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MOPABA-H2 - Computer Code for Calculation of Hydrogen Generation and Distribution in the
Equipment of Power Plants with WWER Type Reactors in Design Modes of Operation

ARKHIPOV O.P., KHARITONOV Yu. V., SHUMSKIYA.M. (OKB "GIDROPRESS')
KABAKCHI S.A. (L. Ya. KARPO V'S GNC RF NIFHI)

Problem Statement

Practically under all design operation modes of the reactor plant (RP) with WWER (operation at
power, cooldown, cold shutdown etc.) generation of hydrogen and other gases occurs in the primary circuit due
to radiation-thermal decomposition of the coolant as a result of ionizing radiation of the core. It has been
considered for a long time that under design operation modes of RP the effect of ionizing radiation on the
coolant can't lead to release of a large amount of hydrogen and generation of explosive gas mixture. As a result,
both in Russia and abroad a possibility of generating explosive gas mixture under design operation modes of
RP (except for design LOCA) was not studied. However, it turned out that under certain conditions in the reactor
plant primary equipment in design operation modes the explosive gas mixture can also be generated [1]. Thus,
insufficiency of design measures directed to ensuring the hydrogen explosion-proof situation at RP was
revealed. Development of additional measures is impossible without calculation of the composition and amount
of generated steam-gas mixture. A composition of steam-gas mixture in the primary equipment during LOCA is
also of interest from the view point of defining more exactly the conditions of steam-zirconium reaction and
revealing a possibility of worsening the primary coolant cooling through steam generators because of their
blocking by non-condensable gases.

With the aim of ensuring the hydrogen explosive-proof situation in the reactor plant, a complex of
scientific-and-research work was carried out including the following:

* revealing the mechanisms of generation and release of hydrogen in the primary equipment
components under design operation modes of the reactor plant with WWER;

0 development of calculation procedure and computer code MOPABA-H2 enabling to determine the
hydrogen content in RP equipment components under design operation modes.

In the process of procedure development it was found out that the calculation of hydrogen content in
the plant equipment requires development of the following main mathematical models:

• radiochemical processes in the primary coolant which has impurities and added special reagents;
• absorption of the core ionizing radiation by the coolant;
• steam-zirconium reaction (during design-basis accident of LOCA type);
• coolant mass transfer over the reactor plant equipment including transition of the phase boundary

by the components of the coolant.

Computer Code IVIOPABA-H2

Computer code MOPABA-H2 certified by Gosatomnadzor of Russia (registration number of certificate
is 132 dated 02.11.2001) became a result of scientific-and-research work. In accordance with the certificate,
computer code MOPABA-H2 is intended for calculation of hydrogen and other gases generation and distribution
of these gases as well as added reagents of the coolant in the primary equipment of the reactor plants with
WWER.

The computer code permits to carry out calculations for design operation modes of the reactor plant
with WWER as follows:

• operation at power levels;
• scheduled cooldown and cold shutdown;
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• shutdown for repair;
• design LOCA.
Computer code MOPABA-H2 is applied for:
9 justification of hydrogen fire-safety and explosion-proofness of the reactor plant with WWER design

(within the primary equipment);
a analysis of chemical composition of the coolant for development and justification of the primary

water chemistry;
• investigation of incidents connected with deviation of the primary water chemistry;
• simplified version of the code is used for training the students at the Institute of Nuclear Power of

Russian Department of Education in Obninsk.

Calculation Procedure

Mathematical model implemented in computer code MOPABA-H2 represents a set of mathematical
sub-models of variation of chemical composition of the coolant and gas concentration in the components of the
reactor plant equipment and auxiliary systems. It represents, in general case, a set of differential equations
which describes time history of chemical composition of the coolant (or gas), its mass in the given equipment
and coolant (or gas) transfer over the equipment.

All the necessary coolant flow rates are assigned as initial data on the basis of the results of
thermohydraulic calculations, operation manual for the reactor plant, design data on pumps capacity or the
results of on-site measurements at the operating power unit. The computer code provides the calculation of
coolant levels in terms of its mass, traces the mass balance in the system as a whole and in its components and
it provides optimization of setpoints for tanks discharge, concentration of boric acid.

Mathematical model of variation of chemical composition of the coolant in the equipment element
represents, in general, a set of differential equations as follows:

WV = Q+ Xc - Q- Xci + R - F,
/dt

J

where:
M'- quantity of component i in the coolant in the given element, mol;
t - time, s;
P+j - coolant flow rate from elementj to the given element, kg/s;
c'j - concentration of component i in the coolant in elementj, mol/kg;
Q - coolant flow rate from the given element, kg/s;
Ci - concentration of component i in the coolant of the given element, mol/kg;
Ri - rate of generation of component i due to radiolysis, mol/s;
Fi - rate of transition of component i to steam phase, mol/s.
Mathematical model of variation of gas mixture composition in the equipment element represents a set

of differential equations as follows:

d MV Q+xc,-Q-xc' Ri+F,+Z,,,
/dt

where:
Q+ - steam flow rate from the external medium to the given element, kg/s;
Ci concentration of component i in the steam supplied to the given element, mol/kg;
Q - steam flow rate from the given element, kg/s;
ci - concentration of component i in the steam of the given element, mol/kg;
ZH2 - rate of hydrogen generation in the steam-zirconium reaction, mol/s.
Mathematical model of thermoradiolysis of liquid one-phase coolant represents a rigid set of

differential equations:
= Y, G d id +Jk XC XC Jk CRi i pq P q ir i XCr

p.q r

where:
Gi d _radiation-chemical release of particle i due to effect of radiation of type d, 1 /1 OOeV;
Id - dose rate of ionizing radiation of type d, 1 OONAxeV/(kgxs), absorbed by the coolant;
NA -Avogadro number, 1 /mol;
CP' q, c, ci - concentration of particles p, q, r, and i, mol/kg;
kpq - reaction constant of disappearance of particles p, q and appearance of particle i, kg/(molxs);
kir - reaction constant of disappearance of particles i and r, kg/(molxs).
Chemical reaction constants depend on temperature as per Arrhenius law:
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kpq : kpqo x exp [- E, /(RxT)
where:

kpqo - reaction constant between particles p and q at the temperature To, kg/(molxs);
E - activation energy, J/kg;
R - universal gas constant, J/(molxP);
T -temperature, P.
Mathematical model of liquid phase radiolysis, implemented in the computer code, includes simulation

of those chemical substances (coolant components) only which effect the radiolysis process or appear in the
coolant due to radiolysis. For example, presence of short-lived water radiolysis products such as radicals and
ion-radicals in the core is taken into account, while presence of corrosion products, chloride-ions and etc. is
disregarded. A list of particles and kinetic parameters of radiation-chemical equations can be corrected by the
User (Figure 1).

As seen in Figure 1 a set of radiation-chemical reactions has been made up with consideration of all
main chemical processes in the coolant and includes:

e radiation effect on the coolant (water solution containing boric acid, ions of alkali metals, ammonia,
hydrazine, hydrogen, oxygen, nitrogen and radiolysis products);

* dissociation processes;
* thermolysis of thermally unstable substances (hydrogen peroxide, hydrazine);
* chemical interactions (for example, oxygen and hydrazine).

Rr RM
W M 
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Nt Q/mol/s T, K 1 Ekcal/mol <1> <2> <3� + <5 +
1 H20 H+ + OH- + +

-77
2 1�4 299 H+ + OH- H20 +

3 H3803 H20 H+ + BO4H4_ +
4 1AE11 298 H + + B04H4- H31303 H20 +
5 NH3 + H20 NH4+ + OH- +

3�3E-10 298 NH4+ + OH- NH3 H20 +
7 N2H4 + H20 N2H5+ OH- +
8 298 N2H5+ + OH- N2H4 + H20 + J+
9 KOH + K+ + OH- + +
10 3.81E7 298 4�52 OH + H2 H + H20 +
11 4AP 298 333 H202 H02 + H20 + +
12 21E10 298 H + 02 H02 + + +
13 1�2E,10 298 e- + H202 OH + OH. 4� +

14 8.42E6 298 3� 24 H + H202 H20 + OH +
15 8.3E5 290 5.80 H02 + H02 o2 + H202 +
16 5.1E10 298 H+ + 02. H02 +
17 7.5E5 298 3 H02 + H+ + 02-
18 23E10 298 e- + H H +
19 1.BE10 298 e- + 02 02- +
20 9.7E7 29 2.1 02- + H02 H2Q2 + 02 + OH-
21 8.2E9 298 OH + 02. 02 t H. +
22 437E9 298 e- + e- H2 + OH- QH- +
23 1AF10 298 e- H2 + OH- +
24 9E10 1298 e- L OH �F OH- + + +

298 e- 1+ H02 _+J +

Figure 1. Example of the set of radiation-chemical reactions in computer code MOPABA-H2.

Radiolysis of steam in the core is considered only during LOCA when the reactor is shutdown and
neutron flux in the core is absent. Calculation is carried out by a simple procedure that is, only gross-reaction of
steam decomposition into hydrogen and oxygen under gamma-radiation is taken into account:

R H2 _"": G(H 2 X 1
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R02 __� G(02) X 1

where:
I - doze rate of gamma-radiation absorbed by steam, 1 OONAxeV/(kgxs);
G(H2 - observed hydrogen release due to gamma-radiation, 1 /1 OOeV;
G(02 - observed oxygen release due to gamma-radiation, 1 /1 OOeV.
Observed oxygen release is accepted conservatively to be equal to molecule H2 per 1 0 eV

absorbed by steam. The observed oxygen release is equal to a half observed hydrogen release in accordance
with stoichiometry.

The absorbed dose rate of ionizing radiation, 1, for the state "reactor plant operation at power levels" is
determined experimentally or by calculation and depends on power and design of the reactor core. During
steady-state operation of the reactor plant the doze rate is a time-constant value and it is entered into computer
code MOPABA-H2 as initial data.

Under all other conditions and states the reactor is shutdown and doze rate of the residual gamma-
radiation is time-dependent and it decreases gradually. The value of the doze rate for each moment of time is
calculated by the code in homogeneous approximation. It is accepted that fuel, coolant and structural materials
are mixed in the core uniformly.

Calculation procedure of steam-zirconium reaction rate is based on the knowledge of parabolic
character of kinetic time-dependent zirconium oxidation rate (Baker-Just law). This calculation procedure is
applicable only for limited time and temperature of oxidation when loss of integrity of protective oxide film
doesn't occur on the surface of the fuel rod cladding and the kinetic curve of oxidation is described by parabola.
By current concepts, such procedure is quite applicable for describing steam-zirconium reaction during design
basis accident of the reactor plant with WWER.

The rate of mass transfer of coolant components through the phase boundary is determined as a sum
of three components:

Fj = QvapxCiwater xBj - Qc.nd XCisle.m _ /trel X(Crater - Cisteam/Bj) x M,
where:

Qa - flow rate of evaporating water, kg/s;
,,WaFe, _concentration of additive in liquid phase, mol/kg;
Qcond - flow rate of condensing steam, kg/s;
Cileam - concentration of additive in the steam phase, mol/kg;
trel - characteristic time of release, s;
Bi - coefficient of additive distribution between steam and liquid phases;
M - mass of coolant liquid phase, kg.
The first two components describe, respectively, the release of component to the steam phase with

evaporating (boiling) liquid and transition of the component from the steam phase to the liquid one with flow of
condensing steam. The last component describes mass transfer in the diffusion-boundary layer approximation.

Nodalization for calculation of different states of reactor plant is determined directly by the equipment
being in service in the given state. As an example, in Figure 2 the reactor plant nodalization for calculation of
conditions "cooldown" and "cold" state is presented.

In this case all the equipment of the reactor plant and auxiliary systems, which is in service under
these conditions, is simulated:

• reactor coolant circuit including reactor and loop;
• pressurizer;
• residual heat removal system;
• makeup-blowdown system;
• chemical reagents addition system;
• gas removal system.
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Figure 2 Analytical model for simulating the reactor plant operation under conditions "cooldown" and "cold"
state.

Verification of MOPABA-H2 Code.

In the process of preparation for certification, computer codes are subject to verification that is the
results of calculations by the code are compared with analytical solutions, calculation results obtained by other
certified codes and experimental data.

A number of circumstances caused difficulties during verification of code MOPABA-H2:
1. Complexity of the considered physicochernical processes leads to the fact that it is impossible to

obtain the analytical solution even for any simplified special cases except for analytical solution of steam-
zirconium reaction kinetics and thermal radiolysis of steam.

2. At present, there are no certified codes analogous to MOPABA-H2 and that's why the calculation
results can't be compared with them. Codes used for calculation of hydrogen explosion safety in the
containment during beyond-design basis accident are not applicable for analysis of hydrogen release within the
reactor plant under design conditions. Western codes for calculating radiolysis of the coolant are not applicable
to conditions of the primary circuit of the reactor plant with WWER too. They don't take into account the
presence of specific reagents (ammonia, hydrazine) in the coolant and don't simulate, in necessary measure,
the equipment of the reactor plant with WWER including auxiliary and emergency systems.

Verification of the code by the experimental data is based on the reference data on laboratory
investigations of radiolysis of coolant-imitating solutions and on the results of measurements performed at
operating NPP with WWER.

Most data by which the computer code MOPABA-H2 was verified are the results of the experiments
simulating separate phenomena. The absence of experimental investigations on integral test rigs was
compensated by measurements performed at the operating power units and on the containers for storage the
spent fuel of NPP with WWER.

During verification the most attention was paid to the model of coolant thermal radiolysis as this
process is the main source of hydrogen under design operation conditions of the reactor plant (except for design
basis accident when the governing contribution at the initial stage of accident can be made by steam-zirconium
reaction).
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As an example, in Figure 3 the comparison of calculated and measured concentration of hydrogen
dissolved in the primary coolant during shutdown, cooldown and outage of power unit with WWER are given.
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Fig. 3 Time history of hydrogen concentration in the primary coolant.

MOPABA-H2 calculation error in the filed of its application is estimated as 50 %. During interpretation
of the results of the calculations carried out by the code it shall be taken into account that the obtained
concentration of the components in the equipment are average over the volume.

Application of Computer Code MOPABA-H2 in Justifying the Reactor Plant Design

Application of computer code MOPABA-H2 is demonstrated as an example for calculation of LOCA-
type accident in the reactor plant with WWER-1 000.

Analytical model and a list of initial data for the accident calculation is shown in Figure 4.
Initial data necessary for code MOPABA-H2 were obtained by thermohydraulic analysis of the

accident by the code TETCH-M-97. Cold leg break at the reactor inlet with simultaneous loss of alternating
current sources was taken as the initiating event.

Calculation results of noncondensable gases release in RP equipment are presented in Figure .
Nitrogen and hydrogen make the governing contribution to the composition of steam-gas mixture in

the given case. The content of oxygen is very small which can be explained by nearly absent sources of oxygen
and by conditions of coolant radiolysis (reducing environment).
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Figure 5. Average concentration of gases in the primary equipment

Thus, in the scenario of the considered accident, the generation of an explosive steam-gas mixture
within the primary equipment is impossible.

The results of the calculation are also applicable for other purposes. For example, for this accident the
influence of noncondensable gases on the heat exchange in steam generators was analysed. The joint analysis
of the results of thermohydraulic analysis and calculation of steam-gas mixture composition showed that the
steam generators can not be blocked by noncondensable gases in this case.

Application of Computer Code MOPABA-1-112 for Investigating Purposes

Universality of computer code MOPABA-H2 permits to use it for investigating purposes which was
demonstrated in a number of work published in Russia 2-4].

Here, as illustration of the code optional application, let's consider the results of the investigation of
influence of doze rate variation on the edges of the core on concentrations of oxidants. This investigation was
performed in 2001. Further below, this phenomenon will be called edge effect.

Molecular oxygen 02), hydrogen peroxide (H202), hydroperoxide radicals HO2) and ion-radicals 02
are the oxidants which are present in the coolant. From these substances only oxygen content is controlled. The
normal concentration of the oxygen is reached by creating the excessive concentration of molecular hydrogen in
the coolant which due to ionizing radiation fixes the oxygen effectively.

In the core the doze rate varies both axially and over the radius. At the core coolant inlet the dose rate
increases from zero to the nominal value not instantly. At the core outlet it also decreases from the nominal
value to zero not instantly. The distance, at which the doze rate absorbed by the coolant drops from maximum
to zero, is determined by the core structure. For water-cooled water-moderated reactors (WWER) it is equal to
tens of centimetres. The duration of coolant stay in the corresponding areas at the core inlet and outlet is an
order of one tenth of a second for modern power reactor plants.

To reveal the influence of edge effect, calculations of oxidants concentration distribution in the primary
coolant of the reactor plant with WWER-1000 were carried out taking into account variations of doze rate on the
edges of the core. All calculations were carried out for operating conditions at 100% power level. In investigating
the influence of "non-instantaneous" variation of doze rate at the core edges the value - duration of coolant
stay in the intensity-variable radiation field - was used as a parameter.

Figure 6 shows variation of maximum concentration of oxygen, hydrogen peroxide and hydroperoxide
ion-radicals with different initial concentration of hydrogen at the core inlet. Calculations showed that non-
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instantaneous" decrease in doze rate at the inlet doesn't influence the concentration of H202, 02 and 02' in the
core at any hydrogen concentrations at the inlet. Maximum concentration Of 02 and 02 decreases practically to
zero with increase in concentration of molecular hydrogen at the inlet up to 0,5 mg/kg. With large hydrogen
concentration, the hydrogen peroxide remains the only oxidant of radiolytic origin in the core. In this case its
concentration reaches the stationary value nearly independent on further increase in hydrogen concentration at
the core inlet. The lowest hydrogen concentration (0,5 mg/kg or about 5 nCM3 /kg), at which minimum
concentration of oxidizing radiolysis products is reached, corresponds to the known experimental data.
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Fig. 6 Maximum concentration of H202 (1), 02(2) and 02-(3) in the coolant inside the core versus the
concentration of molecular hydrogen at the core inlet.

Variation of doze rate at the core outlet influences in different way. Figure 7 shows the calculation
results of oxidants concentration in the primary coolant outside the core. During calculation it was supposed that
at the core outlet the doze rate absorbed by the coolant decreases from nominal value to zero by linear law

= - a-t at the variable length L, where the duration of coolant stay with constant coolant flow rate is equal
to c. It can be seen that "non-instantaneous" effect of doze rate drop is large: linear doze rate drop over = 0,1 s
leads to decrease in oxidants concentration approximately 1 0 times.
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Fig.7. Effect of the duration of coolant stay in the ionizing radiation field with decreasing intensity at the core
outlet on maximum concentration of H202 (1), 02 2) and 02- 3) in the coolant outside the core.

Special attention shall be drawn to the following result: the less is the rate of doze variation (i.e. the
larger - duration of coolant stay in the radiation field with decreasing intensity), the more is oxidants
concentration decrease in the coolant outside the core. Such dependence is caused by a chain character of
H202 decomposition in the presence of H2, when (under otherwise equal conditions) the lower is the doze rate,
the greater is the rate of reaction.

The results of mathematical analyses carried out with the use of computer code MOPABA-1-12 allow to
make a conclusion that in the primary coolant of the reactor plants with WWER type reactors the maximum
concentration of oxidants (1-1202, 02 and 02') Outside the core depends on the duration of coolant stay in the
area of the core outlet, where doze rate drops from maximum value to zero. Maximum concentration of oxidants
in the coolant in the core doesn't depend on the edge effect and is determined only by hydrogen concentration
at the core inlet.

Conclusions

This report describes the computer code MOPABA-H2 intended for analysis of generation and
distribution of hydrogen and other gases as well as added reagents of the coolant in the primary equipment of
the reactor plants with WWER type reactors under design operating conditions. Brief description of methods and
the results of computer code verification are given.

Specific examples of computer code IVIOPABA-H2 application for justification of the reactor plant design
and investigations are given.
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