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Radiolysis Effects in Sub-cooled Nucleate Boiling

By Dickinson, J Henshaw A Tuson and H E Sims (AEA Technology)

Abstract

A hydrogen depleted region may form in the water during bubble formation when boiling occurs in a PWR. This
would arise from stripping of gases into the steam phase. The depleted water may then become oxidising due to
radiolysis forming H202. The presence of radiolytic oxidising conditions is one of the mechanisms proposed to
explain deposits formed in Axial Offset Anomalies. This work describes a model that has been developed to
examine this behaviour. The model deals with bubble growth and material transport as well as the radiolysis
chemistry. The model simulates diffusion of species through the gas/liquid boundary layer. The appropriate
mass conservation equations for this problem are described and the results of their numerical solution
discussed. This model indicates the importance of the assumed boundary conditions on the results of the
calculations. These boundary conditions are discussed in detail and the most appropriate ones for the actual
reactor situation are outlined. The conclusion of this modelling study is that at normal PWR operating conditions
of 40 cc H2 (STP)
kg-' it is unlikely that radiolysis in a subcooled boiling region would be important. The situation is more
ambiguous at the to cc H2 (STP) kg range.

INTRODUCTION

In PWR, VVER and CANDU reactor systems the primary circuit water is maintained reducing and alkaline by
addition of some combination of H2,NH3and iOH/KOH species to the water. In the case of PWR systems the
water contains 25 - 40 cc H2 (STP) kg'I and enough H and B(OH)3are added to maintain the pH in the
region of 69 to 74 at 300'C. This level of H2 is assumed to suppress radiolytic production of oxidising species
(H202, 02) in the water, while the high pH maintains the stability of protective oxide layers on the metal surfaces
around the circuit. In recent years there has been some suggestion that operating at such high hydrpen 3

concentrations in PWR systems may not be necessary. Experimental studies by McCracken Stuart Pastina 
Christensen 4, reactor studies at Belleville5and modelling studies by HenshaW6 and Christensen 7have indicated
that hydrogen levels in the range 01 - cc H2 (STP) 1kg 1 may be sufficient to suppress radiolysis. CANDU
plants in fact usually operate at the 3 cc H2 (STP) kg' level. Operating at low hydrogen levels may have certain
benefits, reducing start-up and shut-down times and reducing the extent of primary water stress corrosion
cracking (PWSCC). Evidence for a reduction in susceptibility to SCC of alloy 600 from a reduction in hydrogen
water concentrations has been provided in the experimental work of Nakamura8 and Caron9. Their work
indicates that operating at 1 - 5 cc H2 (STP) kg-1 could have beneficial effects for SCC of alloy 600.

There are therefore some reasonable arguments for reducing opbrating hydrogen concentrations in PWR
systems. On the other hand certain authors have presented arguments which indicate beneficial effects might be
obtained by increasing hydrogen levels. These arguments arise from a concern over what happens during
radiolysis of water in the vicinity of bubble formation. Burrill'o'll has suggested that hydrogen levels in the water
surrounding a steam bubble formed during subcooled boiling may be significantly lower than in the bulk water.
These arguments are largely based on thermodynamic considerations, assuming the hydrogen in the bubble is
in equilibrium with the adjacent water. More sophisticated arguments based on the solution of the relevant
transport equations have been presented by Zmitko12 , and these also indicate a possible hydrogen depletion in
the boundary layer adjacent to the bubbles. Significant hydrogen depletion within the boiling region may result in
the onset of significant radiolysis, giving local oxidising conditions. This may have a number of consequences,
one of which would be concerns over fuel pin corrosion and another the oxidation of iron from its (11) to its (111)
state in the vicinity of the pin. Since Fe(III) is less soluble than Fe(II) this may lead to deposition on the fuel pins.
Burrill'o'll has suggested this may be a mechanism leading to fuel crud deposits, resulting in boron hideout, and
hence Axial Offset Anomaly problems. Increasing hydrogen concentrations would therefore mitigate these
problems.



The current trend is to operate existing plants at higher powers, With significantly more subcooled boiling, while
new plants are being designed to operate at higher powers. In order to define the ideal hydrogen concentrations
for these high power conditions it is important therefore to understand the radiolysis chemistry of water, both in
the bulk fluid and in the region local to subcooled boiling. An understanding of the bulk chemistry is fairly well
developed, although there is still some uncertainty about particular chemical rate constants and G-values used in
the models. Our understanding of the chemistry in a region of subcooled boiling is less clear. This paper
describes the first stages of the development of a model of water radiolysis in the region of a bubble.

WATER RADIATION CHEMISTRY MODEL

Radiation interacts with water causing it to decompose to the radical products e-, H', H, OH and the molecular
products H2 and H202. The rate of production of these primary species is determined by their G-values (number
of species produced per 0eV of radiation energy). These have been measured for gamma and high LET
(linear energy transfer) radiation by a number of grou PS13-19. It is also possible to calculate G-values using a
number of modelling approaches such as deterministic spur diffusion modelling20,21' stochastic methodsz2 and
full montecarlo calculationS23 . For the present chemistry calculations the G-values that have been used are
given in Table .

Table 1. G-valuies used to model radiation chemistry of water.

Radiation G(e') G(OH) G(H) G(H2) G(H202) G(H20)
Gamma 3.6 5.0 0.8 0.65 0.35 -5.7
Neutron 0.65 2.0 0.3 1.225 0.7 -3.4
Alpha 0.05 0.56 0.16 1.605 1.43 -3.42

The high temperature alpha G-values are based on spur diffusion calculations for high LET radiation carried out
by this group. The gamma and neutron G-values are based on the experimental measurements of Elliot"'-19,
Christenson 13, Sunaryo 16,17 and SiMS14,15. The chemical reaction scheme used for the modelling is given in Table
4 and is based on the review by El liot18.
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Table 2 Reaction scheme and rate constants from reference 18].

Reaction A/drri�'mol-' s-' E/Urriol-l k298 k561

1 e- + e- + H20 = H2 + 2H- 2.330E+1 3 20.3 6.441 E09 3.000E+1 1
2 e- + H + H20 = 2 + OH- 7.520E+12 14 2.643E+10 3.738E+1 1
3 e- + OH = OH- 7.390E+1 1 7.92 3.022E+1 0 1.353E+1 1
4 e- + H202 = OH OH' 6.940E+12 15.36 1.409E+1 0 2.577E+1 1
5 e'+ 02 = 02- 5.440E+12 14.17 1.785E+10 2.607E+1 1
6 e'+ 02 + H20 = H202 OH + OH- 3.100E+12 13.6 1.281 E1 0 1.679E+1 1
7 e- + H02 = H02' 3.100E+12 13.6 1.281E+10 1.679E+1 1
8 H + H = H2 2.360E+12 15.05 5.430E+09 9.366E+10
9 H + OH = H20 3.51 OE I 7.77 1.525E+10 6.635E+10
10 H + H202 = OH H20 3.210E+10 15.94 5.157E+07 1.053E+09
11 H + 02 = H02 9.570E+1 1 10.61 1.322E+10 9.840E+10
12 H + H02 = H202 7.200E+1 1 10.6 9.983E+09 7.419E+10
13 H + 02 = H02- 7.200E+1 1 10.6 9.983E+09 7.419E+10
14 OH OH H202 1.040E+1 1 7.65 4.743E+09 2.017E+10
1 5 OH + H2 H + H20 6.310E+10 18.15 4.154E+07 1.288E+09
16 OH H202 = H02 H20 1.570E+10 15.62 2.870E+07 5.514E+08
17 OH + H02 = 02 H20 1.040E+1 1 5.62 1.076E+1 0 3.117E+1 0
1 8 OH 02 = 02 OH- 8.750E+1 1 10.85 1.097E+1 0 8.545E+10

9 H02 H02 = H202 02 1.480E+09 19.1 6.641 E05 2.465E+07
20 H02 02 + H20 = H202 02 OH- 2.440E+09 8.6 7.584E+07 3.860E+08
21 02 + 02 + H20 = H202 02 + 2H- 3.500E+07 3.500E+07
22 H20 = H OH- 1.953E-05 7.471 E02
23 H202 = H + H02- 7.858E-02 4.375E+01
24 H202 OH = H02- + H20 1.265E+10 1.393E+1 1
25 H = H + e- 6.324E+00 1.384E+05
26 e- + H20 = H OH- 1.567E+01 8.608E+03
27 OH:= H + 0- 7.858E-02 4.375E+01
28 OH + OH = 0- + H20 1.265E+1 0 1.393E+11
29 H02 = H + 02- 7.145E+05 2.535E+05
30 H02 OH = 02 + H20 1.265E+10 1.393E+11
-22 H + OH = H20 1.103E+11 9.943E+1 1
-23 H + H02 = H202 4.780E+10 5.548E+1 1
-24 H02- + H20 = OH'+ H202 1.363E+06 1.327E+08
-25 H + e= H 2.248E+10 4.467E+1 1
-26 H OH = e- + H20 1.33E+14 38.38 2.490E+07 3.549E+1 0
-27 H + 0 = OH 4.780E+1 0 5.548E+1 1
-28 0- + H20 = OH OH- 1.363E+06 1.327E+08
-29 H + 02 = H02 4.780E+1 0 5.548E+1 1

1-30 02-.4- H20 = H02 OH- 1.499E-01 2.290E+04

There are several criticisms that can be made of the G-values and rate constants that have been chosen for this
modelling work. For example, it is known that under BWR hydrogen water chemistry conditions the reaction

H+H20=H2 +OH (1)

is important, yet this not part of the Elliot scheme. In order to examine the sensitivity of the chemistry model to
the specific chemistry and chemical parameters used calculations were carried out with the above model
(Original Model) and two alternatives. For the first alternative the G-values in the model were changed to those in
Table 3 Both the alpha and neutron G-values were calculated using a spur diffusion model in the manner of
reference 21 ], while the gamma G-values came from reference [1 8].



Table 3 G-values obtained f rn Spur Diffusion Calculations.
Radiation G(e) G(OH) G(H) G(H2) G(H202) G(H20)
Gamma 3.207 5.111 0.9814 0.6678 0.2065 -5.524
Neutron 0.13 1.6 0.53 1.67 1.2 -4
Alpha 0.05 0.56 0.16 1.605 1.43 -3.42

The second alternative model was derived by changing the rate constants for the main peroxide destruction
reactions by 10%

e- H202 = H- + OH (2)

H H202 = OH H20 (3)

OH H202 = H20 H02 (4)

Also the reverse of the reaction

OH+ H2 = 1-120 + H (5)

reaction (1), was included in this scheme with a pseudo first order rate of 105 S1. Calculations with the original
chemistry model, the model with modified G-values and the model with modified chemistry were performed for
the typical PWR conditions given in Table 4.

Table 4 Initial Conditions for Chemistry Calculations.

Gamma Dose Rate/ Mrad W 1200
Neutron Dose Rate/ Mrad h-' 2400
Alpha Dose Rate/ Mrad h 1450
Temperature/'C 300, 344.6
Pressure/atm 155
Boron Concentration/ppm 1200
UOH Concentration/ppm 5.6

Figure is a plot of peroxide concentration at steady state for different initial hydrogen concentrations using the
three models.
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Figure 1. Plot of [H2021 versus operating H2 levels. The calculated curves were generated for T 300'C,
using three different chemistry models.



In terms of the 'critical hydrogen' concentration the results are not that dependent on the particular model used,
being somewhere between 0.1 and 03 cc H2 (STP) kg-'. This is also true at the higher temperature in the region
of the bubble, as can be seen from Figure 2 calculated at the saturation temperature of 3440C.
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Figure 2 Plot of H2021 versus operating H2 levels. The calculated curves were generated for T 344'C,
using three different chemistry models.

While a bubble is forming radiolysis of the adjacent water will take place, and it is interesting to ask how long this
radiolysis will take to reach steady state compared to the life time of the bubble. Figure 3 is a plot of the
hydrogen peroxide concentration against time for typical bulk water PWR conditions.
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Figure 3 Plot of [H2021 versus time. The calculated curves were generated for T = 344'C and [H21 0-08

cc kg" STP uing three different chemistry models.

Calculations were again performed using three different models with different chemistries and G-values. The
calculations were done below the critical H Cncentration at 0.08 cc H2 (STP) kg-'. The final peroxide
concentration differs by as much as a factor of 9 depending on the model used, but all three models take
approximately second to reach the maximum steady state peroxide concentration.



BUBBLE FORMATION AND GROWTH

There are many different models for bubble formation and growth which have been described in reviews such as
references 24] and 25]. During subcooled boiling bubble growth is considered to occur at defects, such as
micro cracks, on the heated surface. These crevices contain small amounts of gas, so they are relatively hot
compared to neighbouring water cooled surfaces. The expansion of this gas and local vaporisation of the water
gives rise to bubble growth, which for developed subcooled boiling continues until the buoyancy and
hydrodynamic draq forces are greater than the surface tension force holding the bubble in place. Based on these
arguments Zrnitko 2 has estimated the bubble size at which this occurs for typical light water reactor conditions
to be of the order of 1 Ogm, the life time of these bubbles being approximately to 2 ms. In the case of non-
developed boiling the life-time of the bubble may be longer. In the following calculations bubble sizes of 1 0 and
20gm are considered.

MODELLING RADIATION CHEMISTRY IN THE BUBBLE BOUNDARY LAYER

Transl2ort Eguations

The simplest model that can be adopted to investigate this phenomenon is a simple 1-D transport model. This
can be developed in radial or Cartesian co-ordinates, but for simplicity was done in Cartesian co-ordinates. The
model is therefore of a square bubble with side length equal to the bubble diameter, R. Since transport within the
bubble is fast compared to the adjacent liquid it is assumed that gases within the bubble are homogeneously
mixed. Transport through the liquid adjacent to the bubble takes place by diffusion and any advection is ignored.
For each species of concentration c the equation describing the change of this concentration with time is simply,

ac ac (ac)
= Di (6)at ax, + at )CR

For simplicity an index label for the species identity has not been included. DI is the diffusion constant for thespecies in water and (LE I,,,) is the net rate of change of the species concentration due to chemica reactions. This
at CR

equation can be solved numerically by discretising the spatial dimension, x, as indicated in Figure 4.

X Gas/Liquid Interface

Bubble

C, C2 .... ..... Cn C R9

tZ
4-10.

h R
Cell Width Bubble Diameter

Interface

Concentration co
Figure 4 Schematic of bubble transport grid.
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The liquid in the boundary layer between the bubble and the bulk water is split into n cells of width h. Within each
cell the chemistry is assumed to be homogeneous, while the flux of species from cell i to cell i1, ii, is given by

J = -Di C1+1 _C, (7)
h

The partial differential equation 6) for the species concentration in each cell, i, then takes the following form

dc, dc, Q,_1 - J, (8)

dt dt CR h

Solving this set of simultaneous ordinary differential equations subject to the appropriate boundary conditions
gives the solution to the problem.

Bubble Boundary Conditions

It is important to understand the boundary conditions that are imposed on this problem since they may have a
substantial impact on the calculated results. It is also important to appreciate how physically realistic such
boundary conditions might be. The boundary conditions investigated here can be stated simply thus:

1) Concentrations of all species in the liquid are initially equal to their bulk values,
c = cB, at t =0

2) At the bulk liquid - boundary layer interface the flux across this boundary is simply the diffusion flux,

i = -2D/ C1 -CB (9)

h )

3) In the bubble two boundary conditions are considered, no hydrogen in the bubble at time zero, cg(H2 = ,

and probably the more realistic condition that the bubble contains the same amount of hydrogen at time zero
as the volume of water used to generate it, c,(H2 = cB pg/ p.. Here p, and pg are the density of water and
steam respectively.

4) At the liquid/gas interface the following condition for the concentrations Of 02 and H2 in the last cell, n, is true

dc,, k
_ (C', - C9 ( 0)

dt h

and in the bubble

dcg = k C', - C9
dt R

where

Ilk = Ilk, lk2 (12)

and k = 2DxV/R and k2 2DI/h. D. is the diffusion constant of H2 or 02 in the gas phase, Xg is the gas-liquid
partition coefficient (at equilibrium c = c/W) and R the size of the bubble. These equations arise from flux
balance at the liquid-gas interface.

5) Only H2 and 02 partition between the gas and liquid and no gas chemistry inside the bubble is modelled.

The above transport and chemistry equations have been implemented using the computer package FACSIMILE
that uses Gear's method to integrate the simultaneous ordinary differential equations. The parameters that have
been used in the model are given in Tables and 6.
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Table S. Physical Parameters Used in Bubble Model.

Parameter Expression Ref.
Density of water, p 1.007 - 4449 X 10-4 Tc - 3155 x 1 0"Tc - 6088 x 10-9Tc3 18
(kg dm-3 )
Density 3of steam 1. 22706 - 844265 x 1 -JTc + 1. 50272 x 1 0-�'Tc2 26
(kg dm- ) Fit to Steam Table data, valid for 300-350'C
Solubi 0 in water exp(-104.288 + (4804.235fr) + 14.2283 IOgeT) 27
(mol k bar
Solubility Of 2 in water exp(-146.819 + (7453.009rF) 20.2112 IogT) 27
(mol kg- ba -1)
Diffusion coefficient in water 28
W 10-7

02 8.03 x exp(-14603/RT) 2)

H2 10-4exp(-5.700267 - 296.7439rr - 288379.2rr
H202 8.03 x 10-7 exp(-14603/RT)
Diffusion COefficient Of 02 or H2 in I 1 0.5 1 1 05 15 X .01X 1-8 29
steam 10.99 - 253 - + - - + - T
W s-) MHO Mi M,,o M,

pal

H,0,1 H,0J

where

UH,0, (OrH + a,
2

QH,0, (0.746566y + 1. 10245)/(2.24622y 0316344)

y = kB TIFEM 751

R universal gas constant (J K1 mol-1)
Tc temperature C)
T temperature (K)
P total gas pressure (bar)
Mi molecular weight of species i
OrHOi Characteristic diameter for collisions between steam and species i (A)

Cli Lennard-Jones parameter for characteristic diameter of species i (A)

92H20,1 Collision integral for mass diffusion in a binary mixture of steam and species i

(dimensionless)
Ei Lennard-Jones parameter for characteristic energy of self-interaction for species i (J)
kB Boltmann's constant (J K-1

Table 6 Lennard-Jones parameters for gas diffusion coefficients.

Species CY E/kB

(A) (K)
H20 2.605 572.4

H2 2.92 38.0
02 3.458 107.4

Bubble Model Calculations

At normal operating conditions a PWR will be running with 40 cc H2 (STP) kg" in the water. If a 1gm bubble is
formed under these conditions at 3440C, initially containing the hydrogen that was present in the equivalent
water, then the temporal and spatial behaviour of H2 in the liquid adjacent to this bubble given by the model is
shown in Figure .
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Figure S. H2 concentration profiles at different times for a 1gm bubble, bulk water H2 at 40 cc H2 (STP)
kg". At time zero the bubble contains the hydrogen equivalent of the same mass of water.

A 50gm layer thickness adjacent to the bubble was chosen because this is comparable with the thermal
boundary layer thickness, estimated to be approximately 30 gm for typical PWR operating conditions. It was
found that for large H2 concentrations in the water, the results of the calculations are largely independent of this
distance. From Figure it is clear that at early times (10-4S) hydrogen is significantly depleted around the
boundary layer, but by 10-2S the hydrogen concentration is approximately back to 30% of its bulk water value.
The discussion of the radiation chemistry indicated that the time for radiolysis to reach steady state was of the
order of 1 s, for typical PWR dose rates, the critical H2 concentration in the model being of the order of 0. 1 cc 2

(STP) kg-'. In the case of the bubble such small H2 concentrations can only be achieved at very small times <
1 04S), too short for significant radiolysis to occur, and therefore significant oxidant production is unlikely. This is
reflected in Figures 6 and 7 which show the temporal and spatial changes in 02 and H202 concentrations for the
40 cc H2 (STP) kg-' operating conditions.

10.0
steam water

9.0
Steady state 02 concentration in bulk water 2.82 x 10-14 mol dm-'

.X 8.0
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1 0 Z

0.0
-5 0 5 10 1 5 20 25 30 35 40 45 50

Distance from bubble-wHter interface (,,m)

Figure 6 02 concentration profiles at different times for a 10gm bubble, bulk water H2 at 40 cc H2 (STP)
kg". At time zero the bubble contains the hydrogen equivalent of the same mass of water.
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Figure 7 H202 concentration profiles at different times for a I gm bubble, bulk water H2 at 40 cc H2 (STP)
kg". At time zero the bubble contains the hydrogen equivalent of the same mass of water.

Although the 02 concentration rises by a factor of 9 compared to its bulk value, this concentration is so small as
to be insignificant. The larger bulk water oxidant concentration is that of H202 and this increases by just over %
in the region of the bubble.

The equivalent H202 plot to Figure 7 assuming cc H2 (STP) kg-' in the bulk water instead of 40 cc H2 (STP)
kg-1, is shown in Figure .

1.8
steam water

1.7 SteadystateH202concentration in butk water= 4.38x 10-Mmoldm`

.0 1.6
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J

1 5 2.OE-04s
5.OE-04s
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5.OE-03s
1.3
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Distance from bubble-water interface ,m)

Figure 8. H202 concentration profiles at different times for a lgm bubble, bulk water H2 at I cc H2 (STP)
kg-'. At time zero the bubble contains the hydrogen equivalent of the same mass of water.

In this case the concentration of peroxide approximately doubles in the region of the bubble compared to the
bulk water peroxide concentration. This is still a relatively small concentration of peroxide (-4ppb).

The effect of changing the bubble radius from 1 Olam to 20gm for the same conditions can be seen by comparing
Figure 9 with Figure .
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Figure 9 H202 concentration profiles at different times for a 20gm bubble, bulk water H2 at I cc H2 (STP)
kg". At time zero the bubble contains the hydrogen equivalent of the same mass of water.

An increase in peroxide concentration in the region of the bubble-liquid interface, compared to thel Ogm bubble
can be seen, but this increase is small, a factor of 21 instead of 17 of the bulk peroxide concentration.

The effect of changing the gas side boundary condition can also be seen by comparing Figure 10 with Figure .
The calculation of Figure 1 0 was done assuming no initial H2 in the gas bubble at time zero, for cc H2 (STP)

Ikg- .

steam water
Q

1.8 Steady state H202 concentration in bulk wate r = 438 x 10 mol d M,3

1.7 Nn 1.OE-04s

2.OE-04s1.6
5.OE-04s

1.5 1.OE-03s
2.OE-03s

g 1.4 5.OE-03s
1.OE-02s

1.3 2.OE-02s

5.OE-02s

1.2

1.0
-5 0 5 10 15 20 25 30 35 40 45 50

Distance from bubble-waterinterface ,m)

Figure 10. H202 concentration profiles at different times for a 1gm bubble, bulk water H2 at I cc H2 (STP)
kg". At time zero the bubble contains no hydrogen.

The effect of having no hydrogen in the bubble at the start of the calculation is minimal.

The radiolysis chemistry in the current model predicts the critical hydrogen concentration to be in the region of
0. 1 cc H2 (STP) kg-' at the bubble temperature. A calculation was therefore carried out with the bubble model for
an initial bulk water hydrogen of 0. 1 5 cc H2 (STP) kg-'. This is above the critical hydrogen concentration, but
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close enough to possibly allow significant radiolysis in the region of the bubble. The result of this calculation is
shown in Figure 1 1.
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Figure 1 1. H202concentration profiles at different times for a I gm bubble, bulk water H2at 0.15 cc 2

(STP) kg". At time zero the bubble contains the hydrogen equivalent of the same mass of water.

In this case the peroxide concentration in the region of the gas-liquid interface has risen by a factor of
approximately 35 compared to bulk. Significant radiolysis does not take place even under these very low initial
hydrogen conditions. The effect of changing the bubble diameter from 1 0 to 20gm at this H2 concentration can
be seen by comparing Figure 1 1 with Figure 12.
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Figure 12. H202 concentration profiles at different times for a 20gm bubble, bulk water H2 at 0.1 5 cc 2

(STP) kg". At time zero the bubble contains the hydrogen equivalent of the same mass of water.

Although changing the bubble radius at this small operating H2 level has a bigger effect than in the cc H2 (STP)
kg-1 case, the effect is still relatively small. A much larger effect is obtained if the water layer adjacent to the

bubble is extended from 50 to say 20OOgm (keeping the cell width, h, constant). The results of such a calculation
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are shown in Fi( ure 13, where it can be seen that the peroxide concentration is two orders of magnitude largerg
than in the bulk, 800ppb compared to 8ppb. In this case transport of material from the bulk to the bubble is slow,
radiolysis adjacent to the gas-liquid interface takes place and a high peroxide concentration is achieved. Note
however, that high concentrations of peroxide are only obtained at long times, while at the shorter times typical
of bubble lifetimes in developed sub-cooled boiling (-< 10-2 the H202 levels are similar to the calculations with
the 50gm water layer thickness.

140 Steady state H202 concentration in bulk water = 1.68 x 10-7 mol drn-3
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Figure 13. H202 concentration profiles at different times for a 10i.Lm bubble, bulk water H2 at 015 cc 2
(STP) kg-'. At time zero the bubble contains the hydrogen equivalent of the same mass of water. The
bulk boundary is at 1 3gM.
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DISCUSSION

The radiolysis chemistry model that has been presented here indicates that for typical PWR operating conditions
the critical hydrogen concentration required to suppress radiolysis is of the order of 01 cc H2 (STP) kg-'. This is
somewhat smaller than has been reported from various experimental studies' 5which are in the range from 02
to cc H2 (STP) kg-'. The model indicates that when radiolysis does occur it takes approximately 1 s to reach
steady state at PWR dose rates. When subcooled boiling occurs the average life-time of a bubble is of the order
of 10- s, in which case it is unlikely that radiolysis would occur in the region of such a bubble. A bubble would
need to exist for several seconds at the surface for radiolysis to occur, but even if this did happ en, the
calculations presented here indicate that at normal operating conditions of 40 cc H2 (STP) kg- significant
production of H202 in the region of the bubble is unlikely. This is because although the bubble may deplete 2

near its interface when it is formed, diffusion through the liquid to the bubble interface is fast enough to replenish
the hydrogen and suppress radiolysis.

Calculations indicate the situation at cc H2 k?-l in the water is very similar to the 40 cc H2 kg-' case and that no
net radiolysis is likely. However, at 0. 1 5 cc kg- , above the critical hydrogen level but relatively close to it, the
situation is not so clear. If the water boundary layer adjacent to the bubble is considered to be of the order of
5ORm thick then a factor of 4 to increase in the peroxide concentration next to the bubble, compared to the
bulk, would be xpected. However, if this region extends out to several hundred microns then radiolysis occurs
adjacent to the ubble giving a high, steady concentration of peroxide several orders of magnitude larger than
the bulk water.

In the current model the critical hydrogen concentration is of the order of .1cc H2 kg-', and no significant
radiolysis effects are noted in the region of the bubble at cc H2 kg-' or larger. In reality the critical hydrogen
concentration could be as high as cc kg-' H2, Which would imply that to suppress radiolysis in the region of
subcooled boiling 1 0 cc H2 kg" may be required, however little would be gained in going from 1 0 to 40 cc H2 kg- .
Consequently, i is difficult to see how increasing H2 levels above 40 cc H2 kg-' would suppress radiolysis any
further in the re( ion of subcooled boiling. However, these arguments must be tempered by a number of
considerations. First, if what is important is fuel pin corrosion, then this is truly a function of corrosion potential,
and under certain conditions this can be a strong function of oxidant concentration. Thus, although full radiolysis
may not occur in the region of the bubble, a factor of 4 or increase in oxidant concentration may change the
local conditions from a low ECIP to a high ECIP. Christensen 5 has pointed out that the important factor controlling
the local corrosion potential is the ratio of reducing to oxidising species and this parameter has not been
investigated in these studies. Second, if the bubble is formed in a'porous deposit, then the path from this bubble
to the bulk water may be long and tortuous. This would slow the diffusion of H2 to the bubble and promote
radiolysis in the bubble region. Thus, although radiolysis may not instigate the formation of deposits leading to
AOA, once these deposits are formed, radiolysis may promote further deposition. Thirdly, once boron
precipitates out of solution it is likely that the alpha dose rate in the region of the deposit will be high. This is likely
to promote peroxide formation in this region. All these points need further investigation and models are being
developed to do this.
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