risk exposure and capital cost; 
• ease and speed of build; 
• readily licensable; 
• simple to operate and secure; 
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Table 16 Basic data on AREVA's Generation Ill+ PWR-EPR" [31 ] 

Charac teristics 

Reactor core 
Thermal power 
Electric power 
Gross thermal efficiency 
Active fuel length 
No. of fuel assemblies 
No . of fuel rods 
Fue l assembly array 
No. of rod cluster control assemblies 
Average linear power 
Operation cycle length up to 

Reactor coolant system 
No. of loops 
Nominal flow 
Reactor-pressure-vessel inlet temperature 
Reactor-pressure-vessel out let temperature (T,,. = 344.8 °C at 15 .5 MPa) 
Primary side operating pressure 

Data 

4590MW,h 
1600+ MWc1 
36-37% 
4 .2 m 
241 
63 ,865 
17 X J7 
89 
166.7 W/cm 
24 months 

4 

Secondary side saturation pressure at nominal conditions (SG outlet) (T,, , = 292.5 °C) 
Service life 

28,315 111' /h 
295.2 °C 
330 °c 
15.5MPa 
7.72MPa 
60yr 

"In China, Taishan NPP two EPRs are J660MWc1 (one in service from 20 18); planned EPRs with 1600MWc,-<me in Finland and one in France, and two in UK. 

Table 17 Key specifications of ABWR (Generation Ill+) and BWR (Generation 111) NPPs 

Parameters 

Output 

Themial efficiency (gross) 
Reactor core 

Reactor equipment 

Reactor containment vessel 
Residual heat removal system 
Turbine systems 

Item 

Plant output 
Reactor thermal output 
OA-1 

Fuel assemblies 
Control rods 
Recirculation system 
Control rod drive 

Thermal cycle 
Turbine (blade length) 
Moisture separation method 
Heater dra in 

Note: Courtesy of Hitachi-GE Nuc lear Energy [ I ] . 

• assured fuel supply and sustainability; 
• providing social value and acceptance; and, of course; 
• be competitive with respect to lowest costs generation. 

The general concept for multiple small units adopts the 
" learning curve" approach, which has been previously shown to 
apply for manufacturing, nuclear, and other markets [46,47). 

The standard models of discounted cash flow provide generat
ing costs as a function of capital and operating expenses, discount 
or loan rate , construction time , and other " fixed" and variable 
costs to determine income and the return on investment [2,41-44]. 
Having set the sales potential , target markets, and pert'om1ance 
goals, the approach must combine the plant and market economics 
in three simple, but interwoven steps for any given conceptual 
technology: 

• Step 1: Assess the optimum capital. operating, and generat
ing costs as a function of plant output size to determine the 
system design targets and technical requirements. 

• Step 2: Minimize risk in the cash flow scenario assuming 
given build constraints and options for single and multiple 
unit s to establish investment needs and suitable power pur
chase agreements or contracts. 

• Step 3: Determine the build profile of unit/plant number and 
output matching the power market and customer generating 
needs, establishing the optimum niche and market specific 
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1350MWc1 
3926 MW,h 
34 
872 
205 rods 

ABWR 

Internal pump method 
Hydraulic/electric motor drive methods 
Reinforced concrete with built-in liner 
Three systems 
Two-stage reheat 
1.32 111 (52 in .) 
Reheat type 
Drain up type 

BWR-5 

l lOOMWc1 

3293 MW,h 
33.4 
764 
185 rods 
External recirculation type 
Hydraulic drive 
Free-standing vesse l 
Two systems 
Nonreheat 
1.09 m (43 in .) 
Nonreheat type 
Cascade type 

Table 18 Basic data on APR-1400° Generation Ill+ PWR [28] 

Characteristics 

Reactor core 
Thennal power 
Electric power 
Gross thernial efficiency 
Active fuel length 
No. of fuel assemblies 
Fue l assembly array 
No. of fuels rods in fue l assembl y 
No. of fuel rods 
Fuel 
Core equivalent diameter 
Operation cycle length more than 
Fuel rod outer diameter/sheath-wall thickness 
Burnable absorber material 

Reactor coolant system 
No. of pumps 
Nominal flow 
Reactor inlet temperature 
Reactor outlet temperature 
(T,,, = 344.8 °Cat 15.5 MPa) 
Operating pressure 

Power cycle 
Number of steam generators 
Steam pressure at full power 
Stem saturated temperature at full power 

Data 

3983MW11, 
1400MWc1 
34-35% 
3.8 1 m 
24 1 
16 X 16 
236 
56,876 
U02 

3.65 m 
18 months 
9.5 mm/0.57 mm 
Gd203-U02 

4 
21,618 m3/h 
291 °C 
324 °C 

15.5 MPa 

4 
6.89 MPa 
285 °C 

"Put into operation in South Korea; more reactors planned to be put into 
operation in South Korea and UAE (Table 10). 
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Table 19 Smallest in the world operating nuclear-power reactors (10-300 MWe1) 

Reactor 

NPP No. of units Net MWc1 Type Model Commercial start Location Reactor supplier 

< 50MWo1 
Bi libino 4 

50 - 99MWd 
Rajasthan I 
Kanupp I 

100-199MWe1 
Tarapur 2 
Rajasthan I 

200-300MWe1 
Rajasthan 4 
Kaiga 4 
Kakrapar 2 
Narora 2 
Madras 2 
Qinshan I 
Chasnupp 2 

II 

90 
90 

150 
187 

202 
202 
202 
202 
205 
298 
300 

LGR EGP-6 

PHWR CANDU 
PHWR CANDU 

1974; 1975; 1976; 1977 Russia , Chukotka 

1973 
1972 

India, Kota, Rajasthan 
Pakistan , Karachi . Sind 

MTM 

AECL/DAE 
GE Canada 

BWR BWR- 1/Mark ll 1969; 1969 India, Maharashtra 
India, Kota, Rajast han 

GE 
AECL/DAE PHWR Four-loop 198 1 

PHWR Four-loop 
PHWR Four-loop 
PHWR Four-loop 
PHWR Four-loop 
PHWR Eight-loop 
PWR,, CNP-300 
PWR CNP-300 

2000; 2000; 20 10: 2010 India, Kota, Rajasthan Nuclear Power Corp. of India. Ltd . 
2000; 2000; 2007; 2011 India, Kamataka Nuclear Power Corp. of India , Ltd. 
1993; 1995 India, Gujarat Nuclear Power Corp. of India , Ltd. 
1991: 1992 Ind ia. Uttar Pradesh Nuclear Power Corp. of India, Ltd. 
1984; 1986 India, Kalpakkam , Tamil Nadu Nuclear Power Corp. of India . Ltd. 
1994 China, Haiyan, Zhejiang MHI 
2000; 201 1 Pakistan, Mianwali, Punjab CNNC 

Note: Based on data from Nuclear News. 20 18 f23]. 

2 3 

12 4 

6 

7 

Fig. 19 Schematic of KLT-40S reactor and its systems (based on original figures from AO 
OKBM by the name of I. I. Afrikantov, Brochure on KLT-40S (39) and from Ref. [37) (in red
newly introduced safety systems): 1-passive system of containment emergency pressure 
decrease (condensing system); 2-active emergency cooling system through heat exchang
ers of loops 1-111; 3-passive emergency core cooling system (hydraulic accumulators); 4-
active emergency core cool ing system from feedwater pumps; 5-active system for injecting 
liquid absorber; 6-active emergency core cooling system from feedwater pumps; 7-active 
emergency core cooling system through recirculation pumps; 8-system of reactor caisson 
filling with water; 9-containment passive emergency pressure decrease system (bubbling); 
10-active emergency shutdown cooling system (through process condensers); 11-passive 
emergency shutdown cooling system; 12-to atmosphere. 

share; then iterate back through the steps I, 2. and 3 as 
needed to meet the goals, if necessary changing or even 
adopting a different technology. 

This feedback process must be completed before committing 10 

preliminary design work and reevaluated periodically during the 
overall design and engineering process. This systematic method 
provides a coherent business model for both supplier and cus
tomer and is also useful as a rapid audit and estimating tool, and 
to weed out uncompetitive options (detai ls can be fou nd in Ref. 
[48 ]). 

Journal of Nuclear Engineering and Radiation Science 

Capital- and operating-cost reduction is the obvious first target , 
while licensing, si ting, fuel , and decommissioning costs are diffi
cult lo reduce substantially. So the objectives are to simplify and 
"modularize·· the design, reducing capital and operating costs. and 
shortening construction times. Very often, customers require a ref
erence plant for cost, safety, and design comparison purposes . 
Hence the emphasis for any bid on reducing. optimizing and man
aging fixed capital and operation and maintenance costs, and on 
multiple builds based on a "standardized" design for which the 
usual economic met hods exist [44). The fundamental problem is 
that a decrease in plant output increases the LUEC/LCOE, 
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Fig. 20 Reactor KLT-40S (KJTT-40C in Russian abbreviations) 
(in center) with four steam generators (larger cylinders) and 
four reactor-coolant circulation pumps (smaller cylinders) 
(Photo courtesy of Rosatom) [30] 

6 I 8 I 

I I 1 
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Q 3 

3 . 3 
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6 

Fig. 21 KLT-40S reactor-core cross section (prepared by UOIT 
student A. Khan; based on original figure from AO OKBM by 
the name of I. I. Afrikantov [39]): 1---<:ell number; 2-main 
assembly in central zone; 3-main assemblies; 4-assembly 
with emergency shut-down rod; 5-assembly for neutron
absorber location; 6-assembly peripheral zone for location of 
extra sensors for neutron-flux control. 

because many of the balance of plant and other variable and fixed 
costs (of site, safety, infrastructure , engineeiing, decommission
ing, and staffing) do not decrease proportionately, so ultimately 
become dominant as output shrinks. 

However, recent build experience in Europe, USA, and China 
shows that some large plants often require over the nominal 60-
months completion time, or experience significant delays in con
struction or schedule times. Long schedules and delays are the 
major factor that must be avoided, incurring approximately a lin
ear LUEC/LCOE increase with project timescale. For a given 
interest rate, it is necessary to optimize the build scenario for the 
potential of sequentially adding some number of multiple units 
that can be of any selected size and, hence, cost. This implies the 
"order book" approach, which is necessary to initiate and commit 
the program beforehand, as practiced in the aircraft manufacturing 
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Fig. 22 Photo of FNThPP (nnasa10ma» ATOMHa» Tennosa» 
3neKTpoCTattu11J1 (nAT3C) (in Russian abbreviations)) on barge 
with two KLT-40S reactors (Photo courtesy of Rosatom) [30]. 
Barge: length-140m; width-30m; height of board-10m; 
draught-5.6 m; displacement-approximately 21,000 ton; 
underwater foundation pit in m-175 (L) x 45 (W) x 9 (D); operating 
term of FNThPP-40 yr; number of servicing personal
approximately 70; and construction term-4 yr. 

industry . Otherwise the first-of-a-kind engineering, design, licens
ing, and setup costs all have to be absorbed by the first few units . 
In addition, the cost of multiple units must be reduced by the 
" learning effect" of an experienced production line for the Nth-of
a-kind units [46 ,47]. 

To " fill the order book" is design and market specific, but the 
maximum ~ 50% reduction possible from mass production 
matches that required to offset the cost of smaller plants/units 
[48 ,49]. This result is theoretically based and describes actual data 
worldwide (Fig. 23 ). 

The net-cash flow for a multiple-unit build program is calcu
lated as the difference between outgoing operating and debt 
expenses and the income from power sales, and will be investor 
and market specific . 

Investment in module "factories'' is expensive, requires large 
up-front commitment (for say, options for I 00 standardized unit s 
per the aircraft industry "order book" approach), and the downside 
risks must be carefully managed, since, that cost must also be sub
tracted , or amortized (realized) by or from the sale of many units . 
Hence, it is self-evident that although small and units cost more 
for their power and energy, only with multiple builds do they 
carry significantly less financial ri sk and for much shorter expo
sure times. 

Although every market is geographically different , they share 
the same goal of attaining a dynamic balance between supply and 
demand [41-43]. Thi s balance has to occur both during the daily 
short-tem1 swings in demand, bringing plants "on line"; and, also, 
in the longer term for meeting future demand projections and units 
being added and/or retired. The overall approach to meeting 
demand is obviously "cheapest first," or a merit order f 4 1 .43.501, 
except, when there is a mandatory feed-in-tariff or reverse meter
ing obligation, or no choice. For any technology, the fract ion of 
the total market power demand that is avai lable for or at a specific 
cost advantage is proportional to the incremental area under the 
merit order curve. The result is that the fractional market share is 
exponentially (and not linearly) dependent on the LUEC/ LCOE 
cost advantage [46]. 

Obviously, the fractional market share is partly determined by 
price advantage for a whole range of alternate fuels , at both the 
national and local levels. For example, new nuclear builds must 
compete with : coal plants in China, Virginia, and Alberta; hydro
power in Washington and Quebec; natural-gas turbines and LNG 
in USA, Asia, and Europe; state-supported nuclear from and in 
Russia, China, France, and Korea; with renewable portfolios and 
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Table 20 Main parameters of KLT-40S SMR [37,39) 

Parameters 

Reactor type 
Reactor coolant/moderator 
Themial power (MW,1,) 
Electric power, gross/net (MWc1l 
Thermal effi ciency(%) 
Expected capacity factor (%) 
Maximum output them1al power (Gcal/h) 
Prod uction of desalinated water" (nr'/day) 
Operating range of power(%) 
Normal-mode power variation (%/s) 
Prima1y circuit pressure (MPa) 
Primaty circuit T;n/T0 ., , (°C) 
Reactor coolant massflow rate (ton/h) 
Primary circuit circu lation mode 
Power cycle 
Ps,cam at SG out let (MPa) 
T,a, at p Sleam (°C) 
Overheated Ts,eam at SG out let (°C) 
Steam massflow rate (ton/h) 
T feedwater in-out (°C) 
RPV height/diameter (m) 
Maximum mass of reactor pressure vessel (ton) 
Fuel type/assembly array 
Fuel assembly active length (m) 
Number of fue l assemblies 
Core service life (h) 
Refueling intervalh (yr) 
Refueling outage (days) 
Fuel enrichment (%) 
Fuel bumup (GWd/t) 
Predicted core damage frequency (event/reactor year) 
Seismic design 

"In case of floating nuclear-power desa lination complex. 

KLT-40S 

PWR 
Light water 
150 
38.5/35 
~ 26 
60-70 
73 
40,000-100,000 
10- IOO 
0.1 
12.7 
280/3 16 
680 
Forced 
Indirect Rankine cycle 
3.72 
246. 1 
290 
240 
70- 130( 170) 
4.8/2.0 
46.5 
U02 pellets in silumin matrix 
1.2 
12 1 
2 1,()00 
~ 3 
30-36 
18.6 
45.4 
0.5 · X 10- 7 

9 point on MSK scale 

"The FNThPP wi ll save up to 200,000 metric tons of coal and I 00,000 ton of fue l oil per year. Every 12 years, the FNThPP wi ll be towed back to the 
manufacturing plant and overhauled the re. 

F ITs in Europe and Canada; and w ith d iesel fu els in rem o te loca
tio ns. Deta iled e ne rgy projections out to 2040 show modes t 
nuclear growth , and sta te [51 ] :" Natural gas dem and ri ses the 
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Fig. 23 Cost reduction versus units produced: composite 
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most , largely to he lp meet the increas ing needs fo r e lectrici ty and 
support increasing industri al demand." 

No clear m arket or price advant age for current SMR concepts 
has been shown in recent comparati ve studies that have been inde
pendently published [50,52] , emphasiz ing the need for e nhanced 
competiti veness . The O ECD (Organization for Econom ic Co
operation and Developm ent ) estimate is that the global m arke t 
share by 2035 could be the " high case" 9%, or 3% fo r the " low 
case" for som e hypothetical/generic SMR " Technology X " [50). 
T he middle of this range is the worldw ide 6% n uclear share or 
market entry a lready historically a ttained , when the re is essen
ti ally little or no cost advantage (49) , so is w ithin the uncert ainties 
due to local m arket vagaries and varia tions . 

Several key challenges still remain today and in the futu re , 
some of whic h are well known low capital cost and high e ffi
c iency of m odem natu ral gas and supercritica l-pressure coal-fi red 
power pl ants, including m odular gas turbines and mobile power 
concepts, are like ly to dominate m any m arkets for the next 
20 years. This timeframe is suffic ient for competitive nonconven
tional and innovative nuc lear-techno logy de velopments to emerge 
that cha llenge m any of the paradigms of the past [53). 

5 Conclusions 

( 1) It is well known that e lectr ical-power generation is the 
key facto r for advances in industry , agri c ult ure, techno l
ogy, and leve l of li ving. A lso, strong power industry w ith 
d iverse e ne rgy sources is very important for a country's 
independence. 

(2) Major sources for e lectrical-energy generation in the 
world tod ay are: ( 1) thermal- primary coal (38.3%) and 
secondary natural gas (23. 1% ); (2) " large" hydro ( 16 .6%); 
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and (3) nuclear (10.4%). The remaining 11.6% of the elec
trical energy is generated using oil (3.7%) and renewable 
sources (biomass, wind, geothermal , and solar energy) 
(7.9%) in selected countries. 

(3) Other energy sources such as renewable wind-, solar-, 
marine-power have a visible impact just in some coun
tries, especially, where there are government incentives 
with electricity prices guaranteed by legislation and 
power-purchase contracts. However, these apparently 
attractive renewable-energy sources (wind, solar, tidal , 
etc.) are . not reliable as full-time energy sources for 
industrial-power generation. To overcome this problem, 
an electrical grid must also include "fast-response" power 
plants such as gas- (coal-) fired and/or large hydro-power 
plants. 

(4) In general, the major driving force for all advances in ther
mal and nuclear power plants is thermal efficiency and 
generating costs. Ranges of gross thermal efficiencies of 
modern power plants are as the following: (1) combined
cycle thermal power plants-up to 62%; (2) supercritical
pressure coal-fired the1mal power plants-up to 55%; (3) 
carbon-dioxide-cooled reactor NPPs-up to 42%; (4) SFR 
NPP- up to 40%; (5) subcritical-pressure coal-fired ther
mal power plants-up to 43%; and (6) modern water
cooled-reactor NPPs-30-36% (38%). 

(5) Combined-cycle thermal power plants with natural-gas 
fuel are considered as relatively clean fossil-fuel-fired 
plants compared to coal and oil power plants, and are 
dominating new capacity additions, because of their rela
tively lower carbon-dioxide production and lower costs 
using natural gas, LNG, or natural gas derived from 
"fracking" processes. 

(6) Nuclear power is , in general, a nonrenewable source 
unless fuel recycling, thoria fuel, and/or fast-neutron
spectrum reactors are adopted, which means that nuclear 
resources can be used significantly longer than some fossil 
fuels . Currently, this source of energy is considered as the 
most viable one for base-load electrical generation for the 
next 50-100 yr. 

(7) However, all current generations-II and -III and oncoming 
generation-IIJ+ NPPs, especially, those equipped with 
water-cooled reactors, are not competitive with modern 
thermal power plants in terms of thermal efficiency 
(30-36% (38%) for current NPPs with water-cooled reac
tors and 55-62% for supercritical-pressure coal-fired and 
combined-cycle power plants , respectively). 

(8) Enhancements are needed beyond the current building 
plans for NPPs. These new designs must compete in the 
world markets, and if possible, without government subsi
dies or power-price guarantees. New generation NPPs 
must have them1al efficiencies close to those of modem 
thermal power plants, i.e., within a range of at least 
40-50%, and incorporate improved safety measures and 
designs. 

(9) The major advantages of nuclear power are well known, 
including cheap reliable base-load power, high capacity 
factor , low carbon-dioxide emissions, and minor environ
mental impact. However, these factors are offset today by 
a competitive disadvantage with natural gas and the occur
rence of three significant nuclear accidents (Fukushima, 
Chernobyl, and Three Mile Island NPPs). The latter have 
caused significant social disruption together with high 
capital costs. 

(10) Currently, 31 countries have operating nuclear-power 
reactors, and 5 countries plan to build nuclear-power reac
tors. In addition, 30 countries are considering, planning or 
starting nuclear-power programs , and about 20 countries 
have expressed their interest in nuclear power. However, 
13 countries with NPPs do not plan to build new nuclear
power reactors. Moreover, such countries as Taiwan, 
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Switzerland, and some others might not proceed with new 
builds . 

(11) In October 2018, 451 nuclear-power reactors operated 
around the world. This number includes 300 PWRS, 72 
BWRs, 48 PHWRs, 14 AGRs, 15 LGRs, and 2 LMFBRs. 
Considering the number of forthcoming reactors, the num
ber of BWRs/ABWRs and PHWRs will possibly decrease 
within next 20-25 years. Furthermore, within next 10-15 
years or so, all AGRs (carbon-dioxide-cooled) and LGRs 
will be shut down forever. However, instead of carbon
dioxide-cooled AGRs helium-cooled reactors will be built 
and put into operation. 

( 12) In 2018, several very important milestones have been 
achieved-first EPR and AP-1000 NPPs have been put 
into operation in China. In 2019, it is expected that China 
will put into operation first in the world nuclear-power 
helium-cooled pebble-bed reactor. Also, in 2016, second 
SFR-BN-800 was put into operation in Russia. 

(13) Analysis of the current statistics on nuclear-power reactors 
of the world shows that we might face a very significant 
drop (up to three times) in a number of operating nuclear
power reactors somewhere between 2030-2040; if we 
assume that current operating term of reactors is on aver
age 45 years, and the rate of building and putting into 
operation new reactors is ~2 1 reactors per 5 years. Even 
with higher rates of new nuclear-capacities additions, we 
will have a tangible decrease in a number of operating 
reactors. If this forecast(s) is correct, the nuclear-power 
industry will face very difficult times ahead. 

(14) SMRs are today 's a very "hot" topic in nuclear engineer
ing worldwide [1,37]. According to the IAEA, there are 
about 55 SMRs designs/concepts proposed in the world. 
There is a possibility that in 2019, Russia will put into 
operation first two SMRs-KL T-40S reactors barge-based 
as a floating NPP for the Northern regions. 

( 15) In spite of all current advances in nuclear power, NPPs 
have the following deficiencies: (I) generate radioactive 
wastes; (2) have relatively low thermal efficiencies, espe
cially, NPPs equipped with water-cooled reactors (up to 
1.6 times lower than that for modern advanced thermal 
power plants; (3) risk of radiation release during severe 
accidents; and (4) production of nuclear fuel is not an 
environment-friendly process. Therefore , all these defi
ciencies should be addressed in next generation
generation IV reactors and NPPs. 

Nomenclature 

P = pressure, MPa 
T = temperature, ° C 

Subscripts 

er = critical 
el = electrical 
in= inlet 

out = outlet 
sat = saturated or saturation 
th = thermal 

Abbreviations 

ABWR = advanced boiling water reactor 
AECL = Atomic Energy of Canada Limited 

AGR = advanced gas-cooled reactor 
AP = Advanced Plant (USA) 

APR = Advanced Pressurized-Water Reactor (South Korea) 
ARIS = ·Advanced Reactors Information System 

ASME = American Society of Mechanical Engineers 
B = billion 

BN = fast sodium (reactor) (in Russian abbreviations) 
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BWR = boiling water reactor 
CANDU = Canada Deuterium Uranium (reactor) 

CAR = Central African Republic 
COE = cost of energy 

Corp. = corporation 
CNNC = Chian National Nuclear Corporation 

D = depth 
DAI = Department of Atomic Energy (India) 
EEC = electrical-energy consumption 
EGP = Power Heterogeneous Loop Reactor (in Russian 

abbreviations) 
EPR = European Pressurized-Water Reactor (France) 

FNThPP = floating nuclear them1al-power plant 
GCR = gas-cooled reactor 

GE = General Electric (USA) 
HDI = human development index 

HTR PM = high temperature reactor pebble-bed modular 
(reactor) 

IAEA = International Atomic Energy Agency 
ID = inside diameter 

JSME = Japan Society of Mechanical Engineers 
K = condensing (in Russian abbreviations) 
L = length 

LGR = light-water-cooled graphite-moderated reactor 
LMFBR = liquid-metal fast-breeder reactor 

LMR = liyuid-metal-cooled reactor 
LNG = liquefied natural gas 

Ltd = limited 
LUEC = Jevelized unit energy cost 

MHI = Mitsubishi Heavy Industries (Japan) 
MSK = Medvedev-Sponheuer- Karnik scale 
MTM = Ministry of Heavy Machine Building (in Russian 

abbreviations) (Russia) 

Appendix 

NASA = National Aeronautics and Space Administration 
(USA) 

NERS = (ASME Journal of) Nuclear Engineering and Radia
tion Science 

NOAA = National Oceanic and Atmospheric Administration 
(USA) 

NPP = nuclear power plant 
OECD = Organization for Economic Co-operation and 

Development 
PHWR = pressurized heavy-water reactor 

PV = photovoltaic 
PWR = pressurized water reactor 

Q = quarter 
RBMK = Reactor of Large Capacity Channel Type (in Russian 

abbreviations) (Russia) 
R&D = research and development 
RPV = reactor pressure vessel 
SFR = sodium fast reactor 

SG = steam generator 
SMR = small modular reactor, also, small and medium size 

reactor 
SSE = safe shutdown earthquake 

SVBR = lead-bismuth fast reactor (in Russian abbreviations) 
FIT = feed-in-tariff 

Tf'B = turbine generator with hydrogen (/water) cooling (in 
Russian abbreviations) 

UAE = United Arab Emirates 
UK = United Kingdom 

VOIT = University of Ontario Institute of Technology 
VVER = water power reactor (in Russian abbreviations) 

(Russia) 
W = width 

WNA = World Nuclear Association 

Table 21 Population, EEC, and HDI in all countries of the world8 

EEC" (2015-2017) 

HDib rank (2017) Country HDib (2017) W/capita GW ·h Population in millions (2018) 

Very high HDI 
I Norway 0.953 2740 133,100 5.35 
2 Switzerland 0.944 809 58,450 8.54 
3 Australia 0.939 1112 223,600 24.77 
4 Ireland 0.938 576 23 ,790 4.80 
5 Germany 0.936 753 514,600 82.29 
6 Iceland 0.935 5777 17,980 0.34 
7 Hong Kong 0.933 668 44,030 7.43 
8 Sweden 0.933 1467 125,400 9.98 
9 Singapore 0.932 931 48,630 5.79 
IO Netherlands 0.931 724 106,000 17.08 
II Denmark 0.929 653 31,410 5.75 
12 Canada 0.926 1704 516,600 36.95 
13 United States 0.924 1377 3,9 11 ,000 326.76 
14 United Kingdom 0.922 547 301,600 66.57 
15 Finland 0.920 1681 85,150 5.54 
16 New Zealand 0.917 I020 38,750 4.74 
17 Belgium 0.916 810 81 ,960 11.49 
18 Liechtenstein 0.916 4092 394 0.04 
19 Japan 0.909 841 933,600 127.18 
20 Austria 0.908 913 70,700 8.75 
21 Luxembourg 0.904 1215 6178 0.59 
22 Israel 0.903 835 52,780 8.45 
23 South Korea 0.903 1109 497,000 51.16 
24 France 0.901 736 436,100 65 .23 
25 Slovenia 0.896 750 16,560 2.08 
26 Spain 0.891 550 240,400 46.39 
27 Czech Republic 0.888 643 61,160 10.62 
28 Italy 0.880 535 296,000 59.29 
29 Malta 0.878 549 2103 0.43 
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Table 21. (Continued) 

EECC (2015-2017) 

HDib rank (2017) Country HDlb (2017) W/capita GW ·h Population in millions (2018) 

30 Estonia 0.871 743 7664 1.31 
31 Greece 0.870 561 53,050 11.14 
32 Cyprus 0.869 369 4028 1.19 
33 Poland 0.865 420 141 ,300 38.10 
34 United Arab Emirates 0.863 1848 110,600 9.54 
35 Andorra 0.858 749 222 0.08 
36 Lithuania 0.858 395 9848 2.87 
37 Qatar 0.856 1718 36,530 2.69 
38 Slovakia 0.855 594 25,870 5.45 
39 Brunei 0.853 984 3679 0.43 
40 Saudi Arabia 0.853 1102 292,800 33.55 
4 1 Latvia 0.847 394 6712 1.93 
42 Portugal 0.847 484 47,030 10.29 
43 Bahrain 0.846 2069 26,090 1.56 
44 Chile 0.843 426 67,950 18.19 
45 Hungary 0.838 249 38,660 9.69 
46 Croatia 0.83 1 449 18,650 4.16 
47 Argentina 0.825 301 122,500 44.68 
48 Oman 0.82 1 850 27,620 4.82 
49 Russ ia 0 .8 16 854 890,100 143.96 
50 Montenegro 0.8 14 495 516,600 0.63 
51 Bulgaria 0.8 13 495 35.240 7.03 
52 Romania 0.811 253 48,280 19.58 
53 Belarus 0.808 393 31 ,750 9.45 
54 Bahamas 0.807 558 1681 0.40 
55 Uruguay 0 .804 340 9420 3.47 
56 Kuwait 0.803 2176 54,110 4.19 
57 Malaysia 0.802 483 133,000 32.04 
58 Barbados 0.800 352 944 0.29 
59 Kazakhstan 0.800 565 97.600 18.40 

High HD! 
60 Iran 0.798 300 220,900 82.01 
61 Palau 0.798 0.02 
62 Seychelles 0.797 367 366 0.01 
63 Costa Rica 0.794 215 9113 4.95 
64 Turkey 0.79 1 294 213,200 81 .91 
65 Mauritius 0.790 220 2680 1.26 
66 Panama 0.789 240 8202 4.16 
67 Serbia 0.787 430 26,780 8.76 
68 Albania 0.785 292 7094 2.93 
69 Trinidad & Tobago 0.784 851 9461 1.37 
70 Antigua & Barbuda 0.780 365 307 0.10 
71 Georgia 0.780 227 12,440 3.91 
72 Saint Kitts & Nevis 0.778 436 193 0.06 
73 Cuba 0.777 68 17,340 11.49 
74 Mexico 0.774 220 245,200 130.76 
75 Grenada 0.772 205 185 0.11 
76 Sri Lanka 0.770 56 11 ,720 20.95 
77 Bosnia & Herzegovina 0.768 325 11,440 3.50 
78 Venezuela 0.761 288 73,990 32.38 
79 Brazi l 0.759 287 460,800 210.86 
80 Azerbaijan 0.757 231 20,270 9.92 
81 Lebanon 0.757 292 15,660 6.09 
82 Macedonia 0.757 378 6455 2.08 
83 Armenia 0.755 190 5331 2.93 
84 Thailand 0.755 274 168,300 69.18 
85 Algeria 0.754 138 53,440 42.01 
86 China 0.752 510 5,920,000 1415.05 
87 Ecuador 0.752 149 27,530 16.86 
88 Ukraine 0 .75 1 369 133,400 44.01 
89 Peru 0.750 144 40,930 32.55 
90 Colombia 0.747 145 60,110 49.46 
91 Saint Lucia 0.747 208 333 0.18 
92 Fiji 0.741 99 828 0.91 
93 Mongolia 0.74 1 210 7103 3.12 
94 Dominican Republic 0.736 162 13 ,250 10.88 
95 Jordan 0.735 223 16,130 9.90 
96 Tunisia 0.735 153 15 ,120 11 .66 
97 Jamaica 0.732 107 3173 2.89 

World 0.728 370 24,816,000 7658.82 
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Table 21. (Continued) 

EEC (2015-2017) 

HDib rank (2017) Country HDt (2017) W/capita GW-h Population in millions (2018) 

98 Tonga 0.726 49 47 0.11 
99 St. Vincent & The Grenadines 0.723 111 144 0.11 
100 Suriname 0.720 370 1948 0.57 
101 Botswana 0.712 191 3722 2.33 
102 Maldives 0.712 87 326 0.44 
103 Dominica 0.7 15 139 87 0.07 
104 Samoa 0.7 13 210 118 0.20 
105 Uzbekistan 0.710 185 48,000 32.36 
106 Belize 0.708 129 413 0.38 
107 Marshall Islands 0.708 933 577 0.05 
108 Libya 0.706 162 8131 6.47 
109 Turkmenistan 0 .706 280 15 ,090 5.85 
110 Gabon 0.702 137 1907 2.06 
111 Paraguay 0.702 161 10,470 6.89 
112 Moldova 0.700 139 3669 4 .04 

Medium HDI 
113 Philippines 0.699 101 77,790 106.5 1 
114 South Africa 0.699 445 207.700 57.40 
115 Egypt 0.696 172 150,400 99.37 
116 Indones ia 0.694 86 223,500 266.79 
117 Vietnam 0.694 149 182,900 96.49 
118 Bolivia 0.693 78 8981 11.21 
119 Palestine 0.686 
120 Iraq 0.685 125 66,000 39.33 
121 El Salvador 0.674 105 6344 6.41 
122 Kyrgyzstan 0.672 219 10,680 6. 13 
123 Morocco 0.667 98 26,830 36.19 
124 Nicaragua 0.658 84 3177 6.28 
125 Cabo Verde 0.654 61 436 0 .55 
126 Guyana 0.654 124 800 0.78 
127 Guatemala 0.650 66 10,020 17.24 
128 Tajikistan 0.650 164 12,940 9.10 
129 Namibia 0.647 173 3771 2.58 
130 India 0.640 128 1,048,000 1354.05 
131 Micronesia 0.627 194 179 0.11 
132 East Timor 0.625 11 125 1.32 
133 Honduras 0.617 68 7215 9.41 
134 Kiribati 0.612 29 22 0. 12 
135 Bhutan 0.6 12 317 2009 0.82 
136 Bangladesh 0.608 40 48,980 166.36 
137 Republic of Congo 0.606 13 901 5.40 
138 Vanuatu 0.603 22 68 0.28 
139 Laos 0.601 63 4239 6.96 
140 Ghana 0.592 39 11,420 29.46 
141 Equatorial Guinea 0.591 13 395 1.31 
142 Kenya 0.590 18 9515 50.95 
143 Sao Tome & Principe 0.589 37 61 0.21 
144 Swaziland 0.588 117 1500 1.39 
145 Zambia 0.588 80 11 ,620 17.61 
146 Cambodia 0.582 29 4952 16.24 
147 Angola 0.581 45 8338 30.77 
148 Myanmar 0.578 22 11 ,000 53.85 
149 Nepal 0.574 15 4777 29.62 
150 Pakistan 0.562 46 85,900 200.81 
151 Cameroon 0.556 28 5702 24.67 
152 Solomon Islands 0.546 14 84 0.62 

Low HD! 
153 Papua New Guinea 0.544 50 IOI5 8.4 1 
154 Tanzania 0.538 10 4976 59.01 
155 Syria 0.536 112 13,960 18 .28 
156 Zimbabwe 0.535 62 7630 16.9 1 
157 Nigeria 0.532 14 24,570 195.87 
158 Rwanda 0.524 4 644 12.50 
159 Lesotho 0.520 46 763 2.26 
160 Mauritania 0.520 24 1108 4.54 
161 Madagascar 0.519 6 1108 26.26 
162 Uganda 0.516 8 2936 44.27 
163 Benin 0.515 10 11 21 11.48 
164 Senegal 0.505 23 30 14 16.29 
165 Comoros 0.503 5 50 0.83 
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Table 21 . (Continued) 

EEC' (2015-2017) 

HDib rank (2017) Country HDib (2017) W/capita GWh Population in millions (2018) 

166 Togo 0.503 16 1213 7.99 
167 Sudan 0.502 30 10,260 41.51 
168 Haiti 0.498 4 372 11.11 
169 Afghanistan 0.498 16 2866 36.37 
170 Ivory Coast 0.492 27 5669 24.9 
171 Malawi 0.477 II 1972 19,16 
172 Djibouti 0.476 53 377 0.97 
173 Ethiopia 0.463 7 8143 107.53 
174 Gambia 0.460 17 223 2.16 
175 Guinea 0.459 8 930 13.05 
176 Democratic Republic of Congo 0.457 13 7190 84.00 
177 Guinea-Bissau 0.455 2 32 1.91 
178 Yemen 0 .452 21 3634 28.91 
179 Eritrea 0.440 5 330 5.18 
180 Mozambi4ue 0.437 52 13 ,860 30.52 
181 Liberia 0 .435 7 39 4.85 
182 Mali 0.427 12 2023 19. 11 
183 Burkina Faso 0.423 8 1321 19.75 
184 Sierra Leone 0.419 3 163 7.72 
185 Burundi 0.417 4 304 11.21 
186 Chad 0.404 I 200 15.35 
187 South Sudan 0.388 6 694 12.9 1 
188 Central African Republic 0 .367 4 162 4.73 
189 Niger 0 .354 7 1072 22.31 

' Population from Ref. 17 ] (data for 2018); EEC from Ref. 18 1 (data mainly from 2017-2015; for exact detail s see the reference); and HDI from 19 ,10 1 
(data from 2017). 
bHDI-human development index by United Nations (UN); HDI is a comparative measure of life expectancy, literacy, education, and standards of living 
for countries worldwide. HDI is calculated by the following fommla: HD! = v'LEI x EI x II, where LEI-life expectancy index, EI--education index, 
and II-income index. It is used to distinguish whether the country is a developed, a developing, or an under-developed country, and also to measure the 
impact of economic policies on quality of life . 

"EEC _.Y'!__ = (EEC, (GWh/ yr)) x ( I0
9 

/ (
365 days x 24 h) ) · EEC compares the total electricity generated annually plus imports and minus exports, 

' capita (population, millions ) x 106 ' 

expressed in gigawatt-hours (GW·h). 
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Thallium bromide (TlBr) is a compound semiconductor material , 
which can be used f or X-ray and gamma-ray detectors and can be 
used at room temperature. It has excellent physical properties, 
high atomic number and density, wide bandgap (B =2.68 eV) , and 
low ionization energy. Compared with other X-ray and gamma
ray detection materials, TlBr devices have high detection effi
ciency and excellent energy resolution pe1formance. So T/Br is 
suitable for housing in small tubes or shells , and it can be widely 
used in nuclear material measurement, safeguards verification , 
national security, space high-energy physics research, and other 
fi elds. Based on the fabrication of T/Br prototype detector, this 
paper focuses on the device fabrication and signal acquisition 
technology. Gamma-ray spectrum measurements and pe1formance 
tests are carried out with AM-241 radioactive source. The results 
show that the special photoelectric peak of 59.5 keV is clearly visi
ble, and the optimal resolution is 4.15 keV (7%). 
[DOI: I 0.1115/1.4042357] 

Keywords: TlBr detector, compound semiconductor, safeguards 
verification 

The research of T!Br crystal as radiodetectors material can be 
traced back to 1947. According to the innovation of material puri
fication and crystal growth technology, T!Br crystal has become a 
research hot in recent years, and device research and preparation 
have made great progress. At present, the largest T!Br detector 
can measure the gamma spectrum of 6°Co and distinguish the spe
cial photoelectric peaks with energy of 1173keV and 1332keV. 
There are many precedent applications in industry. T!Br probe has 
been successfully applied in surgical diagnosis and sentinel lymph 
node treatment. 

T!Br detectors can work in a wide temperature range. The 
response spectrum performance is affected by the crystal quality, 
electrode structure, manufacturing process, signal processing 
methods, and other factors . The better the crystal quality, the bet
ter the detector performance, so T!Br material purity should 
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exceed 99.999%. In the process of crystal cutting, the technology 
should be controlled to effectively reduce surface damage and pre
vent lattice dislocation and crystal fracture caused by mechanical 
stress. Generally, the surface of TIBr slices used for devices fabrica
tion is square. Its size is 5 mm x 5 mm, and the thickness is 1-5 mm. 

The resistivity of T!Br material is up to 109 n -cm cm~ 1010 

!l·cm, its value is related to the wafer's surface area and thickness . 
It is suitable to measure the resistance of wafer by Volt-Ampere 
characteristic curve. This time, the V-1 curve of T!Br crystal is 
measured at room temperature. When the voltage increases from 
OV to SOOY, the current changes approximately linearly. Ohm's 
law is used to fit and calculate the wafer's electric value. And the 
resistance is 7 x 1010 n -cm. 

When X-ray or gamma-ray enter into T!Br detector, energy trans
fer occurs in crystals and produce a large number of electron-hole 
pairs. Driven by external electric field electrons move to the anode 
and holes move to the cathode. Accompany with the movement, 
induced charges are generated on both electrodes. The pulse signals 
are form by collecting and amplifying the induced charge. Both of 
electrons and holes in crystals are referred to as carriers. 

T!Br prototype detector electrode is designed as planar to 
understand the device preparation process and verify the material 
parameters. The fabrication process can be divided into crystal 
cutting, mechanical polishing, etching, electrode deposition, pack
aging, and testing. First, rosin and paraffin on the slices were 
cleaned with trichloroethylene, absolute ethanol , and de-ionized 
water. Then the slices were polished mechanically in M7 corun
dum until they become mirror surface. The wafers were observed 
by Scanning Electron Microscopy (SEM). In order to further 
improve the surface quality and eliminate the dangling bond on 
the wafer surface, the machined wafer was etched and passivated 
in a mixed solution of methanol bromide (liquid bromide: meth
anol = 5: 100), and then quenched in methanol for 2 min. 

The electrode material of T!Br prototype detector is Gold(Au) , 
which is deposited by vacuum evaporation process. After the elec
trodes are formed by evaporation , the samples are fixed in a con
stant temperature (75 °C) oven for 7 h. Then tens of nanometers 
oxide layer is formed on the surface of T!Br wafer surface, which 
can effectively isolate the T!Br crystal from the surrounding 
atmosphere. It can also protect T!Br crystal from damage, 
improve the collection efficiency of electrons and holes in the 
electric field , and reduce the leakage current of devices. Finally, 
the wafer is fixed on the ceramic substrate, and the conductive 
resin is used to transmit the electrode signal to the external circuit. 
The prototype detector has a standard Bayonet Nut Connector 
(BNC), so signals can easily transmit between device and external 
electronics. The device is encapsulated in an anti-electromagnetic 
interference chamber. The detector anode is irradiated by 241 Am 
source, and the response spectrum is obtained. The leakage cur
rent is measured and recorded by Keithley 6487 picoammeter. 

The picoammeter works in high resistance measurement mode, 
and the voltage is connected in series with the device and picoam
meter. Ignoring the voltage difference of the picoammeter, the 
bias is gradually increased from 100 V to 300 V with a step length 
of 50 V. The average value is calculated by measuring three times 
under each voltage. 

The fitting result between leakage current and voltage value is 
a_pproximately linear. The expression is y = 0.0952.r + 0.34, whose 
r- = 0.999. It can be inferred that when X-ray or Gamma-ray are 
measured by the prototype detector, the incident signals whose 
energy exceeds 50 ke V will not be affected, but the signal whose 
energy is less than 30 ke V will be submerged by leakage current. 

When the fast feedback circuit is used to collect signals, the 
low-energy tail will be formed on the omnipotent peak due to 
the low-hole mobility. In order to minimize the effect of hole col
lection, the energy spectrum of 241 Am was obtained by 
placing the radiation source near the anode of the detector. The 
characteri_stic gamma-ray photoelectric peak with energy of 
59.5 keV was clearly visible , and the energy resolution was 
4.15keV (7 %). 
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In the preparation of TIBr prototype detector, the purity of the 
material up to detector grade, and the unipolar sensitivity technol
ogy is used for signal processing. The material parameters and the 
prototype detector performance are tested. The results show that 
after polishing, corrosion passivation and evaporation of Au 

024501-2 I Vol. 5, APRIL 2019 

electrodes, with reasonable fixed packaging technology TIBr devices 
can detect gamma-ray spectrum. In the future , researching should 
focus on detector structural optimization, process improvement, sig
nal acquisition, and processing technology. It is also essential to eval
uate the impact of each step on detector performance. 
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In order to avoid the misuse of metal material in nuclear projects , 
typical cases happened in advanced passive pressurized water 
1:eactor (A PJOOO) nuclear power projects in China are analyzed. 
The analysis finding indicates that some cases were caused by 
defective procedures or undemanding processes pe1formance, and 
all cases are found to be relevant to human error. It is considered 
that procedural management cannot completely avoid the misuse 
of metal material when it is caused by human error, and spec
trometry analysis is suggested to reexamine the material of key 
components. [DOI: 10.1115/1.4042221] 
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1 Introduction 
Correct use of material is the premise for ensuring equipment 

components to meet the design conditions and realize the design 
function . When it comes to the nuclear power plant (NPP), correct 
use of material in manufacturing and erecting the nuclear island 
equipment and components will lay a solid foundation for realiza
tion for the nuclear safety. 

However, material misuse happens occasionally in the manu
facture and construction process of nuclear power equipment and 
components . Through analyzing the cases of material misuse in 
advanced passive pressurized water reactor (AP l 000) project 
construction in China, this paper will discuss the necessity of 
applying spectrometry analysis to reexamine the material of key 
components. 

2 Typical Cases of Material Misuse 

2.1 Case 1. The Misuse of Welding Material for the 
Surfacing Layer on Inlet and Outlet Nozzles of Residual Heat 
Removal Pump in a Nuclear Power Project. Residual heat 
removal system pump (RNS pump) of the nuclear power project 
was manufactured by a European company. According to the 
design specification, ERNiCrFe-7 nickel-based welding material 
is allowed to serve as surfacing material for the inlet and outlet 
nozzles of RNS pump. But based on the previous experience in 
producing equipment for other types of nuclear reactors, the man
ufacturer used ERNiCr-3 nickel -based weld material , which is 
prohibited in the AP!OOO design specification. 

The manufacturer did not review the design requirements care
fully and chose the welding materials only by experience. The 
purchasing supervisors violated inspection procedures and did not 
find any weld material problems. This nonconformance item was 
not identified in multiple processes, until case 2 happened. 

2.2 Case 2. The Misuse of Welding Material Between 
Residual Heat Removal System Pump Pipe Nozzle and the 
Pipe Connection in a Nuclear Power Project. In May 2014, 
when the construction contractors of the nuclear power project 
was butt-welding the RNS pump pipe nozzle (mentioned in case 
l ) to the pipe connection, they violated construction procedures 
and did not check the nozzle material by design drawings and 
manufacturing records, and mistaken it for austenitic stainless 
steel. So they inadvertently weld the ERNiCr-3 nozzle to an aus
tenitic stainless steel SA3 l 2 TP304 L pipeline with austenitic 
stainless steel welding wire ER308 L, which is prone to produce 
solidification crack at the welding connection. Consequently, 
cracks were observed and material misuse of case 2 was exposed, 
leading to detection of the material misuse event of case l. Please 
refer to Table l for detail s. 

In case l , nickel-based alloy ERNiCr-3 was inappropriately 
used as a buttering layer on the welding end of RNS pump. In 
case 2, stainless steel wire ER308 L was inappropriately used to 
weld the joint between the ERNiCr-3 buttering layer mentioned in 
case l and a stainless steel SA3 l 2 TP304 L pipe. A welding 
research council (WRC)- 1992 diagram [ 1,2] with expanded nickel 
equivalent axis is used to analyze the weld metal in case 2, see 
Fig. l for detail. 

Based on the WRC-1992 diagram, SA3 I 2 TP304 L and ER308 L 
can be positioned by calculating Ni equivalent and Cr equivalent, 
respectively. The position of ERNiCr-3 deposited layer can be esti
mated. And then the weld metal can be positioned when normal 
dilution of 30% is estimated, which is comprised 15% from SA3 l 2 
TP304 L and 15% from existing ERNiCd deposited layer. 

It is found that the stainless steel weld metal will solidify as 
l 00% austenite when ER308 L is deposited on the joint between 
nickel-based alloy and stainless steel material, and it is very prone 
to solidification cracking. 

In fact, a crack was really found after welding; which had a 
negative impact on the component quality and project duration. 
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Table 1 Root causes for two material misuse events of RNS pump 

Manufacturing Construction 

Related documents 

Design specification 
(ERNiCr-3 is prohibited 
by the revised 
specification) 

Welding procedure 
specification(WPS) 

Documents within 
package 

Vendor drawin.gs 

Construction documents 

Manufacturer 

Did not analyze the 
revised document and 
misused the ERNiCr-3 

Did not submit the WPS 
to quality surveillance 
engineer for review 

Insufficient documents 

Identified that nozzle 
was made of surfacing 
welding without 
specifying the material 

NA 

Quality surveillance 

Did not track the 
execution of the revised 
document 

Did not realize that WPS 
was not submitted for 
review 

Did not provide detailed 
requirements and did not 
check the package for 
documents 

NA 

NA 

Engineering procurement 
construction contractor 

NA 

NA 

Did not issue a 
nonconfomiance record 
for insufficient documents 

NA 

Issued a conditional 
release sheet, but did not 
describe the insufficient 
documents within 
package. 

Construction contractor 

NA 

NA 

Did not deem the 
sufficient documents 
within package as a 
prerequisite of 
construction 

Technical department did 
not transmit all related 
drawings to Construction 
Department. 

Construction department 
developed the welding 
sheet and Welding 
Procedure Specification 
(WPS) based on the 
wrong judgment-nozzle 
material was mistakenly 
identified as SA3 I 2 
TP304L. 

2.3 Case 3. The Misuse of Safety-Related Tee in Different 
Textures in a Nuclear Power Project_ The construction contrac
tor needs to receive ASME nuclear class 1, 8 in, SA-403 
WP3 l 6 LN stainless steel tees for piping prefabrication in the 

factory shop. However, In July 2013 , due to careless check in the 
warehouse picking process, the contractor wrongly received the 
ASME nuclear class 3, 8 i, SA-403 WP304 L-S tees, which was 
similar to the right one in appearance. The contractor violated 
inspection procedures and did not check the label on the physical 
items later at various stages of preconstruction preparations. 

ERNiCr-3 

I 

24 r·-T--T 
2:i~-+- I 

22 ~-+ I , 
21 r--+--
20~-+-
19 -l--

1 
18 ' 

I I 
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Cr eq=Cr+Mo+O. 7N b 

Fig. 1 A WRC-1992 diagram with expanded nickel equivalent 
axis is used to analyze the weld metal in case 2 
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Finally, the misuse was found by a quality control engineer 
fonn engineering procurement construction (EPC) contractor after 
a wrong SA-403 WP304 L-S tee was welded with a SA-312 
TP3 l 6 LN material piping components. 

In this case, the comparison of pitting corrosion resistance is 
perfonned between these two stainless steel materials. The pitting 
resistance equivalent of SA-403 WP304 L-S (numeric value 19) is 
less than that of SA-403 WP3 l 6 LN (numeric value 22) according 
to the widely used fonnula 

PRE= Cr% + 3.3 x Mo%+ 16 x N% (I) 

So, if the misuse was not found, the SA-403 WP304 L-S tee 
will not be able to resist corrosion under the design conditions, 
and then damaged soon. 

2.4 Case 4. The Misuse of Steam Generator and Refueling 
Canal M Module (CAOl) Embedded Plate Material in a 
Nuclear Power Project. In unit 2# nuclear island of a nuclear 
power project, 3 embed plates of structural module were designed 
to be made of A572 Gr. 50. The construction of these embedded 
plates was completed by contractor S in 2012 during the module 
assembly. This type of embedded plate has four couplers welded 
in the backside and connected to rebar through the coupler so that 
they can be fixed to the structural module wall . At the same time, 
the four sides of embedded plates were connected to the structural 
module wall through filet welding. 

Subsequently, contractor C was going to weld the A500 Gr. B 
piping support to relevant embedded plate in June 2016 in the 
nuclear island. When tack welding A500 Gr. B supports to the 
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Table 2 Material information in embedded plate installation records 
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Construction record 

Welding record (embedded plate with coupler) 
Torque check record 
Location record for embedded plate 
Welding record (embedded plate with wall) 
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Chromium equivalent= %Cr+ o/oMo + l.5%Si + 0.5%Nb 

Fig. 2 Schaeffler diagram is used to analyze the weld metal in 
case4 

embedded plates with E7018 welding wire, the welder of contrac
tor C found that the embedded plates were not made of low alloy 
steel based on the weld metal cladding characteristics. Upon 
inspection, it was found that the material of embedded plate was 
recorded as duplex stainless steel material S32101 , but actually 
A572 Gr. 50 was used, as shown in Table 2. 

In this case, duplex stainless steel S32101 was inappropriately 
used as an attachment plate, and then E7018 was deposited on the 
joint between the S32 IO I attachment plate and the A500 Gr.B 
pipe support. The Schaeffler diagram is used to analyze the weld 
metal between S32 IO I and A500 Gr.B, see Fig. 2 for detail. Based 
on the Schaeffler diagram, S32101 , A500 Gr.Band E7018 can be 
positioned by calculating Ni equivalent and Cr equivalent, respec
tively . And then the weld metal can be positioned when normal 
dilution of 30% is estimated. It is found that martensitic structure 
exists in the weld metal, which has high weld cold crack 
sensitivity. 

Date of record Material in record 

2012.03.06 
2012.05.28 
2012.06.05 
2012.06.07 

S32101 
N/A 

A572 Gr.50 
S32101 

So, if the misuse was not found by the welder, a potential qual
ity and security hazard will remain from construction phase to 
service phase. 

3 Spectrometry Verification Requirements for 
Material Reexamination in Domestic Regulations 

As shown in the Table 3, DL/T 1025-2016 Technical supervi
sion code for metal in nuclear power plant required verification of 
questionable materials, but later on this regulation was superseded 
by NB/T 25017-2013 Technical supervision codes for metal in 
nuclear power plants conventional island. The latter regulation 
narrowed its scope down to the conventional island and specified 
that spectrometry verification sha-Jl be applied to verify alloy steel 
and components in accordance with applicable requirements. 
Meanwhile, domestic thermal power industry standards DL/T 
438-2016 The Technical Supervision Codes for Metal in Fossil
fuel Power Plant and DL/T 869-2012 The code of welding for 
power plant also stipulated that spectrometry analysis shall be per
formed to re-examine the critical components. 

Meanwhile, domestic APIOOO project nuclear island does not 
establish requirements for component material reexamination, 
falling short of the established practice in construction manage
ment of domestic nuclear power conventional island and thermal 
power plant, and giving rise to management risk in metal surveil
lance and management work. In the above-mentioned cases, the 
nonconformance items arising from material misuse were found 
in the subsequent processes and part of them were noi exposed 
until adverse outcomes emerged, such as welding crack and weld
ing deposited metal abnormal. 

During manufacturing and construction of the nuclear island 
components, the nuclear power projects adopt more standardized 
procedural management, much stricter process control , and highly 
competent contractor workers, but material misuse still happens 
from time to time as implied in the case study, whereas domestic 
conventional island and thermal power projects use the spectrom
etry analysis to recheck materials, which indeed effectively pre
vent the occurrence of material misuse events. 

4 Analysis and Suggestion 
Through the aforementioned analysis of the material misuse 

cases in the nuclear islands of AP I 000 nuclear power projects, it 

Table 3 Metal surveillance requirements of domestic relevant regulations 

NPP 

DL/T I 025-2016 Regulations for metal technology surveillance for NPP 
(superseded by NB/T 25017-2013) 

Section 6.7: The factory certification, quality certification, warehousing 
inspection , and acceptance records shall be checked prior to use of materi
al s. Verification shall be conducted where doubts arise. After materials are 
assembled, relevant records and documents shall be double-checked. The 
materials cannot be put into use before confirmed as correct. Section 8.7: 
After the components are delivered to site, the metal surveillance engi
neers shall be involved in the acceptance inspection , and re-inspect them 
according to the provisions of the procurement technical standards. The 
surveillance engineers shall promptly notify the contractor to deal with the 
identified problems in accordance with the contract requirements. 

Journal of Nuclear Engineering and Radiation Science 

Conventional island of NPP 

NB/T 25017-2013 Regulations for metal technology surveillance 
for conventional island of NPP 

Section 5 .3: When alloy steel and components within the scope of 
surveillance are substituted in the manufacturing, installation , or 
maintenance, their material brand shall be verified to prevent 
misuse . Before installation , spectrum verification shall be con
ducted per applicable standards. 
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is evidently concluded that no matter how it is based on design 
documents or previous sequence records, the misuse of material 
also has a certain degree of risk at manufacturing stage or con
struction stage still. Without spectrometry verification, just a cer
tain proportion of error material usage will be found and corrected 
at follow-up sequences when error material usage/error material 
records/marks happened at one previous sequence. The other pro
portion will lead to actual negative results, and problems will be 
exposed when welding defects or abnormal conditions of depos
ited metal are found. The eventuality is that error material usage 
exists. And not corrected which might result in severe hidden dan
gers for NPP's operation. In my opinion, spectroscopy is a final 
remedy when the comprehensive quality assurance protocol and 
quality control fail. 

During The 13th Five Year Plan (2016-2020), domestic 
nuclear power construction will speed up. And propelled by 
the "one belt and one road" initiative, nuclear export is bound 
to bring about nuclear power industry localization in the recipi
ent country. On one hand, equipment manufacturers, construc
tion teams, and the corresponding workforce will increase, and 
the mature technology, management, and construction capabil
ities will be relatively diluted; on the other hand, the overall 
plant construction duration will be compressed. Under the 
background of industrial expansion, the risk of management 
beyond control is existential to some degree. It is admitted that 
the ultimate solution to eliminating material misuse is to opti
mize and strictly implement the procedures and processes and 
strengthen personnel training. But these measures cannot nec
essarily guarantee the nuclear power industry's manufacture 
and construction acuv1t1es to detach from social background 
and industrial environment. To put it in another way, 

025501-4 / Vol. 5, APRIL 2019 

procedural management cannot completely eliminate human 
error-induced material misuse. 

To sum up, the following suggestions are presented to 
strengthen metal surveillance and management in nuclear island: 

(I) In order to ensure the proper use of the key parts material, 
nuclear island projects should use spectrometry analysis to 
review the material of the following components, including 
but not limited to nuclear grade equipment, pump and valve 
nozzle to be welded, alloy steel valve casing, and question
able metal parts. 

(2) Nuclear energy industrial standards related to the nuclear 
island metal surveillance should be formulated or revised 
as soon as possible, so as to incorporate the spectrometry 
analysis requirements for material reexamination. 

Acronyms and Abbreviations 

AP I 000 = advanced passive pressurized water reactor 
CAO! = steam generator and refueling canal M module 

NPP = nuclear power plant 
RNS = residual heat removal system 
WPS = welding procedure specification 
WRC = welding research council 
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