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ABSTRACT

LOW-LINEAR ENERGY TRANSFER RADIOLYSIS OF SUPERCRITICAL WATER AT 400
°C: DENSITY DEPENDENCE OF THE G('OH). Monte Carlo simulations were used to predict
the yield of primary specie ‘OH denoted as g('OH) that is formed from the radiolysis of pure, deaerat-
ed supercritical water (SCW) (H,0) at 400 °C in the range of water density between ~0.15 and 0.6 g/
e’ It is known that “OH, is one of the oxidizing species that significantly can increase the possibil-
ity of various corrosion and material degradation as well. The thorough radiolysis processes in SCW-
cooled reactor is not established currently, and it is believed to be a challenge in developing chemis-
try control strategies for future Supercritical Water Reactor (SCWR). Since SCWR technology is
now still under the conceptual design, hence there is only limited information published on the yields
of radiolysis under these conditions. In this work, g((OH) was calculated at spur lifetime (ty/
minimum time needed before the species within spur distributed homogeneously into the bulk solu-
tion), 107 and 10 sec after the ionization event at all densities. From this work, it is shown that the
data measured by other researcher at lower density (<0.35 g/cm’) is taken at longer time, while at
higher density (>0.35 g/cm’) is taken about near the spur lifetime. Finally, more experimental data
are highly required in order to examine more thoroughly modeling calculation.
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ABSTRAK

RADIOLISIS LOW-LINEAR ENERGY TRANSFER PADA AIR SUPER KRITIS PADA
TEMPERATUR 400 °C: PENGARUH DENSITAS PADA G('OH). Simulasi Monte Carlo
digunakan untuk memprediksi yield pada spesies primer "OH yang dilambangkan sebagai g('OH)
yang terbentuk dari radiolisis air superkritis (SCW) setelah teraerasi pada temperatur 400 °C
dengan rentang densitas antara ~0.15 and 0.6 g/cm’. Diketahui bahwa "OH, adalah salah satu spe-
sies pengoksidasi yang secara signifikan dapat meningkatkan kemungkinan berbagai jenis korosi
dan degradasi material. Proses radiolisis pada reactor berpendingin SCW (SCWR) belum banyak
tersedia di literatur, dan akan menjadi suatu tantangan dalam mengembangkan strategi pengendali-
an kimia air SCWR. Oleh karena teknologi SCWR masih dalam tahapan desain konseptual, dengan
demikian informasi nilai yields untuk produk radiolisis pada kondisi ini sangat terbatas. Pada
penelitian ini, g( OH) dihitung pada spur lifetime (t,/ waktu minimum yang dibutuhkan sebelum spe-
sies yang ada di dalam spur terdistribusi secara homogen di dalam larutan), 107 dan 10°° detik
setelah ionisasi terjadi pada semua rentang densitas. Dari penelitian ini, disimpulkan bahwa data
yang diperoleh oleh peneliti lainnya pada densitas rendah (<0.35 g/cm’) diperoleh pada waktu yang
lebih lama, sementara pada densitas yang lebih tinggi (>0.35 g/em’) diperoleh pada waktu spur life-
time. Oleh karena itu, ketersediaan data eksperimen sangat diharapkan untuk menguji keseluruhan
perhitungan model ini.

Kata kunci: radiolisis Low-LET radiation, yields (g-value), Monte Carlo, SCWR, densitas air
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INTRODUCTION

Supercritical water-cooled reactor
(SCWR) is considered as one of the future
promising nuclear reactors among the six reac-
tor technologies that are studied intensively. It
is due to the plant simplicity and its high ther-
mal efficiency could reach greater than ~45%
(compared with ~33% for current in-service
light water reactors (LWRs)), thus produces
lower-cost electricity, which meets the goals
that have been set for Generation IV nuclear
energy systems ['"*). SCWR is a high tempera-
ture, high pressure super critical water-cooled
reactor that is considered to be operated at ~300
to 625 °C, at a pressure of 25 MPa (above the
thermodynamic critical point of water 374 °C
and 22.1 MPa) and under mixed neutron/y-
radiation fields. Reactor coolant experiences
single phase condition during its circulation
throughout the reactor core. However, the prop-
er water chemistry in using super critical water
(SCW) remains largely unclear. One of the
challenge in applying the water chemistry strat-
egy is the issue of water radiolysis that can gen-
erate degradation of reactor primary component
such as in LWR P4 It is interesting to investi-
gate the water radiolysis under such this condi-
tion, due to the increase of temperature as well
as the changes in water properties and water
structure, which would strongly affect the reac-
tions occurred in the spur (an area formed by
the ionizing radiation after the deposition of its
energy on the matter). Hence, some interesting
changes of the radiolytic yielding under super-

critical conditions are expected. In this work,

the density variation in the range of 0.15 — 0.6
g/cm’ is represented.

Since SCWR is still under conceptual
design, this is being said that, a radiolysis well
-controlled experiment of super critical water
is very difficult to perform especially beyond
the critical point of water, thus the available
data (in this case, concentration of oxidizing
species) are very limited. While waiting for
the experimental data to be available, we con-
sidered that it is necessary to model the se-
quences of all radiolysis process to predict the
concentration of redox species, which are the
product of radiation induced SCW decomposi-
tion. In this case, Monte Carlo, developed by
J.-P. Jay-Gerin group in the Universite de
Sherbrooke, Quebec, Canada, is an important
part of investigation for predicting the detailed
radiation chemistry of the cooling water in a
SCW reactor and the consequences for materi-
als. In order to investigate the radiolysis prod-
uct, there are two important key parameters
needed, which are: (1) the knowledge of tem-
perature dependent reaction rate constant of all
the involved species and (2) the chemical
yields or g-values (denoting the number of
species formed or destroyed per 100 eV of
absorbed energy) of the species for y-rays
(low Linear Energy Transfer / LET) and fast
neutrons (high LET). It is expected that the
changes of these properties would reflect on g-
values.

The radiolysis products, in particular
oxidizing species (in this case ‘OH), contri-

bute to induce corrosion, hydriding, and crac-
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king in reactor components material ). In other
words, concentration of this radical is a domi-
nant factor of corrosive environment. In this
work, we attempt to investigate the density de-
pendence of g("OH) and compare the results
with the most recent experimental results ob-
tained in the studies of radiation chemistry on
SCW using Monte Carlo simulations.

There are few measured g-values at SCW
and have large uncertainties, and also they are
often published in the sum of several species,
not the individual value, therefore it is very dif-
ficult to extract. To the best of our knowledge,
the only work that have been done in determin-
ing the "OH, is namely the work of Lin et al
using scavenger method. Then our calculated g
("OH) was compared to their work and also to
the works that have been reported for radiolysis
of pure, deaerated SCW by incident mono-
energetic 2-MeV neutrons and -particle at 400

°C as a function of water density.

METHODOLOGY

Monte Carlo code IONLYS-IRT was
carried out to model the complexity interac-
tion between low-LET radiations with SCW
7 JONLYS step-by-step code performs all the
events that take place at very early time,
which are physical (<107 s) and physico-
chemical (~10™"° - 107'% s) stages during the
track development. The species formed at this
time scale are the “initial” free radicals and
molecular products of the radiolysis i.e. €5,
H', OH, H', H,, ‘'OH, H,0,, O,"~ (or HO,,
depending on pH), "O’, etc. These species be-
ing said as the output of the [ONLY'S pro-

gram, were then used right away as the start-
ing point for nonhomogeneous chemical stage
(at the time scale from ~107% s up to ~107-10"
65 at 25 °C). This third stage was performed

by IRT program !

, where the previously-
mentioned-radiolytic species diffuse and react
with one another until all track processes are
complete. The independent reaction times
(IRT) method is a computer-efficient stochas-
tic simulation technique, that is used to simu-
late reaction times without having to follow
the trajectories of the diffusing species. Its
ability to provide accurate time-dependent
chemical yields has been well validated by
comparison with full random flights (or step-
by-step) Monte Carlo simulations that follow
the reactant trajectories in detail "%/,

In the current version of IONLYS-IRT
several updates and modifications regarding
SCW condition have been made as described
in several researches "' '?. The list of chem-
ical reactions between radiolityc products,
values of reaction rate constants, and diffusion
coefficients were taken from recently report

3] The author

compiled by Elliot and Bartels
recommended the best values that can be used
to model water radiolysis over the range of 20
- 350 °C. Due to the lack of experimental data
for SCW regime, in this work, to obtain the
rate constants of the dominant reactions in-
volved in the radiolysis of SCW at 400 °C, we
simply extrapolated above their experimental-
ly studied temperature range, which is possi-
ble, as well as the diffusion coefficients of the

various intervening radiolytic species. The

kinetic data of Ghandi and Percival "*! and of
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Alcorn et al. ") inferred from muon spin spec-
troscopy measurements in SCW (up to 450
°C) were also used. In addition, the depend-
ence of the reaction rate constants (k) on water
density on the 400 °C was neglected, since
this value varies relatively slowly for the few
reactions '), Also we have been incorporated
an early time geminate electron-cation
(H,0*") recombination (prior thermalization
of the electron) effect that decreased as the
density decreased ",

The density (pressure) dependence of
the self-diffusion coefficient of SCW at 400
°C has been taken into account in the region
from 0.1 to 0.7 g/cm’. For the diffusion coeffi-
cients of the radiolytic species *OH, H®, H,0,,
and H,, we have estimated them by scaling
proportionally to the self-diffusion of water
above the room temperature ') The diffusion
coefficients of e, H', and OH were estimat-
ed as described in ref. '8 The density de-
pendences of the viscosity, static dielectric
constant, and molar concentration of SCW at
400 °C used in this study were taken from the
NIST Chemistry WebBook, while the values
for the ionic product of water (K,,) were ob-
tained from Bandura and Lvov "\, In this pre-
sent work, we assumed that the overall instan-
taneous picture of SCW could simply be
viewed as a homogeneous medium with a
mean density equal to the density of bulk wa-
ter.

To mimic radiolysis with “°Co y-radiation
or fast electrons, we simulated short (~100 pm)
segments of ~300 MeV proton tracks, over

which the LET was essentially constant and

equal to ~0.3 keV/pum in normal liquid water
at 25 °C. The number of proton histories
(usually ~500) was chosen so as to ensure on-
ly small statistical fluctuations in the compu-
ted averages of chemical yields, while keeping

acceptable computer time limits.

RESULTS AND DISCUSSION

The g-values for the primary specie ‘'OH
formed from the radiolysis of pure, deaerated
SCW (H,0) by low LET gamma radiolysis at
400 °C have been calculated as a function of
water density in the range of ~0.15-0.6 g/cm’
and have been compared with available exper-
imental data and other modeled or estimated g
-values results as shown in Fig. 1. This results
are important in reaching the long goal, to pre-
dict the concentrations of oxidizing species, in
this case ‘OH, that contribute in causing the
corrosion of material structure in the reactor
core under the SCWR conditions. Thus, the
studies of the reaction of "OH radical at super-
critical water are essential.

Our g-values were calculated at T
(minimum time needed before the species
within spur distributed homogeneously into
the bulk solution), 107 and 10 s after the ion-
ization event at all densities (solid and dashed
lines in Fig. 1, respectively), as a function of
density in the low-LET radiolysis of SCW as
reported by Sanguanmith et al*”.. They calcu-
lated the density dependence of spur lifetime
using the Brownian motion of the various dif-
fused species. Their work showed that t,de-
crease from ~ 10° s at 0.15 g/em’ to ~3.1 x

10% s at 0.6 g/cm’. There is a reasonable good
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agreement between our calculated g('OH) value
and the experimental yield reported by Lin et al
that is measured using 100 mM NaHCOj; or a
deaerated solution of 100 mM NaHCO; in the
presence of 1 mM NaNOs as scavenger of "OH.
There is a similar density dependence of g('OH)
between our calculated data at T, and Lin’s data,
which is decreasing monotonically as density
increases. From this work, it is shown that the
data measured by Lin et.al, at low density
(<0.35 g/em’) is taken at longer time, while at
higher density (>0.35 g/cm’) was taken about
near the spur lifetime. Our results proposed that
yield *OH was measured at longer time and the
reverse phenomenon occurred at higher density.
In addition to that our computed data at 15 show
essentially similar density dependences over the
range of density studied with 2 MeV fast neu-
tron ! but with lower values. This general
trend is due to the high-LET character of fast
neutrons.

The decreasing of the free radical g(‘'OH)
as a function of density can be readily explain
due to the distance of two adjacent spurs, which
are shorter as the density increases, thereby, the
probability to react with other species are high-
er, or in other words the ‘escape’ yields be-
comes lower. The decay of "OH could take fast-
er at higher density as can be seen in Fig. 2, or
in other words the recombination between two
radicals are more favorable, due to the distance

between two spurs adjacent as explained earlier.

g('OH) (molecules/100 eV)
=

0.1 02 03 04 0.5 06
Density (g/cm‘)

Fig. 1. Density dependence of the g-("OH) (in
molecule/100 eV) for the SCW radiolysis in
the range of ~0.15-0.6 g/cm’

Figure 1 shows our calculated results
obtained at 7., 10”7 and 10°® s. (red solid line,
black dashed and black dotted lines). Experi-
mental data are from: '*! (o, A, W) (using Na-
HCQO3). The blue solid line shows the 2 MeV
fast neutron calculated g-values ', The olive
solid lines are the results for B-particle *?. The
red solid line shows the estimated primary (or
“escape”) yields for the low-LET (~0.3 keV/n
m) radiolysis of water *°/,

Figure 2 shows the time dependence of
g("OH) (from 107% to 10 s at two fixed densi-
ty of 0.15, dashed line, and 0.6 g/cm3, solid
line), it can be seen clearly that its decay took
faster at higher density, as exposed, and there
is a curvature at longer time for density 0.6 g/
cm’ corresponding to the reaction no. 1 (R-1):

H + H,0 — 'OH + H,. For ‘OH, as the main
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oxidizing radical formed by water radiolysis,
the main reactions (in order of decreasing im-
portance, the data not shown here) that contri-
bute to form this radical are the oxidation of
water by H', reaction (R1) and the reaction no.
2 (R-2): €4 + H,O, — "OH + OH of ¢,q and
H,0, over the density studied.

0.6 g/cm3

g(*OH) (molecules/100 eV)

~o o N w A~ o
f N ! 1 1

T T T T T T
E-12  1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E-5
Time (s)

Fig. 2. Time evolution of the yields of "'OH (in
molecule/100 eV) computed from Monte Carlo
simulations

It seems that our earlier assumption about the
distance between two adjacent spurs is correct,
considering that HO, was not forming signifi-
cantly yet at lower density since the reaction of
two radicals are not favored significantly. The
decay of hydroxyl radical is dominated by reac-
tion no. 3 (R-3): ¢, + 'OH — OHrather than
its recombination of reaction 4 (R-4): ‘OH
+ 'OH — H,0,. It is interesting to highlight
here that reaction (R1) was found to play a criti-
cal role as one of the important reaction in the
formation yields of H, and 'OH, and corre-
spondence in the consumption of H' at 400 °C,
as also concluded in our previous work ',

Recent work has recognized the potential im-

portance of this reaction above 200 °C, that
has been reported elsewhere. Regarding this
reaction, no clear conclusion has yet been ob-
tained as to the real contribution of this poten-
tially important reaction in the radiolysis of
water as a function of temperatures and pres-

sure (density).

CONCLUSION

In this work, we calculated the g("OH)
of the pure SCW at 400 °C as a function of
water in the range of ~0.15-0.6 g/cm’ using
Monte Carlo simulation. The g('OH) is calcu-
lated at three different times which is at 5, 107
and 10 s. There is a reasonable good agree-
ment between our calculated g("OH) value and
the experimental yield reported by Lin et al.
The similar density dependence of g("OH) be-
tween our calculated data at 1, and Lin’s data
is obviously seen, which decreases monoton-
ically as density increases. The present calcu-
lations enable us to explain the discrepancy
that is observed among the experimental and
calculated data for the hydroxyl radical yield
in irradiated SCW at 400 °C.
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