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1. INTRODUCTION 

An understanding of the radiolysis-induced chemistry in the coolant water of nuclear 
reactors is an important key to the understanding of materials integrity issues in reactor 
coolant systems.  Significant materials and chemistry issues have emerged in Pressurized 
Water Reactors (PWR), Boiling Water Reactors (BWR) and CANDU reactors that have 
required a detailed understanding of the radiation chemistry of the coolant.  For each 
reactor type, specific computer radiolysis models have been developed to gain insight 
into radiolysis processes and to make chemistry control adjustments to address the 
particular issue.  In this respect, modelling the radiolysis chemistry has been successful 
enough to allow progress to be made.1   

In general, it is the concentration of oxidizing species present in the coolant circuit and 
the quantity of added hydrogen required to minimize the net production of oxidizing 
species that is the focus of the radiolysis modelling.   

Oxygen and hydrogen peroxide produced from the radiolysis of coolant water as it is 
circulated through and around the reactor core have been identified as environmental 
causative agents in the stress corrosion cracking of steels in BWR (ASM 
International 1987; Wood 1994; Cowan 1996).  In many BWRs, hydrogen is added to the 
circulating coolant to suppress/reduce the formation of these oxidizing species to reduce 
the risk of cracking.  As experience with Hydrogen Water Chemistry (HWC) has grown, 
it has became apparent that the Electrochemical Corrosion Potential (ECP) is the 
important parameter in controlling cracking in sensitised stainless steels and that other, 
less stable, oxidizing species such as hydrogen peroxide were very important in setting 
the ECP (Uchida et al. 1985).  As it is impossible to measure the concentration of oxygen 
and hydrogen peroxide in a reactor core directly, electrochemical probes have been 
installed in the lower regions of the core in some BWR plants to monitor the ECP that 
these species will impart and compare the results to radiation modelling (Macdonald and 
Urquidi-Macdonald 1995).   

In PWR reactors, in-core radiolysis has been modelled to better understand the 
phenomenon of axial offset anomaly (AOA), which may be influenced by sub-cooled 
boiling of the coolant (Henshaw et al. 2006).  Radiolysis models are also being used to 
determine the appropriate concentration range for dissolved hydrogen to minimize the 
primary water stress corrosion cracking (PWSCC) of Alloy-600 steam generator tubes 
(Umehara and Mukai 2006).  In each of these cases, the minimum concentration of 
dissolved hydrogen required to minimize the radiolytic production of oxidizing species 
has been examined to determine the appropriate dissolved hydrogen specification. 

In CANDU reactors, the presence of oxidizing species exiting the core has been 
postulated to be a contributory factor in the inside surface cracking of carbon steel outlet 
feeders observed at the Point Lepreau Generating Station (Slade and Gendron 2005).  

                                                
  CANada Deuterium Uranium, registered trademark of Atomic Energy of Canada Limited (AECL) 
1  In CANDU reactors, radiolysis modelling is also required to gain insights in to the water chemistry of 

the moderator and other water filled systems in and surrounding the core.   
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Radiolysis modelling of possible start-up chemistry scenarios has been used to develop 
successful practices to minimize the oxidizing conditions in the reactor coolant system 
during start-up (Stuart et al. 2006).   

As noted above, modelling of the water radiolysis occurring around reactor circuits has 
been used to predict the concentrations of chemical species at different locations 
(e.g., Garbett et al. 2000; Kruger et al. 1996).  Modelling the radiolysis of water around 
the reactor coolant circuit is complex and requires many input data at the pressures and 
temperatures of interest: 

1. The radiation chemical yields (g-values) of the primary species for the gamma 
and fast neutron radiation; 

2. The rate constants for all the chemical reactions associated with water radiolysis; 

3. The rate constants and reaction sets for ‘impurity’ reactions; 

4. The spatial dose rates for gamma and neutron radiation around the circuit; and 

5. The thermalhydraulic conditions of the coolant such as the flow rates through 
different core regions.  This includes the quantity of sub-cooled and nucleate 
boiling in the coolant at different locations.   

There are a number of institutions/groups around the world that model the high 
temperature radiation chemistry of coolant water in reactor circuits.  These groups all use 
slightly different g-values, chemistry reactions and rate constants for their modelling 
(Christensen 2006).  

Over the last three decades, there has been a concerted effort in research laboratories 
(Christensen 2006 and references therein) to establish the dependence on temperature of: 

1. The g-values of the primary species for ionizing radiation with different linear 
energy transfer characteristics; and 

2. The rate constants of reactions involved in water radiolysis. 

These studies have only been partially successful due largely to the lack of thermal 
stability of the chemical systems used for these experiments at the high temperatures of 
interest.  An obvious example is hydrogen peroxide, a chemical that is very important in 
setting the ECP.  While hydrogen peroxide may be stable on the time scale of interest, 
e.g., on the order of seconds, in reactor coolant radiolysis modelling, it is impossible to 
study at reactor coolant temperatures in tests in a laboratory time frame. 

Because of the shortcomings of the laboratory experiments, extrapolation of experimental 
data acquired at relatively low temperatures up to temperatures found in reactor coolant 
has to be undertaken.  In practice, to estimate g-values at reactor coolant temperatures, a 
linear dependence between g-value and temperature has generally been assumed (Elliot et 
al. 1993; Kent and Sims 1992; Elliot 1994; Elliot et al. 1996b) as shown in Figure 1. 

For rate constants, the extrapolation procedure to higher temperatures often assumes the 
rate constants follow a simple Arrhenius temperature dependence (Figure 2).  This may 
be adequate in many cases.  However, in a number of cases, it is known that a simple 
Arrhenius approach is not satisfactory as demonstrated by rate constants for the two 
reactions shown in Figure 3.  Actually, the data shown in Figure 3 is not atypical of other 
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free radical reactions (Elliot et al. 1990; Elliot et al. 1995; Buxton 2001), indicating that 
caution should be applied to any Arrhenius extrapolations of reaction rate constants from 
lower temperature data.   

Rather than use a simple Arrhenius dependence, it was recognised that for near 
diffusion-controlled reactions a better approach for the temperature extrapolations was to 
fit the experimental data to the relationship: 

k = kdiff / [1 + (kdiff / kact)] 

where k is the bimolecular rate constant, kdiff is the encounter rate constant for the two 
reacting species and kact is the rate constant that would be measured if diffusion of the 
species was not rate influencing (Elliot et al. 1990).  This approach assumes that the 
mechanism of the reaction under review does not change over the temperature range.   

While there are a number of water radiolysis datasets being used for modelling water at 
reactor coolant temperatures, to date, no well-defined experimental water radiolysis 
results appear to be available for ‘benchmarking’ the models.  For a reactor coolant 
radiolysis model to be successful, it must meet a number of criteria.  These criteria 
include being able to predict: 

1. The concentrations of hydrogen, oxygen and hydrogen peroxide under normal 
steady-state radiolysis conditions where no hydrogen has been added to the 
coolant; 

2. The critical hydrogen concentration (CHC)2 required to suppress the radiolytic 
production of oxygen and hydrogen peroxide; and 

3. The time profiles of the chemical species as operational conditions change.   

In 1995, a series of radiolysis tests were performed in the re-circulating light water 
cooled, fuelled U-2 loop installed in the National Research Universal (NRU) reactor at 
the Chalk River Laboratories in Canada (Figure 4).  One of the objectives was to obtain 
experimental data to assist in developing radiolysis simulation models.  These tests were 
performed under controlled chemical and physical conditions similar to those found in 
the coolant circuits in nuclear power reactors.  In these tests, the concentrations of 
hydrogen and oxygen in the circulating coolant were monitored continuously at three 
points around the loop as the coolant chemistry was changed by additions of either 
hydrogen or oxygen over a range of loop powers and temperatures.  In some tests, the 
coolant was permitted to boil with steam qualities up to 9 wt% at the core outlet.   

The basic experiment performed in the U-2 loop is illustrated in Figure 5.  The primary 
purpose of the test was to measure the CHC required to suppress the formation of oxygen 
(and hydrogen peroxide3).  At time 15.0 hours (Figure 5), the chemical state of the 

                                                
2  The Critical Hydrogen Concentration is the minimum concentration of dissolved hydrogen required to 

prevent the net radiolytic breakdown of the water.  Radiolysis is said to be in suppression when there is 
no net decomposition of the water due to the addition of excess hydrogen. 

3  Hydrogen peroxide was not detected in these tests.  This is probably a consequence of the low 
steady-state concentrations in the circulating water in combination with the surface promoted 
decomposition of the peroxide as it passed down the relatively long thin tubing to the sampling station.  
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coolant is net radiolysis suppression with only dissolved hydrogen observed in the 
out-of-core sections of the loop.  The dissolved hydrogen concentration does not change 
in the out-of-core regions of the loop and can be written as:  

H2O  + H2 added   → neutronsfast,γ   H2O  + H2 added 

To approach the CHC, the concentration of dissolved hydrogen was decreased slowly by 
adding oxygen to the loop water beginning at 15.2 hours so that recombination of 
hydrogen and oxygen to form water is promoted in-core by the radiation field: 

2 H2  + O2   → neutronsfast,γ   2 H2O 

Shortly before 15.65 hours, the dissolved hydrogen concentration reached a minimum 
value and then increased quickly concomitant with the observation of dissolved oxygen 
in the loop water.  The addition of oxygen to the loop was stopped at about 15.8 hours to 
leave steady-state concentrations of hydrogen and oxygen in the circulating water.4  The 
overall steady-state radiation chemistry can be described by the reaction below where the 
radiation field facilitates the chemical reactions to convert water into its decomposition 
products and vice-versa: 

H2O   →← neutronsfast,γ   ½ (1+n) H2 + ½ n O2 + ½ (1-n) H2O2 

where the actual value of “n” is set primarily by: 

1. The ratio of energy deposited by the gamma and fast neutron radiation; 
2. The energy deposition rate; and 
3. The temperature. 

Just before 15.9 hours, hydrogen was added to the loop water quickly, the oxygen was 
removed/recombined, and net-radiolytic breakdown of water was suppressed, placing the 
circulating water back into the net radiolysis suppressed mode again.  As is apparent in 
Figure 5, in non-boiling water, the CHC was the lowest concentration of hydrogen that 
was detected in the water.  In all the non-boiling tests performed, over the temperatures 
and powers investigated, the same CHC was observed within experimental uncertainty.   

This report contains a description of the water radiolysis tests performed in the U-2 loop, 
NRU reactor in 1995, which measured the CHC under different physical conditions of the 
loop such as temperature, reactor power and steam quality.   

To provide experimental data for benchmarking radiolysis computer codes used to 
simulate water radiolysis at high temperatures in reactor cores, more detailed 
experimental information is provided for one well-defined non-boiling test.  The 
information will be sufficient to enable radiolysis-modelling calculations to be performed 
in which the time profile of the hydrogen and oxygen concentrations can be compared to 

                                                
4  When water is being decomposed into hydrogen, oxygen and hydrogen peroxide, the system is said to be 

undergoing ‘net radiolysis’.  

 



UNRESTRICTED 
153-127160-440-003   Page 1-5 

Rev. 0 
 

153-127160-440-003 2008/06/03 

that of the simulations.  The comparison between the simulations and the experimental 
results will allow an assessment to be made of the radiolysis model in use. 

As an example, Glowa, using an in-house radiolysis simulation model, has been able to 
simulate the radiolysis water chemistry in the U-2 loop reasonably well as shown in 
Figure 6 .5  However, to achieve the fit required that the rate constant for reaction: 

OH + H2 → H2O  + H 

be reduced to ~15% of the measured value (Figure 3).  In benchmarking the AECL 
radiolysis model against the U-2 loop data, several options were explored to achieve a 
satisfactory simulation of the experiment results, which included the operating conditions 
of dose rates and thermalhydraulics.  The modification of the single rate constant 
provided an acceptable fit to the experimental results (CHC, oxygen and hydrogen 
concentration time profiles including their steady-state concentrations) whereas other 
approaches such as including impurities failed to simulate all the features of the 
experimental results.   This situation of unrealistically lowering a rate constant requires 
that a re-evaluation of other rate constants in the model and of other parameters be 
undertaken.  This type of re-evaluation will likely be best achieved through co-operative 
collaboration between radiolysis modelling groups.  

                                                
5 This is documented in an internal AECL report.  It is planned to issue an open literature report on 

simulations for these U-2 loop radiolysis studies in the future. 
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2. EXPERIMENTAL 

2.1 Description of U-2 Loop 

A schematic diagram of the U-2 loop installed in the NRU reactor is shown in Figure 4.  
It is a re-circulating light water loop with two vertical fuelled test sections.  In the first 
test section (E-20), the water flow is vertically down, while in the second test section 
(O-17), the flow is vertically up.  Each test section contains six natural isotopic 
abundance UO2 CANDU 37-element fuel bundles where the central fuel element has 
been removed to allow mounting on a tie rod, which holds the fuel in the reactor core.  
Above the fuel in each test section is a flux suppressor which is a ~30 cm long stainless 
steel baffle through which there is no “line-of-sight” path.  Its purpose is to prevent 
neutrons escaping the core.  Immediately below the fuel is a shorter stainless steel flux 
suppressor.  The 4-inch diameter test sections are fabricated from Zr-2.5Nb pressure 
tubes.  Most of the out-of-core pipe work is 4-inch schedule-80 304- or 347-stainless 
steel, while the steam generator contains tubes manufactured from Alloy-690.  The steam 
generator bowl is fabricated from carbon steel. 

The volume of circulating water was ~935 L.  For these tests, when the water flow was 
~20 kg/s, six pumps were used; when the flow was lowered to ~13.5 kg/s, only four 
pumps were in service with the remaining two pumps left idling in the flow.  The 
temperature of the loop water was controlled though the heat generated by the nuclear 
fuel (nominally 5 MW6) and through heat rejection in the steam generator.  Varying the 
volume of water bypassing the steam generator regulates the heat rejection.  The water 
that bypasses the steam generator is recombined with the main flow in the mixer 
(Figure 4).  The loop is licensed for boiling in the second test section with up to 10 wt% 
steam quality permitted at the outlet of the O-17 test section.  Controlling the temperature 
of the water in the surge tank (not shown) regulates the pressure of the loop. 

The circulating water in the loop was continuously purified by a side-stream flow through 
the purification system, which contained a lithium-form mixed bed ion exchange (IX) 
resin.  The flow rate through the purification system was  ~275 L/h, i.e., the purification 
half-life was 2.4 h, and was driven by the pressure head across the pumps.  The make-up 
water to the loop was steam condensate that had been filtered and de-ionized.  Before 
being pumped into the loop, this aerated water was further processed by passing it 
through: 

1. An acid-form mixed bed IX resin bed; 
2. A sulphite resin bed to remove oxygen; and  
3. An acid-form mixed bed IX resin bed to remove any sulphate ions leached from 

the sulphite resin. 

The make-up water contained about 8-9 mL/kg of dissolved nitrogen after removal of the 
oxygen and entered the loop circuit upstream of the steam generator.  In general, about 
50 L of the de-oxygenated make-up water was added to the loop over about 10 minutes, 
every 40 minutes during the tests.  As noted above, the circulating volume of water in the 
                                                
6  In these tests, the two fuel strings could only generated a maximum of ~4.3 MW.  
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loop was about 935 L.  The make-up water was required to compensate for leaks in the 
loop, and for the increased water flowing down the sample lines (~150 mL/min/sample 
line) during the tests.   

The alkalinity of the loop water was maintained during the tests in the range 
10.0<pH<10.4 (as measured at room temperature) by addition of concentrated LiOH 
solution into the return flow of the purification system (that enters the loop at the pump 
suction).  When required, hydrogen gas was added to the loop in ~0.5 L batches, at 
200-1350 kPa, using the same addition point as used for LiOH solution addition.  The 
addition of oxygen gas to the loop was metered in using a mass flow meter at a rate in the 
range of 0-200 mL/min.7 The injection point was just upstream of the purification flow 
return.8   

Chemistry samples for cation and anion analysis were taken from sampling locations 
before and after the IX column in the purification circuit.  Dissolved gas samples were 
obtained from three sample lines (Figure 4): 

1. Inlet of the O-17 test section, i.e., between the E-20 and O-17 test sections, under 
the reactor vessel; 

2. Outlet of the O-17 test section, about 5.2 m downstream of the last fuel bundle in 
test section O-17; and  

3. Outlet of the mixer, which is located downstream of the steam generator. 

All three sample line flows passed through short (1-3 m) lengths of ⅜-inch stainless steel 
line before being cooled and then transported some distance down ⅛-inch tubing to 
sampling station where it was filtered before the dissolved gas analysers and then sent to 
drain.  So-called ‘grab’ samples for volumetric gas analysis of this water were also taken 
periodically from a position just upstream of the location of the filters that were 
immediately before the gas analysers.  Due to differences in the length (and volume) of 
the sample lines, there is a lag in time between when an event occurs in the loop and 
when it is detected at the outlet of the sample lines.  The time delay is of the order of two 
to three minutes, with the outlet of O-17 having the fastest response time, followed by the 
inlet of O-17 and then the mixer sample line.  The difference in the relative response 
times are evident in the figures for dissolved hydrogen and oxygen concentrations as a 
function of time given in the results section.  

The flows from the three loop sampling lines, from the inlet and the outlet of the O-17 
test section and from the mixer outlet location, are fed to individual hydrogen and oxygen 
Orbisphere gas analysers.  The hydrogen Orbisphere analysers used a 29015A membrane 
that had a 90% response time of 50 s; the membrane (2958A) for the oxygen Orbispheres 

                                                
7  As will be described in the Appendix, the addition rate of oxygen may have been half of the value 

displayed on the meter. 
8  Between oxygen additions, it is possible that the injection line may have backfilled with water to some 

extent so, at the recommencement of flow, this water will have to be displaced before oxygen entered the 
loop.  This backfilling of the injection line with water is believed to be most evident in the first oxygen 
injection on a test day.  It is suspected that a burst of bubbles entered the circulating coolant when the gas 
pushed the water out of the injection line. 
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had a 9.5 s response time.  These Orbisphere gas analysers were periodically calibrated, 
as per the instruction manual, during the test period. 

For dissolved oxygen concentrations, the values displayed by the Orbisphere analyser 
were used as recorded without any secondary calibration.  At the time of the tests, it had 
been decided that it was the appearance and disappearance of the oxygen from the loop 
water that was the important observation rather than an accurate measure of the 
concentration.9   

Accurate dissolved hydrogen concentrations were a requirement for these experiments.  
Based on earlier experiences, it was known that measuring dissolved hydrogen 
concentrations in U-2 loop with Orbisphere analysers could be compromised by small 
drifts in calibration over relatively short time periods (McCracken et al. 1992).  To 
compensate for these drifts, a gas chromatographic method for determining dissolved 
hydrogen concentrations was developed so that the dissolved hydrogen concentration 
from the sample line connected to the outlet of O-17 could be measured periodically.  
(The minimum time between one gas chromatograph analysis to the next was about 
40 minutes.)  The dissolved hydrogen concentration as measured by the Orbisphere 
analyser at the time of the gas chromatograph measurement was normalised to the 
concentration determined by the gas chromatograph.  This calibration was then 
propagated to the other dissolved hydrogen Orbisphere analysers connected to O-17 inlet 
and the mixer location by assuming the dissolved hydrogen concentration around the loop 
was equal when the loop water was in the net radiolysis-suppressed state with excess 
dissolved hydrogen present.  The corrections applied to the Orbisphere readings tended to 
be less than ~13%.10  The dissolved hydrogen concentrations measured by the Orbisphere 
analysers are displayed in mL/kg at Standard Temperature (0°C) and Pressure 
(1 atmosphere) (STP). 

Grab samples for gas analysis were also taken from these three sample lines.  The 
dissolved gases were analysed by vacuum extraction from the liquid and then measured 
volumetrically using a palladium thimble technique.  These grab samples were used for 
measuring the concentration of dissolved hydrogen and nitrogen in the loop.  The origin 
of this nitrogen is from the make-up water, which was aerated before the oxygen was 
removed on the sulphite resin column.  The precision for measuring the dissolved 
hydrogen concentration by this grab sample method is poor compared to that measured 
by the Orbisphere analysers (after correction by the gas chromatograph calibration).    

                                                
9  Experience indicated that Orbisphere oxygen analysers tended to function either normally or 

irrationally.  When an oxygen Obisphere was suspected of behaving irrationally, e.g., very noisy 
signal, strange response time, etc., it was serviced and then recalibrated.  

10  The exception was the first three days of the test program where a ~30% correction was applied to all 
hydrogen analysers, after which the Orbispheres were recalibrated.  This 30% correction was suspected 
to have arisen from an inadequacy in the calibration procedure prior to the tests commencing.  After 
the first three days of tests, the loop was unavailable for service for a number of weeks.  Prior to the 
recommencement of the tests, the Orbispheres were re-calibrated. 
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The U-2 loop operating conditions, such as temperatures, pressures, flows, powers, as 
well as the output of online analysers, were logged at 30 s intervals during the radiolysis 
tests by the NRU reactor data historian computer for later analysis.



UNRESTRICTED 
153-127160-440-003   Page 3-1 

Rev. 0 
 

153-127160-440-003 2008/06/03 

3. RESULTS 

Tests were performed on eleven days over a six-week period (Table 1).  After the first 
three test days (1995 July 5th -7th), the loop was removed from high temperature service 
until 1995 August 9th as repairs to some of the loop hardware were required.  On the 
weekend of 1995 August 12th-13th, two events occurred: 

1. One of the circulating pumps failed.  After this point, only two of the three banks 
of pumps were available; the flow rate of the coolant was restricted to a maximum 
of ~14 kg/s for all subsequent tests.  

2. There was a small ingress of ion exchange resin into the loop.  This second event 
raised the dissolved hydrogen concentration to a maximum concentration of 
40 mL/kg before standard loop procedures to remove dissolved gases were 
instigated to reduce the concentration to below 10 mL/kg.   

As described in the Introduction, the general experimental approach was to start a test 
cycle with the circulating coolant in the net radiolysis-suppressed state with only 
dissolved hydrogen detected in the loop.  A flow of oxygen gas was injected at a 
controlled rate into the coolant flow upstream of the pumps.  The oxygen reacted with the 
dissolved hydrogen under the influence of the radiation field in the first test section, E-20 
(Figure 4).   

2 H2  + O2  → neutronsfast,γ  2 H2O 

The concentrations of dissolved hydrogen and oxygen entering the second test section, 
O-17, were monitored at the location shown in Figure 4.  The concentration of dissolved 
hydrogen and oxygen were also measured downstream of the O-17 test section (i.e., 
before the steam generator), and after the mixer (i.e., after the steam generator where any 
steam quality in the re-circulating coolant had been ‘collapsed’).  Once dissolved oxygen 
was observed in the circulating coolant, the coolant was returned to the 
radiolysis-suppressed state by quickly adding in a quantity of hydrogen. 

As the dissolved hydrogen concentration was measured independently a number of times 
during the test day by gas chromatograph, the readings from the three dissolved hydrogen 
Orbispheres could be corrected/normalized to provide an accurate measurement over the 
day.  This can be seen in the figures that summarise the results of the tests where the 
three dissolved hydrogen concentrations are the same when the loop was in radiolytic 
suppression.  As noted above, no such secondary calibration was available for the 
dissolved oxygen concentration measurements from the three Orbispheres that measured 
dissolved oxygen.  Although the dissolved oxygen Orbispheres were calibrated a number 
of times during the tests, drifts in calibration undoubtedly occurred.11, 12 

                                                
11    In reviewing the steady-state hydrogen and oxygen concentrations during periods when net radiolysis 

was occurring, it was noted that the ratio of hydrogen to oxygen was not always the expected 
stoichiometric ratio of near two expected.  There are a number of possible reasons for this, some of 
which are:  (i) the calibration state of the oxygen Orbispheres; (ii) the presence of hydrogen peroxide; 
and (iii) removal of oxygen by the surface oxide in the sampling lines.  
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3.1 Effect of Temperature and Loop Power 

For application to reactor systems, it is important to have an understanding of the effect 
on the radiolysis behaviour under lower temperature and power conditions.  Tests were 
carried out under a number of different physical conditions of power, temperature and 
boiling (Table 1).  For all the physical conditions investigated, essentially the same 
minimum dissolved hydrogen concentration of 0.4-0.6 mL/kg was observed at the inlet of 
O-17 test section (Table 1, Figure 7 and Figure 9).  When a slightly ‘higher’ dissolved 
hydrogen concentration minimum was observed, this could generally be ascribed to some 
perturbation in the test conditions, such as the oxygen addition rate being too high for the 
response of the hydrogen Orbispheres, or that the rate of addition was unstable and was 
fluctuating.  In some cases where the oxygen gas addition was left in service after the 
coolant had gone into net radiolysis, the amount of hydrogen added into the loop was not 
always sufficient to ensure complete suppression of radiolysis.  The effect of this was to 
have trace amounts of oxygen still appearing in the sampled water in some test cycles and 
a slightly elevated minimum observed dissolved hydrogen concentration, i.e., above 
0.4-0.6 mL/kg. 

Figure 7 clearly demonstrates that the CHC did not vary significantly under the range of 
physical conditions studied; the thermal power deposited in the O-17 test section was 
varied from 1200 kW to 2700 kW and the outlet temperature of the O-17 test section was 
changed from 307ºC down to 262ºC and back to 307ºC.  The inlet temperatures of both 
test sections reflected the loop conditions required to achieve the required temperature 
conditions at the outlet of the O-17 test section, for the loop power conditions.  

The two tests near 16.0 to 17.0 hours (Figure 8) demonstrate a very important fact about 
the amount of added hydrogen that is required to recombine oxygen when the coolant is 
in net radiolysis.  In both cases, the amount of hydrogen added to the loop was calculated 
to be only ~60-70% of the amount required to completely (stoichiometrically) recombine 
the oxygen present.13  As can be seen, in both cases the concentration of hydrogen in the 
loop was lower following the addition of hydrogen, and the oxygen concentration 
dropped to below detection.  The point to note is that the addition of hydrogen to the loop 
coolant reduced both the hydrogen and the oxygen concentration.   

The quantity of hydrogen required to recombine the oxygen when the water is in net 
steady-state radiolysis is postulated to be the amount of hydrogen required to increase the 

                                                                                                                                            
12  A further contributing factor that can affect the dissolved oxygen measurement is the loss of oxygen 

from the sample line flow by reaction with the iron oxide surfaces of the sampling line.  This effect 
was only seen when low oxygen concentrations were present and it was the beginning of the test day.  
At the start of each test day, the iron oxide surfaces of the sample lines needed to be ‘conditioned’ to 
minimise the reaction of oxygen with iron oxide surfaces, which had been exposed to reducing 
chemistry conditions for the previous 12 or more hours. 

13  In Figure 8, the amount of hydrogen added to the loop would have increased the hydrogen 
concentration by 1.0 mL/kg (near 16.0 hours) and by 1.4 mL/kg (near 17.0 hours), respectively, if it 
did not react with the oxygen in the loop.  The height of the ‘spikes’ in the hydrogen concentration 
after the addition reflects the length of the addition time, the reaction rate and the response time of the 
Orbisphere.  
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hydrogen concentration in the loop by CHC (i.e., ~ 0.5 mL/kg).14  For the two tests near 
16.0 to 17.0 hours in Figure 8, the amounts of hydrogen added would have increased the 
hydrogen concentration by ~1.0 and 1.4 mL/kg, respectively, if no recombination 
occurred.   

For the non-boiling tests, the first observation of dissolved oxygen in the coolant was 
seen concurrent with the minimum dissolved hydrogen concentration.  This minimum 
dissolved hydrogen concentration can be identified with the critical hydrogen 
concentration to suppress the formation of oxygen in the loop.  

3.2 Effect of Boiling 

When the coolant was allowed to boil over the last few fuel bundles near the outlet of the 
O-17 test section, the dissolved gases would have started to partition between the steam 
and liquid phase.  This can be seen in Figure 9 and Figure 10 for the outlet of O-17 
sample location where the concentration of oxygen and hydrogen were near half the 
values observed at the other two sampling locations where there is no steam phase.15  
When the loop is brought out of boiling, the concentrations of dissolved hydrogen 
become equal at all sample locations. 

When the coolant is allowed to boil in the O-17 test section, trace amounts of oxygen are 
detected at the two sample points downstream of the reactor core, the O-17 outlet and the 
mixer location (Figure 4) before the minimum concentration of dissolved hydrogen is 
reached.  This can be seen in Figure 9, Figure 10 and Figure 11.  When boiling occurs 
in-core, steam bubbles form on the fuel cladding surfaces and are then swept along with 
the coolant flow towards the core exit.  In the case of sub-cooled boiling, these steam 
bubbles will eventually collapse; in the case of nucleate boiling, the bubbles will tend to 
grow with time.  Once a vapour phase is formed in the coolant, the dissolved gases will 
begin to partition between the vapour and liquid phases.16  The instant the vapour space is 
formed, it will contain the gases from the liquid that vaporized; the dissolved gases in the 
surrounding liquid phase will begin to be transported by diffusion towards the 
liquid-vapour interface to escape into the vapour phase thus lowering the concentration of 
dissolved gases in the thin ‘boundary’ layer around the bubble (Figure 12).  This is a 
rate-limited process so there will be a concentration gradient between the interface and 

                                                
14  Unfortunately, tests to determine the minimum amount required to suppress the net radiolysis were not 

performed in these U-2 loop test series.  However, in practice, it would be expected that the amount of 
hydrogen required would be slightly higher than that required to increase the hydrogen concentration 
by the CHC.   

15  At the attachment point for the ⅜-inch O-17 outlet sample line to the 4-inch pipe main pipe, the 
coolant flow is considered to be intermediate plug flow (as opposed to laminar wall flow).  As the 
sample line is simply ‘teed’ into the 4-inch pipe wall, the sample flowing down the line will be an 
entrainment of both liquid and some steam phase.  The steam phase will collapse when the sample is 
cooled; the dissolved gas concentration measured by the analysers will reflect the concentrations that 
were in the mixed phase flow extracted from the loop.   

16   The final equilibrium distribution is set by thermodynamics as can be calculated from Henry’s law and 
the steam fraction.  The residence time of the bubble in the core is expected to be too short for the 
equilibrium to be established. 
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the bulk coolant.  Starting with the whole system in net radiolysis suppression, as the 
bulk hydrogen concentration is slowly reduced, the concentration of hydrogen in this 
boundary region adjacent to the steam phase will decrease to the CHC before the 
hydrogen concentration in the bulk liquid phase does.  Because of this, radiolytic oxygen 
will be formed in this small boundary region.  Only a trace amount of oxygen is observed 
in the coolant leaving the core until such time that the hydrogen concentration in the bulk 
liquid also decreases to the critical hydrogen concentration (Figure 10).  The hydrogen 
concentration, as measured at the mixer sampling location downstream of the core and 
after the steam phase has been collapsed, is dominated by the hydrogen concentration in 
the bulk liquid and in the steam phase leaving the core.  These concentrations will 
overwhelm any small depletion that has occurred in the small boundary region around the 
steam bubbles. 

When only trace amounts of oxygen were detected at the two sampling locations 
downstream of the core, oxygen was not observed at the O-17 inlet sampling location.  
The reason for this is that when the steam phase collapsed, the dissolved hydrogen 
concentration far exceeds the dissolved oxygen concentration, so that as the re-circulating 
coolant passes through the radiation field in the first E-20 test section, the trace amounts 
oxygen are recombined with the excess hydrogen to reform water. 

When net radiolysis occurs in a boiling system, there will be significant distribution of 
both hydrogen and oxygen into the steam phase.  The extent of redistribution will 
increase with increased steam quality.  In the liquid phase, the radiation field will 
essentially maintain the steady-state concentrations of dissolved hydrogen and oxygen. 

The effect of this can be seen in the observed results. When the steam phase was 
collapsed in the steam generator, the concentrations of dissolved hydrogen and oxygen, 
as measured at the mixer location, were higher than those measured at the inlet of the 
O-17 test section after passing through the non-boiling E-20 test section (Figure 10 and 
Figure 11).  This occurred because the concentrations of hydrogen and oxygen were 
higher at the mixer location (inlet to E-20) than the steady-state concentrations that would 
be radiolytically generated in the non-boiling E-20 test section.  This explains why the 
hydrogen and oxygen concentrations were lower after the water had passed through the 
E-20 test section.   Note that the differences in both hydrogen and oxygen concentrations 
across the E-20 test increased with increasing steam quality. 

Further support for the concept of a zone depleted in hydrogen around the steam-liquid 
interface can be seen in Figure 13.  In this figure, the dissolved hydrogen concentration 
when the first oxygen was observed is plotted against steam quality.  As can be seen there 
was only a small dependence on steam quality over the 0-10 wt% range studied.  Also 
shown in Figure 13 is the calculated hydrogen concentration assuming that the hydrogen 
was fully partitioned between the liquid and the steam phase in a thermodynamic 
equilibrium as estimated from Henry’s law and from a CHC of 0.5 mL/kg hydrogen 
when there was no steam quality.  From Figure 13, it is obvious that the hydrogen in the 
tests was not yet distributed between the liquid and steam phase according to a 
thermodynamic equilibrium. 
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In summary, for these tests in the U-2 loop, when the test was performed under 
conditions where there was boiling at the outlet of the O-17 test section, the time in-core 
was sufficiently short to prevent any significant redistribution of the hydrogen between 
the liquid and steam phase before the water left the radiation field.  Although no 
thermalhydraulic analysis was undertaken, based on calculations for CANDU reactor 
cores, boiling likely initiated about 2-3 bundles before the outlet.  The detection of the 
initial trace oxygen in the loop water was a better reflection of the time associated with 
mass transport processes of hydrogen in the boundary region around the steam phase 
rather than the actual steam quality. 

The experimental observations of the oxygen concentrations and the mechanism 
discussed above are consistent with the modelling calculations performed by Dickinsen 
et al. (2002).  In their study, Dickinsen et al. (2002) modelled the effect of depletion of 
hydrogen around bubbles formed during sub-cooled boiling under PWR chemistry 
conditions in-core.  Their radiolysis simulations indicated that the hydrogen peroxide 
concentration increased in the boundary region around the bubble as the bulk hydrogen 
concentration approached their predicted CHC.  Hydrogen peroxide is the precursor to 
oxygen formation.  It would be instructive if these calculations were extended from 
sub-cooled boiling to nucleate boiling conditions to determine the evolution of the 
oxygen concentration in the boundary region. 

3.3 Other Chemistry Observations 

There were a number of chemistry observations of note associated with the loop water in 
the U-2 loop during the tests.  When the loop coolant was in net radiolysis suppression, 
i.e., under chemically reducing conditions, 30-200 µg/kg of ammonia was generally 
detected in the loop water.  The detection of ammonia is not unusual in coolant water of 
nuclear reactors; the formation of the ammonia is from processes initiated from the direct 
radiolysis of the dissolved nitrogen in the water.  Ammonia is also a radiolysis 
degradation product of the anion component of the ion exchange resin used in the 
purification system.  If this resin released some ‘fines’ into the loop, ammonia would be 
formed.  However, when the loop coolant was chemically oxidizing under net radiolysis 
conditions, the ammonia disappeared and up to 270 µg/kg of nitrate ions was detected.17  
In general, higher nitrate concentrations were observed on days when the ammonia 
concentration was high.  The concentration of nitrate/nitrite ions in the water will also be 
a function of the ~2.4 hour purification half-life and the removal efficiency of the resin 
column.  

After tests involving boiling were performed, on the next day the loop water was 
generally ‘grey’ coloured and the pressure drop across the filters in the sampling lines 
had increased significantly.  This is typical of a ‘crud burst’ in the loop where iron oxide 

                                                
17   Unfortunately, the concentration of nitrite ions was not measured.  Based on laboratory and other 

in-reactor observations, the nitrite ion was probably present in comparable concentrations to the nitrate 
ion.   
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particles are circulating in the loop.18, 19 Most of the time on the day following a boiling 
test was spent re-establishing acceptable loop chemistry by feed-and-bleed of loop water, 
clean-up by the purification system, and replacing filters where required.  On a number of 
occasions, CHC measurements were attempted while crud levels were elevated.  One 
example is shown in Figure 14.  As normal, oxygen was added to the coolant to decrease 
the hydrogen concentration.  When the hydrogen concentration reached 0.5-0.6 mL/kg, it 
remained relatively constant but the oxygen analysers detected no oxygen.  At 14.2 hours, 
the rate of oxygen addition was increased slightly for a short period of time and then 
decreased, the hydrogen concentration ‘spiked’ upwards and returned to 0.6 mL/kg; the 
oxygen addition rate was increased slightly again at 14.2 hours and a much larger ‘spike’ 
in the hydrogen concentration was observed.  At 14.4 hours, the oxygen addition rate was 
increased significantly leading to an oscillatory pattern in the dissolved hydrogen 
concentration until 14.9 hours; the oxygen addition rate was adjusted to maximum and at 
15.0 hours the loop coolant went into normal net radiolysis behaviour with the detection 
of oxygen (Figure 14).  After being driven into net radiolysis at 15.0 hours, the radiation 
chemical behaviour observed during the next two cycles in and out of net radiolysis were 
typical of those normally seen with oxygen being detected after the CHC was reached.  

A simple explanation that captures most of the features of the ‘oscillatory’ behaviour of 
the hydrogen concentration (Figure 14) is that when the hydrogen concentration reached 
the CHC, oxygen was produced in the water and the concentration of hydrogen increased 
as normal.  However, the oxygen20 reacted with the Fe(II) ions in the circulating crud to 
form Fe(III) ions leaving the dissolved hydrogen concentration high and the chemistry in 
radiolysis suppression.  The oxygen gas that was still being added to the loop then 
decreases this hydrogen concentration down to the CHC and the cycle repeats itself.  
Once the easily accessible Fe(II) on the surface of the crud particles is depleted, the loop 
chemistry from a radiolysis viewpoint then behaves normally.

                                                
18  On a given day, the ‘crud bursts’ occurred after the boiling experiments were completed and was only 

evident the next morning.  A possible explanation is that Fe(II) in the surface layers of the iron oxide 
on the material surfaces of the loop will have been converted to Fe(III) by the oxidizing conditions in 
the loop.  The crud release occurs because of oxide morphology changes.  Conversion of Fe(II) to 
Fe(III) is considered to be a rapid kinetic process, occurring on the time scale of the test.  However, the 
reduction of the Fe(III) back to Fe(II) is a slow process that takes hours.  On forming the Fe(III) oxide, 
the crystal lattice starts to change from the spinel structure (of the ferrite) to the corundum structure of  
hematite.  On returning to reducing chemistry conditions, the slow transformation of Fe(III) back to 
Fe(II) will induce further crystal lattice changes which could led to spalling of iron oxide crystals from 
the system surfaces.  It is not obvious how boiling promotes this process beyond mechanical effects. 

19  The first major crud burst was after the test on 1995 August 11th with a steam quality of 9 wt%, 
followed by the ion exchange ingress event and pump failure on the following days.  Analysis of the 
crud collect by filtration on 1995 August 14th indicated a chemical composition consistent with 
corrosion products of the stainless steel loop material.  

20  The oxidant could also be the precursors to oxygen, i.e., hydrogen peroxide or the superoxide radical 
(O2

-).  
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4. SUMMARY 

The tests described in this report provide a set of consistent experimental data on the high 
temperature radiolysis of slightly alkaline light water as it re-circulates through a fuelled 
loop where the ionizing radiation is a mixture of gamma radiation and fast neutrons.21  
For non-boiling conditions, the test series demonstrated clearly that the CHC near 
0.5 mL/kg did not vary under the range of physical conditions studied; the thermal power 
deposited in the O-17 test section was varied from 1200 to 2700 kW and the outlet 
temperature of the O-17 test section was changed from 307ºC to 262ºC (Figure 7 ). 

Another important demonstration in this test program is that the amount of hydrogen 
added to the system to suppress net radiolysis22 is less than that required to recombine the 
oxygen present in the circulating water.  The amount of hydrogen that needs to be added 
is that required to increase the hydrogen concentration by (slightly more than) the CHC 
(if no other reactions occurred).  As can be seen in tests performed near 16.0 and 
17.0 hours in Figure 8, hydrogen can be added to the loop water when it is in net 
radiolysis to remove the oxygen and to reduce the hydrogen concentration in the 
circulating water.   

For those tests where boiling occurred on the fuel bundles towards the end of the O-17 
test section, trace amounts of oxygen were detected in the coolant exiting the core before 
the minimum in the dissolved hydrogen concentration was reached.  This observation is 
consistent with the concept that net radiolysis was occurring to produce oxygen in the 
thin boundary layer surrounding the steam bubbles as a result of the partial partitioning of 
the hydrogen in this region between the steam and liquid phase.  The time lapse from the 
formation of the bubble on the fuel sheath to its exit from the core region was too short to 
allow the development of the equilibrium partitioning according to Henry’s law between 
the steam and liquid phase.  

In reviewing the test program for a set of representative data for use as a benchmark for 
radiolysis models, the results of the non-boiling radiolysis test at 15.2–16.0 hours on 
1995 August 18th (Figure 9) have been chosen.  The results of this test, along with the 
experimental conditions, are provided in detail in Appendix A.

                                                
21  The loop coolant does not contain any boron (as boric acid) to control the fast neutron flux. 
22  The assumption is that net radiolysis will have stoichiometric amounts of hydrogen, oxygen and 

hydrogen peroxide and has not been skewed by the presence of excess oxygen, e.g., air was present 
initially.   
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Table 1 
Summary of Radiolysis Test Results 

Date Time 

CHC 
(bulk) † 

Inlet O-17 

CHC 
(Boil)‡ 

Inlet O-17 
Steam  

Quality 
Temperature 

Inlet E-20 
Temperature 

Inlet O-17 
Temperature 
Outlet O-17 

Power 

E-20 

Power 

O-17 

Oxygen  
Addition 

Rate* 

Coolant 
Flow 
Rate 

 (hours) (mL/kg) (mL/kg) (wt%) (ºC) (ºC) (ºC) (kW) (kW) (mL/min) (kg/s) 

            

05-Jul-95 12.4 0.65  0 269 281 306 1300 2700 55 19.5 

05-Jul-95 16.9 0.65  0 269 281 306 1300 2700 55 19.5 

            

06-Jul-95 10.1 0.75  0 269 282 307 1600 2850 55 19.5 

06-Jul-95 15.0 0.55  0 214 231 260 1600 2850 55 19.5 

06-Jul-95 16.7 0.55  0 214 231 260 1600 2850 55 19.5 

            

07-Jul-95 10.4 0.50  0 269 282 307 1300 2600 55 19.9 

07-Jul-95 15.4 0.50 0.8 6 269 282 307 1300 2600 120 19.6 

07-Jul-95 16.9 0.60 - 6 269 282 307 1300 2600 120 19.9 

07-Jul-95 18.2 0.40  0 269 282 307 1300 2600 0 19.5 

            



UNRESTRICTED 
153-127160-440-003   Page T-2 

Rev. 0 

 

153-127160-440-003 2008/06/03 

Date Time 

CHC 
(bulk) † 

Inlet O-17 

CHC 
(Boil)‡ 

Inlet O-17 
Steam  

Quality 
Temperature 

Inlet E-20 
Temperature 

Inlet O-17 
Temperature 
Outlet O-17 

Power 

E-20 

Power 

O-17 

Oxygen  
Addition 

Rate* 

Coolant 
Flow 
Rate 

 (hours) (mL/kg) (mL/kg) (wt%) (ºC) (ºC) (ºC) (kW) (kW) (mL/min) (kg/s) 

09-Aug-95 11.9 0.50  0 265 279 301 1350 2400 30 19.9 

09-Aug-95 14.2 0.55  0 265 279 301 1350 2400 55 19.9 

            

10-Aug-95 10.4 0.55  0 280 290 308 650 1300 55 12.7 

10-Aug-95 12.0 0.45  0 280 290 308 650 1300 40 12.7 

10-Aug-95 13.2 0.50  0 280 290 308 650 1300 55 12.7 

10-Aug-95 15.0 0.60  0 256 272 308 1300 2600 40 13.5 

10-Aug-95 16.7 0.50  0 256 272 308 1300 2600 40 13.5 

10-Aug-95 17.0 0.50  0 256 272 308 1300 2600 40 13.5 

            

11-Aug-95 12.4 0.60  0 254 270 302 1000 2500 40 12.9 

11-Aug-95 18.1 0.50 0.95 9 280 294 310 1000 2500 40 12.3 

11-Aug-95 18.9 0.60 - 9 280 294 310 1000 2500 40 12.3 

11-Aug-95 19.4 0.55 1.2 9 280 294 310 1000 2500 40 12.3 

            

14-Aug-95 14.9 0.50  0 246 268 307 1200 2900 40 13.6 
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Date Time 

CHC 
(bulk) † 

Inlet O-17 

CHC 
(Boil)‡ 

Inlet O-17 
Steam  

Quality 
Temperature 

Inlet E-20 
Temperature 

Inlet O-17 
Temperature 
Outlet O-17 

Power 

E-20 

Power 

O-17 

Oxygen  
Addition 

Rate* 

Coolant 
Flow 
Rate 

 (hours) (mL/kg) (mL/kg) (wt%) (ºC) (ºC) (ºC) (kW) (kW) (mL/min) (kg/s) 

14-Aug-95 16.4 0.45  0 246 268 307 1200 2900 40 13.6 

14-Aug-95 17.2 0.45  0 246 268 307 1200 2900 60 13.6 

            

15-Aug-95 10.1 0.65  0 250 270 307 1500 2700 120 13.6 

15-Aug-95 11.8 0.80  0 250 270 307 1500 2700 40 13.6 

15-Aug-95 13.0 0.50  0 250 270 307 1500 2700 40 13.6 

15-Aug-95 15.9 0.50  0 230 246 262 1000 1250 40 13.9 

15-Aug-95 16.7 0.50  0 230 246 262 1000 1250 40 14.0 

15-Aug-95 20.7 0.50  0 210 230 264 1200 2400 40 14.4 

15-Aug-95 21.4 0.55  0 210 230 264 1200 2400 40 14.4 

            

16-Aug-95 12.0 0.50 - 0 246 268 307 1500 2800 40 13.6 

16-Aug-95 15.2 0.50 ~0.65 4.5 246 268 307 1500 2800 40 12.7 

16-Aug-95 15.7 0.70 ~1 4.5 246 268 307 1500 2800 40 12.7 

16-Aug-95 16.4 0.60 0.9 45 246 268 307 1500 2800 40 12.7 
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Date Time 

CHC 
(bulk) † 

Inlet O-17 

CHC 
(Boil)‡ 

Inlet O-17 
Steam  

Quality 
Temperature 

Inlet E-20 
Temperature 

Inlet O-17 
Temperature 
Outlet O-17 

Power 

E-20 

Power 

O-17 

Oxygen  
Addition 

Rate* 

Coolant 
Flow 
Rate 

 (hours) (mL/kg) (mL/kg) (wt%) (ºC) (ºC) (ºC) (kW) (kW) (mL/min) (kg/s) 

17-Aug-95 15.1 0.45 0 0 247 268 305 1400 2650 40-120 13.5 

            

18-Aug-95 9.8 0.41 - 0 250 268 305 1300 2700 120 13.5 

18-Aug-95 11.4 0.43 - 4 250 268 305 1300 2700 40 12.9 

18-Aug-95 12.5 0.53 0.9 4 260 280 309 1400 2850 40 12.9 

18-Aug-95 13.1 0.60 0.95 4 260 280 309 1400 2850 40 12.9 

18-Aug-95 14.3 0.50 0.75 4 260 280 309 1400 2850 40 12.9 

18-Aug-95 15.8 0.45 - 0 248 270 308 1400 2850 40 13.5 
 

†   This value is the minimum hydrogen concentration observed in the test.  For non-boiling tests, the concentration is the CHC.  For boiling tests, it is when the 
bulk liquid reaches the CHC, as opposed to when oxygen is first observed (see text) as a result of oxygen being produced in the boundary region around a steam 
bubble. 

‡   This value the hydrogen concentration when the first traces of oxygen are observed exiting the core in tests where boiling was occurring.  It reflects the situation 
when the hydrogen concentration in the bulk solution when hydrogen partitioning in the boundary layer around the steam bubbles has reached the CHC. 

*  This value was the reading displayed on the meter.  The actual addition rate may be a factor of two lower – see Appendix A.  

 



UNRESTRICTED 
153-127160-440-003   Page I-1 

Rev. 0 

 

153-127160-440-003 2008/06/03 

 

 

 

 

Temperature (oC)

0 50 100 150 200 250 300

G
-V

al
ue

0.0

1.0

2.0

3.0

4.0

5.0

OH

e-
aq

H2 + H 

H2O2

Hcalculated

H2

 

Figure 1 An example of the temperature dependence of the g-values for the primary species 
formed in the γγγγ-radiolysis of water (Elliot et al. 1993).  
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Figure 2 Examples of the use of the Arrhenius temperature dependence in the estimation of 
rate constants at reactor coolant temperatures.
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Figure 3 Examples of where the use of the Arrhenius temperature dependence would have 
failed to predict the value of the rate constant at reactor coolant temperatures. 
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Figure 4 Schematic diagram of the light water cooled, fuelled U-2 Loop located in the NRU 
reactor, Chalk River Laboratories. 
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Figure 5 Example of the critical hydrogen concentration for the suppression of net 
radiolytic production of hydrogen and oxygen for non-boiling water circulating in U-2 

loop, NRU reactor.  
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Figure 6 Computer simulation of the hydrogen and oxygen concentrations in Figure 5 
(Simulations performed by G. Glowa, AECL).  The radiolysis model used an unreasonably 

low value for the rate constant of OH + H2 →→→→ H2O + H to obtain the fit. 
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Figure 7 The time profiles of the dissolved hydrogen and oxygen concentrations for the 
non-boiling test on 1995 August 15th where the power and temperature were changed.  The 

reactor trip was ~30 minutes. 
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Figure 8 The time profiles of the dissolved hydrogen and oxygen concentrations for the 
non-boiling test on 1995 August 15th where the addition of hydrogen decreases both the 

hydrogen concentration and the oxygen concentration. 
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Figure 9 The time profiles of the dissolved hydrogen and oxygen concentrations for the 
boiling and non-boiling tests on 1995 August 18. 
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Figure 10 The time profiles of the dissolved hydrogen and oxygen concentrations for the 
boiling tests on 1995 August 16 for 4 wt% steam quality. 
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Figure 11 The time profiles of the dissolved hydrogen and oxygen concentrations for the 
boiling tests on 1995 August 11 for 9 wt% steam quality.   
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Figure 12 Illustration of hydrogen re-distribution after steam bubble formation.
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Figure 13 The hydrogen concentration when the first oxygen was detected in the loop as a 
function of steam quality.  Also shown is the estimated hydrogen concentration when 
oxygen would be seen if the hydrogen was in thermodynamic equilibrium partitioning 

between the liquid and steam phase.  
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Figure 14 Time profiles of dissolved hydrogen and oxygen for the test performed on 1995 
August 14. 
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Appendix A 
 

Chemical and Physical Data for Use in Radiation Chemistry Modelling 

The non-boiling test performed between 15.0 and 16.0 hours on 1995 August 18th has been 
chosen as the experimental data that should be used to benchmark the high temperature 
radiolysis modelling.  The experimental data are shown in Figure A-1 and are listed in Table A-
1. The relevant physical conditions in the loop during this test are shown in Figure A-2 and Table 
A-2. 
 
A general description of the loop can be found in the Experimental Section of the main report.  
Table A-3 summarises the lapse times from the top of the E-20 test section for water circulating 
around the loop (Figure 4).  These times were calculated from the mass flow rate of the water in 
the loop, the water temperature, and the estimated volumes for the various sections of the loop. 
 
The relative shape of the fast neutron flux for each test section is shown in Figure A-3.  This 
shape is based on two sources of information.  The first source is from ‘power-to-coolant’ 
calculations using computer programs that predict the operating power associated with the 
particular fuel loading used in the loop.  The data shown in Figure A-3 (red symbols) are for 
each of the three weeks between 1995 August 4th to August 19th.23  The information provided 
does not cover the region adjacent to the edge of the core.  To obtain the relative shape of the 
region at the core edge, the concentration of Nb-93m was mapped from a Zr-2.5Nb pressure tube 
that had been removed from the test loop.  From the concentration of Nb-93m, the relative 
fast-neutron flux profile was generated (blue symbols in Figure A-3).  Although the data from 
the pressure tube was not specific to the current test as it covered a longer period of time during 
which the pressure tube was installed in the loop, as can be seen in this figure, there was an 
acceptable agreement between the two sets of data.  The profile from the Nb-93m activation 
defines the edge of the core showing that the neutron flux suppression by the stainless steel 
components at either end of the fuel string is effective in containing the fast neutron flux.  The 
current profile is noticeably different to the sine wave axial dependence used in earlier 
calculations (McCracken et al. 1998), based on earlier energy deposition calculations.23 

The gamma and fast neutron flux have been assumed to have the same axial profile.  Based on 
calculations performed by D. McCracken and J. Zhang (internal AECL report), the volume 
averaged dose rates from gamma and fast neutron flux at the maximum flux location in the test 
section are given in Table A-4 for 1000 kW of energy absorbed in the test section.  The axial 
profile of the dose rate for gamma and fast neutron radiation along the test section can then be 
generated from the data in Figure A-3, Table A-2, Table A-4 and Table A-5.  Table A-5 also 
provides an estimate of the temperature of the water as it passes through each test section.  This 
temperature profile was generated assuming the temperature increase would scale with the power 
deposited in the water. 

There are two issues to be addressed when modelling the addition of oxygen to the loop: 
                                                
23 The predictions shown in Figure A-1 are based on recent recalculations of the energy deposition using updated 

computer codes and supersede the earlier sine wave profiles used by McCracken et al. (1998).  
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1. For all tests, based on the oxygen addition rate data captured by the NRU reactor data 

historian, the rate of hydrogen removal, e.g., between 15.2-15.6 hours in Figure A-1, was 
the same value as that of the displayed oxygen addition rate.  Based on stoichiometry, the 
concentration of hydrogen should have decreased at twice the rate of oxygen addition.  It 
has to be assumed that this must have arisen from a mis-calibration of the mass flow 
meter or an error in the software algorithm converting the output signal from the mass 
flow meter to the data historian.  In modelling the data in Figure A-1, the oxygen addition 
rate should be adjusted to fit the hydrogen removal rate, i.e., reduce the recorded values 
by about a factor of two. 

 
2. The other issue with modelling the oxygen addition is the offset in time between the 

oxygen addition profile and the profiles of the hydrogen and oxygen concentrations 
measured at the end of the sample lines.  A review of the time offset between when 
oxygen addition to the loop was started/increased to when the hydrogen concentrations 
began to decrease suggested the offset time is about 6 minutes (0.1 hour).  One example 
of this offset can be seen in Figure A-1 between 15.1-15.2 hours.  Knowledge of this 
offset is important in determining when to ‘switch’ the oxygen addition off in the 
modelling.  In Figure A-1, the termination of oxygen addition was closer to 15.8 hours in 
the ‘time-domain’ of the hydrogen and oxygen concentrations measured at the end of the 
sample lines. 

  

The hydrogen addition near 15.9 hours (Figure A-1) was by a batch process where an estimated 
~0.075 moles of hydrogen was added into the loop from a ~0.5 L container located in a side 
stream loop.  Preliminary radiolysis modelling of the data in Figure A-1 has been undertaken by 
G. Glowa (internal AECL report).24  In order to fit the time profiles of oxygen and hydrogen, for 
the reaction: 

OH  + H2 → H2O  + H  

an unreasonably low value of 1.3×108 L/mol/s had to be used to get a ‘fit’, compared to the 
measured value of 8.0 ×108 L/mol/s as shown in Figure 3 (Elliot and Stuart 2006).  

The ‘forced’ fits to the data are shown in Figure A-4.  The simulations are in agreement with the 
experimental data.  The important point to note in the simulations in Figure A-4 is the good 
agreement between the experimental and simulated time profiles of the hydrogen concentration 
associated with the hydrogen addition for the inlet and outlet sampling locations for the O-17 test 
section.  For the hydrogen addition in the simulations, Glowa added 0.061 moles over a three 
minute time period.  This is equivalent to ~3½ circuits (or passes) of the coolant around the loop.    

 

Two other factors that may have some impact on the observed experimental readings of 
dissolved gas concentrations are: 

                                                
24 These simulations were exploratory; only 300ºC rate constants were used and the flux profile was assumed to 

have a sine wave shape. 
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1. For hydrogen, the membranes used in the Orbispheres had a 90% response time of 50 s.  
The effect will be that for any minimum in dissolved hydrogen concentration, the output 
signal of the analyser will be ‘integrated’ with this ‘time constant’.  This will be less of an 
issue with oxygen, as the membrane had a 9.5 s response time. 

 

2. In the ⅛-inch sample lines, there will be some flow broadening of any 
minimum/maximum in the gas concentration by axial diffusion as the samples flow 
towards the analysers. 

 

The information provide here should be sufficient to enable radiolysis-modelling calculations to 
be performed in which the time profile of the hydrogen and oxygen concentrations can be 
compared to that of the simulations.  It is intended that the comparison between the simulations 
and the experimental results be shared within the radiation chemistry community to provide 
guidance in verifying fundamental input data, such as rate constants and g-values, and to help 
provide a focus for future experimental work.  



UNRESTRICTED 
153-127160-440-003   Page A-1 

Rev. 0 

 

153-127160-440-003 2008/06/03 

Table A-1 
Experimental data retrieved from the data historian: hydrogen and oxygen concentrations 

measured by the Orbispheres at the three sampling locations; addition rate of make-up 
water; and oxygen addition rate.  (Note: The reference time is the time of day.  The 

concentrations that are given in the table, at a given time, reflect values in the loop a few 
minutes before the listed time.  This arises because the analyses are made after flow down 

‘long’ sample lines.) 

 Inlet O-17 Inlet O-17 Outlet O-17 Outlet O-17 Mixer Mixer 
Time [H2] [O2] [H 2] [O2] [H 2] [O2] 

Make Up 
Water 

Oxygen 
Addition  

(hours) (mL/kg) (µµµµg/kg) (mL/kg) (µµµµg/kg) (mL/kg) (µµµµg/kg) (L/min) (mL/min)  
15.00 2.18 0.59 2.16 1.00 2.18 0.04 6.2   
15.01 2.17 0.59 2.18 0.98 2.18 0.04 6.2   
15.02 2.16 0.59 2.18 0.99 2.17 -0.14 6.2   
15.03 2.17 0.55 2.18 0.96 2.17 0.12 6.2   
15.03 2.17 0.53 2.20 0.96 2.17 0.06 6.2   
15.04 2.18 0.52 2.20 0.96 2.17 0.17 0.3   
15.05 2.18 0.44 2.20 0.94 2.17 -0.18 0.3 3 
15.06 2.18 0.42 2.20 0.92 2.17 -0.13 0.3 3 
15.07 2.18 0.40 2.21 0.93 2.17 -0.06 0.3 3 
15.08 2.18 0.44 2.22 0.89 2.17 -0.06 0.3 43 
15.08 2.18 0.42 2.21 0.91 2.17 -0.04 0.3 44 
15.09 2.19 0.43 2.17 0.91 2.19 -0.15 0.3 44 
15.10 2.21 0.43 2.17 0.92 2.21 -0.12 0.3 44 
15.11 2.22 0.37 2.15 1.14 2.22 -0.12 0.3 44 
15.12 2.22 0.33 2.18 0.98 2.22 -0.23 0.3 44 
15.13 2.20 0.29 2.16 0.95 2.18 -0.13 0.3 44 
15.13 2.21 0.28 2.14 0.92 2.17 -0.22 0.3 55 
15.14 2.22 0.24 2.14 0.89 2.21 -0.08 0.3 59 
15.15 2.21 0.24 2.18 0.88 2.18 -0.09 0.3 59 
15.16 2.21 0.21 2.18 0.86 2.18 -0.19 0.3 59 
15.17 2.21 0.22 2.14 0.87 2.17 -0.01 0.3 59 
15.18 2.18 0.25 2.09 0.91 2.18 -0.25 0.3 59 
15.18 2.15 0.24 2.09 0.91 2.20 -0.28 0.3 59 
15.19 2.13 0.26 2.05 0.89 2.18 -0.20 0.3 59 
15.20 2.11 0.28 2.05 0.90 2.14 -0.12 0.3 59 
15.21 2.07 0.27 1.98 0.90 2.13 0.02 0.3 59 
15.22 2.02 0.25 1.96 0.90 2.08 -0.25 0.3 59 
15.23 1.97 0.24 1.89 0.91 2.08 -0.03 0.3 59 
15.23 1.93 0.25 1.89 0.90 2.06 -0.14 0.3 59 
15.24 1.90 0.27 1.86 0.90 2.02 -0.08 0.3 59 
15.25 1.88 0.29 1.80 0.91 1.96 -0.18 0.3 59 
15.26 1.85 0.30 1.78 0.89 1.93 0.01 0.3 59 
15.27 1.78 0.27 1.70 0.92 1.90 0.13 0.3 59 
15.28 1.76 0.28 1.63 0.92 1.86 0.05 0.3 59 
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 Inlet O-17 Inlet O-17 Outlet O-17 Outlet O-17 Mixer Mixer 
Time [H2] [O2] [H 2] [O2] [H 2] [O2] 

Make Up 
Water 

Oxygen 
Addition  

(hours) (mL/kg) (µµµµg/kg) (mL/kg) (µµµµg/kg) (mL/kg) (µµµµg/kg) (L/min) (mL/min)  
15.28 1.72 0.33 1.60 0.93 1.83 -0.04 0.3 59 
15.29 1.69 0.31 1.56 0.94 1.75 0.10 0.3 59 
15.30 1.66 0.30 1.57 0.91 1.70 -0.11 0.3 59 
15.31 1.61 0.35 1.54 0.92 1.68 0.50 0.3 59 
15.32 1.55 0.37 1.49 0.93 1.62 0.14 0.3 59 
15.33 1.53 0.42 1.43 0.92 1.61 0.13 0.3 59 
15.33 1.48 0.43 1.41 0.92 1.59 0.04 0.3 59 
15.34 1.44 0.44 1.39 0.93 1.55 0.10 0.3 59 
15.35 1.42 0.45 1.32 0.92 1.48 0.11 0.3 59 
15.36 1.39 0.44 1.33 0.91 1.46 0.06 0.3 59 
15.37 1.32 0.46 1.30 0.93 1.42 0.17 0.3 59 
15.38 1.31 0.45 1.24 0.91 1.39 0.21 0.3 59 
15.38 1.27 0.48 1.25 0.92 1.36 0.13 0.3 59 
15.39 1.24 0.47 1.18 0.92 1.33 0.18 0.3 59 
15.40 1.22 0.51 1.15 0.92 1.30 0.15 0.3 59 
15.41 1.17 0.53 1.13 0.90 1.28 0.47 0.3 59 
15.42 1.14 0.55 1.09 0.92 1.24 0.32 0.3 59 
15.43 1.11 0.55 1.05 0.96 1.21 0.20 0.3 59 
15.43 1.07 0.65 1.02 0.95 1.17 0.33 0.3 59 
15.44 1.03 0.70 0.98 0.96 1.14 0.55 0.3 59 
15.45 1.03 0.72 0.93 0.95 1.10 0.43 0.3 59 
15.46 1.04 0.73 0.89 0.94 1.06 0.36 0.3 46 
15.47 0.99 0.74 0.87 0.96 1.03 0.27 0.3 47 
15.48 0.95 0.77 0.89 0.96 0.98 0.29 0.3 45 
15.48 0.92 0.81 0.85 0.95 0.94 0.47 0.3 45 
15.49 0.88 0.87 0.81 0.96 0.91 0.69 0.3 45 
15.50 0.85 0.90 0.78 0.97 0.89 0.64 0.3 45 
15.51 0.81 0.99 0.75 0.96 0.85 0.44 0.3 45 
15.52 0.76 1.00 0.74 0.96 0.81 0.42 0.3 45 
15.53 0.75 1.00 0.71 0.98 0.77 0.30 0.3 45 
15.53 0.73 1.04 0.68 1.00 0.74 0.49 0.3 45 
15.54 0.71 1.09 0.65 1.01 0.72 0.49 6.0 45 
15.55 0.67 1.09 0.63 1.04 0.70 0.60 4.3 45 
15.56 0.65 1.14 0.62 1.03 0.67 0.55 5.3 45 
15.57 0.63 1.17 0.62 1.02 0.65 0.68 6.6 45 
15.58 0.61 1.21 0.58 1.06 0.62 0.63 5.3 45 
15.58 0.60 1.26 0.56 1.07 0.60 0.60 3.9 45 
15.59 0.58 1.33 0.54 1.13 0.59 0.55 6.1 45 
15.60 0.56 1.40 0.52 1.20 0.57 0.77 6.4 45 
15.61 0.53 1.49 0.50 1.27 0.55 0.69 5.0 45 
15.62 0.52 1.57 0.47 1.40 0.53 0.70 3.9 45 
15.63 0.49 1.72 0.47 1.59 0.50 0.86 6.3 45 
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 Inlet O-17 Inlet O-17 Outlet O-17 Outlet O-17 Mixer Mixer 
Time [H2] [O2] [H 2] [O2] [H 2] [O2] 

Make Up 
Water 

Oxygen 
Addition  

(hours) (mL/kg) (µµµµg/kg) (mL/kg) (µµµµg/kg) (mL/kg) (µµµµg/kg) (L/min) (mL/min)  
15.63 0.47 1.88 0.51 22.50 0.48 0.74 6.4 45 
15.64 0.46 2.08 0.58 50.93 0.46 0.73 5.1 45 
15.65 0.45 2.31 0.72 217.65 0.45 1.22 4.0 45 
15.66 0.45 16.27 0.99 417.46 0.46 10.16 6.2 45 
15.67 0.57 84.21 1.25 610.84 0.51 32.08 6.4 45 
15.68 0.75 244.63 1.48 760.54 0.61 108.24 5.0 45 
15.68 1.00 465.64 1.67 898.67 0.83 260.37 3.9 45 
15.69 1.21 676.37 1.82 992.15 1.10 455.04 6.2 45 
15.70 1.45 836.03 1.94 1082.10 1.37 630.76 6.4 45 
15.71 1.65 960.35 2.04 1147.63 1.59 784.95 5.0   
15.72 1.81 1067.64 2.12 1209.95 1.76 907.66 4.0   
15.73 1.91 1154.70 2.18 1262.31 1.91 1006.93 0.3   
15.73 2.02 1226.33 2.24 1316.92 2.02 1091.09 0.3 1 
15.74 2.10 1293.79 2.29 1369.28 2.13 1163.69 0.3 2 
15.75 2.17 1346.47 2.34 1483.64 2.20 1226.01 0.3 2 
15.76 2.24 1423.25 2.41 1467.90 2.25 1282.23 0.3 2 
15.77 2.28 1480.11 2.43 1464.05 2.30 1333.30 0.3 1 
15.78 2.33 1491.35 2.45 1470.79 2.33 1407.83 0.3 1 
15.78 2.39 1506.45 2.48 1468.22 2.38 1460.83 0.3 3 
15.79 2.41 1504.52 2.49 1464.37 2.41 1482.68 0.3 2 
15.80 2.44 1500.35 2.49 1457.30 2.42 1487.50 0.3 2 
15.81 2.44 1494.89 2.50 1447.99 2.46 1491.03 0.3 2 
15.82 2.46 1485.25 2.50 1433.85 2.45 1487.82 0.3 2 
15.83 2.48 1473.04 2.51 1418.11 2.48 1481.39 0.3 2 
15.83 2.48 1462.44 2.51 1403.01 2.48 1471.11 0.3 2 
15.84 2.47 1448.95 2.50 1351.61 2.49 1460.83 0.3 2 
15.85 2.48 1430.00 2.50 802.94 2.49 1448.63 0.3 2 
15.86 2.52 1243.36 2.32 194.84 2.48 1435.46 0.3 2 
15.87 2.75 876.82 2.11 49.52 2.48 1402.05 0.3 2 
15.88 2.81 378.26 2.23 24.85 2.47 1138.31 0.3 2 
15.88 2.58 82.16 2.30 17.64 2.39 679.59 0.3 2 
15.89 2.41 18.62 2.32 16.52 2.22 294.74 0.3 2 
15.90 2.33 7.80 2.32 13.79 2.15 105.74 0.3 2 
15.91 2.31 4.67 2.30 11.13 2.21 41.71 0.3 2 
15.92 2.31 3.42 2.29 9.02 2.24 22.99 0.3 2 
15.93 2.27 2.71 2.27 9.55 2.26 16.92 0.3 2 
15.93 2.27 2.11 2.26 7.66 2.27 11.86 0.3 2 
15.94 2.24 1.99 2.24 5.83 2.24 10.39 0.3 2 
15.95 2.22 1.67 2.23 5.46 2.24 7.70 0.3 2 
15.96 2.19 1.40 2.22 4.88 2.23 6.04 0.3 2 
15.97 2.18 1.26 2.22 3.91 2.22 4.65 0.3 2 
15.98 2.19 1.13 2.22 3.82 2.22 4.11 0.3 2 
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 Inlet O-17 Inlet O-17 Outlet O-17 Outlet O-17 Mixer Mixer 
Time [H2] [O2] [H 2] [O2] [H 2] [O2] 

Make Up 
Water 

Oxygen 
Addition  

(hours) (mL/kg) (µµµµg/kg) (mL/kg) (µµµµg/kg) (mL/kg) (µµµµg/kg) (L/min) (mL/min)  
15.98 2.18 1.10 2.21 2.92 2.21 3.36 0.3 2 
15.99 2.16 1.02 2.21 2.82 2.21 2.76 0.3 2 
16.00 2.17 0.96 2.19 2.64 2.19 2.05 0.3 2 
16.01 2.14 0.90 2.21 2.18 2.18 2.20 0.3 2 
16.02 2.13 0.78 2.18 2.11 2.17 1.68 0.3 2 
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Table A-2 
Loop conditions for 1995 August 18 test between 15.0 and 16.0 hours. 

Parameter Value 
Coolant  Light water 
Steam Quality None 
Mass Coolant Flow 13.5 kg/s 
Power E-20 1400 kW 
Power O-17 2900 kW 
Inlet Temperature E-20 246ºC 
Inlet Temperature O-17/Outlet Temperature E-20  268ºC 
Outlet Temperature O-17 307ºC 
pH25ºC 10.1 
Volume of Loop 935 L 

 
 

Table A-3 
The lapse time for water flow through the U-2 loop calculated for a mass flow rate of 13.5 

kg/s.  Refer to Figure 4 for location points around the loop.  The approximate volume of the 
component and the temperature is also listed. 

Location Volume Time Temperature 
(Downstream end of component) (L) (s) (ºC) 
Top of E-20  32 1.88 246 
Start of E-20 Fuel String 2 2.03 246 
End of E-20 Fuel String 10 2.62 268 
Sampling Point - O-17 Inlet 25 4.02 268 
Start of O-17 Fuel String 25 5.42 268 
End of O-17 Fuel String 10 5.97 307 
Sampling Point - O-17 Outlet 26 7.73 307 
Inlet Steam Generator 184 16.73 307 
Outlet Steam Generator 260 31.23 246 
Sampling Point - Mixer 115 38.00 246 
Purification Return Flow 
(Gas Injection Point) - 

38.09 246 

Top of E-20 247 52.82 246 
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Table A-4 
The volume averaged dose rates from gamma and fast neutron, at the maximum flux 

location, in the test section for 1000 kW of deposited energy in the test section. 

Test Section Gamma Dose Rate 

(Gy/s) 

Fast Neutron Dose Rate 

(Gy/s) 

E-20 710  900 

O-17 590 800 
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Table A-5 
Estimated temperature through the test sections based on the energy deposition profile 

shown in Figure A-3. 

E-20 Test Section O-17 Test Section 
Time Temperature Dose Profile Temperature Time Dose Profile 
(s) (ºC) Relative (ºC) (s) Relative 

2.03 246.0 0.00 5.42 268.0 0.00 
2.05 246.4 0.45 5.44 268.7 0.44 
2.07 246.9 0.59 5.46 269.6 0.59 
2.09 247.6 0.69 5.48 270.7 0.69 
2.11 248.3 0.76 5.49 272.0 0.76 
2.13 249.0 0.80 5.51 273.2 0.81 
2.15 249.8 0.83 5.53 274.6 0.84 
2.17 250.5 0.86 5.55 276.0 0.87 
2.19 251.3 0.88 5.57 277.4 0.89 
2.21 252.2 0.90 5.59 278.8 0.91 
2.23 253.0 0.93 5.60 280.3 0.94 
2.25 253.9 0.95 5.62 281.8 0.96 
2.27 254.8 0.97 5.64 283.4 0.98 
2.29 255.6 0.98 5.66 285.0 0.99 
2.31 256.6 1.00 5.68 286.6 1.00 
2.33 257.5 1.00 5.70 288.2 1.01 
2.35 258.4 1.00 5.71 289.8 1.01 
2.37 259.3 1.00 5.73 291.4 1.00 
2.39 260.2 0.98 5.75 292.9 0.99 
2.41 261.1 0.96 5.77 294.5 0.97 
2.43 261.9 0.94 5.79 296.0 0.95 
2.45 262.7 0.91 5.81 297.5 0.93 
2.47 263.5 0.88 5.82 298.9 0.90 
2.49 264.3 0.84 5.84 300.3 0.87 
2.51 265.0 0.81 5.86 301.6 0.84 
2.53 265.7 0.76 5.88 302.9 0.80 
2.54 266.4 0.71 5.90 304.1 0.75 
2.56 267.0 0.64 5.92 305.2 0.67 
2.58 267.5 0.54 5.94 306.1 0.56 
2.60 267.8 0.39 5.95 306.7 0.40 
2.62 268.0 0.17 5.97 307.0 0.16 
2.63 268.0 0.02 5.98 307.0 0.01 
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Figure A-1  The concentrations of hydrogen and oxygen measured on 1995 August 18 for 
use in radiolysis modelling calculations.  The data displayed in this figure are listed in 

Table A-1.
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Figure A-2  Powers and temperature for 1995 August 18 radiolysis test for the period 
relevant to the data in Figure A-1. 
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Coefficients:
b[0] =  1.0033704193
b[1] =  3.0286841027e-4
b[2] = -3.3969412394e-5
b[3] = -9.3462308639e-8
b[4] =  2.1841294672e-9
b[5] =  5.6550281981e-12
b[6] = -1.0052838188e-13
b[7] = -1.1134428438e-16
  r ²  =  0.98874136

 
Outlet Test Section O-17
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b[1] =  1.9998198394e-4
b[2] = -3.0113357069e-5
b[3] = -2.7649291806e-8
b[4] =  1.9685685494e-9
b[5] =  5.5632399358e-13
b[6] = -1.0020259295e-13
 r ²�=  0.9924867864

 

Figure A-3  The estimated fast flux profile along the test sections based on ‘power to 
coolant’ calculations associated with these tests and Nb-93m activation of Nb-93 in the 

Zr-2.5Nb of a removed pressure tube.  The location of the fuel string is shown.  The open 
‘boxes’ on either end of the fuel bundles represents the stainless steel flux suppressors.  The 

coefficients for the polynomial fits to the flux profile are also given. 
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Figure A-4  Results of preliminary radiolysis modelling of the data that shows agreement 
between the hydrogen profiles around the time of hydrogen addition.  The radiolysis model 

had an unreasonably low value for the OH + H2 →→→→ rate constant to obtain the fit. 
(Simulations performed by G. Glowa, AECL). 
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