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NUCLEAR REGULATORY COMMISSION 

WASHINGTON. O.C. ~"-«101 

July 6, 1993 

Docket No . 50-320 

Dr. Robert L. Long 
Director, Corporate Services/Director, THI-2 
GPU Nuclear Corporation 
P.O. Box 480 
Middletown, Pennsylvania 17057-0191 

Dear Dr. long: 

SUBJECT : THREE HILE ISLAND UNIT 2 REACTOR VESSEL ~RITICALITY SAFETY ANALYSI~ 
(TAC H85664) 

We have completed our review of your THI -2 React~r Vessel Criticality Safety 
Analys is dated D~cember 18, 1992, as revised and supplemented by your letter 
dated April 8, 1993. Your letter of April 8, 1993, provided additional 
information regarding the assumptions used in your calculations in response to 
NRC staff questions in our letter of March 22, 1993 . In your December 18, 
1992 letter, you provided a reanalysis of the lHI-2 Reactor Vessel Criticality 
Safety Analysis due to a revf~ion in the estimated quantity of fuel in the 
THI-2 reactor vessel . The December 18, 1992, GPUN/ORNL analyses of the 
reactor vessel were based on a maximum remaining fuel estimate of 1322 
kil,grams (2915 pounds). In tour submittal of February 1, 1993, you revised 
yo~r estimate of fuel rema ining in the TMI-2 reactor vessel to 925 kilograms 
(2040 pounds) with an u~certainty of± 40 percent. This would result in an 
~stimate of fuel r~maining in the reactor vessel with a range of 555 to 1295 
kilograms (1224 to 2855 pounds). The upper limit of your February 1, 1993 
revised estimate is less than the value used in your December 18, 1992 
analyses and therefore r.onservative . Your reanalysis included both the steady 
state ~nd accident configurations . 

The ~taff has both reviewed your submittal of December 18, 1992, as revised , 
and, through Pacif ic Northwest Laborator ies, performed independent cr iticality 
analyses r f both the steady state and acc ident ~cenar1os using the revised 
estimates of res tdual fuel . A copy of the final criticality report from 
Paci fic Northwest Laboratories is enclosed . 

As stat2d in the enclosed safety evaluation by the NRC staff , we have 
concluded that the fuel In the TMI-2 reactor vessel will remain subcrltical, 
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with an adequate margin of safety, during both the steady state and the 
accident modes . The staff also concluded that your analysis was very 
conservative based upon the conservatisms in the criticality models and 
a5sumptions used in the calculations . 

Enclosure : 
A~ s tated 

cc wt enclosure : 
See ne.(t page 

Sincerely, 
uRIGIW•L S IQlED BY 

Seymour II. Weiss, D1rector 
llon-Power React1rs and Decorrvnissioning 

Project Directorate 
Division of Operating Reactor Support 
Office of Nuclear Reattor Regulation 
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~i th an adequate margin of safety. during .both the steady state and the 
accident modes. The staff also concluded that your analysts was very 
conservative based upon the conservattsms in the criticality models and 
assumptions used in the calculations. 

Enclosure: 
As stated 

cc wjenclosure: 
See next page 

Sincerely, 

~.~!~~ 
Non-Power Reactors and Decommissioning 

Project Directorate 
Division of Operating Reactor Support 
Office of Nuclear Reactor Regulation 
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Dr. R. L. long 
GPU Nuclear Corporation Unit No. 2 

cc: 

Regional Administrator, Region I 
U.S. Nuclear Regulatory Corrmission 
475 Allendale Road 
King of Prussia, Pennsylvania 19406 

Or. Judith H. Johnsrud 
Environmental Coalition on Nuclear 

Power 
433 Orlando Avenue 
State College, Pennsylvania 16801 

Ernest l. Blake, Jr., Esq. 
Shaw, Pittman, Potts, and Trowbridge 
2300 N Street, N.W. 
Wa shington, D.C. 20037 

Secretary 
U.S. Nuclear Regulatory Commission 
Wa shington, D.C. 20555 

Hr . Russell Schaeffer, Chairperson 
Dauphin County Bo~rd of Commissioners 
Dauphin County Courthouse 
Front and Harket Streets 
Harrisburg, Pennsylvania 17120 

William Dornsife, Acting Director 
Bureau of Radiation Protection 
Department of Environmental Resources 
P. 0. Box 2063 
Harrisburg, Pennsylvania 17120 

Hr. Ad Crable 
lancaster New Era 
8 West King Street 
lancaster, Pennsylvania 17601 

Ms . Michele G. Evans 
Senior Resident Inspector (THl-1) 
U.S. Nuclear Regulatory Commission 
P. 0. Box 311 
Middletown, Pennsylvania 17057 

Hr. frank F. Hooper 
4155 Clark Road 
Ann Arbor, Michigan 48104 

Peter B. Bloch, Chairman 
Atomic Safety and licensi ng 

Bo.srd Panel 
U.S. Nuclear Regulatory Co~fssion 
Wa shington, D.C . 20555 

Three Mile Island Nuclear Station 
Docket No . 50-320 

Hr. Robert Rogan 
GPU Nuclear Corporal ion 
P. 0. Box 480 
Middletown, Pennsylvania 17057 

Mr. David J. McGoff 
Office of LWR Safety and Techno1ogy 
HE-23 
U.S. Department of Energy 
Washington, D.C. 20545 

Hr . Wythe Keever 
The Patriot 
812 Market Street 
Harrisburg, Pennsylvania 17105 

Hr . Robert B. Borsu~ 
B & W Nuclear Technologies 
Suite 525 
1700 Rockville Pike 
Rockville, Haryland 20852 

Hr. Harvin I . lewis 
7801 Roosevelt Blvd . 162 
Philadelphia, Pennsylvania 19152 

Mr . Jane lee 
183 Valley Road 
Etters, Pennsylvania 17319 

Hr. Walter W. Cohen, Consumer 
Advocate 

Department of Justice 
Strawberry Square, 14th Floor 
Harrisburg, Pennsylvania 17127 

U.S. Environmental Prot. Agency 
Region III Office 
ATTN: EIS Coordinator 
841 Chestnut Street 
Philadelphia, Pennsylvania 19107 

Hr . Charles N. Kelber 
Atomic Safety and licensing 

Board Panel 
U.S. Nuclear Re~ulatory Commission 
Washington, D.C. 20555 



UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

WASHINGTON, D.C . ~~ 

SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION 

RELATED TO CRITICALITY SAFETY ANALYSIS OF REACTOR VESSEL 

GPU NUCLEAR CORPORATION 

1.0 INTRODUCTION 

THREE HllE ISLAND NUCLEAR STATION. I!NIT 2 

FACILITY OPERATING LICENSE NO. OPR-73 

POCKET NO. 50-320 

I 

GPU Nuclear Corporation (GPUN, the licensee) submitted a revised criticality 
analysis for the Three Mile Island Unit-2 (THI-2) reactor vessel for NRC 
review in a letter dated December 18, 1992 (Reference a). GPUN also submitted 
additional clarifying information in a letter dated April 8, 1993 
(Reference b) in response to NRC staff questions (Reference c). The revised 
criticality analysis, performed by Oak Ridge National Laboratory (ORNL). 
demonstrated that the fuel remain ing in the THI-2 reactor vessel would remain 
subcritical during long term storage . The analysis evaluated both a static 
and a worst case credible acc ident scenario. 

2. 0 BACKGROUtiO 

During the March 28, 1979 accident at TMI-2, the core wa s severely disrupted 
and some melting of fuel and cladding occurred . Approximately 99 percent of 
the core was removed during the defueling process which took place from 
October of 1985 through April of 1990. The initial core loading consisted of 
3 batches of fuel with the most enriched batch having an initial enrichment of 
2.96 wt percent of U-235. The burnup during reactor operations of 
2535 MWdjMTU reduced this value to 2.67 wt percent . The batch 3 fuel was 
located at the core periphery and sustained less damage than the batch 1 and 2 
fuel located at the core center. 

A wide variety of techniques were used during defueling, including scooping, 
drilling, grinding, plasma cutting, grappling, and vacuuming. The sum of the 
accident results and the removal techniques resulted in an unquantifiable bias 
toward preferential removal of the batch 3 fuel·. The fuel which remains Is 
largely in the form of either once molten, resolidified masses located in the 
Lower Core Support Assembly (LCSA) or widely dispersed fines . Although the 
remaining fuel is biased to enrichment below the core average •burned" 
enrichment of 2. 24 wt percent, localized areas of the resol idified masses may 
exceed this value . In an inspection report dated June 14, 1990 (reference d), 
the NRC staff directed GPUN to use a Safe fuel Mass limit (SFML) of 
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93 kilograms (205 pounds) (based on an enrichment of 2.o7 wt percent) for fuel 
in the reactor vessel until an additional safety analysis was approved by the 
NRC staff. The SFHL is the amount of fuel which can be rearranged in any 
geometry with any reflector and/or moderator and still remain subcritical. 
The NRC staff contracted with the Battelle Hemorial Institute Pacific 
Northwest Laboratory (PNL) to provide ass istance in the review of GPUN 
criticality analyses for the THJ-2 reactor vessel . 

3. 0 EVALUATION 

The GPUN/ORNL and the NRC/PNL criticality analyses of the reactor vessel were 
based on a maximum remaining fuel estimate of 1322 kilograms (2915 pounds). 
The licensee submittal of February 1, 1993, revised the estimate of fuel 
remaining in the THI-2 reactor vessel to 925 kilograms (2040 pounds) with an 
uncertainty of ± 40 percent. This would result in an estimate of fuel 
remaining in the reactor vessel with a range of SSS to 1295 kilograms 
(1224 to 2855 pounds). This revised estimate was based on the review and 
conclusions of a panel of experts headed by Or. N. Rasmussen, of the 
Massachusetts Institute of Technology. The revised estimate does not 
invalidate the GPUN/ORNL or the NRC/PNL earlier criticality analysis since the 
upper limit of the February l . 1993 revise~ estimate is less than the value 
used in both the GPUN/ORNL and ti."! NRC/PNL analyses. 

Two principal cases were evaluated by GPUN/ORNL and NRC/PNL; the first was a 
steady state condition involving th~ residual fuel in its current location. 
The second involved an accident or earthquake scenario . The calculational 
models were highly conservative. ~ ~ both cases, demineralized water was 
assumed to be present as a moderator even though the reactor vessel is dry and 
steps have been taken to prevent water intrusion. In both cases a fuel 
enrichment of 2.67 wt percent was assumed, although an enrichme~t of 
2.24 percent could have been justified for all fuel located outside the core 
barrel. No credit was taken for diluents in either case a~d only minimal 
credit taken for poisons in the accident scenarl, . Both cases assumed optimal 
credible geometry, reflection, pellet size and fuel to moderator ratio . 

The steady state case was modelled as a series of annular rings, which 
included several times more fuel than is actually present in the reactor 
vessel . This added an additional degree of conservatism. Both the GPUN/ORNL 
analysis and the independent NRC/PNL review concluded that Keff wa s <0 .95, 
indicating a substantial margin of safety to criticality. 

The accident criticality analysis assumes that an earthquake, load drop from a 
crane or some non-mechanistic event relocates the fuel fines to the lower head 
of the reactor vessel. GPUN/ORNL calculated a maximum Ktu of 0.981 using the 
conservative models described above. NRC/PNL independen Jy evaluated the 
methodology of the licensee and found it acceptable . The PNL review 
(Reference e) concluded that •there is no likelihood of an unintentional 
criticality occurring in the THI -2 Rv .• PNL independently verified these 
conclusions in several parametri c studies of minimum slab thicknesses, minimu~ 
annular ring thicknesses, and minimum masses in the acc ident scenario. 
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4.0 CONCLUSIONS 

The GPUN/ORNL analyses indicated that the residual fuel in the THI-2 reactor 
vessel would remain subcritical with an adequate margin of safety during 
steady state and accident conditions. The independent review and analysis 
performed by the NRC and PNL confirmed the conclusions of the licensee . The 
assumpt ions in the analyses ~ere very conservative, indicating that the margin 
of safety is considerably larg~r than the calculational results indicate. The 
NRC staff therefore find~ the GPUN criticality analysis to be acceptable. 

5.0 REFERENCES 

a. GPUII letter, C312-92-2080, R. L. long to NRC, THJ-2 Reactor Vessel 
Criticality Safety Analysis, dated December 18, 1992. 

b. GPUN letter, C312-93-2021, R. l . Long to NRC, Response to NRC 
Quest ions on TMI-2 RV Cr itical i ty Analyses and Post-Oefueling Survey 
Repor t , dated April 8, 1993 . 

c. NRC letter, H. T. Ha snik to R. L. long , request for additional 
informat ion re: reactor vessel fuel survey and criticality report, 
dated March 22, 1993 . 

d. NRC Inspect ion Report 50-320/90-03, E. C. Wenzinger to R. L. long, 
dated June 14, 1990. 

~ . Pill letter wfattached ana lyses, R. I. Scherpelz to H. T. Hasn ik, rc : 
TM J-2 Cri t ical 1ty Safety Analyses, dated Apri l 30, 1993 . 

Pr inci pal Contr ibutor: l . Thonus 

Date : July 6, 1993 
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Or. Hichael T. Hasnik 
U.S . Nuclear Regulatory Co~ission 
Nuclear Reactor Regulation 
Hail Stop 11, Building 20 
Washington, D.C. 20555 

Dear Or. Hasnik : 

(~Battelle 
P•c•f•c Nonhw~u L•bo,to"~' 
llii~U~ lou~ard 

, .O. Io• t99 
R•cl>l1nd, WHhillflOtl 9'JU1 

t.t~p~ 15091 37S-24S4 

I am enclosing the PNL review of the THl·2 licensee's Criticality Safety 
Study. Please feel free to contact me at the above nu~ber if you have any 
questions or comments on this report . 

Enclosure 

cc: l lhonus, UStlRC 
R Harty, PM 
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REVIEW OF THE CRITICALITY SAFETY ANALYSIS REPORT 
FOR THE THI-2 REACTOR VESSEL 

Criticality safety is one of the major safety issues addressed by the THI-2 
licensee as 1t prepares the plant for Post Oefueltng Hon1tored Storage status. 
Since measurable amounts of reactor fuel containing fissile isotopes will 
remain in various locations of the plant, it is important to ensure that an 
unintentional criticality could not occur. 

The licensee's approach to determining the degree of criticality safety was to 
first establish a Safe Fuel Hass limit (SFHL), which is a conservatively
calculated upper boundary for a mass of fuel that could not experience criti
cality under any configuration. This limit was documented in the Defueling 
Completion Report (GPU Nuclear, 1990) as 140 kg U01• Masses of fuel in 
various locations of the plant were compared to the SFHL, and in nearly all 
cases the fuel quantit ies {including upper error bounds) were substantially 
below the SFML {CPU tluclear, 1993}. A separate crH leal Hy safety study was 
not necessary for any location with a quantity of fuel below the SFHL, since 
the SFHL study Itself demonstrated criticality safety for that location. 

The Reactor Vessel (RV) Is the only location in the THJ-2 plant containing a 
fuel mass greater than the SFHL. (The Nuclear Regulatory Commission's (NRC) 
Safety Evaluation Review, UStiRC, 1992} recommended that a value of 93 kg may 
be more appropriate than 140 kg for the RV; either value would lead to the 
same conclu-sion, however.} The entire quantity of fuel, as reported in the 
final submit-tal of the Post-Defueling Survey Report, in the RV was determined 
to be 925 kg± 370 kg (GPU Nuclear, 1993). Earlier, unofficial estimates of 
the RV inven-tory were 652 kg (based on a video estimate} and 1322 kg (based 
on passive neutron measurements, before various measurement biases were 
identified). Since these estimates are all greater than the SFHL, a 
criticality safety study was performed for the RV residual fuel inventory. 

The CPU study (GPU tluclear, 1992} evaluated two fuel conditions: 1) the 
Steady-S~ate criticality condition; and 2} the Accident condition. In the 
Steady-State condition, the study looked at the fuel in the configuration that 
currently exists in the RV . The study concluded that the configuration was 
not critical, and it evaluated the margin of safety. In the Accident condi
tion, the study determined the maximum quantity of fuel that could credibly 
relocate into a single location in the bottom RV head, and evaluated this 
configurat ion to determine whether it could be critical. The study concluded 
that the Accident condition could not produce a criticality. The criticality 
study was performed before the 925 kg estimate-of-record had been established 
for the RV fuel Inventory. Thus the study used the 1322 kg estimate for all 
RV criticality calculations . 

The Pacific Northwes t laboratory (PNL) acted on a request from the NRC to 
review the GPU criticality safety studies for the RV . This report presents 
the findings of the Prll review. As part of its review, PNL performed several 
sets of calculations. These studies are documented in Attachments 1 and 2 tc 
this report . 



SirApY STAT[ CRITICALITY 

for thP steady state situation, the XSORN-PH computer code was used to 
estimate the thickness of an annular cylinder of fuel, with outer diameter 
matching the inner wall of the RV and infinite in height, that would result tn 
a k u of 0.945 if tt were filled with pure water. The thickness of this 
. .... ~ • ., .. h cii'!J'O.o.imately 3.88 inches. The target k ,1 of 0.945 used for this 
study is below the NRC's acceptance criterion of o.§~ which is based on the 
limit in the Standard Technical Specifications for spent fuel storage (USNRC 
1991). 

In determining the limiting thickness of fuel, the study made certain assump· 
tions about the natyre of the fuel. It assumed that the uranium In the fuel 
contained 2.67 wt% Jsu, and it assumed that other nuclides, such as Pu, were 
present in the fuel as a result of the reactor operation before the THI-2 
accident . for developing the cross sections used by the criticality codes, 
the fuel was assumed to be in the form of pellets in a dodecahedron lattice 
structure with a fuel volume fraction of 0.28. 

After determining the thickness of a hypothetical annul ar ring , the study then 
looked at the fuel quantities estimated to remain in each of the nine zones of 
the RV to see how close the fuel deposits came to the 3.88-inch thickness . 
for the individual zones 1·6, the study found that the fuel deposit 
thicknesses were far less than 3.88-inches, so each individual zone was safely 
below a k.,,·0 .945 . for zones 6-9, the geometry was more complicated than a 
simple annular ring, so the KENO·V .a computer code was used to model the fuel 
deposits in these regions, and it found that the fuel quantities were well 
below what was required to produce a k,, of 0.945 . finally, an analysis 
considered the RV as a whole and concluded that the configuration was well 
below a model of a 3.88-inch thick annular ring . Thus the steady-state 
configuration had a large margin of safety with respect to a critical 
condition. 

It appears that proper methodology was used to assess the steady state 
criticality situation. The calculations showed a large margin of safety 
between the actual fuel deposits and the quantity of deposits required for 
criticality. It should be noted that •steady state• refers to the configura
tion of the fuel in the RV, but the actual analysis assumes a dramatically 
abnormal condition: the presence of water in the RV. Criticality cannot occur 
with fuel at such low fissile-isotope enrichment without moderator. Thus the 
study assumes that the RV is filled with water , and the study assumes that the 
water is pure, containing no boron or other neutron absorbers. Precautions 
have been 1aken by the licensee to ensure that no water would inadvertentiy 
enter the RV. The steady state calculation therefore assumes that the 
residual fuel in the RV would be well below critical, even in ~he presence of 
unanticipated quantities of moderating water. 
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ACCIOEHT CRITICALITY ANALYSIS 

for the Accident situation, the study looked at each zone and determined the 
quantity of fuel (620 kg) which could possibly, although non-mechanistically, 
relocate to the RV lower head region. The model assumed full flooding of the 
bottom head by water, that the fuel contained 0.009% boron, and that the fuel 
was in the form of pellets rather than powder. A parametric study was 
performed to test the effectiveness of these two parameters, and they found 
that the pellet configuration was conservative . They also found that no boron 
would result in k,,, > 1. However, by using the stated assumptions, the 
study calculated a k•'{ of 0.981 for the relocated fuel. Since the calculated 
value is below the cr terton k,,, of 0.99, the study concluded that an acci
dental fuel relocation would not cause a criticality. 

One of the key features of this study is determining the quantity of fuel that 
could relocate to the lower head . The study looked at each of zones 1·9 to 
determine the fraction of fuel that could be loose enough to relocate . In the 
PilL review, a concern was raised about the fraction of fuel in zone 9, the 
lower head reg ion, that could relocate, since it seems possible that all fuel 
in the lower head could be available for a relocated configuration. In a more 
detailed explanation from CPU, we found that 0.6 kg of fuel would be lodged in 
incore instrument nozzles that are far enough from the location of the relo· 
cated mass of fuel to be neutronically decoupled from the mass. The fuel that 
is assu~ed to reside tn the incore instrument guide tubes left suspended from 
the flow d i~ tributor , is also assumed to be neutronically decoupled from the 
relocated mass because of the vertical distance from the bottom of the RV . 
Thus only 58.7 kg of fuel from zone g is assumed to be ava il able for the 
relocated mass . 

MOD ELING ASSU~PTJQ~S AND CO~SERVATI SH 

The criticality safety study depends on modeling the RV and internal debris, 
and the modeling necessarily includes some approximation . In good engineering 
practice, any approx ima tion is made with some degree of conservatism built in . 
In the various safety studies that have been performed for THI·2, a number of 
assu~~tions must be made in any modeling, since there have been uncertainties 
associated with measured quantities, and beca~se some aspects of the study are 
hypothetical. ~uch of the PUL review of the criticality studies has been 
concerned with evaluating the assumptions that must be made and the effect of 
the conse r~at isms that are built into the modeling . Some of the assumptions 
and con~ervatisrns that are part of the study include: 

1) mass of fuel available for criticality; 

2) fuel configuration 
enrichment in f iss ile material, 
inclusion of neutron-absorbing material (•neutron 
po isons•), 
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fuel density, 
lattice or pellet configuration; 

3) n~utron moderation and reflection; 

4) additional neutron poisons; 

5) shape and dimensions of fuel configuration; and 

6) analytical bias in lc~,. 

Mass of fuel Available for Criticality 

The ~ass of fuel available for criticality is bounded by the amount of 
fuel that could be present in the RV . The GPU criticality study (GPU 
Nuclear, 1992) assumed that the amount of fuel in the RV is 1322 kg, 
whereas their estimate of record is 925 leg, with a one-sigma error bound 
of 370 kg . Thus the plus-one-sigma bound of the estimate of record is 
1295 kg . The criticality safety study is using a mass higher than this, 
which is an appropriate conservatism. 

fuel Configuration 

Enrich~ent of fuel in fissile Material 

The criticality study needed to make an assumption about the 
composi tion of the fuel. fuel from different regions of the 
original core contained different enrichments in 23~U, so it was 
important that the study choose an enrichment that is the highest 
value likely to be encountered in the fuel debris. The enrichment 
of 2.67 wt% 135U was chosen as tie highest enrichment that could 
be encountered. The inclusion of Pu isotopes in the fuel mixture 
also ensured that the quantity of fi~~ile material would not be 
underestimated. 

Inclusion of Neutron Poisons in the fuel 

The December 1992 report included the results of a parametric 
study modeling the effect of boron in the fuel. For the 
configurat ion used to model the Accident case, this study found 
that totally omlttins boron from the fuel region would result in a 
k,. •1.023, including 0. 009% boron would give k~u·0.981, and 
0.072% boron (representative of the residual fuel in the RV) would 
give k ,1•0 . 735 . The steady state study omit ted boron from the 
calculation for a degree of conservatism. The Accident study 
included 0.009~ boron in the fuel region, which Is about 1~ lower 
than the minimum quantity of boron found in the debris samples 
th2t have been 3nalyzed. 

4 



I 

Fuel Density 

The bulk density of the fuel is a major concern in calculating 
reactivity . The model assumes that the fuel region is a mixture 
of fuel and water, but the assumed ratio of fuel to water is a 
crucial factor in determining the k ,, of a specific configura
tion. In a set of calculations perfo~ed by PNL, critical 
configurations were calculated for fuel ~aving 1 bulk density of 
3.78 g U02/cm3 (the density that gave the minimum slab thickness), 
and these were compared to identical configurations with fuel 
having a density of 2.06 g U02/cm3 (the density giving the 
smallest mass). In every case, the lower density produced a 
critical configuration with a smaller mass than the similar case 
with the higher density fuel. The higher density case reouired 
about 67~ more mass to produce a critical configuration than did 
the lower density. 

The PNL comparison only used two densities, and ft would be 
incorrect to conclude that decreasing the density always increases 
the reactivity. The valid conclusion is that the bulk density of 
the fuel is an important determinant of the reactivity of a 
configuration, and the study should carefully choose ·a reasonable 
value . The CPU Accident study used a fuel volume fraction of 

3 0.26, which i; the same as a bulk fuel density of 2.85 g U02/cm 
(a~sum ing that pure U02 has a density of 10.97 g/cm3) . T~e report 
states that this value is optimized for the assumed lattice 
structure. This assumption is therefore conservative, because if 
fuel were to relocate to the botto~ of the RV, it is unlikely that 
it would necessarily fa~l into a configuration with the optimum 
bulk density . 

La t ti ce or Pellet Configuration 

Criticality calculations must make an assumption about the 
configuration of the material in the fuel. The December 1992 
report included the results of a study that compared a pellet-type 
conf iguration to an infinitely dilute solution of U02 in water. 
The dilute solution of U01 in water gave lower k~,, values than the 
pellet configuration, so a pellet configuration was used to assure 
conservat ism in the calculation. 

P~l performed a series of criticality calculations to understand 
the effects of various assumptions in \he criticality study. In 
one set of calculations, the fuel was assumed to be in a rod 
configuration (neutronically similjr to a pellet configuration) . 
In one case, the rods were assumed to have a diameter of 0.6 em, 
and in another case they had a diameter of 0.254 em. The results 
of these calculations are summari zed in Figures 1 and 2_and they 
are exp la ined in Attachment 2. The .254-cm rods always required a 
larger mass to attain the same ~~~ ue of k.,, compared to a similar 
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configuration based on 0.6-cm rods. The required masses were 
larger by 2 to 4% for the .254-cm rods . Thus it is clear that the 
lattice configuration is an important consideration, and the GPU 
study chose a conservative configuration. 

Neutron Moderation and Reflection 

'' is rPrtainly possible to have a critical configuration without any 
neutron moderation, but such a •fast• system requires a high enrichment 
of fissile isotopes. For the enrichments encountered in the THI-2 fuel, 
neutron moderation is required to produce a critical configuration, and 
the amount of neutron moderation determines the reactivity of the 
system. The criticality studies are conservative in this respect, 
because both the Steady State and the Accident case assume that there is 
sufficient water to provide the necessary moderation to achieve maximum 
k•{f' In reality, the RV does not contain water and efforts have been 
taken to ensure that water does not accidentally enter the RV. 

The study also assumes a degree of neutron reflection, with either water 
ur steel present to reflect neutrons escaping from the fuel region back 
into the fuel. In the Accident calculation, it was assumed that 500 
gallons of unborated water were present above the fuel region to provide 
neutron reflection. This assumption is a conservatism, since it assumes 
that water introduced into the RV must be sufficient to not only 
saturate the fuel region, but also to provide the reflecting layer. 

Additional Neutron Poisons 

The Accident case assumed that the fuel contained 0.009% boron, but the 
study assumed no additional poisoning from items such as material from 
the control rods or internal structural material mixed in with the fuel. 
It is likely that any fuel debris could contain such neutron poisoning 
material, wh ich would decrease its reactivity, but no credit was taken 
for the presence. 

As a mitigating measure for critica~ity safety, the licensee dumped 
three drums of borated glass shards into the bottom of the RV. For the 
steady state study, this glass would have almost no effect, but for the 
Accident case , it could have a small effect that was not considered in 
the study . Fuel that would relocate into the bottom of the RV would 
consist, to some degree, of fin~ particles that could drift down and 
settle into the spaces between the shards . These fuel particles would 
be neutronically separated from the larger mass of fuel that settled on 
the top surface of the layer of shards. It is difficult to quantify, 
for the hypothetical case, what portion of the 620 kg or relocated fuel 
would fall into the glass shards, but any amount would have the effect 
of lower ing k,1, below the calculated value. 
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~!P] and_Djmenslons of the fuel Configuration 

The Accident analysts as sumes that fuel relocates frQm the upper regions 
of the RV into the lower head region, and the shape of this relocated 
configuration is an Important determinant of the reactivity of the 
configuration . One t~portant feature of the shape of the configuration 
is the surface-to-volume ratio, since a shape with large surface area 
would experience high neutron leakage and therefore lowered reactivity 
(this accounts for the spherical shape of the unmoderated, potentially 
super-critical assembli es deployed by the military) . 

The CPU study assumes that the relocated fuel falls into a configuration 
with a hemi spherical bottom surface, matching the curvature of the 
inside of the RV, and a flat top (like the top of a slab). The 
hemispherical bottom ignores the presence of the glass shards in the 
bottom of the RV: the presence of these shards would provide a base to 
support the relocated fuel, giving more of a nearly flat surface for the 
botto~. The flat bottom would have a lower reactivity than the curved 
bot to::~. 

P~l performed a number of crit icality calculations for these configura
tions. The PNL calculations Investigated three baste shapes: 1) a 
slab (actually a short cylinder, with the outside radius matching the 
ir.r.er wall of the RV); 2) an annul us (s imil ar to the slab, but with a 
large hole In the center); and 3) a flat top wtth a hemispherical 
bottom. The annul ar shape was chosen because of the greater posstb \ltty 
that debris falling frorn the inner walls of the RV would collect in a 
ring shape rather than a uniform slab. 

In the fir st set of PNL calculatlohs, the slab was compared to the 
annulus. This study found that the annulus could achieve ~ critical 
configuration with 40% less fuel than a simil ar slab, assumi ng that the 
inr.er gap dimension was chosen for optimal reactivity . In the second 
set of Plil calculations, the annular geome try wa s further investigated, 
ar.d it was co;~ared to t he slab wi th a he~ispherical bottom. Figure 3 
illustrates th is comparison . The shape with a hemispherical bottom 
could achieve a critical mass with 34~ less fuel than the annular shape . 

Of the three shapes Investigated by Pill, the flat top with a 
hemispherical bottom required the smallest mass to achieve a critical 
con f1g uration. Thus the licensee's choice of this configuration for its 
Acciden t ana lysis i~ conservative , sihce the bottom surface would be 
flat tened by the presence of glass shards. 

h.n~J.tl.ka 1 61 as in ktff 

Al l cr itical i ty studies all Included an analytical bias tn k ,, to 
account for unterta in ti~s in t he co~putr.r codes used 1n the modeling . 
They det ermined that a conservative margin of safety could be ittained 
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by increasing every calculated value of k, by 2.5~. Thus the k•ff 
reported in the study results is greater ~Y 0.025 than the k,,, found in 
the computer code's output . This practice ensures that there 1s no 
chance for the computer code's modeling methodology to introduce a non
conservative uncertainty into the study results . 

COtl('lUSJOtiS 

The criticality study performed for the THI-2 RV used appropriate methods for 
analysts . The computer codes and cross sections are all accepte~ by the 
industry as state-of-the-art, so the analysis conforms to indus 
conventions . 

Since the steady state configuration resulted in a large margin of safety from 
a critical configuration, the analysis was simplified by omitting many 
criticality-inhibiting mechanisms. In order to perform the study, an assump· 
tion was made that the RV was filled with pure, unborated water. This 
assumption ts grossly conservative . Thus the steady state analysis adequately 
demons trates that there is no likelihood of criticality without fuel 
relocation. · 

The Accident analysis used a quantity of relocated fuel that could be critical 
under certain ideal conditions . Thus this part of the study needed to include 
more crit icality-supp ressing mechanisms, so the presence of boron was 
acknowledged in the fuel region . Even so, the study still made a number of 
assump tions that were conservative, as described earlier in this review. With 
the proper use of analy tical procedures and the incorporation of appropriate 
conservat ism, this study demonstrated that there is no likelihood of an unin· 
tentlonal criti ca lity occurring fn the THI · 2 RV. 
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LKiTJCALITY ASPECTS OF FUEL DEBRIS IN THE THI·2 REACTOR VESSEl 

INTROQVCTIO'i 
The TMJ-2 licensee has performed a detatled study of the quantity of 

fuel ~aterial that remains in the THI-2 facility. The results of this study 
-~:~ : ~~~ tl~~ in tte Oefueling Comoletfon Report (OCR), submitted to the USNRC 
on february 22, 1990. 

The OCR summarized fuel quantities in different locations of the THI-2 
facility, and compared these quantities to a •safe Fuel Hass ltmtt• (SFHL). 
In ~ost locations, the fuel quantities were substantially below the SFHL 
levels, but in the reactor vessel, the estimated fuel quanttty was above the 
SFHL. The licensee therefore performed a criticality safety analysts for the 
fuel tn the reactor vessel to ensure that there was no potential for a crttt 
cality. The licensee's study gave a k.,, of 0.945, which is below the NRC' s 
acceptance crtterton of 0 .95 for fuel storage facilities . 

At the request of the USNRC, Pttl performed an independent .study of the 
critical ity potential in the reactor vessel. 

80PATEO GLASS JN THE REACTOR VESSEL 
Since the OCR was written, three 55 gallon drums of borated glass shards 

have been du~ped into the reactor vessel. Although the borated shards would 
have little if any poisoning effect on debris accumulating on their top .sur· 
face, they do serve to isolate residual material already in the bottom head 
from any fuel debris that may fall into the vessel in the future . The shards 
also create a larger surface area in the bottom head over which fallen debris 
can be distributed. Distributing a f ixed amount of a given debris mixture 
over a larger area increases neutron leakage and thus decreases the reactivity 
of the system. However, distributing material over a larger area also pro
vides a ~echanism whereby an undermoderated sys~em can become optimally 
~oderated and thus have a greater reactiv ity. Thus it is important to model 
t he poss ible accumulation of fuel debr is that could collect on the top surface 
of the debris as though it accumul ated in optimum configurations. 



I 

CRITICAliTY IN A SLAB CONFIGURATION 
The criticality calculations reported in the OCR (p 5-55, rev. 4/0496P) 

found that an accumulation tn the bottom reactor vessel head of an optimal 
mixture of SOOkg of core debris and water would have a k.,, of 0. 921 (not 
including bias) when fully reflected on top by water . 

Based on data in DP-1014 (Clark, 1966}, the minimum critical th ickness 
of a fully water reflected, optimally moderated slab of U(2 .67)02 pellets 1n 
water 1s 15. 2cm .• At optimum moderation the H/23su atom ratio is 199 (for 
2 . 67~ enrichment) and the U02 bulk density is 3.78 g/cc (which closely ap
proximates the 3.38 g/cc reported in the OCR, p 5-23, for the reactor vessel 
debris) . 

The unobstructed region in the reactor vessel above the bottom head has 
a diameter of about 241 em (OCR Figures 5-31, 35, 36, & 36). The glass 
shards, at 165 gallons, create a surface area about 208 em in diam~ter across 
the bottom head as indicated in Figure 1. An accumulation of optimally mod
erated mixture of U(2 . 67)02 and water at least 15 .8lcm deep on top of these 
shards is required before criticality would be possible. In other words , 
criticality can not be achieved unless the thickness of a uniform slab of 
debris on top of the shards is at least lS .Slcm. Under these conditions the 
critical mass is 2428 kg of U02• If only nominal neutron reflection is 
considered credible (which seems more reasonable than full reflection), the 
critical thickness will be slightly larger (19.83cm) and the critical mass 
will increase to 3163 kg of U01• 

Although the thickness of any such accumulation of debris on top of the 
shards must exceed either the 15.81cm (if full water reflection is credible) 
or the 19 .83cm (if only nominal reflection is considered credible) for criti
cality to o~cur, criticality can occur at smaller masses than those given 
above - but a~ lower densities and larger volumes. The above masses of 2428 
kg and 3163 kg correspond to the U(2.67)02 density (3.78 g UOzfr.c) that 
results in the smallest critical slab thickness. The minimum critical mass, 
however, occurs at a lower density of about 2.06 g U02/cc for 2.67l enriched 
U02• This results fn a larger critical slab thickness but a smaller critical 
mass. At a density of 2.06 g 0(2.67)02/cc, the minimum critical slab thick-
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ness of a fully water reflected slab of U02 in water is 15.95 em. The minimum 
critical thickness of U(2 .67)02-water on top of the glass shards at this 
density of 2.06 g U02/cc is about 16.74 em and the critical mass 1s about 1413 
kg U01 • If nominal neutron reflection is considered credible, the minimum 
cr1t1cal thickness on top of the shards increases to 21.74 em and the critical 
mass increases to about 1922 kg of U02• 

CRITICALITY IN AN ANNULAR CONFIGURATION 
The mass of material needed for crttica~ity could be considerably less 

than that required for the slab geometry discussed a~ove if the debris were to 
accumulate on top of the shards in the form of an irregular ring wtth water in 
the center region. The height of any such accumulation must, however, always 
exceed 15.8lcm if criticality is to occur. This limit for a fully r-.flected, 
optimum moderated slab is valtd irrespective of fuel density. lf the density 
ts greater than 3. 78 g U(2.67)02/cc the critical slab th ickness wlll be 
greater than 15.8lcm. If the fuel density is less than 3.78 g U(2.67)02/cc, 
the critical slab thickness will also be greater than 15.81cm. 

•Geomet rical buckling• is a parameter used in neutronics calculations to 
describe the dimensions of a simple critical assembly. An empirical expres
sion for calculating the geometrical buckling of annular rings was developed 
to investigate the effects that ring geometry has on the critical size of such 
accumulations of fuel debris on top of the glass shards . The empirical buck
ling relationship is shown In Figure 2 along with a sketch of the annular ring 
model used in the calculations (note that the maximum diameter of the annul ar 
rtng model used in studying these effects is 202 em, which is slightly smaller 
than the diame ter estimated for the top surface of the shards). 

Calculated critical sizes, and corresponding masses, based on this 
empiric31 buckling expression are given in Table l . as a function of the 
annulus width. 



Where: 

Ro = Outer radius 
Rl a Inner Radius 
He = Critical H~ight 

B~: Critical Buckling 
A.. Extrapolation Distance 

29205127.• FH 

Figure 2 Annular Ring Model 
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TABLE 1 
Estimated Critical Sizes of Optlmally-Hoderated U(2.67}01-Water 1n Annular 

Geometry Having an Outside Diameter of 202 em 
(full Water Reflection and 3.78 g UO~cc) 

Annulus Width Inner Radius Crftical Height Critical Hass KENO-IV 
(~m} ___{_t.!!l}__ (trn} (kg l!01L ~, 

15.25• 0 INFHHTE INFHHTE 1. 003 (0 .004) 
25 76 28 .67 1506 1.005(0.003) 
30 71 23 . 12 1414 
32 69 21 .90 1415 
35 66 20.57 1428 
40 61 19 . 13 1472 
45 56 18.22 1529 1.007(0 .003) 
80 21 16 .05 1860 
90 11 15 .91 1904 

1&1 0 15 .84 1919 1.028(0.003) 

•Critical rad ius of a cylinder of 0(2 .67)02-water, Infinite in length. 

The calculated results shown in Table 1 indicate that the most favorable 
accumulat ion of fuel in an annular geometry on top of the glass shards in the 
reactor ves sel bottom head would have an annulus width of about 32 c~ and 
contain 1414 kg of U02 at 3.78g 0(2.67}02/cc. The height of this fuel would be 
about 21 .9 em. These results are graphically presented In Figure 3. 

Although the results presented in Table 1 yield the smallest critical 
size for an annual ring of fuel, a smaller ~ass could achieve criticality as 
discussed previ ously for a uniform slab accumulation of fuel. Calculated . 
results are giv~n in Table 2 for an~ular rings of fuel at the optimum density 
of 2.06 g U01/ cc correspond1 ng to the min i ~u~ cr i t ical mass for a 
0(2.67)01-water mix ture . 
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TABLE 2 
Estimated Critical Masses of Optimally Moderated U(Z . 67)01-~ater in Annular 

Geometry Having an Outside Diameter of 202 em 
(Full Water Reflection and 2.06 g UOzfcc) 

Annulus Width Inner Radius Critical Height Critical Hass KENO-IV 
(!:;m} (!:;m} (em} (~g U02L ~,, __ 

HIFIIIITE 0 15.95* WFINJTE 1.005(0.007} 
25 76 31.75 909 1.027(0.009) 
30 71 25.61 855 
n 69 24.14 850 
33 68 23 .54 8~9 
35 66 22.54 852 
40 61 20.80 872 
45 56 19.70 900 0.989(009) 
80 21 17.10 1080 
90 11 16 .86 1099 

101 0 16.79 1108 0.991(0.011) 

•critical thickness of a slab of U(2 .67)02-water, infinite in two dime·nsions. 

The calculated results presented in Table 2 indicate that the m1nimu~ 
critical mass of fuel in an annul ar geometry on top of the glass shards fn the 
bottom of the reactor vessel would be about 8~9kg U(2 .67)0z• The annu,ws w1dth 
would be about 33 em with an height of 23.54 em. These calculated re.~:~~ are 
graphically presente~ in Figure 4. 

Since the calculated values shown in Tables 1 and 2 are based on an 
unverified e~pirical expression for the geometrical buckling of an annular 
ring, keff values were calculated using the KENO-IV compute:· code for ' few of 
the rings as a means of verifying the validity of the buckling expression. 
These calculated kerr values are shown in the r1ght-hand columns of Tables I and 
2. As can be seen, the critical sizes calculated .using the buckling expression 
agree reasonably well with the calculated kerr · 

Also shown in Tables 1 and 2 are calculated kett values for an infinite 
cylinder (top entry, Table l) and an infinite slab (top entry, Table 2) of 
U(2 .67)02-water. These two entries were included because the expressions for 
geometrical buckling for these configurations had been used in criticality 
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calculations long before the empirical expression was developed. Since these 
values are consistent with the other entries in the table. it increases our 
confidence in the empirical expression. 

To estimate the effect that a 5t reduction of k,ff from critical vould 
have on the size of the annular ring. buckling conversions vere made to the 
ring having the smallest v~lume and to the ring having the smallest mass. For 
the smallest volume case, the height at a k,rr of 0.95 is 18 .6 em (1200 kg 
U(2.67)01 ) as compared to 21.9 em (1415 kg U(2 .67)02) at the critical con· 
dition. for the smallest mass case. the height at a k,rr of 0.95 1s 19.16 em 
(691 kg 0(2.67)02) as compared to 23.54 em (849 kg U(2.67)02) at the critical 
condition. 

CONCLUSIONS 
~ln imum Thickness: The calculations performed in this study indicate 

that a slab thickness of at least 15.81 em for a U02·water mixture on top of 
the glass shards in the reactor vessel bottom head ts required before criti
cality is possible . This slab would contain 2428 kg of 0(2 .67)02, at a density 
of 3.78 g U01/cc . 

Hinimu~ Mass: At a bulk density (2.06 g U02/cc) much lower than that 
postulated for the reactor vessel debris (3.38g U02/cc) only about 1413 kg of 
U(2.67)02 is required before cr1t1caltty would be possible. In this conftg· 
uration, the depth of debris on top of the glass shards vould be greater (16.74 
em vs 15.81 em) than the thickness for a 3.78 g/cc slab. Should the debris 
accumulate tn the form of a well-defined annular ring on top of the shards . the 
mass of U(2 .67)02 required for criticality to be possible is further reduced to 
about 849 kg . These values are based on full water reflection and optimum 
neutron moderation w~th respect to either volume or mass . Limi ting the quan
tity of wate r in the reactor vessel significantly ~ncreases the amount of 
mater ial required before criticality would be possible in the above geometries . 

Potential for Criticality in THI-2 Reactor Vessel: The current best 
est imate for the quantity of fuel in the reactor vessel is 609 kg . Obviously 
this quantity is below the minimum mass required for 1 criticality in a 
geometry that is rea~onably attainable. 849 kg . The 609·kg estim1te is based 
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~" vidPn ;~aging techniques, however, and a more recent estimate using active 
and pa~~l~e neutron measurements indicates that the inventory .~ay be higher, 
poss ibly as much as double the 609·kg estimate . 1200 kg of U01 is ~ore than 
the minimum mass required for a criticality, but 849 kg of U01 could result in 
a criticality only if a number of ideal conditions were satisfied . These 
<.u111:iniu11) tt!4uir~ that the fuel has a density of 2.06 g/cc and 1t ~ust fall 
into t~e ideal annular configuration with an annulus width of 33 em and height 
of 23.54 em. These ideal conditions also require a fully·reflecttng water 
supply. The calculations show that any deviations from this density, these 
dimensions and the reflective condition would increase the mass of fuel re· 
qutred for criticality. Host changes in the configuration would increase the 
mtnioum required mass by a substantial amount : for example, increasing the fuel 
density to 3.78 g/cc would increase the minimum required mass to 1414 kg, which 
is greater than even the upper estimate of U02 mass in the reactor vessel. 
Under the conditions of this study, it is incredible that the fuel re·maining 
in the reactor vessel could fall into a critical configuration. This fuel 
exists in various locations, in differing forms (surfar.e films, loose powders, 
re·solidified fuel) and densities . The mechanism for bringing more than 850 kg 
into one location is not realistic · some of the fuel is already covered by 
borated glass shards and are thus neutronically isolated from additional fuel 
that could collect on top of the shards, and other fuel ts located behind 
baffle plates that would prevent it from falling into the bottom head . The 
fuel exists in densities different than the optimum 2.06 g/cc, which also 
argues again~t the possibility of criticality. Finally, the ability of the 
fuel to collect in an annular configuration with the precisely correct 
dimensions is extremely unlikely. Thus the PNL study supports the conclusion 
that there is no danger from a criticality. 
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In Or. Bierman's memo to you, he indicated that your sponsor ~anted several 
different conditions analyzed, I am responding to that request . For the 
add itional cases requested, I determined the minimum thi~kness and minimum 
annular mass of material to ach ieve the requested K·effective. The minimum 
dimensions include a 2.5~ bias in K-effective for consistency ~ith previous 
analysis . 

The Case 1 conditions are full ~ater reflection, 2.06 g UOt(cc, 0.6 em 
diameter pellets, and 2.67~ U-235. The target k-effective is 0.95. To 
achieve the target K·effective 1n the bottom of the vessel, the height is 
19 .7 em, the volume is 202 liters, and the mass is 416 Kg U02• For annulus of 
material the maximum diameter is 202 em. The minimum annulus height required 
for a K·effective of 0.95 is 14.5 em, the minimum mass is 674 Kg U02• The 
height, volume, and mass of several different annular regions is shown in 
Table 1. 

The Case 2 conditions are identical to Case 1 exc~pt for the target 
K·effective . The Case 2 conditions are full ~ater reflection, 2.06 g UOz!cc, 
0.6 em diameter pellets, and 2 . 67~ U-235. The target k·effective is 0.99. To 
achieve the target K·effective in the bottom of the vessel, the height is 
22.3 em, the volume is 257 1, and the mass is 529 Kg U02 • for annulus of 
material the maximum diameter fs 202 em. The minimum annulus height required 
for a K·effective of 0.99 is 16.6 ern, the minimum mass is 807 Kg U0

2
• The 

height, volume, and mass of several d1fferent annular regions is shown in 
Table 2. 
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l1ble 1. Estimated Dimensions and Hasses of U(2.67)0z - Water in an 
Annular Geometry having an Outside Diameter of 202 em. for 
a K·effective of 0.95 with full Water Reflection. 
2.06 grams UO~ec. and 0.6 em Rods 

Annulus Inner 
Width Rad ius Height Volume Mass 

(em) (em) (em) (liters) (kg) 

Bottom of 
Vessel 79 .9 0 19.7 202 416 

14 .1 
. 

0 Infinite 

25 76 24 .4 339 699 
26 75 23.2 334 688 
27 74 22 .3 330 681 
28 73 21.4 328 676 
29 72 20.8 327 674 
30 71 20.2 327 674 
31 70 19.7 328 675 
32 69 19.2 329 677 
33 68 18.8 330 680 
35 66 18.2 334 688 
40 61 17.1 347 715 
45 56 16.3 363 747 
80 21 14 .7 450 927 
90 11 14.5 460 947 

101 0 14.5 463 955 

Infinite 0 14.o• 
• 
• Radius of an infinite cylinder of U(2.67)0~ • Water at target K-effective 

He ight of an infinite slab of U(2.67)02 • ater at target K-effective 
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Tatlle 2. Estimated Dimensions and Hasses of U(2.67)02 • Water 1n an 
Annular Geometry having an Outside Diameter of 202 em. for 
a K-effeetive of 0.99 with Full Water Reflection, 
2.06 grams U02/ec, and 0.6 em Rods 

Annulus Inner 
Ill 10th Radius Height Volume Hass 

(em) (em) (em) (liters) (kg) 

Bottom of 
Vessel 84 .6 0 22.3 257 529 

15 .6 
. 

0 Infinite 

25 76 30.6 426 877 
26 75 28.8 414 852 
27 74 27 .3 405 835 
28 73 26.1 400 823 
29 72 25.1 396 815 
30 71 24.3 393 810 
31 70 23.6 392 808 
32 69 22.9 392 807 
33 68 22. 4 392 808 
35 66 21.5 395 813 
40 61 20.0 407 838 
45 56 19.0 423 871 
80 21 16 .9 518 1067 
90 11 16 .7 529 1090 

101 0 16 .6 533 1098 

Infinite 0 l6 .o• 

• Radius of an infinite cylinder of U(2.67)0~ - Water at target K-effective 
Height of an infinite slab of U(2.67)01 - ater at target K·effeetive 
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Table 3. Estimated Dimensions and Hasses of U(2.67)0
1 

- Water in an 
Annular Geometry havfng an Outside Diameter of 202 em. for 
a K·effective of 0.95 with Full Water Reflection, 
2.06 grams UO~cc, and 0.254 em Rods 

Annulus Inner 
Width Radius Height Volume Hass 

(em) (em} (em) (liters} (kg) 
Bottom of 
Vessel 80.6 0 20. 1 210 432 

14 . 3· 0 Infinite 

25 76 25.3 351 724 
26 75 24.0 345 711 
27 74 23 .0 341 703 
28 73 22 . 1 339 698 
29 72 21.4 337 695 
30 71 20.8 337 694 
31 70 20 .2 337 695 
32 69 19 .8 3·38 696 
33 68 19 .4 339 699 
35 66 18.7 343 707 
40 61 17 .5 356 733 
45 56 16 .7 371 765 
80 21 15 .0 459 946 
90 11 14.8 469 967 

101 0 14.8 473 974 

Infinite 0 14 .2. 

Radius of an infinite cylinder of U(2 .67)01 ·Water at target K-effect ive 
• Height of an infinite slab of U(2.67)01 • water at target K·effective 
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Table 4. Estimated Dimensions and Masses of U(2 .67)02 - Water in an 
Annular Geometry having an Outside Diameter of 202 em. for 
a K-effective of 0.95 with Full Water Reflection on Top of 
Glass Shards. 2.06 grams UOzlet. and 0.6 em Rods 

Annulus Inner 
Width Radius Height Volume Hass 

(em) (em) (em) (liters) (kg) 

14.1· 0 Infinite 

25 76 26.4 367 757 
26 75 25.2 363 747 
27 74 24.3 360 742 
28 73 23.4 359 739 
29 72 22.8 359 739 
30 71 22.2 359 741 
31 70 21.7 361 743 
32 69 21.2 363 747 
33 68 20.8 365 752 
35 66 20.2 371 764 
40 61 19.1 388 799 
45 56 18.3 407 838 
80 21 16.7 511 1053 
90 11 16.5 523 1078 

101 0 16.5 527 1087 

Infinite 0 1s.o· 

Radius of an infinite cylinder of U(2.67)0~ · Water at target K·effective 
• Height of an infinite slab of U(2.67)0z • water at target K-effective 

·--·-~------------_ ......... _____ _ 
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Table S. Estimated Dimensions and Hasses of U(2.67)0
2 

- Water 1n an 
Annular Geometry having an Outside Diameter of 202 em. for 
a K·effective of 0.95 with Unrefleeted on Top of 
Glass Shards, 2.06 grams UO~ee, and 0.6 em Rods 

Annulus Inner 
~Width Radius Height Volume Mass 

(em) (em) (em) (liters) (kg) 

18 . 1. 0 Infinite 

25 76 84 .8 1179 2428 
26 75 57.4 825 1699 
27 74 46 .7 693 1428 
28 73 40 .8 624 1286 
29 72 37.0 582 1200 
30 71 34 .3 555 1144 
31 70 32 .3 537 l1C6 
32 69 30.7 525 1081 
33 68 29.5 516 1063 
35 66 27.6 507 1044 
40 61 24 .9 507 1045 
45 56 23.5 521 1074 
80 21 20.8 638 1315 
90 ll 20.6 653 1345 

101 0 20.5 657 1353 

Infinite 0 2o .o· 

Rad ius of an infinite cylinder of U(2.67)0~ - Water at target K·effective 
• Height of an infinite slab of U(2.67)02 - water at target K·effeetive 



R. I. Scherpelz .. ~ .. . . 
•-. '"'"" .. wwcf ·~~c. 

I a:~t: U 

Table 6. Estimated Dimensions and Masses of U(2.67)0
1 

- Water 1n an 
Annular Geometry having an Outside Diameter of 202 em. for 
a K-effective of 0.95 with Full Water Reflection on Top of 
Class Shards, 2.06 grams UOz!cc, and 0.254 em Rods 

l~r .. ,ulus Jnner 
Width Radius Height Volume Hass 

(em) (em) (em) (11ters) (kg) 
14 .6· 0 Infinite 

25 76 28 .2 392 808 
26 75 26.8 386 795 
27 74 25.7 382 787 
28 73 Z4.8 380 783 
29 72 24.1 379 781 
30 71 23.4 379 781 
31 70 22.8 380 783 
32 69 22.3 382 787 
33 68 21.9 384 791 
35 66 21.2 389 802 
40 61 20.0 406 837 
45 56 19.2 425 876 
80 21 17. 4 532 1097 
90 11 17 .2 545 1122 

101 0 17.1 549 1131 

Infinite 0 16.6. 

Radius of an infinite cylinder of U(2.67)0~ • Water at target K-effective 
• Height of an inf inite slab of 0{2.67)02 • water at target K·effective 



R.I. Scherpelz 
14 October 1992 
Page 9 

The &ethods used for calculating annuluses are descrtbed by Dr. Bierman in his 
11emo to R Harty. 

(l) 

Equation 1 gives the goal K in terms of Hz, K-infinity, and the goal 82• H2, 
K·infinity, and reflector savings constants (used in equation 4) were 
interpolated from data given in OP-1014. The goal K is the target K·effectfve 
minus the 2. S% bias fn K·effective, the only unknown fs the goal 82• 
Rearranging equation 1 gives equation 2. 

(2) 

From Bierman (June, 92), sz for annular rings of fuel is given in equation 3. 
lhfs memo indicated that equation 3 had been tested and that the results were 
less than 2.5% different in estimating K·effective . 

R0 • outside radius or the annulus 
R1 • inside radius of the annulus 
H • height of the annulus 
11 • reflector savings for the inside of the annulus 
10 • reflector savings for the outside of the annulus 
11 • reflector savings for the top of the annulus 
lb • reflector savings for the bottom of the annulus 

(3) 

(4) 



, 
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(quat io~ 4 is a .result of equating 81 
1 (equation 2) with 87 (equation 3) and 

solvl:1g for H, the height of the annt"tus. The annulus height is a function of 
the i nn'!r rae! 1 us and the outer radius (set a 202 em for th 1s analysis) . 

The methods used for calculating the crit ical buckling for partially f il led 
·r~ft·~! ·~ fr~~ ~.A. Reardon, which fs given in equat ion S. 

Bl• 40 .0884 •R•S/V•9. 613 6 · 
v 

R • radius of the sphere 
S • ~urface area of the partially filled sphere 
V • volu~e of the partially f1lled sphere 

(5) 

When the di~en~ions of the sphere and the partially filled sphere have been 
increased bt the reflector savings. The equat ion orgtnally developed by W.A. 
Reardon was for spheres more than half filled. However, the method of 
deve lopment impl1es that the equation should apply to spheres less than half 
f 11 1 ed. 
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