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5. Detailed Evaluation 

After first estimate diffusion analyses showed that an effective diffusion model is still a 

viable solution to predict silver transport and release from TRISO particle spherical fuel, 

detailed analyses of all high and medium applicable tests (Table 1) were performed. 

Detailed evaluation starts with fuel spheres from the top of the table, performing analyses of 

the most important tests first. 

5.1 HFR-K3 

5.1.1 Reactor 

The High Flux Reactor (HFR) at Petten, the Netherlands, is a closed-tank in-pool type 

material testing reactor, being in operation since 1962 with a thermal power of 45 MW [28]. 

It is a light water moderated, beryllium reflector water-cooled reactor with fast and thermal 

fluxes in the order of 4.5 x 1018 m-2s-1 and 2.4 x 1018 m-2s-1 respectively. The reactor was 

extensively used in the British and German HTR programmes. Special full-scale rigs were 

developed to test HTR fuel elements under realistic conditions, with appropriate correlation 

between burn-up, neutron fluence, and temperature. 

Four spherical fuel elements were tested simultaneously in a so-called BEST-rig. Each rig 

contained four individual and independently-monitored capsules arranged in line. A binary 

mixture of helium and neon achieved temperature control, with helium providing the best 

cooling. 

Fluence, temperature and fission product release were measured for each capsule in real time. 

Full sphere irradiation tests of interest performed were HFR-K3, -K5 and -K6. Several other 

irradiation tests were done on fuel and compacts but only these three experiments are of 

interest for modern fuel evaluation. Unfortunately, the HFR-K5 and -K6 tests were 

performed at the end of the German HTR programme when interest had waned. Post-

irradiation evaluation of tests spheres and fuel rig materials was not done in time and no 

measurements of silver release from these tests were recorded. The earlier irradiation test 

HFR-K3 underwent comprehensive post-irradiation testing and heating examinations. 
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5.1.2 Irradiation test 

Four elements from Arbeitsgemeinschaft Versuchsreaktor (AVR) reload 19 with LEU-

TRISO fuel were inserted into the core inside a three-capsule BEST rig. The middle capsule 

contained two spheres with both outer capsules containing one sphere each. Each capsule 

consisted of a steel container with graphite cups which housed the test spheres. Fuel spheres 

were numbered 1, 2, 3 and 4 starting from the top with planned irradiation temperatures of 

1 020 °C, 700 °C, 700 °C and 1 020 °C surface and 1 200 °C, 920 °C, 920 °C and 1 200 °C 

centre, respectively [29]. Instrumentation consisted of thermocouples, flux monitors and 

SPN-monitors, as well as sweep and temperature regulation tubes for each single capsule.  

The placement of flux detectors and thermocouples relative to the four fuel spheres in the 

irradiation rig are shown in Figure 13. Due to flux gradients present in the HFR irradiation 

positions used, the rig was turned through 180o during the test in order to minimize the effect 

of gradients inside the fuel elements. HFR-K3 started on 15 April 1982 and ended 

successfully on 5 September 1983. Burn-up values of 10.6% FIMA were attained, with fast 

fluences of 6.3 x 1025 m-2. Heating tests up to 1 800 °C were conducted during the post-

irradiation examination. The objectives for this test were as follows [25]: 

a. Accelerated reference test on LEU-TRISO fuel spheres for an HTR steam cycle process 

heat applications. 

b. Providing irradiation data and Post-irradiation Examination (PIE) results for a data set of 

a licensable fuel element for HTR with LEU cycle. 

c. Examination of mechanical performance of particles of 1981 standard quality. 

d. Determination of release of relevant fission product nuclides from the fuel elements. 

e. Testing of the BEST-rig with sweep and regulation gas circuits and out of pile 

experimental installations at the HFR. 

Post-irradiation examination was completed, with ceramographic examinations on particles 

from test element HFR-K3/1 after a high-temperature annealing test, and fission product 

inventories measured on all four test elements. All capsule components and graphite cups 

were leached and fission products in the solutions determined with gamma spectrometry. 

Further gamma spectrometric measurements were made of drilling samples in the fuel-free 

zone of the fuel elements to determine 137Cs and 110mAg profiles in the fuel-free zone. This 

was a two times accelerated test that ran for 359 Effective Full Power Days (EFPD). 
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Figure 13: HFR-K3: Flux Detector and Thermocouple Placement 
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Due to the neutron flux gradient present in the HFR, the rig was turned 180° several times 

during irradiation to minimize the effect of uneven azimuthal burn-up. Burn-ups of 7.5, 10.0, 

10.6, and 9.0% FIMA and fast fluences of 4.1, 5.8, 5.9 and 4.3 x 1025 m-2 for the four tests 

spheres respectively were achieved [30]. The 85mKr fractional release remained very low 

(< 10-6) so it can be assumed that no particles failed during irradiation nor were there any 

particles defective from manufacture. 

AVR reload 19 is comparable with PBMR design fuel, and the irradiation conditions of 

HFR-K3 are acceptable and comparable to expected PBMR operational conditions. The data 

received from HFR-K3 progress reports and post-irradiation examination reports is sufficient 

to evaluate silver transport. Important test element data of HFR-K3 is listed in Table 3 with 

expected PBMR fuel specification and irradiation data. 

Table 3: HFR-K3 Test Element Specification and Irradiation Data 

Parameter Unit 1 2 3 4 PBMR 

Specification 

Uranium content g 10.22 10.22 10.22 10.22 9.00 

235U enrichment % 9.82 9.82 9.82 9.82 9.6 

CP content  16 350 16 350 16 350 16 350 ~ 14 500 

Failed CP content per FE 0 0 0 0 ~ 0.2(b) 

Irradiation data 

Burn-up (FIMA) % 7.53 10.02 10.57 8.97 9.8 

Neutron fluence      
(> 0.1 MeV ) 

1025 m-2 4.1 6.1 6.3 4.3 2.7 

Average centre 
temperature(a) 

°C 1 247 1 121 1 115 1 278 1 040 

Max power output kW/FE 2.72 3.41 3.61 3.42 2.1 

a. Calculated from the measured surface temperature and FE power output. 

b. 1.44 x 10-5 failure fraction1 x 14 500 particles per FE. 

                                                 

1 The failure fraction from manufacture used for PBMR design analysis of 1.44 x 10-5 was derived statistically 

from German fuel manufacturing experience. 
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5.1.3 Evaluation 

A first evaluation of HFR-K3 fission product release was performed by Christ in 1985, 

shortly after completion of the first post-irradiation examination [26]. After this evaluation 

more information about the irradiation test was released and further examinations of the fuel 

and rig materials changed original fluxes, estimated burn-ups, and temperatures achieved. 

Further evaluations were performed on this test (e.g. [31] and, most notably, unpublished 

work by Venter [32]). 

5.1.3.1 Input data 

A thorough evaluation of thermocouple performance was performed by Venter [32]. As is the 

case with most irradiation tests [33], a number of thermocouples failed during irradiation 

with a resulting loss of important temperature data. Thermocouples placed on the surfaces of 

fuel spheres indicated temperatures several degrees lower than those embedded in fuel-free 

regions of fuel spheres. This is especially clear for capsules 1, 2, and 4. It is to be expected 

that there would be a difference between temperatures measured on fuel sphere surfaces and 

temperatures measured 3 mm from the surface but, as graphite is a good conductor of heat, 

one would expect a difference of a few degrees at most and not 100 to 200 degrees Celsius. 

Thus all temperatures measured by surface thermocouples are suspect and should be 

discarded. Unfortunately capsule 3 had six surface thermocouples and only one embedded 

thermocouple. Temperature values for the embedded thermocouple form the upper bound for 

capsule 3 temperatures and it is safe to conclude that all surface temperatures for this capsule 

are too low and should be discarded. There are also some temperature values that are 

obviously wrong and these were also discarded. Cycle-averaged temperatures calculated 

using only data from embedded thermocouples are shown in Table 4. Also included in the 

table for comparison is cycle-averaged temperature data obtained from the RUBICON data 

handling computer code used at HFR. The evaluation of HFR-K3 test spheres was performed 

with both sets of temperature data. 
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Table 4: HFR-K3: Cycle Averaged Temperature Data 

Capsule 1 Capsule 2 Capsule 3 Capsule 4 Cycle 
Number 

Venter RUBICON Venter RUBICON Venter RUBICON Venter RUBICON 

82.04 967 950 703 790 705 735 969 987 

82.05 941 960 729 732 705 735 986 975 

82.06 944 958 786 739 753 712 996 968 

82.07 982 999 727 704 725 718 993 1 010 

82.08 981 989 754 725 722 713 1 003 999 

82.09 983 987 741 705 725 716 989 985 

82.10 990 1 032 767 745 729 721 1 023 1 021 

82.11 997 1 034 749 720 733 726 1 017 1 016 

83.01 1 027 1 040 763 737 740 728 1 015 1 013 

83.02 1 032 1 044 777 761 747 740 1 029 1 037 

83.03 1 022 1 044 777 761 744 740 1 028 1 037 

83.04 1 037 1 044 772 755 750 741 1 045 1 050 

83.05 1 021 - 772 745 750 737 1 037 1 024 

83.06 1 028 - 765 745 742 735 1 036 1 038 

83.07.1 1 025 - 793 780 747 733 1 040 - 

83.07.2 1 025 - 798 780 742 740 1 040 1 020 
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Table 5: HFR-K3: Thermal and Fast Neutron Fluxes (x 1018 m-2s-1) 

Capsule 1 Capsule 2 Capsule 3 Capsule 4 Cycle 
Number 

Thermal Fast Thermal Fast Thermal Fast Thermal Fast 

82.04 0.862 1.24 1.10 1.93 1.11 1.95 0.900 1.29 

82.05 0.834 1.23 1.06 1.87 1.07 1.89 0.870 1.28 

82.06 0.908 1.30 1.14 1.97 1.15 1.99 0.940 1.36 

82.07 0.909 1.38 1.15 1.94 1.16 1.95 0.940 1.45 

82.08 0.887 1.43 1.13 2.33 1.14 2.35 0.920 1.45 

82.09 0.874 1.34 1.12 1.95 1.13 2.07 0.920 1.40 

82.10 0.849 1.31 1.08 2.03 1.09 2.05 0.890 1.38 

82.11 0.882 1.38 1.13 2.06 1.14 2.08 0.920 1.39 

83.01 0.890 1.35 1.14 2.12 1.15 2.13 0.930 1.42 

83.02 0.859 1.32 1.11 1.99 1.12 2.01 0.910 1.37 

83.03 0.847 1.31 1.08 2.01 1.09 2.03 0.890 1.36 

83.04 0.862 1.38 1.17 2.10 1.18 2.12 0.960 1.43 

83.05 0.900 1.23 1.16 1.08 1.17 1.90 0.950 1.31 

83.06 0.802 1.32 1.03 2.03 1.04 2.08 0.850 1.37 

83.07.1 0.810 1.32 1.03 1.88 1.04 1.90 0.840 1.32 

83.07.2 0.838 1.36 1.07 1.99 1.08 2.01 0.880 1.32 

 

Neutron fluxes were taken from the metrology report [30], the first HFR-K3 evaluation [26], 

and updated with corrections made by Venter [32]. Thermal and fast neutron fluxes are 

tabled in Table 5. The cross sections used in the burn-up calculation were based on cross 

sections used in previous HFR evaluations [34] and updated to yield correct fission power 

and burn-up values. 
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Table 6: HFR-K3: Gamma Heating (W) 

Capsule 1 Capsule 2 Capsule 3 Capsule 4 Cycle 
Number 

Venter Christ Venter Christ Venter Christ Venter Christ 

82.04 619 810 964 900 964 900 644 855 

82.05 614 770 934 860 954 860 639 815 

82.06 649 830 984 930 1 019 930 679 880 

82.07 689 880 1173 980 1 083 980 724 930 

82.08 714 830 974 920 1 098 920 724 875 

82.09 669 810 1 024 900 1 049 900 699 855 

82.10 654 740 1 014 830 1 014 830 689 785 

82.11 689 800 1 029 890 1 058 890 694 845 

83.01 674 820 1 059 910 1 058 910 709 865 

83.02 659 800 1 004 880 1 039 880 684 840 

83.03 654 690 999 760 1 019 760 679 725 

83.04 689 810 1 054 900 1 068 900 714 855 

83.05 614 820 939 910 949 910 654 865 

83.06 659 700 1 014 780 1 039 780 684 740 

83.07.1 659 690 1 034 770 1 034 770 659 730 

83.07.2 679 710 994 790 1 039 790 679 750 

 

Gamma heating has been calculated by both Christ [26] and Venter [32]. The method used by 

Christ is not available in the literature but Venter’s method is well described in the reference. 

Gamma power values were deduced from data from the HFR-K6 irradiation test from two 

different locations in the HFR core. A linear relationship between gamma power and fast 

neutron (E > 0.1 MeV) flux was observed and a linear least squares fit was performed. It was 

found that the gamma power could be expressed by a fitted line: 

 0.12.3861 E MeVP φ >=  (17) 

Both Christ and Venter gamma heating results are tabled in Table 6. 

 
 
 



 Modelling Silver Transport in Spherical HTR Fuel  56 
___________________________________________________________________________ 

___________________________________________________________________________ 
Department of Physics               University of Pretoria 

5.1.3.2 Evaluation results 

Fission powers produced during irradiation and total burn-up achieved were calculated first 

to ensure that calculated temperatures are as close as possible to actual values. The fission 

powers were calculated using the best available thermal neutron fluxes (Table 5) and cross 

sections from later HFR irradiation tests [34] that have been corrected to yield the correct 

burn-up. These newly calculated fission powers where then used with estimated gamma 

heating (Table 6) to determine fuel temperatures. He/Ne coolant gas temperatures were 

adjusted to ensure that calculated and measured surface temperatures (Table 4) agree. Centre 

fuel temperatures were then calculated from surface temperatures and total power produced 

(fission and gamma) in each test sphere. Fission powers (in watt), and surface and centre 

temperatures (all in oC) for all four test spheres have been determined using both Christ and 

Venter data and are listed in Table 7 to Table 10. 
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Table 7: HFR-K3/1: Fission Power (W), Surface and Centre Temperatures (oC) 

Venter Data Christ Data 
Cycle 
Number Fission 

Power 
Surface 

Temperature 
Centre 

Temperature 
Fission 
Power 

Surface 
Temperature 

Centre 
Temperature 

82.04 2 294 967 1 217 2 724 950 1 210 

82.05 2 236 941 1 188 2 498 960 1 215 

82.06 2 384 944 1 217 2 580 958 1 240 

82.07 2 358 982 1 254 2 456 999 1 279 

82.08 2 261 981 1 247 2 281 989 1 260 

82.09 2 171 983 1 238 2 140 987 1 250 

82.10 2 025 990 1 232 1 983 1 032 1 275 

82.11 2 050 997 1 241 1 972 1 034 1 278 

83.01 1 996 1 027 1 260 1 905 1 040 1 280 

83.02 1 875 1 037 1 250 1 759 1 044 1 264 

83.03 1 776 1 022 1 235 1 680 1 044 1 255 

83.04 1 870 1 037 1 247 1 658 1 044 1 260 

83.05 1 788 1 021 1 229 1 662 1 021 1 241 

83.06 1 543 1 028 1 216 1 430 1 028 1 219 

83.07.1 1 510 1 025 1 212 1 410 1 025 1 214 

83.07.2 1 544 1 025 1 216 1 436 1 025 1 218 
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Table 8: HFR-K3/2: Fission Power (W), Surface and Centre Temperatures (oC) 

Venter Data Christ Data 
Cycle 
Number Fission 

Power 
Surface 

Temperature 
Centre 

Temperature 
Fission 
Power 

Surface 
Temperature 

Centre 
Temperature 

82.04 3 352 703 1 037 3 410 790 1 121 

82.05 3 244 729 1 097 3 355 732 1 106 

82.06 3 398 786 1 195 3 393 739 1 153 

82.07 3 294 727 1 161 3 233 704 1 124 

82.08 3 091 754 1 159 3 006 725 1 123 

82.09 2 911 741 1 140 2 823 705 1 126 

82.10 2 669 767 1 141 2 589 745 1 104 

82.11 2 662 749 1 129 2 588 720 1 089 

83.01 2 559 763 1 135 2 498 737 1 099 

83.02 2 374 777 1 127 2 328 761 1 102 

83.03 2 231 777 1 114 2 198 761 1 081 

83.04 2 333 772 1 126 2 311 755 1 099 

83.05 2 212 772 1 108 2 208 745 1 082 

83.06 1 893 765 1 073 1 903 745 1 041 

83.07.1 1 844 793 1 092 1 867 780 1 065 

83.07.2 1 881 798 1 098 1 916 780 1 073 
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Table 9: HFR-K3/3: Fission Power (W), Surface and Centre Temperatures (oC) 

Venter Data Christ Data 
Cycle 
Number Fission 

Power 
Surface 

Temperature 
Centre 

Temperature 
Fission 
Power 

Surface 
Temperature 

Centre 
Temperature 

82.04 3 612 705 1 056 3 794 735 1 101 

82.05 3 489 705 1 099 3 591 735 1 132 

82.06 3 633 753 1 194 3 610 712 1 153 

82.07 3 502 725 1 178 3 424 718 1 156 

82.08 3 272 722 1 154 3 171 713 1 123 

82.09 3 069 725 1 147 2 969 716 1 116 

82.10 2 806 729 1 127 2 716 721 1 096 

82.11 2 788 733 1 135 2 709 726 1 107 

83.01 2 674 740 1 132 2 612 728 1 104 

83.02 2 476 747 1 118 2 432 740 1 095 

83.03 2 325 744 1 099 2 297 740 1 074 

83.04 2 424 750 1 120 2 413 741 1 099 

83.05 2 297 750 1 094 2 506 737 1 108 

83.06 1 968 742 1 064 1 991 735 1 042 

83.07.1 1 917 747 1 062 1 955 733 1 036 

83.07.2 1 953 742 1 062 2 006 740 1 049 
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Table 10: HFR-K3/4: Fission Power (W), Surface and Centre Temperatures (oC) 

Venter Data Christ Data 
Cycle 
Number Fission 

Power 
Surface 

Temperature 
Centre 

Temperature 
Fission 
Power 

Surface 
Temperature 

Centre 
Temperature 

82.04 2 878 969 1 276 3 426 987 1 306 

82.05 2 803 986 1 285 3 092 975 1 284 

82.06 2 976 996 1 313 3 126 968 1 300 

82.07 2 886 993 1 307 2 937 1 010 1 334 

82.08 2 721 1 003 1 304 2 707 999 1 310 

82.09 2 608 989 1 282 2 550 985 1 288 

82.10 2 416 1 023 1 293 2 332 1 021 1 297 

82.11 2 394 1 017 1 287 2 290 1 016 1 295 

83.01 2 319 1 015 1 279 2 202 1 013 1 286 

83.02 2 172 1 029 1 276 2 048 1 037 1 291 

83.03 2 058 1 028 1 265 1 934 1 037 1 275 

83.04 2 149 1 045 1 286 2 014 1 050 1 298 

83.05 2 040 1 037 1 266 1 907 1 024 1 269 

83.06 1 764 1 036 1 245 1 646 1 038 1 250 

83.07.1 1 700 1 040 1 240 1 518 1 040 1 241 

83.07.2 1 751 1 040 1 247 1 638 1 030 1 243 

 

The fractional releases of silver from the test spheres during irradiation are listed in Table 11. 

Fractional releases are simply the total measured released 110mAg activity divided by the total 
110mAg inventory in the fuel sphere. For test sphere 3, no measured value is reported for the 

graphite cup. It is not possible that there is no silver in the graphite cup. Some silver must be 

measurable just from contamination sources alone. The absence of a value means that the 

measurement failed and not that no silver was measurable.  
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Comparing fractional releases from sphere 2 and other test spheres, it can be conservatively 

estimated that the fractional release on the graphite cup should be between 1.6 and 2.2 x 10-4. 

For the sake of conservatism in nuclear analyses, the higher value is included in the total 

fractional release. 

Table 11: Fractional 110mAg Release from Fuel Elements of HFR-K3 [25] 

Fuel Sphere Steel Capsule Graphite Cup Total Fractional Release 

1 1.0 x 10-3 1.2 x 10-3 2.2 x 10-3 

2 2.3 x 10-4 2.2 x 10-4 4.5 x 10-4 

3 1.6 x 10-4 (2.2 x 10-4) 3.8 x 10-4 

4 2.1 x 10-3 1.6 x 10-2 1.8 x 10-2 

 

Measured values were obtained by dissolving the graphite cups that surrounded fuel spheres 

during irradiation and by leaching the surfaces of the stainless steel containers and measuring 

the 110mAg concentration in the liquids. Thus there are some additional sources of 110mAg in 

fuel spheres and graphite cups that should be considered; firstly the natural uranium and 

thorium contamination of the graphite cups that housed the test spheres. 

The total mass of the graphite cups that house each sphere (~190 g) is approximately the 

same as the mass of graphite in a test sphere (~200 g). It can be conservatively assumed that 

uranium and thorium contamination in the graphite cups is at least as much as the 

contamination in the fuel sphere. This graphite contamination was reduced to an effective 

uranium contamination only and added to the fuel-free zone contamination. 

In addition to natural uranium and thorium contamination in the cups, the graphite of which 

the cups and fuel spheres are manufactured also contains silver as an impurity. Christ [26] 

gives a value of 0.8 ± 0.5 ng/g for the concentration of silver in the graphite used for fuel 

spheres and graphite cups. Thus a fuel sphere of mass 209 g of which 200 g is graphite, will 

contain 1.6 x 10-7 grams of silver. The number of silver atoms in the fuel sphere will be 

8.8 x 1014 atoms. Only 48% of these will be 109Ag so that the number of 109Ag atoms is 

4.2 x 1014 atoms. For a 60 mm diameter sphere, the volume concentration of 109Ag in a fuel 

sphere will be between 3.7 and 6.0 x 1012 109Ag atoms per cm3. In the Gontard report [25] the 

natural silver contamination in A3-27 is estimated at 2.7 ng/g, which translates to about 

1.3 x 1013 109Ag atoms per cm3. 
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The graphite cups and steel capsules also contain silver as a contaminant. At Studsvik during 

the R2-K12 irradiation tests, the reserve graphite cups used in that irradiation rig were 

measured prior to irradiation. Silver contamination was found to be as high as 180 ng/g [25], 

and for low-temperature irradiation tests, these contaminations dominate the measured silver 

outside the test sphere. Therefore, total silver contaminations between 8 x 1012 and 2.6 x 1013 

109Ag atoms per cm3 for each test capsule must be considered. 

Using all input data from both Christ and Venter discussed in paragraph 5.1.3.1, and 

contamination sources discussed above, diffusion coefficients were derived for all four test 

spheres in Table 12. The temperatures and diffusion coefficients listed are the average centre 

fuel temperatures for each test sphere and diffusion coefficients at those specific 

temperatures. For the hotter test spheres there is very little difference between diffusion 

coefficients derived from the two data sets. For the two cooler test spheres, contamination of 

irradiation rig materials dominate measured release fractions and derived diffusion 

coefficients are much more dependent on the data set used. A range of contamination values 

was considered in order to derive realistic diffusion coefficients. For the purpose of final 

evaluation of all derived diffusion coefficients, the Venter data coefficients may be seen as 

the lower limit and the Christ data coefficients as the upper limit of the range of coefficients 

for this test. 

Table 12: Derived Diffusion Coefficients: HFR-K3 

Venter Data Christ Data Fuel 
Sphere 

Temperature Coefficient (m2s-1) Temperature Coefficient (m2s-1) 

1 1 231 °C 7.75 x 10-18 1 247 °C 7.63 x 10-18 

2 1 121 °C 6.58 x 10-18 1 099 °C 1.37 x 10-17 

3 1 115 °C 5.96 x 10-18 1 099 °C 1.50 x 10-17 

4 1 278 °C 2.54 x 10-17 1 285 °C 2.55 x 10-17 

 

HFR-K3 is the most important irradiation test to evaluate not only silver but also caesium 

release from fuel from the German irradiation programme. It is the best-documented test that 

also underwent full post-irradiation examination and irradiation conditions achieved during 

the test is the most applicable to future HTRs. Diffusion coefficients derived here can 

therefore be considered the most valuable in deriving final transport data. 
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5.2 FRJ2-K13 

5.2.1 Reactor 

The FRJ2-DIDO reactor in Jülich, Germany, is a heavy-water-moderated and -cooled 

material test reactor with a nominal power of 32 MWth. The facilities for irradiating samples 

in core are limited to a diameter of 52 mm. Full sphere tests are therefore not possible inside 

the core and fuel sphere tests are performed in reflector positions. The neutron spectra are 

therefore very well moderated and high fast fluences are precluded from fuel sphere test 

requirements. On the other hand, very high thermal neutron fluxes could be achieved as the 

irradiation rig could be moved into the radial maximum of the thermal neutron flux profile. 

Similar to the HFR BEST-rig, four spherical fuel elements are tested simultaneously in a two 

individually swept capsule irradiation rig shown in Figure 14. Temperatures in the rig are 

measured by nine thermocouples, and temperature is controlled by a binary mixture of 

helium and neon. During reactor operation neutron fluxes are measured at various positions 

in the core in order to evaluate neutron fluxes at the irradiation positions. In addition the 

integrated fluence is measured with neutron activation wires inserted into ceramic and steel 

tubes. Full sphere irradiation tests of interest performed were FRJ2-K11, -K13 and -K15. 

Several other irradiation tests were done on compacts and fuel elements but only these three 

fuel experiments are considered for silver transport evaluation. 

5.2.2 Irradiation test 

Four elements with AVR reload 19 fuel spheres with LEU-TRISO fuel were inserted into the 

reflector outside the core in a two-capsule irradiation rig. Each capsule contained two spheres 

and consisted of a steel container with graphite cups which houses the test spheres. Fuel 

spheres were numbered as K13/1, K13/2, K13/3 and K13/4 with planned irradiation 

temperatures of 985 °C, 990 °C, 990 °C and 980 °C surface and 1 131 °C, 1 149 °C, 

1 148 °C, 1 127 °C centre, respectively [29]. FRJ2-K13 started on 24 June 1982 and ended 

successfully on 12 February 1984. Burn-up values of 7.5, 8.0, 7.9, and 7.6% FIMA were 

attained, with fast fluences of ~0.2 x 1025 m-2. 
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Figure 14: FRJ2-K13: Irradiation Rig 
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The objectives for this test were as follows [25]: 

a. Irradiation test of AVR reload 19 fuel. 

b. Providing irradiation data under highly controlled irradiation conditions. 

c. Examination of coated particle performance without the influence of fast fluence. 

d. Investigation of transport coefficients of metallic fission products. 

e. Supplying irradiated fuel for accident simulation tests in the KÜFA. 

Post-irradiation examination was completed, with full gamma spectrometric analyses and 

deconsolidation of the rig. All capsule components and graphite cups were leached and 

fission products in the solutions determined with gamma spectrometry. Further gamma 

spectrometric measurements were made by drilling samples in the fuel-free zone of the fuel 

elements to determine the 137Cs and 110mAg profile in the fuel-free zones of test spheres 1, 2 

and 3.  

Test sphere FRJ2-K13/2 was heated after irradiation at 1 600 °C followed by deconsolidation 

of the element to get loose particles. Ceramographic investigations of these particles showed 

punctuated deposits of metallic fission products in the kernel and coagulated pores. Test 

sphere FRJ2-K13/4 underwent accident testing up to 1 800 °C. The test spheres were of the 

same manufacturing batch and all fuel sphere data used in evaluating silver transport are the 

same as for the HFR-K3 evaluation. The 85mKr fractional release remained very low (< 10-6) 

so it can be assumed that no particles failed during irradiation nor were there any particles 

defective from manufacture. 

5.2.3 Evaluation 

Much less information about the irradiation conditions is available compared to HFR-K3, but 

measured irradiation temperatures are available from published graphs and good estimates of 

the neutron fluxes can be made from reported values [35]. Cross sections were selected to 

achieve correct burn-ups and plutonium contributions supplied in the literature [25]. Fission 

power values determined from a neutronic calculation and estimated gamma-powers were 

then used to determine fuel temperatures. Coolant gas temperatures were adjusted to ensure 

that calculated and measured surface temperatures agreed. Centre fuel temperatures were 

calculated from surface temperatures and total power produced (fission and gamma) in each 

test sphere. The fission powers (in watt) and the surface and centre fuel temperatures (in oC) 

are presented in Table 13 and Table 14. 
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Table 13: FRJ2-K13/1 and /2: Fission Power, Surface and Centre Temperatures 

K13/1 K13/2 
Cycle 
Number Fission 

Power 
Surface 

Temperature 
Centre 

Temperature 
Fission 
Power 

Surface 
Temperature 

Centre 
Temperature 

1 1 640 985 1 106 1 829 985 1 123 

2 1 630 995 1 116 1 801 1 000 1 140 

3 2 086 980 1 135 2 385 990 1 173 

4 1 971 1 005 1 154 2 231 1 010 1 185 

5 1 872 1 000 1 143 2 100 995 1 160 

6 1 781 980 1 116 1 982 980 1 136 

7 2 400 985 1 172 2 548 995 1 199 

8 2 288 990 1 169 2 416 980 1 174 

9 2 176 995 1 166 2 283 1 000 1 188 

10 2 017 985 1 145 2 098 995 1 165 

11 2 072 980 1 145 2 120 990 1 164 

12 1 809 995 1 140 1 858 1 005 1 166 

13 1 710 985 1 124 1 746 985 1 131 

14 1 591 980 1 110 1 613 995 1 133 

15 1 674 980 1 116 1 675 970 1 112 

16 1 747 975 1 120 1 727 975 1 124 

17 1 641 980 1 118 1 617 990 1 133 

18 1 533 970 1 100 1 503 985 1 119 

19 1 432 975 1 097 1 398 990 1 117 
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Table 14: FRJ2-K13/3 and /4: Fission Power, Surface and Centre Temperatures  

K13/3 K13/4 
Cycle 
Number Fission 

Power 
Surface 

Temperature 
Centre 

Temperature 
Fission 
Power 

Surface 
Temperature 

Centre 
Temperature 

1 1 812 1 000 1 139 1 663 970 1 092 

2 1 785 1 005 1 144 1 652 975 1 097 

3 2 364 985 1 167 2 113 965 1 121 

4 2 214 1 010 1 183 1 995 975 1 124 

5 2 085 1 000 1 165 1 894 980 1 123 

6 1 968 995 1 151 1 801 975 1 112 

7 2 532 990 1 193 2 424 980 1 168 

8 2 401 995 1 189 2 311 985 1 166 

9 2 270 1 000 1 185 2 196 975 1 147 

10 2 088 980 1 150 2 035 980 1 141 

11 2 111 975 1 148 2 088 970 1 135 

12 1 851 995 1 150 1 822 1 000 1 147 

13 1 740 990 1 137 1 722 985 1 124 

14 1 607 975 1 112 1 601 975 1 106 

15 1 670 980 1 122 1 684 985 1 122 

16 1 724 975 1 124 1 756 980 1 126 

17 1 613 985 1 127 1 650 1 000 1 139 

18 1 500 990 1 124 1 541 990 1 122 

19 1 395 980 1 106 1 439 980 1 104 
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Fractional releases of silver from test spheres during irradiation are listed in Table 15. The 

fraction of silver on the steel capsules for test spheres 1 to 3 has a constant value of 1.3 x 10-2 

although fractions on the graphite cups vary between 3.7 x 10-3 to 7.5 x 10-3, which suggests 

that the silver fraction from the steel capsules is dominated by some other source than the 

fuel sphere. This is out of line with measurements made after the HFR-K3, R2-K12 and R2-

K13 irradiation tests where capsule steel fractions were always less than graphite cup 

fractions. The fraction of silver on the steel cups for test sphere 4 is 3.1 x 10-2 which is much 

higher than for the other spheres although the factions on the graphite cups remain 

comparable. The sphere 4 measurement must be questioned and most probably is a 

transcription error where the 1 and the 3 have been swapped. If this is the case, the silver 

fraction for all capsules is exactly the same and may be from silver contamination of the 

steel. Considering a reasonable silver contamination of 10 ppm of the capsule steel could 

explain the measured silver fraction on the steel capsule. 

Table 15: Fractional 110mAg Release from Fuel Elements of FRJ2-K13 [25] 

Fuel Sphere Steel Capsule Graphite Cup Total Fractional Release 

1 1.3 x 10-2 5.7 x 10-3 1.9 x 10-2 

2 1.3 x 10-2 7.5 x 10-3 2.0 x 10-2 

3 1.3 x 10-2 3.7 x 10-3 1.7 x 10-2 

4 3.1 (1.3) x 10-2 8.0 x 10-3 3.9 (2.1) x 10-2 

 

Natural uranium and thorium contamination of the graphite cups that housed the test spheres 

were treated in the same way as for the HFR-K3 evaluation. Similarly, it was assumed that 

comparable silver contamination of the graphite cups existed. Much uncertainty remains 

about silver contamination of the steel capsules. For best estimate analyses it was assumed 

that the silver fraction measured from the steel capsules was predominantly from natural 

silver contamination of rig materials and a fraction of 1 x 10-2 was deducted from the 

measured fraction of this source. This leaves a fraction of 3 x 10-3 from test sphere release 

which is significantly more than what was measured in HFR-K3 and R2-K12, and very 

similar to what was measured during R2-K13. By ignoring any silver contamination in the 

steel capsules and assuming that all measured silver originated from the test spheres, an 

upper limit diffusion coefficient can be derived.  
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The resulting diffusion coefficients are shown in Table 16. The lower diffusion coefficient 

set will be used in deriving the final best estimate coefficients, and the upper limit results to 

derive final coefficients that may be used for safety and design analyses. 

Table 16: Derived Diffusion Coefficients: FRJ2-K13 

Best Estimate Upper Limit Fuel 
Sphere 

Temperature Coefficient (m2s-1) Temperature Coefficient (m2s-1) 

1 1 131 °C 1.67 x 10-17 1 131 °C 2.56 x 10-17 

2 1 149 °C 1.71 x 10-17 1 149 °C 2.57 x 10-17 

3 1 148 °C 1.43 x 10-17 1 148 °C 2.37 x 10-17 

4 1 127 °C 1.79 x 10-17 1 127 °C 2.64 x 10-17 

 

5.3 FRJ2-K15 

5.3.1 Irradiation test 

Three elements from AVR reload 21-1 with LEU-TRISO fuel were inserted into the reflector 

outside the core in a three-capsule irradiation rig as is shown in Figure 15. Each capsule 

contained one sphere and was individually swept and temperature-controlled. Fuel spheres 

were numbered as K15/1, K15/2 and K15/3 with planned irradiation temperatures of 808 °C, 

980 °C and 803 °C surface and 970 °C, 1 150 °C and 990 °C centre, respectively [36]. 

FRJ2-K13 started on 4 September 1986 and ended successfully on 21 October 1990. Burn-up 

values of 14.1, 15.3, and 14.8% FIMA were attained, with fast fluences of ~0.2 x 1025 m-2 

[37]. The objectives for this test were as follows [25]: 

a. Irradiation test of AVR reload 21-2 fuel (type GLE-4). 

b. Experimental demonstration of high burn-up potential of LEU TRISO particle. 

c. Determination of coated particle performance under high burn-up. 

d. R/B measurements during transients tests at different burn-ups. 

e. Examination of fission product transport. 
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Post-irradiation examination was completed, with gamma spectrometric analyses and 

deconsolidation of the rig. Only the graphite cups were analysed for fission products with 

gamma spectrometry. The 85mKr fractional release remained very low (< 10-6) so it can be 

assumed that no particles failed during irradiation nor were there any particles defective from 

manufacture. All three test elements underwent KORA corrosion and KÜFA heat-up testing 

after irradiation. 

5.3.2 Evaluation 

Fuel characteristics and final irradiation data of the test spheres are provided in Table 17 

[38]. The silver fractional release for test sphere 3 was not successfully measured and is not 

discussed further. 

 

Table 17: FRJ2-K15 Test Element Specification and Irradiation Data 

Parameter Unit 1 2 3 

Specification     

Sphere weight g 201.7 201.8 201.7 

Uranium content g 6.0 6.0 6.0 

235U enrichment % 16.76 16.76 16.76 

CP content  9 500 9 500 9 500 

Failed CP content per FE 0 0 0 

Irradiation Data     

Burn-up (FIMA) % 14.1 15.3 14.8 

Neutron fluence 
(> 0.1 MeV ) 

1025 m-2 0.181 0.227 0.155 

Average centre temperature °C 920 1 095 960 

Max power output kW/FE 1.94 2.24 2.15 
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Figure 15: FRJ2-K15: Irradiation Rig 
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Fast and thermal neutron fluxes are available from irradiation progress reports. Cross 

sections were selected to achieve correct burn-ups and plutonium contributions. Fission 

power values determined from a neutronic calculation and estimated gamma-power values 

were used to determine fuel temperatures. Coolant gas temperatures were adjusted to ensure 

that calculated and measured surface temperatures agreed. Centre fuel temperatures were 

calculated from surface temperatures and total power produced (fission and gamma) in each 

test sphere. Calculated fission powers, surface temperatures (from irradiation progress 

reports) and calculated centre temperatures are listed in Table 18. Also included are initial 

Hochtemperatur Anlage (HTA) calculated fission power values extracted from original 

irradiation progress reports. Not all the progress reports could be found and in some cases 

HTA calculations were not performed. 

Table 18: FRJ2-K15/1 and /2: Fission Power, Surface, and Centre Temperature 

K15/1 K15/2 

Fission Power Temperature Fission Power Temperature 
Cycle 
Number 

GETTER HTA Surface Centre GETTER HTA Surface Centre 

1 1 935 1 910 795 954 2 244 2 220 998 1 204 

2 1 868 - 800 955 2 157 - 996 1 195 

3 1 850 1 800 792 947 2 105 2 070 988 1 184 

4 1 755 - 800 949 1 987 - 993 1 180 

5 1 702 - 805 952 1 897 - 995 1 177 

6 1 595 - 800 939 1 769 - 997 1 149 

7 1 646 - 795 942 1 770 - 996 1 165 

8 1 671 - 800 951 1 840 - 995 1 171 

9 1 515 - 805 942 1 728 - 998 1 165 

10 1 388 1 350 793 923 1 475 1 520 993 1 145 

11 1 221 1 240 792 910 1 325 1 410 991 1 134 

12 1 153 1 220 801 907 1 248 1 330 996 1 128 

13 1 178 1 180 787 902 1 245 1 250 995 1 131 

14 1 115 1 120 795 906 1 178 1 270 996 1 127 
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K15/1 K15/2 

Fission Power Temperature Fission Power Temperature 
Cycle 
Number 

GETTER HTA Surface Centre GETTER HTA Surface Centre 

15 1 553 1 560 812 965 1 640 1 700 986 1 138 

16 1 386 - 801 940 1 447 - 1008 1 169 

17 1 247 1 250 803 933 1 288 1 260 998 1 141 

18 1 125 1 160 800 923 1 110 1 190 995 1 130 

19 1 027 1 080 809 924 950 1 090 975 1 096 

20 953 997 814 924 876 999 984 1 099 

21 900 940 794 901 857 936 948 1 084 

22 821 886 802 903 823 875 943 1 042 

23 764 825 804 905 807 808 917 998 

24 725 791 797 891 782 771 888 1 000 

25 701 778 805 901 785 757 892 997 

26 682 711 786 875 767 689 909 1 014 

27 651 677 792 880 738 654 896 1 000 

28 618 645 798 891 707 625 850 958 

29 592 620 800 896 684 600 852 960 

30 571 600 806 892 665 590 829 930 

31 582 580 803 890 648 580 841 944 

 

Fractional releases of silver from the test spheres during irradiation are listed in Table 19. 

AVR reload 21 fuel represents the best-quality German fuel manufactured and considerably 

lower heavy metal contaminations in the matrix materials were achieved than for previous 

batches. Natural uranium and thorium contamination of graphite cups that housed the test 

spheres were treated in the same way as for HFR-K3 and FRJ2-K13 evaluations. Similarly, it 

was assumed that comparable silver contamination of the graphite cups existed. 
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No measurement data for fractional silver release on steel capsules are available in the 

literature but only fractional release activities of the graphite cups on spheres 1 and 2. 

Considering the activity ratios of FRJ2-K13, it was conservatively assumed to use a capsule 

activity equal to the cup activity for best estimate analyses, and two to three times the cup 

activity for design limit values. Correspondingly, the natural silver contaminations in the 

steel capsules were also adjusted. 

Table 19: Fractional 110mAg Release from Fuel Elements of FRJ2-K15 [38] 

Fuel Sphere Steel Capsule Graphite Cup Total Fractional Release 

1 7.5 x 10-4 7.5 x 10-4 1.5 x 10-3 

2 3.2 x 10-3 3.2 x 10-3 6.4 x 10-3 

 

Resulting diffusion coefficients are shown in Table 20. The lower diffusion coefficient set 

will be used in deriving the final best estimate coefficients, and the upper limit results to 

derive final coefficients that may be used for safety and design analyses. The diffusion 

coefficient derived for the lower temperature sphere 1 is highly dependent on the level of 

natural silver contamination assumed in the evaluation. The natural silver contamination has 

therefore been selected inside the acceptable range to give a diffusion coefficient as 

conservative as possible but still in line with other diffusion coefficients derived in the 

detailed evaluation. The diffusion coefficient for sphere 1 is rather too high than too low and 

is also the only coefficient derived during this evaluation that exceeds the current IAEA-

recommended diffusion coefficient (refer to Figure 17). 

Table 20: Derived Diffusion Coefficients: FRJ2-K15 

Best Estimate Upper Limit Fuel 
Sphere 

Temperature Coefficient (m2s-1) Temperature Coefficient (m2s-1) 

1 920 °C 1.50 x 10-18 920 °C 3.21 x 10-18 

2 1 095 °C 7.82 x 10-18 1 095 °C 1.15 x 10-17 
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5.4 R2-K12 

5.4.1 Reactor 

The R2 reactor in Studsvik, Sweden, is a light-water-moderated and -cooled reactor similar 

to the HFR in Petten. It generates 50 MW thermal power and utilizes 90% enriched fuel. 

Suitable irradiation conditions for sphere irradiation are available in both the core and 

reflector regions, with high thermal and fast neutron fluxes in the core. 

5.4.2 Irradiation test 

In this experiment, four fuel elements were irradiated in a four-capsule rig in the R2 reactor 

core. Two elements contained mixed oxide (Th,U)O2 TRISO particles and the other two 

elements contained a two-particle system. The two-particle fuel was an investigation into the 

viability of combining fissile UC2 and fertile ThO2 TRISO particles. The two-particle system 

was abandoned and only the one-particle test spheres are considered here. The two test 

spheres of interest were inserted into the top two capsules of the irradiation rig shown in 

Figure 16 [25]. 

Basic fuel and irradiation parameters are listed in Table 21. The test spheres contained 

10 960 TRISO particles imbedded in A3-27 matrix material. The total heavy metal load of 

6.08 g per sphere consisted of 1.12 g uranium enriched to 89.6% and 4.96 g thorium. 

Effective uranium contaminations used in evaluations were 2.2 x 10-5 and 1.0 x 10-6 in fuel 

and fuel-free zones respectively [39]. This was a two times accelerated test that ran for 308 

effective full power days. The 85mKr fractional release remained very low (< 10-6) so it can be 

assumed that no particles failed during irradiation nor were there any particles defective from 

manufacture. 

Each capsule consisted of a steel container with graphite cups which housed the test spheres. 

Fuel spheres were numbered as R2-K12/1 and R2-K12/2 with planned irradiation 

temperatures of 950 °C and 1 120 °C surface and 1 100 °C and 1 280 °C centre, respectively 

[37]. Instrumentation consisted of five thermocouples per sphere and wire flux monitors as 

well as sweep and temperature regulation tubes for each single capsule. R2-K12 started on 

28 November 1978 and ended successfully on 12 February 1980. Burn-up values up to 

12.4% FIMA were attained, with fast fluences of 6.9 x 1025 m-2. 
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Table 21: R2-K12 Test Element Specification and Irradiation Data  

Parameter Unit Sphere 1 Sphere 2 

Specification    

Sphere weight g 203.2 203.2 

Uranium content g 1.12 1.12 

Thorium content g 4.96 4.96 

Heavy metal content g 6.08 6.08 

235U enrichment % 89.6 89.6 

CP content  10 960 10 960 

Failed CP content per FE 0 0 

Irradiation Data    

Burn-up (FIMA) % 11.1 12.4 

Neutron fluence 

(> 0.1 MeV ) 

1025 m-2 5.6 6.9 

Average centre temperature oC 1 120 1 290 

Max power output kW/FE 3.29 3.95 

 

The objectives for this test were as follows [25]: 

a. Accelerated reference test on HEU-TRISO fuel spheres with different particle types. 

b. Evaluating irradiation conditions corresponding to a 3 000 MWth process heat plant. 

c. Examination of mechanical performance of particles of 1977 standard quality. 

d. Evaluating the differences between one- and two-particle fuel systems. 

The capsules underwent gamma-scanning and deconsolidation at Studsvik before being sent 

to the KFA at Jülich for final analyses. Fission product inventories were measured in test 

spheres and capsule components in order to determine fractional releases 
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Figure 16: R2-K12: Irradiation Rig for Spherical Fuel Elements 
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5.4.3 Evaluation 

A first evaluation of R2-K12 fission product release was performed by Acharya in 1983, 

shortly after completion of the first post-irradiation examinations [39]. In the Acharya report 

mention is made of other analyses performed by Muncke, but these reports could not be 

found. These studies did not try to derive transport parameters for silver in the different fuel 

materials, but attempted to explain the observed results using transport parameters and 

models accepted at that time. Results from both studies are compared without explanation of 

all observed results. A more serious attempt to explain observed release fractions are 

discussed later by Röllig and Muncke (HRB) as reported by Gontard [25], and their 

recommendations are used in this evaluation. 

5.4.3.1 Input data 

Measured surface temperatures [40] and thermal neutron fluxes [39] are available directly 

from the literature and fast neutron fluxes can be derived from fast neutron fluence values. 

Surface temperatures and neutron fluxes used in the evaluation is presented in Table 22. 

5.4.3.2 Evaluation results 

Fission powers produced during irradiation and total burn-up achieved were calculated to 

ensure that calculated temperatures are as close as possible to actual values. Fission power 

values were calculated using best available thermal neutron fluxes (Table 22) and cross 

sections that have been corrected to yield the correct burn-up. These newly calculated fission 

power values were then used with literature-supplied gamma heating to determine fuel 

temperatures. He/Ne coolant gas temperatures were adjusted to ensure that calculated and 

measured surface temperatures agree. Centre fuel temperatures were then calculated from 

surface temperatures and total power produced (fission and gamma) in each test sphere. 

Fission power values as calculated by HBK and this evaluation are presented with the gamma 

heating for each cycle in Table 23. 

Centre fuel temperatures were calculated for both GA and HBK studies and are presented 

with this evaluation results in Table 24. There is not a very big variation in calculated centre 

temperatures between the three calculations, even though all three sets use different thermal 

conductivity relations for A3-27 matrix material. 
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Table 22: R2-K12: Surface Temperature (°°°°C) and Neutron Flux (1018 m-2s-1) 

Capsule 1 Capsule 2 
Cycle 
Number Surface 

Temperature 
Thermal 
Flux 

Fast Flux Surface 
Temperature 

Thermal 
Flux 

Fast Flux 

1 824 0.78 2.09 898 0.93 2.59 

2 779 0.79 1.90 874 0.95 2.34 

3 786 0.75 1.81 886 0.91 2.33 

4 821 0.81 2.19 927 1.01 3.09 

5 827 0.81 2.17 935 0.98 2.73 

6 819 0.78 2.13 940 0.96 2.82 

7 857 0.81 2.33 966 1.05 2.72 

8 853 0.82 2.13 994 0.99 2.73 

9 864 0.83 2.16 1 006 0.98 2.71 

10 838 0.84 2.30 1 003 1.01 2.79 

11 847 0.79 2.04 987 0.99 2.72 

12 827 0.86 2.00 977 0.98 2.69 

13 818 0.79 2.26 982 0.93 2.46 

14 806 0.81 1.97 979 0.98 2.66 

15 796 0.85 2.10 975 0.94 2.33 

16 862 0.86 1.99 980 0.99 2.68 

17 892 0.91 2.12 947 1.03 2.44 

18 901 0.86 1.94 988 0.89 2.31 

19 829 0.88 2.11 999 0.96 2.45 

20 822 0.86 2.20 1 000 0.96 2.59 

21 795 0.62 2.01 965 0.85 2.16 

22 595 0.62 1.93 780 0.85 2.14 
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Table 23: R2-K12: Fission and Gamma Power (W) 

Capsule 1 Capsule 2 

Fission Power Fission Power 
Cycle 
Number Gamma 

Power 
HBK GETTER 

Gamma 
Power 

HBK GETTER 

1 1 200 3 132 3 290 1 403 3 658 3 953 

2 1 035 2 846 3 116 1 114 3 437 3 725 

3 1 077 2 658 2 796 1 443 3 104 3 335 

4 1 301 2 653 2 852 1 647 2 799 3 453 

5 1 301 2 496 2 689 1 565 2 544 3 121 

6 1 240 2 243 2 450 1 554 2 569 2 863 

7 1 484 2 442 2 407 1 667 2 225 2 924 

8 1 423 2 868 2 292 1 748 2 059 2 562 

9 1 463 1 948 2 184 1 738 1 987 2 368 

10 1 484 1 861 2 094 1 748 1 862 2 296 

11 1 321 1 704 1 882 1 728 1 807 2 137 

12 1 484 1 486 1 968 1 667 1 580 2 023 

13 1 260 1 527 1 924 1 484 1 566 1 814 

14 1 382 1 484 1 652 1 667 1 411 1 801 

15 1 218 1 304 1 646 1 604 1 400 1 635 

16 1 360 1 408 1 575 1 580 1 350 1 626 

17 1 382 1 385 1 565 1 647 1 125 1 586 

18 1 338 1 115 1 398 1 464 1 161 1 298 

19 1 379 1 164 1 365 1 464 1 120 1 341 

20 1 379 1 186 1 276 1 443 1 009 1 285 

21 1 274 847 895 1 240 1 009 1 106 

22 1 274 822 882 1 240 970 1 088 
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Table 24: R2-K12: Calculated Centre Temperatures 

Capsule 1 Capsule 2 Cycle 
Number 

GA HBK GETTER GA HBK GETTER 

1 1 124 1 166 1 150 1 282 1 345 1 300 

2 1 096 1 115 1 113 1 269 1 304 1 291 

3 1 093 1 106 1 100 1 269 1 291 1 286 

4 1 161 1 171 1 171 1 342 1 363 1 359 

5 1 159 1 163 1 165 1 326 1 340 1 338 

6 1 128 1 126 1 163 1 312 1 323 1 320 

7 1 200 1 211 1 211 1 341 1 352 1 359 

8 1 177 1 175 1 178 1 334 1 341 1 355 

9 1 185 1 182 1 190 1 332 1 337 1 345 

10 1 162 1 157 1 163 1 327 1 330 1 338 

11 1 149 1 145 1 150 1 310 1 311 1 312 

12 1 161 1 154 1 153 1 300 1 299 1 300 

13 1 109 1 101 1 110 1 276 1 274 1 267 

14 1 111 1 101 1 101 1 291 1 288 1 291 

15 1 074 1 055 1 072 1 274 1 270 1 287 

16 1 150 1 141 1 140 1 289 1 285 1 275 

17 1 183 1 174 1 175 1 277 1 268 1 260 

18 1 147 1 137 1 154 1 273 1 268 1 263 

19 1 107 1 093 1 095 1 292 1 290 1 275 

20 1 109 1 092 1 101 1 290 1 286 1 277 

21 1 023 1 037 1 008 1 250 1 242 1 227 

22 845 825 847 1 125 1 093 1 039 
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Fractional releases of silver from test spheres during irradiation are listed in Table 25. Röllig 

and Muncke estimated natural silver contamination in A3-27 to be in the order of 2.7 ng/g 

which translates to about 1.3 x 1013 109Ag atoms per cm3. At Studsvik during the R2-K12 

irradiation tests, reserve graphite cups used in that irradiation rig were measured prior to 

irradiation. Silver contamination was found to be as high as 180 ng/g or around 8.3 x 1014 
109Ag atoms per cm3 [25]. It is not known if the reserve graphite cups are really 

representative of the irradiated graphite cups. For example, the irradiated graphite cups may 

have undergone high-temperature annealing prior to insertion in the irradiation rig that may 

have reduced the natural silver contamination. By reducing this contamination by a factor of 

10 and taking into account the relative weight of the graphite cups, a maximum 109Ag 

contamination in graphite materials of 7.8 x 1013 atoms/cm3 was used. The case where 

natural silver contamination might have been reduced to levels estimated for other irradiation 

rig graphite cups (1.3 x 1013 109Ag atoms/cm3) have been investigated as well. 

Table 25: Fractional 110mAg Release from the Fuel Elements of R2-K12 [39] 

Fuel Sphere Steel Capsule Graphite Cup Total Fractional Release 

1 3.7 x 10-3 2.9 x 10-2 3.3 x 10-2 

2 9.1 x 10-3 4.9 x 10-3 1.4 x 10-2 

 

After considering recommendations from previous evaluations and all calculated results, 

diffusion coefficients were derived for both test spheres in Table 26. The temperatures and 

coefficients listed are the average centre fuel temperatures for each test sphere and 

coefficients at those specific temperatures. For evaluation where the spread of data is limited 

due to a lack of detailed information, an upper limit of a factor of two higher than the best 

estimate value was suggested by Röllig [21]. 

Table 26: Derived Diffusion Coefficients: R2-K12 

Best Estimate Upper Limit Fuel 
Sphere 

Temperature Coefficient (m2s-1) Temperature Coefficient (m2s-1) 

1 1 123 °C 7.39 x 10-18 1 123 °C 1.48 x 10-17 

2 1 289 °C 1.68 x 10-17 1 289 °C 3.36 x 10-17 
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5.5 R2-K13 

5.5.1 Irradiation test 

This experiment was a combined test with high-enriched (Th,U)O2 spherical fuel and low-

enriched UCO/ThO2 block fuel segments from a block fuel assembly. Initially it was planned 

to test LEU fuel but due to production delays HEU fuel was tested, and this test was therefore 

the last test performed on HEU spherical fuel. The two fuel spheres were inserted into 

capsules 1 and 4 of a four-capsule fuel rig. 

Basic fuel and irradiation parameters are listed in Table 27. The test spheres contained 

19 780 EUO 1674 TRISO particles imbedded in A3-27 matrix material. The total heavy 

metal loading of 11.3 g per sphere consisted of 1.14 g uranium enriched to 89.0% and 10.1 g 

thorium. Effective uranium contamination and natural silver content used in evaluations were 

the same as for the R2-K12 evaluation. This test ran for 517 effective full power days after 

which burn-up values up to 10.2% FIMA and fast fluences of 8.5 x 1025 m-2 was attained. 

The 85mKr fractional release remained very low (< 10-6) so that it can be assumed that no 

particles failed during irradiation nor were there any particles defective from manufacture. 

Each capsule consisted of a steel container with graphite cups which housed the test spheres. 

Fuel spheres were numbered as R2-K13/1 and R2-K13/4 with planned irradiation 

temperatures of 960 °C and 750 °C surface and 1 170 °C and 980 °C centre, respectively 

[37]. R2-K13 started on 22 April 1980 and ended successfully on 19 September 1982. Burn-

up values up to 12.4% FIMA was attained, with fast fluences of 6.9 x 1025 m-2. 

The objectives for this test were as follows [25]: 

a. Demonstration test of HEU-TRISO fuel spheres irradiation performance. 

b. Evaluating fission product transport behaviour. 

c. Examination of particles performance under long-term irradiation. 

d. Evaluating A3-27 matrix material irradiation behaviour. 

e. Supplying spherical fuel elements for PIE annealing tests. 

The capsules underwent gamma-scanning and deconsolidation at Studsvik before being sent 

to KFA at Jülich for final analyses. With results from gamma spectrometry on graphite cups, 

leach tests on steel capsules together with inventory measurements and calculations, relative 

fission product release from the fuel was investigated. Both fuel spheres were deconsolidated 

and particles were analysed. It was found that coated particle retention of fission products 

were exceptional and only 110mAg had been released in detectable quantities. 
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Table 27: R2-K13 Test Element Specification and Irradiation Data 

Parameter Unit 1 4 

Specification 

Sphere weight g 207.9 207.9 

Uranium content g 1.14 1.14 

Thorium content g 10.1 10.1 

Heavy metal content g 11.3 11.3 

235U enrichment % 89.0 89.0 

CP content  19 780 19 780 

Failed CP content per FE 0 0 

Irradiation Data 

Burn-up (FIMA) % 10.2 9.8 

Neutron fluence 

(> 0.1 MeV) 

1025 m-2 8.5 6.8 

Average centre temperature °C 1 211 1 020 

Max power output kW/FE 2.97 2.55 

 

5.5.2 Evaluation 

A first evaluation of R2-K13 fission product release was performed by Muncke, but these 

reports could not be found. A short discussion of this work is provided in the Gontard report 

[25]. 

5.5.2.1 Input data 

Measured surface temperatures and neutron fluence values are available directly from the 

literature [41]. Calculated fission powers are also available with measured R/B values for 
85mKr. The surface temperatures and neutron fluxes used in this evaluation are listed in 

Table 28. 
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Table 28: R2-K13: Surface Temperature (°°°°C) and Neutron Flux (1018 m-2s-1) 

Capsule 1 Capsule 4 
Cycle 
Number Surface 

Temperature 
Thermal 
Flux 

Fast Flux Surface 
Temperature 

Thermal 
Flux 

Fast Flux 

1 900 0.88 1.27 755 0.68 0.83 

2 860 0.86 1.49 730 0.78 0.96 

3 855 0.84 1.34 720 0.70 0.85 

4 840 0.86 1.31 700 0.68 0.87 

5 840 0.85 1.45 700 0.64 0.93 

6 880 0.75 1.25 700 0.62 0.96 

7 840 0.80 1.24 700 0.75 0.96 

8 860 0.86 1.47 720 0.73 0.95 

9 900 0.87 1.42 750 0.96 0.96 

10 900 0.92 1.38 760 0.88 1.38 

11 900 0.84 1.31 760 0.78 1.23 

12 940 0.92 1.58 760 0.61 1.29 

13 940 0.99 1.55 760 0.95 0.83 

14 960 1.05 1.63 755 0.94 1.43 

15 960 1.30 1.99 760 1.03 1.37 

16 970 1.20 1.91 760 1.01 1.31 

17 970 1.10 1.84 760 1.05 1.62 

18 970 1.05 1.74 755 1.10 1.54 

19 980 1.20 2.02 760 1.10 1.65 

20 980 0.84 1.60 770 0.74 1.29 

21 975 0.87 1.71 780 1.15 1.45 

22 980 1.20 2.30 780 1.05 2.38 

23 960 1.20 2.31 760 1.00 1.93 
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Capsule 1 Capsule 4 
Cycle 
Number Surface 

Temperature 
Thermal 
Flux 

Fast Flux Surface 
Temperature 

Thermal 
Flux 

Fast Flux 

24 970 1.10 2.22 760 1.10 1.81 

25 980 1.35 2.50 770 0.90 2.04 

26 970 1.20 2.37 770 1.00 2.20 

27 960 1.20 2.31 770 0.90 1.91 

28 970 0.11 2.24 780 1.15 1.98 

29 960 1.10 2.26 780 1.03 1.85 

30 980 0.99 2.28 800 0.90 2.28 

31 990 1.05 2.28 800 0.91 1.95 

32 980 0.87 2.31 790 0.85 1.74 

33 990 0.82 2.31 800 0.85 1.81 

34 990 0.80 2.53 780 0.78 1.81 

35 980 0.75 2.70 780 0.77 2.31 

36 980 0.80 2.70 770 0.75 1.93 

37 990 0.78 2.31 780 0.75 1.93 

 

5.5.2.2 Evaluation results 

Fission power values produced during irradiation and total burn-up achieved were calculated 

to ensure that calculated temperatures were as close as possible to actual values. Fission 

power values were calculated using best available thermal neutron fluxes (Table 28) and 

cross sections that have been corrected to yield the correct burn-up. These newly calculated 

fission power values where then used with literature-supplied gamma heating to determine 

fuel temperatures. He/Ne coolant gas temperatures were adjusted to ensure that calculated 

and measured surface temperatures agree. Centre fuel temperatures were calculated from 

surface temperatures and total power produced (fission and gamma) in each test sphere. 

Fission power values as calculated by HBK and this evaluation are presented with gamma 

heating for each cycle in Table 29. Centre fuel temperatures were calculated and are also 

included in Table 29. 
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Table 29: R2-K13: Fission and Gamma Power (W) and Centre Temperatures (°°°°C) 

Capsule 1 Capsule 2 

Fission Power Fission Power 
Cycle 
Number Centre 

Temp 
Gamma 
Power 

HBK GETTER 

Centre 
Temp 

Gamma 
Power 

HBK GETTER 

1 1 166 800 2 980 2 968 948 580 2 310 2 309 

2 1 125 780 2 760 2 765 956 600 2 540 2 547 

3 1 123 760 2 610 2 604 932 600 2 220 2 215 

4 1 117 750 2 680 2 588 910 580 2 090 2 101 

5 1 125 820 2 520 2 503 906 600 1 940 1 947 

6 1 134 740 2 150 2 159 906 600 1 860 1 854 

7 1 117 760 2 260 2 251 948 600 2 190 2 195 

8 1 153 800 2 350 2 340 965 600 2 070 2 073 

9 1 183 720 2 280 2 298 1 049 580 2 620 2 639 

10 1 195 800 2 350 2 356 1 044 560 2 340 2 338 

11 1 169 740 2 100 2 100 1 022 600 2 040 2 028 

12 1 225 840 2 251 2 247 977 620 1 550 1 562 

13 1 236 780 2 400 2 396 1 066 620 2 420 2 420 

14 1 259 740 2 470 2 477 1 055 620 2 330 2 338 

15 1 307 780 2 970 2 985 1 076 600 2 500 2 506 

16 1 288 760 2 680 2 687 1 068 600 2 420 2 411 

17 1 272 840 2 460 2 447 1 078 580 2 470 2 487 

18 1 256 800 2 280 2 288 1 080 580 2 530 2 545 

19 1 286 780 2 540 2 555 1 079 560 2 450 2 486 

20 1 218 840 1 760 1 764 1 004 600 1 650 1 655 

21 1 220 860 1 810 1 804 1 106 600 2 510 2 513 

22 1 277 780 2 440 2 442 1 081 620 2 190 2 243 

23 1 258 820 2 360 2 365 1 045 560 2 080 2 088 
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Capsule 1 Capsule 2 

Fission Power Fission Power 
Cycle 
Number Centre 

Temp 
Gamma 
Power 

HBK GETTER 

Centre 
Temp 

Gamma 
Power 

HBK GETTER 

24 1 247 860 2 120 2 127 1 010 620 2 250 2 259 

25 1 286 740 2 490 2 553 1 031 600 1 810 1 818 

26 1 256 840 2 230 2 239 1 010 620 2 040 2 080 

27 1 241 740 2 170 2 210 1 029 560 1 790 1 794 

28 1 234 820 1 990 1 984 1 087 580 2 220 2 240 

29 1 223 840 1 960 1 949 1 061 600 1 950 1 961 

30 1 219 840 1 750 1 741 1 049 580 1 690 1 700 

31 1 232 740 1 900 1 861 1 056 620 1 740 1 734 

32 1 207 820 1 620 1 625 1 042 600 1 690 1 695 

33 1 205 860 1 490 1 491 1 047 600 1 640 1 648 

34 1 198 840 1 420 1 431 1 013 620 1 480 1 487 

35 1 180 840 1 330 1 328 1 010 620 1 450 1 453 

36 1 182 760 1 390 1 405 996 640 1 420 1 404 

37 1 186 760 1 350 1 359 1 002 620 1 400 1 395 

 

Fractional releases of silver from test spheres during irradiation are listed in Table 30. 

Diffusion coefficients were derived for both test spheres in Table 31 using the same 

reasoning as for the R2-K12 evaluation. Natural silver contaminations between 1.3 and 

7.8 x 1013 109Ag atoms/cm3 were investigated. For best estimate analyses, the higher value 

was used and for upper limit evaluations the lower number was used. Temperatures and 

coefficients listed are average centre fuel temperatures for each test sphere and coefficients at 

those specific temperatures. For evaluation where the spread of data is limited due to a lack 

of detailed information, an upper limit of a factor of two higher than the best estimate value 

was suggested by Röllig [21]. 
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Table 30: Fractional 110mAg Release from Fuel Elements of R2-K13 [25] 

Fuel Sphere Steel Capsule Graphite Cup Total Fractional Release 

1 8.8 x 10-5 3.9 x 10-2 3.9 x 10-2 

4 1.3 x 10-3 1.4 x 10-3 2.7 x 10-3 

 

Table 31: Derived Diffusion Coefficients: R2-K13 

Best Estimate Upper Limit Fuel 
Sphere 

Temperature Coefficient (m2s-1) Temperature Coefficient (m2s-1) 

1 1 211 °C 1.64 x 10-17 1 211 °C 4.30 x 10-17 

4 1 020 °C 3.33 x 10-18 1 020 °C 6.66 x 10-18 

 

5.6 FRJ2-K11 

Irradiation data, temperature graphs and fuel parameters were summarized in a number of 

HBK quarterly reports [42], [43] and [44]. The irradiation report [45] contains early 

handwritten tables of first estimations of thermal neutron fluxes, burn-up and power 

production. Irradiation test conditions were extracted from all these sources. 

5.6.1 Irradiation test 

Two spheres from AVR reload 13 and two spheres from AVR reload 15 with HEU-TRISO 

fuel were inserted into the reflector outside the core in a two-capsule irradiation rig. FRJ2-

K11 started on 27 April 1979 and ended successfully on 30 October 1980. Burn-up values of 

10.0 and 9.7% FIMA were attained, with fast fluences of ~0.2 x 1025 m-2 [43]. 85mKr 

fractional release remained very low (< 10-6) so that it can be assumed that no particles failed 

during irradiation nor were there any particles defective from manufacture. Post-irradiation 

examinations were performed on all test spheres but fractional fission product releases were 

successfully measured for spheres 3 and 4 only. 
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5.6.2 Evaluation 

A first evaluation of fission product release from FRJ2-K11 was performed by Muncke, but 

the report could not be retrieved. Fuel characteristics [44] and final irradiation data [43] for 

test spheres are provided in Table 32. 

Table 32: FRJ2-K11 Test Element Specification and Irradiation Data 

Parameter Unit 3 4 

Specification 

Sphere weight g 200 200 

Uranium content g 1.12 1.12 

235U enrichment % 89 89 

Thorium content g 4.9 4.9 

CP content  10 700 10 700 

Failed CP content per FE 0 0 

Irradiation Data 

Irradiation time EFPD 260 260 

Burn-up (FIMA) % 10.0 9.72 

Neutron fluence 

(> 0.1 MeV ) 

1025 m-2 0.2 0.2 

Average centre temperature oC 1 183 1 176 

Max power output kW/FE 2.55 2.44 

 

Fast neutron fluxes in the reflector of the DIDO reactor are very low and values similar to 

FRJ2-K13 evaluation were used. Cross sections were selected to achieve correct burn-ups. 

Fission power values determined from a neutronic calculation and estimated gamma-power 

values were used to determine fuel temperatures. In this test it was attempted to keep surface 

fuel temperatures constant in the region of 1 000 °C. Therefore coolant gas temperatures 

were adjusted to ensure that calculated and experiment-estimated surface temperatures 

agreed. Calculated fission power values, surface temperatures and calculated centre 

temperatures are listed in Table 33. 
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Table 33: FRJ2-K11/3 and /4: Fission Power, Surface and Centre Temperatures 

K11/3 K11/4 

Temperature Temperature Cycle Number 
Fission Power 

Surface Centre 
Fission Power 

Surface Centre 

1 2 237 1 040 1 210 2 143 1 050 1 213 

2 2 545 1 040 1 233 2 441 1 030 1 215 

3 2 399 1 030 1 213 2 307 1 030 1 199 

4 2 234 1 020 1 190 2 154 1 040 1 206 

5 2 110 1 000 1 158 2 041 1 010 1 166 

6 1 992 1 030 1 186 1 933 1 050 1 201 

7 1 870 1 040 1 186 1 819 1 030 1 172 

8 2 053 1 040 1 203 1 993 1 020 1 175 

9 1 861 950 1 092 1 815 960 1 098 

10 1 991 1 010 1 167 1 952 980 1 131 

11 2 494 1 020 1 218 2 434 990 1 181 

12 2 193 1 010 1 184 2 152 1 020 1 190 

13 1 951 990 1 144 1 943 990 1 143 

 

Post-irradiation-examinations were performed at Harwell in the UK [46]. Fractional releases 

of silver from test spheres during irradiation were 4 x 10-2 for both spheres according to the 

project report [43] although a fraction of 5.4 x 10-2 for test sphere 4 has also been reported in 

other literature [23]. Natural uranium and thorium contamination in the matrix material of the 

test spheres were in the order of 1 x 10-4 [47]. Heavy metal contamination in the graphite 

cups that housed the test spheres were treated in the same way as for the FRJ2-K13 

evaluation. Similarly, it was assumed that comparable silver contamination of the graphite 

cups existed. Resulting diffusion coefficients are shown in Table 34. The lower diffusion 

coefficient set was calculated using best estimate input data and will be used in deriving final 

best estimate coefficients. Upper limit results are simply a factor of two higher than expected 

results and may be used for safety and design analyses. 
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Table 34: Derived Diffusion Coefficients: FRJ2-K11 

Best Estimate Upper Limit Fuel 
Sphere 

Temperature Coefficient (m2s-1) Temperature Coefficient (m2s-1) 

3 1 183 °C 4.19 x 10-17 1 183 °C 8.38 x 10-17 

4 1 176 °C 4.26 x 10-17 1 176 °C 8.52 x 10-17 

 

5.7 Discussion of results 

All six applicable irradiation tests have been evaluated with the best available information 

and assumptions based on the best available engineering judgement. The level of information 

available for each irradiation test varies greatly from almost complete neutronic and 

thermohydraulic histories available for HFR-K3 to only brief summaries for FRJ2-K11. 

Furthermore it is unknown whether the quality of the SiC layers changed significantly from 

the early tests to the latest. Comparing derived diffusion coefficients for each test sphere of 

each test in Table 35, there are significant differences between diffusion coefficients derived 

for the earliest (FRJ2-K11) test and the latest (FRJ2-K15) tests. Similarly, there appears to be 

an influence from the irradiation facility used. The FRJ2 tests appear to have higher diffusion 

coefficients compared to the HFR and R2 tests. 

What is important for all irradiation tests, irrespective of facility or fuel tested is the effect of 

natural uranium, thorium and silver contamination occurring in the fuel and irradiation rig 

materials. Especially for lower irradiation temperatures (< 1 100 °C), naturally occurring 

silver in graphite cups dominate measured fractional release. Natural silver contamination 

was only measured on R2 graphite cups and estimated for A2-27 matrix material used in fuel 

sphere manufacture. Silver contamination in irradiation capsule steels is unknown; however, 

measurements made during FRJ2-K13 appear significant. Another complicating effect that 

contributes to uncertainty in results is the efficiency of wet chemistry techniques used to 

leach and remove released silver from irradiation rig materials and the accuracy of gamma 

spectrometry used to measure 110mAg activities in leach solutions. 

Considering the above, it must be asked whether all irradiation tests should be weighed 

equally in determining a final diffusion coefficient for silver in SiC. Confidence in diffusion 

coefficients derived from the HFR-K3 irradiation test is higher than in any of the other 

evaluations and is significantly higher than for FRJ2-K11. If weighing of results is to be 

considered, the first question to be answered is, what weight to apply to which evaluation? 
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This is highly subjective and since the ‘better’ evaluations generally produced lower 

diffusion coefficients, it can be viewed as an attempt to lower diffusion coefficients in order 

to simplify reactor analyses. It was therefore decided to rather consider all irradiation tests 

evaluated as equal and err on the conservative side. The only exception is where both 

evaluations performed for HFR-K3 using Christ and Venter data respectively will be used. In 

effect HFR-K3 irradiation test evaluation for spheres 1 and 4 will therefore be weighted by a 

factor of two. For the two colder spheres, 1 and 2, the Venter and Christ data represent the 

lower and upper limits and are used to evaluate best estimate and design limits. 

All derived diffusion coefficients were plotted against average centre fuel temperatures in 

Figure 17. The following best estimate and design limit diffusion coefficients were derived 

by fitting all results to a straight line: 

Best estimate:  
109

131.14 10 RTD e
−−= ×  m2s-1 

Design limit:  
109

132.28 10 RTD e
−−= ×  m2s-1 

The recommended IAEA diffusion coefficient is also plotted against temperature in Figure 

17. All derived diffusion coefficients for all test spheres evaluated are below the 

recommended IAEA diffusion coefficient line except for the lowest temperature sphere 

(FRJ2-K15/1). Almost all design limit diffusion coefficients are also below the IAEA line 

with FRJ2-K11 and FRJ2-K15/1 being the exceptions. It appears that the currently 

recommended diffusion coefficient is overly conservative. Considering that the current silver 

diffusion coefficient in SiC was derived from particle heat-up tests after being irradiated in 

compacts, it might also be possible that the silver retention ability of a TRISO particle 

somehow improves during the sphere-making process. Also under consideration is the much 

higher diffusion coefficients derived for FRJ2-K11 and by Amian [48]. Amian performed his 

investigations on coated particles manufactured before 1978. This evaluation focused on fuel 

manufactured after 1978 (with the exceptions being FRJ2-K11 and R2-K12). The best-

performing fuels have been the ones irradiated in the later fuel tests: FRJ2-K15 and -K13 as 

well as HFR-K3. These are fuel spheres from AVR reloads 19 and 21, which were 

manufactured well after 1980. It could well be that Chemical Vapour Deposition (CVD) 

coater performance has increased, resulting in higher quality SiC that have superior silver-

retention abilities. 
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Table 35: Summary of Derived Diffusion Coefficients 

Best Estimate Upper Limit 
Fuel Sphere 

Temperature Coefficient (m2s-1) Temperature Coefficient (m2s-1) 

HFR-K3 - Christ Data 

1 1 247 °C 7.63 x 10-18 1 247 °C 1.53 x 10-17 

2 - - 
1 099 °C 1.37 x 10-17 

3 - - 
1 099 °C 1.50 x 10-17 

4 1 278 °C 2.55 x 10-17 1 285 °C 5.10 x 10-17 

HFR-K3 - Venter Data 

1 1 231 °C 7.75 x 10-18 1 231 °C 1.55 x 10-17 

2 1 121 °C 6.58 x 10-18 - - 

3 1 115 °C 5.96 x 10-18 - - 

4 1 285 °C 2.63 x 10-17 1 285 °C 5.26 x 10-17 

FRJ2-K13 

1 1 131 °C 1.67 x 10-17 1 131 °C 2.56 x 10-17 

2 1 149 °C 1.71 x 10-17 1 149 °C 2.57 x 10-17 

3 1 148 °C 1.43 x 10-17 1 148 °C 2.37 x 10-17 

4 1 127 °C 1.79 x 10-17 1 127 °C 2.64 x 10-17 

FRJ2-K15 

1 920 °C 1.50 x 10-18 920 °C 3.21 x 10-18 

2 1095 °C 7.82 x 10-18 1 095 °C 1.15 x 10-17 

R2-K12 

1 1123 °C 7.39 x 10-18 1 123 °C 1.48 x 10-17 

2 1289 °C 1.68 x 10-17 1 289 °C 3.36 x 10-17 

R2-K13 

1 1 211 °C 1.64 x 10-17 1 211 °C 4.30 x 10-17 

4 1 020 °C 3.33 x 10-18 1 020 °C 6.66 x 10-18 

FRJ2-K11 

1 1 168 °C 4.93 x 10-17 1 168 °C 9.82 x 10-17 

2 1 164 °C 4.99 x 10-17 1 164 °C 9.98 x 10-17 
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Both FRJ2-K11 diffusion coefficients’ best estimate and upper limit values are approaching 

the Amian diffusion coefficient line (the official IAEA line in Figure 17). It could possibly be 

that the Amian line presents the SiC diffusion coefficient for TRISO particles manufactured 

before 1978 and the new diffusion coefficient derived in this detailed evaluation present the 

SiC diffusion coefficient for TRISO particles manufactured after 1980. Therefore it might be 

that there is no discrepancy between the Amian evaluation and this current study. It can then 

also be argued that diffusion coefficients derived for FRJ2-K11 should be removed as they 

belong to an ‘older’ fuel set that have inferior silver-retention abilities compared to the latest 

state-of-the art German reference fuel. However, justifying such an argument based on only a 

perceived lower silver-retention ability is difficult, and for the sake of conservatism, it is 

suggested that the FRJ2-K11 results remain in Table 35 and Figure 17. 

 

 

Figure 17: Diffusion Coefficients from the Detailed Evaluation 
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