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ABSTRACT 
    
It is predictively evaluated that degradation of fuel assembly proceeded under a 
certain steam-starved conditions at the early stage of a severe accident at 
Fukushima-Daiichi Nuclear Power Station unit 2 (BWR). As for PWR fuel assembly, 
effective steam flow rate was properly indicated by normalizing it to a unit of 
g-H2O/sec/rod which is used as an important parameter for evaluating fuel 
degradation progression. Due to the presence of the channel box in BWR fuel 
assembly, the difference of Zircaloy oxidation and hydrogen uptake between the 
inside and outside of the channel box cannot be properly evaluated by this 
normalization. Instead of g-H2O/sec/rod, a proper evaluation unit for BWR 
configuration is necessary.    
To accumulate Zircaloy oxidation and hydrogen uptake data for steam-starved 
conditions, high-temperature oxidation tests were performed. To explain the 
observed phenomena in a simple way, an equivalent diameter was introduced. The 
steam flow rate influence on BWR assembly degradation in this case can be 
described using new g/min·mm normalized value. 

 

 

1. Introduction 
    According to the accident progression analysis of Fukushima-Daiichi Nuclear Power 
Station (1F) unit 2, fuel degradation might progress under steam-starved conditions [1-2]. In 
this case, the formation of surface oxide layer of Zircaloy (Zry) fuel cladding is insufficient, and 
hence hydrogen generated by the reaction between Zry and steam might be certainly 
absorbed in the Zry bulk. Although a large number of studies about oxidation of Zry have been 
conducted, hydrogen absorption data under steam-starved conditions are still insufficient. 
Once certain amount of hydrogen is absorbed by Zry, it can influence the subsequent fuel 
degradation [3-5]. 
    Preliminary oxidation tests using a single Zry rod sample were performed to obtain Zry 
oxidation and hydrogen uptake data under steam-starved conditions in our previous studys 
[6-7]. The results indicated that the oxide layer had formed at the Zry surface in upstream of 
the steam flow and that once thick oxide layer formed, the hydrogen absorption was very 
limited. The thickness of the oxide layer decreased gradually in downstream and 
simultaneously hydrogen uptake increased. This may correspond to a typical steam-starved 
condition for PWR fuel assembly. In the PWR configuration, effective steam flow rate can be 
given by normalizing the data into a unit of g-H2O/sec/rod. However, BWR fuel assembly has 
much more Zry, but at the same time complicated configuration with channel box. This 
difference in the configuration causes the difference in the effective steam flow rate. These 
variations might influence Zry oxidation and hydrogen uptake. Instead of g-H2O/sec/rod, 
proper evaluation unit for BWR configuration is necessary. Also, the Zry oxidation and 



hydrogen uptake data for the configuration of BWR fuel assembly need to be accumulated. 
    In this study, high-temperature oxidation tests were performed under steam-starved 
conditions using a simulated BWR fuel bundle manufactured based on the typical BWR fuel 
design. By comparing the present data for a bundle to the previous data for a single rod, a 
possibility of introducing a new normalization value for BWR configuration will be discussed. 

 

2. Test sample and experimental procedure 
2.1 Test sample 

    In the Figure 1, the appearance of a test sample is shown. Figure 1(a) is the outer surface 
of channel box, 1(b) is outer surface of the claddings that was inserted to the channel box at 
the test period, and 1(c) is the schematic drawing of the cut section. The test sample 
consisted of four fuel claddings made of Zircaloy-2 surrounded by a channel box made of 
Zircaloy-4. These materials are used in commercial BWR fuel assemblies in Japan. The both 
ends of claddings were sealed by the end plugs made of Zircaloy-2. To keep prototypic gap 
between every claddings and the channel box, two spacers made of Zircaloy-2 were used. 
Simulated fuel pellets made of Al2O3 were inserted into the claddings. To detect leakage, the 
claddings were filled with helium gas at atmospheric pressure. The length of the claddings 
and of the channel box were 630 mm and 750 mm, respectively. 
 

 
Figure 1 Image of the outer surface of the channel box (a), the outer surface of the claddings 
(b), and the schematic drawing of the cut section (c). 
 

2.2 Experimental procedure 

    In the Figure 2, the image of the test furnace (a) and steam flow distribution in the furnace 
tube (b) are shown. The test furnace consisted of two parts. Upper part of the furnace is used 
for main heating test, and lower part of the furnace is used for pre-heating.  
    At first, the sample was pre-heated in the lower part of the furnace up to 300 

°C. After that, 
the sample was moved to the upper part to perform the test there was already heated up to 
specified test temperature. It usually takes approximately one minute to move the sample 
from the pre-heated zone into the high-temperature region. The test was finished, the sample 
removed from the position of the main heater to the lower part. The temperature of the sample 
was measured by three Rhodium/Platinum-Rhodium type thermocouples placed at 630 mm, 
430 mm, and 180 mm elevations starting from the bottom of the sample. 
    Experimental conditions are listed in the Table 1. A mixture of steam and argon carrier 
gas was injected from the bottom of the upper part of the furnace. An exhaust pipe was at the 
top of the facility. The temperature of sample was set at 1300 °C to compare new result with 
the previous study [6-7]. Two tests with the steam flow rates of 6.6 g/min (Run.1) and 3.3 
g/min (Run. 2) were performed. The steam flow rate of 6.6 g/min was set to obtain 



steam-starved condition. It was calculated by considering the sample surface area ratio of 
present sample and past one rod sample. And the steam flow rate of 3.3 g/min was set to 
obtain steam less condition. The injected steam temperature was between 350 to 400 °C. As 
shown in Figure 2 (b), the sample was fixed on a holder which had nine through-holes. The 
injected steam flow was divided into two directions at the bottom of the sample holder; one 
inside of the channel box through the through-holes in the sample holder, and another one 
outside of the channel box through the gap between the furnace tube and the sample holder. 
The amount of steam flowing inside and outside of the channel box was almost the same. The 
weight of the sample was measured before and after the tests. Off-gas trend during the test 
was measured by a commercial Q-mass spectrometer (CANON ANELVA, M-101GA-CRMW) 
attached at the exhaust line. 
   After the test, the samples were molded into epoxy resin without disassemble. The 
schematic drawing of the cutting positions for metallographic observation and hydrogen 
analysis are shown in Figure 1(c). Metallographic observations were performed by an optical 
microscope (Nikon, ECLIPSE MA200). Hydrogen analysis was measured by a commercial 
gas analyzer (LECO, TCH-600). 
 

Table 1 Experimental conditions 
Sample  
name 

Steam flow rate (g/min) Ar carrier gas  
flow rate (L/min) 

Temperature  
(
°
C) 

Duration  
time (min) 

Run. 1 Initial injection: 6.6  
After divided by sample holder 
Inside of the channel box: 3.3 

Outside of the channel box: 3.3 

2 1300 10 

Run. 2 Initial injection: 3.3  
After divided by sample holder 

Inside of the channel box: 1.6(5) 
Outside of the channel box: 1.6(5) 

6 1300 10 

 

(a)  (b)  

Figure 2 Image of the test furnace (a) and steam flow distribution in the furnace tube (b). 
 

3. Results 
3.1 Heating history, appearance observation and weight gain 
    The heating history of the both tests is shown in Figure 3. The sample temperature was 
not homogeneous due to the relatively cold steam temperature. In the outside surface of the 
tested sample, metallic luster disappeared. We could see ballooning, but we could not 
observe the inside of the channel box because the claddings were stuck to the channel box 
after the test. The weight gains for Run. 1 and Run. 2 were 33.5 g, and 24.1 g, respectively.  

 



  
Run. 1 Run. 2 

Figure 3 Heating history of the test. 

 

3.2 Metallography observation 
    In the Figure 4 and 5, there are metallographic images of the outside of the channel box, 
inside of the channel box, and fuel cladding corresponding to the distance from the bottom of 
the sample for Run. 1 and Run. 2. 
    Oxide layer, ZrO2, was formed mostly on the outside of the channel box. On the other 
hand, on the inside of the channel box and the outside of the claddings, there were no oxide 
layer except for the lower part of the claddings. At the top part of the claddings for both Run, 
ballooning occurred. As for Run. 2, some claddings might be burst during the test, since the 
off-gas trends showed the signal of helium gas escaped from the rod. 
    The thickness of the oxide layer corresponding to the distance from the bottom of the 
sample is shown in the Figure 6. Thickness of oxide layer at the outside of the channel box 
was gradually increasing from bottom to top. Oxide layer at the inside of the cladding was 

approximately 10 m at the 145 mm high from the cladding bottom, and there was no oxide 
layer at the elevation above 145 mm high of the cladding. Thicknesses of oxide layer after 
Run. 1 and Run. 2 were mostly similar to each other. 
 

 
Figure 4 Metallographic images of the outside of the channel box, inside of the channel box, 
and fuel cladding corresponding to the distance from the bottom of the sample (Run. 1). 



 
Figure 5 Metallographic images of the outside of the channel box, inside of the channel box, 
and fuel cladding corresponding to the distance from the bottom of the sample (Run. 2). 
 

 
Figure 6 Thickness of oxide layer corresponding to the distance from the bottom of the 
sample. 
 

3.3 Hydrogen analysis 
    Figure 7 shows the hydrogen content in the channel box and the cladding corresponding 
to the distance from the bottom of the sample.  
    For Run. 1, the hydrogen content in the sample was smaller in the lower part of sample, 
and bigger in the upper part. For Run. 2, though the steam flow rate was less than Run. 1, the 
profile of the absorbed hydrogen content was similar. 
 



 
Figure 7 Hydrogen content corresponding to the distance from the bottom of the sample. 
 

3.4 Off-gas analysis 
    Off-gas trend and results of total amount of generated hydrogen are represented in the 
Figure 8. We have measured four element parameters; m/e=2 is Hydrogen signal, m/e=4 is 
Helium signal, m/e=18 is Steam signal, and m/e=40 is Argon signal, respectively. The off-gas 
trends showed that the hydrogen was started to be generated during the sample was being 
inserted to the upper part of the furnace (elapsed time of 0 to 1 min), and it was continually 
generated during the test time (elapsed time of 1 to 11 min). As for Run. 2, the signal of 
helium was detected from elapsed time of 7 min. It was suggested that some claddings might 
have been burst. 
    The total amount of generated hydrogen was calculated by using the calibrated value of 
the signal intensity ratio of hydrogen and argon. The total amount of generated hydrogen for 
Run. 1 was approximately 4.2 g, and for Run. 2 was approximately 2.9 g, respectively. 
 

  
(a) Run. 1 (b) Run. 2 

 
(c) 

Figure 8 Off-gas trend of Run. 1 (a), Run. 2 (b), and results of the total amount of generated 
hydrogen(c).  
 



4. Discussion 
4.1 Evaluation of oxidation 
   The thickness of the oxide layer calculated by using the Leistikow and Schanz's empirical 
formula [8] is shown in Table 2. The estimated thickness of the oxide layer shows a good 
agreement to the measured value of the outside of the channel box. It was suggested that the 
steam flow rate of this study's condition for the outside of the channel box was enough to grow 
oxide layer. On the other hand, the steam flow rate for the inside of the channel box was not 
enough, and the atmosphere of the inside of the channel box is therefore considered to be 
steam-starved. 

 
Table 2 Estimated and measured oxide layer thickness 

Temperature measurement  
position from the bottom  
of the sample (approx. mm) 

Estimated thickness [8] 

of the oxide layer (m) 

Measured oxide layer thickness 

(approx. m) 

Run. 1 Run. 2 Run. 1 Run. 2 

626 99 90 91  92  

430 49 47 73  75  

180 51 49 63  66  

 

4.2 Hydrogen uptake 

    It is well known that the hydrogen solubility in Zry follows the Sieverts' law [9]. The 
hydrogen content calculated by Sieverts' law are plotted in Figure 9 with the present data 
(reproduced from Fig. 7). The hydrogen content at the lower part of the sample was much 
lower than the theoretical value. It was considered that the partial pressure of hydrogen at the 
low part in the furnace was low. The hydrogen concentration at the upper part was increasing 
and the value was closer to the theoretical value. Although the hydrogen uptake mechanisms 
are still uncertain, we have obtained the validation data for development of a hydrogen uptake 
model. 
 

 
Figure 9 Comparison between hydrogen content calculated by Sieverts' law and this work. 

 

4.3 Evaluation of effective steam flow rate for BWR configuration 

    As for PWR fuel assembly, effective steam flow rate can be properly indicated by 
normalizing the related data to a unit of g-H2O/sec/rod. However, it does not proper to 
evaluate the difference between the inside and outside of the channel box of BWR. 
    In detailed, steam in the flow pass reacts to the surrounded Zry-surface of the flow pass 
and hence the amount of reaction can be described by these interactions. In this study, 
equivalent diameter (𝑚) was introduced instead of the circumference of the Zry-surface for 
the proper evaluation of effective steam flow rate of BWR fuel configuration. Equivalent 
diameter (𝑚) [mm] is described as: 

𝑚 = 𝐴/𝑠 
Where 𝐴 is cross-sectional area for steam flow [mm2], and 𝑠 is circumference surrounding 
the steam flow [mm].  



    Normalized steam flow rate (Steam flow rate [g/min] · Cross-sectional area for steam flow 
[mm2] / Circumference of steam flow [mm]) are shown in Table 3 with previous data [7]. As for 
the Previous data 01, Run. 1 (inside), and Run. 2 (inside), hydrogen was absorbed at the top 
part of the sample. In this case, the normalized steam flow rate was smaller than 10 
g/min·mm. On the other hand, as for the Previous data 02, Run. 1 (outside), and Run. 2 
(outside), oxide layer covered completely the sample surface. The corresponding normalized 
steam flow rate was larger than 12 g/min·mm. It was suggested that threshold condition for 
hydrogen uptake might be located between 10 and 12 g/min·mm. 
 

Table 3 Parameters for normalization of steam flow rate 
 Area exposed 

by steam 
Steam 
flow 
rate  
(g/min) 

Surface 
area  
(mm

2
) 

Cross-sectional 
area for steam 
flow (mm

2
) 

Circumference 
of steam flow  
(mm) 

Normalized 
steam flow 
rate 
(g/min·mm)  

Previous 
data 01 [7] 

Outside of 
single rod 
cladding 

0.36 25000 4926 286 6 

Previous 
data 02 [7] 

Outside of 
single rod 
cladding 

0.7 25000 4926 286 12 

Run. 1  
(This work) 

Inside of the 
channel box 

3.3 230000 868 282 10 

Outside of the 
channel box 

3.3 110000 3424 411 27 

Run. 2  
(This work) 

Inside of the 
channel box 

1.65 230000 868 282 5 

Outside of the 
channel box 

1.65 110000 3424 411 13 

 

5. Conclusions 
    High-temperature oxidation tests using a simulated BWR fuel bundle manufactured 
based on the typical Japanese BWR fuel design were performed in steam-starved conditions. 
By comparing the tendency for Zry oxidation and hydrogen uptake between a single rod 
sample and the present bundle sample, proper data for BWR configuration were 
accumulated.  
   The estimated oxide layer thickness showed a good agreement to the measured one of 
the outside of the channel box. We have shown that in BWR fuel assembly the oxidation can 
be so inhomogeneous, that one of the surface can be oxidized and another one can be 
experience steam starvation.  
   The measured hydrogen content was compared with the theoretical value calculated by 
Sieverts' law. Due to the axial variation of the hydrogen partial pressure, the hydrogen content 
at the upper part was increasing and the value was approaching to the theoretical value. 
   A proper method to evaluate the normalized steam flow rate was proposed by introducing 
a unit of g/min·mm. Threshold condition for beginning of the hydrogen uptake is located 
between 10 g/min·mm and 12 g/min·mm. 
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