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INTRODUCTION 

The AEC-Consumers High Power Density R & D Program has been in progress since 

February 1960, with the fuel development portion starting at that time, 

followed in April with the initiation of the remainder of the program. Fuel 

design and fabrication has proceeded essentially on schedule, ~ile irradiation 

and examination phases have lagged due to the recent VBWR operating history. . -r--
It is expected that with the presently anticipated VBWR <;>peration schedule, 

outlined elsewhere in this report, further irradiation program delays should 

be insignificant arid the ove.rall ;progress of the development work will proceed 

unimpaired. This. effort can be described by the following outline of the 

major tasks and their objectives, whose progress is summarized and detailed in 

this report •. 

1. Task IA ~ High Power Density Fuel Development 

'lhis task will evaluate the feasibility and the performance of a partial 

reactor core operating in the ~t high power density and utilizing 

fuel elements manufactured froJ available fabricating processes. 

2. 'Task IB- Fuel Fabrication Development 

Design, fabrication~ irradiation and examination of high power density 

fqel elements with potentially low fabrication costs is the objective of 

this task.' 

3· Task II - stability and Heat Transfer Development 

'!his task will evaluate analytically and by test the transient behavior 

and stability characteristics of the Consumers Big Rock Reactor, and will 
. ~ 

determine by test· the heat transfer arid fluid _flow characteristics of the 

core, using elements simulating core characteristics. 
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4. Task III - Physics Development 

Tais task involves the physics ev~uation of control requirements and hot 

spot reduction; the physics and engineering conceptual design of a 300 MWe 

high power density reactor; and the physics and engineering required to 

design1 procure and put into operation a computer for scheduling control. 

5. Task rl - Operational Planning and Test Coordination 

TOe coordination of the R & D ·program between tasks., with Design 

Engineering, and with the AEC and Consumers. is a major function of this 

task, as is the design of tests and the procurement of· instrumentation. 
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SUMMARY 

The fourth quarter of effort applied to the Consumers R & D Program is 

summarized by Task in the following. 

Task IA ~ High Power Density Fuel Development 

L Twenty~two of the twenty-four high power density VBWR fuel assemblies 

. accumulated approximately 4oo MWD/T exposure during tlle reporting period. 

Eleven fuel assemblies were inspected after ~ccumulating this exposurei) 

and were observed to be in good condition. 

2. Two instrumented fuel assemblies were completely fabricated and the 

instrumentation calibrated in an out.=:.of~reactor flow facility at coldi Q 

hoti and boiling conditions. They are now ready for insertion in VBWR. 

3· Recordingi indicating, and control instrumentation associated with the 

instrumented assemblies was completed and laboratory checked. This 

includes the ''backflowtt system used in conjunction with the pressure 

sensors. 

4. Preparations to install the instrumented assembly equipment in the VBWR 

enclosure and control room are about 60% complete and will be finished 

by about JI.By 1. Signal cables J) enclosure penetrat1on1 quick disconnect 

and seal connectors are complete and installed. 

Task IB - FUel Fabrication Development 

1. A. final rolling rw1 was performed with good success for the purpose of. 

producing a tandem rolled fuel bundle tor irradiation testing. No :f'urther 

work on the tandem rolling process is presently planned. 

2. Swaging parameters have been established for multi~pass cold swaging of 

10 m111 12 mili and 15 mil thick stainless steel clad fuel rods. Fuel 

assembly 2s :was fabricated. using these cold swaging techniques. Fuel rod 

densities of 92%±1% we~ achieved. 

-3~ 
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3· Fuel assembly 18 was completed, fabricated by swaged pellet techniques 

established for 12 mil thick stainless steel cladding and simulated un-

ground pellets. 

4. Inspection of purposely defected powder compacted fuel specimens after 

570 hours of erosion flow testing was completed. Results of visual 

examination indicated that only small amounts of uo2 had been eroded. 

5· ~e work on vibratory compacted fuel rods was devoted to the study of 

binary and ternary fused uo2 powder mixes. Relationships were established 
I. 

between the density of filled rods and composition of various binary and 

ternary mixes, using fused 3·5% enriche~ uo2• As a result of using this 

material, a large sensitivity of the system to uo2 particle size and 

shape and rod size has been shown to e~st. 
: . 

6. Mmufacture of drawn cup type fuel rod end plugs has demonstrated that 
: 

a unit cost of approximately 4¢ each is possible. M!chanical and 
! . 

corrosion testing of cup type end plugs has been completely satisfactory. 

7. Design is complete on ten of the twelve special HPD-VBWR fuel assemblies. 

Two of these assemblies have been fabricated and delivered for VBWR irradi-

ation testing. 

8. A series of vibration tests on a 36 rod Consumers type element have 

l 
1 _ indicated less than .001" vibratic.n amplitude of the instrumented rod in 
l 
I rated operating :f'low conditions, o:f' steam and water. By var)'ing the. spacer 
I 
J -

! configuration, displacements up to .007" were observed. 

i 
I 

I 
I 

I· 
I 
I 

Task II - stability, Heat Transfer and Fluid F.low 

1. · ~e 50 MW Big Rock Reactor, :f'or operation at rated conditions, has been 

'analyzed and :found to be stabJ.e. Both the hydrodynamic ane.J.ysis and the 

reactor-recirculation loop analysis indicate substantial stability margins 

based an normal :feedback analysis criteria. 

-4-



,. 

! 
I 
1. 

I 
r 
! . 
i 
I 
I 
I -

2 •. now etabili ty and pressure-drop tests were completed on the a.ir~wa.ter 

fiow fa~ility simulating the core, reactor head, risers and steam drum • 
. . '·. 

Baffles placed above the core have been investigate9-. tq ~eiect· ~the best 
. ·-. 

J means of minimizing non-uniform distribution and slug-flow effects. 

j· - 3· 'lhe out-of .. reactor heat transfer test section ·is now under construction 

I and is scheduled to go into operation 1n JUne, 
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Task III .. Physics Development 

l. Further oneadimensional studies have been made to investigate local power 

flattening through reductions in enrichment near water gaps. 'lhe time 

dependent effect of bumup is to increase slightly with time the reiative 

power in the fuel rods adjacent to the gap. A more important burnup effect 

can result from the local perturbations 9f inserted control rod.s.; increasing 

the local peaking factor by 10% for the. case studied. 

2. Studies of gross radial power distribution indicate that proper radial 

distribution of partially burned :f'Uel can produce desirable radial power 

shapes. Ultimately, calculations of time dependent power distribution 
. ., 

must reflect the actual three-dimensional nature of the operating reactor. 

3· The physics analysis of the reactor core· for a large 300 ~ high power 

density conceptual design has been completed and a report issued (GEAP 3649). 

4. A topical report is now being prepared for issuance describing the present ... 

status of the efforts i,nvolving the scheduling computer. Incentives for 
. . . . . . . 

the computer have been investigated and the basic f'Unctiom to be perfoxmed · 

have been defined and equations wr1 tten. These studies Will next be refine?­

and utilized in the formulation of specifications for the procurement of the 

scheduling computer. Two important results of the availability of such a 

computer during reactor operation will be to maximize fuel burnup and to 

permit safe operation closer to burnout and other limits. 
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Task IV- Operational Planning,and Coordination 

1. Procurement of instrumentation and test facilities associated with the 

instrumented assemblies for VBWR is 95% compl~te through this quarter. 

2. Requirements izrq)osed on Design Engineering td assure R & I> program fUlfill­

ment were reviewed regularly. Safety val. ve requirements were established 

for the range of operating pressures anticipated. 

3·. 'lhe 'lhird QuarterJ.y Progress Report, GEAP 3632, two monthly reports, and 

the required task descriptions and cost estimates for AEC Form 189 were 

4. 
prepared and issued. 

. . ' . . . 

A topical report, "The Design and Fabrication of High PC?Wer Density 

FUel Assemblies for VBWR Irradiation Testing, II GEAP 3609, by J. w~ 

Lingafelter and w. D. Fowler, was issued during this quarter~ Two 

additional reports were prepared for issuance subJect to AEC approval~ 

/ . 
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TASK IA - HIGH POWER DENSITY FUEL DEVELOPMENT 

1 ~ TASK OBJECTIVE 

A partial core consisting of 24 high power density fuel elements designed 

and fabricated by existing manl,lfacturing processes will be irradiated 1n 

VBWR to study its perfonnance and explore its feasibility.; '!he effect 

of variations in structure, geometry, faQricating processes and mechanical 

features will be evaluated in terms of operation of 90 kw/1 average 

power density to 10;000 MWD/T average exposure. Instrumented assemblies 

capable of measuring flow, temperature, pressure drop, and flux level 

will be utilized. 

2. FUEL iRRADIATION 

The twenty-two high power density VBWR fuel assemblies have accumulated a 

total exposure of approximately 400 MWD/T to date. Fuel exposure has been 

limited to this low value due to reactor outages in excess of what 

originally had been anticipated. The VBWR has been down during M:Lrch, and 

presently is scheduled to resume operation in April. 

3. INSPECTION OF TASK IA FUEL ASSEMBLIES 

During the period February 20 to M:Lrch 10, 1961, the following Task IA 

assemblies were inspected and tb.e following observations were made. All 

inspections were performed in the VBWR :f'uel storage building using the lX 

and 5X periscope. 

Assemblies 2-101 and 2-102 (lA and 2A) - These assemblies were inspected and 

no damage or defects were noted. Welds on the tie plates and fuel rods were 

in good condi tion1 the spacer was in place and the exterior of the rods 

appeared to have a uniform coating of oxidation. · Imldle 2-102 had what 

~7-
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· appeared to be . a l/16n diameter dent on rod #557 ~mmed,iately below the 

spacer location. 

Assembly 2.;..108 ( 4c) - Spacer "WB.s cocked slightly from a horizontal plane but 

the assembly is in good condition. No corrective· action was necessary. 

Assembly 2-111 (3D) - Elccellent condition. 

\ 
\ 

Assemblies 2-113 (lE), 2-ll4 (2E), 2-115 (3E), and 2-117 (5E) - were 

visually inspected for broken tie wires and none were broken. In observing 

these assemblies (without use of the periscope), they all appeared to be in 

good condition. 

Assembly 2-ll6 ( 4E prototype) - One spacer tie wire was broken,; otherwise 

the assembly was in good condition., The tie wire has been replaced remotely~ 

Assembly 2-119 (lF prototype) - One spacer tie wire 'WB.S broken for the 

second time, otherwise :the assembly was in good condition. This tie. wire 

has been replaced and the assembly is acceptable for further irradiation. 

On Much 18, 1961, subsequent to the tie wire replacement, the assembly was 

inadvertently dropped from a height of approximately 10 feet, in water, 
., 

during handling operations in the VBWR spent fuel pit. A visual inspection 

of the assembly was performed and it did not appear to have suffered any 

deformation or scratch~ng of fuel rods as a result of its fall. The assembly 

was then trial fitted in a channel to determine if the tie plates had been 

distorted. The assembly went into .the channel in a normal fashion. 'lhis 

assembly will be placed in the core. for further irradiation. 

Assem'Qly 2-123 (3G) - This assembly was inspected because a report that a 

lead brick had been accidentally dropped in the spent fuel pit, and it came 
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to rest in the fu~l storage. rack adjacent to 2-123 arid a control rod. Lead 

scrappings were present on the spiral pin that holds the extension handle to 

the top tie plate. No effects were noted on the fuel rods, tie plates,· or 
I 

spacer. The fuel assembly was trial f'i tted in a channel without trouble. It 

can only be surmised that assembly 2-123 did not receive the :f'u.ll impact of' 

the brick. The assembly will receive further irradiation at the next 

VBWR startup. 

Assembly 2-124 (4G) - Excellent condition. 

INSTRUMENTED ASSEMBLIES 

Instrumented assemblies 2-ll8 (6E) and 2-120 (2F) are 95% complete. The 

remaining work to be completed on t~e two assemblies is the addition of' the 

signal cable flexible lead-wire transitions. These transitions convert the 

existing mineral insulated stainless steel sheathed signal cables into 

flexible insulated signal cables •' 

Instrumented Assembly 2-ll8 (6E) - This assembly contains the short (3') fuel 

rods and incorporates inlet and outlet f'low.meters. Figures 1 through 6 are 

photographs at various stages of1assembly and show the several sensors 

incorporated. 

'lhe overall instrumented assembly fuel, components, and sensors are illustrated 

in Figure 1. 'Ihe lower flow.meter housing and nosepiece are shown at the right. 

Above this piece fits the fuel assembly, shown w1 th four corner rods, the 

center ins·trument lead tube, the tie-plates, and the wire spacers. On the 

table just below are the in-core ion chambers to be placed at quarter points 

along the fuel bundle. The parts at the right include the lower thermocouple 

assembly and the lower pressure tap. To the left end of' the assembly is 
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shown the upper flowmeter housing with a pressur.e tap protruding toward the 

fuel and the upper three-thermo.couple assembiy in place. The completed 

assembly is housed in the channel shown-at the bottom of the picture. 

Figures 2, 3, and 4 show greater detail of the. lower portion of this 

assembly. Figure 2 illustrates the unassembled channel, nosepiece, thermo-

couple assembly, flowmeter, fuel bundle, thermocouple and pressure sensor 

assembly, and the flowmeter pickup coi~. Figures 3 and 4 picture the 

assembled components close-up. Figures 5 .and 6 show the partially 

assembled upper flowme-ter, fuel bundle, pressure taps, and thermocouples. 

The fUel hanger brackets are also visible. 

Instrumented Assembly 2-120 (2F) - This assembly contains long (about 5') 

fuel elements, the upper portion not containing active fuel, to more nearly 

simulate the configuration of Big Rock Reactor fuel. Except for the upper 

flowmeter and pickup coil, this assem:bJ..y contains the same instrumentation 

as 2-118. Figures 21 31 and 4, therefo~e, are representative of this 

assembly also. 

'lhe overal1, partially assembled bundle is shown in Figure 1, indicating 

the long fuel assembly and the upper fuel hanger. The one-half inch hollow 

center rod houses three neutron flux sensors at quarter points along the 

active fuel region. Figure 8. illustrat.es the outlet thermocouples, transition 

housing, and sensor signal leads. 

General Instrument Assembly Details ~ outwardly the two instrumented fuel 

assemblies appear identical and, for installation purposes, have exactly the 

same physical outside dimensions. A completed instrumented assembly is 

shown in Figure 9· Specific details of the upper fuel assembly, such as the 

hold down. clamp, rigging support bar 1 disassembly bolts and signal cable 

~10-
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F.GURE 1 ·PARTIALLY ASSEMBLED INSTRUM94TED ASSEMBLY 2-118 (6E) 
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FIGURE 2 ·LOWER PORTION OF PARTIALLY ASSEMBLED ELEMENT 2-118 



FIGURE 3- CLOSEUP LOWER END VIEW OF ASSEMBLY 2-118 

FIGURE 4- FLOW SENSOR PICKUP COIL AND LOWER END OF ASSEMBLY 2-118 



- . 
FIGURE 5- CLOSEUP VIEW OF TOP OF FUEL BUNDLE AND UPPER FLOWMETER -ASSEMBLY 2-118 

FIGURE 6- PARTIAL ASSEMBLY VIEW OF FUEL BUNDLE AND UPPER FLOWMETER- ASSEMBLY 2-118 



FIGURE 7- PARTIALLY ASSEMBLED INSTRUMENTED ASSEMBLY 2-120 (2F) 

FIGURE 8- TOP OF PARTLY ASSEMBLED BUNDLE 2-120 
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FIGURE 9- COMPLETED INSTRUMENTED ASSEMBLY 
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FIGURE 10- INSTRUMENT LEAD BUNDLE EXIT FROM TOP OF INSTRUMENTED ASSEMBLY 

FIGURE 11 -TOP VIEW OF INSTRUMENTED ASSEMBLY IN CALIBRATION FACILITY 



FIGURE 12 ·REACTOR VESSEL PENETRATION SEAL PLUG 

FIGURE 13 ·REACTOR VESSEL PENETRATION PLUG SHOWING PRESSURE SEAL 
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FIGURE 15 • CONTROL ROOM INSTRUMENT PANELS FOR INSTRUMENTED ASSEMBLIES 

FIGURE 16 ·REACTOR ENCLOSURE INSTRUMENT PANELS FOR INSTRUMENTED ASSEMBLIES 
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protection Rex-Flex sheath are illustrated in Figures 10 and 11, the 

latter showing the assembly located in the calibration test facility. 

Reactor vessel penetration is accomplished with the seal plug shown in 

Figures 12 and 13. The small steal "0" ring shown in Figure 13 acts as 

the pressure seal for each specific assembly, the plug being illustrated 

inside a larger calibration assembly flange. 

A completed assembly is sho'Wll in Figure 14. This picture illustrates 

the instrumented assembly, signal cable .protection sheath, flange 

penetration plUg and the measuring sensor signal leads. 

Instrumentation ¥~nitoring System ~ The readout and recording instru-

mentation cubicles for the control room and reactor enclosure are 100% 

complete. Control room and reactor enclosure modifications to permit 

installation of the panels is 6o% complete. Reactor enclosure signal 

cable penetration connectors and cables .are installed and pulled through 

to the control room panel location and to the enclosure panel location. 

A. Control Room Instrument Panels 

B. 

Four instrument cubicles, as shown in Figure 15, house the measuring 

and monitoring equipment for the instrumented assemblies. Panel 

No. 1 on the right is the flow monitoring panel. Panel No. 2 is the 

temperature monitoring panel. Panel No. 3 is the differential 

pressure and neutron flux monitoring panel. Panel No. 4 is the 

transient data recording panel. 

Reacto~ Enclosure Instrument Panels 

Three instrument cubicles, as shown in Figure. 16, house the pressure 

sensing detectors, pressure tap back flow controls and the instru­

mented assembly enclosure electrical signal junctions. 



The gra:phic panel layout of the back-flow system aild the differential 

pressure measuring ·system is sectionalized :for each instrumented 
.. . . ..... . 

assembly. The differential pressUre measuring transducers are located 

izi··the- lower half of the center panel. Each of the otb.er panels contain 

individual instrumented assembly back-flow measuring and :flow control 

valves and piping. 'lhe panel on the right side serves a dual purpose 

and provides the electrical junction terminals :for the connection of 

the instrument assembly signal leads to the contro~ room_ inter-

connection cables. 

Instrumented Assembly Calibration - Each of the instrumented assemblies 

· were installed i~ the heat transfer and fl~d :flow test loop :for cold, 

hot (single phase) and hot (two-phase) flow measuring system calibrations. 

Differential pressure drop data were recorded from both manometers and 

the instrumented assembly differential pressure measuring equipment. 

A· Cold Water Calibration 

A cold water flow calibration was perfo~ed to check the :flow loop 

reference 2.175" orifice. The orifice calibration at reference 

temperature of 75°F was performed with the instrumented assembly 

.2-118 in series with the orifice. Orifice coefficients and instru­

mented assembly flowmeter data were reduced and plotted (Figure 17, 

curve for 75°F) for reference use. Th~6 data plot indicates the mass 

flow in pounds per hour versus the flowmeter indication in gallons per 

minute at 75°F. 

B. Hot water Calibration 

Hot water single-phase flow calibration runs were per:fo~ed utilizing 

" the 2.175 reference orifice. The orifice coefficients were Reynolds 

number corrected :for 545°F hot water. Hot water flowing at 545°F 

-20-



\ 

and pressures in excess of 1000 psia with mass rates in potmds per hour, 

were recorded and plotted (Figure 17, CUrve 545°F) versus instrumented 

assembly flow rates in gallons per·minute. 

c. Two-Phase Flow Calibration 

Hot water two-phase flow calibration runs were performed to establish the 

measured instrumented assembly flow at various two-phase flow conditions. 

Established loop conditions of power input, flow rate in pounds per 

hour referenced to the loop orifice, temperature, and pressure permitted 

a specific quality to be maintained for each two-phase run. These 

two-phase flow data in pounds per hour versus flowmeter ~ndications were 

recorded and plotted, Figure 18. A direct readout of potmds per hour 
'. 

of steam, quality of the mass flow, and average power generated in the 

instrumented fuel assembly may be obtained by utilizing the plotted 

data and the inlet and outlet flow meter indications. 

Instrumented fuel assembly sensors and readout equipment characteristics 

are described and tabulated below. Each of the measuring an.d monitoring 

systems have been calibrated against laboratory standards and, as indicated. 

above, the flow measuring and the pressure drop system were calibrated · 

experimentally in a test loop. Individual sensors and systems are a) now 

measuring system, b) differential pressure measuring system, c) temperature 

measuring system, d) neutron flux measuring system and e) transient or 

continuous data monitoring system. Table I reflects manufacturers' sensor and 

equipment data, laboratory calibration checks, laboratory response tests, 

test loop calibration checks, and conservative theoretical calculations. 
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FIGURE 17 
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FIGURE 1.8 

STEAM MASS RATE VS. POTTER METER INDICATION 
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.System 

1:3.) FlowMeE.suring 
System 

b) ·Differential 
P+essLll'e System 

c) · 'Iempere.ture 
·gy~tem: · 

_d)_ Neutron ~Flux 
System 

e) - ·Tran.sient 
·System 

I I 

Table I - Sensor and Readout Characteristics 
SENSOR READ- ou.r SYSTEM 

Type Response Type Range Resolution 

.Potter 
Tur-:::>ine 

.-Pace 
Reluctance 

< .2 Sec. 

<: .1 Sec • 

.Thermoelectric =:< 2 Sec. 
C/A T.C. 

APED <_ ~.1 Sec. 
AL-U235 
Ion.Chambers 

.L & N 
·Recorders < •75 Sec. 

Potter 
Ilitegrator 

· L & N 
Recorder 

Pace 3000. 
Cycles 
per Sec. 

Bristol M.P. 
Recorder 

Pace REF 
Junction 

Bristol M.P. 
Recorder 

APED 
Resistance 
Network 

Bristol M.P. 
Recorder 

L&N 
.Recorders 

A)0~200 ~ ± 1~ 

B)0-4oO gmp ± 1~ 

A)0-5 psid 

B)0-1 psid ± o;5~ 

A)500-8o0°F ± 0.3~ 

B)0-300°F 

A)2 x 1011 to 
, 2 X ·1012 . 

B)2 X 1012 to ± 0.5~ 
2 X 1o13 

C)2 x 1013 to 
2 X 1014 

0 - 7MV ± 0.5~ 
0 .... 100-

Response 

1.0 Sec. 

.Overall 
System 
ACC'\lr8.CY 

~ ± 2.0~ 

~±10-20~ * 

·* Best theoretical accuracy as cail-~ulated compared to wire irradiation to determine absolute neutron flux. 

**Relative accuracy of system basei on wire calibration data to establish reference factors.for-ea'ch ion chamber.· 

-:*** Accuracy to be mai:1tained, by transient recorder system, of sensor variable signal being monitored. 
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TASK IB - FUEL FABRICATION DEVELOPMENT 

1. TASK OBJECTIVE 

The purpose of Task IB is to study the performance in VBWR and in the 

Consumers Big Rock reactor of fuel assemblies which hold promise of 

having reduced fuel fabrication costs, long fuel life, and high power 

density. Approximatel~ twelve fuel assemblies utilizing,potential low 

cost fabrication processes will be designed, fabricated, and irradiated 

in the VBWR. 

The work under ~ask IB will include investigations of potential reduced-

cost fuel element fabrication processes and design, fabrication, irradia-

tion, examination, and performance evaluation of the assemblies. Also 

included is the mechanical vibration testing of a dummy fuel test section 

simulating the initial Consumers reference fuel. 

2. CALROD TANDEM ROLLING 

The rolling process used industrially to produce Calrod-type tubular 

resistance heating elements is being investigated to determine its applica-

bility for fabricating rod-type fuel elements. In the tandem rollin'g process, 

a stainless-steel tube_ filled with fuseduranium dioxide is passed through 

a series of tandem rolls to effect a dense packing of the uo2 particles. 

Inherent advantages of the rolling process are high volume of product, 

size, flexibility, and adaptability to~ automation. 

The objective of the investigation is to determine the effects of processing 

variables on maximum attainable fuel rod density with the tandem rolling 

process, and subsequently fabricate fuel :I'ods for irradiation testing. 
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The tandem rolling of fuel rods has been per:fo~d using a production 

rolling mill having ten sets of roll pairs to effect a 35% reduction in 

cross-sectional area of the fuel rod (Figure 19). 

Based on the results from five early runs w1 th m tural uo2 fuel rods 

(reported in 3rd Quarterly Report, GEAP 3632), a final rolling run was 

performed March 25 and April 1. The purpose of this run was to produce 

:f\iel rods w1 th enriched uo2 for irradiation testing (for special fuel 

assembly 3-S). Pertinent facts about the rolled enriched :fUel rods are 

tabula ted in Table II. 

Table II 

TANDEM ROLLmG DATA FOR ENRICHED FUEL RODS 

Starting rod diameter 

Starting rod length 

starting tube wall thickness 

uo2 powder 

uo2 powder enrichment 

Rolling rate 

Finished rod diameter 

Finished rod length, avg. 

Number rods rolled 

:pensi ty of rolled rods 1 % T. D "~ max. 

Density of rolled rods, % T.D.,min. 

Density of rolled rods, % T.D.,avg. 

(1) Screen analysis: ~sp&ze (/o 
6 6 
8/lO 8 

10/14 16 
14/20 25 
20/28 16 

-26-

0.015 11 

Spencer FUsed Grade(l) 

3·5% 

45 :rt/min 

38.25" 

Mesh size I{o 
28/35 

~~~ 4 
65/lOO 3 
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The fuel rods were prepared and rolled in the following manner: 

(1~ Gut tubing to length (30. 50"). 

(2) Wash, rinse, and dry. 

(3) Weld collapsible-type end plug to one m d. 

(4) Load 650 grams 3·5'% U02 to 30" (687% T.D.) 

( 5 ) Evacua. te rods, backfill w1 th helium 

(6) Weld collapsible-type end plug to second end 

(7) Full length rod X-ray 

(8) Helium leak-check welds 

(9) Roll to o.4oo diameter 

(10) Straighten 

(11) Full length rod X-ray 

(12) Helium leak check 

The rods will be assembled into special fuel assembly 3-S, which is 

scheduled for completion by April 15, 1961. Quality fuel rods were 

produced by the tandem rolling process for irradiation tes.ting. The 

process, at present, does not appear capable of producing rolled rod uo2 

densities over 90'% T.D. Further work on tandem rolling will be limited, 
. . . 

but includes hot rolling Mg0-filled samples and cold rolling rods filled 

with uo2 loaded to 85% initial density. 

J. SWAGED POWDER FUEL 

The rotary swaging process is being investigated for fabricating dense 

uo2 filled rod:.. type fuel elements. The swaging process presently under 

investigation employs a two-die design. F:Uture plans are to investigate 

the use of a four-die design. In the swaging process, stainless steel tube 

filled with fused uo2 is passed through revolving split. die (2 parts) 

I -27-· 
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that oscillates back and forth rad1a1ly While it rotates. This action pro­

duces a rapid series of hammer blows that effect a dense packing of the uo2 

particles inside the tube. 

Process development work is underway to determine swaging parameters necessary 

to fabricate swaged fuel rods clad ·with 8, ·101 12, and 15-mil thick stainless 

s·teel. 

SWaging parameters have been established for multi-pass cold swaging of 10~ 

121 and 15-mil thick stainless steel .. clad fuel rods. Feed rate, die'design, 

starting uo2 particle size distribution have been established to cansis­

tantly produce tuei rods with uo2 density from 92% to 94%. 

' Fuel bundle 2-S (Figure 20) was fabricated by this swaging teclmique over 

fUsed uo2• 'lhirteeh of the rods are ·clad with 0.015" tyPe 304 ~tainless 

steel and 12 are diad '\-lith 0.010" type 304 stainle~s ste.el clad. 

The uo2 particle si~e distribution for all 25 rods is as follows: 

Tylei;;_~sh Weight Per Cent 

-6 +a 9·0 

-8 +10 9·0 
, 

+i4 ~.10 12.0 

-14 +20 27.0 

-20 +28 23.0 

-28 +35 12.0 

-35 +48 3·0 

-48 +65 2.0 

-65 +100 1.0 

-100 2.0 

100.0 
L 
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All rods :were swaged fr~m 1/2" O.D. to 0.4" O.D. in four passes~ Swaged 

uo2 den~>i ties range from 92% to 94% of theoretical. Indi viP,ual fuel rod 

. densi tie·~ are presented .in Table "III. 

· Work will start in April on establishing parameters for single pass cold 

swaging .8 mil and 10 mil thick stainless steel clad fuel rods. 

TABLE III 

FUEL ROD DENSITIES IN ASSEMBLY 2S 

.Rod No. Clad Thickness I. . inches Density, % T.D. 

2 0.015 93·3 

4 0.015 93·3 

5 0.015 93.2 

6 0.015 93.0 

22 0.015 . 93-6 

23 0.015 93.6 

24 0.015 93-4 

25 0.015 93.4 

27 0.015 93·6 

29 0.015 93-8 

30 0.015 93-6 

31 0,015 93.6.~,. 
Avg. 93·5 

400 0.010 92·9 

4l6 0.010 92.8 

424 0.010 . 92.6 

421 0.010 93·0 
430 0.010 92.1 

434 0.010 92.8 

435 \ 
\ 

0.010 93.1 
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Table III (cont' d) 

Rod No. Clad 'lhickness l inches Density, ojo T.·D. 

437 0.010 93·1 

439 0.010 92·7 

443 0.010 92·3 

455 0.010 -92~ 3. 

456 0.010 92.6 

1+76 0.010 . 92;6 
Avg. 92.;1 

HOT SWAGING 

One predicted pr~blem in powder-compacted fuel·rods· is the possib~e e'rosi9n 

o:f the uo2 particles from a defected fuel :r,od by the reactor coolant. A 

solution to this problem would be to effect, by some means, sintering of tl:;le 

uo2 particles. Hot working of the powder-compacted fuel rods is one ~ossible 

means of eliminating the erosion problem. Sintering of the V~2 particles 

should be promoted by the hot working. 

' 
~vork to date in hot swaging 6" long c·old swage fuel rod. specimens has demon-

strated that 95% dense fuel rods can be ac~ieved. Effort is currently being 

directed toward. investigating.the effect of temperature ,and hot. working .on 

clad physical and metallurgical properties •. T~;~.ble IV shows the effect of 

temperature on the metallurgical structure of the clad. 

......... 

Sample 
No. 
1 
2 
3 
4 
5 
6 
7 

Table IV 
UT!~NSITY AND CLAD CONDITION VS. SWAGING TEMPERATURE 

Swae;ing 
Tenip .. (°C) 

8oo 
800 
900 
900 

1000 
1100 

·1200 

Hocl 
Density 

95.2 
94.8 
94.6 
94.6' 
95.8 
95·3 
95·3 

Clad· 
Condition 

Sensitized 
Sensitized 
Slightly sensitized 
Slightly sensitized 
Good 
Targe gra.in size 
Large grain. size 
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Adverse metallurgical conditions are encountered in the clad except when 

swaging at 1000 °c. Six samples were then s'-~aged at 1000 °c to· further 

determine density and clad condition. Densities of the rods were 93.5, 

94.9, 95.4, 95.4, 95.4, and 95.6~ of theoretical. Clad condition has not 

yet been determined. 

Construction of a furnace has been completed to accommodate heating 36" 

long fuel rods for hot swaging, or thermal treatments of cold swaged rods. 

This furnace uses natural gas as a heat source. 

\-lork on induction hot swaging fuel rods has started •. An induction coil has 

been designed to fit immediately in front of the swaging die. Attempts to 

hot swage 4o" long rods filled with MgO were successful. Rods having a 

starting MgO density of 86% T.D. were increased to 89% to 90% by hot swaging. 

Design improvements are now unde:rvray to allow subsequent work to be done 

with uo2 filled rods. 

5 • SWAGED PELLET FUEL 

Loading ground pellets into tubes requires a minimum clad-pellet diametrical 

gap of 4 mils in order to prevent the pellets from catching or binding in~ide 

the tube. thground pellets would require even a larger gap. Reduction of 

the pellet-~~ad gap is desirable both to increase the thermal performance 

of the fuel rod and to prevent wrinkling of the clad (thin clad) from reactor 

coolant pressure. A program is underway to investigate swaging using nylon 

dies as a method of reducing the as-loaded diametrical gap between pellet 

and clad. 

Proc~ss parameters have been established for swaging 6-m11 and 12-mil.thicl\. 

stainless steel clad fuel rods loaded w1 th simulated WJ.ground pellets. Work 

is cur:r:en~ly being conducted on fuel rods w1 th 8-mil and lO;..mil thick clad, 
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FIGURE 19- CALROD TANDEM ROLLING MILL 

FIGURE 20- SPECIAL FUEL ASSEMBLY 2S 

FIGURE 21- SPECIAL FUEL ASSEMBLY 1S 
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which will be used for the swaging of assembly 6-s. 

FUel bundle 1-S (Figure. 21) was fabricated by swaging over uo2 pellets which 

were centerless ground to s1mula.te unground conditions, e.g., ground to a 

normal frequency distribution betWeen tolerance limits. Thirteen of the rods 

contain pellets with a diameter tolerance of + 0.005" and 12 ro.ds contain 

pellets w1 th a diameter tolerE¥lce of + 0. 003". The pellets are clad with 

12 mil type 304 stainless steel. 

6. PELLET PROCESS IMPROVEMENTS 

The effort on reducing pellet fabrication costs by increasing pellet L/ri 

ratio and using a multiple cavity die is in production test stage. 

In addition to the above work on reducing pellet fabrication costs, effort 

of a survey nature was initiated this month evaluating isostatic pressing, 

explosive forming and hot pressing as techniques. for fabricating low cost 

uo2 pellets or fuel rods. Facilities for investigating these fabricating 

processes are available should the survey indicate economic incentives. 

":Hydraulic'' Pressure Equalizer - A device has been designed to equalize the 

pressure on '$e bottom punches when using mu1 ti-cavi ty dies. By this means 

a more consistent green density should be possibl~. ~e device as manu­

factured uses rubber as the ''hydraulic" medium. Tests made with a thi versal 

Testing machine were inadequate to show quantitatively the pressure trans-

mission but indicated no damage to the rubber under 10 tons of applied 
. . 

load. A production test has been written to install the device· on one of 

the production presses during the fabrication of the next production fuel 

load in the pellet shop. 

Increased L/D Pellets - A production test has been formulated to define the 
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limits of length to diameter ratio which may be approached using the present 

equipment. The test is scheduled for April.. 

Hot Pressing - Previous work has indicated that pellets of over 95% density 

may be hot pressed at around 900 °C. Further work is planned to define cycle 

time, die wear and pellet chemistry. A press suitable for hot pressing is 

available in the Laboratory for these tests. A die has been designed and 

ordered. Die delivery is expected in ApriJ.. 

Isostatic Pressing ~ A preliminary investigation has shown that good density 

rods having sufficient green strength for machining may be formed iso­

statically from pre-granulated ceramic grade uo2 powder without binder at 

20,000 psi. Literature has been requested on automatic types of isostatic 

presses to determine the feasibility of the method and the production 

rates Wich may be expected. 

E?sPlosive Forming - Little or no information has been obtained on this 

relatively new concept of powder compaction.. It has been demonstrated that 

high density compaction is possible but economic application does not appear 

feasible. Information has been requested from those known to be doing work 

in this field. 

7. E:ROSION TESTING DEFECTED POWDER COMPACTED FUEL RODS 

One conjectured problem in powder compacted fuel rods is the possible erosion 

of the uo2 particles from a clad defect (hole or split) in a fuel rod. 

Erosion flow tests are being conducted on purposely defected ·powder compacted 

fuel rod samples to determine the relative "erosion characteristics" of 

various types of fuel. 

Sixteen 3" long defected, powder compacted fuel rod specimens were prepared 
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for a 1000 hour erosion flow test, which started February 28. 'Samples 

of fuel· rods made by: 1) cold swaging, 2) .hot swaging, and 3) cold swaging 

followed by a post-swage heat treatment for 1 hour and 1100 °C, are being 

tested. Each fuel specimen contains a single longitudinal slot, 1/4" to 

1" long, 0.020" wide, and deep enough. to just break through the clad and 

expose U02• Table V shows the various fuel types being tested and the 

test conditions: 

Table V 
EROSION.SPECIMEN IDENT!FIOATION 

Sample Fabrication Slot 
No. ~thod Length Position in Lo~ -· 

1. Hot SWage 1" 535°F water,~ 7 fps 

2 Cold SWage+ Heat Treated 1/2" 535°F water,.,......, 7 f'ps 

3 Cold SWage 1/2" 535°F water, ..-v 7 f'ps 

4 Hot Swage 1/2" 535°F water,·,...._, 7 f'ps 

5 Cold SWage+ Heat Treated 1/2" 535°F water, ~1 f'ps 
(CaO additive) 

6 Cold Swage 1/4" 535°F water, ~7 f'ps 

7 Cold Swage +Heat Treated 1/4" 535°F water, ,...,... 7 f'ps 
(TiO additive)· 

1/4" 535°F water, ""'7 f'ps 8 Hot Swage 

9 Hot SWage 111 545°F water steam, ,-...J 10 f'ps 

10 Cold SWage+ Heat Treated 1/2" 545°F steam water,........, 10 f'ps 

11 Cold SWage 1/2" 545°F steam water, ..-...J 10 f'ps 

12 Hot Swage 1/2" 545°F steam water, ,-..J 1.0 fps 

13 Cold Swage+ Heat Treated l/2" 545°F steam water,~ 10 f'ps 
(CaO) 

1/4" 545°F steam water, rv 10 f'ps 14 Cold Swage 
.. 

1/4" 545~F steam water, ..,.......10 f'ps 15 Cold Swage+ Heat Treated 
(TiO) 

1/4" 545°F steam water1 -10 f'ps 16 Hot Swa.ge 

The 1000 hour test was interrupted March 23, 1961, after 570 hours of 
\ 

· con1:;inuous' flow due to the necessity to shut down the flow loop for reasons 
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FIGURE 22 ·EROSION SAMPLES AFTER 570 HOURS IN 535oF FLOWING WATER 
{SAMPLE NOS. IDENT I FlED IN TABLE V) 

FIGURE 23. EROSION SAMPLES AFTER 570 HOURS IN 545 ° F FLOWING STEAM AND WATER 
{SAMPLE NOS. IDENTIFIED IN TABLE V) 
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not associated with the test •. Ei&ht s~les were Visually inspected under 

20X magnification •. 'lhese samples are shown in Figures 22 and. 23. No. sig-

nJficant erosion of uo2 out Of the samples was· observed. Time was insufficient 

to permit weighing the samples. 'lhe samples were replaced the same day 1 and 

the test is continuing. Scheduled shut down for co~l~tion of the 1000 hour 

:test is April 11, 1961. A second 1000 hour test is .. planned using some of 

the first 1000 hour test samples plus vibratory compacted samples. 

8. VIBRATORY COMPACTED FUEL 

Vibratory compaction is receiving considerable attention throughout the 

country as a method of producing uo2~filled fuel elements. In the vibratory 

compaction process, fused uo2 particles are loaded into a tube and sub-

sequently sonically vibrated to effect dense packing of the uo2 particles. 

Vibratory compaction is under investigation using an MB electrodynamic unit 

to determine techniques and establish parameters required to pack uo2 to 

high dens~ties (greater than 90% T.D.) 

'lll.e primary effort during this period has been to study many binary and 

ternary systems composed of coarse, medium; and fine particles of uo
2

, 

vibrate these mixtures. for precise lengths of time at fixed sonic energies, 

and then calculate the density achieved for the particular mixture. Although 

high density is the goal of this work, more emphasis was placed on mapping 

out the density-composition than in achieving high density. 'lll.e knowledge 

gained by these studies will make process control more attainable. Simple 

three particle size mixes studied are capable of about 83% of theoretical 

density. "Broad-banded" mixes appear necessary to achieve densities above 

One hundred twenty-five different compositions were vibrated in 0. 4oO" I. D. 
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stainless steel t1,1bing in this period covering ".lle range from single 

particle sizes to broad mixtures, simple binary systems, simple ternary 

systems, and as-received powder. A brief summary of results follows: 

l. Single sieve sizes range from 53% T .D. for +6 material to a maximum 

of 58% T.D. for 10/14 mesh. 

2. Simple binaries range from 47% T.D. for a mixture of 3/6 and 6/8 to 

77t% T~D. for one third - 325 with two thirds 10/14. 

3. Ternary mixtures yield 75% to 78% T .D. for a large range of particle 

mixtures and a smaller number of compositions yield over 80%. One 

small peak occurs at 83% T~D. for 54 w/o of 6/8, 28 w/o of 35/48, and 

18 w/o of 270/325. other ternaries remain to be studied. 

4. The same mixture as used by Hanford for 90% T.D. uo2 packing in 

0.505 I.D. tubing was used for 3·5% uo2 powder and in 0.400" I.D. 

·stainless steel tubing. This mixture yielded 86% T .D. One of our 

mixtures gave 86.5% T.D. Table VI shows the two mixes. 

Table VI 
VIBRATORY COMPOSITION DENSITY COMPOSITION 

APED (86.5% T.D.) HAPO (86'fo T .D.) 
I 

uo2 Particle Size Weight Per Cent uo2 Particle Size Weight Per 

6/8 mesh 45% 6/10 mesh 55% 

8/20 mesh 15% 1/20 mesh 12t% 

35/65 mesh 25% 35/65.nesh 12t% 

-325 mesh 15% -200 mesh 20'fo 

These data discussed above are plotted in graphical form as shown in 

Figures 241 251 261 arid 27. 

Figure 24: Binary mixtures o:f various mesh sizes added to 10/14 mesh in 

Cent 

different proportions show.lng high specificity and sensitivity to composition. 
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Figure 25: Ternary plot of narrowly defined coarse, medium and fine, 

showing densities as packed in a standard 8g, 3. min. fill and vibration. 

Figure 26: A few of the same points as above after 1 min. at 30 g' s which 

causes powder attrition and change of composition. Note that the mix .which 

gave highest ~ensity as poured under low g without attrition did not 

necessarily resUlt in the highest density after working. Thus, it is more 

essential to find "that mix which Will move to the ultimate composition · · 

under vibration. 

Figure 27: Ternary plot of a mor~ practical mix actually composed of about 

8 or 9 sieve sizes arbitrarily divided into 3 groups of coarse, medium, 

and fine. 

Interest also lies in achieving many mixes which will yield about 85% 

density, since this is about the level required for one pass swaging. 

Real difficulty lies in analyzing the results of other than ternary 

mixtures because of the lack of ways to adequately graph the results and 

thus guide the direction of. motion. 

9. MECHANICAL DESIGN 

End Plugs - Drawn cup type end plugs have been fabricated in the Equipment 

Shop at the rate of 100 finished pieces per minute. As a result1 economic 

feasibility of this process is definitely established at less than $0.05 

per finished part·. Corrosion specimens are still in a BWR environment, but 

macroscopic inspection after 1000 hours indicated the end plugs and welds 

were in good condition. Burst tests on drawn cup type end plugs indicat~ 

that the cladding is still the limiting i tern in bursting1 thus there is. no 

evidence to date showing that the cup type design is inferior in perfor.mance 

to the more conventional solid type end plug~ 
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VBWR Assemblies - A new fUel- bundle. design for VBWR special assemblies. was 
·, · .. 

initiated and is now c<?IIIPlete. This design Will be ··representative of ·t!le 

design being ~ansidered for the Consumers Big Rock develqpment aesemblies· 

and will allow all of the fUel .rods to be removed more· easily thari allY pre-

vious designs. In aiidi tion, the new design wilJ,. ~ow tb.~ use .of. ei·ther 
' • • : ' ', ' ' • I' • •' • ' • .... • • • ~ • ', • • •. •' • • 

~- ·;.)·. ·f. 

machined or dravm ~up type en,d,.plugs and will.protect the .. fUel from 
.. •:.· 

Special fuel bundle 4s (helical spacer:) has completed i'ts pressure drop 

testing and results .showed approxiniately a 75% increase in~P over the 

conventianal.spacer. Sin~e the VBWR operating ~icense r~quires that an 

assembly of this type be operated at a burnout margin of 2 1 until the actuB.l · 

burnout point is determined, the present plan is to use assembly 4s as a 

prototype ·of the new fUe~ design .discussed above. This assembly would not 

then have a helical spacer, however, at the conclusion of an electrically 

heated burnout test using the helical spacer,.the concept will be re-evaluated 

.to determine its suitability for further· use •. 

Colilplet:f,on of VBWR prototype of this new design was accomplished at the end 
. . 

of M:lrch. Qn :the basis of ref;ltil.ts from fabri~ation of this prototype, 

design of a Big Rock development fuel·assembly will begin in April. 

10. . SPECIAL VBWR FUEL ASSEMBLIES 

The design characteristics of 10 of ~e 12 ~sk IB VBWR £Uei assemblies.has 

· been es~blished, as presented ·be.iow. Fabrication is in pr9gress on four 
·.,, .. .. 

of the~e assemblies~ The des.ign of the remaining two assemblies Will be 

established by May. 
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ASSEMBLIE·s FABRICATED BY THE SWAG~OVER-PELLET PROCESS 

No. lS 

Purpose 

Clad 

Fuel 

Rods 

End Plugs 

Completion Date 

No. 4s 

Purpose 

Clad 

Fuel 

Rods 

End Plugs 

Completion Date 

No. 6s 

Purpooc 

Clad 

FUel 

Rods 

TO irradiation test marginal and good quality 12-mil 
thick clad as determined ~y non-destructive testing with 
as-sintered pellets. 

0.012 11 thick 304 stainless 

3·5% sintered uo2 ground to an as-sintered distribution •. 

SWaged to zero gap. 13 rods to.have good quality clad 
and pellets with 0.010" diameter range. 12 rods to have 
marginal quality clad and pellets with 0.006" diameter 
range. 

CUrrent standard machined design. 

Completed March 17, 1961 

TO irradiation test a mechanical desi~ suitable for 
Consumers fuel that provides for easy removal of fuel rods •· · 

0.014, thick 304 stainl.ess 

4.5% sintered uo2 ground to 0.003" diameter tolerance. 

SWaged to zero gap. 

CUrrent standard machined design. 

April 1961 

To irl·a.dia.tivu 'lltsst 0-mil and 10-mil Clad rods .fabricated 
from commercially available material and utilizing a 
statistical approach to the relaxation of various manu­
facturing ~d design variables. 

0.010" and o.oo8" thick 304 stainless 

3·5% sintered uo2 ground to simulate as-sintered pellets. 
Forty per cent of pellets (. 94% Of the theoretical density; 
be.la:nce of pellets :?94% dense. · Pellets to have varying 
degrees of chips. · 

SWaged to zero gap. 13 rods to have 10-mil clad and 12 rods 
.to have· 8-mil clad. Both clad sizes to have nine rods each 
containing up to 0.002" clad ·surface defects. Four rods in 
each clad size to have X-rayrre.jectable weld defects. 
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End Plugs Machined design. 

Completion Date April 1961 

ASSEMBLIES FABRICATED BY POWDER COMPACTION BY ROIJ..ING PROCESS 

No. 3S 

Purpose 

Clad 

Fuel 

Rods 

End Plugs 

Completion Date 

To irradiation test fuel rods fabricated by the Calrod 
tandem rolling process. 

0.015n thick 304 stainless 

3·5% fused uo2 (-6 mesh) 

Rolled to 88.5%±1% density 

Collapsible design· 

April 1961 

ASSEMBLIES FABRICATED BY VIBRATORY COMPACTION PROCESS 

No. 7S 

Purpose· 

. Clad 

Fuel 

Rods 

End Plugs 

Completion Da.te 

No. 98 

Purpose 

Clad 

Fu.el 

Rods 

End Plugs 

Completion Date 

To irradiation test fUel rods fab.ricated by vibratory 
compaction to 88% density, minimum.· 

0.010" and 0.012" thick 304·sta1nless 

4.0% fused uo2 (-6 mesh, ce>nditioned) 

Vibratory compacted to 88% density, lllin1mum 

CUrrent standard machine design 

April 1961 

To irradiation test fUel rods fabricated by vibratory 
compaction to 90% dense. 

0.010" and 0.003" thick 304 stainless 

4.0% i'uSed uo2 (optimized mix.) 

Vibratory Compacted to 90% density 

Drawn cup design 

JUne 1961 
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ASSEMBLIES FABRICATED BY THE SWAGED-OVER;..POWDER PROCESS 

No. 2S 

Purpose 

Clad 

Fuel 

Rods 

End Plugs 

Completion Date 

No. 8s 

Purpose 

Clad 

Fuel 

Rods 

End PlUgS 

' ' 
,Completion Date 

No. lOS 

Purpose 

Clad 

Fuel 

Completion Date 

No. 5S 

Pu.rpose 

To irradiation test fUel rods fabricated by multiple pass, 
swaged~ over-powder process.· · 

0.015" and 0.010" thick 304 stainless 

3·5% fused uo2 (-6 mesh) 

Swaged to 93% ±1% density using multiple pass techniques. 
13 rods to have 15-mil clad ani 12 rods to have 10-mil clad. 

Collapsible design 

Completed March 17, 1961 

To irradiation test fUel rods fabricated by single pass, 
swaged-over;..powder process. 

0.010" thick 304 stainle~s 

4.0% fused uo2 (-6 mesh, conditioned) 

Swaged to 92% :±1% density, using a single swaged pass 
technique 

Collapsible design 

To irradiation test fUel roQ.s fabricated by .cold swaging 
and vibratory composi tion1 followed by hot working o;r 
heat treatment. · · · 

0.010" thick 304 stainless 

4.o% fused uo
2 

JUne 1961 

:oEi!'ECTIVE FUEL ROD ASSEMBLY (one only) 

To irradiation test purposely defec.ti ve fuel rods fabricated 
by the four :f'abr~cati6n processes under investigation; and 
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Clad 

Fu.el 

Completion Date 
'·t. 

certain other speciaJ. features such as 6~mil G,lad,ding, 
and Wa.rm press pellets. 

Varying, depending· upon fuel rod, :from 6-mil to 17-mil 

Pellets and fused l>owder 

11. MECHANICAL VIBRATION TESTS 

Initial vibration tests have been completed on a 36 ~od; fUll scale, 

Consumers element at reactor candi ~ions. Vibration was detected by strain 

gages that were.mounted 90 degrees apart on the inside surface of the 

uo2 pellet filled clad. Two normal rods were instrumented at an axial 

location of 5/8 of a rod length above.the element base. Figure 28_shows th~ 

top end of the instrumented element and emerging lead wire carriers. A 

series of tests were perfo~ed with two different spacer arrangements. 

Gene·ral Results 

Tests employing the spacer arrangement of the first core design revealed 

that ma.x1mum spanwise deflections of the norma.l rods were ·less than .001 

.inches at all test condi tiona. including the design mass ve1oci ty and 10% 

quality at 1000 psia. The vibration problem for the :first core is there- . 

fore less than was estimated. Vibration amplitudes as high as .007 inches 

were measured within a 55 inch span, which is three first core span lengths. 

Method 

The four strain gage pairs for indicating two dimensional lateral deflections 

in both instrumented fuel rods were. calibra~d by applying static point 

loads to the instrumented span, whicll was supported by simulated woven-

wire spacers. The calibration apparatus and strain recording equipment 

are shown in Figure 29. The calibration deflections were then converted 

to the inertial loading case. Corrections for temperature effects and non-

unifo~ties resulting from instrumentation were applied to the data. 
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Test I Results 

For Teswi, three double layer, woven-wire spacers supported the rods in 

four equal spans and vibration amplitudes were sensed at the center of the 
i 

third span from the element base. This spacing arrangement is that of the 

present core design. 

Test conditions were at mass vo1oci ties of ,.. 7 x 106 to l. 7 x 106 lb/hr-ft2 

of subcooled water and 0, 5, 10,. and 15% quality at 1000 psia. These 

conditions include those of the reactor design. 

The background noise level (60 cps) was equivalent to span vibration 

runplitudes of .0005 to .001 inches between supports. Lateral vibrations 

of the instrumented span of.this order of amplitude or greater would occur 

at a frequency of about 49 cps. No vibration could be detected with this 

sensitivity.at any of the conditions. Therefore, fuel rod vibration 

between the three spacers is less than .001 inch amplitude for reactor 

conditions. The gage location was not suitable for detecting overall rod 

length vibrations within spacers. 

Test II Results 

For Tests II, the upper two spacers of Tests I were removed while the position 

of the lowest spacer was not changed. 

Four tests of an exploratory nature were perfo~ed with the un-symmetrical 

spacer arrangement. Lateral vibrations occurred in the long span at fre-

quencies between 7.1 and 7.4 cps. Rotational frequencies were near 0.2 cps. 

The vibration was of nearly constant non-directional amplitude for a 

glven set of conditions. The amplitude in the sensor directions varied 

at the rotational frequency. The amplitudes of vibration are shown below 

with test conditions: 
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Test Pressure 
(psia) 

A 85 

B 1000 

c 1000 

D 1000 

Vib'ration 
l-hss Veloci t;l 

(lb/hr ft2) 
Water Te~erature. 

(oF . 
Qualit;l Amplitude 

(inches) 

•7 X 10 6 
70 .002 

•7 X 10 6 Sat .. .15 ',005 

1.2 X 106 Sat. .016 .004 

1.2 X 10 6 Sat. .05 .007 



FIGURE 28- INSTRUMENTED ELEMENT FOR VIBRATfON TESTS 

FIGURE 29- CALl BRA TION APPARATUS AND RECORDING EQUIPMENT FOR VIBRATION TESTS 
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TASK II - STABILITY, HEAT TRANS].ER, AND FLUID FLOW 

1. TASK OBJECTIVE 

Hydrodynamic, thermodynamic, and nuclear effects on reactor _performance 

and stability are to be evaluat~d analytically aniJ. al~o experimentally _in 

the Consumers Big Rock Reactor. Assurance ·of reactor stability under con-
. --:-----------«-·;'""":-'"'._~--·-~:>·--w~,~-- • • • • • • • • '• • • • ' • 

di tioi1~ of RB.cD testing is an obj'eqti v-e of the program, as is the use of these 

results and methods to evaluate performance of the 300 MWe. HPD conceptual 

design. 

out-of-pile heat transfer and fluid_ flow development testing will obtain 

data in such critical areas as: 

a. Burnout heat transfer 

b. Pressure drop (single and two-phase flow) 
. -

c. Hydraulic stability (forced and natural circulation) 

A wide range of operational and drsign parameters will be evaluated. 

2. STABILITY ANALYSIS 

An analytical model ·was conceived to evaluate the hydrodynamic and nuclear 

stability characteristics of the Consumers Big Rock core and nuclear .steam 

supply system. It incorporates an analytical representation of reactor 

kinetics, hydrodytiamic flow characteristics, including two-phase effects, 

and thermodynamics effects due to load and subcooling changes. :It is believed 

that the performance of high. power density boiling water reactors will be 

determined, in lA,rge meas1.1re, by the flow behavioi· of the two-phase nuclear 

steam supply system. Fo:r this reason particular emphasis was placed on · .. 

developing what is considered to be· an accurate and comprehensive analysis 

of forced circulation two-phas·e flow dyn~cs. 
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The reactor kinetics and hydrodynamics portions of the analytical model 

were applied to the 50·MWe Consumers Big Rock plant at rated con,ditions 

.and were found to predict stable performance .comparable to in,dustrial 

system design criteria. The thermodynamic effects due to load and sub-

cooling changes are yet to be investigated. 

·. 
The Analytical Model 

The analytical model to evaluate the hydrodynamic and nuclear s.tabili ty 

characteristics of· the Consumers. co.re and nuclear steam ~upply system is 

presented in block· diagram form in Figue 30. 'Jhe l0gic .of the ·model 

consists of analytical representations of" physicS.l phenomena. These 
•f • . 

representations, or transfer functions, 'are transformed'f'rom basic detining .. · . ' . · .. 

differential equations and describe tb.e iineari-zed phase and ~gni tude 

relationships between ·two variabies (output·~d inpu~) as a function ot 

frequency. The various transfer functions employed in ~e analytical 

model are shown diagrammatically in FigUre .30 as boxes in the· flow logfc 

path~,~ .The foll()wing are brief descriptions of ~e ~;Walytical rep;:_es~n~tions 

used in the stability model. 

Reactor Kinetics '·· 

A single delay group - linear representation of the thermal fi,~sioil· .(Neutron 

density-N*) of slightly ·enriched. U•235 as a result of excess reactivity (Dok). 

Doppler 

A linear representation of the regenerative'effect on excess reactivity 

owing to a change in average fuel temperature which in this model is'related 

tu neutron density (N*). 

Fuel Model 

A linear trans~o~tion.of the thermal diffusion equation which relates the 
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Press~re Rate 

·.A linear relationship which describes the time rate of pressure change in the 

nuclear steam supply system. (Pf) with respect to the energy balance of. steam 

flow rate an,d enthalpy (_Wghg*),_ ·reactor heat (Q_~), and feedwater flow rate and 
-· ... .. 

enthalpy ·(WF'VfFW~). 

Saturation and Subcooling 

A linear representation which relates pressure rate e·ffec;ts (~) . to the 

energy (WTflhg *) which must be suppl-ied. by the 9ore to overcome. inlet .sub­

cooling. Effects of feedwater temperature vari~tions are also illustrated 

·~rough the enthalpy hFW*. 

Pressure Voids 

A linear relationship which describes .. the .steam volup1e within the cp~e (Up*) 

as a function of the -~ime rate of pre~sure change in the ,nuclear steam supply 

system (P*). This is the flashiJ?.g type phet~.omenon. 

Pressure Reactivity . 

A linear relationship which describes ~e excess reactivity (L~."kp) due to 

steam volume changes (Up*) ~ri~in the core that are caused by pr~ssure 

.· variations. 'lhis is a transport relation .-which averages the steam volume 
·,· 

. due to flashing wi thi:p the core .,~d assigns • a· ·void worth of reactivity to 

that average. 

'lhe -Hydrodynamic Analysis 

'lhe hydrodynamic portion of the analytical ~odel is the distinguishing feature of 

this stability analysis. . It is based upon ti,le physical concepts· of momentum, 

interchange, conservation of energy:, and· c"C)iltinui ty of mass w,td does not rely 

in any way upon correlations or assumed relationships. It is a system of 

six transient equations which describe the mechanics and thermodynamics of 

two-phase flow loops. The independent variables of the hydrodynamic model 

include: heat input to the fluid and subcooling of the single phase inlet 

fluid to the heater; the dependent variables.'include: single-phase inlet 
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fluid velocity, two-phase pressure drop, steam velocity in the two-phase flow 

region, water velocity in the two-phase flow region and steam volume fraction 

in the two-phase region. The only dependent variable needed for·this stability 

analysis, however, is the steam volume fraction UQh * (see Figure 30). This 

hydrodynamic model has been described in detail and verified experimental.l.y 

for both steady-state and transient natural circulation problems. (l.) 

It was necessary for the purposes of this stability analysis to further 

develop the hydrodynamic model so that: 

(a) It would ·accept forced circulation flow problems, · 

(b) The rather involved mathematical. solutions could be reduced to a 

linearized transfer function acceptable for a frequency-phase shift 

analysis (Bode analysis), 

(c) Solutions could be readily. obtained. 

All three of the foregoing development points were completed during the 

past quarter and are manifested in the modified digital computer code 5-VLOP. 

It should be noted that the hydrodynamic model. can be applied to tne stability 

analysis in two ways: 

(a) Loop hydrodynamics - the reactor core, two-phase flow region and recircu­

lation loop is investigated for its feedback.contribution to system · 

stability, and 

(b) Parallel fl.ow channel hydrodynamics - a single hot channel within the 

(1) 

? . 
reactor core is investigated for its performance in parallel with the 

. . 
rest of the core for fl.ux noise predictions. Indi vic41al. channels within 

the· reactor core opera tine; ... i.!l a parallel fl.ow channel arrangement can be 

appreciably more under'daliiped than the whole or lumped core and still. 

not adversely affect reactor stability. They will, however, contribute 

Beckjord, E. s., ."The Stability of Two-Phase Flow Loops and Response to 
Ships lvbtion," GEAP 3493· 
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significantly to_operating fl~ noise by permitting disturban~es in 

the radial and. axial fll:lX distribution to be perpetuated. 

.' 

The. he.at.;.subcooling reactivity tr~sfer function of the stability 

analysis is :similar to the pressure reactivity model already described. 

The two are similar in that both relationships describe excess 

reactivity as a fUnction of steam volume. ~ey differ, however, owing 

to the fact that heat and subcooling generate steam volume in a manner 

.. quite unl_ike flashing. 

Reactor - Recirculation Loop Performance 

The reactor kinetics, fuel model, loop hydrodynamics and heat-stibcooling 

reactivity can be combined to form a reactor-recirculation loop. An 

analysis of this segment of the stability model for the Consumers 50 MW 

core at rated operating conditions was accomplished .during the last quarter. 

A diagram of this portion of the stability model and the transfer functions 
...., 

used is presented in Figure 31. Notice the path in the hydrodynami'c model 

which is applied to analyze the. parallel channel noise as an open loop 

disturbance. 

The reactor kinetics, fuel, loop hydrodynamics and heat-subcooling reactivity 

transfer functions were investigated by the use of a frequency analysis 

(BodA analysis} and reduced to a single closed loop transfer function 

which will be employed in the entire stability model of Figure 30. The 

frequency response plot of the loop hydrodynamics and heat-subcooling re­

activity feedback network (~~/Q*) for the 50 MW core at .'rated condition .is 

shown in Figure 32. 'lhe open loop stability plot (/j. ~/ ~ K) of reactor 

kinetics, fuel, flow loop hydrodynamics, and heat-subcooling reactivity is 

presented in Figure 33. . It can be seen from this illustration that the 
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reactor-recirculation loop is stable ldth 68° phase margin and 14 db gain margin, 

which compares favorably with conventional feedback system design criteria. 

'lhe closed loop performance of the network (Q*/ ,6~0d) is shown in Figure 34. 

It should be pointed out that the hand-calculated Bod~ analysis of the reactor­

recirculation loop was performed concurrently with an analog computer study. 

Results ~f both analyses were checked against each other and found·to yield 

identical results. 

The closed loop performance of the reactor-recirculation flow loop shown 

in Figure 34 is presently being studied in conjunction with the pressure 

related feedback response for system stability of the 50 MW core at rated 

conditions (see Figure 30). The parallel flow channel contribution to 

expected operating flux noise will be studied immediately thereafter. 

3· AIR-WATER FLOW TESTS 

Preliminary testing of a 1/5 scale Consumers Big Rock flow model established 

the need for a baffle in the reactor vessel. A series of plates located 

immediately above the riser inlet was tested to establish a controllable water 

level in the vessel. Evaluation of high speed movies taken of each baffle 

plate determined that a flat plate with an octogonal shaped hole to permit 

fuel handling in the core without removal of the baffle plate was the 

most satisfactory. 

The asymmetrical riser configuration introduced a vortex in the back side of 

the vessel between the two end risers. As a result of this vortex, "slugging" 

of the two phase mixture in the end risers res~ted. Various combinations 

of horizontal and vertical plates were installed to destroy this vortex and 

insure uniform flow distribution to all risers with a minimum of slugging. 

High speed movies were taken of all configurations and results are being 
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evaluated. Preparation of the final test results and report is in progress. 

Movies showing the phases of the testing will be made available to augment 

the report. 

4. HEAT TRANSFER TEST 

Design details of the 9 rod burnout test section and heaters were covered 1n 

the last quarterly ·report. During this quarter detail drawings were 

completed, bids obtained,· and a contract awarded to the Roscoe Kent Mf'g. co. 

The contract includes furnishing of ail materials. and manufacture of the 

burnout test section, and materials and manufac~ure for modification of an 

existing test section into the heaters. 

All materials have been procured for the test section and heaters. Manu­

facturing is estimated at 75 per cent of completion and is expected to be 

completed early in ~e next quarter. 
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TASK III - PHYSICS DEVELOPMENT 

1. TASK OBJECTIVE 

Long tu.el lifetime and economiea.l.ly 7et e:ffecti ve reactor cantrol is -the 

. objective of physics control studies, one of four major areas of study in 

this task. 

A second area is the .study of hot spot reduction by power flattening. ibis 

will influenc.e the degree of high power density that can be achieved within 

heat transfer limitations. 

A Large High Power Density conceptual design s·tuay is to be carried out, and 

results of the Conswners Big Rock :testing will be utilized and applied .in 

the 300 MWe conceptual design evaluation. 

IJhe optimizing and scheduling of control is the objective of a computer 

and data-logging system which is to be studied for feaaibili ty 1 designed, 

installed, and operated in conjunction with the Cansumers. Big Rock Plant. 

2 • EFFECTS OF BURNUP ON LOCAL POWER DISTRIBUTION 

IJhe extent to which enrichment variation can effectively be used to pro-

duce local improvements in the power distribution is being investigated. 

Calculations were described in the p~vious quarterly report (2) ~ which 

the local fuel bundle peak to average ratio was reduced from 1.28 to 1.05 

by employing a variation in fuel rod enrichments. 'lhe local power peaking 

in the fuel bundle results from the water sap between adjacent f'uel 

bundles. This power peak can be decreased by reductions in enrichment in 

(2) Holland, L.K., "Third Quarterly Progress Report, October .:.. December 1960" 
GEAP 3632. 
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fue1 rods ne~r the water gap and increases in enrichment in tue1·rods away 
. . . 

:.fr.om the ,gap. 'lh~ previous ana1yses have b.een eXtended to 1nc1ude the 

effects of' b:urnlip ,on the 1oca1 power distribution in an ini ti~ power 

fiattened ·~1 b~e. Two c~ditions have. been investigated; one in 

which contro1 rod perturbations do not exist and a second in which a 

contro1 rod ini tiaJ.1Y ad.Jacellt 'to one side of the fUe1 ~und1e was w1 tb.­

d.rawn after approximately one-third of the fUe1 bundle 's llfe. 'lhe 

resu1ts indicate a re1ativel.y small increase in the 1oca1·peak1ng .factor 

with time when there is no strong contro1 rod perturbation. '!he effec'\i 

of a previously inserted contro1 b1ade was found to produce a 1oca1 peak 

to av~rage power rat.io about 10% greater :than .the case withoUt contro1 

rods. These ca1cul.ations were based on a one-dimensiona1 s1al:l geometry 

and an average enrichment of about 3. 5%· It might be expected that 

inc;:l,uding the geometrica1 .e.ffects of a cructform b.lade ·Woul.d increase 

the contro1 b1ade effect on power distribution. ·In addition1 . reductions 

in enrichment cou1d increase the power perturbations ~sultine; f1oom 

. burnup. · 

water+ FUe1 Rods 
I 

I 

I ~ 
~G) 

water tl e i 
.pl.p 

:Ill~~ 
1 2 3 4 5 6 7 8 9 10 :p. l2 ..... 

Rod Number 

The numbers refer to the twe1ve rows Of tue1 rods in a bund1e. For the 

case w1 th no contro1 rods, there is symmetry about the center of the 

bundle. Figure 35 shows the power produced in the separate fue1 rods as 

.. 



a function of average bundle. exposure (MWD/.T). .It can be seen that 

the #1 rod adjacent to the water gap initially increases in power 

and then levels out. This initial rise 1~ attributed to the relative~ 

greater increase in fission cross section. in. the rods with lower enrich-

ment. and greater plutonium buildup. 'lhis eff'ect can be s.e.en in Figure 36 

where the PU-239 concentration is plotted as a function of exposure 

for the inner (://6) and outer (#l) rods. As burnup of plutonium becomes 

significant, the plutonium concentration of the rod adjacent to the 

water gap falls beiow that in the central rod. 'lhis contributes to the 

leveling out. of the power peak with time . From .Figure 35 it can be seen 

th,at the initial;pea.king factor of 1.04 increases to about i.o6 at 

approximately 7, 000 MWD/T and then slowly falls. In .this particlU,.ar case., 

the power peak shifted from the #3 rod ·to the #l rod early in life. 

thfo~unately,. not all tu.el elements in the z:.eactor operate without the 

. perturbing influence of adjacent control blades. In order to study 

i· ·.· ' 
:the effect of a control sheet on the local power distribution, the 

~alcutation was repeated for the condition in which a control sheet 

was inserted adjacent to the #12 tu.el rod and then withdrawn after an 

average bundle expbsure of 5,000 MWD/T. Figure 37 shows the relative 
(. 

power for several fuel rods in the bundle as a :function of exposure. 

The effect of the control sheet is to reduce the power in the #12 

rod to about nnP.-h.alf of th~ b\.mdle average. .1\tter the control sheet 

is withdrawn, this rod produces the peak power of 1.175 times the 

· average value. Thus, the shielding effect of the control blade has 
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been to cause an increase in the local peaking factor from about l.o6 

to 1.18. Two conclusions might be drawn from this calculation. First, 

there is an incentive for rotating control rod pattems during operation 

in order to minimize the shielding effects of the blades on adj~cent 

fuel rods. Second, the perturbing influences of previous history may 

well dictate a lower limit on initial local power flattening below 

which it is not practical to go. 

The method tised in calculating this time dependence of.the power 

distribution was to calculate the bumup of each fuel rod type w1 th 

a point (zero dimensional) burner and combine the resultant cross 

sections in a one-dimensional diffUsion theory calculation at specified 

time intervals. In this .calculation, it is necessary to establish 

boundary conditions to be applied to the point bumup calcUlation. 

'lhe basic methods used in establishing group constants for the three 

neutron energy group are described in the previous report(3), 

EFFECT OF FUEL CYCLING ON GROSS RADIAL POWER DISTRIBUTIONS 

One-dimensional calculations have been made of the gross radial power 

distribution in a typical 300 MW high power density reactor.. 1he 

objective of this study is to find the effects of refueling schedules 

on radial power shapes. In all cases, a five-batch core refueling 

was asswned. 

(3) Couchman, M. L. , and Miller, C. L. , ".Analytical :tethods for Consumers 
Research and Development Physics," GEAP 3574. 
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Th~. p~wer distributions and reactivities of several cases using $ll out-

sid_e-in reshuffling pattern and different discharge exposures were 
'l 

.· . All cases studied assumed a five-batch refueling cycle. IJhe 
. . : '~' . . ..:, 

results including .the initial and final reactivities and peak to average 

power ratios are summarized in Table VII. 

Table VII 
Refueling Cycle Effects an Power Peaks and Reactivity 

Disch.arge Refueling kef:f ke:f:f Peak./ Ave. Peak/Ave. 
Exposure Cycle 
~MWDLT~ ~MWDLT~ initial final initial :final 

25,000 5,000 1.058 1.437 

20,000 4 000 I 1.077 1.032 1·335 1.361 

15,000 3,000 1.102 l.o67 1.263 1.255 

10,000 2,000 1.129 1.105 1.226 1.226 

In these cases, it was assumed that the burnup increments were equal in 

each region. This would have been correct had there been a truly flat 

power distribution; however, this was not the case and therefore it was 

necessary t~ consider ~h.~ effect 6f the power distribution an the expo­

sure. This was done in ~ later phase o:f the stucl,y. . -~ 

As the time duration of the refueling cycle is increased and therefore 

the discharg~. exposure increases, the radial peak to average power ratio 

tends to increase~ This· results from the low power generated near the. 

core center caused by the low reactivity of the high exposure discharge 

fuel. This effect can be seen in Table VII. 

A case, which combined a reasonable discharge exposure and a relatively 

low peak to average power ratio, was chosen for further study. Power 

distribution and reactivities were then calculated using a fixed dis-

charge exposure of 15,000 MWD/T and a fixed reshuffling cycle of 3,000 
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WtiD/T. In these cases, the reshuffling patterns. we:re varied;to.~determtn'e 

the effects of the position of the different batches of fuel. Again 

five-ba~ch refueling was assumed. The data for these cases is given .in 

Table VIII~; In this table, Region _1 is the innermost region,· Region 2, the 

next region outward, etc. Figures 38 and 39 are curves showing the power 

distributions resulting from Cases a. and 4 of Table VIII. It can be seen 

from Table VIII and Figures 38 and 39 that the distribution of fuel batches 

in the core has an important effect on the power distribution. For 

example, in comparing Case 4 and Case 5 in Table VIII where two adjacent 

batches were interchanged, the peak to average power ratio increased from 

1.28 to 2.56. Therefore, it appears that considerable care should be 

exercised in following a particular reshuffling pattern as deviations from 

this pattern can cause serious effects. 

TABLE VIII 
Variable Refueling Cycle Effects on Power Peaks and Reactivity 

Exposure (1,000 MWDLT~ in. 
Region Region Region Region Region keff 

Case 1 2 3 4. 5 Peak/Ave. -
1 6 12 3 9 0 1.112 2.328 

2 9 6 12 3 0 1.103 1.460 

3 9 12 6 3 0 1.100 1.157 

4 12 6 9 3 0 1.102 1-278 

5 6 12 9 3 0 1.108 2-558 

One refueling pattern (Case 3 of Table VIII) was ,investigated in greater 

detail to find the power distribution in the equilibrium cycle. In 

obtaining the equilibrium power distribution, it was necessar,r to iterate 

between the burnup distribution and the power distribution until consistent 

results were obtained. The beginning and end of cycle effective reactivities 

and power ratios are shown in Table IX. Figure 40 show8 the radial power 
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distribution at the end of an equilib:dwn cycle. '.nlis power distribution 

is not significantly different fr9m that obtained previously under the 

' assumption that the fuel had equal incremental burnup. It should be noted 

that the results .obtained here are approximate iri nature 'because they do 

not include the variation in axial effects or the variation 1n voids with 

radius . However, they do serve to show the importance of re:f'ueling 

schedules on operating power distributions and indicate that very desir­

able radial power shapes can be obtaiiied by caref'ul. :f'uel schedules . 

TABLE IX 
~uilibrium Power Effective Reactivitz and Power Ratios 

Exposure tMWDLTl in. 
Peak/Ave. Region Region Reg on Region Region keff 

Case 1 2 3 4 5 

:Beginning 9,120 12,080 5,660 2,4oo 0 ]..102 1.196 
of Cycle 

End of 12,080 15,000 9,120 5,660 2,400 1.065 1.183 
Cycle 

4. LARGE HIGH POWER DENSITY CONCEPTU'AL DESIGN 

'Ihe development of physics technology for high power density cores is based 

on a conceptual design of a typical large (300 MWe) plant.- Al~ougb. tests 

may be performed in smaller reactors such as the Consumers Big Rock Power 

. Plant, the values and incentive~ associated with potential design improve­

ments will be referred to the larger core. As a starting point, the 

nuclear characteristics have been calculated for a large core design 

approximating recent technology. This design does not incl~e ~eatures 

neeeaeary to achieve power densities above those of the Big Rock Plant. 

It serves principally as· a reference for use in evaluating the performance 

of :f'uture designs. '.nlese :fUture designs are expected to demonstrate the 

overall goals of the development program. 
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The physics analysis of this initial conceptual· design is being issued 

as a topical report ( 4). <nl-Y a summary of the ~haracteristlcs of this. 

design will be given here. 

The nuclear and the~odynamic characteristics of the core have not been 

investigated in as much detail as would be the case for a core being 

built. No attempt has been made to optimize the various design param-

' 
eters at this stage. The constraints applied were that the core have a 

power density of 45 kw/1 without exceeding a safe clad burnout margin 

or fuel center temperature limit, and be capable of satisf'ying the normal 

shutdown control requirements. 

Whenever necessary in the course of design improvement studies, the 

characteristics of the reference core will be studied in greater detail. 

.'lhe physics data reported here is currently being employed· to refine and 

expand the thermal-hydraulics treatment of the core. 

A summary of the characteristics of the reactor is. given below. (Fbr 

more detail, see reference (4). 

Plant Data 

Electrical Power 

Pressure 

Core Data 

Power Density 

FUel 

TABLE X 
SUmmary of Reactor Characteristics 

930 MW 

300 MW 

1,050 psia 

45 kw/1 

uo2 (2.67 wt % u-235) 

(4) Miller, c. L., "Large High Power Density Core - Interim Report I: 
Physics Description of Reference Design" - GEAP 3649. 
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Clad Material 

Channel l>Bterial 

Number of Fu.el Bundles 

Number of Contro~ Rods 

. Number of Fuel Rods 

Active Core Height 

Core Volume 

Effective Core Diameter 

Water to U02 Volume Ratio 

Specific Power 

FUel Element Data 

FUel Rod O.D. 

Clad Thickness (304 stainless Steel) 

Fuel Rods Per Bundle 

Zircaloy Channel Dimensions 

Nuclear Data 

.sta¥!less Steel 

Zircaloy-2 

208 

97 

29,952 

108.5 inches 

20.25 x 106 cm3 

120.4 inches 

2.32 

18.7 kw/kg u 

0.400 inch 

0.015 inch 

144 in a 12 x 12 array 

6. 51 inches I. D. 
0.100 inches thick 

ko<:~ cold, Rods out 1. 235 

koo cold, ~ods Inserted 0.952 

kex> hot, Average Voids; Including Xe, Sm, 
Doppler Coefficient 1.183 

Neutron Migration Area Cold 
Hot-Boiling 

Average Fuel Composition at 14,000 MWD/T 

Gross Power Peaking Factors Axial 
Radial 

Void Coefficient 20 °c 

Temperature Coefficient 20-50 °C 

-78-

37.34 cm2 

70.69 cm2 

U-235 0.0134 atom traction 
Pu-239 0.0036 atom fraction 
Pu-240 0.0011 atom fraction 
Pu-241 0.0005 atom fraction 

1.50 
1.30 

-2.1 x ro-30k/k/% voids 

-5.0 x lo-56k/k/0 c 
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5. SCHEDULnm COMPUTER 

~e Princ.~ple .incentives ·and the primary c;:omputer functions have been defined 

and in large measure detailed. A report (5) providing this· detail and to 

serve. as a basis for ·:writing specif'icaticms for computer procurement has been 

completed and will be submitted for issuance pending AEC approval. 

The computer's purpose· is to make feasible higher power densities by operating 

closer to :f'uel element burnout l1m1ts1 and to maximize :f'uel burnup. The 

incentives and f'unct:tans of' the scheduling computer will be summarized by 

item. 

A. Incentive - 'lhe economic justification of a computer for fUel scheduling 

is largely based on freedOm to peak neutron flux in the operating plant, the 

computer selecting the best schedule in terms of' economics. and operational 

11m1 ts. The studies made thus far indicate that the computer is not 

f'Ul.l.y justified economically for a plant as small as the Big Rock Plant, 

based on :fUel burnup maximization alone. However, a 300 MWe plant is esti~ 

mated to permit a net· saving of about 0.14 mills/kw. hr., .-or betWeen 

$51 000 and $21.61 000 yearl.y1 depending on. average ~erating power and. 

f~edom to peak the f'iux. This f'reedom1 of' course1 increases when the 

plant is operating at sometb.ing less than rated power• 

B. ReaCtor Heat Rate - 'lli~ reactor heat rate i·s calc~ted from sensed data 

avetaged over the sped:ifi.ed period of thirty minutes and is logged :f'or 

operator use as well as being made available· for other computer calculations. 

Sat'IU'ation enthalpies Will be calculated from measured pressuresj sub­

cooled enthalpies will be determined from temperature and pressure measure-

mentsj and the pertinent flow rates will be measured directly 

or calculated from a combination o:f' measured f'lowso 

(5) . 
E. s. Beckjord1 "'lhe Development of' a Scheduling Computer :f'or the Big Rock Plant1 " 

GEAP 3702. 
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'Ihe computer will be progrannned to handl.e all normal. operating 

conditions, e.g., a pressure range of 1000 ~o 15.00 psia. 

C. Ion Chamber Normalization and Calibration - Normalization is the process 

of relating thermal power to ion chamber readings and will be performed 

every half-hour :following the heat rate calc$tion. 'lhe normalizing constant 

is determined by the ratio of heat rate to_the product of average chamber 

reading and total fuel surface area. With this co~fficient, evaluated 

half-hourly, the individual channel or volume heat flux can be determined. 

The equations describing these fUnctions are: 

Rcore = 1 ( ) - t" 30 WFi 

~ is the individual chamber reading here weighted by a factor (WF)i 

determined from gamma probe data and stored in the computer. '!he nor-

ma.lizing constant is then, 

K Heat Rate 

Rcore x .Area 

The individual channel heat flux can thereby be determined, 

··.,., .. 
Provision is made in the computer to by-pass faulty ·chamber signals or 

to accept operator inrn.tt for the best local average factor. 

Calibration is performed routinely with wire irradiation and much less 

frequentlY than the normalization. By comparing the indiVidual chamber 

reading to normalized count ratio (Ri/cj) to the average ratio (R/C), each 

fiu:x; amplifier may be corrected to give a proper reading. The wire 

irradiation data (ci,) is read in manually as prepared from the counting· 

equipment and corrected for the decay characterist_ic .of the copper wire. 

-80-
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D. Reactor Core Perfornia.nce This series of calculation.~ will provide the 

operator with current data rega.rding·the_principle operating limits . 

. Heat flux, :coolant temperatures, core p-ressure drop, and ion chamber 

readings are Used to evaluate channel: flow, nodal quality, nodal burnout . . . . 

ratio, nodal fuel center temperature, nodal heat.flux, and pressure drop 

(inlet, exit, friction, acceleration, and elevation). Thes.e quantities 

are stored and printed on demand. Selected variables are printed as 

part of . the regular log. 

E. Neutron Flux Exposure - Effective maximization of burnup will depend in 

great part on accurate histories of the fuel, control rods, and ion 

chambers. 'lhe energy release per weight of channel section (3 sections), 

and the energy release weighted by the presence of voids will be -kept, the 

latter to be used in plutonium buildup calculations. The ian chamber 

exposure histories will be individually kept, and control .rod exposure 

will be determined daily based on the daily average: power and average 

rod position and will be recorded for three sections of each rod on a 

cumulative basis. A log book identifying each fuel·element, control rod, 

and ion chamber will be used to record cumulative exposures at times of 

removal, relocation, or as desired by the operator. 

F. Burnup Maximization - This is the area of greatest incentive 'and the work 

is still in process to define adeqUately the best method of achievement. 

Studies have been made showing preferred power distributions for increased 
.. 

burnup. The strategy of operation is also found to be closely related 

to operating philosophy, whether it is operated as a base load plant or 

with a variable load s·chedule. 'lhe simplest scheme for implementing this 

on the computer requires the calculation on a general purpose computer 

(using exposure history as an input) of preferred flux distributions at 

specific operating conditions. These are then read into the scheduling 
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computer as local to average power ratios and con-trol rod scheduling is 

evaluated i~ terms of actual to preferred ratios. TOese preferred 

distributions would be ca].cuia.ted externally perhaps each two to three 

months for incorporation in the plant colupU.ter. 

Another scheme involving only th~ scheduling computer is now being 

studied. This will require development of concise and rapidly con-

verging solutions of the coupled reactor flux, thermal, and hydraulic 

j equations. 
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G. Control Rod Pattern Logic - The function of control rod pattern logic is 

to assist the reactor operator in control rod positioning from cold 

start-up through the operating range. The computer will print out on 

a typewriter near the operator the next rod position change for either 

increasing or decreasing power. 

Sequences are evaluated periodically and stored in the computer. This 

may or may not be associated directly with the burnup maximization 

function. Typical sequences have been established for both the 50 and . 

75 MW Big Rock Core and have been determined without considering the 

maximization function. 'lhese are given in the detailed report. 

H. Xenon Transient Calculations - AS an aid to the operator near the end of 

core life·, the reactivity requirements necessary to maintain power after 

a load change, wi tb. the subsequent xenon poisoning, will be calculated. 

This could be presented as either the rOd motion to be expected in order 

to correct for the xenon poisoning, or as the incremental load change to 

be tolerated without loss of control due to xenon poisoning. 

I. Plant Component Performance - Turbine heat rate, station heat rate, and 

condenser and feedwater heater perfo~ce characteristics can be easily 

incorporated in the monitoring function of the computer. Indication 9f 

-8~-
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J. Instrumentation and Cablin_g - .Most of the required input to the computer 

is derived from norniB.l plant instrumentation. 'lhe interconnections .required 

have been defined and the exceptions have been identified, with provision 

to add to the plant design or procure them w1 th the computer. These 

are detailed in the Report, GEAP 3702, as is the accuracy and scanning 

rate ass.ociated with this input. The accuracy of computer calculations 

is related to the scanning rate, and the selected rate for principle cal-· 

culations in the computer :irs·. sufficient to provide better than 90% 

confidence of calculational accuracy within the ~accuracy of the 

sensing instrumentation. 

K. Input-OUtput - Based on the number of input signals involved and the 

computation required with the above accuracy, a calculation cycle of 

thirty minutes has been selected. Input is from analog and digital 

signals, from paper tape, computer console control, and from "on demand" 

9ontrol by the reactor operator. The output is by printed logs, information 

storage on punched tape, periodica11Y typed information to the reactor 

operator, "on demand" information to the reactor operator, and console infor-

mation monitoring computer operation. This fUnction of input-output is 

still under investigation. 
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TASK .IV ~ .. OEEBAT.I.miA.L._F.LANNING .. _AND.TEST .. COORDINATION 

1. TASK OBJEC.TIVE 

This task is concerned with the test planning and design, safety assurance, 

test equipment procurement, ope~ational scheduling for the R & D program, 

and maintaining and issuing reports on progress of the program. 

2. SUMMARY OF WORK PERFORMED 

The procurement of instrumentation and the preparatfon of test facilities 

at VBWR for the installa~ion and operation of the two instrumented assemblies 

is 95% complete. These assemblies are currently scheduled to be inserted 

in the VBWR core about M:Ly 15, based on AEC approval of VBWR start.;.up by 

April 10. 

Coordination of the R & D program with Design Engineering was maintained 

during this quarter. Safety valve requirements were established pro-

viding the necessary flexibility to operate safely at discreet reactor 

pressures ranging between about Boo psi and 1500 psi. Spare sets of 

valves and springs are being provided to meet this requirement. Instru-

mentation lead wire and signal cable requirements have been established 

for rod osciLlation testing, computer input-output and instrumented 

assembly tests. 

Reports that ;'haVe been issued during this quarter include two Monthly 

Progress Letters, numbers 12 and 13, for January and February; the Third 

Quarterly Progress Report, GEAP 3632; and the topical report "The Design 

and Fabrication of High Power Density Fuel Assemblies for VBWR Irradiation 

Testing," GEAP 3609, by J. w. Lingafelter and w. D. Fowler. Two topical 

reports have been prepared for issuance subject to AEC approval as follows: 
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"Swaging Over Unground Pellets" 
··by R. L. Brown 

"Iar.f?;e Hi~ ;!?ower Density Core - Interim Report I: GEAP 3649 

Physics Description of Reference Design," 

by C: L~ Miller 

3. VBWR SCHEDULE . 

. 'lhe irradiation of the fuel elements fabricated under Task IA .and IB will be 

resumed in· ·VBWR with the approval by. the AEC of VBWR operation. An 

April 10 date of approval is presumed though not fi~. Based on receipt 

of approval the following schedule is tlla.t expected to be foll~wed in 

bringing the VBWR to power operation. 

Days After 
AEC Approval 

0 - 9 

10 - 19 

20 - 27 

28 - 31 

32 

33 - 40 

41 - 62 

63 - 66 

67 - 90 

Load core, make pre-operational checks and measur~ments. 
• ' 1 

·Start-Up; make hot critical tests and complete 30 MW 
Nuclear start-tip tests. ' 

F'Ull power, steady-state operation. 

Shutdown: charge one lkesden and five Consumers el.ements. 
Install flux wires, repair steam leaks. 

Flux wire irradiation. 

Shut down; install prototype B4C Control rod and two 
instrumented assemblies, remove flux wires, move new 
assemblies to final desired power locations in core. 

Operate steady-state, full power. 

Add SADE defect element SADE I, one Consumers HPD special. 
element.and two FUel Cycle special development assembli~. 

Operate SADE defect test. 
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