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Abstract. The results of experimental research of physicochemical properties of water solu-
tions of H3BOj3 are presented in this article. The literature review about the influence of hydro-
gen ion exponent of H3BOs solutions on its heat and mass transfer, and corrosiveness of an ac-
id in the VVER reactor core in is given. It is found that the existing data does not cover the en-
tire range of parameters (acid concentration, temperature and pressure) characteristic of a pos-
sible Loss-of-Coolant Accident (LOCA) at nuclear power plant with a VVER. The problem of
the accumulation and crystallization of boric acid in case of LOCA and the operation of pas-
sive safety systems (such as hydro accumulators of the first, second and third stages, and a pas-
sive heat removal system) is formulated. Test equipment and techniques of research are de-
scribed. The generalizing equations for the pH and acidity constant of hydrous solutions of
H;BOs in range of the concentration (5-100 gkg!' H>O) and temperature (25-50 °C) has been
obtained.

1. Introduction

Within the concept of the safety of the VVER-TOI project, emphasis is paid to issues related to the
accumulation and crystallization of H3;BOjs in the core during Loss-of-Coolant Accident (LOCA) with-
in 72 hours. As is known, the reactor autonomy during an emergency process is determined by the op-
eration of the passive safety systems (PSS). PSS provide the core cooling by feed into the reactor of
the water solution of boric acid from the hydro accumulators of the passive core flooding system (fig-
ure 1). As well as it is necessary to take into account the flow of condensate from the steam generators
(SG) of three non-emergency loops, which operating into condensing mode due to the passive heat
removal system [1-3].

Based on this, it is postulated that further mass transfer of boric acid in the core can be carried out
in two ways. With a sufficient flow rate of the water solution of boric acid from the system of hydro
accumulators of second and third stage (HA-2 and HA-3 systems), mixing of the flows occurs: the
incoming solution, the condensate from the SG and the coolant remaining in the lower part of the core.
Subsequently, a part of boric acid is carrying out into the break (figure 1, position 4). If the mixing of
the condensate flows and the boric acid solution from HA-2 and HA-3 does not occur, then due to the
higher density, the boric acid solution drops down to the lower part of the core. Above this layer, con-
densate accumulates with a low acid concentration. Further excess condensate from the steam genera-
tors carry away into the break. Thus, conditions are created for increasing the concentration of H;BOs
in the lower part of the core and for achieving the conditions for its crystallization.
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Figure 1. Mass transfer of H;BOs3 solution in the VVER in LOCA. 1 — core; 2 —
evaporation surface; 3 — nozzle of the emergency core cooling system; 4 — prima-
ry circuit break; 5 — protective tube unit; 6 — separation collar; 7 — the perforation
of reactor barrel

In the research of the accumulation and crystallization of boric acid in the VVER core in the event
of an accident conducted by the authors of this paper, it has been found that exceeding the maximum
concentration of boric acid starts after 45 hours of the emergency process [5]. It should be noted that
in the framework of these studies it was supposed that the only form of the existence of boric acid is
orthoboric acid. However, in inorganic chemistry [6—8] there is a known tendency for the formation of
polyboric acids with increasing concentration of orthoboric acid (H3BO3).

Orthoboric acid has very weak acidic properties, due to addition of a hydroxyl anion rather than to
removal of a proton of hydrogen. The structure and composition of polyboric acids resulting from this
process depend on the initial concentration of orthoboric acid and temperature.

The effect of polyborate complexes on the boric acid crystallization process has not been studied
yet. The solubility of these particles may be higher than the solubility of orthoboric acid. In this case,
their formation will favorably affect the processes of heat removal from the reactor core in case of an
accident, because it will reduce the risk of sludge formation on the reactor internal surfaces. But, we
can't exclude the possibility that the solubility of the formed polymer boron-containing particles will
be lower than the solubility of orthoboric acid. This, in turn, can complicate the process of heat re-
moval from the core. The intensity of the formation of polymer particles depends on the temperature
and pH of the solution.

At the present, data on the effect of boric acid concentration on the pH of the solution are very lim-
ited due to the lack of experimental results of the studying of highly concentrated H3:BO; solutions.
Boric acid in this form has very weak acidic properties and does not act as a proton donor, according-
ly, its corrosion activity is extremely small. At the same time, in [9] the information is given that with
increasing concentration of H3;BOj acidity of the environment increases and the formation of polymer
particles, the structure of which is described above, occurs. In addition, as the degree of acidity in-
creases, the corrosivity of the solution also increases. Under normal operating conditions of VVER,
the acidity of the medium due to the presence of an orthoboric acid solution with a concentration of 4-
8 gl! in the reactor primary circuit is compensated by the addition of potassium hydroxide. In the
event of LB LOCA, the entire mass of coolant that is in the reactor at the time of the accident is taken
out to the containment. Thus, subsequently, in the reactor core there is only a solution of boric acid
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with a gradually increasing concentration (due to the operation of HA-2 and HA-3 systems) without
any alkalizing reagents.

As noted above, currently there are only theoretical studies of the properties of polyboric acids in
assessing their effect on the water chemistry at NPPs with VVER reactors [9]. In addition, in the cal-
culations, only the normal operation of the NPP is considered without regard to a significant increase
in the concentration of boric acid in the reactor core in the event of an accident [10].

Thus, to improve the accuracy of calculations of accumulation and crystallization of boric acid and
taking into account their impact on the efficiency of heat removal from the core in case of emergency,
it is necessary to know and physicochemical properties of H;BOs. The existing data on the degree of
acidity (pH) and density of boric acid solutions cover a limited range of parameters (temperature, pres-
sure, acid concentration), which is not typical for an accident at a nuclear power plant with VVER [11,
12]. In this regard, there was a need for additional experimental research.

2. Experimental equipment and techniques

At Joint Stock Company «State Scientific Centre of the Russian Federation — Institute for Physics and
Power Engineering named after A.l. Leypunsky» (IPPE) the experimental research of physicochemi-
cal properties of water solutions orthoboric acid with the parameters characteristic of the first circuit of
VVER reactor facility in 24 hours after the start of an accident has been made [13]. The experiments
were conducted in two stages. At the first stage, the density of boric acid solutions with a concentra-
tion of 2.5-400 gkg! H,O at a temperature of 25-130 °C in the pressure range of 0.1-0.4 MPa were
measured in a specially designed test facility [14].

At the second stage of research, the experiments for determining the degree of acidity of aqueous
solutions of boric acid depending on the concentration (5-100 gkg™! H,O) and temperature (25-50 °C)
were conducted. pH-meter MARK-901 — a universal device designed to measure the activity of hy-
drogen ions (pH) was used for measurements. The measurement error of the activity of hydrogen ions
for this gauge is £0.1 pH.

The experiments were carried out according to the following technique. Before starting the meas-
urements, the pH meter was calibrated in a special buffer solution with a pH of 7.0. Further, in accord-
ance with the given program of experiments, the degrees of acidity of distilled water and boric acid
solutions with different concentrations were measured. On laboratory scales BP2100 (maximum
weight — mmax=2100+0.1 g) the required mass of distilled water (1 kg) is weighed at room temperature.
Then this volume of water is poured into four conical flasks of 250 ml each. These vessels are then
sequentially placed in a thermostat filled with distillate and equipped with a heating device for warm-
ing up the liquid up to the required temperature (25, 40 and 50 °C). When the specified temperature is
reached, the heater is switched off and a pH-meter and an electronic thermometer are placed inside the
bulb (figure 2). Readings from both devices are recorded within 10 minutes. Then the flask with dis-
tilled water is removed from the thermostat. The next vessel with the test liquid is placed inside the
device and the procedure is repeated according to the technique described above.

After determining the degree of acidity of distilled water, a solution with a concentration of 5 gkg™!
H>O was prepared. For this purpose, 5 g of dry orthoboric acid, pre-weighted on laboratory scales Ad-
venturer Pro AV412C (maximum weight — mmx=410+0.01 g), is added to 1 kg of distillate placed in a
beaker. Then, with the help of magnetic stirrer MSH-300 a complete dissolution of H3BOs crystals is
achieved. For the preparation of the solutions with concentrations exceeding the limit of solubility of
boric acid at room temperature, a heater is switched at the stirring device. Further procedures are per-
formed according to the method described above.
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Figure 2. Test facility for hydrogen ion exponent measurement
of water solutions of H;BOs.

3. Results of experimental research
On the test facility twenty one series of experiments was carried out, each of which included 4 meas-
urements by the method described above. The obtained experimental data on temperature and pH were
averaged and presented in table 1. Dependences of pH of boric acid water solution on temperature at

various concentrations are shown in figures 3 and 4.

Table 1. The experimental data.

No. Concentration Temperature  pH No. Concentration Temperature  pH
exp. H3:BO3 (°O) exp. HsBO3 (°O)
(gkg™* H:0) (gkg* H:0)

1 0 25.7 6.10 12 10 50.0 4.67
2 0 39.9 593 13 25 25.3 4.44
3 0 49.8 577 14 25 39.7 4.16
4 25 25.2 572 15 25 49.6 4.03
5 2.5 39.7 559 16 50 25.2 3.81
6 2.5 49.9 526 17 50 39.8 3.49
7 5 251 552 18 50 49.6 3.38
8 5 40.0 531 19 75 39.8 3.04
9 5 49.8 499 20 75 49.9 2.85
10 10 25.3 513 21 100 49.6 2.53
11 10 39.9 4.92
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Figure 3. The change of the hydrogen ion exponent of boric acid
as a function of temperature at a concentration of 10 gkg™! H,O.
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Figure 4. The change of the hydrogen ion exponent of boric acid
as a function of temperature at a concentration of 50 gkg™! H,O.

The experimental data shown in figures 3 and 4 are well approximated by the following depend-
ence:

pHsoI = pHdist (Tsol ) - (12'72CHQBO30‘59 +0.49 ><:I'Oiz-l—sol )! (1)

where the hydrogen ion concentration of distilled water is:

pH, (T,,) =6.46—-1.36x10°T,,, (2)



IV International Scientific and Technical Conference “Energy Systems” IOP Publishing
IOP Conf. Series: Materials Science and Engineering 791 (2020) 012016 doi:10.1088/1757-899X/791/1/012016

where T, is the temperature of the H;BOs solution, °C; and C,, g, is the concentration of boric acid

in mixture, gg'!. The discrepancy between the experimental points and the approximating curves is
less than 10%.

The obtained experimental data on the hydrogen ion concentration of boric acid were compared
with the known literature data. It has been established that, for example, in chemistry manuals [15],
the pH of H3;BOs is given at a temperature of 20 °C and a concentration of less than 2 gkg™! H,O. The
data obtained in experiments conducted by Westinghouse lie outside the range under study [17]. Also,
in [16], an equation for the estimated calculation of the hydrogen ion exponent of weak acids is pre-
sented:

1 1
H == pK, -=1g(C,,), 3
p Zpa 2g(M) ()

where pK, is acidity constant; and C,, is the molar concentration of the water solution of H3;BOs,
moll ™.

The molar concentration can be determined taking into account the known empirical dependency
for calculating the solution density of boric acid [4] according to the following equation:

My, o, Psol

C. = ,
¥ "M, 000+ M, 5.) )

where My, o, is the mass of H;BO3, g; M, is the molar mass of the solution, gmol!; and
Py =1141-0.48(T, +273.15) +39217(T, + 273.15)’0'843CH3503 , ()

is the density of the boric acid in solution, gl''; and Ch.g0, 1s the concentration of boric acid in solu-

tion, gg'!.

In addition, to calculate the concentration of hydrogen ions according to equation (3), it is required
to know the acid constant pK,. Known literature data on the acidity constant are limited [15], and in
the formulas for its determination the influence exerted by the concentration of H3;BOj; is not taken
into account [12].

In this regard, it is required to determine the dependence of the acidity constant of boric acid on its
concentration in solution. The equation for calculating of acidity constant of H:BOs using empirical
dependency hydrogen ion exponent (1) and molar concentration of boric acid (4) was obtained and the
following form:

PK, =2(pH g (T ) — (12.72C,, g, °** +0.49x10°T;)) +19(Cy, ), (6)

the terms of the equation are described above.
Figure 5 presents a dependence of pH of boric acid aqueous solutions on various concentrations.
As shown in figure 5, not only temperature, but also concentration affects the change in pH of boric
acid.
Equations (1) and (6) for calculating the hydrogen ion concentration and acidity constants present-
ed in this paper can be used in the following parameter interval of boric acid solution:
e temperature of solution 7, =25-50 °C;
e boric acid concentration in water solution — C, 5, = 0-100 gkg!' H,0.
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Figure 5. Comparison of the hydrogen ion exponent of boric acid
at the change its concentration in the range of 0-100 gkg' H,O: 1
—25°C;2-40°C;3-50°C.

4. Conclusion

As a result of research at JSC «SSC RF — IPPE», experimental data on the physicochemical properties
of highly concentrated H;BOj solutions at the parameters typical for LOCA on NPPs with VVER have
been obtained. These results can significantly expand the range of known properties of H;BO3 solu-
tions.

The results of experiment are of profound interest for NPPs with VVER reactors equipped with
passive safety systems. The obtained data can be used to assess the effect of boric acid on the water
chemistry parameters of the VVER primary circuit, both in normal operation and in the case of an ac-
cident, and to clarify the results of calculations of emergency heat removal processes in the reactor,
carried out using computer codes.
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