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CRITICALITYEXPERIMENTSWITH MIXED OXIDE FUEL PIN
ARRAYS IN PLUTONIUM-URANIUMNITRATE SOLUTION



SUMMARY
, ,

A series of critical experimentswas completedwith mixed plutonium-

uranium solutions having a Pu/(Pu + U) ratio of approximately0.22 in a

boiler tube-type lattice assembly. These experimentswere conducted as part

of the CriticalityData Development Programbetween the United States De-

partment of Energy (USDOE)and the Power Reactor and Nuclear Fuel Development

Corporation (PNC) of Japan. A complete descriptionof the experimentsand

data are included in this report. The experiments were performedwith an

array of mixed oxide fuel pins in aqueous plutonium-uraniumsolutions. The

fuel pins were contained in a boiler tube-type tank and arranged in a 1.4 cm

square pitch array which resembled cylindricalgeometry. One experiment was

performed with the fuel pins removed from the vessel. The experimentswere

performed with a water reflector. The concentrationof the solutions in the

boiler tube-type tank was varied from 4 to 468 g (Pu + U)/liter. The ratio

of plutonium to total heavy metal (plutoniumplus uranium) was approximately

0.22 for all experiments.
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CRITICALITY EXPERIMENTSWITH MIXED OXIDE FUEL
PIN ARRAYS IN PLUTONIUM-URANIUMNITRATE SOLUTION

1.0 INTRODUCTION

The design and operationof facilities for recycling Fast Breeder

Reactor (FBR) fuels involvecriticalityconditionswhich are much different

from those encounteredin the light water reactor fuel cycle. Conditions are

encountered in plant operations with fissionablematerials that involve

complex equipment shapes, high plutonium content in solution with uranium,

and neutron absorbingmaterials that affect criticality. Experimental

criticalitydata are required for validation of the calculationsand nuclear

data used in facility design, operationalprocedures and related licensing

activities to ensure freedom from criticalityaccidents.

In August 1983 the U. S. Departmentof Energy (DOE) and the Power

Reactor and Nuclear Fuel DevelopmentCorporation (PNC) of Japan entered into

an agreement to study such nuclear criticalityaspects as they related to the

development of FBR fuel recyclingtechnology. This arrangementwas developed

through the DOE and PNC Agreement in the Field of Liquid Metal-Cooled Fast

Breeder Reactors. Prior to this Joint Memorandumof Agreement (MOA) for

Nuclear CriticalityData DevelopmentProgram, DOE had initiatedan

experimentalprogram at the DOE Hanford Critical Mass Laboratory to provide

basic criticalitydata on plutonium-uraniumsystems in support of the

U. S. Liquid Metal Fast Breeder Reactor Program. Under this MOA, PNC has

promoted and enlarged the DOE Program to cover areas of mutual interest.

- Some computer codes for criticalitycalculationshave been developedand

applied to FBR fuel cycle facility designs. Applicationof these codes,

however, and the associated cross-sectionlibraries, result in uncertainties

on the particular conditions for FBR fuel and need further verificationbased

on actual critical experimentaldata. Therefore, experimentaldata are

needed which will a11ow verificationof codes and cross-sectiondata to

minimize the uncertaintiesso that facility safety, efficiency,and
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reliabilitycan be enhanced. The verificationof criticalityevaluation

methods is the subject of regulatory licensingactivity. These data have

applicationwhenever mixtures of plutonium and uranium exist, such as in the

head-end dissolutionprocess of a fuel reprocessingplant and wherever

heterogeneoussystems exist.

This report contains a descriptionof the criticalityexperimentsand

the data from the experiments. The experimentswere conducted with mixed

plutonium-uraniumsolutionsat a Pu/(Pu + U) ratio of approximately0.22.

The experimentswere performed in the boiler tube-type lattice assembly which

contained an array of mixed oxide fuel pins. The measurementswere made with

a water reflector. The concentrationof the solution in the boiler tube-
i

type tank was varied from 4 to 468 g (Pu + U)/liter. Experimentswere also

performedwith gadolinium added to the solution to determine its

effectivenessas a neutron poison in a mixed oxide fuel pin array.
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2.0 DESCRIPTIONOF EXPERIMENTALASSEMBLIES

This section includes the general descriptionof the experimental

assemblies used in obtaining the criticalitydata for this report.

2.1 GENERAL DESCRIPTIONOF THE SOLUTION SYSTEM

An existing experimentalsystem,previously used for solution

experiments at the Critical Mass Laboratory,was used for conducting the

. measurementsand providing the data for this report. The solution system is

located in the critical assembly room. The addition of solution to the

experimentalvessel is remotely made from the control room. The layout of

equipment in the critical assembly room is shown in Figure 2.1.

The critical assembly room is 10.67 meters square and has a ceiling

height of 6.4 meters. The side walls are composed of 1.52 meters thick

concrete. The concrete ceiling and floor are each 0.61 meters thick.

The containmenthood (Hood I) was located 1.83 meters from the north

wall of the room. The west side of the hood, which faces the wall

containing the DS and DM tanks was located 1.52 meters from that wall. The

cylindrical vessel assembly positioned south of Hood I will be discussed in

Section 2.2.

A schematic showing the piping connectionsbetween the three

experimentalvessels is shown in Figure 2.2. This piping arrangement allows

critical experiments to be conductedwith the same solution in each of three

vessels without changing vessels, when desired. The boiler tube-type vessel

was used in this series of experiments.
wq

The fill, dump and manometer lines enter the bottom of the vessel

through the dump valve system. The dump valve and lines are designed to

drain the fissile solution even if the addition were continued. The vessel

is connectedto the dump valve pedestal by a Marmon flange connection which

provides a leak tight connection.
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2.2 CYLINDRICALVESSEL ASSEMBLY

A photograph of the cylindricalvessel system is shown in Figure 2.3.

This system contains two cylindricalvessels. The vessel used for the

experimentsdiscussed in this report was a boiler tube-type tank and it was

locatedon the left side of the system. The control and safety blade

mechanisms were mounted above the vessel and can be seen in the figure. The

reflectortank serves to contain water for the water-reflectedexperiments.

Windows of polycarbonate (Lexan)were installedon the front for access to

the experimentalvessels and for visual inspection.The reflector tank was

fabricatedof carbon steel. A schematicof the experimentalvessel

arrangementgiving dimensions is shown in Figure 2.4.

A boiler tube-type tank was fabricatedto provide a fixed array of guide

tubes. During critical experiments,g96 Type 3.2 Fast Flux Test Facility

(FFTF) fuel pins were placed inside the tubes, and the tubes were surrounded

by various solutions. A schematic of the vessel is shown in Figure 2.5. The

vessel has an outside diameter of 53.188 cm. The wall thickness of the

vessel is 0.091 cm. This particular design of the vessel was necessary in

order to isolate the fuel pins from plutonlum-bearingsolutions. The design

of the vessel incorporateda means of attaching the guide tubes to the top

plate in a manner that did not warp the plate. The tubes were sealed by

0.635 cm long plugs laser welded into the ends of the tubes. The other end

of the tube was flared and mechanicallysealed with a screw-type compression

fitting. Only the mechanicallysealed end of the tubes were attached to the

top plate to prevent bowing of the tubes as a result of differentialthermal

expansion. The thickness of the top plate is 1.930 cm. An elevation view of

the boiler tube-type tank is shown in Figure 2.6.

The vessel also included a middle lattice plate and a polyethylene

spacer to maintain a uniform spacing between tubes throughout the vessel.

The diameter and thicknessof the middle lattice plate is 52.426 and 0.478 cm,

respectively. The diameter of the holes drilled in the plate for the guide

tubes is 0.675 • 0.004 cm.
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The polyethylenespacer that was placed at the bottom of the vessel, in

the region below the mixed oxide (MOX) fuel, serves to effectivelyexclude

fissile solution from this region. Therefore,neutronmultiplicationoccurs

only in the region of interest (i.e.,where the MOX is surroundedby fissile

solution). The diameter of the gg6 holes in the polyethylenespacer is 0.701

0.0076 cm. The diameter and height of the spacer is 51.511 and 21.184 cm,

respectively. Figure 2.7 is a photographof the polyethylenespacer which

shows that the spacer was fabricatedfrom three separatepieces of

polyethylenethat were held togetherby tie bolts. The four pairs of tie
t

bolts were securedto the four spacer holders. The middle lattice plate and

the polyethylenespacer were suspendedinside the vessel by four rectangular

bars (cross sectionaldimensionsare 0.635 by 1.905 cm). In Figure 2.8, the

photograph shows the inner assembly and guide tubes used in as-built

dimensionmeasurements. The portion of the assemblywhere the MOX was

located, between the middle latticeplate and the spacer, is indicated.

The vessel was designed so that the bottom of MOX fuel would be at the

same elevationas the upper surfaceof the polyethylenespacer. Based on

measurementsmade after fabricationof the inner assembly,the top surfaceof

the spacer was estimatedto be 0.028 cm above the bottom of the MOX fuel.

However, since the uncertaintyin these measurementsis 0.127 cm, the levels

should be considered to have the same elevation. Also, the bottom of the

guide tube plugs was found to extend beyond the spacer by 0.04 • 0.15 cm.

The uncertaintiesassociatedwith the above two measured values are large

because these measurementswere not made directly. Instead, these values

were determinedby taking the differencebetween a series of measurements

taken inside and outside selectedguide tubes. The spacer is 0.g22 cm above

the inside surfaceof the bottom plate of the vessel to allow for fillingand

. draining. Four set screws were insertedinto the spacer to assure that the

vessel could be drained.

An analysis of the top plate, middle latticeplate and polyethylene

spacer true position measurementdata found that the holes had a square pitch

of 1.400 • 0.003 cm. In Figure 2.9, the photograph is a view under the

polyethylenespacer showing the plug-endof the 996 guide tubes and the

2.9







FIGURE 2.9 Photographof PolyethyleneSpacer Showing LatticeConfiguration
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geometricalarrangementof the tubes. Also shown are the four leveling

screws and the eight tie bolts. The completedinner assembly is shown in

Figure 2.10, and the completedboiler tube-typetank is shown in Figure 2.11.

The schematicof the vessel illustratedin Figure 2.12 summarizesall of the

vital as-builtdimensions.

All materialsused in the fabricationof the boiler tube-ty.r.etank were

certifiedType 304L stainlesssteel, except for the compressionfittings

(Type 17-4PH stainlesssteel) and the polyethylenespacer. The spacer was

fabricatedfrom blocks of Number 213 "pure polyethylene"suppliedby Reactor

Experiments,Inc. The listed density for this material is O.g g/cm3. Due to

the importanceof the material compositionof the guide tubes, the data from

the mill specificationsare provided in Table 2.1. The outside diameter of

the tubes is 0.6462 • 0.0028 cm and the insidediameter is 0.6083 • 0.0013 cm.

The control and safety blades were external to the vessel and were

withdrawnduring the neutron flux measurementstaken in the course of the

critical approach. The experimentswith the boiler tube-typetank were

conductedwith the reflectortank containingwater. The reflectortank was

filled to a level 56 cm below the top of the boiler tube-typetank. The

distance between the boiler tube-typetank bottom (outsidesurface) and the

bottom of the reflectortank (insidesurface)is 16.0 • 0.2 cm.

Engineeringdrawingswere provided in PNL-5768 (Lloyd 1986) for the

cylindricalvessel system; these containdetailed dimensionsused in

fabrication. A listingof the engineeringdrawings is provided in Appendix A

for cylindricalvessel system.

Engineeringdrawings for the boiler tube-typetank assembly are provided

in Appendix B.
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TABLE2ol Mill Specification Data for Type
304L Stainless Steel Guide Tubes

Element Wt%

Fe 69.208(a)

Cr 18.33

Ni 9.33

Mn 1.54

Si 0.47

Mo 0.31

. Cu 0.29

C 0.24

Co 0.19

N 0.060

P 0.027

S 0.005

(a) Balance of data to equal 100 wt%.

2.3 FFTF FUEL PINS

The critical experimentswere conducted with Type 3.2 FFTF mixed oxide

fuel pins. These fuel pins were used in other critical experimentsthat have

been performedat the PNL-CML (Bierman 1986, Bierman 1979, and Durst 1980).

The fuel pins were referred to as Fast Test Reactor (FTR) pins in these

reports. The Type 3.2 FFTF fuel pins contain 19.78 wt% plutonium. The

isotopic and density data for these pa_'ticularfuel pins are given in Figure

2.13. These data are based on measured data from pellet lots used in

fabricatingthe fuel and are more accurate than the informationpreviously

reported (Bierman1979, Durst 1980, and Prim 1980). The dimensions of the

fuel pins are also given in Figure 2.13. The actual MOX fuel region is

restrictedto a 91.4 cm length near the bottom of the pins. The remainderof

the pin consists of Inconel reflectors,end caps and other hardware. As

discussed in the previous section, the elevation of the MOX fuel should be

considered equal to the top of the polyethylenespacer of the boiler tube-

type tank.
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Ftgure 2.14 shows the loadtng of a fuel pin Into the boiler tube-type

tank prtor to mounting on the experimental assembly, Figure 2.15 shows the

boiler tube-type assembly loaded wtth 996 fuel ptns,
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3.0 EXPERIMENTALRESULTS

This section provides the results of the experiments includinga

descriptionof the measurementtechniques involved in obtaining the data.

3.1 CRITICALITYMEASUREMENTTECHNIQUE

The critical heights for the experimentsreported herein were determined

using the critical approach method (Clayton 1985). In this critical approach

method, neutron flux measurementsare made as the height of solution is

incrementallyincreased. Inverse count rate is plotted versus solution

height. At delayed critical condition the neutron count rate approaches

infinity so that the inverse count rate approaches zero. By extrapolationof

the inversemultiplicationcurves to zero value, the critical height is

determined for the system. The neutron flux is routlnely taken on three

boron-lined proportionaldetectors locatednear the experimentalvessel. The

data from the three counters extrapolateto essentiallyidenticalvalues for

solution height at near critical values. The computer calculated least

square fits of the inverse multiplicationcurves, used in determiningthe

critical value for the solution height in each experimentalassembly,are

included in Appendix C.

3.2 CRITICALITY DATA

The criticalitydata for this report were obtained between November 1987

and April 1988, when thirteen experimentswere completed using the boiler

tube-type tank system. The data are summarized in Table 3.1. Figure 3.1

shows a plot of the critical heightsdetermined at various concentrationsof

the plutonium-uraniumnitrate over a range of ~4 to 468 g (Pu + U)/llter in

the boiler tube-type assembly loaded with the mixed oxide fuel pins. Figure 3.2

shows a plot of the critical heights determined for a concentrationof ~464 g

(Pu + U)/liter for various additionsof gadolinium from ~0 to 2.2 g Gd/liter.

The sample analysis methods and descriptivetitles are given in Table 3.2. The

critical heights were calculatedby a least squares fit to the inverse neutron

multiplicationdata from three neutron detectors (computerprintout provided in

3.1



TABLE 3.1 CriticalityMeasurementswith Plutonium-Urani.m
Nitrate Solution in the Boiler Tube-TypeTank{a)

Project CIL Free Critical (c)

Run Case Experiment Sample Pu U Qd Density (b) Acid Height

Date Number Number Number I_ _ li_ :_ (Id) (cm)

11/|4/87 SlC 186 1238 |.88 2.7 |.| 1.6178 6.41 18.41

11/65/87 51CR 166R 1238 |.88 2.7 |.J 1.6178 8.41 18.66

11/89/87 41 107 1231 73.98 284.89 |.| 1.4833 8.67 21.34

11/19/87 81 119 1233 47.8| 163.66 B.| 1.3188 8.62 28.81

11/24/87 62 118 1234 22.63 77.84 |.| 1.1677 8.47 18.98

11/25/87 52R 118R 1234 22.63 77.84 |.| 1.1577 8.47 19.83

12/82/87 4| 111 1235 1|3.7| 363.98 8.| 1.6764 8.86 23.67

12119/87 86 112 1236 103.19 360.62 6.49 1.6756 6.65 36.28

12/11/87 88 113 1237 102.23 359.69 |.98 1.6746 6.65 38.76

12117/87 78 114 1238 182.65 35_ 59 1.47 1.6745 8.66 61.86

12/23/87 78c1 118 1239 102.68 359.55 1.97 1.6746 9.66 73.68

12/31/87 78c2 116 1248 103.61 362.48 2.16 1.6790 6.65 90.27

|4184/68 --- 117 1263 83.38 288.67 8.| 1.5587 6.98 27.42

(a) Boiler tube-type tank contained 998 FFTF Type 3.2 pins except for experiment 117 where the fuel pins were
removed. The vessel was.tar reflected.

(b) Density aeasured at 23°C

(c) Zero reference is the top of the polyethylene spacer.
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TABLE 3.2 ChemicalAnalysis Methods

hSe of

Ide|auremen5 Hethod Title (a) Approvll

Plutonium Plutonium by Automated kaperometric 13/18/88

Titration. (31.8)

' Plutonium Plutonium Purification by Ion

Exchange. (31.9) 1S111186

Uranium Uranium by _toea_d Potontlometric |2/|E/U

Titration. (38.8)

241_ Aanericiue-241 by Anion Exchangeand 15/14/76

AlphaAnalysis. (41.16)

Free Acid Detormina+ion of Free Acid in Uranium/ 12/14/86

Plutonium Solutions. (Using an

improvedoxalato meshed) (41.22)

Density Density of Solutions. (Using Heftier/ 62/65/86

Pear Density Metor) (4|.23)

Isotopic Isotopic Composition of Plutonium 0g/27176

and Uranium by ILliamSpectroscopy. (31.6)

Od, Impurities ICP Analysis. (b) (SP-78) 14/|1/e6

Gd, OclHydrato ICP Analysis. (©) (HTA-4-1) 1Tii1/07

Od Hydrate Oravi,,et,ric. (PNL MA-697Vol. 2) 115/311/76

,,,,,,,

(a) The numbers in brackets are method numbersfor PNLMA-597, Yol 2,

except 41.22 from Vol. 7.

(b) This method wan used to determine gadolinium in experiment solution.

C¢) This method was used to detoreine gadolinium in the concentrated

gadolinium nitrate _lution.
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AppendixC). The 241Amcontentfor each sampleanalyzed,the analysisdate and

the experimentscoveredby that sampleare givenin Table3.3. The isotopic

analysisvaluesfor the plutonlum-uraniumnitratesolutionsused in the

experimentsare givenin Table3.4. Table3.5 providesinformationon the

temperaturesof the criticalassemblyroom (CAR),the dump mix tank (DM)and the

waterreflector.Also in Table3.5, the reflectorwaterleveland the position

of the bottomof the controland safetybladesare given (referenceis the

vessel top).

AppendixD provideschemicalanalysisdata and analysiscalculationsfor

the gadoliniumin the experimentalsolutions.

AppendixE providesdata on the chemicalanalysesfor the impuritiesfound

In the plutonium-uraniumnitratesolutions.

The chemicalanalysesof the reflectorwatersamplesare givenin

AppendixF.

3.3 SOURCESOF ERROR

It is practicallyimpossibleto assess,individually,the effectsof all

the uncertaintiesin all of the experimentalmeasurements.Realistically,it is

only necessaryto examinethosevariablesor combinationof variableswhich

mighthavea reactivityeffectwhichis a significantfractionof the typical

uncertaintyin a particularKENOcomputercodecalculation.This evaluationwas

done for the significantmeasurementsinvolvedin earlierexperimentsand

reported(PrimmIg86). From that analysisit was foundthat the primary

uncertaintythat causedsignificanterrorwas fromthe free acid values. Since

thosemeasurements,a studywas made and a free acid analysismethoddeveloped

and reported(Ryan1985). This has significantlyreduceduncertaintiesin the

analysisfor freeacid. Furtherwork providedfree acid standardsso that the

analysescouldbe confirmed.
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TABLE3,.3, Chemical Analysis Values for Americium-241

Sample{=_ 241Am Analysis
Number_' u/_ Date

1232 265 12/16/87

1235 573 12/16/87

1263 453 04/29/88

(a) The analysis )))ults from samples 1232, 1235 and 1263 can be used to
• estimate the "_'Am concentrationsfor experiments 106, I06R, 107, 110

and 110R using the ratio based on plutoniumconcentration. The
plutonium concentrationfor sample 1232 was 47.08 g Pu/liter.

Sample 1232 covers experiment 109

Sample 1235 covers experiments 111 to 116

Sample 1263 covers experiment 117
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TABLE3.4 Isotopic Analysts Values of Plutonium and Urantum(a)

Saaple 1232 _ Sa..mple1236

Pu(b) 12114187 12114/87

230 t.e4a + 8.ass 1..2 + e.114

239 91.11 :1:1.14 91.12 ::1:J.E4

241 8.33 :i:8.14 8.33 :l:1.84

241 1.419 ± 1.12 1.419 ± 1.02 "

242 1.116 _ I.Ul I.Ig8 ± g. Ul

U (c) 12/14/87 12/14/87

238 99. 234 :t:1. mlI8 99. 232:1:|.1g18

236 I.|63 ± I.U8 1.853 ± I.|d8

236 0.706 ± 0.008 0.709 ± 8.818

234 1.|08 ± 1.001 |.117± 0.011

(a) All valuugivsn in _l. An average of these isotopic results shou!d be used for all

experiments.

(b) Oa_eof Pu analysis

(¢) Date of U analysis
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TABLE 3.5 Informationon Temperature,ReflectorLevel,
and Control and Safety Blade Position

Control and Smfety
Reflector Level Blade Distance

Experiment Temperature °C Distance Below Below Vessel

Number CA_.R..R DidT|n_..._k Reflector Vessel,TopCos) Top Con)

186 28.2 24.1 _24.8 56 47

186R 24.2 24.8 23.7 56 47

" 187 24.3 23.9 23.3 58 47

189 24.8 22.6 21.4 58 47

118 24.1 22.4 21.3 68 47

118R 23.6 22.8 22.1 58 47

111 23.8 24.4 28.8 88 47

112 23.9 24.7 19.1 68 47

113 23.6 24.7 21.9 56 47

114 22.7 24.2 17.9 58 47

116 22.6 23.4 17.4 66 47

118 22.9 23.| 18.1 66 47

117 28.2 22.3 21.4 68 47
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The latest estimated values of uncertaintiesare listed in Table 3.6.

TABLE 3.6 Estimate of Measurement Uncertainties

Pu Concentration• 0.2%

U Concentration • 0.2%

Density • 0.0003 g/cm3

Free Acid • 0.04 M

Critical Height • 1.6 mm

The uncertaintyvalues for the chemical analyses were provided by

M. C. Burr of the Chemical and Analysis Section. The critical height

uncertaintyis given as 1.6 mm although the least square fitting of approach

data for three counting systemswould indicate a smaller value as

reasonable. The 1.6 mm unit is the smallest on the sight tube.

3.10



4.0 ACKNOWLEDGMENTS

The work performed for this report required the cooperationand assistance

of a number of people, some of whom are listed below. Their contributions

are greatly appreciated.

• E. D. Clayton for informationand guidance on technical matters.

• M. C. Burt for providing accurate chemical analyses of solutions in a

timely manner.

• J. H. Smith and M. A. Covert for providingvaluable advice, and assistance

in performing the experiments.

• D. A. Costanzo for providing advice regarding chemical analysis methods.

• C. A. Strand for providing as-built data on the FFTF fuel pins.

• L. N. Terry for typing, proofreadingand guidance in preparationof this

report.

4.1



5.0 REFERENCES

Blerman, S. R., et. al., (1979). Critical Experimentswith Fast Test Reactor
Fuel Pins in Water. Nuclear Technology. 44. 141-151.

Bierman, S. R. (1986). Critical Experimentswith Fast Test Reactor Fuel Pins
in an Organic Moderator. PNL-5803,PacificNorthwest Laboratory,Richland,
Washington.

Clayton, E. D. (1985). Neutron Source MultiplicationMethod, PNL-SA-13357,
" Pacific Northwest Laboratory,RiChland,Washington.

Durst, B. M. et. al., (1980). Critical Experimentswith Solid Neutron
" Absorbers and Water-ModeratedFast Test Reactor Fuel Pins. Nuclear

Technology. 48- 128-149.

Lloyd, R. C. (1986). Critlcal Exper|mentswith Mixed Plutoniumand Uranium
Nitrate Solution at a Plutonium Fractionof 0.'5in Slab and C_llndrical
Geometry. PNL-5768,Pacific Northwest Laboratory,Richland,Washington.

Primm, R. T. III and J. F. Mincey. (1980). Calculated k_.. for
PartiallyConcrete-ReflectedFTR Pins in Water. Transa_{_onsAmerican
Nuclear Society. 35. 288-290.

Primm, R. T. III, et. al., (1986). Critical Experimentswith Mixed
Plutonium-UraniumNitrate Solutions having Pu/(Pu + U) Ratios Greater
than 0.5. ORNL-6161, Oak Ridge National Laboratory,OakRidge,
Tennessee.

Ryan, J. L., et. al., (1985). "Preparationof Acid Standards for and
Determinationof Free Acid in ConcentratedPlutonlum-UraniumSolutions."
Analytical Chemistry. 57-1423.

5.1



APPENDIX A

A LISTING OF ENGINEERINGDRAWINGS FOR THE CYLINDRICALVESSEL SYSTEM



APPENDIX A

A LISTING OF ENGINEERINGDRAWINGS FOR THE CYLINDRICALVESSEL SYSTEM

CFRP Assembly H-2-33856, Sheet l of 5

CFRP H20 Tank and Cover H-2-33856,Sheet 2 of 5

• CFRP Process Tanks H-2-33856, Sheet 3 of 5

CFRP Tank Covers and Shield H-2-33856,Sheet 4 of 5

• CFRP Dump Valve H-2-33856,Sheet 5 of 5
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APPENDIX C

LEAST SQUARE FITS OF THE CRITICAL APPROACH DATA

The extrapolatedvalues given are for solution height in the boiler

tube-type tank. The solution height values used in these plots are given in

inches. The solution height Is the height of the solution above the

polyethylenespacer which Is also the level where the mixed oxide fuel in the

. fuel plns begin.
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APPENDIXD

ANALYSISOF GADOLINIUMCONCENTRATIONDATA

Initially,it was necessaryto determinethe amountof gadoliniumto add

to the fissilesolutionso that the experimentsolutionswouldhave gadolinium

, concentrationscloseto expectedvalues. The gadoliniumwas addedin the form

of gadoliniumnitratepowder,(Gd(N03)3 • xH20),so it was necessaryto

. evaluatethe fractionof gadoliniumin the molecule. Basedon two independent

analyses,Losson Ignitionand InductivelyCoupledPlasmaSpectroscopy(ICP),

the fractionof gadoliniumto gadoliniumnitratepowderwas determinedto be

0.367, 0.006,and the amountof water,x, was estimatedto be 4.8 , 0.4.

Usingmeasuredamountsof gadoliniumnitratepowder,waterand nitricacid,

fiveconcentratedgadoliniumsolutionswereprepared. The quantitiesof

materialsusedto preparethe concentratedgadoliniumsolutionsare givenin

TableD.I. This tablealso givesthe amountof gadoliniumand volumeof

concentratedsolutionthat was addedto the bulk fissilesolutionstoredin the

dump mix tank to obtainthe dilutedgadoliniumconcentrationsused in the

criticalexperiments.For example,to obtainthe 0.5 g Gd/litersolution,

1.1029litersof concentratedsolutionwith 107.69g of gadoliniumwas addedto

the existingvolume(214liters)of fissilesolutionin the dump mix tank.

Thisprocesswas continuedwith each of the concentratedgadoliniumsolutions

to obtainthe progressivelyhighergadoliniumconcentrationsused in the

criticalexperiments.As a check,estimatesof the dilutedgadolinium

concentrationsfor solutionsused in the criticalexperimentswere made and are

givenin TableD.I. Althoughthe precisionof theseresultsis very good,the

accuracyof the gadoliniumconcentrationis approximatelyi 0.2% due to the

uncertaintyin the amountof gadoliniumassociatedwith the gadoliniumnitrate

powder.

A secondmethodof determiningthe gadoliniumconcentrationsof the

experimentsolutionsused analyticaldata fromthe concentratedgadolinium

solutionsthat were prepared. The densitiesand gadoliniumconcentrationsof

D.l



these solutionswere measured and are given In Table D.2. Since these

solutions did not contain plutonium and uranium the ICP analyses were

simplified. Estimatesof the gadolinium concentrationsof the experimental

solutionswere made using the analyticaldata given in Table D.I (column7,

volume) and D.2 (gadoliniumconcentration). The gado]inium concentration

estimates are given in Table D.3. The uncertainty in these results is

estimated to be , 2%.

l

A third method of determiningthe gadolinium concentrationswas based on

an ICP analysis of samples of the experimentalsolutions. However, the

analysis of gadolinium concentrationIn the critical experiment solutionswas

difficult because the plutonium and uranium had to be separated from the

solution prior to assay. The separationwas performedby contacting the sample

solutionswith an equal volume of 30% tributyl phosphate in hexane. The

organic layer was discarded after each phase separation. The solution was

adjusted to 3M acld and two contacts were made. Two more contacts were made

after an acid adjustment to 4M. The extractlon process also removes some of

the gadolinium from the aqueous solution so that analytical studies were

performed to evaluate the characteristicsof the recovery curve over the

concentrationsof interest (i.e., 0-2 g/liter). The results of the studies

showed that 10 - 20% of the gadoliniumwas lost In the separationprocedure.

The large variation In the amount of gadolinium that was recovered for each

sample resulted in a high degree of uncertaintyin the results obtained with

thls procedure. To determine the recovery (calibration)curve for the ICP

analysis of the crltlcal experiment solutions, I ml quantities of sample number

1235 were spiked wlth O, 500, 1000, 1500, and 2000 /_gGd. The results of this

analysis are shown in Table D.4. The followingequation, based on a llnear

regression analysis of the data, was used to determine the actual gadolinium

concentrationsfrom the ICP results:

x = 1.1709y + 0.01614

where y is the concentrationof gadolinium in g/liter as determined by the ICP

analysis, and x Is the actual gadolinium concentrationin g/liter. The

coefficientof determination,r2 is 0.996. The results from the ICP analysis
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of the critical experiment solutions and the computedactual gadolinium

concentrations are given in Table D.5. The uncertainty in these results is
estimated to be • 4%.

A summaryof the estimated gadolinium concentration results for the

experimental solutions by the three methodsis given in Table D.6. The data in

the last columnare the recommendedvalues based on the results using the

secondmethod. The values include the estimated impurity concentration of

gadolinium, 0.002 g/liter. These recommendedvalues are gtven tn Table 3.1 of

. thl s report.

TABLED.! Analysis of Gadolinium Concentrations Basedon
ICP and Loss on Ignition Estimates of Fraction
of Gadolinium in Gadolinium Nitrate Powder

Massof Materials AmountsAdded

Usedto Prepare to (a)Conc. Gd Solut ton Bulk Solut ton Bulk Sol utIon

Conc. Gd Nttrtc Gd Nttrate _ _ Gd(b) Bulk
Solution Water Acid Powder Total Gd_by Volume Conc. Solution
Number (g) _ (g) _ (g) (liter) (g/lIter) Number

CI 975 46.1 295.29 1316.4 I0/.69 I.I029 0.501 B-I

C2 781 37.0 298.00 1116.0 108.53 0.9052 1.001 B-2

C3 781 37.0 300.19 1118.2 109.32 0.9041 1.501 B-3

C4 781 37.0 302,41 1120.4 110.13 0.9032 2.000 B-4

C5 781 37.0 124.48 942,5 45.31 0.8422 2.200 B-5

(a) Given amounts are those addedto the bulk solution after subtracting
quantitiesin the 7ml analyticalsamples.

(b) Calculatedvalues.
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TABLIEO.2 Analytical Data for ConcentratedGadolinium Solutions

Conc. Gd.
Solution Gd Conc. Densi&y
Number (g/liter) (g/cm_)

c1 95.91 1.1860

c2 116.14 1.2234

C3 118.52 1.2273

C4 121,37 1,2310

C5 53.30 1,1099

TABLE D.3 Analysis of Gadollnlum
ConcentrationsBased on

Analytical Results of
ConcentratedSolutions

Bulk
Bulk Solution

Solutlon Gd Conc.

Number (g/liter)

BI 0.492
=

B2 0.976

B3 1.466

B4 1.964

B5 2.161

TABLE D.4 Recovery Data for ICP Analysis

Sample Gd Added Gd Recovered Fraction
Number (#g) (_g) Recovered

1235 0 1.8 -

1235 500 414.5 0.829

1235 1000 785 0,785

1235 1500 1330 0.887

1235 2000 1670 0.835
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TABLED.5 Analysts Results of Gadolinium
Concentrations Using ICP Method

Bulk ICP Actual
Sol ut 1on Sample Gd Conc. Gd Conc.
Number Number (g/lIter) (g/lIter)

B1 1236 0.421 0.509

B2 1237 0.870 1.035

" B3 1238 1.297 1.535

B4 1239 1.685 1.989

• B5 1248 1.865 2.200

TABLE D.6 Summaryof Gadollnlum ConcentrationEvaluations

Bulk _ _ , _ Recommended
Solution Sample Method I_ay Method 2_ay Method 3 Gd Conc.
Number Number (g/lIter) (g/liter) (g/lIter)_ (g/liter)

BI 1236 0.501 0.492 0.509 0.49

B2 1237 1.001 O.976 1.035 O.98

B3 1238 1.501 1.466 1.535 1.47

B4 1239 2,000 1.964 1.989 1,97

B5 1248 2.200 2.161 2.200 2.16

(a) Methods I and 2 are based on gadolinium additions and do not include
the residual 0.002 g/liter Gd. The recommendedvalues include the
residual gadolinIurn.
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APPENDIX E

CHEMICAL ANALYSIS DATA OF THE IMPURITIES IN PLUTONIUM-URANIUMNITRATE SOLUTIONS

The concentrationsof impurityelements in the plutonium-uraniumnitrate

solutionswere determined by analysis with the InductivelyCoupled Plasma

• Atomic Emission Spectroscopy (ICP) method. The uncertaintyin the ICP results

is approximately• 25%. The ICP analysis results for sample 1215 which cover

. experiment 107 are given in Table E.I. The ICP results for sample 1215 can

be used to estimate the impurity concentrationsin the other experiments

(i.e., 106, 106R, 109, 110, 110R and 117) by multiplyingthe results by the

ratio of plutonium concentrations.

The ICP analysis results for samples 1235 A and B cover experiments
11_ - 116.
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TABLEE.1 Inductively Coupled Plasma
Spectroscopy Analyses (rag/liter)

Sample Sample SampIe
Element No. 1215 No. 1235A No. 1235B

Al 68.7 118 126

B 3.0 7.95 10.5

Ba 2.0 3.55 4.30

Ca 41.0 65.4 72.9 ,

Cd 4.3 6.20 5.65

Ce 4.2 6.50 8.00

Cr 57.1 90.5 90.5

Cu 12.0 15.2 18.4

Dy 0.8 0.8 0.8
Fe 246.7 383 379

Gd <1 (a) (a)

K 5.0 15 10

La 0.7 (.6) (.3)

Li 0.2 (a) (.5)

Mg 8.6 19.0 19,9

Mn 11,4 17.4 17.6

Mo 1.2 (a) (a)
Na 20.6 40 46

Nd 1.3 (2.1) (1.4)

Ni 41.4 64 64

Rh 14.0 (a) (a)

Ru 4.2 (a) (a)

Si 16.5 30.9 52.0
J

sr 0.2 (.35) (.35)
Te (a) (a) (a)

Ti 17.4 26.7 27.3

Zn 3.6 8.05 8.40

Zr 3.9 6.20 6.10

(a) Element not detected.

Values glven in parentheses are approaching detection limit.
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APPENDIX F

CHEMICAL ANALYSIS DATA OF THE REFLECTORWATER SAMPLES

The sample for experiment 106 also covers experiment 106R. The sample

for experiment 110 also covers experiment 110R. Reflectorwater analysis for

experiment 117 was not performed; the data would be similar to other

experiments.

F.l



TABLE F.I Water Sample Analyses of the ReflectorWater

1 HANFORD "ENVIRONMENTALHEALTH FOUNDATION

.

CO 12325

February 11, 1988

Pactftc Northwest Laboratory
209-E Building, 200-E Area

Attn: R. C. Lloyd

WATERSAMPLESANALYSES

The results of the analyses of the seven water samples received January 6,
1988, are attached. Analyses were done in accordance with Standard Methods
for the AnalYSis qf water and Wastewa_er,16th ed.

If there are questions concerning this report, please contact us.

P.A. Thurman
EnvironmentalHealthSciences

jt

Attach.

P. O. 8OX 100. RICHLANO, WASHtNGTON 99352
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TABLE F.I (Contd)

Exp.106, Exp. Exp.
pit]meter 107. 108 109. 110 _ 112. 11_ Exo. 114 Exo.11_ Exo.116

pH 7.0 7.0 7.5 7.Z 7.3 7.1 7.4

Total alkalinity (mg/L) 55 55 56 55 54 57 56

HCO3 alkalinity (as CaCO3) (mg/L) 50 50 56 52 50 52 51

- CO3 alkalinity (as CaC03) (mg/L) <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Total dissolved solids (mg/L) 86 85 89 79 76 101 105

• Fluortde (mg/L) <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Chloride (mg/L) 0.91 0.91 0.92 0.97 0.98 0.95 0.94

Nttrate (as N) (mg/L) <0.05 <0.05 .088 <0.05 <0.05 <0.05 <0.05

Sulfate (mg/L) 10.6 10.7 10.7 10.7 11.7 11.5 10.5

Cadmium(mg/L <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005

Copper (mg/L) <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Chromium(mg/L) <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005

Iron (mg/L) <0.03 <0.03 <0.0_ <0.03 <0.03 <0.03 <0.03

Lead (mg/L) <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005

Manganese(mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Zinc (mg/L) 0.08 0.06 0.08 0.07 0.42 0.38 0.0_
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