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MEASUREMENTS OF NUCLEAR PARAMETERS

OF BOILER AND SUPERHEATER LATTICES

I. PURPOSE OF MEASUREMENTS
This set of experiments was designed to yield informetion
pertinent to the evaluation of the nuclear parameters (suéh as
thermal utilization, résonance escape, and void. reactivity
coefficients) of various fuel-moderator lattices in the environ~:
ment of the confrolled recirculation boiling reactor (CRBR) core. The
neutron source used ih the measurements was a’suiTable:;bnfigura+ion of
The Peﬁhsylvania State University Research Reactor (PSﬁ) core, The
+e§+ lattice section was enclosed in an element which réplééed one of
i the fuel elements of’fhe PSR.
| The purpose of the measurements was +o_ob+aih information for the
evaluation of:
l. Boiling water lattice parameférs.'
a. Resonance escape probabili+y, p.
b. Thermal neutron u+i!iza+ibn, f.
c. Void reactivity coefficient, .Xv‘.'
2. Low enrichment superheafer lattice parameters.
a. Resonance escape probability, p.
b; Thermal utilization, f.
c. Flooding reactivity coefficient, Kf.
3. High enrichment superheater Iéffice parameters.
a. Thermal utilization, f. '

b. Flooding reactivity coefficient, Kf.




. EXPEﬁIMENTAL PROCEDURES

The ekpefimen+§l measurements described in this secffbh'were
performed at the PSR facility and assoclated radioéhemicél Iaéora+orie;‘
during the period from July, 1958 to May, 1959. The parameters measured
were{ |

.  Uranium-238 neutfron capture cadmium ratio, R,

2. Space-averaged thermal neu+fon‘fIUX ratios,; $ , and

3. Reactivity coefficien+s,'x .

For each of these measurements, a test element, containing a sec+i§n of
the desirea CRBR lattice with lucite and/or water a¢+ing as moderator,
was placed in the PSR core. Two PSR core configurations were employed
during the e*perimenfs. These are illustrated in Figure | and are
designated PSR core A and PSR core B.. Figure 11 is a'pho+§graph of the
complete test element can in which the various'CRBR'laffices were plaééd
for insertion iﬁ+§ the PSR coré.

Uranium=238 neutron capture cadmiuﬁ ratio:

Natural and depleted (NS-40) uranium foils, of 0.005 incﬁ thickness .
and fuel pin cross secfion, were exposed to the fuel flux. Cadmium
difference measurements were performed using cadmium covers of 0.020 inch
thickness. The arrangement of The foils is illustrated in Figure 111.
Figures |V and V are photographs of the bolling water laffiée‘#esfzéécfion
and foil holding pin respectively. I[n both low enrichment lattices, as
illustrated in Figure (1, for the cédmium covered foil, fuellspacers
were used between the sensing foil and the horizontal cadmium covefs to
prevent streaming of the enhanced uranium-238 resonance flux of the
moderator. One~eighth and one-quarter inch thick spacers were employed

in initial measurements, but no significant difference in the cadmium
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ratio, R,vresulfed. Thus, in the remaining measurements, oniy the smaller .
spacer sections were émployed due to the fesulfing smallef cadmium
vertical side cylinder covers.

The interaction utilized in the determination of R was

n+ Y28 2 Y20y 3- (23,5 min)

and the uranium-239 electron emission rate was counted, Becéuse of
the high fission product background from +he uranium-235 %?ésion, the
irradiated uranium was separated from the fission broducfs by the
sodium uranyl ace+a+é method (see Appendix A for de+ai]s). In order to
eliminate the necessi%y of calculating sample Thickness‘and bhysical
disposiTion'effec+s on the sélf—absorpfion of emitted electrons, the
"thick sample'" method was used. The sample-consis+ed of a 0.5 cm thick
by 2.5 cm diameter water solution of from about 0.05 to 0.1 grams of.
sodium uranyl acetate. In Figure Vi the general counting configuration
is illustrated. The beta activity was counted over a period of abouT
one-half hour for each sample to deTerminé the half-life. This half-
life was compared with the expected 23.5 minute activity.

Bare foil and cadmium covered foil irradiations were iden+icalp
For the particular separation me+hoa and sample size employed, it was
found that a ten minﬁ+e irradiation at a.TesT section thermal neutron
flux level of about 108 per cmz-sec yielded good counting rates. The
PSR core configurations and CRBR lattice moderator dispositions Qséd in
these measurements were:

1. Boil core lattice.

A. Full density lucite; PSR core B.

B. 14.4% void in lucite; PSR core B.



2. Low enrichment superheater lattice.

h A, Steam channels unflonded; PSR core B,
B. Steam channels flooded; PSR core B.

Space—-averaged thermal neutron flux ratios:

Uranium~-235-aluminum al loy foils (about 2%, by number densify,
uranium-235) of 0.005 inch Thickness‘were exposed to varioué lattice
section fluxes to obtain space-averaged thermal neutron flux raTios;

The fission product gamma emission was sensed by counting only gammas with
energy above 400 Kev. A convenient calibration soufce for the Nal
crystal spectrometer used is the 2.7 day, 412 Kev gamma from Aul99
activity. In Figure VIl the foil sections used for The-fhfee-CRBR
lattices aré‘depicfed...The foil sections are necessarily symmeTfi§
" for burposes’of interpretation (see sec%ion IV of this report). The
PSR core configurations and CRBR lattice modérafor dispositions used
in fhése measurements were: |
l. Boiler core lattice.
A. Full density lucifé; PSR core A.
B.  14.4% void in lucite; PSR core B.
2. Low enrichment superheater lattice.
A. Steam channels unflooded; PSR core B.
B. - Steam channels flooded; PSR core B.
3. High enrichment superheater lattice.
A. Steam channels unflooded; PSR core B.
B. Steam channels flooded; PSR core B.
|¥ the uranium-235 was uniformly dispefsed in the alloy maferial,
Thea it would only be necessary to normalize the various foj]AsecTion

activities by the foil weight. In the present case, this was not the




situation; thus the foil sections were also irradiated in a uniformv
thermal neutron flug by means of a cylindrical graphite rotating plué
on which the foils were placed in a plane of rotation. lThis uniform
flux irradition provided a means of intercalibration of foils.

‘.ln both the lattice irradiation and the normalization irradiations,
the fission producf‘acfivify does not follow a simple expoﬁenfiél Temporal
function. 1In the present measurements this difficulty wés averated by
counting the series of section foils (all irradiated at the same time)
in succession several times and then determining the temporal curvé
for each foil section. lf this is done correctly, then at all Timeﬁ
after irradiation the foil activities will be in the same ratio. In
the case of the boiling water lattice the sensing foils were sectioned
" before irradiation. For Thé other lattices the foils were cut into the
sections illustrated in Figure VIl after irradiéfion in’fhe.la++ECe.' of
course, in both cases the foil sectioning occurred before the normalization
irradiations.

Reactivity coefficients:

For measurement of both voiding and flooding coefficient of
reactivity *he}finhour‘mefhod" was used. That is, after the crificél
rod pésifions were found, Tﬁe desired change in test element was
accomplished. Then the resulting change in position, of a previously
" reactivity calibrated rod, necessafy'To maintain a crffical condition
yieldé the reactivity worth of the particular test element modification.
Of course, this reactivity worth is valid only for the small section of
the CRBR lattice in a paETicular position in the PSR core. The

interpretation of these results are presented in section [V.




k In the case of the void coefficient for the boiler core lattice
the foilowing reactivity measurements were performed: - :
[. 14.4% uniform void in lucite of central test section;
PSR core B.
2., Four strips of indium (4.00 grams; total) in fuel channels
with 14.4% void; PSR core B.
The moderator void was produced by drilling holes (ca. /8 thch diam.)
in the lucite sections. Figure Vill is a phofdgrabh of oné of the voided
lucite sections. The CRBR boiler.ié*fice only Qqcupiedifhe central one--
third of the fest element., The two outer thirds of the test element were
filled with solid lucite blocks., These outer sections were not modified
in the void coefficient measurement.
For the éuperhea+er lattices, as pictured in Figure [X,; there
. was sufficient cross sectional area of the test élehenf fof only |
approximately four qniT lattice cells (i.e., four fuel channels with
associated moderator and steel secfioné).‘ In the case of the low
enrichment superheater lattice Thé neac+ivi+y’measuremen*s‘performed
were: | |
l. Flooding of four outer steam channels; PSR core A.
. 2. Flooding of all steam channels; PSR core A.
3. Four.sfrips of indium (23.7 grams), one in each unflooded
fuel channel; PSR core A.
The flooding was accomplished by insertion of the lucite outer steam
channel sleeves and the lucite inner steam channel rods. Unflooded

fuel pins were positioned by narrow aluminum sleeves at the pin ends.




Because of +hé difficulty encountered in attempts to remove and
replace the lucite sections occupying the steam channels of the high
enrichment superheater lattice, flooding was accomplished by the
introduction of water (one gram per cc) ihTo the steam channels. Lucife
remained in The position of the moderator channels. The measuremeﬁfé
performed for the high enrichmenT'superheaTer lafficeVWGre:

l. Flooding (with water) of all steam channels; PSR core A.

2. Four s+ribs.of indium (12.1 grams), one in each unflooded

fuel channel; PSR core A.

3. Four strips éf indium (12.] grams), one in each flooded

fuel channel; PSR core A. |

i, RESULfS OF MEASUREMENTS
 The foflowing lisfuof results are based only on those experimental

+rials where no obvious error was committed. The uncerTainfies'presenTéd
.are estimates of the maximum‘expecTed uncerTaihTies determined from the
maximum variafion in the parTiculér parameter results over several frials
on the same lattice configuration. Any deviations greater than those
quoted were attributed to definite and obvious errors in experimental
procedure. |In Figure X, the dimensions of the full CRBR unit lattices
are illusfra+ed for the three cases under study. As mentioned earlier
in this report, full fuel cross section foils were used in R measure-
ments. The thermal flux foil sections quoted refer to those 'illustrated
in Figufe Vit. |

Boiler core lattice:

: Test pin
Parameter Value Lucite condifion location¥*
R 1.87 £ .04 Full density Center A
R .91 £ .04 Full density . Off-center
R 1.70 £ .05 14.4% void Center
Xv -,00034 14.4% void (end condition)
me C -.00057 14,49 void n

*See section IV of this report for precise locations.
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Thermal neutron flux averages (center location).

Foil ' Value (full density lucite) value (14.4% void lucite)
| |.00% |.00*
2 .08 £ .02 1.09 £ ,02

Low enrichment superheater lattice:

Parameter = Value Quter steam channel

R 1.90 & .04 Unf looded
R 211 % .04 Eloéded

2if | .00046 Flooded (end condition)
" Zff 00113 Flooded (end,condjfion)

5

in -.00094 Unflooded

Thermal neutron flux averages.

Inner steam channel

Unf looded

Flooded

Unf looded

Flooded (end condition)

Unf looded

Foil Value (steam channels unflooded) Value (steam channels flooded)
I 1.00 [.00
2 | 1.0l = .02 0.91 = .02
3 1.08 £ .02 0.97 = .02
.12 + .02

4 Co1.28 £ .02

High enrichment superheater lattice:

Paramefer | Value
5} . .00178
Kln» -.00054
b,In | ’ -.00035

*¥Normalized to this value.

Steam channels

Flooded (end condition)
Flooded

Unf looded



le

Thermal neutron tlux averages.

Foll Value (steam channels unflooded) Valiue (sfeam chahnéls f looded)
l | .00 | ' 1.00

2 1.03 + .02 : 0.98 £ .02

3 1.06 + .02 | 1.02 + ,02

4 1,10 & ,02 . 1.00 + .02

5 112 & .02 » 11 £ .02

6 1,27 £ .02 . . .15 £ .02

“IV.  INTERPRETATION OF EXPERIMENTAL RESULTS

The interpretation of the cadmium ratio results has been ‘done
adequately for the case of the boilerllaffice, but is less direct for

the case of the low enrichment superhéater lattice. Since only about

four unit lattice cells of the superheater lattice could be placed in

the test element, the effects of adjacent fuel pin "shading" for

resonance neutrons are not reproduced. |In the case of the boiler core
lattice section,. twenty-five unit lattice cells were placed in fthe test
element and thus the effécfs of adjacent fuel pin "“shading" are well
developed by the central pin (in fact, these effects are lfke the infinite
Iaf}ice iﬁ the second row of fuel pins). The follbwing considerations
are, thus, resfricted fo the case of the boiler fattice.

The theoretical problem which provided the incentive for the
measurement of R is the calculation of the resonance escape probability,
p, for "tight" lattices. |f it is assumed that there is no net leakage
from the uqif lattice cell in which measurements are performéd, then p

(for uranium-238 resonance capture) is given by the expression:

p=[1+(_1_, =28 (1!
R-1 —F—
2"a
_92_




where :E:a are thermal absorption cross sections, F denotes erI;'ﬁ

is ‘he thermal utilization, and R is the uranium-238 cadmium raT%o

(i.e. ratio of resonance plus thermal aBsopTion fo resonanée absorption).
The thermal ufiliza+ion can be determined from the spatial average flux
measurements which require little defailed interpretation (see below).

The result of the present measurement of R, howéver, is not valid for

the CRBR environment because pf the fraction of epithermal neu+roﬁs in

the test section which originated in fission in the PSR core elemenfs,

and the spectral differences beftween the two cores. Therefore,'fhe results
of these measurements cannot be used directly to evaluate p for the CRBR
coré. However, fhéy can be used to determine resonance neutron group

- .cross section for uranium-238 capture to be used in multi-group, diffusion

theory calculations. A one-dimensional, nineteen energy group calculation

was performed on the configuration:

PSR _ Test element PSR Water reflector
10 cm. 7.3 cm. ‘ 7.6 cm. 20 cm.
Using 0.082 cm! for the uranium-238 resonance region (groupéi = 10
through i = 14) yielded the results shown in Figure XI. Also inclﬁded

in Figure X| are the experimental measurements at two fuel pin locations.
The resonance gréup éipss section was set at avvalue which reproduced
The central fuel pin measurement. lf the reasonable assumption is made
that the spatial dependence of the neutron flux at any-energy appearing
in the inner cells of the test section (boiler lattice) is that which
"will occur in the CRBR core, then this present approach is a valid method
of including pin '"shading" and surface absoption effects in resonance

group cross sections. Therefore, the combination of the experimental
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measurements and the difoSion calculations; as ouflined,.will directly

yield the applicable value of p, the resonance escape probability, for
this lattice.

Due to the small dimensions of all the lattice cells under
consideration; relative to the rate of thermal neutron flux change with
position at the test section Ioca+ipn, the in+erpre+a+ion of the integral
thermal neutron flux measurements }s straight forward. |f it is assumed
that, over all unit lattice cross sections used in the measurements, the
thermal neutron flux decline (exclusive of internal lattice variations)
is linear in all directions, then, providing symmetrical foils are
employed, the results of spatial average flux variation is that which
" would be obtained in an infinite afray of these unit lattice cells. In
. terms of these spatial average (or integral) flux ratios the thermal

utilization is given by Theﬁexpression:

f= [0+ 'F S ﬁb. =7
> /¢

where ZE:a are thermal absorption cross sections, i refers to non-fuel
regions, F refers to fﬁel region, u/& are integral thermal neu+r0n~flux
over cell regions, and, ? denotes sﬁmmafion over cell regions. |t should
be noted that in the cases of the superheater lattice full éecfién
moderator channel foils could not be used due to the restriction of the
test element can size.

The analysis of the reactivity coefficient data is complicated by
the sensitivity of the 5 's to the epithermal to thermal flux ratio and
leakage effects. The epithermal to thermal flux ratio in an infinite
lattice of the PSR is not the same as in The'infinife CRBR lattice, there-

fore, the effect on '5 is not directly applicable. Similarly, the size




of the test sample is such that the leakage effects exhibited are
different than in the full scale lattice. However,.+he X da+a
measured in these experiments may be used to yield information directly
applicable to the CRBR lattice in a manner described below. The method
is described in two-group notation affhough extension to multi-group is
not diffictilt. Because of geometric complexity, three, or at least two,
dimensional analysis is required. |

Employing the usual assumptions of first order, TWo-group perturbation
theory, aﬁ expression for the reactivity introduced into a reactor system
by 2 small perturbation (definitely applicable to the alterations in the

PSR-test element system pérformed here) is:

Sk M -1 ;
wC {‘/[q’i v, e¢2]3\/} {f[q?} v (‘Z‘.e) 0,
vt S(p =)0, - 0 S(Z)4, - $(2)e,

~-vo, - 8(D)ve, — Ve - é(D.?WJdV}

where the integrals are performed over the reactor system, ¢* and ¢ are
unperturbed adjoint flux and flux respectively, epithermal parameters are
denoted by |, and thermal parameters are denoted by 2. Many of the
changes of parameters which appear above are relatively easy to calculate
and oné, Sp, may be obtained from éfher measurements discussed in this
report. The two changes of diffusion consfaafs 60y and 4Dz are perhaps
the most difficult to calculate and their value is not given directly by
the experimental results. The method of analysis suggested here is the
foflowing:

l. Determine ¢ and ¢¥ by agroupdiffusion theory, three

dimensional computer code for the unperturbed PSR-test

element system.

- 12 -




2. | For the desired perturbation, calculate or surmise from
experimental results all changes in parameters except $D.

3. Either estimate one 4D (probably §Dp) and find the other
§D by requiring &K/k to assume the measured value, o}, fix
a relation betweeh SDI and SDZ and solve for both.

4, The relatively simple paramefer changes introduced by the
indium calibrafion can be éalculafed and should be compared
with the equivalent measurement.

Once all the parameter changes for a given perturbation are

determined, these same pa;amefer changes with the <b* and ¢ and
- y¢* and vd of the CRBR used in the expression for §k/k will

yield the reactivity changes for the CRBR sysfém.

V.  CONCLUSIONS

This sé+ of experimenfsAhas been useful in verifying and adjusting
the theoretical calculations of the resonance escape probability, through
the evalua+iop of the macroscopic resonance cross section, and the lattice
thermal utilization, by comparison of measured average fluxes with those
obfained by P3 methods. Similarly, reactivity effects caused by changes
in moderation have been correlated with theoretical predictions.

The timitations of experiments of this type, where small samples
are used in dissimilar iatftices, are that the analysis of results is
more difficult, less accurate, and requires more assumptions than
measuremenfé made in a full lattice (critical or exponen+ial$. These
limitations were recognized from the inception of The experiments, but,
because of the simplicity and economy of the measurements, they were not

felt to be restrictive.
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It may be generally concluded that small sample measurements of this

Type can be used with success to obtain certain lattice parameters, and

specifically concluded that reliable information pertinent to the evaluation
of nuclear parameters (resonance escape, thermal utilization, reactivity

effects) of various CRBR lattices has been obtained.
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APPENDIX A »
SEPARATION OF URANIUM FROM ITS FISSION PRODUCTS BY THE SODIUM

URANYL ACETATE METHOD

Qissolvé the uranium foll in concentrated, boiling nitric acid:

.When the uranium sample is completely dissolved (in the present

case This requires about 10 minutes), the femaining acid should be
evaporated leaving an orange powder (uranyl nitrate).

Add at most 50 ml dis+illed water for each gram of uranium dissolved.
It is probably necessary to heat this solution to completely dissolve
the uranyl nitrate.

" From the solution obtained in step 2, pipéffe by syringe 6 ml to a
small beaker and add 2 ml glacial acetic acid. -Heat this solution to
evaporate to | ml (+his‘réquires about 15 minutes).

To this solution add 2 ml of | M acetic acid and +r§nsfer The.solufion )
to a centrifuge ‘tube. Add 2 ml of | M sodium acetate and shake. A
precipitate should begin to seftle at this point. If not, warm
gently to concentrate the solution.

Add 5 ml of 5 M sédium n}TraTe. Cool in ice water, and, centfrifuge
for about. one minute.

Pour off the supernate and 2 yellow precipitate will remain at the
bottom of the centrifuge tube. |f only one sample dissolution is
desired skip step 7 and continue with step 8.

If a double sample dissolution is desired, dissolve the precipitate
by adding two fo four drops of concentrated nitric acid and warming.
Repeat 4-6 except add only | ml of | Macetic acid and | M sodium
acetate and 2.5 ml of 5 M sodium nitrate. All this to be done in

the centrifuge tube.

- |5 -



Using alcohol wash the precipitate from the centrifuge tube onto

a filter paper. Then wash the yellow filtrate with a small amount
of cold alcohol or cold ether. |

Dry the powder on the filter paper and then écrape into a small
beaker. This yellow powder is sodium uranyl acetate and should be
about .05 to .I5 grams. Three ml of water will dissolve this amount.
In the presénflwork, 2.8 ml of distilled water was used to dissolve
the filtrate and then this solufioﬁ‘was placed ihié ﬁlanchef 0.5 cm
.deép aﬁd one inch in diameter. The liquid was Thén<coun+ed 55

illusfrated in Figure 6.
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FIGURE IV. BOILING WATER LATTICE TEST SECTION
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FIGURE VIL. FOIL SECTIONS FOR THERMAL NEUTRON FLUX MEASUREMENTS

Boiling water lattice
2
| Poil No. Lattice sectiop Dipensiops
l 1 fuel .87 em OD
2 moderator 1.13cm ID
1.59x1.35cm
l £ Low _enrichment superheater lattice
¢ Foil No. Igttice section Dimepsions
I 1l steam 1.70em OD
2 fuel & stl clad 2.55em OD
3 steam & stl tube 3.35ca OD
I 4 moderator 3.35x3.35em
High enrichment superheater lattice
I Foll No. Lattdce sectiop ~ Dimensions
I b inner fuel & steam 1,00em OD
2 ctr fuel & steam 1,70cm OD
3 outer fuel & steam 2,30em OD
4 outer steam 3.00em OD
l 5 steel tube 3.35em OD
6 moderator 3.35x3.35



¢

FIGURE VIIL. BOILING WATER LATTICE VOIDED LUCITE SECTION

FIGURE IX. LOW AND HIGH ENRICHMENT SUPERHEATER
LATTICE TEST SECTION



Boilipg water lattice
Sectiop Material Digzepsions
1 . U0, 1.6%e - .359" 0D
2. . alumimum 7/16" OD
- .035" wall
3 lucite  +625x.532"

: Segtion gg,"; _9:13] ; Dimensiops
-1 - Void . .650" OD
2 U0, 1.6%e -.960" OD
L s stl-304 clad 690" ID
© .015" elad
"3 - Votda . -
S s stl 1 5/16" OD
G S 1/16" wall
& .. lucite . l22/32x
RS ' ' 4 1 17/32"

-Void - -
s 8tl-U0, cermet 2: ,.389" ID
18v£U0, 3o%e 43 634" ID
6: .880" ID
all ,029" wall
sstl 1 5/16" OD
1/16" wall
lucite _ 122/32 x
117/32"

FIGURE X, UNIT LATTICE CELL DIMENSIONS AND SPECIFICATIONS
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FIGURE XI.  COMPARISON OF MEASUREMENT AND CALCULATION OF -
CADIUM RATIO, R. FOR THE BOILING WATER LATTICE

Values of x between 0 and 7.3 cm are within the test -~
element. Tge uranium-238 resonance group cross-section
of -.082 om~! was used in the calculation. This value
was used to reproduce the center pin measurement,









