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This paper presents results from ruthenium release, transport and speciation experiments 
obtained in recent European studies. Experiments have shown that ruthenium may be released 
from the fuel already at a relatively moderate temperature, if the cladding is breached and if 
the flow contains oxygen. Furthermore, a significant fraction of released ruthenium is 
expected to be transported in the primary circuit in gaseous form. This work helps to resolve a 
severe accident safety issue related to fission product release in highly oxidising environment, 
which was indicated in the EURSAFE phenomena identification and ranking table (PIRT) [1]. 
Ultimately the goal of the ongoing projects is to improve modelling of ruthenium transport 
phenomena in severe accident codes such as ASTEC/Sophaeros. 
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During operation of a nuclear reactor, fission product ruthenium will accumulate in the 
fuel in relatively high concentrations. In steam atmospheres ruthenium is far from being as 
volatile as caesium or iodine and is unlikely to be released from the fuel in significant 
amounts. However, if air comes into contact with overheated fuel during a severe accident or 
during plant maintenance, ruthenium may form volatile species, which may be released to the 
containment. Since the consequences from the release of ruthenium can potentially be as 
severe as from iodine and caesium combined, the understanding of the release and the 
subsequent transport of ruthenium oxides is of primary importance. Therefore the behaviour 
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of ruthenium in oxidising conditions is studied in experimental programmes conducted by 
AEKI and VTT as well as analytical studies performed at IRSN. 
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The main objective of the RUSET programme conducted at AEKI is the investigation of 
fission product release in the presence of air. The programme includes 3 series of 
experiments. At first, small scale tests were performed with non-active fission product 
simulants in ZrO2 or UO2 powder. The second set of experiments consisted of short fuel rod 
tests with fission product simulants in the gap between fuel pellets and cladding. The last 
experiments were short fuel rod tests with fabricated fuel pellets. 
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Small scale tests were intended to clear up the fundamental behaviour of ruthenium 
release. The results provided important information also for coming experiments with short 
fuel rods. 

 
2.1.1 Experimental setup in the small scale tests 

The experimental facility for small scale tests is shown in figure 1. The applied 
ruthenium concentration corresponded to fuel burn up of about 44 GWd/tU. In the first tests 
only ruthenium in ZrO2 matrix was used. The sample size was 1 g ZrO2 with approximately 5 
mg of ruthenium powder. Later other fission product elements and UO2 were added to the 
samples. Fission products simulants were collected in special collectors. Their speciation and 
amount was determined in the post-test examination. 

 

 
 

Figure 1: Small scale test facility for ruthenium release experiments. 
 
In most experiments air flow rate was 3 ml/s and the evaporation of ruthenium was 

fast enough to achieve equilibrium partial pressures for ruthenium oxides. Temperature in the 
hot zone of the furnace was isothermal and varied between the experiments from 1000oC to 
1200oC. 

When the temperature after the furnace decreased to ambient level the chemical 
equilibrium of ruthenium oxides favoured the formation of RuO2, which appeared as deep 
blue precipitation on the quartz tube. Because of the low solubility of RuO2, an inner quartz 
tube was placed at the area of precipitation. The amount of precipitation was measured by 
weighting the inner tube before and after an experiment. At some tests the inner tube was 
changed 4-5 times during the test. With this method the precipitation process could be 
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determined as a function of time. A 65 mm long ceramic rod with a hole in the middle was 
placed at the upper end of the heated zone. The aim of this arrangement was to create a 
decreasing temperature stage, in which the extent of the precipitation could be reproducibly 
determined as a function of temperature and time. 
2.1.2 Results from the small scale ruthenium release tests 

The measured RuO4 partial pressures in tests with ruthenium powder in ZrO2 are 
shown in figure 2. The temperature of the reaction chamber was 1100 °C in all experiments 
except for the two tests indicated on the plot. When experiments were performed at 1100oC, 
the ruthenium release rate was approximately 0.15 mg/min. Higher evaporation rate at the 
beginning of experiments results in also a higher RuO4 partial pressure in the escaping air. 
The reaction rate of RuO4 to RuO2 is not fast enough for the ruthenium oxides to be in 
thermodynamic equilibrium as the temperature of the flow decreases. The rate of dissociation 
decreases with the temperature and is practically zero at about 600 - 700°C. As a result the 
RuO4 partial pressure of about 10-6 bars is significantly higher that the equilibrium value of 
about 10-10 bars at ambient temperature. Also precipitation of ruthenium on surfaces indicates 
a non-equilibrium process. 
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Figure 2: RuO4 partial pressure in outflow air at ruthenium+ZrO2 experiments.�

 
In experiments with other fission products in the sample the release RuO4 was 

delayed as shown in figure 3. When the precipitates on the quartz surface were investigated 
with x-ray fluorescence spectroscopy (XRF), it was found out that ruthenium was trapped to 
the surface as caesium ruthenates. This process likely took place early on in the experiments. 
CsI vaporised from the samples faster than ruthenium oxides and caesium formed a 
deposition layer on the surface. Ruthenium oxides could flow out of the system only when all 
caesium compounds were converted to ruthenates. At the end of the tests the partial pressure 
of RuO4 increased to about 1.10-6 bars as in previous experiments. 

If the sample in the reaction chamber contained UO2 as well as the fission products 
the delay effect appeared again. However, after the delay the release rate of ruthenium was 
faster. The RuO4 partial pressure of oxides increased to 4.10-6 bars. At the end the partial 
pressure reaches again the level of about 1.10-6 bars. It seems also, that the steam content in 
air may have influenced the delay of ruthenium release, maybe by enhancing the evaporation 
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of molybdenum. However, the final partial pressure of RuO4 remained approximately 
constant regardless of the gas composition. 

These tests showed that under high temperature conditions in air atmosphere all 
ruthenium was released from the furnace. Most of the released ruthenium oxides deposited on 
the cold surfaces and at most 10% of the mass was released in gaseous form. 
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Figure 3: Partial pressure of RuO4 in outflow air at experiments with Ru+ZrO2+FPs 
and also with UO2. 
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In these experiments the effects of fuel, cladding and other FP’s on ruthenium release 
were studied in a more representative environment. Fission product simulants were either 
placed in the gap between the pellets and the cladding or within the cold pressed fuel pellets 
themselves. 

 
2.1.3 Experimental setup in the short fuel rod tests 

The experimental facility for short fuel rod tests is shown in figure 4. The high 
temperature zone was an inductively heated vertical tube furnace, which could sustainably 
reach temperatures of about 1800oC. Experiments on the gap release were done at the 
temperature of 1500°C, whereas the retention of fission products by the pellet was studied at 
1500-1800°C. The inner diameter of the Al2O3 processing tube of the furnace was 14 mm and 
the outer diameter was 18 mm. A ZrO2 sample holder was placed at the bottom of the heated 
zone. 

Gas flow was introduced from the bottom part of the furnace. The gas flow was a 
mixture of high purity argon and air, and in some cases also steam. The flow rate of argon and 
air were measured from pressure difference between capillaries. 

The released ruthenium oxides were collected in two places. Just above the furnace the 
gas flow was cooled from the furnace temperature down to ambient in an aluminium tube. A 
large part of the volatilized ruthenium deposited there as RuO2. Gaseous ruthenium was 
absorbed downstream in diluted hydrochloric acid. To get time resolved data both the outlet 
alumina tube and the acidic solution were changed at every 1/2 - 1 hour. Five pieces of 
alumina tubes and 5 absorption devices were prepared for every test. 
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Figure 4: Experimental facility for short fuel rod tests. 
 

2.1.4 Results from Short Fuel Rod Tests 

The results showed that the retention of ruthenium was effective both in the pellet and 
in the cladding. However, the release of fission product from the short fuel rods was still 
significant in some tests. 

The release of gaseous ruthenium, which was later trapped at room temperature, 
varied between 0% and 17%. Large amounts of ruthenium (20-30%) were also found on the 
surfaces of alumina tubes applied in the sampling at high temperature gradient zone. In figure 
5A the green bars show the amount of ruthenium originally in the sample and the red bars 
indicate the amount deposited on the Al2O3 tubes. Figure 5B is similar to figure 5A except 
that the red bars indicate the amount of gaseous ruthenium trapped in the absorption bottles. 
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Figure 5A: Ru deposition on Al-oxide tubes.        Figure 5B: Absorbed Ru in HCl solutions. 
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The aim of the ongoing study at VTT is to find out conditions in which gaseous 
ruthenium species may be released from the primary circuit. In previous laboratory scale 
experiments it was found out that majority of the released ruthenium oxides deposited on tube 
surfaces [2]. In dry conditions stainless steel catalysed the decomposition of gaseous 
ruthenium species. However, in the presence of water vapour as much as 5% of the released 
ruthenium escaped the facility as RuO4 gas. 

The aim of this work was to gain more understanding of the transport and speciation of 
ruthenium under severe accident conditions. Experiments were done using a laboratory scale 
facility simulating the high temperature oxidising conditions. The effect of oxygen partial 
pressure, release temperature, tube material, water vapour and the presence of seed particles 
on the behaviour of ruthenium were investigated. 
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The furnace used for the oxidation of ruthenium in the transport experiments was 110 
cm long and had two heating zones, each 40 cm long. The inner diameter of the Al2O3 tube in 
the furnace was 22 mm. A 20 cm long alumina crucible with the RuO2  powder was placed in 
the second heating zone of the furnace. During an experiment, the gas flow rate through the 
furnace was 5 l/min (NTP). The experimental matrix with details on the experiments is 
presented in Table 1. The release rate of ruthenium from the crucible in the furnace was 
determined gravimetrically from the mass loss of ruthenium dioxide during the experiment. 
The deposition on the walls of the ceramic furnace tube was observed using a Leo Gemini 
982 scanning electron microscope (SEM). 

Gas-phase sampling of the particles was done 74 cm downstream from the furnace. The 
sample (1.4 l/min, NTP) was diluted with a porous tube diluter in order to minimize the 
losses. The number size distribution of the particles was measured with a differential mobility 
analyser (DMA, TSI 3081) and a condensation nucleus counter (CNC, TSI 3022). In these 
experiments, the measurement range was between 15 nm and 670 nm. Particles produced in 
the system were also collected on carbon coated copper grids using an electrostatic 
precipitator. In the transmission electron microscopy (TEM) analysis, the size and 
morphology of the particles were studied. Also selected area electron diffraction (SAED) 
analysis was carried out. The microscope used in these studies was a Philips CM-200 
FEG/STEM operated at 200 kV. 

 

Table 1: Matrix of the ruthenium transport and speciation experiments 

,5��
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1. 1500 Air SS 60  
2. 1500 Air Alumina 45  
3. 1500 Air SS 42 γ-tracer 
4. 1700 Air SS 20  
5. 1500 N2 + 10 % O2 SS 60  
6. 1500 Air SS 38 seed particles 
7. 1300 Air SS 45 water vapour 
8. 1700 Air SS 40 water vapour 
9. 1700 Air SS 360 revaporisation 

 
RuO2 particles were filtered out from the gas flow 106 cm downstream from the 

furnace. The mass of ruthenium on the filters was determined with instrumental neutron 
activation analysis (INAA). 

The gaseous ruthenium was trapped downstream of the particle filter in a 1M NaOH-
water solution. The bottle containing the trapping solution was placed in an ice-bath. After the 
experiments, the trapping solutions were heated on a sand bath and ethanol was added to 
reduce ruthenates to RuO2. The precipitates from the trapping solutions were filtered and the 
filters were analysed with INAA. The success of the precipitation was proven by analysing 
the filtered solutions by inductively coupled plasma mass spectrometry (ICP-MS). The 
trapping efficiency of the trapping bottle used in the experiments was verified by placing two 
bottles in line. In the analysis of the solution in the second bottle, no ruthenium was detected. 

One experiment was carried out with radiotracer to close the mass balance of 
ruthenium. The radioactive tracer used was 103Ru (�1/2 = 39.6 days). In the gamma-ray 
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measurements, the tubes were scanned in 4-cm pieces in order to find out the distribution of 
ruthenium downstream from the evaporation crucible. Also the filter was measured. 
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The results from the experiments are summarised in table 2, where the release rate and 
the mass flow rates of gaseous ruthenium and ruthenium aerosol are presented. It was 
assumed that the release rate was constant and that ruthenium was released only when the gas 
flow was on. The mass flow rate for RuO4 and RuO2 in the trapping bottle and in the filter, 
respectively, are the mass flow rates of ruthenium, not of the oxides. The result for the RuO2 

aerosol mass in experiment #1 is not reported due to analytical difficulties. 
 

Table 2: Results from the ruthenium transport and speciation experiments 

,5��
6�
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1. 9.5 0.016 - - 
2. 8.9 0.437 1.04 0.42 
3. 11.0 0.011 1.31 0.01 
4. 25.4 0.055 8.82 0.01 
5. 6.6 0.016 1.69 0.01 
6. 10.1 0.579 2.61 0.22 
7. 1.6 0.145 0.018 8.3 
8. 16.3 0.005 4.18 0.001 
9. - 0.013 0.013 0.94 

 
3.2.1 Ruthenium release 

The release rate of ruthenium was almost constant (9–11 mg/min), when the release 
temperature and the gas composition were constant. If the system is assumed to be in 
thermodynamic equilibrium, 91% of the ruthenium was released as RuO3 at 1500 K and 8% 
as RuO4. A higher furnace temperature increased the release rate up to 25 mg/min. In 
experiment #8 the calculated release rate was slightly lower, because all ruthenium vaporised 
from the crucible. At this temperature, 94% of the released ruthenium was RuO3 and 3% was 
RuO4 according to thermodynamic equilibrium. A lower oxygen concentration (10%) 
decreased the release rate slightly (6.6 mg/min) and a lower furnace temperature decreased it 
significantly (1.6 mg/min). Part of the observed variations in the release rate could be 
explained by considering the time dependence as the duration of the experiments varied. 

 
3.2.2 Transport of gaseous ruthenium, RuO4 

In dry experiments with a stainless steel tube, only 0.1%–0.2% of the released 
ruthenium reached the trapping bottle. This was probably due to the catalytic effect of the 
stainless steel tube surface on the decomposition of RuO4 to RuO2. Also, when the ruthenium 
release took place at high temperature (1700 K), almost all ruthenium was transported as 
aerosol particles, even if water vapour was added to the gas flow. 

When using an alumina tube, 5% of the released ruthenium was transported as gaseous 
RuO4 to the trapping bottle. This is comparable to the fraction (8%) of ruthenium released as 
RuO4 in thermodynamic equilibrium at the temperature of the furnace. It seems that RuO4 did 
not decompose to RuO2 in this experiment. 
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Significant amounts of ruthenium were transported in gaseous form in experiments, in 
which the gas flow was saturated with water vapour at ambient temperature and the release 
temperature was moderate. Most likely, water vapour passivated the stainless steel surface 
and no decomposition of RuO4 took place. In the seed particle experiment 5% of the released 
ruthenium was found from the trapping bottle. When the furnace temperature was decreased 
to 1300 K approximately 8.8% of the released ruthenium reached the trapping bottle. In this 
experiment ruthenium was mostly transported in gaseous form. Also in experiment #9, in 
which deposited ruthenium was vaporised from the tube surfaces, almost 50 % of the released 
ruthenium transported in gaseous form. 

 
3.2.3 Transport of ruthenium aerosol, RuO2 

Transport of RuO2 aerosol competed with the deposition processes. Most of the 
ruthenium released in the experiments deposited in the tubes (65%–90%). The deposition 
mostly took place in the alumina tube inside the furnace. Because RuO3 exists at negligible 
amounts at temperatures below 700°C and because most ruthenium is expected to be released 
as RuO3, the deposition was most likely caused by thermal dissociation of RuO3 to RuO2. A 
secondary deposition peak located just downstream from the furnace outlet was also 
observed. This was caused by thermophoretic deposition of particles. Some ruthenium 
deposited further on the stainless steel tube probably due to decomposition of RuO4. 

At high release temperature, the fraction of ruthenium aerosol was high (25-35%) due to 
the higher cooling rate of the gas flow, which increased the RuO2 particle formation in the gas 
phase. High release temperature also favoured the decomposition of gaseous ruthenium. The 
fraction of ruthenium aerosol was high (25%) also at low oxygen concentration. Less 
ruthenium deposited in that experiment probably because the gas phase concentration of RuO3 

was lower. 
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Figure 6: A TEM image of Ru-particles and a diffraction pattern matching with RuO2 

crystal. 
Feeding silver seed particles increased the ruthenium aerosol particles collected on the 

filter by a factor of about 2 as compared to other similar (#3) experiments. The number 
concentration of silver particles at the sampling point was about twice the number 
concentration of ruthenium particles. 
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The number size distribution of ruthenium dioxide particles in all experiments was 
rather similar. The geometric mean diameter of the ruthenium dioxide particles was 
approximately 80 nm and the geometric standard deviation was 1.6. 

Representative TEM images of the ruthenium dioxide particles collected in gas phase 
are presented in figure 6. From the figures, we can see that the particles are needle-shaped 
single crystals. A diffraction pattern, which matches with RuO2, is also presented in the 
figure. The crystals on the walls were bigger than the ones collected in the gas phase as was 
evident from SEM images. On the wall surfaces the RuO2 crystals had more time to grow. 
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The Institut de Radioprotection et de Sûreté Nucléaire is synthesising the information 
from all these experiments including results of the 5th Framework project (FWP) LPP to 
produce a consistent interpretation of the ruthenium behaviour. Indeed, analysis of some LPP 
tests has shown that a thermodynamic approach is unable to reproduce the amounts of 
RuO4(g) measured at low temperatures. This is because, in the gas phase, the destruction of 
the tetroxide by formation of the dioxide gas is endothermic whereas, thermodynamically, the 
overall transition to condensed dioxide (non-congruent condensation) is thermodynamically 
favourable. Surfaces, especially metallic, seem to efficiently catalyse this condensation 
reducing the RuO4(g) that persists at low temperatures. Ultimately the goal is to improve 
modelling in the ASTEC/Sophaeros code so that such transport phenomena can be included. 

Beyond the tests performed by AEKI and VTT that are summarized here, the results of 
VERCORS tests [3], ORNL HI-VI tests (especially test VI-7 [4]), experiments by Eichler et 
al. [5] and tests by AEA Technology for the 5th Framework project LPP [6] have been 
examined. In the case of a pure steam atmosphere, it seems likely that at very high 
temperatures, i.e., those at which ruthenium is released in this environment, the ruthenium is 
in the form of RuO/ RuO2(g). Some of these oxides can be transported into cooler regions 
condensing as RuO2(c) and probably forming some RuO3(g) and possibly hydroxide or 
oxyhydroxide species (negligible amounts of RuO4(g) can be expected in a steam 
environment). The experimental results reviewed imply that the vapour fraction reaching low-
temperature zones is negligible in steam. 

The difference when conditions change to air or air mixtures is that formation of 
RuO4(g) is no longer negligible at intermediate temperatures. Its formation is seen in analyses 
using thermodynamic (i.e., equilibrium) approaches but the problem with the thermodynamic 
approach is that it allows, with further cooling, the non-congruent condensation of the 
tetroxide to occur because the overall reaction is thermodynamically favourable. If the 
condensation is to proceed in the gas phase, there is an intermediate endothermic step 
preceding a larger exothermic step, i.e., 

 
RuO4(g) → RuO2(g) + O2(g) + ∆H1 
RuO2(g) → RuO2(c) - ∆H2 
where ∆H1 < ∆H2. 
 
In other words, analyses applying chemical equilibrium in the gas phase will not allow 

any significant amount of RuO4(g) to persist at low temperature. Indeed, it can be shown that 
the energy barrier ∆H1 is significantly higher than the average thermal (kinetic) energy 
associated with molecules at the relevant temperatures, energy which, via collisions, is 
potentially available to chemical reactions. Hence, isolated gas-phase decomposition of the 
RuO4(g) molecule is not favoured. Two routes for decomposition of the RuO4(g) remain, 
catalysis of the endothermic step or reaction with other species. It seems clear that the 
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decomposition is readily catalysed by metallic surfaces; however, the AEA Technology tests 
imply that mass-transfer limitations can impede this catalysis. For heavily corroded pipes 
(metal oxides) the situation is less clear where the single VTT test with alumina shows that 
the surface-catalysis effect in this case cannot be relied upon to destroy the RuO4(g). Quartz 
has no catalysing effect, either, given the results of the AEKI tests. Furthermore, it is 
sometimes said that RuO2(c) itself is expected to catalyse the decomposition of the tetroxide, 
i.e., the non-congruent condensation of the tetroxide is auto-catalysed. However, the 
analytical tests by AEKI, AEAT and VTT all sent the ruthenium-laden flow through aerosol 
filters before the gas-phase measurement. The RuO2 particles on these filters did not prevent 
significant RuO4(g) fractions being measured in many tests. It would appear that the auto-
catalytic effect is, at best, weak. Moreover, one can add that in oxidizing conditions as here, 
ruthenium dioxide – and ruthenium - is better known for its ability to catalyse oxidation rather 
than facilitate reduction. 

The aspect of chemical reactions (both with other released species and with radiolysis 
products) has not been properly explored in the reviewed tests though in containment 
conditions this is being examined by IRSN. In primary circuit conditions during an accident 
there is clearly a lack of information where it could be expected that the formation of species 
such as caesium and strontium ruthenate will significantly decrease the amount of ruthenium 
remaining as the tetroxide (as probably seen in the AEKI tests). Indeed, the stability of 
already-deposited ruthenium species, formed during the main core-degradation phase of an 
accident with its steam-hydrogen atmosphere in the reactor vessel and primary circuit in 
contact with an air-containing mixture may lead to re-volatilization of ruthenium. 
Thermodynamic analysis of a realistic deposit indicates that such re-volatilization would be 
minimal unless unrealistically high oxygen potentials are present. 
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The scatter in the results from AEKI ruthenium release experiments was rather large. 
The most important factor in the retention of ruthenium in these experiments was the integrity 
of fuel rod cladding. If the cladding remained intact during the test, no ruthenium was 
released. High temperature air had no access to the pellets and the volatile oxides were not 
produced. Even if the cladding was breached, ruthenium release was delayed until zirconium 
was completely oxidized. 

Ruthenium was not released in experiments with a steam atmosphere. The release was 
always related to air ingress phase of the tests. It should be noted that the release temperature 
was much lower in RUSET experiment than it was in VERCORS experiments, in which 
substantial ruthenium release was observed even in steam atmosphere [3]. Therefore, different 
ruthenium oxides are expected to be formed in these experiments.�

In the VTT ruthenium transport experiments the fraction of gaseous ruthenium reaching 
the trapping bottle was, in completely dry atmosphere with a stainless steel tube, 0.1%–0.2% 
of the released ruthenium. Stainless steel surface catalysed the reaction of RuO4 to RuO2. 
When alumina was applied as tube material or the atmosphere was saturated with water 
vapour at ambient temperature, the fraction of gaseous ruthenium reaching the trapping bottle 
increased to a value that corresponded approximately to RuO4 equilibrium vapour pressure at 
the furnace temperature. This leads to the conclusions that decomposition of RuO4 is very 
limited in these two cases and that RuO2 does not catalyse the decomposition of RuO4. 

A major part of the released ruthenium was deposited in the tubes, most of it inside the 
tube furnace, due to RuO3 decomposition. In the decomposition of gaseous ruthenium species, 
needle-shaped RuO2 particles were formed. Still a significant fraction of the released 
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ruthenium passed through the system as RuO2 particles. Seed particles and a steeper 
temperature gradient favoured RuO2 aerosol transport. 
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