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ABSTRACT 

 In the late phase of a severe accident after the failure of the lower head, or in shut-
down state with open reactor vessel the interaction of air with high temperature core materials 
can be expected. The intense oxidation of zirconium components can strongly affect the 
evolution of the severe accident scenario and chemical interaction of air with fission products 
can influence the radiological source term due to the volatilization of ruthenium oxide. The 
KFKI Atomic Energy Institute initiated an experimental program in order to extend our 
knowledge in this field and to provide data for model development and better estimation of 
the consequences of air ingress type accidents. Two integral tests were performed in 1998-
1999 with electrically heated nine-rod pressurized water reactor type bundles in the CODEX 
(Core Degradation Experiment) facility. The CODEX-AIT-1 (Air Ingress Test) and AIT-2 
experiments indicated the acceleration of oxidation phenomena and core degradation process 
in air atmosphere under severe accident conditions. The degradation process was 
accompanied with zirconium-nitride formation and release of large number of aerosol 
particles, some of which contained uranium. The enhanced fission product release was not 
addressed in these tests. The oxidation behavior and release of fission products in high 
temperature air is investigated in the current RUSET program (Ruthenium Separate Effect 
Tests) 2002-2004. The first series of experiments was performed with fission product 
simulants mixed into ZrO2 or UC2 powder. Fast oxidation and release of Ru and other fission 
products was observed. The formed oxides deposited in the cold part of the facility and only 
few percent of the inventory reached the room temperature samplers. In 2003-2004 the 
RUSET experiments will be continued with short fuel rod segments, containing inactive 
fission product simulant materials.  

1 INTRODUCTION 
The degradation of the normal heat transfer and fluid flow conditions in a nuclear reactor can 
lead to severe accident conditions characterized by the interaction of core materials at high 
temperature.  
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Fig. 1. Scheme of air ingress scenario with failed lower head 
 

 The oxidation of metal components accelerates in the presence of air [1], which can enter 
the reactor after the failure of the bottom head.  The TMI-2 accident examination showed that 
even after the relocation of the central core region into the lower plenum and molten pool 
formation, the peripheral fuel assemblies remained intact. It can be expected that after vessel 
failure large mass of core components remains in the reactor vessel. Following the lower head 
failure air can enter the primary system and the character of the degradation process can be 
changed compared to steam atmosphere conditions. 
 
 Air oxidation can take place in the open reactor vessel during shutdown as well. In that 
case the boiling and evaporation of the coolant is followed by air circulation, which enters the 
core from the top well before the failure of the lower head.The KFKI Atomic Energy Institut 
initiated an experimental programme in order to extend our knowledge in this field and to 
provide data for model development and better estimation of the consequences of air ingress 
type accidents. There are two objectives of the experimental programme: study of integral 
behaviour of fuel rods under air oxidation conditionsandinvestigation of  fission product 
release in high temperature air.  
 
2  THE CODEX FACILITY 
 
 Two integral tests were performed in 
1998-1999 with electrically heated nine-rod 
pressurized water reactor type bundles in the 
CODEX (COre Degradation EXperiment) 
facility. The CODEX out-of-pile integral test 
facility was built and put into operation in 
1995 at the KFKI Atomic Energy Research 
Institute, Hungary in order to investigate some 
specific aspects of core degradation and to 
extend the experimental database for code 
validation and development. Some of the 
experiments were VVER specific, while others 
were of general interest for any light water 
reactor. The comparison of CODEX 
experiments with CORA and QUENCH tests 
can help to sift out the effects related to the 
specific features or scaling of the facilities. 
Some new techniques (e.g. aerosol 
measurements) applied in the test facility 

 
Fig. 2.  Main components of the CODEX 
facility 
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provide additional information on the high temperature behavior of core materials. The 
CODEX test results are considered in the preparation of in-pile PHEBUS tests as well. The 
first test series was devoted to the experimental study of VVER type fuel assemblies, later 
PWR bundles were applied as well.  
 
 In the Air Ingress Tests PWR bundles with nine rods in square arrangement were 
applied. The peripheral rods are electrically heated with tungsten bars.  The central rod is not 
heated. Two spacer grids are used to fix the bundle. The heated length of the bundle is 600 
mm. The cladding material is Zircaloy, the shroud part is made of a 2 mm thick Zr2%Nb 
alloy. Inside of the fuel rods annular UO2 pellets are placed between the heater bars and the 
cladding. Around the shroud ZrO2  thermal insulation is added. The test section is connected 
to the preheater and to the cooler sections as coolant inlet and outlet respectively (Fig. 2.). An 
additional junction is connected to the bottom part of the bundle to inject cold gas or water. 
The preheater unit is able to supply either hot gases or steam to the test section. The off-gas 
streaming out of the test section is cooled down by the cooler unit. Before releasing it into the 
atmosphere it was conducted through an aerosol trap and filtered. For the investigation of the 
aerosol release a cascade impactor system is connected to the upper plenum of the cooler and 
two pipelines allow the continuous measurement of aerosols by means of laser particle 
counters. 
 
 The instrumentation of the facility consists of the measurements of the operational 
parameters as heating power rate of flow, temperatures, levels and pressures. Thermocouples 
are placed in several positions in the heat insulation material, on the heat shield, on the 
external surface of the shroud, on the fuel rods and inside of the central (unheated) rod. Two 
pyrometers and a video camera are located at three windows in the upper part of the bundle. 
After the experiments the post-test examination of the bundle and aerosol samples is carried 
out with several techniques, including metallography, SEM, microprobe analysis, X-ray 
radiography and mass spectrometry. The main advantages of the CODEX facility are the use 
of real UO2 pellets, the sophisticated data acquisition technique including aerosol 
measurements and the large flexibility in the selection of test conditions. The most imporant 
limitations are the use of non-irradited   fuel pellets and the application of electrical heating 
burdened with positive temperature feed-back effect. 
 
3  CODEX AIR INGRESS TESTS 
 
 The CODEX-AIT-1 test started with a heating-up period and stable temperature 
distribution was reached with 900 °C maximum rod temperature. The pre-oxidation phase was 
initiated with the reduction of argon flow and injection of air at the same time. 
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Strong temperature excursion took place during the 
pre-oxidation which could be stopped only by 
switching off  and stopping the oxygen injection. 
This temperature maximum was ~1500 co on the 
upper spacer grid and close to 2000 co on some fuel 
rods in the upper part of the bundle. After this 
unexpected transient a stabilization period took 
place with power regulation in argon atmosphere. 
The air ingress phase was initiated at ~900 oC 
maximum temperature with the injection of room 
temperature air. Argon injection was stopped and 
power was kept constant. The cold air cooled down 
the lower part of the bundle, but in the upper part 
lead to temperature excursion. 2000 oC was reached 
on the upper spacer grid and on some fuel rods, 
when the cooling down phase was initiated by 
switching of power, stopping air injection and 
injecting cold argon. 
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fig. 3. Measured temperatures in 
the lower and upper part of the 

CODEX-AIT-1 bundle 

The AIT-1 bundle suffered limited damage, the rod-like 
structure remained almost intact. Failure of some rods was 
observed close to the top of the bundle, the spacer grid was 
heavily oxidised and broken.  The upper spacer was oxidised 
and fragmented in a larger extent than the cladding.  The 
highest temperature area was at about 535 mm elevation. he 
value of maximum temperature can be estimated from the 
effect that the β-phases were melted and escaped but the α-
phase remained back. It limits the temperature between 1800-
2100°C. The oxide layer did not keep the melted β-phase, it 
escaped through small cracks. The β-phase has flown out even 
from cladding area where the α-phase was advanced into the β
-scale on the crystal boundaries.It proves the low viscosity of 
melted β-phase, as well. Pellet-clad interaction appeared only 
at the very high temperature sites, if the contact between pellet 
and clad was sufficiently good. The nitride phase formed only 
at the high elevations, its thickness reached 100-300 µm. The 
oxide layer thickness had an average 150-220 µm value in the 
upper part of the bundle. Cladding break up and peel off from 
pellet performed during the cooling period, no oxide layer was 
seen on the inner side of the cladding.  Spacer oxidised and 
fragmented.. At the elevations of 535 and 555 mm asymmetry 
took place in the extent of degradation, certainly one side of 
the bundle was at higher temperature than the other.  The 
visual observation of the bundle showed strong oxidation on 
the external surface of the shroud, but no structural damage 
was seen. During the test aerosol release peaks at pre-
oxidation and at air ingress oxidation were measured in the 
range of ~ 105 (from 101 –102 particles/litre  up to to 1-2x106 
particles/litre at excursion peak). 

 

 
Fig. 4.Cross section of 

CODEX-AIT-1 bundle at  
535 mm elevation 

Fig. 5. Fuel segment layers 
of  the CODEX-AIT-1 
bundle 
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CODEX-AIT-2
The test conditions achieved in CODEX-AIT-1 test were not favourable to U-bearing aerosol 
formation, little UO2 was believed to be exposed to oxygen. For this reason the AIT-2 test was 
to be allowed to proceed to more severely degraded state.  
 
The second air ingress test has been performed 
according to the proposed scenario:  
♦ The test started with a preheating period 

using hot argon and electrical heating. The 
bundle temperature was satirized at ~600oC. 

♦ The fuel rod cladding was oxidized in steam 
atmosphere in two steps: at 820oC and 950oC 
to give an oxide layer thickness of 20-25 
microns. Both steps lasted for 30 minutes.  
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Fig. 6 Shroud and central rod 

temperatures in the CODEX-AIT-2 
test 

♦ The air ingress phase started with the 
injection of 2.5 g/s cold air and with a linear 
increase of electrical power of 2 W/s to give 
an initial heating rate of 0.5 K/s. 
Temperature excursion was observed on the 
fuel rods to a maximum indicated 
temperature of 1900 co. Similar excursion 
took place on the shroud as well. The air 
injection was stopped when the temperature 
in the central elevation reached 1700 co, 
indicating the melting process. 

The core model of the CODEX AIT-2 facility 
suffered a serious damage during the test. The 
application of X-ray radiography provided a 
detailed vertical picture of the AIT-2 bundle 
(Fig.7). The upper spacer grid remained in its 
original position. Below the spacer grid severe 
fuel damage can be seen, the fuel rods were 
fragmented. Large part of the fuels fell down to 
the lower elevations. In the central part some 
pieces got stuck. The lower grid stopped most of 
the fragmented fuel and cladding pieces. Above 
the lower spacer grid a debris bed was formed, 
which included the intact lower fuel rods as 
well. The peak in the aerosol release was about 
three times higher than in the previous AIT-1 
test. The XRD investigation of the fuel did not 
indicate the formation of any higher uranium 
oxides.  The total uranium release could be 
estimated as 50-100 µg. 

 
 

 

 
Fig. 7 X-ray radiography of the 

CODEX-AIT-2 bundle 
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4  THE RUSET PROGRAMME 

 

 The  main objective of the RUSET Programmed is the investigation of fission product 
release in the presence of air. The effect of temperature, time and retention mechanism will be 
estimated. It is expected that the experiments will provide valuable data for the preperation of 
large scale PHEBUS-FPT-5 test. 

  
The separate effect test are carried out in three steps, starting from simple isothermal tests 
with elemental components and finishing with fuel rod segments tested under prototypical 
scenarios. 
a) Small scale tests with fission product simulants are carried out in a high temperature 

furnace. The following non-active fission product representatives are present in the 
mixture: Ru, Mo,Cs, I, Ba, Se, Sn, Ag, Sb, Cd, Te, Nd, Ce, Zr. They include both volatile 
and non-volatile components and so can be considered representative from the point of 
view of fission product release behaviour as well.  In the first tests only Ru was used, later 
the other elements were added as well. Isothermal tests were conducted between 800-1200 
oC. Fission products are collected in special collectors, their content and amount is 
determined in the post-test examination. These tests provide conservative data on the 
expected release of fission products. 

b) Short fuel rod tests will be carried out afterwards. The fission product stimulators will be 
added into the gap between fuel pellets and cladding. The experimental procedure will 
include a temperature history typical for accidental scenario (expected max. temperature 
2000 oC). Some tests will be carried out in steam only, and other tests with similar 
conditions in air atmosphere. These results are expected to give information on the 
difference between steam and air oxidation for fission product release. 

c) For the last series of tests fuel pellets will be fabricated with fission product simulators. In 
order to simulate fission product release the selected components will be added into UO2 
powder and mixed. The fuel pellets will be made of this powder using cold pressing. The 
amount of fission products will be determined according to high (~65 MWd/kgU) burnup 
level. The first estimation gives few g Ru for one kg UO2.  The experimental conditions 
will be similar to the second series, and so the effect of pellet retention compared to gap 
release can be estimated.  

 
5  FIRST SERIES OF RUSET TESTS  
 
 The first series of RUSET experiments were made using ZrO2 matrix with Ru powder 
and later with other fission product elements and UO2 as well. The Ru concentration applied 
was at the range of  a middle extent burned out fuel. (44 GWd/tU,  0.005 g Ru/gUO2.). 1 g 
ZrO2  with  ∼ 5 mg Ru powder was filled as charge into the reaction chamber.  At most of the 
experiments the rate of flow of the air was 3 ml/s, the evaporation of Ru was fast enough to 
get equilibrium partial pressures for ruthenium oxides at this streaming rate. The experiments 
were performed mainly at 1100 oC,  when  the  3 ml/s air volume rate could take away 0.15 
mg/min ruthenium. The evaporation rate of 5 mg Ru powder with 5 µm particle size was 
estimated as 0.25 mg/min. 
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The  investigated systems with the parameters is summarized below .: 
a./  Ru powder in ZrO2 matrix, influence of: 
     –  influence of air streaming rate ,–  the temperature of reaction chamber,  
     –  cladding material,–  stainless steal in the decreasing temperature stage, 
     –  steam content of air,–  Ru escape in time , –  filtering of aerosols. 
b./  Ru powder in ZrO2 matrix with other fission products, 

–  dry air, differential collection of precipitates , –  wet air, differential collection of             
precipitates,–  wet air, integral collection of precipitates, 

c./  Ru powder in ZrO2 matrix with other fission products and UO2 ,–  dry air, –  wet air. 
d./ Ru powder in ZrO2 matrix, control test for the role  of oxygen,–  with dry argon,     –  

with wet argon. 
Spectrophotometric method with suitable sensitivity has been developed for the 

determination of ruthenium. Precipitations with ruthenium content have been formed in the 
outlet tubes and on the filters. Their Ru content were determined by XRF and SEM-EDX 
methods.  
 
 The experiments are carried out in high temperature furnaces. The specimens are 
placed into a hermetically closed system, which has inlet junction for gas and outlet junctions 
for aerosol samplers. The composition and the total release rate can be estimated with the help 
of simplified cascade impactors, which have several filters and plates. The impactors are to be 
activated one after another during the tests and they are open for a given period. Knowing the 
rate of flow through the furnace the total release rate can be determined on the basis of post-
test examination of impactor samples. Such a type of sampling will allow us to determine the 
time dependence of fission product release. 

  
 Due to the toxic nature of the ruthenium-oxides additional filters are required in the 
off-gas system.  In the tests fresh fuel pellets can be used only. Scanning electron microscopy 
(SEM), microprobe, mass spectrometer (SSMS) are planned to be used for the investigation of 
impactor plates.  RuO4  determination with spectrophotometry is also considered. 
In the outlet tubes ruthenium dioxide deposits were formed. About 70-90 % of ruthenium 
oxides were transformed to RuO2 . The segregation is going from the temperature of 
formation (1100°C) down to about 600-700 °C. With decreasing  temperature the rate of 

RuO4 →. RuO2 + O2  and RuO3 →  RuO2 + 1/2 O2  
processes are slowing down  and at the lower temperature mentioned entirely stops. In Fig. 9. 
the picture of deposits of Ru16-1 and Ru16-2 inlet tubes and quartz rods can be seen. In this 
experiment the inlet tubes together with the rods can be seen. The temperatures at the end of 
deposition determined from the position and thermocouple calibration compared to those 
calculated from partial pressure of ruthenium oxides agree reasonably well. 
 
 In Fig. 10. the morphology of crystallic deposit of an inlet tube is shown. The left side 
was the high temperature, the right the low temperature part. At the high temperature part 
crystals with near spherical shape have been found,  further to the lower temperature part 
needle shaped crystals growing from a center on the tube wall. At the lower temperature end 
again sphere shaped larger species, further microcrystallic deposits can be seen. Fig. 11. 
shows the distribution of fission product elements on the sampler tube. The temperature at the 
Ru peak was between 600-700 oC.  
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Figure 9. Deposits on inlet quartz tubes and rods from Ru16-1 and Ru16-2 
(Times of sampling: (1)  0-30 min., (2) 30-60 min.) 

 
 
 

 
 

Figure 10. RuO2  crystals inside an inlet quartz tube 
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Figure 11. Deposit in quartz rod in case of FP-s in ZrO2 matrix. 

 
 
 
 In Fig. 12. the test results with Ru powder in ZrO2 are shown. The temperature of 
reaction chamber (air - Ru reaction)  were 1100 °C at all experiments except the two tests 
signed on the plot (1000 and 1200 °C).  The more effective evaporation at start of  
experiments results a higher RuO4  partial pressure in the escaping air. At larger concentration 
in high temperature air remain a higher concentration after the cooling down, because the rate 
of RuO4 - RuO2  process is not fast enough to follow perfectly the equilibrium with the 
temperature. The rate of equilibrium process is slowing down with the temperature and stops 
at about 600 - 700 °C. That means that the aprx.. 10-6 bar escaping partial pressure is not an 
equilibrium value at ambient temperature (it would be about 10-10 bar).  Some other 
phenomena at the experiment, precipitations on surfaces along the outlet way of gas because 
of some catalytic effect support this assumption. At experiments with other fission products 
escape of ruthenium tetroxid  showed some delay (Fig. 12). 
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Figure 12. Partial pressure of RuO4                   
in outflow air at Ru + ZrO2 experiments    

 The CsI evaporate faster than the Ru oxides and form a layer at a level above the 
ruthenium dioxide, presumably as CsOH or Cs2O. The Cs compounds are absorbing the Ru-
oxides as ruthenates at the beginning of experiment. The ruthenium oxides can flow out with 
the air only if the Cs  compounds are converted to ruthenates. (At these experiments I2 
appeared in the absorber solution at the beginning, after  that it was flushed away by the 
streaming air.) After longer time the partial pressure of RuO4  is  going to about  1*10-6 bar. 
If  the charge in the reaction chamber contained UO2 as well beside the fission products the 
delay effect appeared again but just after it  the Ru escape was faster, the partial pressure of 
oxides raised to 4*10-6 bar. After longer time it was going back to the usual *10-6 bar.  It 
seems so, that the steam content in air has some influence for the delay, maybe by enhancing 
the evaporation of molybdenum. After a longer time there is no difference in the escape rate 
of ruthenium in wet or dry air. 
 
SUMMARY 
 
 Air oxidation experiments with fuel bundles without fission products and with small scale 
samples containing fission product elements were carried out in order to investigate the most 
important aspects of fuel behavior in high temperature air.  
 
 The two integral experiments CODEX-AIT-1 and CODEX-AIT-2 with slightly different 
conditions and with the same PWR 9-rod bundle design lead to rather different results 
regarding the extent of fuel rod and spacer grid degradation and relocation, the axial 
temperature profil.. 
 
 In the first series of RUSET experiments the oxidation and release of ruthenium was 
investigated in small scale experiments. The main observations and results of the tests are the 
following:  
♦ under high temperature conditions in air atmosphere the total amount of ruthenium was 

released from the furnace, 
♦ max. 10% of ruthenium reached the room temperature samplers during the total 

experimental time (several hours) 
♦ most of the formed ruthenium-oxides deposited on the surface of outlet tube from the 

furnace at 600-700 oC,  
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♦ in the later phase of the tests the ruthenium-tetroxide was formed and released from the 
deposited ruthenium-dioxide 

♦ the presence of other fission products delayed the release of ruthenium, but did not 
decrease the released mass. 

 
 On the basis of the described experiments conservative estimation can be given on the 
release of ruthenium in high temperature air ingress conditions. In the case of a reactor 
accident the contact between the air atmosphere and the fission products is limited and so the 
release may take longer time. For this reason additional experiments will be carried out to 
investigate the retention mechanism of fuel pellets and to support the integral bundle tests. 
The experiments carried out till now indicate that in the air ingress phase of a severe accident 
most of the ruthenium will be oxidized and released in form of volatile oxides from the 
reactor core. Most of the released ruthenium will deposite on the cold temperature surfaces of 
the primary circuit and containment. The ruthenium release will be continued if high 
temperature air flow through these surfaces, the release rate can be estimated as 10-6 bar 
partial ruthenium-oxide pressure.  
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