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ABSTRACT
The High-Temperature gas-cooled Reactor (HTR) is a promising concept for the next generation of nuclear power plants, and it is essential that validated analytical tools are available in the European nuclear community to perform conceptual design studies, industrial calculations (reload calculations and the associated core follow), safety analyses for licensing, etc., for new fuel cycles aiming at plutonium and minor actinide (MA) incineration/transmutation without multi-reprocessing of the discharged fuel. The “HTR-N” project of the European Union Fifth Framework Program includes activities concerning the validation of computational tools and the qualification of models. These activities are centred around the two HTR systems currently in operation, viz. the HTR-10 and the HTTR. The re-calculation of the HTTR first criticality with a Monte Carlo neutron transport code now yields acceptable correspondence with experimental data. Also calculations by 3-D diffusion theory codes yield acceptable results. Special attention, however, has to be given to the modelling of neutron streaming effects. For the HTR-10 the analyses focused on first criticality, temperature coefficients and control rod worth. Also in these studies a good correspondence between calculation and experiment is observed for the 3-D diffusion theory codes. In the “HTR-N” project also analyses have been performed on a number of conceptual HTR designs, derived from reference pebble bed and hexagonal block type HTR types. It is shown that several HTR concepts are quite promising as systems for the incineration of plutonium and possibly minor actinides. For the European Union Sixth Framework Program a new project “V/HTR-IP” (Very High Temperature Reactor - Integrated Project) has been proposed. The sub-project "Reactor Physics and Core Thermal-Hydraulics" is aiming at further validation of HTR core physics codes. This includes an extended temperature range, an extended burn-up range and the analysis of core transients.
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Introduction

The European Research and Development (R&D) activities on High Temperature gas-cooled Reactors (HTR) concentrate on HTR-related key technologies and innovation potentials with the objective to consolidate and advance modular HTR technology for industrial application in the next decade and to explore new applications like hydrogen production and waste transmutation in the long-term. A collaborative programme on different items like fuel, materials, components, licensing has been established within the European HTR Technology Network (HTR-TN). As part of the European Union Fifth Framework Program the “HTR-N” project [1] and the complementary activities in “HTR-N1” [1] deal with High-Temperature Reactor Nuclear Physics, Waste and Fuel cycle studies and include 14 partner organisations. For simplicity the projects/contracts mentioned above will be further referred to as “HTR-N” in this paper. An overview of the full set of activities within the projects mentioned above can be found in [2].

As the HTR is a promising concept for the next generation of nuclear power reactors and nuclear process heat, the European nuclear community must have analytical tools capable to perform conceptual design studies, industrial calculations (reload calculations and the associated core follow), safety analyses for licensing etc. for new fuel cycles aimed at plutonium and Minor Actinides (MA) transmutation by ultra-high burn-up without multi-reprocessing of the discharged fuel. In addition, it is necessary to identify the HTR-specific waste streams and to find measures for their minimization and treatment. Finally, the disposal characteristics of spent HTR fuel have to be determined with high precision with regard to long-term prediction of the leaching behaviour.

This paper focuses on the qualification, validation and improvement of computational tools and models for the analysis and design of HTR cores, as well as on the application of these tools and models to analyse several HTR concepts with different fuel cycles. The first subject is mainly centred around the two HTR systems currently in operation, viz. the HTR-10 and the HTTR, and is also concerned with the influence of uncertainties in nuclear data and with the applicability of the codes for plutonium-based HTR fuel at very high burnup. The second subject concerns the analysis of some more advanced HTR concepts and applications, e.g. the incineration of plutonium.

It should be noted that, at the present date, the validation and qualification of the HTR core physics codes has not been completed for all envisaged application areas. Additional qualification and validation (benchmarking) activities are foreseen in a new project, VHTR​‑IP, in the European Union Sixth Framework program. 
1 
CONTRIBUTION TO CORE PHYSICS CODE AND DATA QUALIFICATION

The HTR-N project aims at providing the numerical tools for nuclear physics and checking the availability of nuclear data for the analysis and design of HTR cores that match with inherent safety requirements, i.e. able to exclude catastrophic releases of radioactivity even under hypothetical accident conditions (e.g. loss-of-coolant, loss-of-decay-heat removal, anticipated reactivity transients without scram).

From economic and safety reasons, HTR cores in actual projects may be based on an annular fuelled core geometry with a fuel-free moderator zone in the centre. Thus, it is possible to avoid intolerable temperatures in the centre and to upgrade the power size due to the improved passive decay heat removal via the enlarged surface of the core. However, uncertainties in nuclear physics and thermal-hydraulics tools have a direct impact on the allowable maximum size of the plant. Thus, improvements and validation of computer codes for core design and safety analysis have a strategic impact for optimisation and commercialisation of HTR.

The HTR appears to be a promising concept for the next generation of nuclear power reactor. In this context, the European scientific community needs analytical tools to perform conceptual design studies and industrial plant sizing as best estimate or reference calculations. This implies in a near future, besides Monte Carlo codes, to develop methods based on multi-group diffusion and transport codes able to model the HTR core with its inherent characteristics whichever the fuel cycle and core concept (pebble or prismatic).

A survey on the inherent HTR characteristics shows that they have a strong impact on the core modelling related issues. Several points can be identified:

· The use of helium gas as coolant in HTR leads to an important void fraction in the core and to a large neutron streaming effect.

· Due to the use of graphite as moderator, a large part of the neutron spectrum is epithermal. Therefore, the classical self-shielding treatment of the resonances amplifies the existing imperfections of the models, which  conversely represent well-mastered uncertainties for other reactors.

· Compared to a cladded fuel pin, the fuel dispersion in micro-particles (coated kernels) has the potential to exploit (also taking advantage of the epithermal spectrum) very high burn-up. Uncertainties in fuel depletion calculations must be addressed. 

· It is often mentioned that the HTR is highly flexible and can fulfil a wide range of diverse fuel cycles  through different physical parameters such as the fuel loadings (particle volume fraction in the graphite), the type of fuel, the burnable poisons, fissile/fertile fuel particle fraction, etc. The resulting core configurations are often strongly heterogeneous with important space dependent variations of the neutron spectrum.

· Finally, the fuel in a form of dispersed particles on the one hand and, the treatment of the pebble bed core on the other, impose a stochastic approach of the geometry in the Monte Carlo calculations. This may conflict with the requirement of the absolutely unbreakable reference that constitutes the Monte Carlo method.

Core physics calculation tools are available today both for pebble bed and block-type core. In order to take into account all the characteristics detailed above in the HTR core physics studies, some calculation schemes have been developed in the past and continue to be improved. However, these codes and methods are validated for the former HTR concept conditions and for a limited set of fuel types, such as uranium or U/thorium. Additional requirements appear today because the codes and their associated methods may have progressed and the HTR design evolutions and changes lead today to some new core configurations for which references do not exist, e.g.:

· Annular core geometry;

· Type of fuel (plutonium & minor actinides burning, waste minimisation strategy);
· Ultra high-burn-up (e.g. up to more than 700 GWd/ton).

Therefore, validation and qualification steps are always needed in order to be able to take into account these additional requirements. So the activities in this part of the HTR-N project are aiming at: 

· Contributing to the code validation;
· Qualification and improvement of the methods for modelling the HTR.

HTTR and HTR-10 are two reactors recently started-up respectively in Japan (1998) and in China (2000). Both reactors are representative of both HTR concepts that are envisaged today: block-type and pebble bed reactors. On the basis of these HTTR and HTR-10 reactors activities have been performed demonstrating the capabilities of the European code systems as well as identifying the calculation method deficiencies or the lack of theoretical models, which could exist in these tools. Besides the activities concerning the HTTR and HTR-10, also re-calculations have been performed on the HTR-PROTEUS experiment at PSI, Villigen, Switzerland. Furthermore, studies have been performed on the influence of basic nuclear (cross section) data, and on the applicability of the applied HTR reactor physics code systems for HTR plutonium-based fuel at very high burnup. In the following sections the results of these studies are presented.

It is noteworthy that all the calculations on HTR-10 and HTTR performed throughout HTR-N only concerned reactor cores at zero power and mostly at low (room) temperature. This means that the analysed critical states of each reactor correspond to such a low neutron flux that no power is generated in the fuel elements. This avoids taking into account the temperature feedback on the neutronic calculations with the associated hypotheses on the thermal-hydraulics modelling. However, the power configurations of the HTTR and HTR-10 will allow validating such coupled calculations and should be addressed in a near future. Moreover, for both reactors the fuel can be considered as fresh fuel. In these conditions, uncertainties related to fuel depletion calculations do not occur.

Likewise, the HTTR and HTR-10 reactors use low enriched uranium (less than 20 %). Even though that completes the qualification steps that have existed in the past on uranium fuels, the present studies within HTR-N cannot serve to quantify the uncertainties that could exist with the plutonium cycle studies. To study plutonium fuel cycles in HTR would imply fuel depletion calculations at very high burnup for which calculation discrepancies are already observed for standard PWR burnup (differences in nuclear data but also in the treatment of the resonances of the higher plutonium isotopes). Nothing is available today for qualifying the codes on plutonium or minor actinides fuels in an HTR. A first step in his qualification process is presented by the “HTR Plutonium Cell Burnup Benchmark” (see Section 1.5).
1.1
HTTR

The High Temperature Engineering Test Reactor (HTTR) constructed at the JAERI-site at Oarai in Japan is a graphite moderated and helium gas-cooled reactor with an outlet temperature of 950°C and a nominal thermal power of 30 MW [3]. It is build to gain and upgrade the technology for high temperature reactors to be built in the future. It became critical at the end of 1998.

[image: image1.wmf] 

The active hexagonal core (d=2.30 m and h=2.90 m) consists of 30 fuel columns and 7 control rod guide columns and is surrounded by a reflector (d=4.25 m and h=5.26 m), which also contains 9 control rod columns and 3 irradiation columns. All is contained in a reactor pressure vessel measuring 13.2 m high and 5.5 m in diameter. The columns consist of stacks of hexagonal blocks 58 cm high and 36 cm wide and are made of graphite. A fuel block has 33 holes, which contain sleeves with fuel, leaving a gap to let pass the helium coolant along the fuel. The fuel is of the coated fuel particle type [image: image2.png]


(TRISO, UO2) embedded in graphite compacts, which are mounted in the sleeves.  Up to 12 different enrichments, ranging from 3.3 to 9.8 w/o in U-235, are in use over the core. To control the over-reactivity burnable poison has been applied in the fuel blocks. The reactor operates in batch mode, so after each cycle part of the fuel will be replaced. The reactor is controlled by means of chains of cans with boron carbide, lowered into the holes in the control rod guide blocks. Helium at 395 °C and 40 bars is blown from the top downwards through the core.

As far as the HTTR is concerned, the activities within the HTR-N project have been launched following the great discrepancies observed on the international results of the HTTR-FC benchmark [3] in which the number of fuel columns to achieve criticality had to be predicted. The fuel columns were gradually loaded one after another from the outer region of the core (see figure 1.1.1 and 1.1.2). In these conditions, a thin annular core configuration was obtained in course of loading (18 columns), the rest of the core being loaded with dummy fuel blocks. This specific geometry is very close to the one that can be encountered in current HTR designs proposed today, i.e. GT-MHR and PBMR-SA. It represents one of the first opportunities to model such core geometry and to be able to compare with the experiment. Finally, the excess reactivity for 18, 24, and 30 fuel columns in the core had to be evaluated and form also the subject of the benchmark HTTR-EX [3].

It is noteworthy that an important analysis and interpretation of the former HTTR-FC benchmark results have been done in order to tentatively explain the discrepancies with the experiment. Then, different strong assumptions or physical hypothesis in the HTTR modelling have been identified and [image: image3.png]


their effects quantified by the partners. A very good coherence has been observed between the code systems for quantifying the impact of three common physical effects (see figure 1.1.3) [4].

The discrepancy between the former calculational results and the experiment ranges from (k = 0.017 to 0.058 at 18 fuel columns loading (near the first criticality), and from (k = 0.01 to 0.052 at full core. Thus, related work in HTR-N had to focus on the reasons for these deviations and to provide an improved modelling of the thin annular core geometry. An important analysis and interpretation of the former HTTR-FC benchmark results have been done in order to tentatively explain the discrepancies with the experiment. Then, different strong assumptions or physical hypothesis in the HTTR modelling have been identified and their effects quantified by the European partners. A good coherence between the code systems for quantifying the impact of three common physical effects has been observed. In figure 1.1.3 an example is given for the annular configuration of different cases with different assumptions and their impact in term of core reactivity.

The nuclear data libraries used by HTR-N partners are based on the JEF2.2 evaluation. Two Monte Carlo codes are used to model the HTTR: the KENO code at IRI, associated with a multi-group approximation (172 groups), provided by the SCALE4 code system, and the TRIPOLI4 code at CEA using point-wise cross sections everywhere in the core except in the fuel rod region where multi-group cross sections (172 groups) are generated by the transport code APOLLO2 in order to treat the double heterogeneity of the coated fuel particles (CFP). The 1d or 2d transport / 3d diffusion code systems: WIMS/PANTHER, SCALE4/BOLD VENTURE, APOLLO/CRONOS, and TOTMOS-DORT/CITATION are used at NRG, IRI, CEA, and FZJ, respectively. The double heterogeneity of the CFPs and the self-shielding in the resonance region is taken into account in all cell calculations.

Finally, revisited data of the HTTR-FC benchmark have been proposed by the Japanese and have been a good opportunity to recalculate the reactor taking into account the method improvements coming from the previous analysis. A great progress in predicting the first criticality of the HTTR (thin core configuration – 18 columns) is obtained.

However, it must be pointed out that the observed discrepancies for the thin core decreased with increasing number of fuel columns in the core. Due to the large experimental error at 30 fuel columns loading (full core), the differences between the calculations and the experiment are within the error interval, whereas at the thin annular core assembly the discrepancies are still significant[image: image4.png]


.

As a concluding remark, one could say that, based on the revised data of the HTTR benchmark, the re-calculation of the first criticality with the TRIPOLI-4 Monte Carlo code allowed to reduce the discrepancy by about a factor of two (from ~2% to 1% (k/k). On the other hand, the results obtained for the fully loaded core configuration is quite acceptable taking into account the uncertainties associated with the experimental values. The remaining deviation for the thin annular core (first criticality) may be explained by the uncertainties of the graphite impurities for which the impact is very important in this core configuration (dummy fuel blocks of pure graphite, with impurities, in the central part of the core).

From these considerations, the Monte Carlo results should be used to compare and to qualify he methods employed in the diffusion theory-based calculations (as in PANTHER, BOLD-VENTURE, CRONOS and CITATION). Newly implemented methods coupled with new benchmark data allowed obtaining good enough results for all the 3‑D diffusion calculations in the full core (30 columns) configuration. Near the first criticality, the number of fuel columns needed to achieve criticality increases by about 7 (CRONOS-2) and 2 (CITATION) in comparison with the former results. Final results are presented in table 1.1.1. In case of the Monte Carlo code TRIPOLI, the discrepancy between measurement and calculation is reduced to (k/k ~ 0.85%, when considering the revised data of the HTTR benchmark. As to the diffusion codes, this discrepancy is now reduced to (k/k ~ 0.8% (CITATION) and 2.75% or 1.78% (as a function of the number of energy groups in CRONOS-2), when taking into account the improved treatments and the revised data. 

Finally, the following procedures seem to be necessary for a better approach to the experimental results:

· Take into account the detailed heterogeneity of the burnable poisons- and fuel region in the whole core calculation;

· Use fine-group constants in the whole core diffusion calculation (FZJ) or consider the actual environment of the fuel bocks in the transport cell calculations (NRG) in order to accurately describe the core/reflector coupling;

· Consider the axially heterogeneous distribution of the burnable poisons by 2-D cell calculations (FZJ) or by 3-D diffusion calculations (CEA and NRG)

· Improve the treatment of the enhanced neutron streaming either by an adaptation of the diffusion constants to Monte Carlo calculations (FZJ) or by a leakage model combined with an analytical model (CEA).

The HTTR of JAERI will be operated at temperatures between 850 to 950ºC and a thermal output of 30 MW. The HTTR calculations presented so far have been performed at room temperature of the core, only. Additional calculations on the HTTR to be carried out in the HTR-N project had to take into account temperature feedback effects. Indeed, HTTR critical core configurations at raised, homogeneously distributed temperature may be available in the near future. They represent a succession of critical states in which temperature feedback effects become more and more important.

However, before modelling these HTTR core configurations at different reactor power levels taking into account these temperature feedback effects can take place, firstly, control rod modelling related problems must be solved and then, a good accordance has to be achieved between the partners on the evaluation of the obtained reactivity worth for an homogeneous temperature variation in the reactor at a hot zero power (isothermal temperature coefficient). Therefore, the following activities have been carried out in the HTR-N project: 

· Evaluation of the control rod worth for different core configurations at Hot Zero Power condition. Many configurations are available: scram reactivity of all the control rods, and scram reactivity of the reflector control rods only [5,6];

· Calculation of isothermal temperature coefficients on the fully loaded core configuration at Hot Zero Power with fixed control rod position. The temperature coefficients have been determined for temperatures between 280 and 480K by calculating the effective multiplication factors at 280, 300, 340, 380, 420, 460 and 480K. The following expression was used to calculate the isothermal temperature reactivity coefficient at the mid-point temperatures (so at 290, 320, 360, 400, 440 and 470K, respectively)[5,7]:



(12 (T1,2) = {(kT1 ‑ kT2) / (kT1 ( kT2)} / (T1 - T2)  with T1,2 = (T1 + T2) / 2

The control rod (“CR”) worth calculations at hot zero power conditions (30 fuel columns configuration) have been performed by the codes KENO, TRIPOLI4 and CRONOS2, CITATION and PANTHER. The main results are listed in table 1.1.2.

It should be noted that criticality in the experiment was obtained with all the CRs inserted at 178.9cm. In this configuration the calculated keff is slightly above 1 for all codes applied, which is favourable from a safety point of view (conservative calculation).

The reflector control rod worths are all in good agreement with the values given by the other international participants of the IAEA benchmark, nevertheless an under​estimation of the control rod worth could be underscored compared to the experiment in case a scram of reflector CRs. Especially the 3-D [image: image5.wmf] 
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PANTHER calculations yield a very low control rod worth in comparison with the other codes. However, this can be explained by neutron streaming in the control rod holes and is to be recalculated by means of an isotropic cross sections/diffusion coefficients.

Moreover, these results underscore the fact that discrepancies exist between the CR worths, as obtained from diffusion theory and Monte Carlo calculations and experiment, especially in this case where no equivalence factors have been used in order to respect either the flux or the absorption rates [image: image6.wmf] 

 

 

between the multi-group transport calculations and the broad group diffusion core calculations. Consequently, it is obvious that further investigations must be carried out in a near future in order to improve the CR modelling related problem especially for rods inserted in the reflector of a HTR.
Concerning the calculation of the isothermal temperature coefficients it is found that these coefficients range from ‑15 to ‑16 pcm/K between 300 and 480K. In table 1.1.3 a comparison is shown (at T12= 400K) between the results obtained by the different code systems used by the project partners. It is noteworthy that the results are in relatively good accordance with the experiment where the values are comprised between ‑13 and ‑14 pcm/K at the same temperature. One can conclude that the isothermal temperature coefficients are overestimated by about 10% on average by the different codes.

1.2
HTR-10

The HTR-10 is a high temperature reactor build at the site of the Institute of Nuclear Energy Technology (INET) near Beijing in China [3]. The reactor is of the pebble bed type and has a thermal power of 10 MW it reached criticality at the end of 2000 and full power in January 2003 with an outlet temperature of 700 °C. After the first phase of reactor experiments it is the intention to install unit in the second phase a direct gas turbine power generation unit in the primary loop to develop nuclear helium turbine technology

The pebble bed in the core cavity (d=1.80 m and h=1.97 m) consists of fuel pebbles, graphite balls (d= 6 cm) dispersed with coated fuel particles (TRISO, UO2). Each pebble contains 5 g of uranium enriched to 17 w/o in U-235.

The core cavity is a void in the reflector with an effective thickness of 1.00 m, all is contained in an RPV 11.15 m high and 4.20 m in diameter (see figure 1.2.1). In the side reflector are holes, which guide the control rod system. In the bottom reflector is a 50 cm wide chute to carry off the fuel pebbles in a continues reload operation, in which pebbles are taken away at the bottom of the core and if still below the burn up limit returned at the top of the reactor, else they are discarded and a fresh pebble will be added on the top. The helium coolant with an inlet temperature of 250 °C and pressure of 30 bar flows from the top downwards through the pebble bed at a rate of 4.3 kg/s.

To achieve first criticality, the fuel discharge tube and the cone of the core bottom has been filled with graphite pebbles, only. Thus, the active core has de facto a cylindrical shape when adding fuel and [image: image7.png]04
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graphite pebbles from the top except a conical heap-up on the surface of the pebble bed core. 

The core was filled with fuel from Chinese fabrication because the transport from FZJ to INET of the residual AVR pebbles used in the Swiss PROTEUS experiment was delayed due to licensing problems. Nevertheless, the type of fuel and the core geometry in HTR-10 and PROTEUS is rather comparable. PROTEUS was charged with pebbles in different arrangements to investigate the influence of pebble relocations. In contrary to PROTEUS, HTR-10 will also deliver data on higher temperatures to determine the temperature coefficient for LEU fuel.

HTR-10 possesses a shutdown system with small absorber pebbles (“KLAK” – German: “kleine Absorber Kugeln” – small absorbing spheres), which can be released into the longish oval holes (see figure 1.2.1). Despite the small power size of HTR-10, it is a nearly 1:1 scale test for a modular HTR because the radial dimensions of the reflector blocks are identical to the commercial size. Therefore, HTR-10 can be seen as a representative test for the passive decay heat removal and for verification of codes especially with regard to the effectiveness of the shutdown systems.

Due to the similarities of HTR-10 and PROTEUS, no big deviations were expected for the cold first criticality. The Chinese partners predicated 16759 pebbles from calculations based originally on European codes. The reactor finally got critical with 16890 pebbles, which correspond, to an effective core height of 123.1 cm.

The first benchmark task was to evaluate the amount of pebbles, or the level of core loading, at which the reactor became critical. Loading started at the upper level of the bottom cone which itself was filled with dummy (graphite only) balls.

For the benchmark are all control rods withdrawn. The original benchmark was defined before the actual first core criticality and has been revised for the real experimental configuration as the deviated benchmark [3]. The differences are:

· Core temperature:


20   vs. 15 °C
· Graphite density dummy balls:  
1.73  vs. 1.84 g/cm3  
· B-impurity in dummy balls: 

1.30  vs.  0.125 ppm

· Core atmosphere:


helium  vs. humid air

The HTR-10 core has been evaluated by means of the two transport/diffusion schemes WIMS/PANTHER of NRG and VSOP (CITATION) of FZJ and with the Monte Carlo scheme APOLLO/TRIPOLI of CEA.

The difference between the 2-D and 3-D VSOP calculations is that in the latter the control rod guide holes and shutdown KLAK holes has been considered explicitly. This gives an impression of the neutron streaming in those holes.

And the difference between the Cubic and Hexagonal TRIPOLI calculations is a cubic lattice of the pebbles in the core or a hexagonal point-on-point arrangement of the pebbles leading to a more exact core model and indicating the influence of neutron streaming in the pebble bed. Results are tabulated in table 1.2.1 and show a good agreement with the experimental value.
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More detailed information on Monte Carlo modelling of the HTR-10 first criticality can be found in [image: image9.wmf]-80
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[8].

Further calculational benchmark exercises concerned the isothermal temperature coefficient and the control rod worth. It should be noted that for the first item no experimental data have been made available yet, whereas only limited experimental information (at somewhat deviating state parameters) is available on the second item.

The benchmark calculations were to be performed with the entire reactor at the same (isothermal) temperatures of 20, 120 and 250 °C and a core height of 180 cm (full core) [3]. By calculating the corresponding multiplication factors, the temperature coefficients could be calculated in the same way as was done for the HTTR (see Section 1.1).

The code packages in use by the HTR-N partners; NRG, FZJ and CEA were PANTHER, VSOP and TRIPOLI respectively. PANTHER and VSOP are both codes based on 3-D diffusion theory whereas TRIPOLI is a 3-D Monte Carlo code. At INET also a version of VSOP has been used. Results for the different institutes are summarized in table 1.2.2.

As no measured values are available, a comparison can be made with the values for the isothermal temperature coefficient as obtained by INET, the owner of the HTR-10. INET values for the original benchmark were obtained by means of VSOP.

NRG values agree rather well with the values of INET, especially at lower temperature.

FZJ values agree rather well at higher temperatures, but at low temperatures it is rather high compared with the other participants. No reason could be given yet. The differences between the values at low [image: image10.wmf]-80
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and high temperature are about the same for FZJ and NRG and are small compared to the difference in the values of INET, leading to a stronger decline of coefficient with temperature.

Concerning the calculation of the control rod worth two different benchmark situations were proposed and performed:

· With the core level at 180.0 cm (full core) and a uniform reactor temperature of 20°C; the insertion of all control rods ran from 119.2 cm to 394.2 cm; 

· And with the core level at 125.3 cm (critical level) and a uniform reactor at of 20°C; the insertion of all control rods ran from119.2 cm to 394.2 cm as well.

Also two different core situations with the core level at 125.3 and at 180.0 cm and with the reactor at 20°C, a series of calculations has been done for different insertion fractions of only one control rod.

As the experimental condition of the reactor differed from the stated original benchmark condition, INET and FZJ performed these benchmark items for the experimental situation (the so-called deviated benchmark [3]). A summary of the obtained results is presented in table 1.2.3.

As there are no experimental values known yet for the 10 control rod worths, a comparison can be made with the MCNP calculations done by INET, the owner of the HTR-10. If these MCNP calculations are taken as reference calculations the values of FZJ do compare very well with INET. The values of NRG and CEA are to low which can be attributed to the influence of neutron streaming in the rather wide holes which contain the control rods and the KLAK shut down system. FZJ values are corrected for this effect.

For the single control rod worth a value of 1.437% was found for a core height of 123.1 cm and the deviated benchmark conditions. INET calculated the single rod worth as 1.448%, which is in very good agreement with the experiment, which gives confidence to these reference calculations.

As for the scram reactivity the same applies for the single rod worth as concerns the neutron streaming to arrive at a lower rod worth for CEA and NRG.

1.3
HTR-PROTEUS

Benchmark calculations and cold critical experiments for fresh LEU-HTR pebbles (which are now loaded into HTR-10) were done at PSI in the critical facility PROTEUS (see figure 1.3.1) in the time period 1992-1997. The main goal of the program was to provide integral data for small and medium-sized LEU-HTR-systems related to:

· Reaction rate distributions and criticality;

· Worth of absorber rods which are located in the side reflector;

· The effects of accidental water ingress;

· Neutron streaming on the neutron balance.

The experimental results have been analyzed mainly with the MICROX-2/TWODANT calculational route. However, some shortcomings especially in calculating the reaction rate traverses have been identified.

New calculations with the Monte-Carlo code MCNP-4B have been performed with respect to criticality and reaction rate distributions for two reference core configurations [9,10]. Monte Carlo calculations with MCNP have already been performed during the HTR-PROTEUS program, but with poor statistics in the low flux regions (lower and upper reflector). In the meantime, the measurements to estimate the absorption cross-section of the reflector-graphite were re-analyzed resulting in an increase of the graphite absorption cross-section from 4.09 to 4.47 mbarn. With new MCNP-4B calculations, the statistical error could be reduced by a factor of two by calculating five million histories.
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The cavity was partially filled with mixtures of moderator (pure graphite) and fuel (containing 16.7% enriched UO2 TRISO-coated particles) pebbles, loaded either in deterministic or random arrangements to form the reactor core. Both pebble types had an outer diameter of 6.0 cm and a fuel region with a diameter of 4.7 cm. The “Arbeitsgemeinschaft Versuchsreaktor” (AVR) in Germany supplied the pebbles. Each fuel pebble contained about 1 g of 235U in ~ 9400 particles. 

The presently reported results were calculated for the HTR-PROTEUS Cores 5 and 7. Core 5 has a rhombohedral pebble-lattice geometry with a fuel-to-moderator (F/M) pebble ratio of 2:1, corresponding to a C-to-235U ratio of about 5670. This so-called column hexagonal point on point (CHPOP) pebble-bed arrangement had a filling factor of 0.6046, which is only slightly lower than a stochastic arrangement with a filling factor of 0.62. In order to improve the homogeneity of the core region, an ABCABC … loading scheme was adopted in which the layer pattern repeats every fourth layer. The packing frequency ABC was repeated up to layer 22. Each layer consists of 241 fuel pebbles and 120 moderator pebbles, however the position of the pebbles differed from layer to layer [9,10]. The arrangement of the 23rd layer (top layer) was changed because too few fuel pebbles remained to form a complete layer. Therefore the remaining 138 fuel pebbles were arranged in a 2:1 lattice in the center of this layer, with the surrounding area being filled with moderator pebbles.

Core 7 was similar to Core 5 but the vertical channels contained polyethylene rods (total of 654 rods) in order to simulate accidental moderation increase in terms of higher hydrogen density. The pebble-bed core height was reduced from 23 layers to 18 layers to yield a critical configuration. The pebble-[image: image12.png]46|45
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layers of Core 7 were identical to those of Core 5 up to layer 17, and the top layer 18 similar to the top layer 23 of Core 5.

The deterministic models for the calculation of Cores 5 and 7 were based on use of the 2-D transport-theory code TWODANT. The necessary macroscopic cross-sections for the doubly heterogeneous pebble-bed-lattices were derived using the MICROX-2 cell code in conjunction with its JEF-1 based data library. Corrections for inter-pebble streaming effects were made, in each case.

The Monte Carlo code MCNP4B was employed along with its ENDF/B-V based continuous-energy cross-section library. For Cores 5 and 7 a very detailed model was developed with the 12-sided polygon, absorber rod channels and the top reflector modeled in detail. Thereby, heterogeneity effects in the core region (particles/matrix/shell for the fuel pebble, moderator/fuel pebble arrangement for the lattice, and polyethylene rods in the case of Core 7) were all treated explicitly. But certain detailed aspects of the HTR-PROTEUS configurations have been omitted in order to facilitate a more straightforward modeling of the experiments. The most important single item, in this context, is represented by the partly inserted control rods which have not been described and had an experimentally determined worth (inserted) of about 84 and 48 cents in Cores 5 and 7, respectively. Considering the other detailed features (e.g. the instrumentation channels, etc.), which have been omitted, one has estimated that corrections of 1109 and 670 pcm (TWODANT) and 834 and 505 pcm (MCNP) need to be applied for the two configurations. The "experimental" keff values to be used as reference for the presently described TWODANT/MCNP-models for Cores 5 and 7 (without any shutdown rod inserted) are thus 1.0111/1.0083 and 1.0067/1.0051, respectively.

Tables 1.3.1 and 1.3.2 show the comparison of calculated and measured values for the system reactivity keff. As mentioned before, the reactivity was calculated for a system without partially inserted control rods. Only the absorber rod channels and the air gaps of the driver-fuel channels in the side reflector have been modeled for the MCNP-calculations, the experimental keff-values were corrected accordingly. It can be seen that the calculations agree well with the experiments in Core 7 but underestimate keff of Core 5. This could be an indication that the polyethylene rods can be smeared [image: image13.png]18 Reserve Shutdown
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into the inter-pebble void, but that streaming corrections, which have to be applied for the core region, are not treated correct in the deterministic model.

A comparison of calculated with experimental axial reaction rate distributions shows a good agreement with MCNP-4B (see figure 1.3.2) and a satisfactory agreement with TWODANT, especially in the low-flux regions (lower and upper axial reflectors). The distributions were normalised to unity in the centre of the pebble-bed.

1.4
HTR PLUTONIUM CELL BURNUP BENCHMARK

A substantial part of the HTR-N project is devoted to investigation and intercomparison of the plutonium and actinide burning capabilities of a number of HTR concepts and associated fuel cycles (see Chapter 2), with emphasis on the use of civil plutonium from spent LWR uranium fuel (1st generation Pu) and from spent LWR MOX fuel (2nd generation Pu). Two main types of HTRs under investigation are the hexagonal block type reactor with batch-wise reloading and the continuously loaded pebble bed reactor. In conjunction with the reactor types also a number of different fuel types (e.g. Pu-based and Pu/Th-based) and associated fuel cycles are under investigation. Furthermore a study is being conducted on the possibilities of optimisation of a park of symbiotic LWRs and HTRs to obtain a stable or even a decreasing plutonium stockpile.

As the investigations aim at obtaining a -very- high burnup in Pu-fuelled HTRs, it was considered appropriate to provide at least a first step towards further validation for the variety of code systems in use by the project partners. Therefore a “HTR Plutonium Cell Burnup Benchmark” was defined by the “Forschungszentrum Juelich (FZJ)” and the “Nuclear Research & Consultancy Group (NRG)” [11]. Calculations for the benchmark were performed by four project partners, viz. the “Commisariat à l’Energie Atomique (CEA)”, the “Interfaculty Reactor Institute of the Delft University of Technology (IRI)”, NRG and the “Universita di Pisa (UNIPI)”, employing their specific code systems in use for HTR reactor physics analysis [12].

For simplicity the benchmark concerns only a spherical HTR (“pebble”) fuel element containing coated fuel particles. The neutronic boundary condition is assumed to be “white”, i.e. isotropic reflection from the outer boundary of the pebble.  Although this is not entirely representative for a full scale pebble bed HTR it is expected to serve the purpose as a basis for intercomparison of codes and  data  in use for reactor physics analysis of  an HTR fuel at high burnup. More specifically k∞ will drop below 1 at high values of the irradiation. This is not considered to be a problem, as in a  real pebble bed HTR the  fuel element will be surrounded by “driver” fuel at lower burnup so that the criticality of the reactor can be maintained. Furthermore, although the benchmark geometry is taken from the pebble bed type HTR, it is also considered representative for a “compact” type HTR fuel, employed in hexagonal block type HTRs, where the coated fuel particles are contained in a cylindrical matrix.

The main parameters for the spherical HTR fuel element employed in the benchmark are the following:

· Diameter of the fuel element: 6.0 cm

· Diameter of the central fuel zone: 5.0 cm

· Graphite density: 1.75 g/cm3
The central 5 cm diameter fuel zone contains coated particles, embedded in a graphite matrix. The main parameters of the coated particles are as follows:

· PuO2 density in the kernel: 10.4 g/cm3
· Kernel diameter: 0.24 mm

· Coating layer materials (inner to outer): C / C / SiC / C

· Coating thickness (inner to outer):  95 / 40 / 35 / 40 μm

· Coating density (inner to outer): 1.05 / 1.90 / 3.18 / 1.90 g/cm3
At the beginning of the irradiation the kernel of the coated particle is pure PuO2 at the specified density. The initial isotopic compositions are listed in table 1.4.1. Compositions “A” and “B” are considered representative for first generation plutonium, obtained from reprocessed LWR UO2 fuel. [image: image14.png]Compuct combustible
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Composition “C” is considered representative for second generation plutonium, obtained from reprocessed LWR MOX fuel.

General parameters for the benchmark are the following:

· Power per fuel element (constant during burnup): 1 kW

· Average temperature of 5 cm central fuel zone (i.e.  kernel,  coatings and matrix): 800oC

· Average temperature of the 0.5 cm graphite outer zone: 750oC

· Final burnup: 800 MWd/kgHM

It should be noted that, as the fission power of the fuel element is to be kept constant at 1 kW, and the final fuel burnup is fixed at 800 MWd/kgHM, the required irradiation time changes with the initial heavy metal load of the fuel element. As the plutonium content of a coated particle is fixed, the initial amount of plutonium in the fuel element is controlled by the packing fraction of the coated particles in the matrix.

In total four different benchmark cases were defined:

· “Case A”: first generation Pu (composition “A”) at 1 gram per fuel element, requiring an irradiation time of 800 full power days to reach 800 MWd/kgHM

· “Case B”: first generation Pu (composition “B”) at 1 gram per fuel element, requiring an irradiation time of 800 full power days

· “Case C1”: second generation Pu (composition “C”) at 1.5 gram per fuel element, requiring an irradiation time of 1200 full power days

· “Case C2”: second generation Pu (composition “C”) at 3 gram per fuel element, requiring an irradiation time of 2400 full power days

The burnup history of the fuel at the defined constant power is to be calculated for the selected initial amount and composition of plutonium, not using any neutron poison, or any other means, for reactivity control. For a burnup of 0, 100, 400, 600 and 800 MWd/kgHM a specified set of parameters has to be reported [11], among which:

· Neutron multiplication (k∞) of the fuel element [-]

· Isotopic composition of the fuel kernel [1024/cm3] for specified heavy metal and fission product isotopes

· 1-group microscopic absorption (= capture + fission) cross sections for each of the considered isotopes [barn]

· 1-group microscopic fission cross sections for each of the considered heavy metal isotopes [barn]

It should be noted that the actual calculation of the neutron flux and -spectrum will usually take place at  -much- smaller time/burnup intervals, selected by the benchmark participants on the basis of their usual methodology for HTR reactor physics calculations. Employing their respective code systems, the benchmark participants performed calculations on a number of benchmark cases. A comprehensive intercomparison between the results obtained by the partners was presented in [12].

As the WIMS8A code, used by NRG, was the only code system by which all benchmark cases were calculated, it’s results were selected as the reference solutions for intercomparison purposes. However, this does not mean on beforehand that it is considered as the “best” solution.

The assessment and intercomparison of the results concerns a vast amount of data to be handled. In this paper only a few highlights will be presented, which are representative for the main trends observed. The main focus in this paper is on “Case C1”.
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In figure 1.4.1 the k( is shown as function of the burnup for “Case C1” (2nd generation plutonium, initially1.5 g Pu per fuel element). The general shape of the curve, which is characterized by the sharp decrease in reactivity beyond approx. 500 MWd/kgHM, and a slight increase beyond approx. 700 MWd/kgHM, is predicted reasonably well by all participants. The slight increase of the reactivity [image: image16.png]Discharged burnup [MW¥j/t]
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beyond 700 MWd/kgHM is connected to the second increase of the Cm-245 density, following a decrease between 550 and 750 MWd/kgHM [13]. It should be noted that the NRG (both WIMS8A – deterministic and “NRG FISPACT” – Monte Carlo) solutions are particularly close together up to approx. 650 MWd/kgHM. Also the solutions provided by CEA and IRI correspond quite well to those of NRG up to the indicated burnup.

In table 1.4.2 some numerical details are given at the burnup levels requested in the benchmark specification. It should be noted that, up to 400 MWd/kgHM the difference between the results of the two NRG methods is of the same order of magnitude as the standard deviation in the OCTOPUS-MCNP-FISPACT k(-result. Also a good agreement is observed between the results of NRG (WIMS8A), CEA and IRI up to approx. 600 MWd/kgHM, a trend that is also observed in the other benchmark cases.

For the Pu nuclide densities a good agreement, mostly within a few percent, is observed between the results of NRG (both WIMS8A and “NRG FISPACT”), CEA and IRI up to a burnup of approx. 600 MWd/kgHM. The differences with the UNIPI results are generally larger for Pu-239 to Pu-241, and approx. increasing with burnup. For the other actinide and fission product nuclides the observed differences between the results of different partners are of the same order of magnitude.

The effective (shielded) cross section, collapsed to a single energy group, provides a measure of the ability of the code system to calculate the correct (self- and mutual) shielding effect in a changing nuclide mixture. For the one-group effective cross sections of the plutonium isotopes a good agreement, mostly within a few percent, is observed between the results of NRG (both WIMS8A and “NRG FISPACT”), CEA and IRI for the entire burnup range, over which the magnitude of the effective cross section changes considerably. The observed differences with the UNIPI results are generally larger. For the other actinide and fission product nuclides, and also for the one-group fission cross-sections, the observed differences between the results of different partners are of the same order of magnitude.

From the results obtained by the different benchmark participants using different code systems it is generally seen that the results of NRG, IRI and CEA are close together up to a burnup of approx. 600 MWd/kgHM. At higher values of the burnup the differences in calculated nuclide densities, and consequently in k(, are increasing considerably, not only between those of different partners, but also between the three calculational routes employed by NRG. Additional studies [13] show that these differences can be largely attributed to:

· Differences in the set of heavy metal and fission product nuclides taken into account in the burnup calculation;

· Differences in the reactions taken into account explicitly in the burnup calculation. In the WIMS8A reaction schemes, e.g. the Am-243 (n,() reaction directly leads to Cm-244, hereby ignoring a possible interaction of a neutron with Am-244. Also the (-decay of Cm‑245 is missing in the WIMS8A reaction scheme. In “NRG ORIGEN” on the other hand these reactions are modelled explicitly;

· Different values of the Am-241 capture branching ratio. 

Under usual circumstances (i.e. flux and burnup levels) these differences will not lead to large differences in results. However, in this particular benchmark both the final burnup and the flux levels are very high. E.g. in “Case C1” the flux increases from approx. 1.85.1014 cm‑2s​‑1 at zero burnup to approx. 7.1015 cm‑2s​‑1 at 800 MWd/kgHM [13], due to the constant power level during irradiation. This greatly amplifies the influence of the differences mentioned above. In a real HTR this kind of unusually high flux levels are not expected.

Continued investigations are required to explain the differences between the results of UNIPI and the other benchmark participants.

1.5
INFLUENCE OF NUCLEAr DATA UNCERTAINTIES

The analysis of reactor reactivity behaviour and fuel composition as a function of burn-up depends largely on the quality of available nuclear data. Propagation of uncertainties in the basic data can lead to substantial errors in calculated quantities. Furthermore, also the calculation of criticality parameters of cores with fresh fuel depends on quality of nuclear data. Comparisons of calculated and experimental parameters of experimental configurations (benchmarks) as well as sensitivity and uncertainty analysis were done to prove the impact of today’s available nuclear data on HTR specific nuclear analysis.

The impact of the evaluated nuclear data files JEF-2.2 (JEFF-3), ENDF/B-VI and JENDL-3.2 on calculated criticality parameters was proven for HTR-systems. The results of comparisons showed comparable good agreement of JEF-2.2 and JENDL-3.2 based calculations for a large variety of moderation ratios. ENDF/B-VI (release 5) based calculations showed large under-estimation for low moderation ratios (high U based fuel load). This effect can be seen also for corresponding low-moderated LWR systems. Meanwhile this problem is attacked from several institutions and authors and a significant improvement of the U-238 data seems to be achieved which is very important also for HTR applications.

Sensitivity studies and uncertainty calculations for GTMHR with RG-Pu and WG-Pu at low and high burn-up were performed. The sensitivity coefficients for the main actinides show for WG Pu –300 pcm/% for capture of Pu-239 and 500 pcm/% for fission at zero burn-up. The corresponding values for the other actinides are according to the abundance in the fresh or irradiated fuel. The variation of the reactivity due to minor actinides is lower than 15 pcm/% for RG-Pu and even 5 pcm/% for WG Pu. Uncertainties derived from the sensitivity matrix and covariance data for the analysed heavy nuclides are about 0.6 % for WG Pu fuel (for low and high burn-up). A need for actualised covariance data was found since there are rather few reliable processed data available for thermal systems.

Furthermore, the influence of different laws for the scattering of thermal neutrons on graphite was studied using previous and newly published frequency distributions [17]. Even if there are remarkable differences between these frequency distributions, there are no very significant effects on calculated neutron spectra and hence on the integral parameters as reactivity and temperature coefficients. Comparisons of measured [18] and calculated neutron spectra showed sufficiently good agreement. Extensive information on the calculational analyses can be found in [14,15,16].

1.6
CONCLUSIONS – CORE PHYSICS CODES AND DATA QUALIFICATION

From the calculations and re-calculations of the HTTR and HTR-10 (benchmark) configurations it can be learned that Monte Carlo codes are sensitive to the way the in principle stochastic “lattice” of the pebbles in the core are modelled in a more regular lattice (HTR-10). Regular lattices can lead to high inter-pebble streaming in the pebble bed, leading to differences in core reactivities. For the diffusion codes care has to be taken on how big holes, like control rod guide holes, are modelled. These holes also give rise to pronounced neutron streaming inside and affect the control rod worth (HTTR and HTR-10). Also care has to be taken on how to model burnable poison rods like in the HTTR, axial detail has to be taken into account There is a tendency that temperature coefficients and single control rod worths are slightly overestimated by diffusion/transport codes compared to Monte Carlo or measurements (HTTR and HTR-10). All together do streaming effects in voids play an important role in graphite reflectors so further investigations have to be performed in the future.

Deterministic and stochastic calculations have been performed with MICROX/TWODANT and MCNP4B for an HTR-PROTEUS core configuration with (Core 7) and without (Core 5) simulated water ingress. The system reactivity (keff) could be well calculated for Core 7, but was underestimated for Core 5. This can be an indication that water ingress can be well simulated with (heterogeneous) polyethylene rods. The axial reaction rates calculated with MCNP4B are in good agreement with the measurements especially in the lower reflector. The calculations with TWODANT were less satisfactory, indicating the need for an exact modelling of the core/reflector region at the bottom of the pebble-bed.
Some results have been presented from calculations on the “HTR Plutonium Cell Burnup Benchmark”, as obtained by different benchmark participants using different code systems. Generally a good agreement, up to a burnup of approx. 600 MWd/kgHM, is found between the results of 3 out of 4 participants, representing 4 out of 5 code systems. The remaining differences in results between the 3 participants can be largely attributed to differences in modelling of reaction paths in the different code systems, which are amplified by the unusually high flux levels typical to this particular benchmark exercise.
Investigations on the influence of nuclear data uncertainties on results of calculational reactor physics analyses lead to the conclusion that, for the calculation of criticality parameters, a good agreement is obtained between JEF-2.2 and JENDL-3.2 based calculations for a broad range of moderation ratios, whereas ENDF/B-VI (release 5) based calculations lead to an underestimation for low moderation ratios. From sensitivity and uncertainty calculations both at low and high burnup of the fuel it can be concluded that the uncertainty in calculated reactivity is about 0.6% for WG Pu fuel. A need for actualized covariance was found since there rather few reliable processed data available for thermal systems. Observed large differences in scattering law and frequency distribution data for the scattering of thermal neutrons have no significant influence on calculated neutron spectra and integral parameters.

2
SEVERAL HTR CONCEPTS WITh DIFFERENT FUEL CYCLES

An important part of the activities within the “HTR-N” project was dedicated to the analyses, by the code systems also used for the analyses presented in Chapter 1, of several HTR concepts. These studies were mainly concerned with the investigation and intercomparison of the plutonium and actinide burning capabilities of a number of HTR concepts and associated fuel cycles, with emphasis on the use of civil plutonium from spent LWR uranium fuel (first generation Pu) and from spent LWR MOX fuel (second generation Pu). Two main types of HTRs under investigation are the hexagonal block type reactor with batch-wise reloading and the continuously loaded pebble bed reactor. In conjunction with the reactor types also a number of different fuel types (e.g. Pu-based and Pu/Th-based) and associated fuel cycles have been investigated. In addition, studies have been conducted on the optimisation of the power size of pebble bed HTRs (employing an annular core geometry), the optimisation of burnable poison particle designs (mainly required for batch-loaded HTRs) and the more exotic concept of the spectrum transmitter.

2.1
REFERENCE CORE AND FUEL DESIGNS

For a meaningful assessment and intercomparison of HTR concepts a common basis has been defined and agreed upon by the partners in the HTR-N project [19]. This common basis includes the definition of a reference pebble bed reactor (“flat bottom” “HTR-MODUL”) with continuous re-[image: image17.png]Discharged burnup [MWj/t]
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loading (“MEDUL”) of fuel elements [20], the definition of a reference hexagonal block type reactor (“GT-MHR”) [21], the definition of a reference TRISO coated particle (kernel diameter, composition and thickness of coatings), the definition of reference first and second generation Pu composition and the definition of a set of transmutation (plutonium and minor actinide reduction) and safety related common output parameters to be calculated for each of the concepts and cases under study by the partners [19].

A common feature for the pebble-bed and block type HTR designs is the use of coated particle (CP) fuel. Main parameters of the PuO2-loaded CP fuel are given in table 2.1.1. Detailed information on other CP fuel types, which have been investigated in these studies, can be found in [19]. The initial isotopic composition of first and second generation Pu was already presented in table 1.4.1.

The main dimensions and other parameters of the reference continuous reload pebble-bed reactor are presented in figure 2.1.1 and table 2.1.2. This reference reactor is a simplified version of the “HTR-MODUL” design [20]. E.g. the conically shaped defuelling chute is not modelled and consequently a uniform vertical flow velocity distribution of the pebbles over the entire radius of the core is assumed. As in the original HTR-MODUL design, in our analyses the “MEDUL” (German: “MEhrfach DUrchLauf” – multi-pass) fuelling strategy was assumed as well.



The investigation of fuel cycle studies for block type HTR cores was performed on the basis of the Gas Turbine Modular Helium-cooled Reactor (GT-MHR) concept. The main features of the GT-MHR core [21] are indicated in table 2.1.3 and figure 2.1.2, 2.1.3 and 2.1.4. The core of the GT-MHR consists of 102 columns of fuel comprising 72 standard element columns and 30 control element columns. The reflector and fuel columns consist of stacks of prismatic blocks with a height of 80 cm and 36.0 cm across opposite sides. The core of the GT-MHR also includes a reflector at the top and the bottom with a height of 130 cm.

2.2
CONTINUOUS RELOAD PEBBLE BED TYPE HTR

Starting from the reference pebble-bed reactor, NRG and FZJ investigated on the feasibility of burning of first and second generation plutonium in such a reactor. By 3-D reactor calculations, combining neutronics and pebble-bed HTR core thermal-hydraulics, several loading schemes, including some containing mixtures of fuel pebbles containing different CP fuel types, were investigated, focusing on Pu incineration capabilities and parameters concerning the safety of a reactor loaded as such (e.g. maximum power densities and temperature reactivity coefficients). The investigations by IKE concerned the optimization of the power size of the reactor, considering a number of different core layout designs.

2.2.1
PLUTONUM INCINERATIOn CAPABILITY

The NRG analyses on the Pu-loaded HTR-MODUL presented in this report were performed by means of the WIMS/PANTHERMIX code system. Since a number of years NRG is developing the HTR reactor physics code system WIMS/PANTHERMIX, based on the well-known lattice code WIMS (versions 7 and 8), the 3-D steady-state and transient core physics code PANTHER and the 2-D R-Z HTR thermal hydraulics code THERMIX-DIREKT. At NRG the PANTHER code has been interfaced with THERMIX-DIREKT to enable core follow and transient analyses on both pebble bed and block type HTR systems. Further information can be found in [22].

NRG has implemented the reference pebble bed reactor (“HTR-MODUL”) in their PANTHERMIX code system and has performed some initial studies on the OTTO (Once Through Then Out) loading scheme with UO2-fuel (7.8% enriched) and 1st generation (pure) PuO2, with 7 grams per pebble of initial heavy metal mass. It was concluded that in the equilibrium state, after 2000 days of operation, 415 (fresh) pebbles are needed per day to maintain criticality. In this state the maximum power density in the core is 11.84 MW/m3, the maximum burnup in the core is 77.5 MWd/kg and the maximum (fuel) temperature in the core is 1072.5 K. 

Further studies have been executed concerning the use of 1st and 2nd generation (pure) Pu in a HTR-MODUL in continuous recycling mode, focussing on the influence of the heavy metal mass per pebble and the selected discharge burnup on the values of the common parameters agreed upon. The pebble circulation rate was kept constant at 3 kg (initial) Pu per day, throughout all NRG calculations. The results have been published in a paper presented at the ANFM 2003 conference [22]. Some results from these studies are shown in table 2.2.1.1. In this table the calculated “Case” is described by the coding “Pu-x-mass-mod”, in which “x” indicates the Pu type (1 – first generation, 2 – second generation), “mass” indicates the amount of Pu per fresh (unit: grams) and “mod” the number of admixed moderator pebbles (pure graphite) per fuel pebble (either 1 or 0).  For first generation Pu a further distinction is made between composition “A” (70% fissile) and “B” (67% fissile) (see table 1.4.1). 

From these investigations it can be concluded that the reactor can be made critical at Beginning Of Life with all investigated fuel types containing first generation Pu. However, only the fuel pebbles containing 2 g Pu, without admixed moderator pebbles, lead to a sufficiently negative temperature coefficient in the equilibrium situation.  For the first generation Pu cases the average burnup of the permanently discharged pebbles is about 750 MWd/kg. An appreciable reduction of about 85% of the original plutonium can be achieved. Note that quite similar results are found for the two types of first generation Pu, which indicates a relative insensitivity of the results to the exact plutonium vector. 

For second generation plutonium the situation is somewhat less favourable. The burnup of the permanently discharged pebbles has to be reduced to about 440 MWd/kg in order to retain a negative temperature coefficient at equilibrium. In this case, the reduction of only about 50% of the original plutonium can be achieved.

Similar investigations concerning first and second generation plutonium have been conducted by FZJ. The numerical investigations within this study have been performed by means of the V.S.O.P. (99) code. This computer code system has been developed for the comprehensive numerical simulation of the physics of thermal reactors. It includes processing of cross sections, the set-up of the reactor and of the fuel element, repeated neutron spectrum evaluation, neutron diffusion calculation in two or three dimensions, fuel burnup, fuel shuffling, reactor control and thermal hydraulics. The involved cross section libraries have been derived from the evaluated nuclear data files ENDF/B-V and JEF-1. The code can simulate the reactor operation from the initial core towards the equilibrium core.

In the FZJ calculations concerning first generation plutonium pebble-bed core is assumed to be fuelled according to the two-pebble-concept (see table 2.2.1.2). One type of pebbles (Pu-FE) contains PuO2 –coated particles with a diameter of 0.24 mm having a total of 3 g plutonium per pebble (1st generation Pu, composition “A”, see table 1.4.1). The assumed maximum attainable burnup of this particle is 800 MWd/kg. The second pebble type (U/Th-FE) contains 20 g (HEU-Th)O2 in the form of larger coated particles (diameter 0.5 mm). The assumed maximum attainable burnup of this particle is 120 MWd/kg. On the one hand the addition of uranium to the thorium is necessary to sustain criticality – depending on the desired burnup of the fuel –, and, on the other hand, in order to achieve a prompt temperature increase of the resonance absorber, thorium, in case of an increase of the neutron flux, thus causing a prompt negative reactivity feedback. The uranium is highly enriched (93%) in order to minimize the build-up of Pu. While the (U-Th)-load of the fuel elements for the THTR-plant was 11g, values between 16 g and 20 g were provided in the frame of the German HHT-project (“Hochtemperaturreactor mit Heliumturbine”) and the reference maximum burnup was 120 GWd/t. Elements containing up to 30 g heavy metal were developed within the same project. A restriction to 20 g, however, should limit the fraction of coated particles, which will be damaged during the fabrication process of the elements, to 10-4. Further details and references can be found in [23].

A strategy for burning Pu can be optimised in view of two principal objectives. Today’s main goal probably should be to reduce the separated amounts of Pu as soon as possible. This – in other words – means to maximize the amount of Pu depleted in nuclear reactors per unit of produced energy, which is equivalent to maximizing of the fractional power production by Pu in the reactors. Another important aspect, however, comes up with a view to intermediate storage of burned fuel and to final disposal of fuel without Pu-separation, as well as with respect to the non-proliferation aspect. From these points of view the minimization of residual Pu in the discharged fuel elements should be the main goal of the fuelling strategy. Here, the high burnup, which is achievable in case of HTR fuel elements, is a feature of particular importance. The positive features of this fuelling strategy, of course, imply the need to handle highly enriched uranium.
In table 2.2.1.2 a comparison is shown of the two fuelling strategies indicated above (cases “a” and “b”) for the incineration of spent first generation LWR-Pu in the considered HTR core. The first strategy is designed to achieve a high Pu burning ratio, the second one to achieve an especially small amount of residual Pu in the discharged fuel elements. Table 2.2.1.3 displays the corresponding mass balance of the plutonium and of the fissile uranium. Detailed further information can be found in [23].

Both cases apply two kinds of fuel elements, as it has been described above. About half the reactor power is produced by fissions of the Pu. The charged Pu is depleted by 81 % (Table 2.2.1.3, case “b”) and about 500 kg Pu are incinerated per GWa of produced electrical energy, assuming the efficiency 0.4 for the HTR power plant. In case “a” the burnup period of the fuel elements is reduced from 11 down to 7.3 years of full power, and thus the average burnup of the fuel is lowered to a standard operation value of the German AVR reactor. In consequence the amount of Pu burned per GWael increases by 30 %. On the other hand, the residual Pu of the discharged fuel also increases from 19 % to 31 % of the initial amount. The requirement of uranium is similar in both cases.

A parametric study on the temperature coefficients of a HTR for Pu-burning showed the need for a relatively large Pu-load of the fuel elements, favourably about 3 g Pu. The result is a “hard” thermal neutron spectrum, which favours the parasitic absorption of neutrons in the resonance of the 240Pu– absorption cross section at the energy 1 eV. Its increase with the moderator temperature dominates some others –partly contrary- spectral effects. Thus, the value of the moderator coefficient is strongly influenced by the fraction of 240Pu in the fuel. Nevertheless, the temperature reactivity coefficients of the reactor (both Doppler and moderator coefficient) were found to be sufficiently negative over the whole applied range of reactor operation.

Second generation plutonium contains a distinctly lower fraction of fissile plutonium (about 40% - 50%) compared to plutonium of the 1st generation (about 70%) (also see table 1.4.1). Following their investigations concerning first generation plutonium, FZJ has concluded a study on continuous reload pebble bed reactors loaded with a mixture of 2nd generation PuO2 and (U-Th)O2, comparing a number of different fuelling strategies. These strategies involved different combinations of the following fuel element types:

· Pu, Type 1

3g Plutonium 2. Generation / fuel element

· Pu, Type 2

1g Plutonium 2. Generation / fuel element

· Pu, Type 3

0.5g Plutonium 2. Generation / fuel element

· Th, Type 1

20g (Th + HEU)-MOX / fuel element

· Th, Type 2

10g (Th + HEU)-MOX / fuel element

· U:


10g U, (20% 235U)   / fuel element

Some results of these investigations are shown in table 2.2.1.4. The composition of the second generation plutonium differs (238/239/240/241/242 = 5/36/35/10/14 weight %) slightly from the definition in the “Common Parameters” document [19]. However, the results, as presented in table 2.2.1.4, show a good agreement with those from the NRG studies, for the pure (“100%”) Pu case. The combination of thorium and plutonium allows for a slightly higher burnup of the permanently discharged second generation Pu fuel elements, leading to a somewhat higher reduction of the initial Pu content.

Pu-incineration by means of a use of low-enriched uranium as basic fuel turns out to be the by far most unfavorable variant of the regarded fuelling strategies. Here, the production of new plutonium by the breeding effect of 238U is nearly as big as the destruction rate by fissions. As consequence, the amount of plutonium in the unloaded fuel elements is lower by only 14% compared to the start of the irradiation.
2.2.2
MAXIMUM POWER SIZE

IKE has adopted and actualised the ZIRKUS program system to model pebble bed reactors with annular core and performed fuel cycle equilibrium calculations with different core sizes and reload cycles with uranium oxide fuel. The goal of investigations is the optimisation of power of a pebble bed HTR under constraints of limitation of maximum fuel temperature during a depressurisation accident. Starting point of the investigation was the HTR-MODUL reactor with 200 MWth and LEU fuel. Further calculations were performed for annular cores with increased power up to 400 MWth. 

Further studies were performed by IKE for multiple number of fuel element passes through the pebble bed core with continuous reload of fuel elements and various core designs. Cylindrical core designs as well as annular cores with graphite pebbles in central column and a solid inner column were considered. For all designs the important safety parameters like reactivity coefficients (moderator, fuel, water ingress) were calculated, too. The core size, the power, the uranium load and the number of fuel element passes were varied and the corresponding equilibrium state and afterheat distribution for accident investigations were calculated by means of the ZIRKUS system. The maximum fuel temperature after a loss of coolant accident (DLOCA) was then determined for all variations. The results show the potential for raising the total thermal power using an annular core design regarding the feature that the maximum fuel temperature after DLOCA remains below 1620 oC and further safety, feasibility and economical constraints. The rise of the total power is limited by economical constraints and of course by fabrication limits of the RPV. Furthermore there is also a limit due to the maximum RPV temperature, which is expected during a DLOCA. Finally, also the core height is limited due to expected axial Xe-oscillations in very high HTR cores.

2.3
BATCH-WISE RELOAD HEXAGONAL BLOCK TYPE HTR

For the GT-MHR-based reference reactor, CEA investigated the Pu (and minor actinide) incineration capability. It is noteworthy that to give information such as cycle length, mass balance, peak power, core flux distribution, etc. for a specific block-type HTR loaded with plutonium fuels suppose an important optimisation stage of the core: use burnable poison or not, flattening the flux distribution in the annular zone (different filling fraction in the compact close to the reflector, different enrichment, burnable poison in the reflector, etc.), number of the control rods, etc. Moreover, this optimisation stage must be based on an equilibrium fuel cycle assuming a specific fuel-reshuffling scheme. For the present analysis, simplest methods than 3‑D core burn-up calculations were employed. 2‑D transport detailed calculations allowed to compute the fuel depletion. Nevertheless, in order to get the fuel element discharged burn-up, the core reactivity was calculated during fuel depletion using a simplified 2‑D annular core configuration on which also transport calculations have been done. It is important to note that all these calculations have been performed without taking into account temperature feedback. The same 2‑D annular core configuration was used for the temperature coefficient estimations. The plutonium and minor actinides balances were calculated considering a thermal efficiency of 48 % and a loading factor of 0.85.

Intimately connected to the batch-wise reload (hexagonal block type) HTR is the use of burnable poison, e.g. to flatten the reactivity-to-time behavior of the core or to improve the temperature reactivity coefficients. A detailed study was performed on the optimization of the burnable poison particle design, in combination with different HTR fuel types.

2.3.1
PLUTONIUM INCINERATIOn CAPABILITY

The investigation of fuel cycle studies for block type HTR cores was performed for 1st generation and 2nd generation plutonium based fuel cycles. The core neutronic analysis presented here is essentially based on a specific calculation process employing the APOLLO2 transport code. The formalism used to solve the multi-group Boltzmann transport equation is either the Integral-Equation (Pij: collision probability 1D and 2-D) or Integral-Differential-Equation (Sn: discrete ordinates and nodal methods in 2-D). The standard 172-group cross section library issued mainly from JEF 2.2 is used in the present study. Detailed information can be found in [24]. 
The calculations have been performed in fundamental mode (critical buckling), considering a linear an isotropic collision hypothesis for the calculation of the graphite diffusion coefficient. In order to evaluate the fuel element discharged burnup, the core keff needs to be calculated. The core reactivity during fuel depletion is calculated using a simplified 2-D core configuration. Although the calculations are performed using a simplified modelling, it allows making an accurate calculation of the radial leakage during core depletion. After all, the core volumic leakage (3​‑D leakage) as evaluated using the radial leakage issued from the simplified core calculation and considering a constant axial leakage value (1500 pcm in all cases). For the different fuel types feeding the reactor, the discharged burnup was determined in order to achieve a reactivity margin of 2000 pcm at the end of cycle (keff = 1.02) embracing the possible uncertainties.

Preliminary investigations showed that:

· The fuel cycle length increases linearly with the mass of plutonium loaded into the core;

· There is an optimum for the fuel fed into the core with respect to the discharge burnup, which allows using at best the plutonium (see fig. 2.3.1.1).

Indeed, an increase of the total mass fed into the core has been analyzed for both types of plutonium fuel. All the results are gathered in the table 2.3.1.1. Whatever the plutonium isotopic content is, the fuel cycle length is proportional to the total mass loaded into the core. The higher the plutonium loaded into the core, the longer the fuel cycle length. Nevertheless, an increase of the plutonium loaded into the core will be limited by technological and physical criteria. For example, the particles volume fraction in the compact represents a technological limit to the plutonium loading capacity. Besides, the reactivity margin at the beginning of cycle appears as a physical limit to the use of highly degraded plutonium or important fuel loading. In fact, higher plutonium loading imply an increase of great absorbers like 240Pu in a similar core geometry and reduce the reactivity margin although the fissile isotopes content increases. By increasing the loaded fuel mass, the neutron spectrum becomes harder and favors the neutron absorption in the fertile isotopes. It should be noted that if the plutonium balance reaches an optimum with respect to the plutonium loaded into the core, it is not the case with the minor actinide balance, which increases linearly with the mass of plutonium. One could have thought that maximize the burn-up should minimize both discharged masses of Pu and minor actinides. In fact, as shown in table 2.3.1.1, the production of minor actinides raises continuously with the Pu-loading. Consequently, the optimum burn-up obtained from the critical calculations, which leads to an optimum of the plutonium consumption with respect to the fuel loading, can be explained as follow:

· Despite a smaller initial reactivity, the increasing of the Pu-loading leads to a neutron spectrum hardening that will enhance the Pu conversion and thus increase the cycle length (then the burn-up);

· At a certain level of Pu-loadings a too hard neutron spectrum (deteriorating the fission rate) and the important amount of minor actinides in the fuel will limit again the cycle length and thus the burn-up.

Therefore, for each isotopic Pu-composition, an optimum Pu-loading exists that maximizes the burn-up and then minimizes the Pu-discharge despite a constant MA-discharge mass increasing.

Finally, as far as the 1st generation plutonium, the temperature effect (Doppler and moderator) has also been evaluated on the fuel element geometry (see table 2.3.1.2). The Doppler coefficient given in the table is an average value between 20 and 900°C. As far as the moderator temperature coefficient is concerned, the calculated value is an average between 20 and 500°C. Despite the strong decrease of the moderator temperature coefficient during fuel irradiation, the results have shown that the global core temperature effect is negative and therefore self-stabilizing, with a fuel management by 1/3rd where the average core burnup ranges roughly from 200 and 400 GWd/t between the beginning and the end of cycle.

Further studies have also been conducted concerning the incineration of minor actinides in prismatic block HTRs. Final conclusions on this application cannot be drawn yet, as the assembly based calculations do not provide for sufficient accuracy [25]. 

Prismatic block type HTRs have a flexible core that can fulfil a wide range of diverse fuel cycles. The use of a wide spectrum of plutonium isotopic compositions prove HTR potentials to use at best the plutonium as fuel without generating large amounts of minor actinides. However, the analysis has been done without really taking into account the common fuel particle performance limits (burnup, fast fluence, temperature). It is obvious that such long cycles and associated high level of Pu-destruction will be possible only if burnups as high as 700 GWd/t and fluences in the order of 12 n/kb (a factor 2 with the common requirements) sustained by the fuel particles will be technologically feasible. The use of high-burnup plutonium particles cannot be regarded as proven technology today and important fuel characterisation program including irradiation will be required to demonstrate that a burnup equal about 80 % “fissions per initial metal atom” (FIMA) can be achieved for the Pu-particles without an inadmissible failure rate of the fuel coating.

It should be stressed that precaution must be taken with regard to the preliminary results given in this the previous section. Indeed, the indicated mass balances have not been estimated from 3-D full core calculations and remain to be confirmed. Nevertheless, such a 3‑D core calculation is inferred that a core optimisation approach close to conceptual design studies is needed for a block-type reactor fully loaded with plutonium fuel. This has not been carried out in the present analysis.

Moreover, it is noticeable that further detailed core physic analyses will be required in the future in order to assess the dynamic features of such a reactor, as is also the case for the pebble-bed HTR (Section 2.2.1). Additional studies concerning also the reactivity control aspects, the temperature coefficients, the decay heat associated with plutonium fuel, the appropriate fuel management and the associated power distributions related issues (especially important in the case of the plutonium use) should allow to precise that pure plutonium cycles will respect the current high level of safety of the HTR.
2.3.2
OPTIMIZATION OF BURNABLE POISON DESIGN

A batch-wise fuel load scheme in HTRs can be combined with a burnable poison in a heterogeneous way by mixing burnable poison particles (small spherical particles made of burnable poison, in the remainder abbreviated as BPPs) in the fuel elements. By varying the diameter of the BPPs and the number of these particles per fuel pebble, it is possible to tailor the reactivity-to-time curve. 

Such a batch-loading scheme in HTRs combined with BPPs has some attractive properties not offered by the continuous loading scheme. Burnup calculations have been performed on a standard HTR fuel pebble with a radius of 3-cm containing 9 grams of enriched uranium or 1 gram of first-grade plutonium, together with spherical BPPs made of B4C highly enriched in 10B or Gd2O3 containing natural Gd. The calculations aim at obtaining a flat reactivity-to-time curve for a batch-wise-loaded HTR by varying the radius of the BPP and the number of particles per fuel pebble.
With BPPs mixed in the fuel of an HTR, it is possible to control the excess reactivity present at beginning of life. For 8% enriched UO2 fuel, mixing 1070 BPPs containing B4C with radius of 75 (m through the fuel zone of a standard HTR fuel pebble with outer radius of 3 cm, the reactivity swing is 2% at a k( of 1.1. This means the burnable poison occupies a volume 60,000 less than that of the fuel pebble (FVR=60,000).

Using Gd2O3 as a burnable poison gives an optimum radius of about 840-(m and an FVR of only 5,000. This latter number corresponds to 9 BPPs per fuel pebble. The low number for the FVR reflects the fact that the natural Gd in the particle absorbs fewer neutrons despite the fact that the thermal cross sections of the 155Gd and 157Gd isotopes are much larger than that of the 10B. This is due to the relatively large microscopic absorption cross section of 10B in the epi-thermal range and the high atomic number density of the boron in B4C. For the Gd2O3 particles, the resulting reactivity swing is 3%, which is very similar to that obtained with the B4C particles. The bigger size of the Gd2O3 particles could be advantageous for the manufacturing process of the BPPs.

The B4C particles used in UO2 fuel (radius between 70 and 90 (m) can also be used to reduce the reactivity swing in PuO2 particles. The reactivity swing at a target k( of 1.1 is about 4% for BPPs with radius of 85 (m and an FVR of 27,500 (corresponding to 1600 BPPs per fuel pebble). The uniform temperature coefficient is comparable to that of the UO2 fuel (-7 to -8 pcm/K). More results can be found in references [26] and [27].

2.4
SPECTRUm TRANSMITTER

The disposal of nuclear waste is one of the major problems to be solved to guarantee a future for the nuclear industry. For this reason, the incineration of plutonium and minor actinides (MA) is probably the most interesting and effective option in reducing the radio-toxicity of the wastes produced by the nuclear fuel cycle.

An alternative solution to Fast Reactor or ADS is to make use of thin fissile films as flux converters to generate regions with fast fluxes inside a thermal reactor and thereby improve their incineration capabilities. The basic idea is to isolate some regions inside the reactor by de-coupling them from the main core with a flux converter. Provided that no moderating material is present inside these regions, the flux there will be prevalently fast and allow a more effective incineration of minor actinides.

The scope of this work is to analyse the feasibility of fast islands in thermal reactor, by giving a rough estimation on basic dimensioning, flux conversion and incineration performances. Presently, the main conclusions are as follows [28]:

· It is possible to obtain fast islands inside the cores of thermal reactors by coating special assemblies with thin films of fissile material. These special assemblies have to be moderator-free.

· The special assemblies could be loaded with minor actinides to enhance the incineration rates in the fast spectrum.

· The fast flux inside the thermal islands is improved by a factor ranging from 2 to 10, depending on the reactor type and on the film material and thickness. This improves considerably the capabilities of MA transmutation.

· In a PWR the realization of a fast island with the same dimensions of a standard fuel element is possible from the neutronic point of view. Nevertheless, since in this kind of reactor water is both coolant and moderator, the condition requiring no moderator inside the fast island leads to a severe heat removal problem.

· Intrinsic to the HTR concept is the fact that the moderator (graphite) and the coolant (gas) are distinct. It follows that heat can be easily removed without introducing any significant neutron moderation.

· The pebble dimension in pebble bed HTR is not optimal for the fast island concept. In fact, since the minimum thickness of the fissile film is imposed by neutronic conditions to be at least 1 mm, the fast island should have reasonably large dimensions in order to keep as low as possible the ratio between the fissile mass in the film and the MA loaded in the fast island.

· Block-type HTR seems to offer the best conditions for an optimal design of a fast island.
· Typical incineration rates in fast islands are two to three times higher than the corresponding rates in thermal reactors.
Following the above results it seems worthwhile to go on the analysis to assess definitely the feasibility of the fast island concept. The most immediately required further steps are:

· Optimisation of the MA assembly geometry;

· Analysis of the local effects close to the interface due to the flux perturbation induced by the presence of the fast island and of the fissile layer;

· Thermal-hydraulic analysis to verify the capability to remove the heat produced inside the fast island and in the fissile layer;

· Investigation of the impact on the main reactor safety parameters (feedback effects, dynamic behaviour).

A world patent has been granted on the spectrum transmitter concept [29].

2.5
CONCLUSIONS – HTR CONCEPTS

A number of conceptual HTR designs were analyzed with respect to their capability to incinerate plutonium and minor actinides, while maintaining favorable safety characteristics. The basis for these investigations was provided by two reference reactors, representing the two main HTR designs, viz. HTR-MODUL (continuous reload pebble bed) and GT-MHR (batch-wise reload hexagonal block). The investigations show quite promising results concerning the incineration (reduction) of especially first, but also of second generation plutonium, for both HTR concepts. It should be noted, however, that only an indication of the favorable safety characteristics was calculated in the form of sufficiently negative temperature reactivity coefficients. Future R&D work should address the actual dynamic properties of such Pu-loaded HTR cores under both operational and accident conditions.

Furthermore, in the analysis of the Pu-burning capabilities of the several HTR concepts it was assumed that the fuel is able to withstand very high burnups, in the range of 700 MWd/kg or higher. However, as in particular the use of high-burnup plutonium particles cannot be regarded as proven technology, an irradiation program will be required to:

· Demonstrate that a burnup equal about 80 % “fissions per initial metal atom” (FIMA) can be achieved for the Pu-loaded coated particles without an inadmissible failure rate of the fuel coating;

· Investigate the fission product retention of both the fuel element variants at a temperature level, which might occur in a loss-of-coolant accident.

For batch-wise (re‑) loaded HTRs the use of burnable poison enables flattening of the reactivity‑to‑time behavior of the reactor and the improvement of temperature reactivity coefficients. The investigations demonstrate the capabilities of burnable poison particles, containing either boron or gadolinium in the form of either small spheres or cylinders, to achieve these goals. Optimization of the behavior is quite well possible by varying the diameter of the particles and/or the number of particles per fuel element.

Investigations concerning the more exotic concept of the “spectrum transmitter” (thermal reactor containing “fast islands” – assemblies coated with thin fissile material) show that the block-type HTR seems to offer the best conditions for an optimal design of a fast island, and that the typical incineration rates in fast islands are two to three times higher than the corresponding rates in thermal reactors.

3
FUTURE WORK – V/HTR-IP

For the European Union Sixth Framework Program a new project V/HTR-IP (Very High Temperature Reactor - Integrated Project) has been proposed [30]. The global objective of the "Reactor Physics and Core Thermal-Hydraulics" (“CP”) sub-project is to achieve further qualification and validation of integral HTR core physics codes to a level where such codes can be applied for detailed design and licensing of both pebble bed and prismatic block type High Temperature Reactor designs (operating coolant temperature at approx. 850 to 950 oC) and future Very High Temperature Reactors (operating coolant temperature at approx. 1000 oC or higher). This global objective translates into the following specific objectives:

· Extension of the experimental validation base of HTR neutronics codes to high temperatures; 

· Experimental validation of HTR core physics codes with respect to core transients;
· Extension of the experimental validation base of HTR burnup codes to high burnups. 

A common modeling approach for the integral reactor physics codes applied for (V/)HTR analysis will be a main objective for the above. The transient applications will involve both normal operational transients, such as start-up and shutdown and load following, and design basis incidents, such as loss of coolant flow.

ASTRA is a critical test facility at the Kurchatov Institute in Moscow. The facility is being used to investigate neutron physics aspects of the PBMR reactor by performing benchmark experiments, simulating specific characteristic features of the PBMR design, e.g. an annular core, in view of validation of codes to be used for that design. At present only experiments at room temperature can be conducted. An upgrade of the ASTRA facility is planned in an ISTC proposal to enable experiments up to a temperature of about 700 oC.

Detailed measurements of the temperature effects on the reactor reactivity will be performed in the ASTRA critical facility. To this end, the critical assembly will be heated from 20 (C to about 700 (C. During the heating path, the temperature dependence of the various reactivity coefficients will be measured, as well as the control rod worths (CRWs) as a function of temperature.
The ASTRA critical facility will be modeled with the various integral codes in order to calculate the temperature dependence of the various reactivity coefficients and the CRWs.  Calculated temperature dependencies will be compared with measured ones. Results will be integrated in recommended temperature dependencies of nuclear data of the various composite material of the ASTRA facility, as well as of engineering materials of real HTRs.

On the basis of AVR experimental data a set of validation (full power/transient) test cases will be defined by which the validation of the integral HTR core physics codes will be supplemented. Any remaining issues will be dealt with by additional calculations of validation test cases based on experimental data from the HTR-10. The possibilities will be explored to perform a melt-wire experiment in the HTR-10 to determine the maximum (gas) temperature, experienced by the fuel pebbles in the core. Hereby, the experience gained from the AVR melt-wire experiment is of great importance.

For the presently envisaged low-enriched UO2 HTR fuel at maximum burnup values of about 80 MWd/kg it is the opinion of experts within “HTR-N” that the present day HTR core physics analysis tools are sufficiently validated. However, considerably higher maximum burnup values, and other fuel types, are envisaged for V/HTR systems in the not too distant future. Therefore activities are envisaged concerning the additional –experimental– validation of the reactor physics code systems, intended for the analysis of (V/)HTR systems, for HTR fuel at high burnup.

The experimental data will be made available from the HTR-EU1bis (HTR fuel pebble) irradiation experiment in JRC’s Petten High Flux Reactor (HFR). In this experiment a set of 5 fuel pebbles will be irradiated up to about 16 % FIMA (maximum). Information on the exact experimental configuration (i.e. fuel pebbles, experimental rig and immediate environment in the HFR) and the irradiation history is expected at the end of 2005. An extended post irradiation examination (PIE) will then be performed on selected samples to acquire data on isotopic composition of the fuel, in order to complete the definition of a useful validation test case. Results from this PIE are expected at the end of 2007.
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FIG. 1.1.2. Comparison of calculations and measurements at HTTR.
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FIG. 1.1.1.  HTTR core configurations analysed (30, 24 and 18 fuel columns, respectively).
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FIG. 1.1.3  HTTR core modelling assumptions analysed during the HTTR  studies.








TABLE 1.1.1. New HTTR core calculations and experimental results [4]


Configuration�
CITATION�
TRIPOLI�
CRONOS�
Experiment�
�
�
diffusion; 26 groups; 3-D triangular; 3 regions/block; finite difference; 24 meshes/block�
Monte Carlo; 172 groups and point wise; 3-D�
diffusion; 8 (4) groups; 3-D hexagonal; 3 regions/block ; finite element; 24 meshes/block�
�
�
30 col.�
1.13361)�
1.138332) ( 0.00090�
1.1451 (1.1362)2) �
1.1363 ( (>3.6%)�
�
24 col.�
1.09441)�
-�
1.1096 (1.1000)2) �
1.0834 ( (>2%)�
�
19 col.�
1.02631)�
1.026922) ( 0.00043�
1.0432 (1.0351)2) �
1.0152 ( ?�
�
18 col.�
1.00801)�
1.008552) ( 0.00090�
1.0275 (1.0178)2) �
sub critical�
�
1) Control  rods insertion considered ((k = 0.004) and detector impact included ((k = 0.002)


2) Detector impact included ((k = 0.002)





TABLE 1.1.2 Control rod worth in the HTTR (keff and (k/k) [5,6]


Control rod


position�
KENO�
TRIPOLI4�
CITATION�
CRONOS�
PANTHER�
Exp.�
�
�
�
�
�
�
�
�
�
178,9 cm�
1.0093 ( 0.0006�
1.00117 ( 0.00024�
1.0031�
1.00020�
1.0088�
Critical�
�
177,6 cm�
�
0.99972 ( 0,00038�
�
0.99840�
�
�
�
�
�
�
�
�
�
�
�
Scram of


reflector CRs�
0.9178 ( 0.0005�
0.92215 ( 0.0004�
0.86535�
0.90245�
�
12 %�
�
�
9.88 %�
8.56 %�
15.87 %�
10.83 %�
�
(( 1.2)�
�
�
�
�
�
�
�
�
�
Scram of


all CRs�
0.6809( 0.0005�
0.68396 ( 0.0003�
0.67937�
0.63982�
0.7317�
46 %�
�
�
47.78 %�
46.32 %�
47.50 %�
56.31 %�
37.5 %�
(( 4.6)�
�






TABLE 1.1.3 Isothermal temperature coefficients of the HTTR at 400K [5,7]


Temperature�
KENO�
PANTHER�
CRONOS�
CITATION�
�
400 K�
- 14.7 pcm / K�
- 15.2 pcm / K�
- 16.2 pcm / K�
- 17.2 pcm/K�
�
CR group C, R1 and R2 inserted (178.9 cm)
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FIG. 1.2.1 HTR-10 core view.





TABLE 1.2.1  Critical core level of the HTR-10


Code / Core level (cm)�
Original benchmark�
Deviated benchmark�
�
�
�
�
�
Diffusion with VSOP (2-D)�
124.2 cm�
121.0 cm�
�
Diffusion with VSOP (3-D)�
126.8 cn�
123.3 cm�
�
Diffusion with PANTHER�
125.3 cm�
122.1 cm�
�
�
�
�
�
Monte Carlo with TRIPOLI (Cubic)�
�
117.4 cm�
�
Monte Carlo with TRIPOLI (Hex)�
�
122.7 cm�
�
�
�
�
�
Experimental�
�
123.1 cm�
�






TABLE 1.2.2 HTR-10 isothermal temperature coefficients


keff for the different temperatures


T (OC)�
INET�
CEA�
FZJ�
NRG�
�
20�
1.119747�
1.14737�
1.12665�
1.11759�
�
120�
1.110435�
�
1.11331�
1.10846�
�
250�
1.095961�
�
1.09588�
1.09629�
�



Isothermal temperature coefficient


T (OC)�
INET�
CEA�
FZJ�
NRG�
�
20-120�
-7.49 e-5�
-�
-1.06 e-4�
-7.37 e-5�
�
120-250�
-9.15 e-5�
-�
-1.10 e-4�
-7.70 e-5�
�






TABLE 1.2.3 Control rod worth in the HTR-10 [9]


Rod worth for the full core (180 cm) and original benchmark (%Δk/k)


Number of rods�
INET�
CEA�
FZJ�
NRG�
�
10�
16.56±0.31�
13.44±0.26�
16.60�
11.86�
�
1�
1.413±0.265�
1.31±0.29�
1.563�
-�
�
Rod worth for the critical core (126 cm) and original benchmark (%Δk/k)


Number of rods�
INET�
CEA�
FZJ�
NRG�
�
10�
19.36±0.44�
13.80±0.20�
20.55�
13.67�
�
1�
1.793±0.371�
0.28±0.10�
1.969�
-�
�
Rod worth for the full core (180 cm) and deviated benchmark (%Δk/k)


Number of rods�
INET�
FZJ�
�
10�
15.31�
15.73�
�
1�
1.343�
1.48�
�
Rod worth for the critical core (126 cm) and deviated benchmark (%Δk/k)


Number of rods�
INET�
FZJ�
�
10�
18.28�
19.31�
�
1�
1.571�
1.86�
�
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FIG. 1.3.1. Vertical cross-section of the HTR-PROTEUS configuration (dimensions in mm, left) and top view of the pebble-bed (right).








TABLE 1.3.1 Calculated and Measured keff values for Cores 5 and 7


Measured and Calculated keff Values�
�
Core�
Experimental�
TWODANT�
MCNP4B�
�
5�
1.0111/1.0083±0.0005�
0.998�
0.99502±0.00044�
�
7�
1.0067/1.0051±0.0005�
1.010�
1.00268±0.00033�
�



TABLE 1.3.2 Comparison of Calculated and Measured keff values for Cores 5 and 7


Measured and Calculated/Experimental keff Values�
�
Core�
Experimental�
TWODANT�
MCNP4B�
�
5�
1.0111/1.0083±0.0005�
0.987�
0.987±0.00044�
�
7�
1.0067/1.0051±0.0005�
1.003�
0.998±0.00033�
�






� EMBED Origin50.Graph  ����
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�



FIG. 1.3.2 Experimental and calculated (MCNP-4B) axial reaction rate traverses of fission in 235U (F5) and 239Pu (F9) in Core 5.








TABLE 1.4.1 Isotopic composition of first and second generation plutonium in this benchmark (weight %).


Isotope�
1st generation 


(original)


“A”�
1st generation


(alternative)


“B”�
2nd generation





“C”�
�
238Pu�
1�
2.59�
4.9�
�
239Pu�
62�
53.85�
26.9�
�
240Pu�
24�
23.66�
34.3�
�
241Pu�
8�
13.13�
15.3�
�
242Pu�
5�
6.78�
18.6�
�






�FIG. 1.4.1. Infinite multiplication factor as function of burnup (2nd generation Pu, 1.5 g).








TABLE 1.4.2 Infinite multiplication factor as function of burnup (2nd generation Pu, 1.5 g). NRG WIMS8A is reference solution. For the other solutions the difference in reactivity Δρ with the reference is given.


Burnup�
NRG WIMS8A�
CEA�
IRI�
NRG FISPACT�
UNIPI�
�
[MWd/kgHM]�
k(  [-]�
Δρ [%]�
Δρ [%]�
Δρ [%]�
Δρ [%]�
�
0�
1.1236�
0.32�
-1.45�
0.93�
3.96�
�
100�
1.0872�
0.16�
-1.29�
0.03�
3.45�
�
400�
1.0465�
-0.19�
-0.44�
0.69�
1.95�
�
600�
0.71899�
-7.54�
-0.62�
-1.74�
12.04�
�
800�
0.35081�
28.76�
-27.80�
-19.30�
-30.41�
�









TABLE 2.1.1 General parameters of PuO2-containing coated particle fuel.


Kernel diameter of coated particle�
0.240 mm�
�
Kernel material (fuel)�
PuO2�
�
Density of kernel material�
10.4 g/cm3�
�
�
�
�
Coating materials (inner to outer)�
C / C / SiC / C�
�
Coating thickness (inner to outer)�
0.095 / 0.040 / 0.035 / 0.040 mm�
�
Density of coating material (inner to outer)�
1.05 / 1.90 / 3.18 / 1.90 g/cm3�
�






TABLE 2.1.2 General parameters of the HTR-MODUL-based reference reactor


Nominal power �
200 MWth�
�
Power density in the core�
3.0 MW/m3�
�
Thermal efficiency�
40% (assumed in FZJ calculations)�
�
Core height�
9.43 m�
�
Core diameter�
3.0 m�
�
Number of pebbles per m3 �
5394 per m3�
�
He core inlet temperature�
250 degr. C�
�
He core outlet temperature�
700 degr. C�
�
System pressure�
60 bar�
�
He mass flow rate�
85.55 kg/s�
�
Basic graphite density (in reflectors)�
1.80 g/cm3�
�
�
�
�
Pebble diameter�
6.0 cm�
�
Diameter of fuel zone (matrix/coated particles)�
5.0 cm�
�
Graphite density (matrix and outer shell)�
1.75 g/cm3�
�






�


FIG. 2.1.1 Main dimensions and material regions of the calculational model of the HTR-MODUL. Dimensions are in cm. The core is a random stacking of the well-known 6 cm fuel balls (‘pebbles’). The conical defuelling chute below the core is not modelled. Other (more or less homogenised) material regions in the model are: (1) reflector (graphite), (2) void (so He gas), (3) homogenised void and graphite, (4) reflector (graphite), (5) carbon bricks, (6) reflector with coolant channels, (7) reflector with control rod channels, (8) reflector (graphite).





TABLE 2.1.3 General parameters of the GT-MHR-based reference reactor


Power�
600 MWth�
�
Thermal efficiency�
48% (assumed in CEA calculations)�
�
Loading factor�
0.85 (assumed in CEA calculations)�
�
Power density in active zone�
6.6 MW/m3�
�
Inlet/outlet temperature�
490 / 850°C�
�
Height of active zone�
8 m�
�
Equivalent diameter of active zone�
2.96 / 4.84 m�
�
Height of axial reflectors�
1.3 m�
�
Number of columns in the annular core�
102�
�
Standard fuel elements�
720 (10 per column)�
�
Control fuel elements�
300 (10 per column)�
�
Control rods in core�
12 (start-up) and 18 (shutdown)�
�
Control rods in reflector�
36 (core operation)�
�
Type of fuel loaded into core�
PuOx�
�
Fuel composition�
Only one type of particle�
�






�


FIG. 2.1.2 Geometry of the 600 MWth �GT-MHR core�
�


FIG. 2.1.3 Geometry of a standard fuel element�
�
�
�


FIG. 2.1.4 Geometry of a control fuel element�
�






TABLE 2.2.1.1 Results from calculations, by NRG,  on the use of  pure first and second generation Pu (oxide) in a pebble bed HTR in continuous reload operation mode.


Case�
Pu-fiss�
Pu feed�
BU cycl�
BU disc�
keff�
keff�
α(T)�
α(T)�
rem. HM�
rem. Pu�
�
�
%�
g/d�
GWd/t�
GWd/t�
BOL�
equi�
BOL�
equi�
%�
%�
�
�
�
�
�
�
�
�
�
�
�
�
�
Pu-1-1.00-0�
70.0�
255.8�
373�
781.8�
1.2825�
1.0717�
-3.25E-05�
-4.01E-06�
23.4�
18.0�
�
Pu-1-2.00-1�
70.0�
255.8�
373�
781.8�
1.2931�
1.0705�
-2.95E-05�
8.73E-07�
23.4�
18.1�
�
Pu-1-2.00-0�
70.0�
254.1�
361�
787.0�
1.1892�
1.0353�
-5.41E-05�
-4.60E-05�
23.3�
15.9�
�
�
�
�
�
�
�
�
�
�
�
�
�
Pu-1-1.00-0�
67.0�
266.3�
384�
751.1�
1.2961�
1.0706�
-1.94E-05�
1.64E-05�
23.4�
16.7�
�
Pu-1-2.00-1�
67.0�
266.3�
384�
751.1�
1.3044�
1.0686�
-1.72E-05�
2.08E-05�
23.5�
16.8�
�
Pu-1-2.00-0�
67.0�
270.1�
366�
740.4�
1.2111�
1.0575�
-4.17E-05�
-3.28E-05�
23.4�
14.8�
�
�
�
�
�
�
�
�
�
�
�
�
�
Pu-2-0.75-0�
42.2�
256.0�
376�
781.4�
1.1647�
0.8411�
2.58E-05�
9.80E-05�
�
�
�
Pu-2-1.00-0�
42.2�
256.2�
363�
780.7�
1.1436�
0.8991�
6.10E-07�
5.43E-05�
22.6�
6.6�
�
Pu-2-2.00-1�
42.2�
266.3�
383�
751.1�
1.1509�
0.8789�
9.66E-06�
7.54E-05�
22.6�
6.7�
�
Pu-2-1.50-0�
42.2�
256.3�
377�
780.4�
1.0964�
0.9192�
-2.40E-05�
7.10E-06�
22.6�
6.8�
�
Pu-2-3.00-1�
42.2�
268.2�
382�
745.8�
1.1124�
0.9156�
-1.71E-05�
2.07E-05�
22.6�
6.9�
�
Pu-2-2.00-0�
42.2�
271.0�
379�
738.0�
1.0560�
0.9250�
-4.64E-05�
-2.32E-05�
22.7�
6.9�
�
Pu-2-3.00-0�
42.2�
282.9�
358�
706.9�
1.0013�
0.9210�
-7.35E-05�
-4.87E-05�
22.7�
7.5�
�
�
�
�
�
�
�
�
�
�
�
�
�
Pu-2-1.50-0�
42.2�
456.6�
195�
438.1�
1.0964�
1.0068�
-2.40E-05�
-2.39E-05�
54.8�
46.5�
�
Pu-2-2.00-0�
42.2�
444.6�
197�
449.8�
1.0560�
0.9831�
-4.64E-05�
-4.17E-05�
55.1�
44.9�
�






TABLE 2.2.1.2 Fuelling strategy of the HTR-MODUL reactor for burning (1st generation) LWR Pu.


   a) High Pu-burning ratio           b) Low residual Pu in discharged fuel


�
Pu-FE (50%)	U/Th-FE (50%)�
Pu-FE (50%)	U/Th-FE (50%)�
�
�
�
�
�
Pu  �
3 g�
3 g			--�
�
Th  �
--			18 g�
--			16.7 g�
�
U  (HEU) �
--			2 g�
--			3.3 g�
�
Incore Time�
	7.3 F.P. Years�
	11.0 F.P. Years�
�
Fractional �Power Prod.�
65 %			35 %�
52 %			48 %�
�
HM-burnup�
595 MWd/kg	58 MWd/kg�
700 MWd/kg	116 MWd/kg�
�
Average�
	128 MWd/kg�
	192 MWd/kg�
�






TABLE 2.2.1.3 Mass Balances for the HTR-MODUL burning (1st generation) LWR-Pu.


                                         a) High Pu-burning ratio           b) Low residual Pu in discharged fuel


    �
Pu-FE (50%)	U/Th-FE (50%)�
Pu-FE (50%)	U /Th-FE (50%)�
�
�
�
�
�
Pu charged �
929	kg/GWael	--�
 615	kg/GWael	--�
�
Pu dischgd.�
265	kg/GWael	23 �
   93	kg/Gwael 	26�
�
Pu burned �
664	kg/GWael	-23 �            	( 641�
 522	kg/GWael	-26 � 	( 496�
�
�
�
�
�
Pu burned /�       Pu charged�
               0.69�
0.81�
�
�
�
�
�
U235 charged�
--	kg/GWael 	578�
--	kg/GWael       	624�
�
U235 discharged�
--	kg/GWael        	251�
--	kg/GWael      	171�
�
U233 produced�
--	kg/GWael       	161�
--	kg/GWael      	116�
�






TABLE 2.2.1.4 Comparison of different fuelling strategies for the incineration of second generation Plutonium in pebble-bed HTRs.


Fuel elements�
Heavy metal


burnup


�(MWd/t)�
Average


burnup��(MWd/to)�
Pu


charged


�(kg/GWa-el)�
Plutonium�burned





(kg/GWa-el)�
Ratio


Pu burned /


Pu-charged (%)�
�
�
�
�
�
�
�
�
50% Pu, Typ1


50% Th, Typ1�
522 000


122 000�
174 000�
683�
450�
66�
�
50% Pu, Typ1


50% Th, Typ2�
495 000


112 000�
200 500�
1048�
643�
61�
�
�
�
�
�
�
�
�
100% Pu, Typ2�
428 000�
---�
2050�
1020�
50�
�
100% Pu, Typ3�
416 000�
---�
2093�
968�
46�
�
�
�
�
�
�
�
�
50% Pu, Typ1


50% U�
145 000


30 000�
55 000�
3725�
503�
14�
�






��


FIG. 2.3.1.1. Dependence of Burn-up on Core Loading.





TABLE 2.3.1.1 Plutonium and minor actinides balance for 1st and 2nd generation plutonium fuel.


Type of fuel�
1st generation plutonium (66,2 %)�
�
Mass of fuel loaded into the core [kg]�
701�
900�
1200�
1500�
1800�
�
Plutonium balance�
�
[%]�
( 67,4�
( 71,3�
( 74,4�
( 75,4�
( 75,1�
�
Puf / Putotal at EOL [%]�
28,3�
28,6�
30,0�
32,7�
36,7�
�
Minor actinides balance�
�
In % of metal burnt�
8,3�
9,2�
10,2�
11,1�
12,0�
�



Type of fuel�
2nd generation plutonium (42,2 %)�
�
Mass of fuel loaded into the core [kg]�
700�
900�
1100�
�
Equilibrium cycle length�
180�
234�
275�
�
Average discharged BU�
460,7�
468,0�
450,7�
�
Plutonium balance�
�
[%] �
( 56,1�
( 58,2�
( 57,6�
�
[kg/TWhe] �
( 107,4�
( 110,3�
( 113,5�
�
Puf / Putotal at EOL [%] �
19,35�
22,4�
27,0�
�
Minor actinides balance�
�
Americium [kg/TWhe]�
+ 13,57�
+ 14,88�
+ 16,93�
�
Curium [kg/TWhe]�
+ 3,90�
+ 5,29�
+ 6,43�
�
Total [kg/TWhe]�
+ 17,47�
+ 20,17�
+ 23,36�
�
In % of metal burnt �
16,3�
18,3�
20,5�
�






TABLE 2.3.1.2 Doppler and moderator temperature coefficient for the 1st generation Pu


Doppler Coefficient [pcm/0C]�
�
Burnup [GWd/t]�
701 kg�
900 kg�
1200 kg�
1500 kg�
1800 kg�
�
�
without erbium�
�
0�
( 2,76�
( 3,13�
( 3,49�
( 3,67�
( 3,70�
�
Variable�
( 0,98


625 GWd/t�
( 1,00


650 GWd/t�
( 0,92


650 GWd/t�
( 1,04


650 GWd/t�
( 1,14


650 GWd/t�
�
Graphite temperature coefficient [pcm/0C]�
�
Burnup [GWd/t]�
701 kg�
900 kg�
1200 kg�
1500 kg�
1800 kg�
�
�
without erbium�
�
0�
( 2,29�
( 2,14�
( 1,91�
( 1,69�
( 1,46�
�
Variable�
+ 8,15


625 GWd/t�
+ 6,33


650 GWd/t�
+ 4,47


650 GWd/t�
+ 2,86


650 GWd/t�
+ 1,74


650 GWd/t�
�
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