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Core bowing reactivity is expected to be an important negative feedback effect during abnormal reactor power 
increases such as unprotected transient overpower and unprotected loss-of-flow events in sodium-cooled fast reactors. 
However, accurate evaluation of this reactivity remains a challenge because the phenomenon is caused by slight 
displacements of fuel assemblies, which are difficult to accurately predict. This study aims to ensure the reliability of 
core bowing analysis codes using single-duct ex-core thermal bowing experimental data. Under a United States-Japan 
cooperation, ANL, CRIEPI and JAEA conducted thermal bowing analyses of a single duct using their own core bowing 
analysis codes and compared their results with the measurements in the axial distribution of horizontal displacements 
of the duct due to thermal bowing and contact loads on duct pads. The analysis results using the three codes agreed 
well with each other and were consistent with the experimental results. This code validation study confirmed that the 
core bowing analysis codes could reasonably predict the thermal bowing of a single duct. 
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I. Introduction
A reactivity change is induced due to thermal bowing of

fuel assemblies due to variations in reactor power. This 
reactivity change is called core bowing reactivity and can 
potentially provide a negative feedback effect during 
abnormal reactor power increases such as unprotected 
transient overpower and unprotected loss of flow events in 
sodium-cooled fast reactors (SFRs). The core bowing 
reactivity, which is given by complex phenomena of 
neutronics, thermal-hydraulics, and structural mechanics, 
involves larger uncertainties in its evaluation compared to 
those of the other reactivity feedbacks in SFRs. To develop a 
reliable evaluation methodology of the core bowing reactivity, 
a study of structural mechanics analysis for assembly thermal 
bowing and the irradiation effects such as swelling and creep 
is indispensable because the development of codes and 
verification and validation (V&V) studies for them are very 
limited unlike other phenomena such as neutronics and 
thermal-hydraulics. As a beginning of V&V effort, this study 
focused on the V&V of the thermal bowing model. A V&V 
study for thermal bowing of a single duct and groups of ducts 
was conducted as an international benchmark in the 
framework of the International Working Group on Fast 
Reactor (IWGFR).1,2) The IWGFR benchmark included 
analyses of two single-duct experiments (one single duct with 
a constraint system and one without the constraint) and one 
multi-duct experiment provided by Japan Atomic Energy 
Agency (JAEA) as thermal bowing validation problems. 
Because these experiments were conducted with hexagonal 

ducts with the same dimensions of wrapper tubes of fuel 
assemblies of the experimental fast reactor Joyo as a part of 
its development, they are called Joyo ex-core thermal bowing 
experiments. However, it is not sufficient to examine the 
accuracy of a structural mechanics analysis model with very 
limited experiments mentioned above. Therefore, JAEA 
investigated records and re-examined additional Joyo ex-core 
thermal bowing experiments including eight single duct 
experiments and nine multi-duct experiments, and working 
together with Argonne National Laboratory (ANL) and 
Central Research Institute of Electric Power Industry 
(CRIEPI) to conduct the validation study using their own core 
bowing analysis codes in a joint study between the U.S. and 
Japan. The validation studies are divided into two parts: single 
duct experiments and multi duct experiments, and this paper 
describes the analysis results of the single duct experiments. 

II. Single Duct Bowing Experiment
As shown in Fig. 1, a single Joyo-type fuel assembly

ductwas inserted into the connecting tube installed on the core 
support plate and restrained at the upper right and lower left 
positions. The bending stiffness of the fuel pin bundle is 
smaller than that of the duct, and the effect of the bundle 
bowing on the duct bowing is limited. Hence, this experiment 
focuses on the thermal bowing of the duct. Table 1 shows the 
specifications of the single duct experiment equipment. The 
hexagonal duct bowed toward the right side due to differences 
in the degrees of thermal expansion of the left wall with the 
heater and its opposite parallel side wall due to the 
temperature gradient given by the heater equipped inside the 
duct. The duct bowing was limited by the upper and the lower 
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pads. This experimental configuration simulates the actual 
assembly bowing in the core. The horizontal displacements 
due to the thermal bowing were measured at 10 axial points 
by a laser transit, and contact loads on the upper and the lower 
pads of the duct were measured by load cells. The 
experimental parameters were the initial gap widths between 
the pad and the load cell at the upper and the lower pad 
positions, and the differences in temperatures between the 
wall with the heater and its opposite parallel side wall. 
 
III. Analysis Codes for SFR Core Bowing 

To simulate the assembly thermal bowing, ANL, CRIEPI, 
and JAEA have respectively developed the analysis codes 
NUBOW-3D,3) ARKAS,4) and FINAS.5) Their analytical 
model is shown in Fig. 2. They built the entire assembly 
length model using beam elements that can consider the 
bending stiffness and the circumferential temperature 
distribution of the duct. They employed contact elements to 
simulate the contacts of the lower and the upper pads with the 
left and the right support walls, respectively. In NUBOW-3D 
and FINAS, the contact of the bottom end of the entrance 
nozzle with the inner wall of the connecting tube is also 
represented by using the contact elements. Furthermore, the 
analysis model includes the inclination of the assembly by 
fixing both the horizontal and vertical displacements and 

allowing rotation at the axial position of the core support plate. 
ARKAS does not explicitly model the entrance nozzle but 
incorporates the equivalent rotational stiffness to simulate the 
same pivot support rotation. 

IV. Analysis Results and Discussions 
For the validation, 10 cases with different initial gaps at the 

upper and the lower pads and temperature distributions were 
prepared. The restraint conditions are characterized by the 
initial gap listed in Table 2. The initial gap widths at the upper 
and the lower pad positions in S6 and S7 were zero, and those 

Table 2  Measured initial gap widths at the upper and the lower 
pad positions 

 

 
 

Fig. 1 Single duct experimental setup 

Table 1  Assembly duct specifications 

 

 
Fig. 2 Core bowing analysis model 

 
(a)          (b)          (c) 

Fig. 3  Differences of measured temperatures between the wall with 
the heater and its opposite parallel side wall: (a) no constraint 
cases, (b) large initial gap cases, and (c) small/no initial gap cases 
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in S1 were as small as 1.2 mm. On the other hand, those in 
S2-S5 were 3.05 and 0.8 mm, respectively. In S8 to S10, the 
duct was not constrained. The zero gap condition closely 
simulates the actual state in the core, since a reactor core is 
designed to maintain the zero gap during rated operation. 

Differences of temperatures between the wall with the heater 
and its opposite parallel side wall were varied as shown in Fig. 
3 and Table 3. The test was conducted at room temperature. 
The duct temperature was measured on the center line of the 
wall surface.  

Figures 4–6 show the analysis and experimental results of 
horizontal displacements (D) of the duct for three groups: the 
no constraint cases (free bowing), the large initial gap cases, 
and the small/no initial gap cases, respectively. In each 
experiment, horizontal displacements were measured at the 
axial positions of 570, 770, 970, 1170, 1370, 1570, 1770, 1970, 
2170, and 2370 mm from the core support plate. Table 4 
shows the measured maximum displacement (Dmax) in each 
case and Mean Absolute Error (MAE) calculated from the 
calculations and measurements: 

 
𝑀𝑀𝐴𝐴𝐴𝐴 = 1

𝑛𝑛
∑ |𝐶𝐶𝑖𝑖 − 𝑀𝑀𝑖𝑖|𝑛𝑛
𝑖𝑖=1  (1) 

 
where C is calculations, M is measurements, and n is sample 
size. 

 
(a) S2     (b) S3     (c) S4     (c) S5 

Fig. 5  Horizontal displacements of the duct in the large initial 
gap cases (S2–S5)  

 
(a) S1     (b) S6     (c) S7 

Fig. 6  Horizontal displacements of the duct in the small/no initial 
gap cases (S1, S6, and S7) 

Table 4 Horizontal displacement due to thermal bowing 

 

 
(a) S8      (b) S9     (c) S10 

Fig. 4  Horizontal displacements of the duct in the no constrain 
cases (S8–S10) 

Table 3  Differences of measured temperatures between the wall with the heater and its opposite parallel side wall 
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Figure 4 shows the comparison results of the assembly 
displacement in the no constraint cases (S8–S10). The 
assembly bowed freely, and the displacements became larger 
with the increase of the difference of temperature between the 
duct walls shown in Fig. 3 (a). The MAEs were within 10% of 
Dmax, indicating that the three analysis codes could reproduce 
the measured displacement of the duct in the no constraint 
cases. For the initial gap cases (S2–S5), as shown in Fig. 5, 
the displacements were limited within approximately 3 mm at 
the upper pad position and 0.8 mm at the lower pad position, 
which were the initial gap widths. The MAEs were within 10% 
of the Dmax, indicating that the three codes could reproduce 
the measured duct displacements. 

The values of MAE/Dmax in the small/no initial gap cases 
(S1, S6 and S7) are larger than those in other cases. However, 
it doesn’t mean that the disagreement between the calculation 
and the measurement of the displacement was particularly 
large in these cases. These large values of MAE/Dmax just 

came from the small Dmax values. The averaged MAEs are 0.36 
mm in these cases, 0.18 mm in S8–S10 and 0.43 mm in S2–

S5, while the values of Dmax are 1.0–1.8 mm, 5.5–13.5 mm 
and 2.8–3.0 mm in each case respectively. On the other hand, 
the relative differences in the contact loads in Table 5 of the 
calculations and the measurements in these cases were same 
as or smaller than those of S2–S5.  

Table 5 and Figure 7 show the measured and the calculated 
contact loads at the upper and the lower pads in the cases of 
S1–S7. The calculated contact loads agreed with the 
experimental results within about 20% in the upper pad and 
within about 40% in the lower pad. The results indicate two 
trends on the relative differences between the calculations and 
the measurements. First, the relative differences of the contact 
loads in S2–S5 with the large initial gaps are generally larger 
than those in S6–S7 without the initial gaps. Secondly, the 
relative differences of the lower pad contact loads are larger 
than those in the upper pad contact loads. The maximum 
relative differences among the three organizations’ 
calculations of the lower pad contact load are 17–39% in S2 
and S5 and 15–25% in S6 and S7, while those of the upper 
pad contact loads are 10–21% in S2–S5 and 9–16% those in 
S6 and S7. 

The measurement uncertainty of initial gaps is estimated to 
be one potential cause of the observed trends. The 
measurement uncertainty causes the differences between the 
measurements and the calculations of the contact loads, since 
each calculation was conducted by reflecting each 
corresponding measured initial gaps. Assuming that the 
model can reasonably predict contact loads, the measurement 
uncertainty of initial gaps causes and increases a disagreement 
between a measurement and a corresponding calculation.  

Measurements of initial gaps were conducted with a gap 
gauge. Unfortunately, there is no information of the gap gauge 
used in the experiments and their measurement uncertainty in 
the record of the experiments. However, the measurements of 
the initial gaps of S6 and S7 were more reliable and 
reproducible than those of S2–S5, because the measurements 
of S6 and S7 were just confirming the tight contact of the pads 
and the load cells. As a result, the differences between the 
calculations and the measurements in S6 and S7 became 
smaller than those in S2–S5 with the initial gaps due to the 
relatively reliable initial gap values.  

The reason for the larger differences in the lower pad 

 
(a) Upper pad 

 
(b) Lower pad 

Fig. 7 Contact load at pad 

Table 5 Contact load at upper and lower pads 
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contact loads than those in the upper pad contact loads is 
estimated to be the bowing mode and the initial gap 
uncertainty. As shown in the no constrain free bowing cases 
in Fig. 4, the values of Dmax are 10 mm in S9 under the 
condition of the maximum temperature difference (∆Tmax) of 
45 oC and 13.5 mm in S10 under ∆Tmax of 60 oC at the upper 
pad position. In the cases of S2–S5 under ∆Tmax of 37.5–60 oC, 
displacements can be potentially same as those of S9–S10, if 
the duct is not constrained. On the other hand, the 
displacements at the lower pad are not expected to be large 
even if the duct is not constrained. Because of this difference 
in the potential displacements at the upper and the lower pad 
positions, the measurement uncertainty of the initial gap at the 
lower pad position is more sensitive to the calculation of the 
contact load than that at the upper pad position.  

Through this validation study, it was confirmed that the 
analysis results of the horizontal displacements and the 
contact loads by the three codes agreed well with each other 
and were consistent with the experimental results. This study 
proves that the three codes can reasonably predict the thermal 
bowing of single duct. 
 
IV. Conclusion  

ANL, CRIEPI, and JAEA conducted the validation study 
of their own core bowing codes by using the Joyo ex-core 
experimental data and compared their analysis results with the 
measurements. For the single duct experiments, the analysis 
results by the three codes for the horizontal displacements and 
the contact loads agreed well with each other and were 
consistent with the experimental results. The code validation 
study using the single duct experiments confirmed that the 
core bowing analysis codes could reasonably predict the 
thermal bowing of a single duct. 
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