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Synopsis:

The core arrangement in an LMFBR can potentially affect the lower internals9

upper internals, radial shielding, vessel, hot leg transients, head

access area and control systems as well as breeding ratio, doubling

time and core inventory. This paper describes the results of a study

of the impact on these components and parameters that would result

if the Clinch River Breeder Reactor were to incorporate a heterogeneous

core.
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INTRODUCTION

1. The Clinch River Breeder Reactor Plant (CRBRP) baseline design contains a

homogeneous core. For reasons described below a design study was performed

on the effects of changing to a heterogeneous core. Because the CRBRP is

in an advanced stage of design and fabrication, the study, of necessity,

had to include the impact on all potentially affected systems (and buildings),

This paper summarizes the reasons for the design study and the impact of

changing to a heterogeneous configuration pn those components that either

would be affected or were expected to be affected by the change.

Reference Core Design

2. The fuel assembly design is shown in Figure 1. The structural components

in the assembly are made of Type 316 stainless steel (SS) and the external

dimensions are 11.3 cm across flats by 4.26 m long. The fuel assembly

contains 217 fuel rods. Each rod is 5.84 mm in diameter and has a cladding

thickness of 0.038 cm. The stainless steel rods are spaced by wire wrap

to a 1.26 pitch/diameter ratio. The core region is 91.5 cm high, and is

bounded by axial blankets 35.6 cm long. The fission gas plenum is 121.9 cm

long.

3. The radial blanket assembly has only 61 rods. The rods are 12.9 mm in

diameter and contain 162.6 cm of depleted uranium dioxide in 0.038 cm thick

stainless steel cladding. In other respects the radial blanket assembly

is similar to the fuel assembly.
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4. With these core assembly designs used in the homogeneous configuration*

the CRBRP can achieve the breeding ratio goal of 1.2 in the first cycle.

This is based on the use of Pu having an isotopic content equivalent to

the isotopic content of Pu discharged from light water reactors. However,

the breeding ratio decreases for later cycles. In addition, the Pu to be

used in the Clinch River Reactor for the initial cores is not light water

reactor recycle Pu, but has a lower fraction of Pu-240 and Pu-241. The

Variation in breeding ratio for these various cases is shown in Table 1.

HETEROGENEOUS DESIGN STUDY

5. The Clinch River Reactor Project decided that it would be desirable to

investigate the feasibility of a revised fuel design or fuel management

scheme which would achieve a breeding ratio of 1.2 in the equilibrium cycle

while using Pu with a low Pu-240 fraction. However, constraints imposed

by the fuels development test program and the Project schedule tend to

preclude the ability to make.changes in the fuel design for early reloads.

Consequently a design study was undertaken to evaluate the overall impact

of an alternate fuel management scheme employing a rearrangement of the

core into a heterogeneous fuel layout.

Groundrules

6. The groundrules given below were adopted to limit the changes to reactor

hardware that was in an advanced stage of design and procurement.

• The mechanical designs of the fuel and other removable core assemblies

will not be changed except for their inlet hardware.



• Inner and radial blanket assemblies will be mechanically identical except

for their inlet hardware.

t Both primary and secondary control assemblies must remain mechanically

unchanged.

t Blanket assembly shuffling will not be considered for this study.

• The control rod locations cannot be changed. The number of primary and

secondary locations can be changed and/or transposed.

• The fluence limit for the core barrel must remain unchanged.

• The power, refueling interval, and availability of the reactor cannot be

decreased.

• The overall safety characteristics of the reactor must not be degraded.
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Selection of Core Arrangement

7. Figure 2 shows the homogeneous reference core as a bench mark. It contains

198 fuel assemblies, 150 radial blanket assemblies, 15 primary control rod

assemblies, and 4 secondary control rod assemblies.

8. A design study was performed to select a core arrangement which satisfied

the goals of maximizing the fuel and blanket lifetime while maintaining the peak

blanket power less than t. 660 w/cm, achieving an equilibrium breeding ratio

of 1.2 or greater with the first-core fuel assembly design and low Pu-240

'-••', fuel, and providing adequate control margin to accommodate minor perturbations

from subsequent design changes and/or experimental biases.
t.

i ' •

9. The most nearly optimum arrangement from a standpoint of flux and power

shape, controllability, and fuel lifetime is shown in Figure 3. The design

contains a total of thirteen control locations.^ Seven are primary control

locations, one in the ct.nter plus six in row 7 corner (R7C) locations.

Six are secondary contrc.1 assemblies in row 4 (R4) locations. This core

arrangement had only one*major drawback. Due to the breeding gain, the

inner blanket assemblies}exceeded the linear power limitation at the end

of two cycles of 275 ful| power days each.



10. A possible approach to reduce the peak blanket linear power is a reduction

in the cycle length to reduce peak plutom'um accumulation. A 6-cycle scheme

was considered for the 5-year demonstration period in which the "equilibrium"

refueling interval would be 3/4 of a calendar year (207 full power days of

operation per cycle). The total integrated plant energy output (full power

days of operation) in the 5-year demonstration period is roughly the same

as that obtained with the 5-cycle annual refueling scbame. Although this

shortened-cycle scheme was successful in reducing the peak end-of-life inner

blanket power to less than 660 w/cm, it suffered from an increase in fuel

cycle costs because the integrated energy output from each fuel "batch" was

reduced. Additionally, it violated an annual refueling guideline.

11. An effective means of reducing the peak end-of-life inner blanket power

is to lower the central core flux levels and thereby lower the plutonium

accumulation. This was accomplished by removing selected fuel assemblies

and substituting inner blanket assemblies near the center of the core, thereby

causing a flux shift away from the core center and out toward the

fuel ring in rows 7, 8 and 9. Ultimately, an "optimum" design was selected

which contains 156 fuel assemblies and 76 inner blanket assemblies as shown

in Figure 4. In addition, six positions contain fuel assemblies and inner

blanket assemblies on alternate cycles for reactivity purposes. This increase

in the number of fuel and blanket assemblies requires a slight compromise
i

of the refueling time groundrule, as does most of the alternatives considered.

12. In order to maximize the radial blanket assembly l i fet ime, while maintaining

the peak linear power at less than ^ 660 w/cm, the inner row radial blanket

assemblies are burned fn-place for 4 consecutive years and the outer row

(low flux) blanket assemblies are burned in-place for 5 consecutive years.



13. Complete refueling of fuel and inner blanket assemblies is performed every

two years, at the end of even cycles. A partial refueling (six assemblies)

is required at the end of each odd cycle to provide reactivity enhancement.

Relocation of Control Assemblies

14. A consequence of this core-layout alteration was an unacceptable reduction

in the inner-ring (R4) secondary control assembly (SCA) worths in the lower

flux environment at beginning-of-cycle. The 6 secondary control rods were

therefore moved from the R4 locations out into the higher flux region in

the R7 flats (R7F). At the same time, the low-worth central primary control

rod was eliminated and 3 primary control rods were added symmetrically

in R4. The net result is a 15-control-rod system which consists of 9 primary

control rods (6 primary operating control rods in R7C and 3 withdrawn primary

control rods in R4) with 6 withdrawn secondary control rods in R7F. This

control configuration falls within the envelope of acceptable control positions

insofar as each of the aforementioned locations contain a control assembly

in the homogeneous design.

NEUTRONIC COMPARISON OF THE HOMOGENEOUS AND HETEROGENEOUS CRBRP CONFIGURATION

15. The differences between the heterogeneous and homogeneous configuration

are partly an intrinsic characteristic of the heterogeneous arrangement

of the fuel and inner blankets and partly a function of the different

effective heavy metal mass of the two arrangements. The major differences

may be categorized into (1) breeding ratio and doubling time characteristics,

and (2) differences in reactivity coefficients and kinetic characteristics

and their impact on the reactor dynamic behavior.



16. Table 1 summarizes the major neutronic differences between the homogeneous

and the heterogeneous configurations. The heterogeneous configuration breeding

ratio (on a consistent physical assembly design and operating history

basis) substantially exceeds that of the homogeneous configuration. The

heterogeneous design achieves the 1.2 breeding ratio goal with some margin

utilizing the reference-fuel-rod-diameter, first-core fuel assembly design

(basically the FTR fuel assembly) and with low Pu-240 plutonium fuel. The

higher core-average heavy metal content (due to the inner blanket annulii),

combined with the effect of concentrating the fuel near the (low worth) outer

core periphery, increases the required core fissile inventory (enrichment)

in the heterogeneous design. On total, however, the heterogeneous design

has a substantially lower compound system doubling time for the fual design

used.

17. The peak fuel and blanket linear power characteristics are also listed

in the table. Although the peak linear powers are higher in this heterogeneous

design than in the homogeneous design, the higher fuel linear power is not

a necessary condition of a heterogeneous core configuration. It resulted

because the total number of fuel and blanket assembly locations is constrained

by the core layout. Tlie addition of inner blanket assemblies necessarily

reduces the number of available fuel assembly locations and therefore

raises the average (and to a lesser extent the peak) fuel linear power.

For the CRBRP this increase is acceptable because the homogeneous design has

considerable margin in its fresh fuel linear power rating.
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18. The heterogeneous power distribution is relatively flat and amenable to

both radial and azimuthal flux and power shaping by the placement of fuel

and blanket assemblies. The peak inner blanket linear power is approximately

the same as the peak equilibrium radial blanket power in the homogeneous

design. The lower peak total and fast (<j» 0.11 Mev) flux levels in the

heterogeneous design afford a beneficial effect on fuel assembly lifetime.

The peak fuel burnup in the heterogeneous design is slightly larger than

that in the homogeneous design during early cycles, although both are

well below 80 MWd/kg for cycles 1 + 2 .

19. The maximum positive sodium void worth in tha fuel is reduced in the

heterogeneous design. This sodium voiding behavior is an intrinsic

characteristic of a heterogeneous configuration. The sodium voiding sequence

is also changed in a direction to reduce the potential of an energetic

HCDA due to thermal response incoherenties between fuel and blanket

assemblies.

20. Accompanying this reduction in the sodium void worth is a reduction in the

fast-acting fuel Doppler feedback, although the overall reactor Doppler coefficient

is comparable to that of the homogeneous design. This reduced fuel Ooppler

coefficient introduces some changes in the design transient conditions, but

does not adversely affect the overall safety of the plant.

OTHER EFFECTS OF A CHANGE TO A HETEROGENEOUS CORE

21. The impact on reactor design and parameters that would result from a change

to a heterogeneous core in CRBRP are confined primarily to those areas

virtually adjacent to the core.



Shielding Requirements

22. The overall neutron flux is decreased by the change from a homogeneous to

a heterogeneous configuration. However, the flux at the periphery is increased

slightly. The increase varies azimuthally at core midplane from a factor of

1.1 to a factor of 1.5. The areas experiencing a large increase are not

critical areas, and the region with little design margin, the core barrel

weldment, has a relatively small increase.

23. In order to accommodate the extra fluence for the heterogeneous design, the

fixed radial shield was increased to 19.7 cm and the removable shield assemblies

were changed to incorporate 86% Inconel 600. With these changes no fluence

limits are exceeded with the heterogeneous design.

24. The neutron flux above and below the core is decreased by changing to the

heterogeneous configuration so no changes are required.

Op&er Internals;Structure

25. The orificing of the fuel and blanket assemblies is performed for the Clinch

River Breeder Reactor Project to satisfy four constraints while complying

with the fixed pump head/flow rate characteristic. These four constraints are:

t The fuel rod cladding lifetime requirements, whether limited by inelastic

strain or cumulative mechanical damage function, must be met or exceeded.

• Limiting transient temperatures must not exceed specified limits,

t A maximum of eight sodium flow zones are allowed.

• Flow allocation to the fuel and blanket assemblies must not exceed 94%

of the total flow.
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26. An additional constraint was placed on the heterogeneous design, viz,

that the maximum temperature imposed on the upper internals main support

plate could not exceed that of the homogeneous design. This latter restraint

was believed necessary because the temperatures imposed on the upper internals

structure by the homogeneous design were life limiting. Figure 5 is a reactor

elevation shown to provide overall perspective of the reactor and upper inter-

nals and its main support plate. Table 2 shews that the desired result was

achieved by overcooling of certain specific assemblies.

27. Subsequent to the orificing under the above restrictions, two other problems

were discovered relative to the upper internals. Secondary bolddown of

every fuel and blanket assembly is provided by instrumentation posts with

wings extending to a few centimeters above each assembly, with 4 assemblies

held down by each post. (See Figure 6, a more detailed view of a portion

of the upper internals.) Thase posts are m M e of Inconel. Data available

at the beginning of the heterogeneous design evaluation indicated that these

Inconel structures could withstand a AT of approximately 200°C between

adjacent assemblies. More recent data indicate that the allowable AT

between adjacent assemblies might have to be reduced to approximately

100°C. The heterogeneous design exceeds this slightly in a few locations,

so some action may be required. If further analysis is not the total

solution, some physical change such as rearranging the posts may be required.

The upper internals structure, as all permanent components, are designed
for a AT of 167°C, a 14% oyertemperature of the 147°C full power AT.
This is done to allow margin for power increase called "stretch" in case
reload fuel could operate at 115% of full power with minimal increase in
Na flow. A power increase through increased AT is not considered in the
heterogeneous concept, because a desired power increase could be effected
by an increase in the number of fuel assemblies at a sacrifice of the
number of inner blanket assemblies ana breeding ratio.
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28. A more difficult problem is that of the radial temperature profile in the

upper internals support plate as illustrated by the chimney temperatures in

Figure 7. The temperature distribution of the current heterogeneous design

iteration results in placing the center of the UIS support plate in tension

and generating a greater radial AT in the plate, thus degrading its lifetime

to less than the 30 year design requirement. Some redesign may be required.

29. Note that this is not an inherent problem of heterogeneous designs. The

first heterogeneous arrangement discussed resulted in a UIS chimney

temperature profile that was more uniform and had a lower maximum than the

one generated by the homogeneous design. As noted earlier, this design

was abandoned because of excessive linear"power generated in the inner

blankets. One possible solution would be to change to a 91 rod inner blanket

with smaller rods to reduce the maximum linear power. A redesign of the

blanket assemblies is a,major undertaking, and has not been seriously

considered for CRBRP. Alternatively, adoption of that same design but using

a shorter refueling interval would obviate the necessity to redesign the

UIS, but with a resultant increase in fuel costs. For any new heterogeneous

reactor these design problems would probably not be as difficult because

the UIS temperature considerations would be factored into placement of the

fuel, blankets and control rods at the outset. For retrofitting an existing

design or existing reactor, the CRBRP experience can lead one to conclude

that it may be necessary to either redesign (replace) the UIS, generate

(and qualify) a new blanket or fuel design, sacrifice refueling interval,

or derate the plant.
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Hot Leg Comp^^ents

30. Several of the more limiting thermal transients were analyzed to determine the

changes in the hot leg components that might result from the incorporation

of a heterogeneous core. Figure 8 shows a typical result for a reactor outlet

nozzle for the heterogeneous and homogeneous designs at the same reactor

AT conditions and the "stretch" conditions. As can be seen, the changes

are trivial. For CRBRP, the more severe "stretch" conditions, to which all

hot leg components are designed, envelope the heterogeneous design transients

with margin in all. cases..

Lower Internals

31. No design change would be required, but the system that prevents inadvertent

placement of a core assembly in a position where it would be undercooled

(discrimination system) would have to be rearranged.

Control Rod Systems

32. No change would be required in the design, but the quantity of primary and

secondary systems would have to change.

Head Access Area

33. No changes would have been required if the control rod arrangement were

not changed. The primary and secondary control rod drive systems are quite

different so the transposition of primary and secondary systems would necessitate

a rearrangement of the head access area.

Stretch conditions are a reactor AT of 167°C instead of 147°C.
See prior footnote for a more complete explanation.
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Ex-Vessel Storage Tank

34. CRBRP fuel is stored in an ex-vessel storage tank. The increased enrichment

of the assemblies implies a greater mass of Pu in the tank, which is designed

for an inadvertent complete loading with the highest enrichment fuel. The

result of a change to the heterogeneous design would necessitate a change

in the ex-vessel storage tank to reduce k ff. The change would be the

inclusion of permanently installed absorber elements to reduce k

Core Restraint

35. No chant," in the core restraint design would be required. A reduction would

occur in the power coefficient contribution from assembly bowing at power tc flow

ratios less than unity and flow at 40% of full flow (normal start-up

conditions). The overall Doppler coefficient would be increased as a result

of the additional 3-238 in the core. The fast acting Doppler coefficient

would be reduced because less U-238 would be contained in the fuel assemblies

while the inner blanket assemblies will not heat as rapidly as fuel. Overall,

the net contribution of the change to a heterogeneous core would be a slight

improvement in the power coefficient response.

36. There would also be an increase in the refueling loads, but the loads would

still be well below the design basis.

t

Safety

37. The Na void coefficient would be reduced from a maximum of +4.00$ for the

homogeneous core to a maximum of +2.26$ for the heterogeneous core. Furthermore,

even if boiling should occur, the incoherence in the time and sequence of

voiding that would result would tend to minimize eneraetics.
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38. An energetic disassembly of the homogeneous design can be predicted only

by the use of unrealistically conservative assumptions. The use of these

same assumptions for analysis of the heterogeneous design results in even

lower energetics.

GENERAL OBSERVATIONS

39.. The analytical effort required in the design of a heterogeneous core Is

significantly increased as compared with a homogeneous core. One of the

reasons is the sensitivity of heterogeneous cores to small azimuthal/radial

variations which require explicit spatial calculations to observe. For

example, the interchange of the two blanket assemblies in row 8 nearest the

control assemblies on row 7 flats of Figure 4 with fuel assemblies in row 9

is a significant change, although it would be virtually unnoticed in an RZ

calculation. This change would result in an increase of 2.23$ in secondary

control rod worth and a decrease of approximately 0.40$ in secondary control

rod requirements, a total change greater than the worth of a control rod.

40, Even after a good design is selected, the effort required is significantly

greater in doing the nuclear analysis, the thermal-hydraulic analysis, and

the core restraint analysis.

41. A complete discussion of al1 aspects would fill another paper. However,

some considerations worth noting are that 1) the number and magnitude of flux

gradients and the additional importance of gamma heating affect the nuclear

analysis; 2) the greater amount of interassembly heat transfer affects the

thermal-hydraulic analysis; and 3) the three dimensional nonuniform assembly

bowing affects the core restraint analysis.
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SUMMARY

42. The adoption of a heterogeneous configuration for the Clinch River Breeder

Reactor would increase the breeding ratio to greater than 1.2 for all

cycles 'ising FTR cross section fuel rods end low Pu-240 plutonium fuel. It

would further result in a low potential for energet cs. :

43. Although significantly increased analytical efforts are required in some areas,

most engineering changes are straightforward and uncomplicated. The only

difficult engineering appears to be in the area of the upper internals design.

This general conclusion would probably apply to retrofit of most existing

homogeneous designs into heterogeneous designs. Upper internals design

changes could probably be avoided by judicious selection of the heterogeneous

configuration, albeit at some penalty in either requiring a new fuel or blanket

design or in cycle length or power.

44. Finally, the retrofit of an existing homogeneous system to a heterogeneous

configuration requires a reduction in the number of fuel assemblies with a

resultant increase in the power per assembly. This could be done in the Clinch

River Breeder Reactor because the power levels in the homogeneous design were

relatively low. It is not obvious, that the same change could be made in a

different existing reactor without a change to the fuel design or a sacrifice

in power.
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TABLE 1
SUMMARY COMPARISON OF MAJOR NEUTRON2C

CHARACTERISTICS OF A HOMOGENEOUS
AND HETEROGENEOUS CRBR

Breeding Ratio (Initial Cyce, Low Pu-240 Fuel)
(Equilibrium Cycle, Low Pu-240 Fuel)
(Initial Cycle, LWR-Pu)
(Equilibrium Cycle, LWR-Pu)

Fissile Plutonium Inventory (BOC1, Kg)

Fuel Enrichment (Initial Core, Low Pu-240 Fuel, w/o, Pu
Pu + U

Peak Linear Power (3o- + 15% Overpower Conditions, w/cm)
Fuel

Blankets

Peak Flux (n/cm2 x Sec) Total
Fast (>0.11 MeV)

Fuel Burnup (Cycles 1 + 2/3 + 4, MWd/Kg)

Sodium Void (Maximum Positive, BOC Fuel Assemblies, $)
(Maximum Positive, EOC Fuel Assemblies, $)

Doppler Coefficient (Start-Of-Life, - T d k * -JO4)
Fuel

f Inner Blankets
Radial Blankets
Axial Blankets

Homogeneous

1.15
1.08
1.21
1.14

1230

0.174 (IC)
0.252 (OC)

469
650

7.4 x 1015

4.2 x 10 1 5

63/104

3.90
4.00

55.9

7.0
4.4

Heterogeneous

1.26
1.21
1.30
1.25

1520

0.333

522
643

5.4x 10 1 5

3.5 x 10 1 5

74/111

0.98
2.26

23.2
32.1
14.5
2.6
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TABLE 2
MAXIMUM STEADY STATE TEMPERATURES OF THE

UIS LOWER SUPPORT PLATE BOTTOM SURFACE

10.2 CM

15.2 CM

Homogeneous Design
At 114% AT

584°C

599°C

Heterogeneous Design

574°C
*

593°C

S571-2



FISSION GAS PLENUM SPACE
(121.9 CM)

UPPER AXIAL BLANKET*
(35.6 CM)

Core Region-
(91.4 CM)

LOWER AXIAL BLANKET -
(3S.6 CM)

SHIELDING AND ORIFICE-
(S0.8 CM)

Overal length
4.Z6M

DISCRIMINATION
POST

OUTLET NOZZLE

217 FUEL RODS/
ASSEMBLY

WIRE WRAP
SPACER

LOAD PAD
CROSS SECTION

Inlet Nozzle

9876-1
, _ ___ FigureJ^ CRBRP Fue^ Assembly

i -
P;i<;io No.



RADIAL BLANKET!

108

90

150
324

19

INNER CORE FUEL

OUTER CORE FUEL

RADIAL BLANKET

RADIAL SHIELD

CONTROL

9876.2
Figure 2. CRBRP Homogeneous Configuration
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(132)
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(13)

Figure 3. Nearly Optimum Heterogeneous Configuration
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REFUELING LOCATION
(6)

RADIAL BLANKET ASSEMBLY
(132)
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Figure 4. Final Heterogeneous Configuration



SECONOARY CONTROL ROD DRIVE MECHANISM

PRIMARY CONTROL ROO DRIVE MECHANISM

•JPPER INTERNALS STRUCTURE

JACKING MECHANISM

SODIUM LEVEL

CHIMNEY
EXTENSION OF
OUTLET MODULE

SUPPORT COLUMN

MIXING CHAMBER

HORIZONTAL BAFFLE

CORE RESTRAINT
FORMER RINGS

FUEL TRANSFER
AND STORAGE POSITION

CORE SUPPORT CONE

CORE SUPPORT PLATE

CORE INLET FLOW
MOOULE

CONTROL ROD
DRIVELINE & SHROUD TUBE

IN-VESSEL TRANSFER
MACHINE PLUG

UPPER INTERNALS
STRUCTURE

RAOIAL KEY

CONTROL ASSEMBLY

REACTOR CORE

CORE BARREL

W76-5
Figure 5. CRBRP filcvation
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CHIMNEY
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UPPER SUPPORT COLUMN

UPPER SUPPORT COLUMN
THERMAL LINER

UPPER SUPPORT
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SUPPORT COLUMN

SHEAR WEB

LOWER SUPPORT
PLATE AND LEDGE

.INSTRUMENTATION
POST

SKIRT

9876-6
Figure 6. UIS Component Identification
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Figure 7. Average of Nominal Otimney Exit Temperatures (538°C Hot Leg Temperature)
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Figure 8. Outlet Nozzle (U-2B Transient)


