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Supercritical water (SCW) can be an effective cooler for nuclear reactors. All sorts of research on the subject of
SCW are very important, especially bearing in mind that SCW is a non-polar solvent, while subcritical water is a
polar solvent. Irradiation leads to an increase in corrosion and migration of some metals into the volume of the
SCW. The transition from the supercritical state to the normal state and inversely contributes to the synthesis of
substances in the SCW. On the inner surface of the convection loop, a film of corrosion products is formed, which

are minerals that can protect the metal from corrosion.
PACS: 82.80.-d; 07.35.+k; 29.20.Ej

INTRODUCTION

To conduct experiments on the study of corrosion in
supercritical water, a device was manufactured in the
form of a rectangular loop 1.5x1.2 m with rounded
corners and a welded irradiation chamber and a total
volume of approximately 3.9 liters. The supercritical
water convection loop was made of a steel pipe
(12X18H10T) with a thickness of 4 mm and an inner
diameter of 32 mm. It is known that SCW can be an
effective cooler for nuclear reactors, but the high
temperature and pressure require stable materials to
build the equipment. It is generally accepted that
supercritical agueous convection loops are used to study
the corrosion of structural materials under the influence
of radiation and coolant flow [1, 2]. The effect of
radiation only increases corrosion and significantly
reduces the strength characteristics [3]. We have
conducted some studies on the behavior of stainless
steel in the SCW [4, 5]. It was found that the water
circulating in the loop is enriched with metal ions in
accordance with the composition of the structural steel.
On the inner surface of the loop, a plague (osuga) is
formed, consisting of metal compounds. This plaque has
some protective properties.

1. CONDITIONS FOR CONDUCTING
EXPERIMENTS ON LOOPS

The loop body, made of austenitic steel, passed a
successful 1600 h test in a total of three sessions (2012,
2019, and 2021) in a convection water flow
environment in a subcritical and supercritical state.
Thermal processes occurring in the irradiation chamber
(IC) have been investigated in [1, 2]. At the lower
entrance to the IC, the control system maintained the
characteristic circulation temperature of the coolant Tin
= 360 °C, obviously less than the critical water
temperature Tc = 374 °C. It was measured by a set of
thermocouples located outside the irradiation zone
(direct thermometry is difficult inside it). Calculations
show an increase in the average cross-sectional
temperature to 368 °C before leaving the IC and
subsequent cooling. The temperature of the output
thermocouple was 364 °C for channels II and 111 IC and

350 °C for tubes I and IV on the outer surface [6].
Measurements by remote optical pyrometry under
electron irradiation showed a temperature of
400...420 °C. In [1], it was shown that the interiors of
massive ICs can also be about 10... 15 °C is hotter than
the predicted reference coolant temperature. Thus, the
supercritical transition occurs directly within the IC near
the irradiated samples. The water pressure in the loop
was maintained at 23.5 MPa. The electron beam at the
output of the LPE-10 accelerator during the IC
irradiation session had an average energy of 10 MeV
and an average electron beam current of 0.71 mA. The
pulse frequency of the electron beam was 250 Hz. The
pulse duration is 3.5 ps. The scanning frequency of the
beam through the irradiation chamber is 3.7 Hz. The
average vertical span of the beam in the plane of the
irradiation chamber is 19 cm. The maximum fluence on
the surface of the irradiation chamber reached
2:10% el/lem?. In 2021, during a 575 h experiment to
irradiate metal samples for corrosion tests, water was
fed to the bottom of the loop at an average rate of
1.5 ml/min. Fig. 1 shows the places where photos of the
inner surface of the loop were taken (Figs. 2-5).
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Fig. 1. Supercritical Water Convection Loop

The entire inner surface of the loop is covered with a
light coating, which is unevenly distributed. In Fig. 3,
there are more deposits on the inner walls of the loop
than in Figs. 2, 4, 5.
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Fig. 2. Photo of the pipe seam after the horizontal
heater

Fig. 4. Photo of the seam of the pipe above the coolers

Fig. 3. Photo of the inner surface of the pipe below the
impeller at the turn

2. CHARACTERISTICS OF MAKE-UP
AND CIRCULATING WATER

The composition of the water that was fed into the
loop is presented in Table 1. From the top of the loop,
circulating water was taken for research at the same rate
as it was supplied, i.e. 1.5 ml/min. To conduct a
selective chemical analysis of water on the ICPE-9000
Shimazu spectrometer, 25 samples with a volume of

Fig. 5. Photo of the impeller below

50 ml were collected daily from the loop. The results of
their analysis are shown in Table 2.

As can be seen from the data in Table 2, there is a
slight decrease in the concentration of metal ions in the
water during the research session. This is especially
evident for chromium and nickel. This may indicate a
decrease in corrosion, due to which metal ions enter the
water. Almost all water samples from the loop contain
chromium, which was practically absent in the original
water, which also indicates corrosion of stainless steel.

Table 1
Composition of water samples at the inlet to the loop, mg/l

No Fe Mn Ni Cr Ca Cu Mg

1 - 0.004 - 0.0148 0.0122 0.117 0.126

2 - - - 0.0091 - - -

3 - - - 0.001 - - -

Table 2
Composition of water samples at the outlet of the loop, mg/I

No Fe Mn Ni Cr Ca Cu Mg

1 - 0.007 0.024 0.677 2.770 0.020 0.198
2 0.001 0.005 0.015 0.617 1.690 0.026 0.137
3 - 0.003 0.007 0.440 0.939 0.029 0.093
4 - 0.002 0.004 0.116 0.357 0.022 0.053
5 - 0.001 0.002 0.021 0.119 0.015 0.029
6 - — - 0.004 — 0.004 —

7 - - - 0.005 - 0.003 -

8 - - - 0.003 - - -

9 - — - 0.010 — 0.678 —
10 - — — 0.001 — 0.002 —
11 - - - 0.001 - - -
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12 - - - 0.062 - - -
13 - - - 0.025 - - -
14 — — - 0.018 — - -
15 - - - 0.009 — - —
16 - - - 0.006 — - —
17 — — - 0.016 — - -
18 - - - 0.054 - - -
19 - - - 0.094 - - -
20 - - - 0.030 — - -~
21 - - - - - - -
22 - - - - - - -
23 — — - - — - -~
24 - - - - - - -
25 - - - - - - -
Limit of 0.1 0.03 0.3 0.3 0.005 0.4 0.005
detection pg/l

Notes: '- ' means that the content of these elements is below the detection limit of the ICPE-9000 spectrometer. The limit of
detection is calculated for a solution of one element and changes according to the matrix.

3. PROBABLE CAUSES
OF CORROSION REDUCTION

In accordance with the hydrothermal method of
obtaining inorganic compounds [7], which is based on
the properties of water at high temperatures and
pressures, when insoluble under normal conditions, such
as oxides, phosphates, and others, insoluble under
normal conditions, the synthesis of new substances can
take place in aqueous solutions. With a cyclical change
in water parameters in the loop, that is, a decrease in
temperature and the transition of water to a normal state,
and then again to the SCW, the dissolution and
precipitation of inorganic substances occurs almost
simultaneously, and the processes of formation of new
substances are accelerated. It should also be borne in
mind that SCW is similar in properties to organic
solvents and it rejects inorganic substances from its
environment. For our composition of water, such
compounds as spinels can be formed — cuprospinel

((Cu, Mg)Fe330,); magnetite (Fe*?Fe330,);
magnesioferrite  (MgFe330,);  magnesiochromite
(MgCr,0,4); nichromite (NiCr,04); trevorite

(NiFe330,): chromatite (CaCr,0,); chromite. Since
steel contains titanium, formation of ulvospinel
(TiFe320,) is possible [8]. In addition to these spinels,
there may be phosphates (up to 0.019% phosphorus in
steel) of the following composition: phosphoferrite
((Fe,Mn)5(P0O,), - 3H,0); phosphosiderite (FePO, -
2H,0) red-coloured; vivianite (Fe;(PO,),-8H,0)
blue-colorued. All these substances are weakly soluble
minerals and their layer on the steel surface can inhibit
corrosion.

CONCLUSIONS

A decrease in the concentration of heavy metal ions
in the circulating water may be due to a decrease in
corrosion due to a layer of sediments on the inner
surface of the loop. The sediments probably include a
variety of spinels and phosphates. In Figs. 2, 4, 5, even
on the weld, we see few traces of corrosion. Fig. 3
shows traces of corrosion in a larger size, in this area we
have a turbulent flow of SCW, which contributes to
mass transfer and, as a result, increases corrosion.
Despite the fact that the inflow of metal ions into the

SCW was indicated, no traces of significant corrosion
were found. The loop has withstood almost 1600 h of
operation in the SCW environment and is capable of
operating in the future. These are preliminary results,
further research will be continued
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AHAJII3 BHYTPIIIHBbOI MOBEPXHI HAJIKPUTHYHOI BOJJHOI KOHBEKIIMHOI METJII
IICJSI CEAHCY OINPOMIHEHHS EJEKTPOHAMHU

O.1. Azapos, O.C. bakaii, B.M. bopuckin, B.O. bouapoe, M.I. bBpamuenxo, FO.B. I'openxo,
M.O. onsncek, B.O. Momom, O.®D. Cmosnos, I M. Ilebenxo, C.B. Illenenko

Hapxputnana Boga (HKB) moke OyTH eheKTHBHIM OXOJIOKYBadueM SACPHHUX peakTopiB. Beimsaki gociimkeHHs
Ha temy HKB nmyxe BaxumBi, ocobmmBo Mmaroun Ha yBasi, mo HKB € HemomsspHIM pO3YMHHHKOM, TOMI SIK
JIOKPUTUYHA BOAA — i€ TIOJIIPHUHA po3uyMHHUK. ONPOMIHEHHS NPHU3BOAUTD 10 3POCTaHHS KOPO3ii 1 Mirparii Aeskux
MeTaniB y 06’em HKB. Ilepexin 3 HAAKPUTHYHOTO CTaHy B 3BHYAWHMI 1 00epHEHO cripusie cHHTe3y pedoBrH y HKB.
Ha BHyTpimHi# moBepXHI KOHBEKIIIHHOI METII YTBOPIOETHCS IUTIBKA 3 MPOAYKTIB KOpO3ii, SKi SBISAIOTH COOOIO
MiHEpaH, O 3aTHI 3aXUIaTH METAJ BiJl KOPO3il.
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