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ABSTRACT 
 

The Dragon Reactor Experiment in Winfrith /UK was a materials test facility for a number 
of HTR projects pursued in the sixties and seventies of the last century. It was built and 
managed as an OECD/NEA international joint undertaking. The reactor operated 
successfully between 1964 and 1975 to satisfy the growing demand for irradiation testing 
of fuels and fuel elements as well as for technological tests of components and materials. 
The paper describes the reactor’s main experimental features and presents results of 11 
years of reactor operation relevant for future HTRs. 

 
 

1.  Introduction 
 
The DRAGON Reactor Experiment (DRE) was the experimental reactor of the O.E.C.D High 
Temperature Reactor Project. This facility was uniquely suitable for testing the fuel, the fuel element 
designs and the structural materials not only for the HTR power reactor designs pursued by the Dragon 
Project itself, but also for the development of national power reactor projects like the THTR and the 
Fort St. Vrain HTGR. During the later years of operation, more than 60% of the available core 
positions were occupied by coated particle fuel experiments sponsored by the UKAEA, the CEA, 
Belgonucléaire and KFA. Although there were limitations in the geometry of irradiation experiments, 
requirements concerning the burnup, the neutron flux, the temperature and the coolant flow could be 
satisfied individually by selecting the core position and adapting the base of the fuel element. The 
precise irradiation conditions and the accurate measurement of the experiments performance were 
made possible by continuously monitoring various fuel element temperatures and sampling gas release 
from the fuel. These measurements were facilitated by the extremely low contamination of the primary 
circuit and the controlled area in general. The results of the many DRAGON irradiation tests have 
been incorporated in today’s general data base on HTRs. The operational experience was reported in 
detail by B.G.Chapman [1]. This paper is also concerned with some less well publicised items. 
 
2.  The core 
 
The core consisted of thirty-seven fuel elements, placed in a hexagonal array with an effective 
diameter of 1.08m. This hexagonal array was surrounded by 30 prismatic graphite columns of the 
“inner live” reflector, machined on one side to match the profile of the adjacent fuel element and on 
the other to form a circle of 1.5m diameter. The 24 control rods operated in holes in the inner live 
reflector. The overall length of a fuel element was 2.54m, of which 1.60m in the middle contained fuel 
(s.Fig.1) The remaining lengths at the top and bottom comprised the axial reflector and end fittings. 
The helium coolant entered the core from below and passed upward through channels between fuel 
rods. Maximum thermal power was 21.5 MW obtained with an inlet temperature of 350°C, an outlet 
temperature of 750 °C and a helium mass flow of 9.62 kg/s at 20 atm. 



Fig.1 shows the cross 
section of a typical 
DRAGON fuel element: 
The six outer fuel rods (a) 
were attached at the top 
to a massive graphite 
block (b) which extended 
up to a reinforced lifting 
head (c); at the bottom a 
Nimonic ring held the 
six-rod assembly together. 
The central rod accommodated the experimental section. This central rod was firmly attached to the 
metallic base of the fuel element, which accurately places the fuel element in one of the 37 core 
positions by means of a central conical hole (d) sitting on the precisely fitting conical spike attached to 
the core bed plate. Each spike was equipped with a key bolt to align the orientation of fuel element and 
surrounded by 12 thermocouple terminals mating with contacts (e) under the fuel element base. In 
certain fuel elements the outer ring of six driver rings with the lifting head and bottom ring could be 
separated from the experimental central rod and the base by remotely unlocking the Nimonic bottom 
ring.  
The six outer rods of a fuel element generally contained highly enriched UO2 driver fuel which 
provided most of the reactivity of the core. The coated particles for this fuel were produced at the 
reactor site: the UO2  kernels had a diameter of  0.8mm and had a triple (TRISO) layer of inner 
pyrocarbon, silicon carbide and outer pyrocarbon with a combined thickness of about 0.15mm.These 
coated particles were bonded together in a carbonaceous matrix to form the hollow cylinder 
“compacts” (f) characteristic for DRAGON driver fuel. The experimental coated particle fuel in the 
centre of the elements consisted of low enriched UO2, but also thorium and plutonium as oxide and 
carbide. Specimens for a variety of HTR fuel cycles were irradiated simultaneously in the 
experimental centre channels and in entire fuel element positions. The extensive DRE experience with 
irradiating coated particle fuel at extreme temperatures confirmed that a statistical approach is valid 
for failure prediction. Fig. 2 shows the measured Fission Product (FP) release (expressed as 
Release/Birth or R/B ratio) from a fuel with a temperature of 1800°C compared to its release at an 
operating temperature of  1250°C. The significant feature is the exponential increase in release 

indicating that in the case of  unexpected overheating or 
other fuel failure, there is a slow build up of activity 
permitting location and removal. 
As the sampling of released FP through the purge gas 
system was generally limited to the experimental central 
fuel rod in an element, a procedure for the identification 
of defective unpurged fuel was developed. This 
technique involves a slight reduction of the reactor power 
and the changing of the control rod pattern to a 20 rod 
‘curtain’ with one rod fully inserted. The power and 
therefore the temperature from the element closest to the 
inserted rod dropped significantly and its FP release was 
reduced dramatically. This procedure was repeated for 
each control rod position. The effect was most important 
in the peripheral fuel elements, but still gave meaningful 
results one pitch away from the dipped rod. The FP 
isotope monitored in the outlet gas was the very short-
lived Kr-90 (8,5 seconds half-life) and its sister Kr-87 
(87 minutes), which reached equilibrium concentrations 
in the outlet gas in less than 2 hours after the control rod 
insertion. This technique could be applied to power 
reactors, where the symmetrical arrangements of control 
rods could allow the location of releasing fuel. 



3. Power cycling   
 
The experience with power cycling the reactor confirmed the excellent behaviour predicted in the 
safety analyses. The very small fuel particles embedded in a graphite matrix gave efficient heat 
transfer and the difference between peak fuel temperature and graphite surface temperature were small 
(about 200°C).  During normal operation peak fuel temperatures did not exceed 1250°C. The physics 
of the HTR core provided the system with a strong negative temperature coefficient. Using this 
characteristic it was possible to control the reactor power by varying helium mass flow. The 
experiments clearly demonstrated that the power immediately followed the increase in helium mass 
flow, but that core and fuel temperatures did not rise as consequence of raising the reactor power from 
75% to 90% in a few seconds. 
Two core positions were modified in order to further study the effect of regular temperature cycling on 
various graphites and fuel assemblies. The sampling connections to the fuel element spikes were 
altered to permit the injection of a pulse of helium to the base of the element. This pulse was used to 
actuate a special valve that changed the coolant flow section to the element. Elements fitted with these 
valves and irradiated in these positions were temperature cycled frequently without perturbing the rest 
of the core. 
 
4. Chemical reactivity of the core 
In the initial concept of the reactor experiment purged fuel rods contained compacts of ‘bare’ uranium 
oxide pellets in a graphite matrix. It was envisaged that this fuel would release the fission product 
xenon and krypton as they formed to be purged out into a purification plant thus significantly reducing 
the neutron poisoning effects of these isotopes. The purge helium flowed through large fission product 
adsorption beds and on into three clean-up plants, to be used individually and regenerated as necessary. 
Early fuel tests in Loop ‘A’ of the Pluto Heavy Water MTR at Harwell showed that, even at 1000°C, 
most of the krypton and xenon was retained in the fuel matrix. This encouraged the development of a 
revolutionary coated particle fuel that released less than 10-7 of the fission products. In practice the 
purification plants maintained ultra pure helium coolant conditions in the primary circuit of the reactor. 
Typical results of coolant chemical analysis during operation were (in vpm): 

O2                N2          CO     CO2             CH4             H2O   H2  
0.1   0.05         0.05         0.02  0.1        0.1    0.1 

This high purity coolant coupled with the advanced analytical system that had been developed 
permitted the study of the chemistry of the injection of very low concentrations (1-5 volume parts per 
million) of possible circuit contaminants. It became a routine procedure to determine the ‘core 
chemical reactivity’ by injecting a small quantity of water into each fresh fuel configuration. In 
addition experiments were carried out injecting small quantities of methane or carbon dioxide. Due to 
the absence of metallic corrosion and the almost perfect retention of the FP in the fuel there was 
practically no routine secondary waste. 
 
5. Primary circuit 
 
The primary heat removal circuit was contained entirely in the carbon steel pressure vessel with its six 
heat exchanger branches. It operated at reactor outlet temperatures of 750°C and inlet temperatures of 
330-370°C. The operating pressure of the vessel was 20 ata. The coolant path of the primary heat 
removal circuit was arranged in a way that the vessel walls were in contact with the cold (330°C-
370°C) reactor inlet stream only. The integrated fast neutron dose of the vessel walls at mid core 
height was in the order of 5 x 1018 n/cm2 after ten years of power operation. The hot leg of the circuit 
consisted of a large plenum chamber above the core and six duct liners, which fed the reactor outlet 
coolant to the primary heat exchangers. The plenum structure was thermally insulated from the hot 
side by two layers of 3 mm Nimonic sheet spaced 6 mm apart. 
The helium inventory of the Dragon primary coolant system was about 355 kg of which, during 
operation, 175 kg were kept in the reserve stores and the dump tanks. Of the other half, 68 kg were 
flowing in the main heat removal circuit, the rest was slowly circulating through the Fission Product 
Removal Plant (36 kg), the Helium Purification Plant (19 kg) and the Transfer Chamber (45.5 kg). The 



heat sink contained the remaining 10 kg. The coolant losses from the primary circuit during operation 
were identified as accountable or unaccountable losses. Losses due to refuelling shutdowns (20-30 kg 
per shutdown) were mainly caused by changing the vessel contents from helium to air.  
The accountable losses consisting of coolant bled off for analysis or for other experimental and 
operational purposes amounted to about 1 kg per operating day. The unaccounted losses stemmed 
from leaks, maintenance work on instruments and ancillaries and "spillage" during insertion and 
operation of experimental probes.  The safety philosophy relied upon the leak detection for an early 
warning of any conceivable major failure of the pressure vessel. A sensitive and reliable method of 
monitoring the leak rate from the primary circuit was, therefore, primarily a safety requirement. As 
any helium leaking from the primary circuit was rapidly dispersed in the large volume of the inner 
containment, the background concentration from accountable losses had to be kept at a low level so 
that any increase in the leak rate could be observed at an early stage. A continuous measurement of the 
helium concentration in the inner containment was provided by a highly sensitive mass spectrometer. 
As the leakage from the active part of the circuit was the most important parameter, the readings of an 
activity monitor measuring Kr-87 on the containment ventilation extract correlated to the primary 
circuit activity gave a measurement of the primary circuit active leak rate, normally about half of the 
total leak rate. Both instruments were recalibrated frequently. For an absolute determination of the 
overall leak rate a helium balance within the primary circuit was taken twice a week. During routine 
operation, the average helium leak rate was less than 0.2kg/day or 0.12 % of the circulating inventory. 
In the beginning of 1974, the leak rate during operation reached 2.0 kg/day and after months of 
searching a number of leaks were found in the stainless steel (SS) pipework leading to the helium 
purification plant. The leaks, almost invisible pores and crevices in the otherwise healthy lengths of 
pipe, were produced by chloride corrosion. All leaks occurred in narrow sections of the pipes that had 
been wrapped with PVC insulating tape during commissioning for the purpose of marking the various 
flow paths and components of the circuit. When the circuit operated at temperature roughly between 
80 and 120°C, the innermost layer of PVC tape decomposed, leaving gaseous HCl trapped under the 
outer still intact layers of tape. (On pipe sections under 80°C the PVC tape remained stable and above 
ca. 120°C the complete wrapping cracked and fell off). After the discovery of the leaks caused by the 
chloride corrosion all accessible SS pipework was searched and more than 200 tape markings were 
removed. All sections of SS pipework that had carried tape markings were cleaned and sections that 
had operated above 80°C were replaced. The result was a drastic reduction of unaccounted helium 
losses to 0.2 kg/day. 
 
6. Maintenance 
 
The fission product release studies, both gaseous and metallic, indicated the 
comparative cleanness of the primary circuit but the in-core maintenance 
operations really proved the point. The original design made provision for the 
remote removal of, in addition to fuel elements, inner live reflector blocks, fuel 
support spikes and control rods and their winding heads. During the nine years of 
operation all of these procedures were carried out and the last two even became 
almost routine. The reflector block replacement carried out in 1973 proved to be a 
rather non-standard operation and it is worthwhile reiterating some of the lessons 
learned. Fig 3 shows one of the reflector blocks warped by the neutron flux .  
After removal of the primary helium and its replacement with nitrogen the circuit 
was opened and no further precaution taken to exclude air. Without the easy access 
made possible by these open-air arrangements, relative freedom from 
contamination and the viewing opportunities afforded by a transparent coolant, the 
task might have been impossible. Experience during this refit showed that small 
simple tools were successful in many instances where more elaborate devices 
would have proved unnecessary or even introduced difficulty. The great benefit 
from the regular use of good viewing facilities (e.g. the core periscope) was 
demonstrated  from start to finish of the operation.  
Experience from Dragon of the levels of contamination of the primary circuit are of 
great interest particularly as Dragon's role in testing experimental fuels could be 



expected to yield pessimistic information. In fact radioactive contamination problems during the 
reflector change were remarkable by their absence. Continuous working around large open 
penetrations to the core was always possible without the need for air-hoods or respirators. Numerous 
devices such as television cameras, lights, handling tools, etc., were lowered into the core chamber, 
frequently rubbing against graphite and metal surfaces, yet on removal they showed very little 
contamination requiring no personal protection other than normal industrial fabric gloves.  
The frequently expressed fears that prolonged contact between metal components in a high 
temperature, high purity helium environment could lead to self-welding seizure did not materialise. 
Even at the loaded and hot (about 650°C) interface of the Nimonic control rod shield tubes with the 
Monel 400 reflector head assemblies, resistance to disengagement was only that caused by normal 
frictional forces. Detailed evidence of contamination by dust-borne activation products were obtained 
from swabbing the metal surfaces of primary circuit components. On most of the areas examined a 
simple swab soaked in methanol removed the bulk of the activation products suggesting that these 
were in a non-adherent dust layer. Rowland [2] gave the typical ratio of activation products compared 
to Mn-54 averaged over a Dragon heat exchanger, these were Cr-51, 6; Co-60, 0.14; Zn-65, 1.0; Ag-
110m, 3.2. These values were supported by subsequent examination of the thermocouple probes which 
showed Mn:Co ratios on the hot side 4:1 (700°C) and 'cold' side (320°C) 15:1.The deposits on the 
graphite surfaces were totally different; Mn-54 was present at very low levels compared to cobalt and 
it was not possible to detect Zn-65. If it had indeed been dust deposited on the blocks an alteration in 
the ratios would have been expected but both Mn-54 (from Fe) and Zn-65 should have continued to 
rise in activity (Zn-65 needs three years to reach saturation). It was therefore concluded that the 
activity on the graphite was not due to dust, but rather to contamination during machining. 
 
7. Conclusions 
 
The O.E.C.D. High Temperature Reactor Project has produced exhaustive performance data for a 
variety of fuels and coated particle fuel configurations during the eleven years of operating the Dragon 
Reactor Experiment. The extensive facilities for measuring temperature and analysing fission product 
release combined with the versatile control of coolant flow and neutron flux available for individual 
fuel elements made it possible to exactly reproduce the required experimental conditions and 
continuously monitor all relevant parameters. 
The low release of FP to the primary circuit and the almost complete absence of corrosion not only 
improved the sensitivity of individual release measurements, but also allowed hands-on maintenance 
of non-activated components and personnel access to the containment building and during operation.  
Operation with the Dragon High Temperature Reactor Experiment has proven that the HTR is a highly 
stable reactor with good load following characteristics that the fuel can support overheating to an 
incomparable degree and that practically no secondary waste is generated. 
All these results were documented by the Dragon Project and all reports made available to the 
sponsoring organisations, inter alia the O.E.C.D and the European Commission. It is time to bring 
these documents out of the archives and make them freely accessible for example on the www! 
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