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QUESTIONS for Advanced Reactor Branch 1 (ARB1) 
 
NGNP G-1 

G-1.  Section 3.1. Are there data or will data be generated for the compressive strength 
of graphite as functions of cumulative dose and temperature? How will such data be 
used in design? 

 
 
NGNP G-2 

[DELETED] 

 
 
NGNP G-3 

[DELETED] 

 
 
NGNP G-4 

G-4.  The first paragraph of Section 3.3 briefly outlines graphite qualification testing. The 
completeness of the oxidation data may be questionable since in-pore diffusion data 
may not be available for reactor operating conditions. The significance of the diffusion 
characteristics as a function of oxidation depth needs to be established to understand 
the uncertainties in the bulk oxidation data, obtained in the kinetics region alone. How 
will planned graphite qualification testing ensure adequate understanding of oxidation? 

 
 
NGNP G-5 

G-5.  Section 3.3.1 states that the fuel cycle for a prismatic reactor is expected to be 
about 18 months long, with about half of the fuel elements replaced at the end of that 
cycle. Since the fuel compacts are packed inside the fuel element block, does this mean 
that the fuel element blocks are replaced at 18-month intervals? Are the fuel “elements” 
the same as fuel “blocks?” What experience exists currently in replacing fuel blocks in a 
safe manner, without affecting the structural integrity of adjacent blocks or other core 
components, which could potentially be more brittle due to irradiation hardening and 
damage? During the lifetime contemplated for the reactor, how will the irradiated blocks 
be stored to ensure their long term integrity? What industry demonstrated methods of 
safe disposition currently exist for these irradiated blocks?  
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NGNP G-6 

G-6.  Section 3.3.1 states that inner reflector elements will be replaced about every 6 
years: What is the technical basis for replacement at 6-year intervals? What inservice 
inspections and evaluations are planned to ensure any potential degradation during this 
6-year interval is detected and understood so that the elements meet design 
requirements? Is it anticipated that reflector blocks may be returned to the reactor? If so, 
what criteria, including internal cracking, will be used to justify their continued service?  

 
 
NGNP G-7 

G-7.  Section 3.3.1.  Describe the operating experience lessons learned from reflect 
block replacement in gas reactors.  For example, how does the potential irradiation-
inducedbrittleness affect safe removal of the block without damage to the core, such as 
impact of falling chunks from replacement blocks, sidewall friction to adjacent blocks, 
etc.? 

 
 
NGNP G-8 

G-8.  Section 3.3.1 describes projected graphite component peak temperature during 
accident conditions as approximately 1100ºC for pebble bed design and around 1400ºC 
for prismatic design.  What dataexist for thermal conductivity and irradiation-induced 
expansion and contraction at these temperatures for short duration (pulse) exposure?  
Discuss the effect of  these factors on the NGNP safety case, especially for the 
degradation of metallic components due to sudden creep into the tertiary regime 
potentially resulting in rupture of pressure boundary and release of nuclide inventory? 

 
 
NGNP G-9 

G-9.  [DELETED] 

 
 
NGNP G-10 

G-10.  Section 3.3.2 states that, “Until the graphite code is published and accepted by 
the NRC, graphite material selection will focus on existing design and operating 
experience with both past and currently available grades of reactor graphite.”  Provide a 
description of any operating experience for currently available grades of reactor 
graphite.  Describe any regulatory body-certified design experience for currently 
available grades of reactor graphite. 

 
 
NGNP G-11 

G-11.  Based on information provided in 3.3.2, it appears that the technical basis for 
graphite selection is being developed for currently available grades of reactor graphite.  
If this understanding is correct, what basis is used for the NGNP graphite core 
component design? 
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NGNP G-12 

G-12.  Section 3.3.2 states that, “Fabrication experience and technical maturity are 
additional selection criteria that must be considered.”  Explain how these aspects will be 
considered, and what criteria will be used, including their technical basis. 

 
 
NGNP G-13 

G-13.  Section 3.3.3 states, “A key requirement in prismatic designs is the need for fine 
grained graphite, with its correspondingly higher strength, for the fuel elements to ensure 
an adequate number of grains across the thickness of the graphite webs between the 
fuel compacts and the coolant holes. Relatively high thermal stresses are generated in 
the thin graphite ligaments between the coolant and fuel channels in these elements. 
Ideally, a ligament should be no thinner than 10-times the maximum grain size.”  
Describe how this statement is guided by design code? 

 
 
NGNP G-14 

G-14.  In Section 3.3.3, it is stated that, ‘The little available high fluence data for IG-110 
at 600 ºC (1112 °F) indicates similar dimensional change behavior similar to that of 
historic coarser grained materials, such as ATR-2E. Irradiated properties data for IG-110 
tends to be presented without directional orientation on the basis that the material is 
isotropic; however, this is an aspect that needs some verification, since unirradiated 
properties measured for IG-110 in different orthogonal directions can show some 
variation.”  Provide information on the behavior of these materials (for comparison 
verification) for the NGNP operating conditions of temperature, fluence, atmosphere 
(coolant chemistry) and residence time.  What information is available for these 
materials under accident conditions? 

 
 
NGNP G-15 

G-15.  In Section 3.3.3, on page 31, the last paragraph contains a discussion on the 
manufacturability of graphite core components, dictated by the component size.  For 
comparison purposes, provide relative size information for the various designs cited in 
this white paper, compared to the contemplated NGNP HTGR. 

 
 
NGNP G-16 

G-16.  Section 3.3.4, Table 2 lists the properties of various graphite grades.  Are these 
average properties?  Are these properties originating from the manufacturer’s data?  Do 
they originate from the same type of fabrication and sources of raw materials as those 
being currently investigated at INL? Provide a discussion of how variation in material 
properties affect the NGNP design. 

 
 
NGNP G-17 
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G-17.   In Section 3.3.4, it is stated that, “More anisotropic grades not precisely meeting 
the D7219-08 degree of isotropy requirement may still be applied in HTGR applications, 
provided due diligence is paid to material behavior under irradiation, operating conditions 
(fluence-temperature), and design considerations. These grades can be applied to lower 
fluence regions as recommended by ASTM D7301-08, which would typically apply to the 
outer reflector regions.”  What is the basis for this apparent deviation from ASTM 
D721908 and ASTM D7301-08 requirements for near-isotropic graphite specifications for 
nuclear core components? 

 
 
NGNP G-18 

G-18.  In Section 3.3.4, it is stated that, “It is important to recognize that the degree of 
isotropy only serves as an initial indicator of the graphite behavior under irradiation. End-
product isotropy is influenced by raw material, grain size, forming method, and heat 
treatment.”  The reviewer understood that materials data after irradiation have been or 
will be generated using “end-product” specimens.  Is this understanding correct?  
Furthermore, what specifically is noteworthy in this paragraph compared to what has 
been stated earlier regarding graphite manufacture in Section 3.3.3? 

 
 
NGNP G-19 

G-19.  In Table 3 it is stated that, “The strength reserves offered by the material must 
exceed the allowable operating component stresses.”  Explain what is meant by 
“strength reserves?”  The response should address how these reserves compare with 
safety factor for design margin, and how they correlate with the probability of failure 
requirements for various structural reliability classes in the proposed ASME code for 
design of graphite core components, and discuss what assurance is provided that these 
“strength reserves” will remain during reactor operating life. 

 
 
NGNP G-20 

G-20.  In Table 3, it is stated that “higher strengths are achievable with isostatic-molded, 
fine grain graphite, but these typically possess lower fracture toughness.”  In Section 
3.3.3, it is stated that “A key requirement in prismatic designs is the need for fine grained 
graphite, with its correspondingly higher strength, for the fuel elements to ensure an 
adequate number of grains across the thickness of the graphite webs between the fuel 
compacts and the coolant holes. Relatively high thermal stresses are generated in the 
thin graphite ligaments between the coolant and fuel channels in these elements. Ideally, 
a ligament should be no thinner than 10-times the maximum grain size.”  Provide an 
explanation of the relationship between these two statements with respect to the 
expected or desired functionality requirement. 

 
 
NGNP G-21 

G-21.  In Section 3.3.4.2, under the heading “Process Variables”, it is stated that “the 
particle size distribution is generally classified by maximum grain size into coarse-, 
medium-, and fine-grain material.”  Since size distribution denotes a range of particle 
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sizes existing in a material, clarify the classification by “maximum grain size.”  Also, 
describe what is meant by “volatile carbon artifacts.” 

 
 
NGNP G-22 

G-22.  [COMBINED WITH G-21] 

 
 
NGNP G-23 

G-23.  In Section 3.3.4.2, under the heading “Process Variables, clarify what is meant by 
“furnace limitations.”Since graphitization is said to occur through the passage of current 
through the billet at very high current, is it the difficulty in having the needed electrical 
resistance of the billet for graphitization?   

 
 
NGNP G-24 

G-24.  Regarding item 6 under the heading “Process Variables” in Section 3.3.4.2, do 
the baking and impregnation occur at different or same location.  If at different locations, 
what considerations need to be addressed to maintain the integrity and geometry of the 
blocks during the process cycle? 

 
 
NGNP G-25 

G-25.  In Table 4 of Section 3.3.5.2, clarify the definition of probability of failure.  For 
example, is it the probability of failure of a single brick per a reactor year of operation or 
the probability of failure based on the distribution of expected strength of a graphite core 
component, when subject to operational stress at any given time of operation?  Is this 
probability of failure based on irradiated data?  If based on non-irradiated data, discuss 
why this usage is considered conservative.   

 
 
NGNP G-26 

G-26. In Section 3.3.5.2, it is stated that “Another deviation from past ASME metallic 
codes is allowance of cracks in the graphite components. The rules require the core 
designer to demonstrate through analyses or testing that cracked graphite core 
components can maintain their assigned safety function and that the graphite 
component is remotely retrievable when cracks of a specified size and orientation are 
present.” However, the staff is not able to find this provision in the draft code. The 
current draft code allows for defined probability of failure values for several structural 
reliability classes for graphite core components. The graphite core assembly itself should 
maintain its required geometry and be able to perform its intended functions.  
  
Section 3.3.5.2 also states that “The code also deviates from the ASME standard 
practice of defining primary, secondary, and membrane stresses.”  However, NRC staff 
is unable to confirm this statement from reading the draft Code.  Provide clarification, 
reconciling provisions of the draft ASME Code with the white paper description. 
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NGNP G-27 

G-27. [COMBINED WITH G-26] 

 
 
NGNP G-28 

G-28.  It is stated in Section 3.3.5.2 that “the mechanical stresses (primary, secondary, 
and membrane) do not challenge the graphite core components strength margins.”  
However, it would appear that the geometry and placement of the core components, and 
the presence of notches, keyways, and dowels could potentially create stress 
concentration effects different than primary, secondary, and membrane stress.  
Arguably, these stresses need to be combined with those from the irradiation induced 
strain and the resulting stresses to arrive at the combined stress on the component.  
Provide a discussion addressing these considerations. 

 
 
NGNP G-29 

G-29.  In Section 3.3.6.1, projected service conditions for the pebble bed reactor has 
been provided.  Provide similar information for a prismatic reactor design.  

 
 
NGNP G-30 

G-30.  Section 3.3.6.2 describes properties for baseline characterization, including 
compressive strength and fatigue strength.  However, these properties are not discussed 
in Section 3.3.6.3 regarding characterization of irradiated graphite.  What bases exist to 
suggest that compressive strength and fatigue strength are not subjected to potential 
degradation due to irradiation? 

 
 
NGNP G-31 

G-31.  In Section 3.3.6.3, it is mentioned that the thermal conductivity of irradiated 
graphite depends on the fluence and that a secondary reduction in thermal conductivity 
occurs at high fluence range due to more advanced material degradation.  Describe 
what is meant by “advanced material degradation?”  For example, is it “pore generation”, 
as mentioned in Appendix B, page 82?  The mechanism for vacancy generation by 
displacement of atoms is understood.   What is the mechanism for generation of pores?  
Is it physically possible to remove material by irradiation to form pores, or are these 
postulated mechanisms waiting for experimental evidence?  If evidence exists in the 
form of transmission electron microscopy observation, have they been verified to be 
consistent across different graphite types?  What is the impact of such degradation on 
the need for removal of graphite blocks either for replacement, or for decommissioning 
and disposal? 

 
 
NGNP G-32 
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G-32.  In Section 3.3.6.3, it is stated that “From a design perspective, the available 
strength reserve must be compared against the stress within the graphite component 
based on the fluence-temperature history of the component.”  Explain how this concept 
is handled in the design code.  What criteria should be used for comparison and why?   
Describe the basis for accepting or rejecting a component for further service after such 
comparison. 

 
 
NGNP G-33 

G-33.  In Section 3.3.6.3, it is stated that “Evolution of creep strain with fluence in 
irradiated graphite (differential strain between stressed and unstressed) specimens is 
characterized by primary, secondary, and tertiary regimes, much like those observed in 
metals.”  However, this statement may not be accurate.  While the traditional metallic 
creep is analyzed by the behavior of creep strain as a function of time at constant 
temperature and varying applied (tensile) stress or at constant applied (tensile) stress 
and varying temperature, the irradiation creep is analyzed as the strain as a function of 
cumulative irradiation dose at mostly constant applied (compressive) stress and 
temperature.  The staff understands that the irradiation dose could be proportional to 
cumulative time.  However, because of the 3-dimensional variation in the temperature 
and dose,  a brick could potentially experience, the concept may not be applicable.  
Provide additional justification for the white paper’s description of creep strain evolution 
in graphite. 

 
 
NGNP G-34 

G-34.  In Section 3.3.6.3 it is stated that “There is evidence to suggest that the 
normalized creep strain (normalized to initial elastic strain) is similar for different grades 
of graphite, lending support to the theory that this creep behavior is not material grade 
specific.  Additional creep data would be useful in supporting this position and extending 
its application for a broader fluence-temperature range and for a wider variety of nuclear 
graphite grades. This may help in rationalizing and minimizing the need for costly 
irradiation creep experiments for current reactor graphite grades or grades that may be 
developed in the future.”  Other sections of the white paper suggest that all graphite 
properties, normalized or not, depend strongly on the type of graphite and the way it is 
manufactured.  While some dependencies can be mathematically cancelled out by 
“normalization”, this does not mean, per se, that the irradiation creep behavior of the 
different types of graphite will be the same or similar and that irradiation experiments 
may not be needed for various types of graphite.  Why should creep be different purely 
from the perspective of its microstructure influencing its mechanical behavior? Provide 
additional discussion and justification for the white paper description of normalized creep 
strain. 

 
 
NGNP G-35 

G-35.  In Section 3.3.6.3, it is stated that a program is underway to demonstrate that 
properties measured on subsize specimens are valid when compared to those obtained 
on standard specimens.  However, the validity of measurements on small samples could 
still be questionable in representing the “sampling” volume of graphite core component 
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of the reactor.  Provide additional justification for the planned use of subsize test 
specimens. 

 
 
NGNP G-36 

G-36.  Section 3.3.6.4 describes the PBMR Graphite Development Program.  However, 
this program no longer exists.  Revise the white paper to reflect the status of this 
program. 

 
 
NGNP G-37 

G-37.  In Section 3.3.6.4, under the heading “NGNP Graphite Development Program”, it 
is stated that, “respectively, NBG-18 (coarse grain size, pitch coke, vibration molded) 
and PCEA (medium grain size, petroleum coke, extruded) graphites are considered to 
be grades most likely to meet the initial pebble-bed and prismatic design requirements.”  
However, in Section 3.3.3, it is stated that “A key requirement in prismatic designs is the 
need for fine grained graphite, with its correspondingly higher strength, for the fuel 
elements to ensure an adequate number of grains across the thickness of the graphite 
webs between the fuel compacts and the coolant holes.”  Thus, Section 3.3.3 advocates 
the use of fine-grained iso-molding processing and material derived thereby.  Clarify the 
implications of potentially different materials used for the same purpose.  Are these 
materials interchangeable?  Can one be substituted by the other for replacement? 

 
 
NGNP G-38 

G-38.  In Section 3.3.6.4, it is stated that “Complete properties data need to be 
developed for the graphite(s) eventually selected for the NGNP.  Once the baseline 
material properties for the selected graphite grade(s) have been established, irradiation 
induced property changes must then be determined, including the characterization of 
irradiation induced creep.  Determining these properties are important data needed for 
the design to satisfy the safety-related functions indentified in Section 3.3.6.1.”  Describe 
plans to provide sufficient data and information on the selected graphites for verification 
and confirmation by the NRC staff in review of the expected NGNP combined license 
application.  If data are not expected to be available when that application is submitted, 
describe how the application will address this issue so that the NRC staff can conduct an 
informed evaluation. 

 
 
NGNP G-39 

G-39.  Appendix B states that “structural and dimensional changes in polygranular 
graphites are a function of both the crystallite dimensional changes and the graphite’s 
texture.”  Describe what is meant by graphite’s texture.?  If texture is related to the 
surface structure of graphite, for example roughness, then what role does irradiation play 
to roughen the surface?  Discuss the effect of roughness on coolant flow. 

 
 
NGNP G-40 
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G-40.  Appendix B describes the cohesive life limit.  Provide additional definition of this 
limit.  For example, is it a function of cumulative dose?  How is the cohesive life limit 
affected by the temperature, atmosphere (coolant chemistry), and imposed stress?  Can 
the cohesive limit creep-in before the expansion? 

 
 
NGNP G-41 

G-41.  Appendix B: What difference, if any, exists between the irradiation creep when 
tensile stress is imposed versus the application of a compressive stress?  What type of 
calculations and/or predictive relationships exist between the volumetric changes, 
considering the two types of stresses?  If mixed type of stress (e.g., biaxial tension or 
compression) exists, what would be their effect on irradiation creep and the resulting 
volumetric change in graphite?  Discuss the importance of these factors for the NGNP 
design.   

 
 
NGNP G-42 

G-42.  [PENDING CLARIFICATION] 

 
 
NGNP G-43 

G-43.  Appendix B states that specific heat is rather invariant with graphite type and also 
is not influenced by irradiation.  However, there seem to be observations which indicate 
that irradiation affects specific heat, at least at low temperature.  For example, see : (1) 
T. Iwata and M. Watanabe, “Increase in specific heat and possible hindered rotation of 
interstitial C2 molecules in neutron-irradiated graphite” Phys. Rev. B 81, 014105 (2010); 
(2) W. DeSorbo and W.W. Tyler, “Effect of Irradiation on the Low�Temperature Specific 
Heat of Graphite”, J. Chem. Phys. 26, 244 (1957).  Furthermore, different equations 
have been provided for different types of graphite in General Atomics “Graphite 
Handbook.”  In addition, that W. Windes, T. Burchell, and R. Bratton in “Graphite 
Technology Development Plan”, INL/EXT-07-13165, p 23 (2007) state that “changes to 
the specific heat due to oxidation and/or irradiation will be compared to as-received 
values.”  Provide additional discussion of graphite specific heat characteristics, 
addressing information given in the references cited. 

 
 
NGNP G-44 

G-44.  Appendix B states that “emissivity of given graphite will depend on its surface 
condition and the environmental temperature.”  It is further stated that “The emissivity of 
nuclear graphite is not expected to change significantly with irradiation.”  Provide 
additional justification for the expected irradiation performance, including discussion of 
irradiation effects on graphite surface structure.  

 
 
NGNP G-45 

G-45.  [PENDING CLARIFICATION] 
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NGNP G-46 

G-46.  Section 3.3.6.4 states 4that “the prismatic HTGR design assumes that fuel and 
reflector blocks will be replaced well before turnaround.”  Clarify what is meant by “well 
before turnaround”.  What specific monitoring and inservice inspection will be used to 
know the dose limit “well before turnaround?” 

 
 
NGNP G-47 

G-47.  In Section 3.3.6.4, it is stated that “test specimens from these grades were 
irradiated at 750 ºC (1382 °F) up to high fluence (in excess of 20 dpa), beyond 
turnaround” in Petten irradiation program.  However, results have not been provided in 
the white paper.  Based on the results, describe how these grades compare in their 
volumetric change due to irradiation.  Particularly for the prismatic design, apparently 
contradictory statements have been made about the merits of using fine-grained as well 
as medium-grained graphite for fuel elements.  Provide additional information on the 
dimensional change behavior of these two grades.  

 
 
NGNP G-48 

G-48.  In Section 3.3.6.4, it is stated that “Graphite irradiation tests programs are also 
planned by China in support of the HTR-PM...”  Describe what properties will be 
determined after irradiation using IG-110 graphite and when these data may become 
publicly available.  Are there attempts to determine the extent of similarity of the Chinese 
irradiated specimens to those which are being irradiated in AGC program? 

 
 
NGNP G-49 

G-49. In Section 3.3.7.1 it is stated that “Oxidation of graphite components must also be 
considered, however, its influence on component strength and, hence, structural integrity 
is not expected to be significant for events within the design basis.” What is the basis for 
this statement?  For example, what evidence is currently available for the effect of 
simultaneous irradiation-induced graphite degradation and chemical reactivity 
degradation with the coolant constituents? Are they cumulative (separately additive) in 
nature? How are tensile, compressive, and shear strength of graphite affected by the 
combined degradation mechanisms? 

 
 
NGNP G-50 

G-50.  In Section 3.3.7.2, “inherent fault tolerance” of the reflector is mentioned in 
several places.  Provide a definition of this term, including discussion of defined 
engineering margins which are used to support statements in the white paper. Why does 
this fault tolerance provide safety confidence? 

 
 
NGNP G-51 
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G-51.  In Section 3.3.7.2, visual inspection has been mentioned as a potential candidate 
for the RIM program.  What are the effects of potential coating of cracks or other flaws 
by graphite dust and thus compromising possible detection?  If flaws or cracks or crack-
like defects are observed, what mechanisms are there for evaluating the safety 
significance of these observed “defects”?  How will observance of these defects relate to 
the concept of “inherent fault tolerance” mentioned in this section? 

 
 
NGNP G-52 

G-52.  In Section 3.3.7.2, it is mentioned that “the designs of prismatic reactor concepts 
typically provide for the replacement of permanent graphite structures should 
unanticipated degradation occur.”  What is the operational experience in replacing such 
rather tightly packed columns without potential damage to adjacent components and 
structures?  Discuss how lessons learned from this experience will inform NGNP design 
and operation. 

 
 
NGNP G-53 

G-53.  In Section 4.2.1.1, it is stated that “Nuclear graphite has been successfully 
employed in the construction and operation of gas-cooled reactors, including HTGRs, for 
over 50 years.”  However, arguably, no such experience exists to extrapolate information 
for the expected operational conditions of the NGNP.  For example, even though the 
British AGRs have been operating for a long time, their operational conditions are vastly 
different than the NGNP HTGR.   Additionally, cracking in fuel element channels and 
control rod channels have been observed in the British AGRs since 2002, while such 
cracking was not initially expected.  It appears that EDF Energy is providing revised 
safety case documents based on inspection data and the British regulators are 
continuously reviewing these documents to authorize continued reactor operation.  The 
other HTGRs have not had field experience for such long term operation, including the 
Japanese HTTR and the Chinese HTR-10.  Thus, the statement about “successful 
operation” is arguable.  As has been stated in the white paper, properties information are 
lacking and are being generated currently for the newer grades of nuclear graphite.  
Provide additional discussion of the relevance and limitations of applying operating 
experience for graphite in other gas-cooled reactors to NGNP. 

 
 
NGNP G-54 

G-54.  Section 4.2.1.1 includes a discussion of a test program planned for deployment of 
the PBMR in South Africa.  However, this project no longer exists, so the relevance of 
those plans to NGNP is questionable.  Provide revisions to the white paper to reflect the 
current status of the PBMR project, including test programs which may not have been 
completed before the project was terminated.   

 
 
NGNP G-55 

G-55.  In Section 4.2.1.3, it is stated that “The PIRT panel also concluded that theories 
that can explain graphite behavior have been postulated and, in many cases, shown to 
represent experimental data well.”  It is the NRC staff’s understanding that 
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phenomenological (curve-fitting) relationships developed using MTR data has worked 
reasonably well to predict graphite behavior, specifically for the British AGRs, but do not 
reflect operating conditions projected for the NGNP HTGR.  Also, the NRC staff is not 
aware of any tested and proven theories which have explained the graphite behavior for 
all the graphite properties.  British AGRs have experienced cracking in unexpected 
places, and in cracking modes that were not predicted.  There is also some Japanese 
work which has developed theory for volume change due to irradiation; however, the 
staff is not aware of any operational experience which has supported such theory.  
Provide additional discussion of the relevance and limitations of applying current 
graphite behavior theories to NGNP. 
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