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ABSTRACT 

Since 2021, IAEA has been organizing a Coordinated Research Project (CRP) on 
Testing and Simulations of Accident Tolerant and Advanced Technology Fuels (ATF-
TS). A work sub-task WT2.2 is dedicated to benchmark the integral computer codes 
used for simulation of bundle tests with ATF cladding materials. The following three 
bundle tests, carried out under severe accident conditions, were selected for the 
simulation: CODEX-ATF (HUN-REN EK/Hungary) and DEGREE (CRIEPI/Japan) both 
with chromium coated Zr-alloy cladding tubes, and QUENCH-19 (KIT/Germany) with 
FeCrAl cladding tubes. Seven organizations using six different codes took part in the 
post-test simulation of the QUENCH-19 test. The preparation of the CODEX-ATF test 
was based on calculations carried out with three codes in three organizations; four 
organizations are participating in the post-test simulation currently underway. Four 
institutes with four different integral codes were participated in the pre- and post-test 
modelling of the DEGREE-B3 bundle test. 

This paper presents briefly the chosen bundle tests, the participants and codes used, 
and a comparison of the simulation results. 

 

 

1. Introduction 

As part of the IAEA ATF-TS project, not only numerous single rod tests were carried out with ATF 
materials, but also two bundle tests with Cr coated claddings made of Zr alloys: the DEGREE-B3 
bundle test at CRIEPI [1] and CODEX-ATF test at HUN-REN EK [2]. The advantage of bundle 
tests lies in the creation of prototypical adiabatic conditions and the possibility of studying the 
mutual influence of fuel rods. In addition, such integral tests are a good basis for verification and 
validation of computer codes. Therefore, it was decided to conduct a benchmark within the 
framework of this IAEA project using experimental data obtained both during tests and in post-test 
studies. In addition to the two bundle tests using chromium-coated zirconium claddings, it was 
proposed to also use the results of the QUENCH-19 bundle test with FeCrAl claddings previously 
conducted at FZK. Conducting benchmark for the QUENCH-19 test was initiated within the 
framework of the previous IAEA ACTOF project [3], but then only two research organizations 
managed to take part in this project. Now the range of organizations involved has been significantly 
expanded. 

 
 

2. Benchmark on the QUENCH-19 bundle test performed with FeCrAl claddings 

The QUENCH-19 bundle experiment with 24 B136Y cladding tubes and 4 Kanthal AF spacer grids 
as well as 7 KANTHAL APM corner rods and KANTHAL APM shroud was conducted at KIT on 
29th August 2018 [4]. This was performed in cooperation with the Oakridge National Laboratory 
(ORNL). The test objective was the comparison of FeCrAl(Y) and ZIRLO claddings under similar 
electrical power and gas flow conditions. The experiment was performed in four stages. The 
electrical power supply was the same as in the reference test QUENCH-15 (ZIRLO) during the 
first two stages (pre-oxidation and transient). The third stage with constant electrical power was 
performed to extend the temperature increase period. The test was terminated at peak cladding 
temperature of about 1460 °C by water flooding similar to QUENCH-15. The total hydrogen 
production was 9.2 g (47.6 g for QUENCH-15). 
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Seven organizations provided results for exercises on the modelling of the QUENCH-19 bundle 
test (Table 1). 
 

Partici-
pant 

CNEA 
Argentina 

CTU 
Czech 

Republic 

GRS 
Germany 

IBRAE 
Russia 

KIT/INR 
Germany 

NINE 
Italy 

UPM/NFQ 
Spain 

Code DIONISIO MELCOR 
ATHLET-

CD 
SOCRAT ASTEC MELCOR MELCOR 

Table 1. Organizations and codes participated in the QUENCH-19 benchmark 

For almost all codes, the rod bundle was described by three concentric rings as shown in Fig. 1: 
an inner ring (ROD1) containing four central rods, a second ring containing eight intermediate rods 
(ROD2), and a third ring containing twelve peripheral rods (ROD3). When modeling with the 
MELCOR code, NINE and CTU applied a division into two groups of fuel rods: internal and external 
rods. Only one central rod was modelled with the DIONISIO code. The corner zirconium rods used 
for the bundle instrumentation were taken into account by their effect on reducing the flow area of 
the assembly. In addition, their outer surface area was taken into account when calculating the 
hydrogen release due to their oxidation. Also, when calculating the hydrogen release, the influence 
of the inner surface of the shroud was taken into account. 

 

Fig. 1. Composition of the QUENCH-19 bundle 

According to the benchmark conditions, each code had to calculate - based on specified boundary 
conditions and experimental data on the temporary change in electrical power supplied to the 
bundle - the temperature history at each of the seventeen elevations of the assembly. In addition, 
the most important parameter for comparing the efficiency of codes should have been the 
calculated value of hydrogen release. 

 

2.1 Comparison of temperature predictions 
Based on the readings of the thermocouples of the central and intermediate rods, an axial 
distribution of temperatures in the inner bundle part was obtained 300 s before the start of the 
reflood, namely at the time of 8800 s (in a later period, a number of thermocouples failed). 
Comparison of these experimental data with the results of calculations shows a good prediction 
of the position of the maximum temperature at the bundle elevation of 850 mm by most codes 
(Fig. 2). Below this level, the data from the four codes practically coincide with the experimental 
data. Above 850 mm, the data of the two codes coincide with the measured values. The other two 
codes give overpredicted temperature values. 

Comparison of calculated temperatures with experimental ones at the bundle elevation of 950 mm 
throughout the experiment shows overestimated values for all codes - satisfactory for the first (Fig. 
3) and second (Fig.4) groups of rods and significantly overestimated for the shroud (Fig. 5). The 



latter circumstance may be due to insufficient consideration of the steam-water mixture entering 
through leaks into the space between the shroud and the cooling jacket surrounding it [4]. 
 

  
Fig 2. Axial temperature profiles for QUENCH-19 Fig. 3. Temperature progress for internal rods 

 

  
Fig. 4. Temperature progress for external rods Fig. 5. Temperature progress for shroud 

 

2.2 Comparison of hydrogen predictions 

When metal M is oxidized in steam, hydrogen is released, the release rate of which is determined 
by the degree of oxidation: 

xM + yH2O = MxOy + yH2                                                     (1) 

The enhanced oxidation resistance of FeCrAl alloys at high temperatures relies on the formation 
of a slowly growing and highly protective Al2O3 scale [5]. The formation of a protective alumina 
scale is determined by the competition between the oxidation rate governed by diffusion of O and 
Al through the oxide layer and the diffusion of aluminium in the substrate to the interface. Alumina 
performs its protective role at temperatures below approximately 1650 K. At higher temperatures, 
accelerated diffusion processes lead to increased Fe oxidation, leading to a catastrophic increase 
in the oxidation rate. Based on the results of oxidation experiments performed at MIT with the 
B136Y3 samples (FeCrAl alloy used for the QUENCH-19 claddings) [6], the following correlations 
for the parabolic rate constant of the sample mass gain have been proposed to use for all codes: 

 

-250

-50

150

350

550

750

950

1150

1350

500 700 900 1100 1300 1500 1700 1900

B
u

n
d

le
 e

le
va

ti
o

n
, 

m
m

Temperature, K

Exp.
ASTEC
ATHLET-CD
DIONISIO
MELCOR/CTU
MELCOR/NINE
MELCOR/UPM
SOCRAT

300

500

700

900

1100

1300

1500

1700

1900

0 2000 4000 6000 8000 10000

T
e

m
p

e
ra

tu
re

, 
K

Time, s

Experiment_TFS 1/13
ASTEC_KIT-Ring 1
ATHLET_GRS_ Ring 1
DIONISIO_CNEA
MELCOR_CTU_Int
MELCOR_NINE_Int
MELCOR_UPM_Ring 1
SOCRAT_IBRAE_Ring 1

300

500

700

900

1100

1300

1500

1700

1900

0 2000 4000 6000 8000 10000

T
e

m
p

e
ra

tu
re

, 
K

Time, s

Experiment_TFS 17/13
ASTEC_KIT-Ring 3
ATHLET_GRS_ Ring 3
MELCOR_CTU_Ext
MELCOR_NINE_Ext
MELCOR_UPM_Ring 3
SOCRAT_IBRAE_Ring 3 300

500

700

900

1100

1300

1500

1700

1900

0 2000 4000 6000 8000 10000

T
e

m
p

e
ra

tu
re

, 
K

Time, s

Experiment_TSH 13/90
ASTEC_KIT_shroud
ATHLET_GRS_shroud
MELCOR_CTU_shroud
MELCOR_NINE_shroud
SOCRAT_IBRAE_shroud



𝐾𝑀𝐼𝑇[
𝑔2

𝑐𝑚4𝑠
] =

{
 

 
9.62 × 10−12,   𝑇 ≤ 1473 K

𝐴𝐵 exp (
−𝐸𝐵

𝑅𝑇
) ,   1473 < 𝑇 < 1648 K

𝐴𝐹𝑒 exp (
−𝐸𝐹𝑒

𝑅𝑇
) ,   𝑇 ≥ 1648 K (𝑚𝑒𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝐹𝑒𝑂)

            (2) 

 
where the activation energies 𝐸𝐵=594354 J/mol and 𝐸𝐹𝑒=352513 J/mol,   the pre-exponential 

constants 𝐴𝐵=3×109 g2/cm4s and 𝐴𝐹𝑒=2.4×106 g2/cm4s. 
It should be noted that more detailed experiments carried out later at KIT [7] showed more precise 
results with the following kinetics for this alloy (derived from data published in [7]): 

 

𝐾𝐾𝐼𝑇[
𝑔2

𝑐𝑚4𝑠
] =

{
 
 

 
 𝐴𝐿 exp (

−𝐸𝐿

𝑅𝑇
) ,   873 < 𝑇 < 1173 K (𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 𝑎𝑙𝑢𝑚𝑖𝑛𝑎)

4.69 ∙ 10−14,   1173 ≤ 𝑇 ≤ 1273 K

𝐴𝐻 exp (
−𝐸𝐻

𝑅𝑇
) ,   1273 < 𝑇 < 1648 K (𝛼 − 𝑎𝑙𝑢𝑚𝑖𝑛𝑎)

𝐴𝐹𝑒 exp (
−𝐸𝐹𝑒

𝑅𝑇
) ,   𝑇 ≥ 1648 K (𝑚𝑒𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝐹𝑒𝑂)

              (3) 

 
where the activation energies 𝐸L=184729 J/mol, 𝐸H=287748 J/mol and 𝐸𝐹𝑒=352513 J/mol, the pre-

exponential constants 𝐴L=5375.6*10-8, AH=6*10-2 and 𝐴𝐹𝑒=2.4×106 g2/cm4s. 
A comparison of the two oxidation correlations presented in Fig. 6 shows that the correlation 
obtained from the MIT data is more conservative and thus gives a more conservative estimate for 
the hydrogen release. 
 

 

Fig. 6. Comparison of two parabolic rate constants for mass gain during oxidation of the B136Y3 alloy 

For the oxidation of KANTHAL alloys (used for shroud and corner rods), it is proposed to use the 
following correlation established in the temperature range 1323 < T < 1749 K for the KANTHAL 
APMT alloy [8]: 

𝐾𝐴 = 𝐴𝐴 exp (
−𝐸𝐴

𝑅𝑇
)                                                             (4) 

 where the activation energies 𝐸𝐴=344000 J/mol, the pre-exponential constants 𝐴𝐴=7.84 g2/cm4s. 

All benchmark participants used the proposed oxidation correlations with minor individual 
adjustments for better matching when transitioning between different temperature intervals. 
Comparative results for the simulated integral hydrogen release are presented in Fig. 7. 
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Fig. 7. Simulation results for hydrogen release during the QUENCH-19 bundle test 

A very good prediction for the total mass of released hydrogen was given by two codes, which is 
primarily due to the fairly accurate calculation of bundle temperatures by these codes. The 
deviation in the prediction of total hydrogen release by other codes is due to either increased 
calculated temperatures (overprediction of hydrogen) or individual modification of the oxidation 
correlation for iron (underprediction of hydrogen). 

 

3. Benchmark on the DEGREE-B3 bundle test performed with Cr coated Zry-4 
claddings 

The DEGREE-B3 bundle experiment with nine Zircaloy-4 cladding tubes with 235 mm length 
(provided by KIT/Karlsruhe and PVD coated to 20 µm Cr layer by CTU/Prague) was conducted at 
CRIEPI on 11th April 2023. The inductive heated test bundle was oxidised in a flow of steam/Ar gas 
mixture under transient conditions up the peak cladding temperature of 1350 °C and then cooled in 
Ar. Before testing, all nine rods were pressurised with He to 6 MPa and showed symmetrical 
ballooning and burst during the test, with the middle at the hottest bundle elevation of 135 mm. 

Four organizations provided results for exercises on the modelling of the DEGREE-B3 bundle test 
(Table 2). 
 

Participant 
KIT/INR 

Germany 
CRIEPI 
Japan 

IBRAE 
Russia 

Code ASTEC FRAPTRAN  SOCRAT 

Table 2. Organizations and codes participated in the DEGREE-B3 benchmark 

 

3.1 Comparison of temperature and burst predictions 

According to experimental data, the induction heating power during the preparatory stage was 
2 kW, then during the bundle heating stage it increased to 23 kW for 430 s, after which the 
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induction heating was turned off. Tungsten rods installed in the center of each of the nine fuel rod 
simulators were used as susceptors. However, the alternating magnetic field also excited eddy 
currents in the cladding tubes, i.e. some of the heat was also generated in the claddings, and not 
just in the center of the fuel elements. Different considerations of this fact by different codes may 
cause differences in predictions of thermohydraulic effects. 

Since the thermocouples in the bundle were installed at the 125 and 180 mm elevations (below 
and above the burst positions), temperature simulations were performed for these bundle 
elevations. The corresponding calculated data are presented in Figs. 8 and 9. The temperature 
escalation predicted by the SOCRAT code at 125 mm should be associated with the diffusion of 
chromium into the zirconium matrix, leading to the disappearance of the protective chromium layer 
and accelerated oxidation of zirconium at this temperature [5, 9]. 

 

  
Fig 8. Clad temperatures of central rod at 125 mm Fig. 9. Clad temperatures of central rod at 180 mm 

A detailed account of the dependence of the mechanical properties of the cladding on temperature 
in the SOCRAT code made it possible to quite accurately predict the burst temperature of the 
central cladding and the corresponding pressure decrease inside this rod (Fig. 10). The value of 
this parameter (about 840 K) corresponds to the burst temperatures observed for uncoated 
Zircaloy-4 claddings [10]. 

 

Fig. 10. Pressure progress inside the central rod of the DEGREE-B3 bundle 
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3.2 Comparison of hydrogen predictions 

The oxidation by steam of the chromium results in the formation of a well-adherent and protective 
Cr2O3 layer and a certain amount of hydrogen is released: 

2Cr+3H2O=Cr2O3+3H2     (5) 

The growth kinetics of these oxides can be described by parabolic correlations according to the 
following correlations: 

Cr2O3 thickness (derived from the data in [9]) 𝜹 [𝑚] = 𝟐. 𝟔𝟑 ∙ 𝟏𝟎−𝟑 ∙ 𝒆−
𝟏𝟏𝟗𝟕𝟒𝟕

𝑹∙𝑻 ∙ √𝒕     (6) 

Cr2O3 mass gain ∆𝒎 [
𝑘𝑔

𝑚2] = 𝛿 ∙ 𝜌𝐶𝑟2𝑂3 ∙
3𝑀𝑂

𝑀𝐶𝑟2𝑂3
= 𝟒. 𝟑𝟐𝟕 ∙ 𝒆−

𝟏𝟏𝟗𝟕𝟒𝟕

𝑹∙𝑻 ∙ √𝒕   (7) 

where density of chromia ρCr2O3=5210 kg/m³, molar mass of oxygen MO=16, chromia MCr2O3=152. 

These correlations are valid up to a temperature of 1332 °C, after which chromium diffusing into 
the zirconium matrix forms the Cr/Zr eutectic melt. Taking into account correlation (7), codes 
FRAPTRAN and ASTEC obtained the hydrogen release shown in Fig. 11. Since FRAPTRAN is a 
single-rod code, the common hydrogen release from the nine-fuel bundle was calculated by 
multiplying by 9. Calculations with the SOCRAT code showed an excess of the threshold 
temperature of 1332 °C, so after reaching this value, the standard Cathcart-Pawel correlation was 
used for the oxidation of Zircaloy-4 (Fig. 12). From the two presented figures it is clear that taking 
into account only the oxidation of chromium leads to an underestimation of hydrogen, while 
inclusion of the kinetics of zirconium oxidation too early gives an overestimated result. 

  
Fig 11. Hydrogen release without Zr oxidation Fig. 12. Hydrogen release with Zr oxidation 

 

4. Benchmark on the CODEX-ATF bundle test performed with Cr coated ZIRLO 
claddings 

The CODEX-ATF bundle experiment with seven electrically heated rods, having opt. ZIRLO 
cladding tubes with 650 mm length, 9.1 mm outer diameter and 0.58 mm wall thickness, was 
conducted at HUN-REN EK/Budapest on 11th August 2023. The bundle composition included one 
centre rod, six peripherical rods, two Zr1%Nb grids with the pitch of 12.75 mm. Four claddings were 
PVD coated to 20 µm Cr layer by CTU/Prague, three other cladding tubes were not coated. The 
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bundle was surrounded by Zr2.5%Nb hexagonal shroud. During the test, the bundle was pre-
oxidized in Ar/steam atmosphere (each gas 0.2 g/s). The test was terminated by water quench with 
the water injected from the bundle bottom with the flow rate of 10 g/s. 

Four organizations provided results for exercises on the pre- and post-test modelling of the 
CODEX-ATF bundle test (Table 3). 
 

Participant 
CNEA 

Argentina 

GRS 
Germany 

IBRAE 
Russia 

NUBIKI 
Hungary 

Code DIONISIO ATHLET-CD SOCRAT ASTEC 

pre-test  + + + 

post-test + + +  

Table 3. Organizations and codes participated in the CODEX-ATF pre-test calculations 

 

4.1 Comparison of CODEX-ATF temperature predictions 

According to the pre-test specification, the pre-oxidation should be performed at 1000 W bundle 
power and 800 W power of the shroud heater. The accelerated last transient stage should last 
200 s with the bundle power increased to 2000 W. However, commissioning tests carried out after 
pre-test calculations showed that an increased temperature growth can occur without increasing 
the bundle power. Therefore, it was decided to carry out the pre-oxidation and accelerated transition 
stages at a bundle power of 1000 W with an increased duration of the entire experiment. Of course, 
this led to a deviation of the temperature history from the calculated values. Comparison of 
calculated temperatures of the central rod with experimental ones at the hottest bundle elevation 
of 550 mm throughout the experiment shows underestimated values for all codes (Fig. 13). 

The post-test calculations showed much more correct results. However, all codes did not reproduce 
the temperature escalation before quench. 

  
pre-test calculations for central rod ATHLET-CD post-test 

  
SOCRAT post-test DIONISIO post-test 

Fig. 13. Temperature progress for the central CODEX-ATF rod at the hottest bundle elevation 
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4.2 Comparison of hydrogen predictions 

Because of the seven rods, only four cladding tubes were coated with chromium, the oxidation 
correlations presented in Chapter 3.2 were applied only to them. In the SOCRAT calculations, the 
hydrogen produced by the oxidation of coated claddings is due not only to the oxidation of the Cr, 
but also to the oxidation of the underlying Zr. For the cladding of the three remaining rods and the 
inner surface of the shroud, the standard Cathcart-Pawel correlation was used or in SOCRAT 
case, a mechanistic model for Zry oxidation was used. As a result, predictions of the hydrogen 
release rate were obtained, presented in Fig. 14. Due to differences in temperature predictions, 
there is a noticeable scattering in the hydrogen release rate prediction for the whole bundle even 
before the temperature escalation begins. The noticeable jump in the hydrogen release rate 
prediction by the SOCRAT code at t≈14250 s is associated with the switch from the chromium 
oxidation model to the zirconium oxidation model upon reaching the Cr/Zr eutectic point (1332 °C). 

 

  
Whole bundle (coated and uncoated claddings, 

shroud) 
Only coated claddings 

Fig. 14. Hydrogen production rates predicted for the CODEX-ATF 

 

The corresponding integral hydrogen releases are presented in Table 4 and Fig. 15. While 
ATHLET-CD overestimates the hydrogen release by a factor of two (due to overpredicted 
temperatures for not coated claddings), the DIONISIO code underestimates the integral hydrogen 
release by a factor of three (temperatures were underestimated). The SOCRAT code showed the 
result closest to the measured values (more accurate temperature prediction and consideration of 
oxidation of zirconium substrates in coated tubes). A comparison of the calculated data on 
hydrogen release by the oxidation of zirconium and chromium shows that the predominant amount 
of hydrogen is associated with the oxidation of bundle parts made of Zr alloy not protected by a 
Cr coating. 

 

Experiment ATHLET/GRS DIONISIO/CNEA SOCRAT/IBRAE 

2.91 
Zr oxidation: 4.96 Zr oxidation: 1.02 Zr oxidation: 1.57 

Cr oxidation: 0.33 Cr oxidation: 0.02 Oxidation of coated claddings: 0.91 

total: 5.29 total: 1.04 total: 2.48 

Table 4. Integral hydrogen release (in grams) 
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Fig. 15. Integral hydrogen release predicted for the CODEX-ATF 

 

 

5. Conclusions 

Benchmarks for simulating bundle experiments with ATF cladding materials, organized within the 
framework of the IAEA ATF-TS project, showed a good possibility of adapting codes for new 
materials. While the thermal-hydraulic parameters of the experiments were calculated using 
algorithms already built into the codes, the oxidation modules were modified to take into account 
the correlations of FeCrAl and Cr oxidation. The oxidation of FeCrAl included the entire operating 
temperature range, while the behaviour of the chromium coating was described for temperatures 
below the point of formation of the Cr/Zr eutectic melt. Further research is needed to take into 
account processes above this eutectic point. 
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