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Abstract – The inherent safety characteristics of modular high temperature gas-
cooled reactors (HTGRs) are conceptually well known and are largely supported by 
insights from past and ongoing research. This paper offers perspectives on selected 
issues in areas where further analysis and testing achievable within existing 
research and demonstration programs could help address residual uncertainties and 
better support the analysis of safety performance and the regulatory assessment of 
defense in depth. Areas considered include the evaluation of normal and anomalous 
core operating conditions and the analysis of accidents involving coolant 
depressurization, air ingress, moisture ingress, and reactivity insertion. In addition 
to discussing associated uncertainties and potential measures to address them, the 
paper also proposes supplemental “safety terrain” studies that would use realistic 
assessments of postulated extreme event sequences to establish a more 
comprehensive understanding of the inherent behaviors and ultimate safety 
capabilities of modular HTGRs. 

 
 

I. INTRODUCTION 
 
The defining passive safety characteristics of the 

modular high temperature gas-cooled reactor 
(HTGR) design concept were first elucidated in the 
early 1980s [1, 2]. Although several designs of 
commercial-scale modular HTGRs with either 
pebble-bed or prismatic-block cores have been 
proposed since that time (e.g., [3-5]), none have 
been built to date. The first two modules of the High 
Temperature Reactor Pebble-bed Module (HTR-PM) 
plant [6] are now under construction in China and 
expected to begin startup operations as the world’s 
first commercial-scale modular HTGRs in a few 
more years. 

The results of past HTGR operating experience 
and continuing research inform our present abilities 
to predict and understand how modular HTGR 
designs will perform under normal and off-normal 
conditions. Especially valuable in this regard are the 
insights to be gained from (a) past reactor operating 
experience and testing at the Arbeitsgemeinschaft 
Versuchsreaktor (AVR) and the Thorium High 
Temperature Reactor (THTR) in Germany, and the 
Fort St. Vrain reactor in the United States, 
(b) continued monitoring and testing at the High 

Temperature Engineering Test Reactor (HTTR) in 
Japan and the High Temperature Reactor 10 MWth 
(HTR-10) in China, and (c) future testing and 
surveillance in full-scale prototype or demonstration 
reactor modules such as those now under 
construction at the HTR-PM plant in China. 

This paper offers perspectives on selected areas 
where further analysis and testing achievable within 
existing research and demonstration programs could 
help address residual uncertainties and better support 
the analysis of safety performance and the regulatory 
assessment of defense in depth. Areas considered 
include the evaluation of normal and anomalous core 
operating conditions and the analysis of accidents 
involving coolant depressurization, air ingress, 
moisture ingress, and reactivity insertion. In addition 
to discussing residual uncertainties and potential 
measures to address them, the paper further proposes 
the conduct of supplemental “safety terrain” studies. 
Building upon the conceptual framework of 
probabilistic risk assessment, the proposed studies 
would use realistic assessments of postulated 
extreme event sequences to establish a more 
comprehensive understanding of the inherent 
behaviors and ultimate safety capabilities of modular 
HTGRs with pebble-bed and prismatic-block cores. 
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II. NORMAL AND ANOMALOUS LONG-

TERM CORE OPERATING CONDITIONS 
 
The ceramic coating layers on the billions of 

tristructural-isotropic (TRISO) fuel particles within a 
typical commercial-scale core would provide the 
principal barriers to radionuclide release in the 
functional containment designs of modular HTGRs. 
The performance of TRISO particle fuel is 
demonstrated by qualification testing over specified 
ranges of long-term normal operating conditions and 
shorter-term accident conditions. Fuel operating 
conditions of temperature, burnup, and fluence can 
affect the cumulative plateout and dust activity that 
can be remobilized and released from the primary 
circuit in accidents. Long-term core operating 
conditions can also affect how the core and TRISO 
fuel will perform in transients and accidents. 

Inherent technical challenges make normal 
operating conditions in HTGR cores both difficult to 
measure and difficult to reliably predict. For both 
pebble-bed and prismatic-block HTGRs, the ability 
to perform in-core measurements is limited by the 
high and highly variable temperatures themselves 
and associated challenges to sensor performance and 
the placement of sensor leads and structures in an 
otherwise all-ceramic refractory core. Real-time 
measurements of peak long-term core operating 
temperatures have therefore never been performed in 
any of the HTGRs operated to date. Limited on-line 
measurements of coolant outlet temperature profiles 
outside the core (e.g., [7, 8]), as well as post-
irradiation examination of in-core melt-wire monitor 
probes (e.g., [9, 10]), have nevertheless shown that 
past HTGRs exhibited core operating “hot spots.” 
For this discussion, the term “hot spot” refers to any 
core region in which long-term fuel operating 
temperatures greatly exceed those predicted by core 
design code calculations. 

Several factors contribute to the difficulty of 
predicting normal operating conditions in prismatic-
block and pebble-bed HTGR cores. For one, the 
viscosity of helium gas, unlike liquids, increases 
with temperature. This, together with the fact that 
the helium primary coolant flows downward in 
modular HTGR cores, means that both viscosity and 
thermal buoyancy act to reduce coolant flow to the 
hotter core regions where it is most needed during 
normal operations. These factors can thus contribute 
to the development of helium bypass flows within 
and around the core and the evolution of operating 
hot spots in core locations with higher fission power 
densities or more restricted coolant flow paths.   

Core bypass flows can directly affect the average 
normal core operating temperatures in both pebble-
bed and prismatic-block HTGRs. Although such 
bypass flows cannot be directly measured, operating 
evidence suggests that they were underpredicted in 

past HTGRs. For example, predicted and actual core 
bypass flows in the THTR were reported as 7% and 
18%, respectively [11]. It bears noting that the core 
bypass flows through gaps between reflector blocks 
generally increase with operating time due to the 
irradiation-induced shrinkage of graphite. Core 
bypass flows and pebble flow velocity profile 
aberrations have been cited as major factors leading 
to higher than predicted peak operating temperatures 
in the AVR and THTR pebble-bed cores [10, 11].  

Additional factors affecting core operating 
conditions in prismatic-block HTGRs include their 
potential vulnerability to local undercooling effects 
within their closed-lattice core geometries (e.g., 
from coolant hole obstruction or hole misalignment 
caused by block warping, shifting, or fracture) as 
well as their reliance on engineered power shaping 
achieved through fuel block shuffling and complex 
zoning of fuel and burnable poison. It also appears 
that prismatic-block cores, more so than pebble-bed 
cores, will generally tend to keep fuel in potential 
operating hot spots for many months at a time. 

The ability to predict fission and decay power 
shapes in HTGR cores faces particular challenges 
associated with:  

(a) highly variable and uncertain local moderator 
and reflector temperatures,  

(b) incomplete data for graphite bound thermal 
neutron scattering (i.e., little or no fluence-damage 
dependent graphite S(α,β) data),   

(c) little fully applicable experimental benchmark 
data for code validation, and  

(d) little or no real-time fission power shape 
confirmation or calibration from in-core flux 
mapping detectors. 

Pebble-bed HTGRs can be affected by pebble 
flow rate profile uncertainties as well as the potential 
for unexpected or anomalous patterns of pebble 
flow. For the AVR, studies to address questions first 
raised by this author in 2001 [12] have reported in 
recent years that peripheral pebble flow rates 
adjacent to the core reflector noses were much lower 
than predicted [9, 10]. The unexpected pebble flow 
rate profile evolutions observed in the larger THTR 
core have been historically attributed to the inverse 
temperature dependence of the pebble-to-pebble 
friction coefficients in helium. According to [7] and 
[8], the centrally peaked radial profiles of core 
operating temperature reduced the pebble-to-pebble 
friction forces and thereby accelerated the flow of 
pebbles through the inner fueling zone of the THTR 
core. This faster pebble flow through the inner core 
zone in turn led to reduced local fuel burnup and 
consequent additional increases in local power, 
temperature, and pebble flow. The reported result 
was a positive feedback effect that led to progressive 
self-amplification of the centrally peaked radial 
profiles of pebble flow rate, power, and temperature. 
The THTR operators were eventually able to 
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stabilize and control the core radial temperature 
profiles by actively adjusting the planned loading 
ratios of less reactive fuel into the inner core zone 
and more reactive fuel into the outer core zone. 

If such positive feedback phenomena were to 
prove dominant in single-zone cores (e.g., HTR-10, 
HTR-PM), their effects on pebble flow could 
potentially prevent convergence to an equilibrium 
core and instead yield centrally peaked profiles of 
power, temperature, and pebble flow that grow more 
pronounced with operating time. It is conceivable 
that such divergent behavior could necessitate the 
complete unloading and reloading of the core on a 
periodic basis in order to reset the core to a flat 
radial profile of average fuel burnup. It is therefore 
important to understand whether competing negative 
feedback effects resulting from the interplay of 
pebble flow with local temperature, Doppler 
reactivity, fission power, and burnup reactivity are 
generally strong enough to overcome the positive 
feedback effects that may arise from the inverse 
temperature dependence of pebble friction.  

In response to this author’s stated concerns over 
the potential for divergent pebble flow behavior in 
future designs [13], a multiphysics computational 
study of coupled pebble flow mechanics was 
recently performed with the conclusion that the 
inverse temperature dependence of pebble-to-pebble 
friction does not lead to divergent pebble flow 
behavior, nor does it greatly affect the equilibrium 
flow patterns ultimately attained [14]. If confirmed, 
this conclusion would lend support to the 
expectation that pebble flow rate profiles in 
subsequent reactor designs will inherently stabilize 
in a manner largely consistent with legacy design 
code predictions. Related modeling insights could 
also eventually suggest the need for a revised 
understanding of what caused the reported pebble 
flow rate aberrations in the THTR. As warranted, 
such alternate or supplemental explanations should 
consider wall effects and the preferential slowing of 
peripheral pebble flow caused by the pebble 
fragment debris that accumulated on the THTR 
core’s conical floor as thousands of pebbles were 
fractured by the insertion of in-core control rods. 

Lacking such in-core control rods, future pebble-
bed modular HTGR designs may be able to achieve 
very low rates of in-core pebble breakage (e.g., less 
than one fracture per 100,000 circulated pebbles, as 
observed in the final years of AVR operation). 
However, unless pebble breakage can be precluded 
entirely, it may nevertheless be necessary to consider 
how occasional in-core pebble fragments could lead 
to local disruptions of pebble flow and helium flow. 
For example, if deposited pebble fracture debris 
were to locally slow or block the passage of a 
limited population of fuel pebbles along the conical 
core floor to the core discharge chute, the affected 
fuel pebbles could eventually reach excessive levels 

of fuel burnup and fluence due to their greatly 
increased residence times in the core. Such pebble 
fracture debris could also reduce local cooling by 
blocking or restricting the flow of helium into 
coolant outlet slots on the core floor.  

The preceding discussions point to the existence 
of residual uncertainties concerning the predicted 
evolution of pebble flow rate profiles in pebble-bed 
cores. Such uncertainties could be reduced by doing 
the following: 

(i) Use independent pebble-bed mechanics codes, 
data, and models (e.g., [14-16]) to further explore 
how assumed spatial variations of pebble-to-pebble 
and wall friction affect pebble flow rate profiles. 

(ii) Conduct simple laboratory experiments to 
further examine how local variations of pebble-to-
pebble and wall friction affect pebble flow rate 
profiles and thereby help validate the associated 
predictions of pebble-bed mechanics codes. 

(iii)  Use computational models and laboratory 
experiments to characterize the local pebble flow 
obstructions and perturbations that would be 
introduced by small amounts of pebble fracture 
debris residing on the conical core floor.  

(iv)  Use special core simulation models and 
TRISO fuel performance codes to explore the 
thresholds for detecting the postulated development 
of such local pebble flow obstructions, to estimate 
the incremental TRISO fuel fission product releases 
caused over time by increasing levels of fuel burnup 
and fluence in the obstructed fuel pebbles, and to 
estimate the effects on local fuel performance in 
accidents. Potential pebble flow obstructions may be 
detectable by various means, such as in-core or near-
core detector signals (e.g., [17]), measured pebble 
residence times and burnups, monitored circulating 
activity, and monitored plateout probes. 

(v) Perform in-core temperature monitoring tests 
(e.g., with melt-wire monitor pebbles) and pebble 
residence time measurements in the HTR-10 test 
reactor to provide integral data on normal in-core 
temperatures and pebble flow and thereby support 
the integral validation of core design analysis tools. 

The overall uncertainties associated with long-
term normal and anomalous HTGR core operating 
conditions can be addressed only in part by 
analytical means and separate-effects validation 
testing. Greater reductions of core operating 
condition uncertainties can best be achieved through 
special programs of operational testing, surveillance, 
and inspection on a full-scale prototype or 
demonstration reactor module. To be useful as such, 
a prototype reactor module should be full-scale and 
functionally identical to subsequent standard 
modules. The prototype module would nevertheless 
benefit from special design and operational 
provisions to better accommodate the placement, 
use, and removal of extra equipment needed for the 
special testing and surveillance. Testing in the 
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prototype module would further benefit from the 
development of advanced sensor systems. 

Relevant types of prototype tests and surveillance 
programs for addressing residual uncertainties 
involving long-term normal and anomalous core 
operating conditions may include the following: 

(a) Post-irradiation examination and accident 
heatup testing on fuel discharged from the prototype 
module: Favorable results from prototype fuel 
testing would provide indirect evidence that actual 
fuel operating conditions are reasonably consistent 
with those covered by prior fuel qualification tests. 
More importantly, such fuel test results could help 
address residual fuel performance uncertainties 
associated with eventual non-prototypicality issues 
in the prior irradiation tests used for fuel 
qualification [18]. These issues may involve prior 
reliance on (i) accelerated fuel irradiation testing in 
the softer neutron spectra of water-cooled test 
reactors or (ii) testing that does not fully represent 
the expected ranges of irradiation conditions in the 
modular HTGR core (e.g., fuel irradiation at low or 
moderate core temperatures to high levels of burnup 
and fluence). Related non-prototypicality issues of 
prior fuel irradiation testing may concern the time-
at-operating-temperature effects of plutonium fission 
products that are either known (palladium) or 
hypothesized (silver) to have potentially deleterious 
interactions with the silicon carbide coating layer of 
the TRISO fuel particle [19-21]. 

(b) Mapping of in-core temperatures and core-
outlet temperatures during normal operation: It is 
noteworthy that no core simulation codes have yet 
been successfully validated for use in the prediction 
of long term fuel operating temperatures in pebble-
bed cores and in prismatic-block cores with 
“compact-in-block” (as opposed to “pin-in-block”) 
fuel elements. This is especially evident from the 
AVR melt-wire test results analyzed in [9] and [10] 
and from the THTR operating experience described 
in [7], [8], and [11], but it is also apparent from the 
paucity of reported in-core data from Fort St. Vrain. 
This situation highlights the need to provide 
adequate mapping of in-core and core-exit 
temperatures in a full-scale prototype or 
demonstration module. It may also be useful to 
repeat such temperature mapping campaigns after 
several years of operation in order to reduce the 
uncertainty of increasing core bypass flows caused 
by irradiation-induced reflector block shrinkage. 

(c) Tests to establish or verify detection thresholds 
for plausible core operating anomalies: Depending 
on their likelihood and difficulty of detection, the 
potentially undetected presence of certain anomalous 
or off-normal core operating conditions (e.g., core 
hot spots caused by local reductions of helium flow, 
perturbations of local pebble flow caused by fracture 
debris) may have to be considered in establishing 
certain set points and operating limits and factored 

into both the long-term and immediate pre-accident 
operating histories assumed in safety analysis. 
Prototype testing to establish, verify, or supplement 
the technical basis for anomaly detection by various 
means (e.g., in-core or near-core detector signals, 
measured pebble core residence times and burnups, 
monitored circulating activity and plateout probes) 
could therefore be especially useful for reducing 
related uncertainties.  

 
III. ACCIDENT ANALYSIS AND 

SUPPLEMENTAL SAFETY TERRAIN STUDIES 
 
National nuclear regulators are entrusted to make 

technically sound regulatory decisions that enable 
safe, secure, and environmentally responsible uses 
of nuclear power to meet energy needs. Since the 
mid-1980s, the United States Nuclear Regulatory 
Commission (NRC) has engaged in a number of pre-
licensing interactions with prospective modular 
HTGR developers and license applicants. The 
purpose of those interactions was to elucidate key 
technical issues and consider options for regulatory 
requirements and guidance that could affect the 
design and licensing of proposed modular HTGRs.  

Among the notable early products of those pre-
licensing activities was an NRC memorandum 
issued in 1993 in which the five appointed 
commissioners provided the NRC career staff with 
requested guidance on several advanced reactor 
licensing issues. With regard to proposed approaches 
to the selection of severe events to be considered in 
the evaluation of modular HTGR functional 
containment performance, the memorandum stated 
the following:  

“The Commission believes that, for the MHTGR, 
the staff should also consider the following type of 
event. The loss of primary coolant pressure 
boundary integrity whereby air ingress could occur 
(from the ‘chimney effect’) resulting in graphite fire 
and the subsequent loss of integrity of the fuel 
particle coatings.”[22] 

The above statement reflects, among other 
things, an appropriate desire by regulatory decision 
makers to understand what this author proposes to 
call the “safety terrain” of any new design. The 
safety terrain of a new design can be best understood 
by first thoroughly exploring the various kinds of 
event sequences, including extreme events, that, 
however unlikely, could conceivably cause an 
unacceptable release of radionuclides to the 
environment. The broad identification of such 
events, along with a realistic analysis of 
consequences and how quickly or slowly they would 
unfold, can then be duly considered in assessing the 
preventive and mitigative effectiveness of passive 
and active design features as well as potential 
response strategies. The convincing demonstration 
of effective prevention of extreme events to very low 
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frequencies (e.g., below 10-6 or 10-7 event sequences 
per plant-year with due consideration of 
uncertainties) may then be proposed as a basis for 
excluding those events from explicit consideration in 
licensing or limiting their use in assessing the 
defense in depth provided by graded approaches to 
emergency preparedness. 

The safety terrains of today’s operating light 
water reactors (LWRs) are generally well 
understood. They are terrains that can be reasonably 
described as featuring a number of cascading “cliff 
edge” effects (e.g., core uncovery leading to massive 
core damage, vessel failure, and containment 
breach). Such cascading effects have long been 
predicted to appear over a range of postulated severe 
events and most notably did appear in the historic 
events of the Fukushima Dai-ichi accident of March 
2011. A similar understanding of the very different 
safety terrains of modular HTGR designs should be 
established to support the selection of design 
features and programmatic measures for defense in 
depth and to better inform the regulator’s ability to 
make technically sound regulatory decisions. 

Safety terrain studies for modular HTGR designs 
should explore all physically plausible events. These 
would include a full range of postulated extreme 
event sequences involving coolant depressurization, 
air ingress, moisture ingress, and reactivity 
insertions.  A number of existing studies (e.g., [23-
33]) can be viewed as beginning to address key 
elements of a full-scope modular HTGR safety 
terrain study. Such studies should give prominent 
consideration to extreme human errors of 
commission, especially in view of the decisive roles 
played by such errors in the historic reactor 
accidents at Windscale in 1957, Three Mile Island in 
1979, and Chernobyl in 1986. Examples of 
particular interest for modular HTGRs may include 
operator actuation of either the primary or shutdown 
helium circulators following an uncontrolled rapid 
depressurization event, potentially leading to the 
forced ingress and circulation of air with accelerated 
oxidation of graphite support structures and 
graphitic fuel elements. Design and programmatic 
measures to prevent or hinder the commission of 
such operator errors should be considered, as should 
measures to prevent similar scenarios resulting from 
spurious circulator actuations caused by accident 
damage to instrumentation and control systems. 

Due emphasis should be given to achieving 
consistent realism and rigor in the safety terrain 
analyses of major event phenomena and associated 
uncertainties. A cursory review of the existing 
studies mentioned above, however, reveals some 
apparent inconsistencies that should be clearly 
explained and remedied when conducting more 
comprehensive studies. For example, [27] and [28] 
report dramatically different computed effects on 
peak fuel temperatures resulting from postulated 

failures of functionally similar passive reactor cavity 
cooling systems after rapid coolant depressurization. 
Similarly difficult to reconcile are the seemingly 
divergent analyses of moisture ingress and reactivity 
insertion phenomena noted in [23] versus [24] and 
[25] and of the air ingress and oxidation phenomena 
discussed in [29-31], versus [32], versus [33]. 
Experience shows that international benchmark 
problems (e.g., [34-36]) can play an important role 
in resolving such discrepancies. 

It is especially important to employ consistent 
realism and rigor in the analysis of TRISO fuel 
performance and radionuclide transport phenomena 
(e.g., [37, 38]). For example, when assessing the 
potential safety terrain implications of hypothetical 
“weak fuel” caused by undetected TRISO fuel 
fabrication process defects or by the fuel weakening 
effects of core operating hot spot anomalies, due 
consideration should be given to the presence of 
diverse fuel batches in the core, with each batch 
having statistical distributions of coating layer 
thicknesses and other TRISO particle attributes. The 
diverse fuel particle populations in the core are 
further subjected to diverse operating condition 
histories as well as diverse temperatures during 
accidents. Realism and rigor should also be used in 
evaluating the ability of operational monitoring 
systems to detect the elevated circulating, dust, or 
plateout activity that would be released from TRISO 
fuel particles with fabrication quality defects or from 
core operating hot spots that weaken the local 
population of coated fuel particles and diminish their 
radionuclide retention capabilities under operating 
and accident conditions [31, 39].  

It further bears noting in this context that the 
previously quoted NRC commissioner statement 
from 1993 also reflected a common misperception 
that tends to falsely equate the oxidation of nuclear 
graphite to “the burning of coal.” This misperception 
remains prevalent within much of the broader 
nuclear technical community as seen for example in 
[40] and [41]. Although extensive research has been 
published on modeling the oxidation behavior of 
HTGR graphite blocks and graphitic pebbles during 
air ingress and moisture ingress accidents, more 
work should be done on supporting research and 
effective knowledge management. Supporting 
research should be extended to better address how 
graphite irradiation effects can enhance graphite 
oxidation reactions. To adequately bound such 
effects, which are currently believed to be small, 
high-temperature oxidation testing should be 
performed on samples of block graphite and 
graphitic pebble material irradiated to high fluences 
at the lower ranges of HTGR core operating 
temperatures (e.g., 280 °C). The oxidation testing 
parameters applied to such samples should cover or 
bound the full range of oxidation accident conditions 
considered in the safety terrain studies.  
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With regard to knowledge management, it may 
be helpful to more fully and formally publish 
relevant insights gained during recent Windscale 
decommissioning activities, which showed the 
reactor fire of 1957 to have been driven and fueled 
predominantly by the burning of metallic fuel 
elements [42]. The clearest evidence for this is 
provided by recent unpublished photographs 
showing that most of the Windscale reactor graphite 
is still in place. This inadequately published new 
evidence also suggests a need to revisit the 
Windscale analysis reported in [43], which 
calculated far more oxidation of graphite, and to 
incorporate relevant insights into the modeling of 
modular HTGR air-ingress events. Also helpful in 
this regard would be a more thorough study of the 
sometimes disputed extent and consequences of the 
graphite oxidation that occurred after the destructive 
reactivity excursion at Chernobyl in 1986 [44].  

A number of published papers and reports 
describe accident analysis uncertainties and their 
potential implications for modular HTGR design and 
licensing (e.g., [26, 45-47]). Desires to reduce such 
uncertainties and the limits they impose on design 
and understanding the safety terrain can be satisfied 
only in part by separate-effects validation tests and 
more rigorous analysis with higher order methods. 
Larger reductions of integral-effects uncertainties in 
accident analysis may prove possible through special 
tests on a full-scale prototype or demonstration 
plant. Prototype tests to confirm passive safety 
performance and reduce accident analysis 
uncertainties may include, among others: 

(i) mapping of core and system temperatures 
under controlled or simulated conditions of loss of 
forced cooling or loss of coolant pressure, and 

(ii) tests to further refine or validate selected 
fission product transport models. 

Integral uncertainties associated with the effects of 
neutron fluence on graphite thermal conductivity 
could be reduced by repeating accident temperature 
mapping tests after significant core operating time. 

To the extent possible, safety terrain studies for 
modular HTGRs should distinguish between 
analyzed events in terms of whether they represent 
potential accident sequences or scenarios resulting 
from security events (i.e., material diversion, hostile 
attack, sabotage [48]). Such distinctions would 
support the appropriate consideration of design 
features and operational programs as they would 
apply to the assessment of prevention and mitigation 
within the differing contexts of safety and security. 

Safety terrain studies should be done in a manner 
that supports the balanced consideration of both the 
design and programmatic elements of defense in 
depth. Related recommendations from the NRC’s 
review of insights from the Fukushima Dai-ichi 
accident highlight the need to give more explicit 
regulatory consideration to such programmatic 

measures as emergency operating procedures, severe 
accident management guidelines, and extensive 
damage mitigation guidelines for controlling or 
limiting the progression and consequences of events 
that greatly exceed the design basis [49].   

For example, any postulated events that could 
otherwise eventually lead to massive ingress of 
oxygen into the primary circuit of a modular HTGR 
may benefit decisively from applying programmatic 
coping measures and mitigation strategies aimed at 
terminating oxygen ingress into the reactor building 
and reactor vessel. By acting to limit the amount of 
oxygen that enters the intact or damaged reactor 
building and subsequently the primary system, the 
goal of such measures would be to prevent or limit 
the radioactive releases that could otherwise result 
from the exothermic oxidation of structural and core 
graphitic materials and the augmented heat up and 
oxidation induced failure of TRISO coated fuel 
particles. The time available for implementation 
should be viewed as a major factor in evaluating the 
effectiveness of specified coping measures and 
mitigation strategies. 

When completed, the proposed safety terrain 
studies for modular HTGRs may be able to show 
that specific designs can effectively preclude 
extensive core damage comparable to that which 
occurs rapidly in all LWR accidents that uncover the 
core. Even for extreme bounding events far beyond 
the design basis, it may be possible to show that any 
resulting core degradation in a modular HTGR 
design would be limited and incremental and evolve 
very slowly in relation to the extensive and rapid 
core damage that can occur in today's LWRs in 
accidents only moderately beyond the design basis. 
It may further be possible to show that the severe 
accident behavior of specific modular HTGRs 
inherently lacks anything resembling the cascading 
"cliff edge" effects that characterize the predicted 
severe accident behavior of today’s operating LWRs. 
This would then be consistent with the following 
preliminary U.S. NRC staff conclusion from its past 
review of MHTGR bounding event analyses similar 
to those that would be evaluated as part of a more 
comprehensive safety terrain study: 

“The staff judges that these results show that the 
MHTGR has the potential to cope with extremely 
rare and severe events without the release of a 
significant amount of fission products.” [50] 

Consistent with the preceding discussions, it is 
important to note that the 1989 preliminary safety 
evaluation that contains the above statement was 
published as a draft report and is heavily caveated 
with comments on remaining issues and 
uncertainties and the need to review a detailed final 
design supported by additional analyses and research 
findings in order to reach a final regulatory 
determination. 
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DISCLAIMER 
 
The views presented in this paper are the 

author’s alone and do not necessarily reflect the 
views of the NRC or the United States government. 
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