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Hydrogen uptake in defective fuel rods by Zr cladding plays an important role in both cladding embrittlement
and internal gas pressure build up. The computer codes need models based on representative experimental data
in order to predict correctly the behaviour of defective rods under different conditions.

Isothermal H uptake tests at 300 °C, 330 °C, 370 °C and 400 °C were carried out with Zircaloy-4 and E110
cladding samples. Hydrogen uptake increased with the increase of temperature and significant differences were
found between the two alloys. The experimental data on Zircaloy-4 have already been used for the simulation of
defective fuel rods in the framework of the EU R2CA project. New correlation was created for E110 cladding,
which reproduced well the measured data and which can be introduced into fuel behavior computer codes.

1. Introduction

In case of steam generator tube rupture events the defective fuel rods
may provide significant activity release into the primary coolant (Lewis
et al., 1997). Furthermore, the mechanical loads associated with the
accident conditions can cause further degradation of the fuel rods
(Olander et al., 1999; Une et al., 1995) as a consequence of the following
phenomena:

The primary coolant may enter the defective fuel rods after the for-
mation of defect.

Hydrogen can be produced inside of the fuel rod as from water by
different mechanism (radiolysis, corrosion).

The hydrogen will be accumulated in the gas volume of fuel rod and a
part of the available hydrogen will be absorbed by the zirconium
cladding tube.

The high local hydrogen content in some parts of the cladding can
create hydride blusters and at those positions the cladding becomes
very brittle.

The change of pressure in the primary coolant and/or in the fuel rod
will result in stresses that can lead to secondary failure of the fuel
rod.

The understanding and detailed numerical modelling of the above
listed phenomena need experimental data, which are representative for
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the physical parameters of the nuclear power plants.

The high hydrogen content in the cladding represents a safety issue,
since it may result in brittle failure of the fuel rod in the reactor (Suman
etal., 2015). The hydrogen uptake may happen not only in defective fuel
rods, but also with intact fuel due to waterside corrosion (Ensor et al.,
2017). In case of accident conditions, the high temperature oxidation of
Zr alloys in steam is also accompanied with hydrogen uptake (Stein-
briick, 2004).

The hydrogen uptake of cladding materials in nuclear power plants
was addressed in several test series. Early studies indicated that the
hydrogen uptake of Zr significantly accelerates with the increase of
temperature and the existence of oxide film on the metallic surface may
slow down the hydrogen uptake process (Gulbransen and Andrew,
1954). The different Zr alloys used in nuclear reactor are characterized
by different H pickup fraction and kinetics (Couet et al., 2013; Cox,
1999). The Halden reactor experiments simulated the secondary
degradation in defective fuel and illustrated that the significant amount
of the hydrogen produced from water inside of the fuel rod can be picked
up by the cladding (Wright et al., 2017).

The numerical models of hydrogen uptake take into account the
partial pressure of hydrogen in the atmosphere and the amount of
absorbed hydrogen in the metal (GroBe et al., 2008; Veshchunov and
Shestak, 2012). The rate of hydrogen uptake strongly depends on tem-
perature (Steinbriick, 2004; Veshchunov and Shestak, 2012). Some
transient fuel behavior codes have detailed models for hydrogen
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Fig. 1. The equipment used for the Zircaloy-4 and E110 sample hydrogenation.

migration in the cladding and takes into account the terminal solid
solubilities for dissolution and for precipitation (Seo et al., 2021).

In the present work the hydrogen uptake of Zr alloys was investi-
gated. There is a large number of tests available on hydrogen uptake of
Zr (Steinbriick, 2004; Hatano et al., 1996; Novotny et al., 2015; Grosse
etal., 2011), but most of them were carried out at high temperatures. In
the defective fuel rods, during normal operational conditions the typical
cladding temperatures are in the range of 300-400 °C. In the framework
of the EU R2CA project, hydrogen uptake tests have been carried out
Zircaloy-4 and E110 cladding tube samples between 300 and 400 °C in
the laboratories of Centre for Energy Research, Hungary in order to
support the development and validation of numerical models.

In the reality the hydrogen uptake is accompanied with the corrosion
of Zr in steam/water. In the present test series — in order to support
model development — it was intended to determine the uptake rate in
pure hydrogen, without the corrosion effect.

The present paper describes the experimental program of Centre for
Energy Research (EK), Hungary carried out with Zircaloy-4 and E110
cladding tube samples. The second part of this report gives a short
description of a numerical model which is based on the results of the H
uptake tests.

2. Test facility and sample preparation

The sample preparations and the tests were carried out in the labo-
ratories of the Centre for Energy Research.

2.1. Test facility

The experimental set-up consists mainly of an electrically heated
three-zone tube furnace with a quartz tube put in it that connects to
pipe-line system. The quartz tube contains the sample holder, and can be
vacuumed or filled up with argon or hydrogen gas. The pressure of the
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Fig. 2. The schematic view of the equipment for hydrogenation.

gas system was measured by a Vacuubrand type DVR 5 pressure gauge
and recorded by a computer. The experimental set-up used for hydro-
genation of Zr claddings is shown in Fig. 1. while the schematic view of
the equipment can be seen in Fig. 2.

The exact volume of the round bottom glass flask was determined to
calculate the V, volume (see Fig. 2). While V, volume has a role in
calculating the amount of hydrogen, the exact volume of V; is not
needed to be determined for the calculations.
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Fig. 3. The 8 mm long ring samples (on the left side) placed on the sample holder containing a soft iron core (on the right side).

quartz tube
sample holder

Fig. 4. Sample arrangement on the sample holder.

2.2. Tested materials, sample preparation

The investigated cladding materials were E110 (outer diameter:
9.10 mm; wall thickness: 0.67 mm) and Zircaloy-4 (outer diameter:
10.75 mm, wall thickness: 0.73 mm) alloys. The cladding tubes were cut
into 8 mm long specimens. The specimens were open tube segments.
Prior to the experiments the tube segments were degreased and cleaned
by acetone in ultrasonic bath and weighted carefully.

The samples were weighed both before and after the hydrogenation
using a Mettler Toledo XP2U type ultra microbalance having a read-
ability of 0.1 pg.

2.3. Hydrogenation and H content measurements

After cleaning, 4 ring samples were placed on the quartz sample
holder (see Fig. 3) that was put into the cold part of the quartz tube
outside the furnace.

The samples were always placed on the sample holder in ascending
order by their names (e.g. from AHG-21 on the left side to AHG-24 on the
right side), and consequently the samples with higher number in their
names were placed closer to the outer part of the quartz tube (Fig. 4).

At the cold end of the tube perforated plastic cylinders containing
anhydrous calcium-sulphate were placed to adsorb the residual moisture
after vacuuming. The tube was closed with a greased (Apiezon L type
ultra high vacuum grease) glass stopper.

To remove the air and moisture from the quartz tube, volumes V; and
V;, were vacuumed and flushed using ultra high purity grade (99.999 %
(5 N)) argon and hydrogen gases. In the end of this process the whole
pipeline system was vacuumed.

In the next step the volume V3 was filled up to 1000 mbar with 5 N
pure hydrogen gas. Then the sample holder was pulled into the furnace
using a magnet, so the samples got into the hot end of the quartz tube in
the furnace, while the right part of the sample holder on Fig. 3 with the
soft iron core remained out of the furnace. After 5 min the temperature
of the samples reached the target temperature and valve V; was opened.
The pressure in the (V1 + V) volume decreased to a value around 410
mbar. The pressure was continuously measured by the pressure gauge
and recorded by a computer during the 23-hour long hydrogenation.

The decreasing of the pressure meant the samples were absorbing the
hydrogen. The rate of the pressure decrease was getting lower and lower

as an equilibrium was forming between the hydrogen content of the
samples and the gas.

After 23 h the recording of the pressure was stopped and the sample
holder was fully pulled out from the furnace. After it cooled down to
room temperature the system was filled up to around 1000 mbar with
argon gas and opened, then the samples were carefully collected and
weighed.

The recording of the pressure was started when the pressure dropped
from 1000 mbar to around 400-410 mbar after opening valve V; (see
Fig. 2).

The mass gain of the ring samples is determined by weighing the
samples before and after the hydrogenation. Based on the weight of the
samples the approximate hydrogen content of the samples can be esti-
mated using the formula:
con, = Am ) gs

m;
where:

cy, hydrogen content (however the effects of the possible oxidation
are also included) (ppm).

Am mass gain of the sample during hydrogenation (grams).

m; mass of the sample before hydrogenation (grams).

The amount of the hydrogen absorbed by all the four samples can be
calculated as follows. The total mass of the hydrogen in volume V,
before the hydrogenation can be determined by the ideal gas law as we
know the V; volume, the temperature and the pressure of the hydrogen
gas in the volume V. The ratio of the absorbed gas to the total amount of
it can be determined based on the pressure ratio of the hydrogen gas
measured at the beginning and at the end of the experiment. Knowing
the total mass of the 4 samples the average absorbed hydrogen con-
centration can be calculated (in ppm) since the absorption of the
hydrogen is not even among the four samples in the furnace.

The quantitative analysis of the hydrogen absorbed in the samples
was carried out using an ELTRA ELEMENTRAC OH-p 2 type elemental
analyzer. This device uses the hot extraction method and can be used for
quick measurement of oxygen and hydrogen concentrations in inorganic
samples like steel, iron, copper, zirconium, titanium, molybdenum,
nickel or ceramics. The highly sensitive nondispersive infrared (NDIR)
and thermal conductivity detectors (TCD) can reliably detect element
concentrations from low ppm content to high percentages.

The device consists of two units, the analyzer that includes the high
furnace and a cooling unit. The hydrogen concentrations are determined
by a robust and sensitive thermal conductivity cell. The sample falls
through three airlocks into a graphite crucible, where it is melted by the
high temperature generated by the flow of current through the graphite
crucible. To decrease the melting point, the small pieces cut out from
different positions of the ring samples and weighed before the mea-
surement are placed in nickel capsules and put into the sample holder of
the device. The carrier gas is high purity (99.999 %) nitrogen that purges
the hydrogen released from the sample to the thermal conductivity cell.

The thermal conductivity detector detects the difference in thermal
conductivity between effluent flow (carrier gas + hydrogen) and a
reference flow of carrier gas alone; it produces a voltage proportional to
this difference. During the measurement the TCD signal is continuously
recorded and the differences are finally integrated and converted into
hydrogen content (Manual ELTRA ELEMENTRAC ONH-p series. 2017).
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Fig. 5. The gray oxide layer on the samples resulted by the undesired oxidation during the hydrogenation.

AHG-21 AHG-22 AHG-23 AHG-24

Fig. 6. The colored oxide layer on the outer samples (on the right side) hydrogenated at 330 °C.

3. Results of H uptake tests

The rate and the characteristics of hydrogen uptake of the two alloys
were determined at 300 °C, 330 °C, 370 °C, and 400 °C; using 4 ring
samples at every temperature. The effect of the temperature on the
hydrogen uptake of the two zirconium alloys was also investigated in the
range of 300-400 °C.

3.1. Execution of tests

Notwithstanding the presence of the calcium-sulphate getter placed
at the joint of the quartz tube, some water vapour (and oxygen) could
enter the system during the measurements, and thus slight oxidation of
the samples occurred resulting thin oxide layer on the surface of some
samples.

Depending on the circumstances (mainly on the temperature and the
alloy type) once an oxide layer was formed, it was either dark gray or
colourful (if very thin).

Hydrogen pressure, mbar

400°C

14 16 18 20 22 24

Time, h

Fig. 7. The hydrogen pressure during the experiments with E110 samples at different temperatures.
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Fig. 8. The hydrogen pressure during the experiments with Zircaloy-4 samples at different temperatures.
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Fig. 9. The difference in the characteristic of the hydrogen uptake between the two alloys at different temperatures.

After the measurement of the samples AHE-12 15 (carried out at
400 °C) an even dark gray oxide layer could be seen on the samples (see
Fig. 5). The samples shown in Fig. 5 follow the order like before (i.e.
lowest number nearest to the furnace).

At lower temperatures thinner oxide layers occurred on some sam-
ples. It can be seen in Fig. 6 that the sample AHG-24 (placed nearest to
the outer part of the quartz tube) has a blue oxide layer while the color of
the oxide layer on the sample next to it (AHG-23) varies from purple to
yellow depending on the rate of the oxidation. The maximum oxide layer
thickness was below 1 pm.

The oxygen and water vapour diffused from the outer part of the
system did react with the sample AHG-24 first, and thus, this sample has
the thickest oxide layer on it. The color and the thickness of the oxide
layer indicate how much oxygen and water have been consumed by the

reactions with the samples. The inner two rings (AHG-21 and AHG-22)
did not suffer visible oxidation, and thus, they remained shiny.

3.2. Hydrogen uptake results

The hydrogen uptake of the samples was determined by measuring
the hydrogen pressure. Fig. 7 shows the hydrogen pressure as a function
of time of hydrogenation in the case of the E110 samples at different
temperatures. It can clearly be seen that the higher the temperature is
the higher the ratio of the absorbed hydrogen is.

We can see that only around 8 % of the hydrogen has been absorbed
by the E110 samples at 300 °C after 23 h while this ratio is 92 % at
400 °C. These ratios are 51 % and 94 % for the Zircaloy-4 alloy samples,
respectively (see Fig. 8).
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Fig. 11. Mass gain results for the Zircaloy-4 samples.
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Table 1
Comparison of the mass gain and the calculated average hydrogen content
results.

Temp. E110 difference Zircaloy- difference
o opm) ) (ppm) (%)
300 H content*® 221.0 3.3 1.49  1203.0 5.9 0.49
(ppm)
mass gain 217.7 1197.1
(ppm)
330 H content* 907.0  25.6 2.82  1980.0 18.2 0.92
(ppm)
mass gain 881.4 1961.8
(ppm)
370 H content* 1556.0  20.6 1.32  2129.0 28.4 1.33
(ppm)
mass gain 1535.4 2100.6
(ppm)
400 H content* 2746.0 133.3 4.85 2188.0 17.8 0.81
(ppm)
mass gain 2879.3 2205.8
(ppm)

aa* H content determined on the basis of pressure change.

It can be concluded that the ring samples made of E110 alloy do
absorb only a small part of the total hydrogen at 300 °C and this ratio is
increasing around evenly at higher temperature values. We found this
ratio to be ca. 90 % after 8 h at 400 °C and not to increase much
thereafter (see on Fig. 7). In the case of the Zircaloy-4 samples the ratio
of the absorbed hydrogen was more than 50 % at 300 °C, and this ratio
exceeded 80 % already at 330 °C (unlike the case of E110) as well as it
did not increase much at higher temperatures (Fig. 8).

Comparing the two alloys’ hydrogen uptake at different tempera-
tures we can see that at 300 °C, 330 °C and 370 °C the E110 samples
showed lower tendency to absorb hydrogen (Fig. 9), however at 400 °C
the pressure decrease was quicker in the experiment with the E110 alloy.

The E110 samples absorbed 90 % of the hydrogen gas already after
8 h while the Zircaloy-4 samples did the same only after 13 h however
the Zircaloy-4 samples absorbed a little more hydrogen during the 23-
hour long experiment than the samples made of E110 alloy.

The different corrosion behavior of different Zr alloys is well known
for long time (Szabo et al., 2017). These differences can be also observed
in term of hydrogen pickup. According to a detailed study (Couet et al.,
2013), the presence of Nb in the Zr alloy (which is the main alloying
element of E110, but not available in Zircaloy-4) and the second-phase
precipitates may have a significant effect on the hydrogen pickup. So
probably the different composition of E110 and Zircaloy-4 is the main
cause of the differences observed in the present tests.

3.3. Mass gain results

The ring samples were weighed (see section 2.3.) and mass gain
values were calculated. The mass gain was resulted both by the absorbed
hydrogen and by the slight oxidation of the samples. An oxide layer on
the surface of a sample reduces the hydrogen absorption rate, and thus,
the amount of the hydrogen that can be absorbed. Usually thicker oxide
layers were formed on the samples which were placed nearer to the
outer part of the quartz tube (see section 3.1.), and thus, the inner
samples could absorb more hydrogen which can be seen in the mass gain
results of the E110 samples (Fig. 10).

The differences in mass gain were found not to be so big for the
Zircaloy-4 samples even at higher temperatures (Fig. 11).

For every temperature an average mass gain was calculated for the
four samples that is useful when comparing it to the calculated
approximate average amount of absorbed hydrogen (see section 3.4.).

Annals of Nuclear Energy 204 (2024) 110539

Table 2
Comparison of the mass gain and the quantitative hydrogen content results.
AHG-21 AHG-24 ZryH-9 ZryH-12
mass gain (ppm) 1279 669 2371 1410
H content by ELTRA (ppm) 1310 616 2586 1447
3000
— 2500 B
Z 2000
I
2
® 1500 -
é 1000 +
a
0 -
AHG-21 AHG-24 ZryH-g ZryH-12
W Mass gain B H content by ELTRA

Fig. 12. The mass gain and the results of the quantitatively hydrogen content
determination.

3.4. H content results

Approximate calculations were made to estimate the total amount of
hydrogen absorbed by the four samples placed at once in the furnace.
These calculations were made based on the total pressure decreasing
during the measurement (see more detailed description in section 2.3.).

The results of the average hydrogen contents together with the
average mass gain results for comparison are summarized in Table 1.

It can be seen that the differences between the calculated average
hydrogen content and the mass gain results are under 5 % in every case.

The differences are resulted mainly by the slight oxidation of the
samples. The absorbed hydrogen content was calculated based on the
pressure decreasing which can also be caused by a slight leakage of the
hydrogen from the system during the measurement. It should be noted
that it can result overestimations in hydrogen contents.

Two E110 and two Zircaloy-4 samples were chosen for quantitative
hydrogen content determination carried out by an elemental analyzer
device ELTRA. All of these four samples were hydrogenated at 330 °C,
and thin oxide layers were formed on some of them (Fig. 6). The results
together with the mas gain of those samples are summarized in Table 2
and Fig. 12.

No significant differences can be seen in the results. In the case of the
sample AHG-24 the surplus in the mass gain can be explained by the
oxide layer which was also taken into account at the weighing, but three
out of the four comparisons show higher hydrogen content than mass
gain. It can be explained as follows.

The samples were cut into small (0.03-0.1 g) pieces for the mea-
surement as hot extraction process required only a very small amount of
samples. When trying to cut the ring samples they much more easily
break at the points where the alloy became more brittle caused by the
local higher hydrogen content, and therefore some pieces contain
averagely more hydrogen than the average for the whole ring sample. In
some cases, with such non-representative pieces selected randomly to be
measured, a higher hydrogen content was resulted than the mass gain,
however the whole ring sample may contain less hydrogen.

4. Creating and developing a numerical model

The Zircaloy-4 data have already been used for the assessment of
hydride precipitation modelling across fuel cladding by Feria and
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Herranz (Allen et al., 2012) by implementing a hydrogen uptake cor-
relation in the HYDCLAD code.

Based on E110 the experimental data, a simple model was created to
evaluate the hydrogen uptake rate in order to improve the H uptake
model in the TSKGO code (Feria and Herranz, 2023), which was
developed for the simulation of defective fuel rods. The original
hydrogen uptake model had a constant rate value as function of time and
was limited by the available amount of hydrogen in the gas volume of

430

the fuel rod. With the introduction of a new model, it was intended to
take into account the local temperature and partial pressure, which
could create a more realistic kinetics. The TSKGO code simulates the
iodine spiking phenomenon in a mechanistic way. The amount of non-
condensable gases inside of the fuel rod highly influences the activity
release, for this reason the available hydrogen in the gas volume is a key
parameter for the simulation.

During the fitting of the parameters of the new correlation the
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Fig. 15. Comparison of the calculated pressure history and the experimental data at 330 °C.
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calculated pressure history was compared to the experimental data. The
following requirements were taken into account during the
development:

e The model should cover the temperature range of 300-400 °C and
the pressure range of 0—-400 mbar.

e The model should use a simple formula.

e The correlation should calculate the hydrogen uptake rate based
both on the actual temperature and the partial pressure of the
hydrogen gas.

In the first step, using the partial pressure history the hydrogen
content in the E110 ring samples was calculated for each time step. Four
correlations were determined for the four temperatures of the experi-
mental series. The correlations described the amount of the absorbed
hydrogen per unit time as function of partial pressure of the hydrogen
gas (Fig. 13).

In the second step, the temperature dependence was introduced
using an exponential expression. The calculations were repeated for the
whole dataset and the pressure and temperature coefficients were fitted
by minimizing the difference between calculated and measured data.

The following formula was finally created:

BeT

dw=Aepy(t)ee

where:
dw hydrogen uptake rate (g e min!).

Table 3
The calculated and the measured hydrogen content of the samples.

Temperature Calculated hydrogen Measured average hydrogen
Q) content(ppm) content(ppm)

300 319 221 + 20

330 825 907 + 250

370 2131 1556 + 400

400 2887 2746 + 1000

A pressure constant,.7.5 e 10 4g e min~! e mbar!

pu(t) actual partial pressure of hydrogen (mbar).

B temperature constant, 0.0345°C L.

T temperature (°C).

This simple formula with the above mentioned values for the con-
stants A and B can give the decentest results to cover the temperature
range from 300 to 400 °C. It can be seen that at 300 °C (Fig. 14) and at
330 °C (Fig. 15) the model resulted almost a linear pressure history,
however the differences were modest.

It can be seen at 370 °C (Fig. 16) that the model calculated lower
hydrogen uptake rates at higher hydrogen partial pressure while the
hydrogen uptake coefficient has been overestimated at lower partial
pressure values. It is even more noticeable in the case of 400 °C (Fig. 17).

Using the correlation, the total amount of the absorbed hydrogen in
the samples was calculated for the experimental conditions at each
temperature. Table 3 summarizes the mass gain values given by the
model and the calculated mass gains based on the experiments. It can be
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concluded that the values calculated by the model are higher in 3 cases
out of 4 as the model is slightly conservative.

5. Summary and conclusions

The experimental series with hydrogen charging of Zircaloy-4 and
E110 alloys were successfully completed in the laboratories of Centre for
Energy Research.

e The tests covered the temperature range of 300-400 °C and pressure
range up to 410 mbar.

e The experimental data showed the increase of hydrogen uptake with
the increase of temperature.

e The hydrogen uptake of the two tested alloys was significantly
different, probably due to their different composition and alloying
elements. Comparing the two alloys’ hydrogen uptake at different
temperatures we can see that at 300 °C, 330 °C and 370 °C the E110
samples showed lower tendency to absorb hydrogen, however at
400 °C the hydrogen uptake was quicker in the case of the E110
alloy.

e The experimental data provided information on the H uptake rate as
function of temperature and partial pressure.

Using the results of E110 experiments, a correlation was created.
Using this correlation the experimental data were well reproduced and
the correlation can be used for the simulation of H uptake in defective
fuel rods.
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