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ABSTRACT 

The assumptions, constraints and methodology used in the design 
and analysis of 2000 MWe LMFBRs using carbide and nitride fuel are 
presented. The assumptions used in the nuclear, thermal and mechanical 
designs are discussed together with geometry constraints, operational 
constraints, performance constraints, constraints coming from fabrica­
tion consi'deration and fuel bundle-duct interaction constraints. The 
basic calculational flow for system design studies is described, and 
the computer codes used in the analyses are briefly reviewed. 
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The Breeding Performance of Carbide and Nitride Fuels 

in 2000 MWe LMFBRs 

- A Preliminary Report -

W. P. Barthold 

I. INTRODUCTION 

The m:lxed oxide (U,.I:'u)Oz has been selected.as the fuel for FFTF 

as well as the first demonstration and commercial LMFBR. Its technology 

is well developed and its behavior under irradiation is largely under-

stood. 

Mixed carbide and nitride fuels promise higher breeding ratios and 

. 1-3 . 
lower doubling times because of the following properties 

(a) The thermal conductivity for carbide and nitride fuel is more 

than eight times the conductivity of oxide fuel. Since 

the melting points for carbide and nitride fuels are only 

slightly below that for oxide fuel they affo~d easily linear 

heat ratings which. are significantly above that for oxide fuel. 

This can lead to a reduction in the required fissile inventory. 

(b) Carbide and nitride fuel show about a 33% higher heary atom 

density than oxide fuel. Furthermore, they have only one 

moderating atom per heavy metal atom, compared to oxide fuel 

whi~h has two. This.results in a harder neutron spectrum 

and a better breeding ratio. 

But while it is generally accepted that mixed carbide and nitride 

fuels in fast reactors are capable of a breeding performance sup~rior 
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to that of mixed oxide fuel it is ~so recognized that a one-by-one sub~ 

.stitution of carb~de and nitride fuel for oxide fuel does not assure this 

superiority. The higher density of the fuels and the capability of high 

linear heat ratings require different designs to fully utilize the in-

herent advantages of mixed carbide and nitride fuels. 

This series of r.eports is a preliminary assessment of the breeding 

performanc.e·of c.arhide and nitride fuels in 2000 MWe LMFBRs. The pre-

liminary nature of this assessment is a reflection of the lack of data 

related to ~he irradiation behavior of these fuels. Both types of fuel 

were either sodium- or helium-bonded to the cladding. This series of 

reports summarizes a preliminary assessment of the.breeding potential 

of advanced fuel, its sensitivity to changes in design and performance 

parameters, various design trade-off studies as well as special problems 

connec.ted with. the design of large LMFBRs. 

This first volume summarizes the assumptions and· constraints used 

throughout .this study and it describes the methodology employed for 

~he performance and design analysis. 

II. SCOPE AND LIMITATIONS 

Reactor system studies were carried out employing carbide and nitricle 

fuels. The system studies include determination of the sensitivity of 

breeding performance to variation in reactor core design parameters, 

evaluation of control and stability problems of medium vs. large LMFBRs, 

design optimization and assessment of optimization criteria and their 

impact .on design. At this stage, no consideration was given to the 

J 
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balance of plant nor were detailed designs developed. This work:concen­

trated on an assessment of the breeding potential measured by a compound 

system aoubling time (Appendix A). The impact on optimized breeding 

perfor~nce of using different performanc_e measures like (doubling 

time * specific inventory) (Appendix B) and fuel cycle cost, was 

analyzed, too. It is shown in Appendix B that the product of doubling 

time times Rpecific inventory is a measure for the uranium ore require­

ment. But while this seems to be a convenient figure of merit, it must 

be remembered that it is derived from a simple economy model which 

assumes· that at the time the installed nuclear capacity reaches a size 

necessary to assure that a self-sustained breeder system can be main­

tained, exactly this number of breeder reactors will be installed and 

for the future, no other reactor type will be installed. 

Fuel cycle cost was not used as the mairi objective function in the 

performance studies and optimizations. It is felt that the uncertain­

ties in cost data are currentiy too great to justify the development 

of cost;optimized designs. In designing the reactor, a conservative 

approach was used allowing only small extrapolation from current 

technolpgy. Though these fuels would not be used in commerc~al reac­

tors before the late 90s, at which time the LMFBR technology ~s ex­

pected to be more advanced than today, a conservative approach i~ de­

sign and analysis was preferred in an attempt to discount the common 

experience that the expected reactor performance is usually gett~ng 

worse as more is known about the system and as more detailed design 

work is. carried out. Whenever design assumptions had to be made for 
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· which there was no good data base (for example, achievable smeared den-
.I 

sities for various b~rnups in helium~ and sodium-bonded pin designs) 

extensive sensitivity studies.were carried out to assess the signifi-

cance of the uncertainty. 

The structural material used was 20% CW316SS. This is a limitation 

not. based on an expected superiority of this material over other struc-

tural materials but is a reflection of the lack of material data for 

other structural materials at the time this study began. In the mean-

time swelling and creep data for other alloys were published and their 

impact on breeding performance will be assessed at a later time. 

III. ASSUMPTIONS AND CONSTRAINT.S 

A) Assumptions 

To provide a consistent basis for an assessment 9f the breeding 

performance of carbide and nitride fuels, various assumptions were 

made with respect to the nuclear, thermal and mechanical design of the 

5000 MWt LMFBRs as well as with respect to the material behavior and 

nmterial properties. Tables I to !V show these assumptions which were 

the basis for the core design analysis. 

The assumptions on the nuclear design are summarized in Table I. · 
. . 

A fuel cycle length of 300 full power days was chosen for simplicityis 

sake and not to infer that 82.19% will be the ultimate planL capacity 

factor or that semi-annual or 18 months refueling cycles are incon-

ceivabie. A two-year ·residence time for fuel assemblies was selected 

for all pin diameters as a basis.· The residence time for the blanket 
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Table I. Nuclear Design Assumptions 

Total power, MW 5000 

Total power peaking factor 

Radial power peaking. factor 

Core height, ft. 

Axlal blanket length 

Upper axial blanket, in. 

Lower axial blanket, in. 

Axial reflector, .in. 

Rows of radial blankets 

Blanket composition 

Control assembly composition 

Pin array 

Number of pins/fuel assembly 

Cycle length, fpd 

Fuel residence time, fpd 

Radial blanket residence time, fpd 

N~ber of control rods 

Volume ratio inner core to outer core zone 

1.65 

1.375 

3 

15 

15 

5 

1 

CRBR 

CRBR 

triangular 

169 

300 

600 

1200 

12-36 

rv60/40 
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assemblies is 4 years as a basis. The sensitivity. of the breeding per~ 

formance to fuel residence time was determined separately. The 5000 

MWt size was selected as the reference size for ·LMFBRs in the late 

1990s based on Reference 4. The current reactor $ize limit of 3750 

MWt was imposed to halt an escalation in reactor size and not because 

of anticipated technical problems. No arbitrary fluence limit was 

imposed since conclusions related to the breeding performance are then 

tied to an arbitrarily established limit and would change when this 

limit is raised or lowered. To keep the assembly size below 8 in., the 

number of fuel pins per assembly was limited to 169. The number of 

control rods varied from 12-36 depending on the excess reactivity re-

quirements. The control rods were added to the core in groups of 

three assemblies to maintai~ symmetry. A total nuclear power peaking 

factor of 1.65 ~d a radial power peaking factor of 1.375 were assumed. 

While the actual power pea~ing factor for the. reactors subject to the 

various design assumptions made will depend on pin size and fuel rating, 

an accurate prediction of power peaking factors is extremely difficult 

and requires detailed three-dimensional analyses. It has been shown 

that 2-D results for radial power peaking factors can be very mislead­

ing, (5) in particular when based on r-z geometry calculations. Cores 

with small-d.iaineter fuel pins usually show. lower power peaking than 

cores with large-diameter fuel pins when the analysis is limited to 

uncontrolled cores. However, cores with small-diameter fuel pins have 

larger reactivity losses during burnup than cores with large-diameter 

fuel pins, thus requiring more control rods. This in turn will tend to 

'.) 
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increase the power peaking factor for the cores with small-diameter 

fuel pins. Therefore, no use was made of the power peaking factors 

which resulted from 2-D analyses of uncontrolled cores and a constant 

power peaking factor was assumed instead. Enrichment splits were 

determined such that power peaks in the two enrichment·zories were the 

same at mid-equilibrium-cycle conditions. Two radial enrichment 

zones WP.rP. used as a baoc. The impact uf an increase in the number 

of radial enrichment zones was studied. 

The thermal design assumptions are summarized in Table II. The 

coolant enters the core at 750°F and leaves it at 1050°F. Later studies 

use an inlet temperature of 720°F and a mixed mean outlet temperature 

of 1000°F. The maximum sodium velocity ~as limited to 25 ft/sec, though 

the impact of highe·.r velocit:y limits and pressure drop constraints rather 

than coolant velocity constraints on breeding performance was analyzed, too. 

The subchannel pressure drop for wire-wrapped fuel bundles was 

estimated taking into consideration the frictional and spacer losses 

(6) 
following the method by Novendstern. The calculation of the pressure 

drop in, gridded fuel bundles was based on design equations suppl~ed by 

Westingpouse-ARD (Ref. 7). No attempt was made to determine assembly 

inlet and exit losses as well as losses outside the core (piping, 

IHX, etc.). The thermal conductivities for mixed carbide and ni~ride 

fuel needed for the calculation of fuel and cladding temperatures 

were based on the data recommended by Washington. (S) 

The assumptions made for the mechanical design of the core are sum-

marized in Table III. The structural material used for the cladding and 

·.' 

··.: ·. 
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Table II. Thermal Design Assumptions 

Reactor inlet temperature, °F 

Reactor mixed mean outlet temperature, °F 

Max. sodium velocity~ ft/sec 

Ratings for sodium-bonded fuel, kW/ft 

Ratings for helium-bonded fuel, kW/fL 

Spacer concept 

*Maximum nuclear linear heat ratings. 

7~ 

1050 

25 

.25, 30, 35* 

14.81, 18.52, ??.?.2 

wire-wrapping, grids 

'J 

·~ . 
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Table III. Mechanical Design Assuinptions 

Fuel pin diameter, in. 0.3, 0.35, 0~4, 0.45 

·cladding thickness 

Helium-bonded fuel, in. calculated* 

Sodium-bonded fuel, in.**** 0.015 

Buml thickness 

Helium-bonded fuel, in. 0.005 

Sodium-bonded fuel, in. 0.010 (minimum). 

Core fuel pellet density, % T~D. 95 

Cladding material 20% CW316SS 

Duct material ··I 20% CW316SS 

Duct thickness calculated** 

Interassembly gap calculated*** 

Fuel pitch triangular 

Duct shape hexagonal 

Stress limit on duct, psi 1s,soo 

Strain limit on cladding (thermal component), % 0.5 

Plenum length 

Sodium-bonded fuel, in. 30 

Helium-bonded fuel, in. 40 

P!'enum location bottom, top 

Sodium~bonded fuel top 

Helium-bonded fuel bottom 

*The' cladding thickness was assumed· to be proportional to the pin diameter 
with a reference pin of 0.31 in. and a cladding thickness of O.ZO in. 

**Determined such that the duct wall stresses stay below the stress limit. 
***Allowance was calculated for swelling, creep and handling 

****Includes 0.003 in. thick perforated shroud around fuel pellets. 
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assembly duct is 20% CW316SS. The fuel pins are arranged on a tri­

angular pitch and are surrounded by a hexagonally shaped duct. For most 

anaiyses a pellet fabrication density of 95% T.D. was used. Later analyses 

of sodium~bonded carbide .fuel used a 98% T.D. pellet density. In designing 

the fuel pin it was assumed that the fission gas plenum is lpcated at the 

bottom of the fuel pin for helium-bonded fuel and at the top for sodium­

bonded fuel. It 1~ JO in. long for eodium-bQnnP.n fuel and. 40 in. lon& for 

helium-bonded fuel. While these choices are not meant to represent 

optimum dimensions the difference in length, which affects only slightiy 

the pressure drop and therefore duct and.interassembly gap size, is 

~ justified because of the differences in ·fuel operating temperatures and 

therefore fission gas releases, as well as fission gas pressure. 

As of lately questions have been raised as to the usefulness of a 

bottom plenum versus a top plenum (Ref. 9). Though a botto~ pl~num 

could Je~n to a reduction in fuel pin length because it is located at 

a low-temperature position, the overall length of the core could in­

crease. Control rods in their parked position sitting just above the 

core region would require the same height above the core as in case of 

the top-plenum fuel assembly. This could lead to an increase in overall 

core height. Furthermore, switching from helium-bonded to sodium-bonded 

fuel for a given design could be more easily acco~odated when the fission 

gas plenum is located. at the top. However, while the location of the 

fission gas plenum is of great importance for an actual design, an assess­

ment of the breeding potential is not strongiy affected by this choice. 

The pitch-to-diameter ratio was not a design pa~ameter but a derived 
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quantity. Sodium-bonded fuel was designed such that there was no fuel-

cladding interaction at end-of-life condition. A constant cladding thick-

ness of 0~015 iri. was selected for the pin diameters selected which ranged 

from 0.3 in. to 0.45 in. This is an effective cladding thickness since. 

it includes approximately 0.0015 in. iri thickness coming from a 0.003 in. 

perforated shroud surrounding the pellet. In case of helium-bonded fuel, 

the cladrline thickness increased propol:Llonally t:o the pin diamet'er to 

keep the hoop stresses constant.· Both wire and grid spacers were used. 

The selection of either spacer concept was based on consideration of 

maximum allowable wire thickness and spacer volume fraction. In general, 

the spacer volume fraction should not exceed significantly 2% of the 

total core volume and the wire thickness. should stay below 0.120 in. 

The deE::ign of the grids was based on data provided by W-ARD (Ref. 7). 

The duct wall thickness was calculated such that the highest stresses 

in the duct wall stayed below the maximum allowable s.tress. The 

interassembly gaps were determined such that fuel pin and assembly 

duct had the same lifetime. A fuel assembly handling allowance was 

added to this interassembly gap to assure that the fuel assemblies 

at end-of-life can be withdrawn easily. This approach differs from 

the wiqely used "kiss-of-death" design basis whereby the fuel assemblies 

are touching at end~of~life conditions. But it was felt that the un-

certainties ,in material, swelling and creep properties justify a more 

conse~ative design approach. 

The bond. thicknesses of 0.005 in. for gas-bonded and 0.010 in. for 

sodium-bonded fuel pins were based on information obtained from an. ea:rl:y 



12 

ression of LASL (Ref. 10). Helium-bonded pin designs were ba~ed on results 

from an early version of the UNCLE code (Ref. 11). Since the resulting fuel 

smeared densities were substantially higher than the available experimental 

data could support, an extensive sensitivity study was conducted to assess 

the impact of changing smeared densities on the breeding potential. 

The material properties used in these analyses are listed in Table IV. 

The swelling correlatiuii 'for carbiul:! fu~l woo bar.ed on 11 pn~liminarv analysis 

of EBR-II swelling data. The nitride fuel swelling was assumed to be the 

same as that for carbide fuel. 

B) Constraints 

The opti~ization of reactor performance with respect to a performance 

index requires .the analysis of various reactor designs which satisfy design 

constraints. A comparison of the performance of different reactors requires 

·that these reactors satisfy the same set of constraints. It is sometimes 

debated if design constraints should be applied at the beginning of the 

design work or at a later stage as a means to screen different results. 

But using constraints only to screen designs and their analysis does not 

eliminate attacks on problems which are only of academic interest at best. 

It is certainly not meaningful to overconstrain .the design but it is 

. . (14) 
·equally meaningless to apply no constraints at all. · 

. There is little disagreement among reactor designers that the appli-

cation of design constraints is very useful. · For one; the constrained 

.design approach limits the number of designs which need to be analyzed 

and secondly, this approach. assures the feasibility of designs by using· 

an integrated design approach. The disagreements on the usefulness of the 
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Table IV~ Material Behavior and Material Properties . 

Density 

UC-PuC, gffi/cc 

UN-PuN, gffi/cc 

SS316cW, gffi/cc 

Na, lb/ft 3 

. Thermal conductivity 

UC-PuC, Btu/hr-ft-°F 

UN-PuN, Btu/hr-ft-°F 

SS316CW 

Specific heat for sodium, Btu/~b -°F 

Swelling correlations 

Nitride, carbide fuel(l2) 

13.60 

14.32 

7.941 

53.5 

9.7* 

7.8* 

12.5 

·o.3o6 

Swelling Correlations for Cladding and Structural Alloys (R~ference 13) 

For 20% CW Type 316 stainless steel: 

~V R {~ +! ln [1 + exp a(T - ~)]} v- = a 1 + exp (aT) 
0 

where ~V/V = stress-free swelling in percent 
0 

~ = neutron fluence (E>O.l MeV) units of 1022 n/cm2 

T = irradiation temperature, °C 

R = exp B 

(8) 
*at 1000°C for 100% T.D. 
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Table IV. (contd.) 

B = -88.5499 + 0.531072T - 1.24156 x 10-3 T2 

T 1.37215 X 10-6 T~ - 6.14 X 10-10 ·T4 

T = 257.262- 2.39381T + 8.16677 x 10-3 T2 
. . 

1.18508 x 10-s T3 + 6.21367 x 10-g T4 

and a. = .- 1.11667 + 6.88889 X 10-3 T. 

J 

.. 
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constrained design approach come from the difficulties to quantify con-

straints. Earlier design work used an empirical des'ign approach. Experience 

obtained either in the operation of similar reactors, in irradiation 

experimen~s, in the manufacturing area, etc., provided constraints for 
. ' I , ' 

the design. As our knowledge about reactors grew, the empirical approach 

gave way to a deterministic approach. The core designer, for example, did 

not j~st use the recommendation made by the fuels experts as to the maxi-

mum obtainable linear heat rating, based on irradiation experience, but 

he introduced the fuei melting as a criterion for the design and calcu­

lated the obtainable rating. For conservatism in design he then designed 

the fuel pin such that the fuel centerline temperature stayed beiow the 

melting temperature by a given margin. Fuel pins were designed to achieve 

a certain burnup by quantifying gas release, fuel and clad temperature 

history, fuel and clad swelling, allowable strain levels, etc. The 

feelinS,.was then that quantifying design parameters by using mat~rial 

properties eliminates the arbitrariness introduced in the empirical 

design ,approach. But it did not take long and the designer was asking 

about t,he uncertainties in material properties, etc., and how th~y af-

. feet de.sign and performance parameters. For example, if a pin is designed 

for a certain maximum allowable burnup, this does not mean that all pins 

will fail when they exceed ·this burnup. The design techniques were modi-

fied to determine a fuel pin design such that less than a certai~ percentage 

of the ,fuel pins will fail with a certain probability when the nominal 

burnup -limit is exceeded. Maximum allowable power ratings are deter-

mined such that there is a certain probability that not more than a 
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. . 
.certain volume of a fuel pellet will melt. While these probabilistic 

approaches seem to be,intrinsically superior to the deterministic or 

empirical approaches in design, somebody has to tell the designer what 

"acceptable probabilities" are. At this point, however, the design 

approach turns back to judgements for guidance. These judgements are 

probabilities and confidence levels rather than hardware-related ex-

perl~u~.:~;:::;. 011e hao to lmap ·in mind that ~11 thr~~ design approache~ 

rely ultimately on judgement and a probabilistic approach is not neces-

sarily superior to an empirical approach. Another limitation in: the 

probabilistic approach comes from the requirement that uncertainties 

.in material properties and other :input data to a probabilistic assess-

ment have to have a statistical significance. In most uncertainties 

this will be very difficult to prove. An example is the swelling 

correlation for 20% CW316SS. The scatter of the basic qata from 

which the correla.tion is derived is very wide. In addition, there 

are possibilities for biases since some data.are derived from actual 

neutron irradiation, others from ion bombardments. Furthermore, the expected 

range of validity of such a swelling correlation extends far beyond the 

fluences ever observed. Under these circumstances, it is impossible to 

define a meaningful statistically significant uncertainty. Furthermore, 

one has to keep in mind that design constraints are not absolute but 

have to represent a compromise. Constraints applied to LMFBR designs are 

derived from the premise that a breeder reactor has to breed, and 

produce power safely and economically. It is easy to enhance the 

safety of a reactor by overdesigning the reactor. But overdesign of 

J 

J. 
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the reactor affects adversely economics and breeding. Enhancing the 

safety of a reactor, for example by spoiling the core geometry, usually 

leads to penalties tn economics and breeding. Making a reactor more 

economical by increasing the fuel residen~e time usually penalizes 

breeding performance and safety. Improvements in the·breeding perform­

ance are usually connected with penalties in the economics and·often 

also penalties in RRf~ty. Going to shorter reslu~nce Limes of the fuel 

will usually improve breeding but hurt the economics. Reducing design 

margins to reduce the amount of structural materials in the core an~ 

increasing the fuel linear heat rating will improve the breeding char­

acteristic of the reactor but also reduce safety margins. 

The designer therefore has to weigh ·breeding, economics and safety 

feature.s of the reactor and reach a compromise. This compromise will 

be reflected in the design constraints he applies. ' 

In the following, constraints will be discussed which were used and can 

be applied in designing the advanced 'fuel LMFBR cores. Some of these 

are based on core geometry consideration, others are based on performance 

limits ~hich ~re often derived from material properties. Examples are 

pressur~ drop limits, rupture life limits, maximum clad temperat~res, etc. 

An addi~ional group of constraints is derived from limitations ~posed on 

the design but not related to material properties. Examples are fuel 

cycle cost~ power cost, doubling time, etc. which have to stay below 

certain limits. 
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~· Geometry Constraints 

Optimum reactor performance requires a symmetric ~ore layout. In 

case of hexagonal fuel assemblies, the number of positions for fuel 
·• 

assemblies in a core layout of regular hexagonal shape·is given by 

3n (n-1) +1 

for n rows of fuel assemblies. By removing three assemblies at each 

corner of the hexagon in order to obtain a more circular p~·dvhery the 

number of assemblies for n rows of assemblies becomes 

3n (n-1) -17 

Since the control assemblies have to be arranged in a way .that they 

span a hexagon, the number of positions for fuel assemblies is given by 

3n (n-1) +1} tN+l) control assemply at core 
center position 

3n (n-1) -17 6N fuel assembly at core 
cen~er pu~:~lti6t'l 

with N ••••• number nf rings of control·assemblies. 

The variety of core arrangements can be increased slightly by ar-

rangi~g the control rods in a way that they span a triangle. This 

arrangement would tend to decrease the self-shielding of the control 

rods. 



b. Performance Constraints 

1. Pressure Drop 

19 

For single-stage mechanical impeller pumps, the niaximum allowable 

system pressure drop is limited to less than 200 psi. Limits on pin 

bundle pressure drop are usually set below 100 psi. A 90 psi limit was 

used in· the advanced fuel system studies. 

2. Maximum Clad Temperature 

A clad temperature limit of 1350°F or 1400°F including HCFs is often 

used as a design limit. The clad temperature in itself is not a real con­

straint since it is important only insofar as it affects the fuel pin life­

time (rupture life). But for a given fuel pin design which was based on a 

certain fluence, burnup and temperature condition the cladding temperature 

limit is a true constraint. For the advanced fuel LMFBRs cores analyzed 

in this series of reports, cladding hot spot temperatures (2cr) were 

always below 1350°F. 

3.. Fuel Pin Rupture Life 

For any design, the performance analysis is only valid if the cal­

culated time to failure of the pin is greater than its residence. time. 

While this seems to be a very valid constraint, its mathematical formula­

tion is quite difficult. For one, a rupture life correlation is necessary 

which describes the. rupture life as a function of internal pressure and 

temperature. Secondly, one needs to know what the internal pressures are 

c9ming from fission gas build-up and fuel-cladding interaction, the_latter 

being extremely important put also difficuit to describe mathematically. 
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Currently, fuel lifetimes codes and empirical correlations are being used 

for the prediction of fuel rupture life • 

. 4. Maximum So4ium Velocity 

While the maximum allowable pressure drop can often limit the 

maximum allowable sodium velocity, the sodium velocity is also limited be­

cause of cavitation and to a lesser extent corrosion. There are no exact 

limits on the sodium velocity but it is generally agreed that the maximum 

sodium velocity in the fuel bundle should not exceed 40 ft/sec. For design 

applications this limit is often placed at much lower velocities. 

5. Duct Stresses 

The stresses in the ducts are .usually the highest at the bottom 

el~vation of the fuel assembly with the greatest pressure. The stress 

limits for the materials considered are used to determine the minimum 

duct wall thickness. 

6. Power-to-Melt 

To avoid fuel melting, several approaches are being .used to determine 

limitS on the linear heat rating. The approach used in this series of 

reports is to constrain the fuel centerline temperature to be always below 

the ne,J.ting point: by lOOnF. Anuth~r appL'uach could be a statistic~! 

interpretation of the fuel melting limit. A probability for melting 

of a certain fraction of the peak power pellet can be determined. The 

latter approach though inherently very powerful has the disadvantage of 

nearly all statistical approaches to reactor design and safety, namely 

the difficulty in the definition of statistically ~eaningful uncertainties. 
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In both approaches, the power-to-melt criterion has to be applied to 

the average power times nuclear power peaking factors (including the un­

certainty in the calculation) times an overpower factor (usually 1.1:..1.15). 

c. Constraints Coming from Fabrication Considerations 

Examples for constraints coming from manufacturing tolerances are 

d~ametral gaps both for helium- and sodium-bonded fuel (see Table III), 

lower limits for clad thicknesses (0.010 in.), and achievable fu.el 

densities (98% T.D. maximum pellet density for carbide and nitride fuel). 

For wire-wrapped fuel, there is a range of feasible p/d ratios. Limits 

come from both low as well as high p/d ratios. Because of the high linear 

heat rating for carbide and nitride fuei, low p/d ratios are not lim­

iting for core fuel aoocmblieo.becauoe the opacer wire thickncoo is 

seldom less than 0.045 in. However, wire wrapping was not used as a 

spacer concept whenever the spacer wire thickness exceeded 0.120 in. 

For certain design analyses, the constraint on the spacer concept was 

that a spacer volume fraction should be equal or less than 2%. 

d. Operational Constraints 

From the core designer's point of view, inlet and outlet temperature 

and mixed mean coolant temperature rise are often constrained by con­

siderations of thermal stresses under steady ,state as well as transient 

conditions. They depend on design details and are usually difficult to 

quantify (thermal shock on upper internals and vessel outlet, stresses 

due to large temperature differences at the outlet of adjacent fuel 

assemblies, etc.). In this series of reports no attempt was made to 

quantify these constraints. 
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The operational cycle length was limited ·to 300 full power days. 

Ultimately, this constraint has to reflect a utility's desired mode of. 

operation. In this series of reports, the impact of 150 fpd and 450 

fpd cycles on the breeding performance will be discussed; too. 

e. Fuel Bundle-Duct Interaction Constraints 

The obtainable duct l~fe time has been constrained so far only by 

the available space between fuel assemblies and the stress level in the 

duct wall due to the coolant pressure. Another imp~rtant parameter 

affecting the duct life is the fuel bundle~duct interaction. (l5) 

The outermost row pf fuel pins inside a fuel assembly is usually over­

cooled. This leads to duct temperatures which can be well below the 

average clad tempe.rature inside the fuel assembly. Therefore, cladding 

and the duct will swell at different rates and the fuel bundle will ul-. 

timately mechanically interact with the duct wall. This could be considered 

the life limit for the duct. At this time, however, not enough analysis 

has been carried out to take properly into account dispersion and enhanced 

duct swelling due to increased duct wall temperatures which are a result 

of the ·reduction in .the hydraulic diameter of the outermost row of fuei 

pins due to bundle compression. Furthermore, the limiting fuel bundle-

duct interaction can be delayed by enhancing duct swelling which can be 

achieved by having the outermost row of fuel pins double-wrapped in order 

to reduce the flow area. For these reasons; the duct life calculations 

for system studies·were not constrained by _bundle-duct interaction. 

• 

• 
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Design studies can also b_e constrained by expected performance 

parameters, for example, compound system doubling time, fuel cycle and 

plant costs. These constraints, however, are to some extent arbitrary. 

Other constraints could be sodium void reactivity, Doppler coefficient, 

expansion coefficient, etc. Though each of these parameters is import­

ant for· safety consideration, at this time it is not possible to identify 

quantitatively what the magnitude of these safety parameters has•to be. 

None of these constraints were used in the studies described in this 

series of reports. 

IV. METHODOLOGY FOR DESIGN AND ANALYSIS 

The major characteristic of system design analysis is that it is an 

anaiysis which links nuclear, mechanical and thermal design to obtain con­

sistent core designs. A constrained design approach is necessary to optimize 

cores with respect to certain performance indices. The application of con­

straints limits the number of designs which have to be evaluated· to optimize 

a perfo~nce index. Examples for design constraints are maximum sodium 

velocity, coolant temperature rise, stress limits for ducts, cumulative 

damage traction, limiting power-to-melt, maximum allowable pressure drop, 

total inelastic strain due to thermal and irradiation creep, etc. Examples 

for performance indices which can be optimized are compound system doub-

ling time (Appendix A), doubling time times specific inventory (Appen-

dix B),, fuel cycle cost, power generating cost, etc. 

The system design approach currently used is discussed in the 

following. Table V shows the basic calculational flow for system 
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Table V. Basic Calculational Flow for System Design Studies. 
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fuel-clad interaction 

-
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duct design 
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breeding optimization 

interassembly gap 
swelling 
creep 
haudlJ..tig 

I 
CORE LAYOUT 

zoning 
control system design 
blanket 
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I 
PRELIMINARY NUCLEAR ANALYSIS 
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design studies and the computer codes used. The system design begins 

with the fuel pin design and continues from there with the fuel as-

sembly design and core layout. A preliminary nuclear analysis of the 

core layout provides feedback to the fuei pin design, assembly design 

and core layout. After the designs.converged more detailed nuclear 
I 

and thermal analyses are following. Transient and accident analyses 

complete the design analysis although for most system studies this 

type of analysis will only be carried out for otherwise optimized 

designs. Results from .transient and accident analyses which were per-

formed in the past are used as a guidance to the core design efforts. 

The fuel pin design is the first step in the system analysis. For a 
I 

given pin diameter, cladding thickness ond fuel omcor dcneity have to be 

known as a function of operating conditions, i.e.' temperature, pressure drop, 

burnup, fluence, residence time. 

An early version of the UNCLE code was used to design helium-bonded car-

bide and nitride fuel pins. The cladding thickness is derived from a reference 
. . 

fuel pi~ design by keeping the hoop stresses the same, i.e., the:ratio of 

cladding thickness to pin diameter is held constant (wastage allowances are 

taken into account).· The UNCLE ccide calculation, however, gave smeared 

densiti~s which were substantially higher than expected based on experimental 

(16) 
data. , Therefore, in addition to the fuel pins derived directly from UNCLE, 

extensive sensitivity studies were conducted to determine the impact of fuel 

density on breeding performance. 

Sodium-bonded carbide and nitride fuel pin designs were derived 

. . (17) 
from th~ .NAPIN code-which is-a sirilplified version of UNCLE and 
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·uses the basic swelling char?cteristics of these fuels and ·the cladding. 

The cladding thickness for sodium-bonded fuel was fixed at 0~015 in. 

for CW316SS . (lS) 

Another approach to fuel pin design would be to select smeared density, 

cladding thickness and operating condition and determine a fuel lifetime 

based on, for example, the cumulative damage fraction concept. In this case, 

however, one has no guarantee that the resulting fuel lifettme is a multiple 

of a selected burnup cycle. :aecause of this ambiguity we determined fuel pin 

designs such that.they also satisfy thi$ constraint. 

In designing fuel pins, fluence and burnup information as ~ell as hot 

channel factors are needed. Data from previous analyses are taken as a first 

guess. 

In reviewing the fuel irradiation data it is difficult to see clear 

_trends in fuel swelling as a function of temperature, burnup and fluence. 

It could then pe argued that perhaps a constant smear density independent 

of operating condition might be a better choice for system studies and . 

that the designs and their analysis should be carried out for several 

smear densities. This approach was not used for the following reasons. 

The constant .smear density approach inc·reases the number of cores 

which have to be analyzed by a factor o.f· 2-3 (using 3 or 4 d;i.J:ferent 

smear densities) which is physically difficult but possible to analyze. 

The major problem, however, is: what is the meaning of all these data? 

It is known that lower smear densities will lead to poorer breeding 

performance. One would therefore not lower the smear density of a 

pin design unless there are also benefits to be obtained. To derive 

any conclusion from this wealth of data obtained u~ing this approach, 

Judgment needs to be applied as to a possible change in smear den-

. ' 
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I 

sity as a function of burnup and/or temperature (fuel and/or clad). This 

judgment, however, is better applied at the beginning of the analysis 

to limit the number of cores which have to be designed and analyzed rather 

than at the end. 

The next step·in the analysis is the design of the fuel assembly for 
· ··1y· 

which the NIFD code{ ) is being used. Input data are coolant inlet and outlet 

temperature, maximum coolant velocity, maximum linear heat rating, core 

height and blanket thickness, fuel pin diameter, reactor power and power 

split, stress limits and fast fluence. Output data are fuel pitch-to-

diameter ratio, duct wall thickness, duct inside flat-to-flat distance, 

required interassembly gap as a function of ·axial position (allowing for 

swelling, irradiation creep and handling}, number of fuel assemblies 

needed, bundle pressure drop, and volume fractions •. The code can handle 

both wire-wrapped as well as gridded assemblies. Based on the number of re-

quired fuel assemblies and the estimated number of control positions, the 

code also determines the actual number of fuel assemblies for a hexagonal 

core layout where the corners can be rounded off, if needed. . . 

One of the critical issues in this analysis is the calculation of duct 

wall thickness and the interassembly gap. Based on previous physics analysis, 

in most cases the optimum duct wall thickness T is calculated such 

that it satisfies the following equation 

alimH = 6p ~(~/ + b(~)) ·j . 

. (1) 

, .. : 

with 6p ••• pressure drop, ~ ••• distance across the assembly flats, crlimit 

stress limit for the material under consideration, a,b ••• constants. After 
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the duct wall thickness is calculated, the interassembly gap is calculated 

such that both assembly duct and fuel pins have the same lifetime (Appen-

dix C). In case of some advanced alloys, however, it was found that a 

duct wall thickness derived from Eq. (1) led to very large duct rounding 

.due to irradiation creep and the optimization of the breeding· performance 

required an increase in duct wall thickness to reduce the interassembly 

gap. Because of this finding it is always checked if the duct wall 

thickness derived from Eq. (1) assures optimtim breeding performance or 

if the duct wall thickness needs to be increased. 

Based on the pin design data, core size and. core and blanket volume 

fraction, nuclear cross section sets are being prepared. 

2 (20) The MC -2-SDX code system is used to determine heterogeneously or 

homogeneously self-shielded nuclear cross sections for core and blanket 

regions based on ENDF/B Version IV microscopic nuclear cross section data! 

The code allows space- and energy-collapsing of, cross sections. 

For burnup analysis, 8-group cross sections are usually used. For 

sodium-void and Doppler calculations, 21 group cross sections .are in use. 

Separate cross section sets are prepared for oxide, carbide an4 nitride ·cores 

and they are used for a variety of pin designs •. Separate cross section 

data sets are prepared for three differ~nt temperatures as well as for 

cores with and without sodium. 

The next step in the analysis is a refinement of the.core layout which 

was obtained from NIFD. Based on extensive zoning analyses the volume ratio 

of inner to outer core region should be in the neighborhood of 60/40. Con-

trol rods are arranged on a hexagonal layout. Between one and three rows of 
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radial blanket assemblies surround the core. Outside the blanket region is 

the reflector region (both radially and axially). 

The next step in the analysis is the preparation of a cylindrical 

model of the reactor which is used for pr,eliminary nuclear analysis. The 

information needed at this stage is an update in the initial guesses on 

power splits, fluence, burnup, enrichment split, control rod worth and 

burnup swing. These data feed into the fuel pin design codes and the 

fuel assembly code NIFD. They are derived from the SYNBURN(2l) code. 

SYNBURN is a 2-D· synthesis burnup code which calculates beginning- and 

end-of-equilibrium cycle performance characteristics and mass balances. 

Usually, there is only one iteration required between the performance 

guesses which feed into fuel pin and assembly designs as well as the core 

layout and the updated design and layout based on the preliminary nuclear 

analysis. What follows is the nuclear analysis in the detail consistent 

with the answers one is seeking. In general, one wants to know ~hat the 

first core and equilibrium core performances are. Enrichment, power peaking, 

mass balances, power distribution, control system characteristics and design, 

safety ~oefficients are some of the data one is interested in. Sensit~vity 

analyses are often part of the nuclear analysis. 

In the nuclear analysis, the following codes are being .used. 

Diffusion Codes 

For one-dimensional diffusion codes, ~he codes DIF1D(22 ) and MACH-1( 23 ) 

are used. DIF2D( 24 ) is available in r-z, r-0, an9 hexagonal geometry and is 

routinely used with a large variety of search options. As of lately DIF3D(2S) 

and SYN3D are also being used. The first code is an extremely fast 3-D code 

which uses only a fraction of the computer running time of VENTURE( 2G) code 
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which had been used before DiF3D became available. 
(27) . 

SYN3D is a 3-D syn-

thesis code which has great flexibility with regard to geometry options 

and. trial functions to be used. PARC1D(2S) and PARC2D(29 ) are one~ and 

two-dimensional perturbation codes which are being used for worth calcu-

lations in general and sodium void and Doppler reactivity distribution 

in particular •. 

Thi:! REBUS (30) code pacltagc whi~h pQrforms burnnp calculations ;i.p. 1, 2 

and 3D is routinely used. The code system handles discrete burnup, 

equilibrium cycle analysis, homogenized fuel management, discrete fuel 

management, fuel shuffling as well as a large variety of fuel recycle op-

tions. The SYNBURN code is a 2-D synthesis burnup ~ode which handles equili-

brium cycl~s. It does not offer options different from REBUS but is an 

extremely fast running code. The 2DB(3l) code is available for burnup analysis 

but the preferred codes are REBUS and SYNBURN. A 3-D synthesis burnup 

code SYN3D-BURN.(32 ) became recently available and will be used extensively ~n 

the near· future. 

Transport Codes 

in use are ANISN (33) DOT( 34) and .TWOTRAN(3S) for one- and two-dimensional ----"·-' ·--
neutron and gamma transport calculations and the calculation of heat 

deposition. 

Miscellaneous Nuclear Design Codes 

The CYPRus<36 ) code package is used for reactivity and power shape con-

trol analysis. The code determines the enrichment distribution in a 

multi-zone reactor such that a desired power shape is achieved at beginning-

of-life condition. Furthermore, it calculates the poison distribution dur-



31 

ing operation of the reactor such that the reactor remains critical and 

a desired power distribution is retained. 

(37) (38) . The RIBD code and ORIGEN code are used to calculate the fiss1on 

product content of irradiated fuel and heating effects accompanying radio-

active decay. The calculations follow the irradiation history including 

shutdown periods and operation at different power levels. 

After completion of the nuclear analysis, core layout, fuel manage-

ment, and power distribution feed into the thermal analysis. The codes 

HEXFLO, ENERGY and·THESAC are the codes most often used •. 

The HEXFLO(Jg) code determines steady-state core-wide temperature dis­

tributions. It is based on the ENERGY(40) code and takes interassembly heat 

transfer into account. Fuel assemblies can be orificed individually. Cool-

ant temperatures are calculated inside all fuel assemblies as well as duct 

temperatures and cladding hot-spot temperatures~ 

The ENERGY code determines the temperature distribution inside a fuel 

subassembly. The various mixing modes are lumped into an equivalent 

turbulent cross-flow which is described by an effective eddy diffusivity. 

The THESAC(4l) code does single channel analysis yielding temperatures for 

bulk coolant, inside clad and fuel centerline as a function of axial posi-

tion. These calculations are restricted to the hottest channel in the sub-

assembly. A hot channel factor analysis is included. 

The results of this analysis provide feedback to fuel pin and assembly 

design, core layout and may require a modification of operating conditions. 

In most instances, a preliminary hot spot analysis is performed in advance 

of the fuel pin design. It is usually based on earlier calculations of 

'L.' 
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HCFs for similar pins. It.is for this reason that the preliminary nuclear 

analysis is often followed directly by the thermal analysis and a more de-

tailed nuclear analysis is carried out after the feasibility of the thermal· 

design has been assured. 

'The thermal analysis of the reactor is followed by transient and 

accident analysis. 

The sAs-3A(~l) code is u~ed for·off-normal transient analysis together with 

(43) . ' ' . 
FX-:-~' a 2-D space-kinetics code which can also handle point kinetics. 

To study the systems aspects of a given design the ALPs<44 ) code is used 

which optimizes an electric power generating system subject to a wide 

variety of constraints. For fuel cycle cost calculations several in-

house developed codes are being used. 

All the major design codes were modified such that·they are compatible 

with each other, i.e., output from one code can be used directly as input 

to another code. In addition to these codes, there is available a large 

variety of·utility cpdes for plotting, input preparation, format changes, 

output processing, doubling time calculations, etc. Various other codes 

like NUBow<4S) (thermal and irradiation induced bowing), THI3n<46 ) (3-D 

Co.BRA(47 ) (same), COR,TAC(4S) thermal-hydraulics of a fuel assembly), 

(core restraint transient code), COROPT(49 ) (core optimization code for 

oxide fueled LMFBRs) are used to address special problems. However, these 

. codes were not used on a routine basis for the assessment of the breeding 

performance •. 

.. 

.. 
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V. SUMMARY 

The design of LMFBR cores depends strongly on the assumptions and 

constraints whicq characterize and limit the core design and its per-

formance. In deriving the design assumption, no attempt was made to 

project any future technology. Most assumptions reflect the current 

state-of-the-art. The structural material used was 20% CW316SS. This 

is a. limitation which is not based on an expected superiority of this 

material over other structural materials, but is a reflection of ·the 

lack of material data for other structural materials at the time this 

study began. Future studies will also include other alloys whose 

material properties were published recently. The cores which have been 

analyzed use carbide and nitride fuel in either their sodium- or helium-

bonded versions. The lack of sufficient irradiation data on these fuels· 

made it mandatory to design these cores conservatively so that the calcu-

lated performance characteristics, especially the breeding characteristics, 

are not dependent on major technological breakthroughs. Great care was 

exercised to assure the feasibility of those cores by integrating nuclear, 

thermal and mechanical design. In selecting design constraints emphasis 

was placed on the simplicity of the constraints consistent with the purpose 

of the system studies, which is an assessment of the breeding performance 

of carbide and nitride fuels in 2000 MWe LMFBRs. Five groups ·of constraints 

were discussed: geometry constraints; performance constraints; constraints 

coming from fabrication consideration; operational constraints; fuel bundle-

duct interaction constraints. Four of these constraints were employed in 

the· design of the various cores. Preference was given to a deterministic 

.. . . .. , 
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design approach·over a probabilistic design approach. 

The system design begins with the fuel pin design and continues 

from there with the fuel assembly design and core layout. A preliminary 

nuclear analysis of the core layout provides feedback to the fuel pin 

design, assembly design and core layout. After the designs converged 

·more detailed. nuclear and thermal analyses followed. In many instances 

the preliminary nuclear analysis is followed directly by the thermal 

analysis and a more detailed nuclear analysis is carried out only after 

the feasibility of the thermal design has been assured. Transient 

and accident analyses complete the design analysis, although for most 

system studies this type of analysis will only be carried out for other­

wise optimized designs. Results from transient and accident analyses 

which were performed in the past were used as a guidance to the core 

design efforts. 

A larg~ arsenal of computer codes is in use for the nuclear, 

thermal and mechanical design analysis. The computer codes range 

from survey codes for scoping studies to larger computer code systems 

for detailed analysis. At this stage, no consideration was given to 

the balance of plant, nor were detailed designs developed. The work 

reported in this series of reports concentrated on an assessment of 

the breeding potential measured by a compound system doubling time. 

The impact on optimized breeding performance of using different per­

formance measures like (doubling time * specific inventory) and fuel 

cycle cost, was analyzed, too. 

.. 
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APPENDIX A 

THE DEFINITION OF COMPOUND SYSTEM DOUBLING TIME 

A. Basis Assumptions 

1. All 235u above a base 0.2% is counted as fissile inventory 

which has to be doubled. If depleted uranium with 0.2% 

235u is used as a diluent, this 23 5u content is not co~nted. 

as fissile material. 

2. The plutonium composition is that of LWR discharge plutonium 

With the following composition: 

239pu 68.0% 

240pu 19.4% I " 

241pu 10.2% 

242pu 2.4% 

3. For the calculation of the 241 Pu losses due'to decay, a half-

life of 14.7 years is assumed. 

4. A fuel cycle loss factor of 1% is used. 

5. An external cycle time of 1 year is used. 

B. Basic Equation 

The compound system doubling time, CSDT, is calculated according to 

Min + Mex CSDT = 0. 69 3 X :....· ___ ___:::;;:;:___~-:--

- L ) x cycles (G - L 
p d year 
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with 

M. = In-reactor fissile inventory l.n 

M = External cycle fissile inventory ex 

G = Fissile gain/cycle 

1 Fuel cycle losses p 

Ld = 24lpu decay loss for the external 

C. Definition of Components 

1. In-reactor fissile inventory, M. l.n 

cycle 

The BOC (beginning-of-cycle) !nventory i$ used as in-reactor 

fissile.inventory, including in-core as well as blanket 

fissile inventories. 

In case only MOC (middle-of-cycle) inventories are available, 

the BOC inventory is estimated by 

1 
MOC - 2 G. 

2. External cycle fissile inventory, M ex 

The following expression is used for the calcul~tion of the 

external cycle fissile inventory: 

with 

M ex 

T ·ex 
=Min x R.F. x T -

cycle 

R.F. Refueling fraction 

T = Externa~ cycle time ex 

T = Cycle length cycle 

.. 
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For a multiregion refueling, an effective refueling.fraction is 

obtained according to 

M ex 

T 
= L M~ x (R. F. ) j x T ex 

1n j cycle 

where the superscript j denotes thP. region, and_ 

~ Mj = M. 
l. in 1n 
j 

3. Fissile gain, G 

4. 

When an explicit depletion calculation is performed, the 

fissile gain over the equilibrium cycle naturally results. 

The nepleti.on analysis is performed taking t~e :;1 4 1Pu u~cay 

into consid_eration. When MOC static calculations are per-

formed, the fissile gain is estimated by the breeding gain 

and the energy produced during the cycle. However, the 

following correction factors are included in this method. 

a) The ratio of fissile isotope fission to total fission. 

b) The ratio of fissile destruction to fissile fission. 

In either method,. the fissile gain is adjusted by the 24lpu 

decay loss during the cycle. 

Fuel cycle losses, L 
p 

The fuel cycle losses (fabrication and reprocessing losses) 

. are calc_ulated according to 

L = EOC x R.F. x 0.01 
p 
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EOC = End-of-cycle fissile inventory 

= M. + G J.n 

5. 24lpu decay loss Ld 

The 24lpu decay loss for the external cycle is approximated by 

->. T 
L~ = M~4 l x R.F. x (1 - e ex) 

n --me: 

= ~41 X R.F. X 0.04606 -"'EOC 
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APPENDIX B 

A FIGURE OF MERIT FOR ORE CONSERVATION 

To measure the performance of a fast breeder reactor with respect 

to uranium ore conservation in ~ nuclear power sy~tem consisting of 

different types of reactors is a very complex task and requires detailed 

system studies. However, it is possible to determine a figure of merit 

for a breeder reactor in regard to ore consumption for ari idealized 

nuclear power generating system. The problem can be stated as: how 

much uranium has to be mined in order to start out with a self-sustaining 

breeder reactor system? After the breeder reactor is installed, no 

other reactor types will be built. The condition for a self-sustained breeder 

system is that it produces enough excess plutonium fo fuel all new reac-

tors which have to be added to the power generating system. With G .•• 

electrical growth rate (GWe/yr), DT .•• breeder doubling time equalling 

1/Y with Y •.• yield, SI ••. breeder specific inventory. (kg Pu/GWe), I .•• 

total breeder inventory, we can write the condition for a self-sustaining 

breeder1 system as 

I•Y = G•SI 

or 

I = G•SI•DT 

We can write 

I = K•SI 
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with K .•• required breeder capacity to assure that self-sustained breeder 

systems can be maintained which can also be expressed as 

K = G•DT 

To accumulate I ·in order to install K breeder reactors at one time, 

converter.reactors are needed. If C measures the conversion of natural 

uranium 1fitO plu~onium 

C kg nat. U 
-. ·kg Pu 

one can express the total ore requirement Q as 

Q = I•C 

or 

Q = G•SI•DT•C 

In this equation:, SI•DT are breeder-design related and therefore, the 

product of 

SI•DT 

can be used as ·a figure of merit of a breeder ~eactor with resp_ect to ·· 

uranium ore requirements. The smaller the product of SI•DT is, the 

lower are the uranium ore requirements. 

While this is an easily accessible parameter in the characterization 

of a fast reactor, it must be remembered that it is derived from a simple 

model which assumes that at the time the installed nuclear capa~ity 

reaches G•DT, exactly this number of breeder reactors will be installed 

-· .· 
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and for the future, no ,other reactor type will be installed.· Actual system 

studies allowing a mix of different reactor systems might therefore show 

slightly different results. wi~h respect to breeder reactor optimization 

to reduce ore requirements • 

' 
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APPENDIX C 

CALCULATION OF INTERASSEMBLY GAPS (DUCT DILATION)(SO,Sl) 

In order to accommodate duct diametral dilation due to irradiation-

induced swelling and creep, the reactor must be designed with sufficient 

space between the subassemblies to assure their structural integrity and 

to permit. their removal at the end of life. 

A. Introduction 

The required gap g between ducts in an LMFBR to compensate for duct 

dilation can be estimated by using the expression: ' 

g = LF x/CLF + 5x) 

+ (LF + 2T)(%~V/V)/300 (ClJ 

+ 0.0131 (LF + 2T) 

where 
L4 

0.00695 
F 

X = ~p 3 K. 
T 

(C2) 

The three terms in the expression for g represent, respectively, 

(a) duct rounding due to irradiation-enhanced·creep from internal pressure, 

(b) duct dilation due to swelling, and (c) allowance for handling and 

bowing. 

B. · Derivation 

(1) Duct Rounding. It is assumed that ·rounding wnich results 

from inelastic strain is identical to that which would result from the 

same amount of elastic strain. The latter rounding is obtained from the 
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.conventional equation for elastic deformation of a beam with fixed ends 

and uniform load: 

w R-4 
art 

EI 

w 
1 art R-4 12 

= 384 -E- . 3 
T 

(C3) 

where W t is an artificial unit load which produces an amount of elastic ar 

strain, near the ends of the beam, which equals the circumferential in-

elastic strain near the corners of an actual duct. To express Eq. (C3) in 

terms of strain rather than Wart it is convenient to introduce crart' an 

artificial stress corresponding to the elastic strain: 

But, cr t = eE, and ar . . 

so that, from Eq. (C3) 

2 
24 LF 2 

f = 384 3T £ = 0.0208 LF e/T. 

The inelastic strain comes from 

£ = Kcr 

where 

1 (~)2 0 = 2 t.P T 

(C4) 

(CS) 

(C6) 

(C7) 
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K is a function used to calculate the irradiation-en~nced creep 

strain. Combining Eqs. (C5), (C6), and (C7), and multiplying by 2 

(because f of Eq. (C5) applies to only one side of a duct) gives Eq. (C2) 

where x is the maximum increase in distance across flats due to 

rounding from irradiation creep resulting from internal pressure, 

assuming that the stress, Eq. (C7)' remains constant with time. 

To take into account stress relaxation due to strain, .cr (and thus x) 

is multiplied by a factor w:hich is equal to unity when the strain is zero,· 

and equal to 0.5 when f is large enough to indicate the hex duct has be-

come circular. (When a hex duct becomes circular, the bending stress .cr 

becomes zero~ therefore, the time-averaged value of cr while a hex duct 

is becoming circular is aboutGone-half of the zero-strain value.) 

The perimeter of a hex duct equals 6 LF/1:3 and the perimeter of a 

circular duct equals TID. Because both perimeters are equivalent, 

LF/D = 0.909. That is, when 2f = 0.1 LF' the duct has become circular. 

Therefore, the aforementioned factor is about 

Factor 

Consequently, 

- 1 - 0.5 (2f) 
0.1 ~ 

2f = X [1 - 5 (2F)/LF] 

which is the first term in Eq. (Cl). 
., 
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(2) Duct Swelling Dilation. The second term in Eq. (Cl) merely 

states that the across-flat dimension of the duct increases by one-third 

of the fractional volumetric swelling. 

(3) Handling and Bowing Allowance. The third term in Eq. (C2) 

· comes from 

0.030 (LF + 2T)/2.29 

which is based on the fact that the EBR-II ducts, with (LF + 2T) equal to 

2.29 in., were provided with a 0.030 in. gap for handling. It is 

assumed that this gap should be proportional to (LF + 2T), particularly 

wheri permanently and temporarily bowed ducts are considered. 
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E 

E 

f 

g 

I 

M 

p 

T 

v 
w art 

X 

e: 

0 

46 

Table C.l 

Nomenclature 

Description 

Distance from surface to neutral axis 

Diameter 

Young's modulus · 

Mean neutron ~nergy 

Max. transverse deflection of one hex quct 
flat 

Transverse gap between adjacent ducts 

Moment of inertia 

Inside distance across duct flats 

Length of beam (Inside width of duct flat) 

Bending moment 

Duct wall thickness 

Volume 

Unit load (artificlal) 

Eq. (G.3) 

Strain 

Stress 

TyPical Units 

in. 

in. 

-2 lb-in. 

Me 

in. 

in. 

. 4 
~n. 

in. 

in. 

lb-in. 

-2 lb-in. · 

in. 

3 in. 

-1 lb-in. 

-1 in.-:-in. · 

lb-in.-2 

• I 

I 

I 
t 

I 
i 
I 
I 

I 

I 
I 
I 
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