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Introduction

Radiolysis of water is the decomposition of
water molecules by ionizing radiation. In order
to understand the importance of water radiolysis,
precise determination of the chemical production
rate through radiolysis is vital [1, 2]. In water-cooled
and moderated reactors during normal operation,
radiolysis is the source of hydrogen, deuterium, and
oxygen production. During a nuclear accident, while
there are other important sources of hydrogen (and/
or deuterium), oxygen can only be available through
radiolysis or direct contact with air. In air saturated
with water vapor at room pressure and when the
concentration of hydrogen (and/or deuterium) exceeds
4% by volume (a conservative estimate), a flammable
mixture with oxygen can be formed. The interaction of
radiation (gamma or fast neutrons) with water involves
chemical changes that depend on the type and intensity
of the radiation source, as well as the physical and
chemical conditions of water [3-7].

Research on the production of stable species in the
radiolysis process, such as hydrogen, oxygen, and
hydrogen peroxide, has been conducted experimentally.
Most of the research conducted on radiolysis is limited
to the investigation of radiolysis phenomena in light
water and the associated chemical interactions. On the
other hand, one of the important phenomena discussed
in terms of safety is related to heavy water reactors.
Therefore, it is necessary to examine the fundamental
principles of radiolysis of heavy water, especially
regarding the production of deuterium and oxygen,

Accepted: January/07/2023

and attempt to apply these concepts to reactors
under various operational conditions. Simulating the
radiolysis phenomenon helps to better understand the
effects of this phenomenon.

In this study, an effort has been made to compare
the radiolysis phenomenon in heavy water with the
radiolysis phenomenon in light water by collecting
relevant information on heavy water. This comparison
has been performed for gamma radiation. Since light
or heavy water experiences different operational
conditions in various reactor circuits, in this study,
the effects of absorbed dose rate, temperature, and
the initial concentration of hydrogen (deuterium) as
a means of controlling radiolysis have been modeled.
In this study, while developing a governing model for
radiolysis to solve the model, an appropriate solution
method has been provided instead of using commercial
software.

Governing Equations

In a single-phase solution, such as the heavy water
coolant system in a pressurized heavy water reactor,
the concentrations of radiolysis species over time are
expressed as a set of nonlinear differential equations
as follows:

et —G/ TP+ 3 vk, .0, =3 ik, c,0, ()
1wt J

n the above equation, the variables and parameters
used are as follows:

C.: Concentration of species i (mol/L)

t: Time (s)



G, (7): G-value for species i at temperature T (mol/J)
p(T): Density of water as a function of temperature T
(kg/L)

D,": Absorbed y dose rate (Gy/s or J/kg's)

v/'m: Stoichiometric coefficient of species i in the
production reaction of species I from consumption of
species | and m.

kij: Rate constant for the consumption reaction of
species i and j (L/mol-s)

Model Parameters

The reaction rate constants for radiolysis reactions,
as well as the equilibrium reactions, are taken from
reference [8] for light water and reference [9] for
heavy water.

Solution Method

In this study, the odelS5s solver was used to solve the
system of kinetic ODE equations. In solving kinetic
equation problems, considering that the rate constants
for some reactions are very large while others are very
small, the problem falls into the category of stiffness.
Many researchers have made efforts to solve these
equations, and methods based on the Gear method
have been identified as suitable approaches. Among
these methods, ode15s is more suitable for solving stiff
equations. Moreover, odel5s is a variable-order solver
that provides significantly better accuracy compared to
other solvers [10].

Results and Discussion

In this section, first, the developed model is validated
using available data from relevant articles for both
light water and heavy water. Then, the effects of
gamma absorbed dose rate, temperature, and initial
concentration of hydrogen (deuterium) in light water
and heavy water will be investigated.

Validation of the Developed Model

In reference [11], a total of 32 reactions for gamma
radiolysis of light water at 25 °C are considered.
The absorbed dose rate for gamma radiation in this
validation is 0.77 Gy/s. The simulation results show
good agreement with less than 5% error.

Effect of Gamma Absorbed Dose Rate

Fig. 1 illustrates the effect of gamma absorbed dose
rate on the final concentration of stable hydrogen
(deuterium), oxygen, and hydrogen (deuterium)
peroxide. As observed in the figure, the slope of
concentration changes for the components present in
light water is greater than that of heavy water.

Fig. 1 demonstrates that as the gamma absorbed
dose increases, the difference in concentration
values between light and heavy water becomes more
pronounced. The greatest difference between the final
concentrations of hydrogen and deuterium occurs at
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a dose rate of 100 Gy/s, where the concentration of
hydrogen produced is 3.5 times higher than that of
deuterium resulting from radiolysis. Increasing the
absorbed dose has a greater impact on the production
of hydrogen (deuterium) compared to the formation of
oxygen and hydrogen (deuterium) peroxide.

%107

Steady Concentration (M)

o 10 20 30 40 50 60 70 80 20 100
Absorbed Dose Rate (Gy/s)

Fig. 1 Concentration changes of stable hydrogen (deuterium),
oxygen, and hydrogen (deuterium) peroxide as a function of
gamma absorbed dose at a temperature of 25 °C and pH.
Effect of Temperature

Fig. 2 presents the percentage changes in the concentration
of stable species relative to the initial temperature of
20 °C. According to Fig. 2, the rate of concentration
changes with respect to temperature is lower for heavy
water compared to light water. As the temperature
increases from 20 °C to 70 °C, the concentration of stable
compounds produced from radiolysis decreases by a
maximum of 70% for hydrogen and 50% for deuterium.
The rate of change for oxidizing compounds, oxygen,
and hydrogen (deuterium) peroxide is lower than that
of hydrogen (deuterium). Therefore, increasing the
temperature can lead to a reduction in the production of
oxidized compounds, resulting in decreased corrosion in
the environment. Additionally, it reduces the production
of hydrogen (and deuterium), thus increasing safety
levels. As a preventive measure against radiolysis, it is
recommended to raise the temperature as a solution.
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Fig. 2 The effect of initial temperature on the percentage
changes in the concentration of stable hydrogen (deuterium),
oxygen, and hydrogen (deuterium) peroxide at an absorbed
dose of 50 gy/s and pH 7.
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Effectof Initial Hydrogen (Deuterium) Concentration
One of the methods for controlling radiolysis in nuclear
reactor circuits is by controlling the concentration of
hydrogen dissolved in water at the start of radiolysis.
Figure 3 illustrates the effect of the initial hydrogen
concentration on the production of hydrogen,
oxygen, and hydrogen peroxide. According to this
figure, increasing the initial hydrogen concentration
consistently reduces the concentration of oxidizing
components (oxygen, hydrogen peroxide). However,
the graph for the produced hydrogen exhibits an
optimal limit. For light water, increasing the initial
hydrogen concentration up to 20 ppb (Fig. 3) leads
to a decrease in the amount of produced hydrogen,
followed by an increasing trend. Similarly in the
case of heavy water, increasing the initial hydrogen
concentration up to 10 ppb results in a decrease in the
produced deuterium, followed by an increasing trend.
This amount of hydrogen (deuterium) produced in the
liquid phase may exist in the gas phase, depending on
the type of reactor used in different circuit equipment.
If the concentration of hydrogen (deuterium) in the
environment exceeds the critical concentration, an
explosion can occur depending on the operational
conditions. Therefore, by controlling the initial
hydrogen concentration to an optimal value, corrosion
resulting from the production of oxidizing agents and
hydrogen (deuterium) explosion can be prevented.
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Fig. 3 Variation in the concentration of stable hydrogen,
oxygen, and hydrogen peroxide as a function of initial
hydrogen concentration at a gamma absorbed dose of 50
gy/s, temperature of 25 °C, and pH of 7.

Conclusions

This study focused on the effects of gamma absorbed
dose, temperature, and initial hydrogen (deuterium)
concentration on radiolysis control. The model was
validated using data from literature for light and heavy
water. The results showed that gamma radiolysis
has a stronger impact on light water. Increasing the
temperature from 20 °C to 70 °C resulted in a maximum

reduction of 70% in stable radiolysis products for
hydrogen and 50% for deuterium. Higher temperatures
decreased the production of oxidizing agents, reducing
corrosionandincreasing safety. Additionally, increasing
the initial hydrogen (deuterium) concentration led to a
decrease in oxidizing components. However, there was
an optimal limit, where further increases resulted in
an upward trend in hydrogen production. Controlling
the initial hydrogen concentration within the optimal
range can prevent corrosion and hydrogen (deuterium)
explosions.
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