Negative microfilm Mic 61-1783
received from university

SHAPIRO, Jerome Lee, REACTIVITY -
EFFECTS OF MODERATOR EXPULSION IN
AN ENRICHED, LIGHT WATER REACTOR,.

University of Michigan, IPh.D., 1961
Engineering, nuclear

University Microfilms, Inc., Ann Arbor, Michigan

'S |



REACTIVITY EFFECTS OF MODERATOR EXPULSION
IN AN ENRICHED, LIGHT WATER REACTOR

Jerome Lee Shapiro

A dissertation submitted in partial fulfiliment
of the requirements for the degree of
Doctor of Philosophy in The
University of Michigan
1960

Doctoral Committee:

Professor William Kerr, Chairman
Professor Henry J. Gomberg
Assistant Professor Geza Gyorey
Associate Professor Terry Kammash
Professor Gordon J. Van Wylen






ACKNQWLEDGMENT

The author wishes to gratefully acknowledge the
assistance of the staff of the Phoenix Laboratory., In par-
ticular, W. R. Dunbar, P, Herman and R, H.White gave valuable
aid in the construction and operation of the experimentai‘
equipment,

A, Veliko, of the University of Michi;a.n Computing
Center, and B, Smith of the General Motors Research Laboratory
gave much expert advice on running the computer problems.

The encouragement of the members of the doctoral

committee is also acknowledged with thanks,

ii



TABLE OF CONTENTS
Page
ACKNOWLEDGMENT S e e oeocscosescesoccscossassssnsasscssocsensnasasesoe 11
LIST OF TABIES...oseececoccesceosnsasoscsssccssssasassvsensossnccose Vi
LIST OF ILLUSTRATIONS.............................................. vii
I, INTRODUCTIONee:oescsoasocosnsossceosacsarssasossssoncsocccsace 1
II. EXPERIMENTAL PROGRAM.:eoccecrcosasessorssssoscsossoscnsocssnnne
A. Gamma Ray Densitometer...ceceececericcccsccccrierrovcncene

p
>
l. Pz.inciplEOO.-oncooo-a-oo.oo.-..'ao.-o..no.’t.v-oooooo 5
2. DenSitometer DeSign...-...............---.-......---. 8

B. Air Flow Measurement Technique.e.ceisreccocscsorcrscsssose 13
C. DenSity Measllrement...0....‘."0.......'.l...l.....l..'.. 17

l. C&libmtion.....-..-.ou..ooo--.....-..-.....-........ 17
2. ProcedIJrEQ..'.-ooQOIoo--...o..-.n ----- * % 00 0060 BaDass S 22

D. ALY SUDDLYe:eerenrecevonnesecnaaasassscsasssssnssesnsssse 2k
E. Density Determination ResultSes..oececeesaeeresesssnassass 24
F. Reactor Experiment....sccesesscsceeorcoes eecencnrsesrnane 28
1. Core and Instrument8tioN.....c.ecieeececocssccsccsssns 20
2, Control Rod CalibratiONe.c.ccescesesoescecccsssencsse 31
3 ProcedUrrCs..cocceescsocscscsassssootsssssssnsssncssnse 31

G’. ReactiVity Measurement......-..o-----oo.o.-.o.o--.-ooo-'. 35
H. Error Ana]-ysislocoo'o-oooco.oooo.nua.-c-.aon.cl.lo...o.nn 59

l. Void Deteminationl...-......ll.Q.."l.l"......Il'.’ 39
2. Reactivity Determination......cececececvecerocancenne Lo

T. Results of Early EXperimentSe...eceeceeoecesessasonsansas L4l
III. TmomTICALAMLYSIS.........-...'..-'-....""..'...".'.... }+l+

A. Introduction.n--0.-.-‘000'n'ot.t..on.ooov.u.oo.'.ol..o..o 4)4'
B. MethOdSo...-.-......-o.....-.-.;-o--......--.--.....-.-o. )+5

iii



TABLE CF CONTENTS CONT'D

APPENDIX

A,

B,
C.

D.

EFFECT OF NON~-HOMOGENEITY ON VOID MEASUREMENT WITH THE
m RAY DENSITMER...Q...-oso.n-o.--.onoo-.-no.noo-."-o 92

AGE CAICUIATIONS IN MIXTURES OF ALUMINUM, WATER, AND AIR.... 95
Lm SIIRVIEY.OCOQQOQIOOO000000000.l'......lll‘.."‘.... 98
SAMPIE DATA AND CATCULATIONS. e ceoesscsccsccnssacocesncscsese 106

REACTOR PHYSICS NOMENCIATURE ... ... c0eseseessscncoccssasnasse 112

e



TABLE (QF CONTENTS CONT'D

l. Smdard Gmup.nifmion.....‘.....‘...........'..'..
2. Gmp Peerbation..............‘..I....I.........."
5.. Buckling cucmtion....-l..ol.‘l...n.o..o......‘..l.

C. FNR Reactor Physical Properties....ececossececosecsrsncss

. Standard Fuel Element,coccceosecoscoroscecssscnsconnos
o Control ElementSe.ececcescessccessssosccsossssacsannss
. Reflector ElementSe.coessssesvesscosenssscsscnncsonsse
L J Grid Phte.....'...-.........I.....'.'...l..‘........

o

D. Nuclea-r ConB‘bB.n'tS.... 00 5060060000000 00000000000000000csn000

l’ Ba.Sic Dam....0....!‘0.'.........‘.0.-...l..'..ll....
2, TInfinite Multiplication Factor...cecovecescccsssccess

E, Second Order Reactivity EffectB.c.ceescesccencescccncasas

o Thermal Disadvantage FaCtOreescescescessscsssscsscose
o Neutron Temperatur€ee.ceesscccsscscccsscsssscsssccoscss
Neutron Streaming Effectece.cccesececscccsnsscscsosss
« Transverse Buckling,....eseevcecocescscscosacscsccsses

-F'}Nl\)l—‘

Fc Results Of An.alysiscooooooovoo'o.aoc-ooo-.oo-o-o.-oa.----

1., Comparison of WANDA Perturbation, WANDA Criticality
and PDQ(XY) Criticality MethodSee..oossecceocscecncons
2. Transverse Buckling CalculatioN.e...cceeecessssccrcos

~

SlMRY w mSUIlTS........"‘...O.‘....0.0..........'.".’...

A. Iocalized voids.l...l....'..l..."..........l.'...'l'..ll
B. Distributed.v'OidS........-....oo-o-¢o.oo.----.----....--.

cONCLIISIoNS.OO.l'.'....-l.-...ll.ll‘.l!..........ll-0‘.......

AQ mperimental Tecmliq]le...'l....‘QOQ.Q.‘...II....‘..'..‘.'
B. Analysis.'....i..O.Q....Q..O....IQ..I..DC..'.O...Q.......

mcEs....'....‘..0l...0‘.......'....'...........Q.....IIDII...

iv

67
5

82

82
82

88



TARLE OF CONTENTS CONT'D

APPENDIX

A.

C.

D.

EFFECT OF NON-HOMOGENEITY ON VOID MEASUREMENT WITH THE
G’.A-MMA RAX’ DmSITOm'ER...I.I...'......Q..0..'........‘....'. 92

AGE CAICUIATIONS IN MIXTURES OF ALUMINUM, WATER, AND AIR.... 95
Lm SImVEY.-l.ll.I.....‘.."...Q'....'..l.'.."".... 98
SWIIE DATA-AM) C.AICUI‘ATIONSQQOOQQODUOOQQQOOOOOln..o.-..l-l- 106

REACTOR PHYSICS NOMENCIATURE....... cveeses cevecsessecenessss 112

©Q



lo.

11.

1a.

130

LIST OF TABLES

Page
Relative Experimental Void Coefficients of First RUN.eeecses. 37
Parameter Substitution for Adjoint Calculation......e.eeee..o 47
Components of Standard FNR Fuel ElemeNte.ccececcocscscscsess s 50
FNR Core Nuclear Properti€S...e.:scoeosceecsoscesceccscsacnca 56
FNR Reflector Nuclear Properties.;....................o.....a 57
Relative Effect of Variation of F on Reactivity........ ceeees 58
Neutron Streaming Effect on the Void Coefficient.......e..... 65

The Transverse Buckling Variation and Its Effect on Void
Coefficient, by One Group Approximation..c.eesescceessseeocos 67

Nuclear Data for Core Used in Comparison of Analytic
Methods.ovevirinronieoeeannerannn. N <15

Nuclear Data for Reflectors Used in Comparison of
Anaj.ytic MethodS-nll-IOSOUOOIODODDOOOODBIO...O0....000..0‘00. TO

Transverse Bucklings Calculated by the Buckling Iteration
Procedure....... Gesenseaansen veasosesessaans coaeeoa ssevooeesea (T

Results of WANDA Series 2 for Constant and Variable
BuCklingso‘....'.OOD'.O..DD.OODGDDOGOOOQBOIODOlono.nuool..‘no 78

Calculated Void Coefficients Assuming Constant Bucklings..o.. 79

Measured Age in Al-H2O MiXtUreSececcosesescoooscsscsccocenssss 9%

Characteristics of SPERT-I and FNR COreS.iccesnscnassssseccasss 103

vi



10,

15,

1k,
15.
16.
17,
18,

19,

LIST OF ILLUSTRATIONS

Schematic representation of the densitometericeccecscccceccsosee

Light output spectrum of a scintillation crystal due to a

’ mono-energetic smlrce...’....lI...'.‘.......OO‘..'..."......l

Pulse height spectrum of a NaI crystal and multiplier photo-
tube for a mono-energetic gAMMA IBY BOUXCCe.ssessccccsscsssoee

Detector circult schematiCi..cicesesvecesreccerococorsonocnnoes
Géﬁma ray densitometer and traversing stand.......cccececeveoos
Traversing mechanism -~ Plal VieWeeceseoeseocscoooocsssosssseess
Standard FNR fuel element...coeeeosesscscsssccccasscensnsssnes
Alr flow system - schema£ic...................................
Caliﬁration of the window of the differential analyzer..ccee..

Pulse height spectra for two values of AE using the crol

sme.......’..'.l‘....ln‘..ll.'ll....tl...l!.‘..'.".......l
Measured distribution of vold in elemente...ceeececeococoscesss

Flowmeter calibration in terms of average air density in
element and relative DreSBUIC.ccceceessecescescscsssscoccocnss

Variation of average bubble rise velocity with average air
v01me fraCtion..t.iﬁoi...loli.....ll...’.l’t.'.l......-.....‘

Reactor core conflgurBtionse.vseeessececsccecsosscocnnacasssss
Pulse channel (modified) Of the FNRe..eueroeosnossseseeencenne
Differential control rod calibrBtioNe..seescscececsccrsocnoses
Integral control rod WOrthe...eieceeessscescsccosssonsocsssess
Experimental effect of volds on reactivityeeeeeececoceososecse

Experimental effect of voids on reactivity (leaky tubes,
‘mpl%ged elment)..'....'......."'........"....QI....‘..."

vil

-

11

1k

15
18

19
25

27

29
30
32
33
34
36

38



- 20.

2l.

23,

24,
25.
26,

27.

LIST OF ILLUSTRATIONS CONT'D

Fxperimental effect of voids on reactivity (from MMPP-110-1)
for lattice position 35......."...'......'...."......‘......

Veriation of thermal average cross sections with U/H
(Sm‘wATE d—am)..I-...I......'...'...........‘.".....-......-

Variation of thermal av.-rage cross sections with water

density...-o.-..--oo.'.o.o...cl.l‘o!-....l--'.0...'.00...0....0

ga) Configuration used in one-dimensional calculations.......
b) Configuration used in two-dimensional calculatiemS.......

One-d.imension&l, Wo-group fl‘IJxeS and. &d,joints. ® 00000608800 oy
Calculated reactivity effect of void assuming Bg2 = .0034106. .
Varietion of transverse bucklings with void concentf&tion.....

Variation of void coefficient during buckling iteration
Subroll.tine of MAGN.‘JM.O.‘IQI.....I.......l..'.....00..'.00.00..

Maximm possible error in voild measurement due to temporal
fluctuations in density........ crecscsmancaasas essscesossscoss

viii

b3
52
60

69
T1 |
T2
76

81

Ok



I. INTRCDUCTION

The study of the effect of moderator expulsion from the core of
a thermal nuclear regctoinis—generally stimulated by concern over the inherent
safety of the system. Given a situation where all external shut down mechan-
isms are removed and a positive reactivity applied, 1t is desirable to be able
to predict the course of the energy release. In the case of water modefated
reactors the characteristics involved are the neutron chain reaction kinetics,
heat transfer, hydrodynamics and the coupling between the material properties
and the resctivity. A thorough understanding of these four subjects is
sufficient for solution of the pfdblem.

Another situation where these factors interact is in a reactor
having a boiling moderator. As the—béiling rate increases in reactors of
this type the statistical fluctuastions of power level increase. At a pertic-
ulsr power level, varying from one reactor to another, periodic oscillations
of an unstable nature begin. This boiling instability is not well understood
at this time. There is no concrete evidence of what factors control the
initiation of instability. However, it 1s perfectly clear that the key factor
permitting power oscillations to exist 1s the interdependence of the power and
the reactivity. This relationship may be expressed as:

k(t) = k(o) + Cpx(P) x [P - Pyl

where k(t) is the resctivity at a time t, k(o) 1is the reactivity at a point of

reference t+ = O when the power P = Po and CP(P) is the power coefficient of

reactivity.



Under some important circumstances, namely during a rapid
transient from an initial subcooled state or for any transient from an
initial bolling state, the major component of the reactivity coefficient
18 due to the expulsion of moderator by the formation of vapor.

The reactivity at any time will be considered to be a function of
the physical properties of the reactor at that time. In other words the
neutron distribution may alweys be assumed to be the equilibrium distribution.
This 1s true for reactors small in wnits of the migration length of neutrons
(2 common circumstance), Therefore the study of the effects of physical
changes on the reactivity, performed on a steady state reactor can be success-
fully applied to reactor kinetics. This feature, in reality an approximation,
is true for all but extremely large (larger than ordinarily encountered, even
in hazards analyses) variations of reactivity.

The mejor purpose of thils Investigation is to develop and test
techniques for accurate measurement and calculation of the effect of the
presence of vapor bubbles on the reactivity of a water moderated reactor.
Extensive use 1s made of the Ford Nuclear Reactor for experimental purposes
and an IBM 704 digital computer with several codes programmed by others for
reactor physics analyses. In order to evaluate the importance of each of
the varlous effects which econtribute to the void coefficient it is desirable
to calculate each component separately. This 1s better from a research point
of view, than lumping all the calculations into one prograsm which, given all
the Input data will calculate the reactivity, Therefore, the procedure of

separate calculations is followed.



There is some advantage to the use of the FNR for experimental
verificetion of the theory., In general it is more difficult to calculate
the nuclear parsmeters of reactors of small dimensions rather then large,
with reflectors rather than bare, with rectangular geometry rather than
spherical or cylindrical, or having hydrogenous moderator rather than a
heavier moderator. The FNR core is small, rectangular, completely reflected
(with water and graphite) and water modermted. The successful method then,
should be applicable to larger, less complicated reactors. The major feature
absent in this core, which is present in many other reactors is resonance
absorption. Modification to include this effect in the calculations must
then be made for calculating void coefficients in those reactors.

The experimental technique consists of bubbling ailr through the
core, one element at a time, measuring the reactivity changes by means of a
calibrated control rod. Common methods of producing voids in reactors (for
vqid coefficient measurements) in the past have been to insert expanded
plastics containing closed air bubbles, hollow tubes or boxes, aluminum, or
magnesium. The use of heat, to produce boiling is possible but the consequent
temperature effects are difficult to evaluate, The expanded plastics have been
shown to be the best, requiring a very small correction for the difference be-
tween plastic and water., It 1s difficult however, to handle in sheets thin
enough (1/10") to place between the plates of our fuel elements, There is
some uncertainty in the sizeable correction for aluminum absorption and
scattering when using that material, Magnesium requires a smaller correction
than aluminum and is therefore the better metal for use in simulating voids.

However, results of some SPERT investigations(aa’Bo) show a serlous discrepancy



.

between magnesium and STYROFOAM (plastic) coefficients, A rough comparison
of the effect of magnesium sheet and air bubbles is made in the FNR during
the course of the experiment.
The prime a1fficulty associated with the use of air bubbles is
the measurements of the void volume. This wes accomplished by means of a
gamma ray penetratlon measurement., Although this principle has been used
in the past, never has the requirement for accuracy been as stringent as
in this application., The unique features of the problem here are the large
test section size (3" x 3") and the small air volumes (1-10%) being measured.
The effect of the voids, or vapor (vapor is essentially vold as
far as neutrons and gammas are concerned) is stated in this study in terms
of the reactivity coefficient of wvoids, called simply the Void Coefficient

and is defined by
Void Coefficient = Ak-—k- / &
-

where Ak is the change in multiplication factor from the original velue kK,
due to a2 change Av in void volume from the original water volume v. This
volume (v) is the water which is affected by bolling. The water in the
control elements and reflector does not ordinarily boil and is therefore

not included in v,



II. EXPERIMENTAL PROGRAMS

A, Gamma Ray Densitometer

1. Principle
Given a well collimated beam of mono-energetic rays of intensity I,

the intensity I after passing through matter 1s given by
I = I, e . (1)
In this formula p is the interaction probability per unit length of the
maeterial and t is the total distance traversed by the rays through the material.
There are, in general three different types of interactions that are possible
between gamma radiastion and matter., They are:
(1) Photoelectric effect - Absorption of the photon by the
electrons of an atom.
(2) Compton effect - Seattering of the photon by an electron.
The scattered photon has a different direction and a
lower energy than the original photon,
(3) Pair production - Conversion of the photon into an
electron and positron pair.
In all three types of interaction, although the primary photon disappears,
secondary particles and/or photons are produced. The simple concept of
formule (1) holds then only when I is the primary particle intensity. There-
fore pu is the total interaction probabiiity per unit length. The product pt,
the mmber of "mean free paths" between the source and the detector is directly

proportional to the density of the material.
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Schematically, the problem presented in the densitometer as
applied here is shown in Figure 1. n alumimm plates are separated by n-1

water channels, The intensity I as a function of the a;nsity of water p, 18

gliven by:
I = I,exp- [“Aln ty, t pv(n-l)twp/po] ’ (2)
where
Al = interaction coefficient per unit length of aluminum,
thay = thickness of aluminum plate,

My = Iinteraction coefficient per unit length of water of

denslty p..

If the counting rate of the detector when p = pg is C, then the
_ s
count rate C as a functlon of p will be

n-1)t,(1=c/04)
C = o euW( )tw "o ° (5)
If g = 1 and
X &8 1-p , (4)
then, rearranging (3),

py(n=1)ty Co

Since any attenuating material between source and detector other than watex
meintains constant density, it will not affect the ratio C/C,. Thus the
effect of structural meterial is only to reduce the magnitudzs of C and Cj
but not their ratio. Of course, any background counts must be subtracted
from both, before calculating ths ratio.

The detector used in this experiment was a NaT{T1) scintiilation

crystal., This material emits photons in the visible light spectrum when subjected
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to radiation. When an interaction occurs between a gamma photon and the
crystal the number of photons emitted 1s directly proportional to the energy
absorbed during the interaction. Therefore when a beam of monoenergetic
gamme. rays impinges on the scintillation crystal the relative number of
interactions plotted as a function of the intensity of output light pulses
per interaction would appear as in Figure 2, The vertical line represents
the photoelectric type of interaction in which all the energy of the gamma
photon goes into the light pulse, The continuous spectrum is due to compton
interactions in which only a portion of the energy is re-emlitted in the light
pulse., It is assumed for simplicity that the gamme ray energy is below the
threshold energy for pair production (~ 1 Mev). This output spectrum permits
the counting of only primary geamma rays.

Connec*ing the crystal to an electron multiplier phototube, a
fraction of the light pulses are collected and transformed into an electronic
pulse whose magnitude is proportional to the input light intensity. Fluctua-
tions in the multiplication of the phototube spread the single line of Filgure
2 into a Guassien curve. The phototube output appears as in Figure 3. The
pulses from the phototube are amplified and fed to a set of discriminator
circuits, called a differential analyzer, which allows the counting of pulses
within a particular amplitude band. The pulses falling within the desired

band are then counted with an electronic scaler, A schematic diagram of the

electronics 1s shown in Flgure L,

2. Densitometer Design

To reproduce the hydraulic effect of the reagtor pool water above

the core the original design called for the densitometer to be submerged near
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the bottom of the pool itself, Therefore, the detecting crystal and phototube
were packaged in a plastic watertight case along with a transistorized pre-
asmplifier. The traversing mechanlsm was also designed to operate remotely.

It turned out that the radiomctivity in the pool water was very high for the
sensitive detector and furthermore was not a sufficiently constant background.
The equipment was then modified to operate with its own water column outside
the pool.

The schematic drawing of the equipment is shown in Figure 5. The
traversing stand is designed to allow vertical movement of the plate to which
the source and detector are fixed. The water chamber, built of welded alum-
imum plate will house one fuel element. A standpipe, twenty feet high can be
bolted to the water chamber, The chamber rests on & movable table which
permits lateral motion between the source and detector of about four inches.
Figure 6 shows a plan view of the traversing mechanism.

The cholce of source was determined by consideration of several
factors.

a) Energy - The lower the energy of the emitter the greater

its interaction cross-section and the greater the sensitivity

of the measurement as shown by Equation (5). of couréé; as

the energy is reduced, the source intensity required increases

but this is not a problem in this case,

b) Number of Gamma Ray Energies Emitted - For most accurate

analysis, thé gamma ray selected should be the highest energy

present in the decay scheme,

¢) Half-life - The lifetime of the emltter should be as long

as possible, at least several days.



-11-

puBlS BUTSIIABIL PUB J939WOITSUSQ ABY BUMIED

*¢ aandTy
3ATVA ONILYINO3Y
aNVLS uz_mmu><Ew 34NSS34d L3 INI
WSINVHO3W
Y31vOs 3SHIAVNL .\.\
IVLNOZINOH
., 324N0S
¥IZATYNY AVH VANV,
IVILNIYI S0 Z
H31IMdWY-3d A
ONV 40123130 HOLYINWNIV
3¥NSSId
yIv
EIEIRPL. L
Y38WVHD Y
Lm H3LVM 3130
A1ddNS ¥3IMOd f
39VLI0A HOIH \I\
AY311ive AN3W3T3 1S31
‘AOb A
N TR 39vn9
= < 34NSS3ud
3dIdANVLS
b
M SQ0Y 141

3SHIAVHL IVIILNIA



-12-

M3TA UBTJ--WSTUBYDSN BuTrsIsasll 9 2aInB1J
wvia 3sy3AvdL | (]
“VLNOZIHOH
£
1
SANANNRNNY
ﬁ N
77T 777 777777 7. N N
N \ N
36NLOLOHd D m N | B
¥ WY
| wandlw MR | N \ =
N \
I T I 77T 7777777777777 \
N
yIEWVHD [ DS SSSSSSSS
43 LVM—




-13-

d) Availability - A common material, preferably scmething that

could be produced simply in the Ford Nuclear Reactor is desirable.

For these reasons Cr-51 was chosen as the source. It emits a
single gamma ray of energy 0.32 Mev with a half-life of 27 days.

The source consisted of several pieces of chromium, that had been
jrradiated for about two weeks in the reactor. Analysis by induced radio-
activity and x-ray flourescence techniques indicated that the metal consisted
of 98% Cr, 2% Fe and a trace of W, Irradiation of this mixture produces pre-
dominately Cr-51 which has a half-life of 27 days, some Mn-56 having & half-
1life of 2.5 hours and scme W-181, half-life 24 hours. The chromium pieces
were inserted into a 3/8" diameter plastic test tube about one inch long.
This tube wes then placed in a lead container having a wall thickness of
1-1/2". A 1/4" square hole was left in the front cover.

The detector, & 1" diameter by 1-1/2" long crystal was shielded
in front by 3/4" lead having a 1/4" square hole in the center. Three 1/8"
sheets of lead were wrapped around the detector and phototube with a grounded
copper shield underneath to lower the backgrouﬁd as much as possible,

A dumy fuel element, identical to those used in the core except
for the absence of uranium was used, This element is an eighteen curved plate

agsembly of the MIR type, as shown in Figure 7.

B, Air Flow Measurement Technique

A schematic diagram of the alr flow system is shown in Figure 8.

In the out-of-pool measurement the chamber and stack are used to substitute

for the reactor pool.
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As the flow meter is a carefully calibrated device an attempt
was made to predict the average density of air-water mixture in the fuel
element. Assuming the air absolute temperature change from the flowmeter
to the pool water is negligible, the average air volume fraction at a given

height in the element is

PP F
X = —L—]-'.'- , (6)
Py Vo A
where
P. = absolute pressure at the flowmeter,

P, = absolute pressure at the particular height in the element,

F. = alr flow rate through the meter,

V, = bubble rise veloeclty,

A = fuel element free area.
This equation was used to calculate X in the original calibration of the
Ford Nuclear Reactor (MMPP-110-1). There the bubble velocity V, wes measured
by abruptly starting flow, timing the first bubble as 1t appeared at the top
of the element. The velocity obtained was 1,1 feet per second, which 1s within
15% of results obtained for the rise of single bubbles in water (with no wall

effect) by Miyagi(6).

i

A review of the literature( -8) concernling the rate of rise of air
bubbles through water indicates that the rise velocity is a funetion of the

density of the mixture. It 1s also shown that the distance between the walls
strongly affects the rise velocity. This feature of the experiment makes the

rediation penetration method the best wey of measuring the density.
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The gamma ray density measurement, combined with the calibrated
 flowmeter, can be used to calculaste the average rise velocity of bubbles.

The results of this calculation are shown in Figure 13.

C. Density Measurement

l. Calibration

Various tests were performed with the electronic equipment to check
its characteristics and determine the best operating conditions. A precision
test pulse generator and several known sources were used, The calibration of
the E and AE dials of the differentlal anslyzer 1s shown in Figure 9, The E
dial determines the lowest energy pulse counted. The highest energy pulse
counted will then be E + AE. The calibration determines the dimensions of
the AE setting in terms of the E setting. This relationship is not a function
of E setting. Therefore, for a particular gain and voltage, when the E dial
is calibrated in energy units, the AE dial calibration is calibrated at the
same time.

As we were interested in counting all the pulses in the chromium
photopeak it wes necessary to adjust the gain and voltage of the inst. ment
such that the entire photopeak appeared within E settings of no more than 55
divisions since as shown in Figure 9, the maximum window width of 1000
corresponds to 57 pulse height units on the E scale,

An example is shown in Figure 10. For an amplifier gain of 3.0k
and a phototube voltage of 775 volts, counts were taken as a function of
pulse height selector setting (E) for two values of window width (AE). It
is demonstreted that with the widest window, almost all the pulses in the photo-

peak are counted at one time (P,H. = 55). The advantages of using this metting
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Figure 10.
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over the smaller window width are obvious here, The total mmber of counts
1s higher gilving better counting statisties. Furthermore, since the upper
curve is flatter than the lower one, small fluctustions in the pulse height
setting do not cause as great an error. In the measurements the settings
used were:
V = TT5 volts
Amplifier gain = 3,04
E = 50
AE = 900
Having checked and callbrated the instrument it remained to check
the principle in operation before proceeding with the measurements. A method
was evolved which not only checked the principle, but also corroborated the
value of W, &8s given in the literature.
With the equipment set up in operating condition four sets of
counts were made:
Cy, = count rate with water chamber empty,
Cp = count rate with water chamber full of water,
Cr, = count rate with fuel element inserted into water,
C5 = count rate with fuel element inserted and water drained.
It is simple to show, using Equation (1) for the four different
cases that
C,y C
n 'tAl 1 Ci Ci ) (9)

,’LW' =
The above method was carried out in two different ways. First,

with AE = 20, a spectrum of count rate versus pulse height was mede for each

of the four conditions noted above, for pulse heights varying from 50 to 100.



The area under the Gaussian portion of each curve was numerically integrated.
These areas were then substituted into Equation (9) and the result was
Wy = 0.117cm“l, This coincides with the value given by Goldstein(w).

The reason that only the Gaussian portion of each curve was
selected is that it is proportional to the primary photon intensity. The
difference between the rest of the curve and the Geaussian (see Figure 3 for
example) is dué to two factors - first, to Compton type interactions of the
primary photons in the erystal and second, to photons which are scattered

(Compton) in the attenuating medium, to such s.all angles that they still

enter the detector with energies close to the photopeak., But for this latter
factor, the aree under the entire curve would give exact results.

Since the method used in the final measurements does, in fact,
inkegrate over the entire photopeak, the extent of this bulldup factor was
measured by repeating the four sets of measurements with an instrument setting
of E = 50, AE = 900. This gave the result j = 0.107 + .002em™'. The apparent
reduction in My is due to the buildup contribution. The effect of this factor
on the measurements mey be determined from this experiment. For this purpose,
Equation (1) can be modified to (see Goldsteinlw, pg. 186): -

-ut
I = I e " [1+ But] (1)

o
. The buildup factor B as applied here is in very much a function of the geometry
used and the window width of the instrument and its analytic determination

would be extremely Involved. Therefore B was determined from the two measure=-

ments just described.
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Using Ecmation {I¥) instead of (1) we find that for the measurement

ineluding buildup,

e { mlele L1+ Blugy(n~1l)ty + ppyntasl } (9)
n tAl C1 G5 [1+B(py{n=1)ty + umtay)1[1 + Bupyntaq]

Knowing the true value of o fvor the Gaussian analysis and using Hay = 0,273
(£rom Goldstein,47 pg. 13:) the factor B can be dstermined, Equation (3) 1s

then rewrlitten:

-1 X ML v ..]_'] 11-X
¢ = ¢ uw(n )ty [ + Bu, =1 )40 ’J (3')

1+ By {n-1)t,

for B < .25, the numerator in th= brackets of Equation (3’) can be expanded

(o}

as an exponential producing the following correctlon to Equation (5):

X(1-B) + B = -———l————{m St 1n [1+ Bu (n-1)t] (5")
' Mwin=1, %y Co v
If B is small enough (< C.15; the approximation -

In[1 + Bu (n-1)t 1 % By (n-1)%;

may be applied to Egquation (5') with 4he result

(5)

1 1 1n
X = 1-B LLw(n-l)tw o

rJI.’.)

2. Procedure

With the twenty foot head:r attached to the water chamber, the
volding tubes inserted In the fuel elem=nt and the element inside the chamber,
the apparatus was filled o the overflow spout located one foot from the top

of the header, As air is Introduc=ad, water will flow out the spout keeping
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the hydraulic head constant. Care was taken that void volume was always
increasing fram run to run to keep the water level constant (or, if necessary,
water was added).

The source-detector platform was adjusted to the desired helght,
Then a background count was taken with the source removed. When the source
was replaced it was not disturbed during the entire run since movement gave
rise to noticeable changes in count rate,

Although the source and detector each have 1/4" dimensions, the rack
and pinion device which moves the water chamber in the horizontal plane trans-
lated 0.191" for every quarter turn of the pinion., Using the quarter turn as
the basis then, counts were taken for twelve different positions. Therefore,
the total length of the element surveyed was

12 x 0.191 + 0,250 - 0.191 = 2,35".
The actual distance between side plates of the element is 2,62"., Therefore,
approximately 0,13" adjacent to each side plate was not surveyed. As will
be shown, this had a negligible effect on the results.

With the source in place one minute counts were made (approximately
12000 - 20000 counts) at each of the twelve positions of the chamber with no
air flow. Then the flow was turned on, steadlied and +two minute coynts were
taken. The flow was then turned off and another set of one minute counts
were taken.

In this manner, each set of two minute counts at flow was bracketed
by one minute "no-flow" readings, This was done to compensate for small, slow
changes in the gain of the instrument and gave much more consistent results
than the method of taking a set of no-flow readings at the beginning and end

of the entire run (each run lasted several hours).
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The flow meter is equipped with a pyrex float and a stainless
steel float, to give extended range to the instrument. This was not needed
though and only the stainless steel float position was used as & reading.

Measurements were taken necar the bottom and near the top of the element.

D. Alr Supply

The compressed air supply line of the Phoenix building was used
as a source., The 55 psig line eair was passed through a pressure regulator
into a 40 gallon drum. The purpos« of fhc regulator and drum was to prevent
‘severe pressure surges. The alr then passed through a flowmeter (Brooks
Rotameter) monitored by & pwsssur=> gaugs. A needl2 valve on the outlet of
the flowmetar allowed adjustment of the flow rate into a fifty foot length
of high pressure rabbsr hose {cloth-lined). At the end of the hose a set
of eight bubbling tubes was attached, These consisted of three foot lengths
of 28 aluminum tubes 1/16" 0,D. x 0.015" wall thickness., One end of each
tube was passad throughk & cylindrical aluminum block and sealed with sealing
wax. The mibber comnecting +ube was then clamped to the alumlmm block. The
set of tubes was then Insertad, betwzen the plates of the fuel element, down

to the bottom, protruding into the cylindrical end box.

E. Density Determination Results

The vold measuremeni procadur= was followed thirty one times for
verying flow rates. The results of cach traverse were normalized by dividing
+he void concentration at each point by the vold concentration integrated
over the entire traverse, This gives the gstribution profile shown in
Figure 11l. The numbers on the abscissa are th= setting numbers of the

pinion, which determine the horizontal source-detector position. The
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ordinste is in arbitrary units. Extrepolation of the curve tc the end plates
gives a fair estimate of the error produced by not measuring the small space
at either end. The ratic of the cross-hatched area to the rest of the area

is the correction factor amounting to approximately 0.5%. The peak-to-average
ratio of this distribution is about 1.6.

Traverses were taken near the top and near the bottom of the fuel
element. The resulting integrated densities were calculated using Equation
(5"). Figure 12 is & plot of X(Pp/ JP)) as & function of the position of the
stainless steel ball in the flowmeter.

There does not appear to be any detectable difference between the
measurements at the top and bottom of the element, This is understandable,
since the pressure difference is relatively small (about 3%). It would be
difficult to detect this small effect., There is another factor which would
tend to minimize any differences, As will be shown, bubble velocitlies in=-
crease as the flow rate increases. Thus, as the pressure decreases in the
course of the rise of a stream of bubbles the density does not decrease
proportionally to the bubble volume Ilncrease,

Another factor which was examined was the possible effect on the
density of water circulation in the test stand. A set of measurements was
made with a rubber stopper placed at the base of the fuel element, removing
the possibility of water cilrculation tﬁ;ough the test section. These data
appear in Figure 12 also., There 1s no discernable effect. This indicates
the lack of water circulation even without the plug in place, As will be

shown leater this is not true in the reactor pool.
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To give an idea of how these results compare with the‘ experiments
of others, Equation (6) was used to calculate the average velocity of the
bubbles. The velocities, calculated directly from the data shown in Figure
12, are plotted in Figure 13. Although the actual velocitles are strongly
effected by the wall spacing, the trend of the curve agrees qualitatively with

the results of Siemes(s) and Versc:hoor<5 ) and especially well with those of

0'Brien and Gosling. (4)

F. Reactor Experiment

1. Core and Instrumentation

(54)

A complete description of the reactor 1s given in the literature,
It is of interest here to describe the detalls of the core and the specific
instrumentation used during the measurements.

The core is bullt up of twenty full fuel elements (140 gms ve3%)
and four pertisl elements (39 gms U->°) in a five-by-five array with one
corner missing (see Figure 14). A single row of graphite reflectors was
on two sides of the core and a double row of reflectors was on the other fwo
sides. The core configuration was chosen to be as symmetrical as possible,
simplifying experiment and calculation. With this configuration it was
necessary to sample the effect of only one quadrant of the core, The test
element contained a rubber stopper in its lower end box to make the hydraulic
condition similar to that of the out-of-core runs used for void calibration.

The instrumentation used to observe the reactor condition was the
pulse channel of the FNR, Due to the restriction to operation at relatlvely
low powers neither the Log N nor linear level channels were on scale during

the experiment. Therefore the existing pulse channel of the FNR was modified
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by the addition of a linear count rate branch. This permitted more
accurate reactivity readings since small level changes were more readily
observable, A schematic diagram of this channel is shown in Figure 15.
During the course of the experiment the automatic control unit was dis-
connected and the control rod was adjusted meanmuslly,

To measure changes in reactivity for a small change in the reactor
condition, the position of the control rod was adjusted until the flux indice-
tion on the linear level recorder leveled off, The position of the control
rod was then resd on a scalc attached dlrectly to the rod drive extension.

The positions of the shim-safety rods, which were inserted approximately one

inch into the core, were not altered during measurements,

2. Control Rod Calibration

The control rod was calibrated by the positive period method, at
the conclusion of the experiment. Five points were taken which covered the
region on the control rod in which the reactivity measurements were made,
The differential reactivity curve of Figure 16, obtained from the data wes
graphically integrated to ottain the integral rod worth curve of Figure 17.
In the calculations & value of B_pr equals 0.755% was assumed. This para-
meter, never measured in the FNR is within 3% of the value calculated by

Reynolds(h8) for a similar core.

3. Procedure
With the bubbling tubes inserted in one element and the power
level steady at about one watt the position of all the rods was noted, The

alr flow was then turned on and adjusted to the lowest flow rate. After a
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steady state condition appeared, as indicated by constant flow rate and
pressure readings, the operator was advised to readjust the contfol rod
to maintain criticality. When this was completed, the operator (in the
control room) notified an observer who read the control rod position.
The flow was then increased and the measurement repeated.

After the maximm flow rate condition had been measured the flow
was twrned off and the original (no-flow) criticality point wes re-measured.
This was done to show that no reactivity drifts (such as due to xenon decey)
of significant magnitude had occurred during the measurement, Then the
reactor was shut down, the test fuel element moved to e new position and
the procedure repeated. The measurements at four positions in the core
were done over & period of sixteen hours. At the completion, the test
element was returned to 1ts original position and another series of measure-
ments was taken with the rubber stopper removed fram the lower end box of

the element.

G. Reactivity Measurement

The dateBnd tebulated results are reproduced in the Appendix.
The graphs of reactivity versus alr volume content per fuel element are
shown in Figure 18.

The void coefficient, defin=d as the slope of these lines divided
by the fraction of the core perturbed, varies from - 0.316 at the center of
the core to -~ 0,120 at the corner position.

The effect of the withirawael of a magnesium (2% Zn) sheet from

& water channel at the edge of the t=st element in position 35 1s also shown

on Figure 18.



REACTIVITY, %-Ak/k

0.20

o.18

0.16

0.14

0.2

0.10

0.08

0.06

004

0.02

-36-

POSITION OF
MAGNESIUM SHEET
CONFIGURATION ’
MAGNESIUM LATTICE POSITIONS
SHEET o 15
A 35 (UNPLUGGED) ~— |
o 37
o 55
. o 57
T
4 6 8 10 12 14 16

AIR VOLUME CONCENTRATION PER ELEMENT, % Av/v

Figure 18.

Experimental Effect of Voids on Reactivity



The air bubbling experiment wes actually done twice, The first
time, all eight positions in the quadrant were examined (see Figure 19). It
was found, however, that an air leak had developed. The leak was found by
retesting the void apparatus in the densitometer., It appears, however, that
some information ean be gained from the results. That the lesk was consistent
was shown by measuring the void effect in one position (lattice position 35)
at the beginning of the experiment and again at the end (on the following day).
The results were the same, It seems also, from observation of Figure 19, that
the effect of the leak on the air volume was linear with inereasing volume.
The reactlvity data were therefore considered useful as to the ratios of the
vold effects in the various channels,

Since the data in Figure 18 were found for four elements only, the
void coefficients for lattice positions 36, 45, 47, and 56 were calculated by
multiplying the measured void cocefficient of position 35 by the ratios
determined in the "leaky run.” Table I shows the void coefficients of thé

"leaky run" relative to the coefficient in position 35.

TABLE I
REIATIVE EXPERIMENTAL VOID CCEFFICIENTS OF FIRST RUN

Iattice Position

_ .35 1
36, 45 .778
55 .610 -
47, 56, 37 .500
57 343

Using this information to fill in the gaps in the data and assuming
the reactivity effeect of voids in the control element fuel plates are equal to
that of the central element, the vold coefficient due to uniformly distributed

voids is - 0,190.
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H. Error Analysis

1., Void Determination

To calculate the integrated volume fraction of air from the scintilla-
tion counter dsta each total count with void is divided by the total count
without void. Then the logarithm of the ratio is taken, The summation of
these ratios for each step in the traverse is directly proportional to the

net result, The experimental error must then be found for a funetion

2 1n ( ) = ( 4. (10)
Oi Oj_
Tn reference (49) it is shown that
- 2 2
2 11 %4
RN R v~ )

where oy and o. are the standard deviations of il and io respectively, and o

o
is the standard deviation of v. Using the usual assumption of a Gaussian
distribution funection for large values of I,
@ = I, (12)
The resultant measured deviation of v is then given by

J/ (EI: + -2;' (13)

°1

In the present case, the lowest value of Il and IO is a.b_o;rl;
3.2 X 10” and n is twelve, for which oz = 2.7%.

As indicated in Appendix A, the error due to non-linear averaging
of discontinuous voids by the gayma ray penetration 1s certainly less than
1% for air volume concentrations less than 10%. Therefore, this factor is

neglected,
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There are obviously other factors which produce errors, as seen
from the scatter of the date in Figure 12. These can be due to electronie
fluctuations to some extent, but more than likely are due primarily to changes
in the air stream path. The approximate standard error, in units of W 1s 1.22,
Assuming a value of P,/ VP, = 3 the error in void concentration is 0.4 &v/v.
If this error was due to faults in the measurement technique, 1t would be
meaningless as far as interpretation of the reactivity results is concerned.
However, since 1t is probably due mainly to actual fluctuations of flow, this

is directly applicable to the in-core measurements,

2+ Reactivity Determination

To determine that the reactor is just critical, the state of the
linear count rate recorder 1s examined., Since it was only observed for a
finite time, it is possible that the reactor was on & period. Assume the
chart was observed for a time At and the power level remained constant
within AP/P, Then for large T

At < AP (14)

T P
where T 1s the shortest possible reactor period that will go undetected.

This can then be related to the largest possible reactivity by the approxi-
mation, valid for small reactlvities
0.1
T = == (15)
p -
combining these two equations we see that

0,1AP
K ——
p g =5 (16)
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The recorder was observed for 100 seconds Or more, the average power level
varying no more than 1%, Therefore, the error associated with each reading
due to this factor is approximately + 0.001% Ak /k,

The control rod scale is divided into 1/16 inch divisions and was
read to the nearest 1/32 of an inch. The error associated with each reading
due to rod reading is + 1/64". At the center of the rod the differential
rod worth 1s about 0.024% Ak/k per inch, Therefore, this contribution to

the error in each reading is + 0,0004% Ak/k,

The largest contribution to the error 1s due to the uncertainty
in the rod calibration and the uncertainty in the value of Bepr* This is

estimated to be about 5% of the reactivity change being measured.,

I, Results of Harly Experiments

Tt 1s of interest to go back to the early vold coefficient experi-
ments on the FNR, (55) which sparked the present investigation, to ccmpare with
the results of Figure 18, Two types of experiments ﬁere performed at that
time, In the first all the water in a fuei element wes pumped out and the
reactivity change measured. In the second, alr was bubbled through the core
(unplugged) just as was done her=, The differsnce was that a Wet Test Meter
was used to measure the air flow and the bubble rise veloclty was assumed to
be constant at 1.1 feet per second. The resultant reactlvity curve marked
"uncorrected” for lattice position 35 is shown in Figure 20, Using bubble
velocity versus flow rate date obtained in this experiment this data was
corrected producing the second curve., The dotted line is teken from the

(unplu‘gged) curve of Figure 18, reprodueed here for comparison and corrected



D

for the difference in fuel loading. It would seem that the Wet Test Meter

produces the remaining discrepancy.
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ITI. THECRETICAL ANALYSIS

A. Introduction

The purpose of the theoretical analysis is <to establish the
simplest means of accurately calculating the effects of localized or
distributed voids. It is important that the method selected be readily
separable into components, each of which considers a particular effect,
such as neutron streaming, or variation of microscope cross sections.
This allows modification of one part independent of the others, whenever
necessary. It shows which features of the effect are small enough to
be neglected in further calculations on the same system. It‘aléo gives
& clear picture of the phenomena which make up the total effect, sug-
gesting design modifications in some cases. For example, if the void
coefficlent were strongly affected by the axial reflector characteris-
tics, it is conceivable that in a boiling reactor the disturbance of
the reflector over the core due to the rising steam bubbles would strongly
affect its stability. Redesigning.might eliminate this effect.

In order to limit the area of study somewhat, an attempt was
made to employ two-group neutron diffusion theory as much as possible.
This theory most readily permits the use of measured material constants.
Naturally, the resulting implications of the theoretical approach will
be limited to reactors similar to the FNR. For example, reactors with
large resonance capture cross sectlons may require more energy groups
for adequate description. Except for this iimitation however, a theory
which works well for this small, hydrqgenous system should be adequate

for many other reactors.

-4l
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B. Methods

1. Standard Group-Diffusion

The group-diffusion method, as applied to two neutron groups
(42)

involves the solution of the following equatlons:

+
o) + oy, + T+ Tty T e

-VIDVPp] + [DpBg, + Tupllp = Tpyfy + %o (7)

vipy By + vigofp
A

where the nuclear parameters may be discontinuously varying functions,
but must be constant over some region. The subscript 1 refers to the
epithermal, or fast group. The subscript 2 fefers to the thermal group.
- When more than two regions are present, the analytical solu-
tion of the above equations by manual computation grows tedious, involv-
ing the solution of a determinant of order 2% where n is the number of
regions. The solution of these equations by difference techniques has
been programmed on the IBM 704 computer. Three of these programs have
been used here. The brief descriptions of these programs is included
here to indicate their general properties and advantages. Complete
descriptions of these codes are available in the literature.

WANDA(AB) is a one-dimensicnal code. It will solve the neu-
tron diffusion problem in an infinite cylinder, sphere, or semi-infinite
slab. The eigenvalue A\ is determined for a finite cylinder by specify-
ing a finite value of Blz and B22. These are the transverse, or axial

bucklings. The terms in which they appear define the axial leakage.

As will be shown later the exact value of the transverse bucklings 1s a

crucial point.
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PDQ(uE) is a two-dimensional version of WANDA., It can solve
the problem in X-Y geometry given one value of the transverse buckling
(only one value is permitted). Thus any cross sectional configuration
which can be defined in rectangular coordinates is allowable. This of
course is a closer approximation to the actual physical shape of the
reactor than the cylindrical model. It can also operate in R-Z geometry,
assuming the shape of the core is a finite cylinder. In this model,
the detail of the radial flux is lost but it is not necessary to assume

transverse buckling.

MAGNUM(56) is a 32 group code. It contains its own cross
section library. Coupling between energy groups uses the Selengut-
Goertzel approximation. This code has several different features but

is used here mainly for 1ts buckling iteration feature(57) which is

discussed in more detail in a later section. This code is one dimen-

sional.

2. Group Perturbation

Perturbation theory,(58) valid for small changes, glives the
reactivity effect in terms of the changes in neutron balance caused by
the nuclear perturbation. Each effect - fast leakage, thermal leakage,
absorption, etc. - is calculated from the unperturbed fluxes, weighted
by an importence function and integrated over the perturbed region.
This method 1s particularly valuable in that 1t separates the various
factors which make up the total effect. It also allows estimation, by
simple computation, of many types of changes using only one set of

fluxes and importance functions. The importance functions are the
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adjoint functions defined by the transpose of the flux operator. The
adjoint functions can then be found by applying normal procedure as

followed in the flux calculation by using the substitutions of Table II.

TABLE II

PARAMETER SUBSTITUTIONS FOR ADJOINT CALCULATION

Flux Adjoint

b ‘ ¢

2, g

Dy B Dp

" "

Do Dy

X, BT/ (5T + v D)
o v T/t 4 v
vt xg(vz?f " lef)
v Xy (vEp" + vgy ")
zia zéa _ ElR

T8 7% 4 ZlR

BlQ B22

B,2 B2

%, Buckling Calculation

In the use of one or two dimensional methods of solving three
dimensional reactor physics problems it is usually necessary to supply

a term which fixes the leakage in the otherwise neglected dimension.
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This term is the transverse buckling B2 included in Equations (l).
The relationship between the bucklings and criticality is given in
two-group theory by:

k
K pp = i (18)
© 1+ L‘2(13§2 + Bf_z)][l + T(Bgl + Bgl)]

where the Brz are the group bucklings in the plane in which the fluxes
are calculated by Equations (17). One way to arrive at a value of the
transverse buckling is by an iterative process. Assdﬁe.a first value
of Bze. Put it into Equations (17) solving for A, which for values close
to unity is equal to kepp. From Equation (18), calculate the Bre. Now
turn the geometry over such that the original transverse direction is
the one examined in detail by Equations (17) and the new values of the
transverse bucklings are the Br2 Just calculated. This then, gives a
new value of A, or kepp. This procedure may be repeated untll conver-
gence of kersr 1s found to be within tolerable limits. This method has
been used(55) in the calculation of vold coefficients, but with only
one pass, i.e. no iterating procedure.

The Buckling Iteration Program which is part of the MAGNUM
code follows a procedure similar to this. The difference 1is that 1t
does not use Equation (18) to calculate the B%i. It integrates the
leakage flux over the surface to determine these factors. As part of
the output, this code prints the results of each iteration, showing how

rapidly the vold coefficient converges.
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C. FNR Reactor Physical Properties

1. Standard Fuel Element

The standard fuel element is made up of 18 curved plates
0.060 inches thick, 24—5/8 inches long brazed into two side plates,
0.188 inches thick to form a box as shown in Figure 7. Each curved
plate is actually a sandwich of two 0.020 inch thick 2S aluminum plates
around one 0.020 inch thick section of U-Al alloy. This latter sec-
tion is usually referred to as the "meat" while the outer slabs are
termed the cladding. The Uranium in the meat section does not extend
the full length of the plate, bﬁ% only to within about 1/2 inch of each
edge. Each full fuel element contains 140 grams of U-235 and 16 grams

of U-2%8.

2. Control Elements

The four elements through which the control and safety rods
pass are similar to the standard element but have 13 interior plates

removed. Two 1/2 inch thick aluminum plates are substituted for struc-

tural purposes.

3. Reflector Elements

The graphite reflector consists of aluminum cans, of the same

size and shape as fuel elements, filled with graphite and sealed.

L. Grid Plate
The grid plate into which the fuel elements are placed is a
5-1/2 inch thick aluminum slab. The center to center spacing of the
grid plate holes is 3.189" in a direction parallel to the side plates

of the elements and 3.035" in the other direction.
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Table III lists the average contents of each fuel element
(between the two planes defined by the top and bottom of the fuel

region).

TABLE III

COMPONENTS OF STANDARD FNR FUEL ELEMENT

Component Volume (cmj) Per Cent
Water 2190 48.45
Aluminum 1549 41.33
U-235 7.407 -0.1977
U-238 0.8466 0.02259

TOTAL 3747 .2536 100.00029

D. DNuclear Constants

1. Basic Data

The two-group nuclear parameters are generated first as a
function of density., La+er, the effects of changes 1n neutron tempera-
éure, thermal disadvantage factor and streaming due to the finite bubble
size are calculated.

Two major sources of information were used for the thermal
microscopic cross sections used here. Thermal cross sections averaged
over a Wigner-Wilkins spectrum (SOFOCATE code)(kl) have been calculated
for absorption and fission of U-235, scattering of hydrogen and absorp-

tion of a unit 1/v - type absorber.* It is assumed here that aluminum

¥ A unit 1/v - type absorber is a material whose absorption cross
section, varying inversely with neutron velocity, is one barn at

v = 2200 m/sec.
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and water are 1/v type absorbers. A list of 2200 m/sec cross sections
tabulated by Argonne Natiocnal Laboratory(uu) is used to fill out the
remaining necessary data.

A plot of the SOFOCATE data as a function of the ratio of
U-235 to hydrogen is given in Figure 21. This data assumes that the
number of 1/v type barns (absorption) per hydrogen atom is very small.
In the case of the FNR, this ratio is about 0.15 barns per hydrogen
atom. The correction to be applied due to the amount of absorber is
about l% and is neglected.

The scattering cross section for water is calculated using
both SOFOCATE and ANL tabulated data. The SOFOCATE code gives o (H)
which varies strongly with the neutron spectrum. It is assumed that
the scattering cross section of oxygen and the chemical binding effect
do not change significantly with energy in the thermal range. Thus,

from the ANL tabulation, at 2200 m/sec

os(H) = 45.28 b

o, (0) b2 b

0g(Hy0) = 103 b
assuming that the molecular cross section can be represented by
o5 (Hp0) = [205(H) + a5(0)] 7 , (19)

where 7 is a constant accounting for molecular binding, we find that
y =1.087. Now using os(H) glven by SOFOCATE, we get the effective
thermal cross section og(Hy0) = 96.63 b.

The thermal data for U-238 is taken from Weilnberg and Wignerxus)
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The eplthermal parameter Dj for the A1-Hy0 mixture is given

by Murray,(u5) based on calculations at ORNL. The reported results are:

D = 1.143 + 0.153 Q (20)

where @ = volume of sluminum/volume of water.
The relationship used for T is based on results of the meas-
urement of T in aluminum-water mixtures by Hill et al.(so) The follow-

ing equation was derived from theoretical considerations (see Appendix B)

and adjusted to fit the experiments:

10001 + a)?
0207 o€ + 1.27 a + 3.72

T =

(21)

When some of the water is displaced by air (assumed to have

the properties of a void), the age of the mixture (for small voids) will

vary as:

v
total 2
Thix = To | ] (22)

Vtotal - vair

where T, is the age without the air present but for the same volume ratio

of materials. Thus the previous formula for T is modified to:

(04
100(1 + 5—)2 1+a2

( ) (23)

.0207(%’)2 + 1.27 %‘ + 3,72 a+op

T =

where p = water volume/(water + air) volumes. A similar correction to
D) gives:

g] 1+

D, = [1.143 + 0.153 5 o o

(2k4)

From these two numbers, 21, the removal cross sections is found by

21 = Dl/T
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The data for the long-lived fission product poison average
thermal cross section 1s taken from Deutsch.(sl) The FNR had been
operated for approximately 15 Mw-days before the experiments were per-
formed. The burnup (at the rate of 1.07 gm/Mw-days) is 0.55%. The

1

P -
average polson cross section Zh is 0.00107 cm — using Deutsch's approxi-

mation.

Calculations have been made of the thermal flux depression in

(48) using the

fuel elements identical to thos in the FNR, by Reynolds,
P5 approximation to the one-velocity transport equation. The average
flux in the fuel region is 0.9877 and the average flux in the aluminum
is 0.9887 (relative to the average flux in the water channels).

Table IV shows the calculated properties of the coré as a

function of p. Table V shows the properties of the reflectors.

2. Infinite Multiplication Factor

Calculations by Trubey and Lessig(52) have shown that for fully
enriched, water moderated reactors the assumption that €p = 1 is excel-
lent for a uranium density N, < 2 x 1029 atoms/cc. In the present case
as N, = 0.957 x 1020 tnis assumption is valid. The cancelling of the
resonance escape probability and the fast fission factor is valid in
this two group approach since the gain and loss of neutrons occur in
the same group.

The variation of k,(= vlg/ly) with water density is shown in
Table IV. The world consistent v = 2.47 is used as given by Weinberg

and Wigner.(46)



E. ©Second Order Reactivity Effects

The only density effects included in the cross section table
are due to the changes in the macroscopic absorption and scattering
cross sections of the moderator. It would be convenient indeed if
these were the only effects to be considered, since these are easily
calculated. Therefore the other, more subtle effects, are investigated
individually, below, to determine whether they can be treated by approxi-

mation or neglected entirely.

1. Thermal Disadvantage Factor

The effective multiplication factor kees is directly propor-
tional to the thermal utilization f. This latter term is the ratio of
thermal neutron absorption in fuel-to total thermal neutron absorption.

In a homogeneous reactor this is simply the ratio of fuel to total cross

sections. In a heterogeneous reactor, each cross section must be weighted

by the average thermal neutron flux in the region. Thus:
Fz,

T e

where
U is the fuel region

M is the moderator region.

In terms of the thermal disadvantage factor

F = 92 (26)

’ (27)
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-Now, given a change in F and Z.g the change in reactivity will be given

by:
de _df _ o(poy) (s Elﬁ) . (28)
k T F Zgl
TABLE IV
FNR CORE NUCLEAR PROPERTIES (o = 0.711)
v

%, cm 0.04982  0.04k982  0.04982  0.04982  0.04982
Al opl 0.00451  0.00451  0.00451  0.00451  0.00451
o, em™L 0.01036  0.0098%  0.00953  0.00932  0.00881
2, em™t 0.00106  0.00106  0.00106  ©0.00106  0.00106

FIotal cm=l  0.06575  0.06523  0.06k97  0.06471L  0.06420

Lo, cm™ 0.0L249  0.04249  0.04249  0.0h2k9  0.0k249
T, cmf 63.19 69.28 73.3%6 76.29 84 .47
Dy, cm 1.247 1.292 1.319 1.338 1.390
Tg, cm™t 0.01973  0.01865  0.01798  0.0175:  0.016k6
ol emL 0.03:89  0.03489  0.03489  0.03489  0.03489
z%r,cm-l 1.2770 1.21%2 1.1748 1.1493 1.0855
otal om-l  1.3119 1.2481 1.2097 1.1842 1.120k
D2, cm 0.2541 0.2671 0.2755 0.2815 0.2975
12, cmf 3.865 4.095 4, 2Lk 4.350 4,63k
2e/2q 0.6462 0.6514 0.6545 0.6566 0.6618
vie/L, 1.5961 1.6090 1.6166 1.6218 1.6346
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TABLE V

FNR REFLECTOR NUCLEAR PROPERTIES

Material Graphite (p=1.6) Water (p=1)
Ty, cmt 0.00026 0.022
Do, cm 0.778 0.164
12, cm? 2959 7.453
Dy, cm 1.470 1.143
Les em~1 0.00320 L0423
T, cm® 460 27

As moderator 1s removed, the reactivity increases due to the last term.
The removal of absorber in the moderator region also reduces F, also
increasing the reactivity. The magnitude of this latter effect was
calculated by the author using the P5 approximation to the one-velocity
transport equation. Reynold's calculation by P5 and P5 show very little
is to be gained by use of the higher approximation. To determine the
order of magnitude of the effect the aluminum region was removed, sim-
plifying the calculations further. The results in Table VI are for a
two reglon assembly of U-Al alloy and water having the same ratio H/U
and the same plate spacing. Clearly, due to the close spacing and small
fuel concentrations, the effect of éhanges in F for this reactor are

always negligible. The void coefficient effect of this term is

(£-1) £
(V.c.)p = ——A—X—F—- =~ 0.0017 (29)

X
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TABLE VI

REIATIVE EFFECT OF VARIATION IN F ON REACTIVITY

p 1 0.85
ZQM 0.0195 0.0166
To 0.618 0.618
F 1.020 1.019

s MM -0.149
A F/F -0.001

2. Neutron Temperature

The removal of moderating matefial tends to shift the thermal
neutron energy distribution to & higher average kinetic energy ("harden-
ing"). This shift has several effects. Since the uranium fission and
absorption cross sections are not exactly "one-over-v" type and do not
even change in the same proportions, there is & slight change in 7.
Since all the microscopic absorption cross sections vary with energy
the thermal utilization is also affected. Finally, the change in the
microscoplc scattering cross section of hydrogen and the change in the
microscoplc absorption cross sectlons combine to increase the thermal
diffusion length. All these effects are in addition to the direct, or
macroscoplic effects of the density change as previously discussed.

The epithermal microscopic parameters are affected in this
manner only by the slight shift of the "cut-off" energy, the energy at

which the l/E portion of the spectrum is assumed to intersect the

Maxwell-Boltzmann portion of the spectrum.



From the SOFOCATE data of Figure 21 the average thermal micro-
scoplc cross sections are glven as a function of the atomic ratio U/H.
For the initial or unperturbed condition of water density p = 1 this
ratio is 0.00245. Using this information, Figure 22 was constructed
from Figure 21, to give the cross section variation as a function of p.
Also included is the ratio 0f25/0525 which is of course, n/v. Examina-
tion of these curves shows that for p > 0.75 the assumption of linearity
is quite good. It should be remembered that since these cross sections
are calculated for an infinite medium, these curves are not to be trusted
for low densities in a small, reflected reactor. The actual cross sec-
tions will be higher at low densities. In any case it must also be kept
in mind that the use of the reported measurements of T limits us to
"p > 0.7 as this was the limit of measurement.

The three temperature effects will now be examined separately.

(a) Temperature effect on m.

The linear approximation to the curve of n/v in Figure

22 1is
n/v = 0.85378 + 0.00147 p . (30)
Therefore,
an/n = [0'85‘3’:{201"’7 4, (31)
-—Er—-'+ 0.00147

The bracketed number is the vold coefficient effect and is

given very closely by

(v.c.)11 = -0,00172 p .
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(b) Temperature effect of f.

Looking again at Figure 22 we see that the linear

approximations

aa(%) = 0.725 + 0.071 p (32)
and

£ = U69 + 61 p (33)

are reasonable over the same range as before. Using these
relationships and assuming water and aluminum to be 1/v

materials, 1t turns out that

Az -0.0000% (1-f) %"_ (3%4)

wl&

or that (v.c.)f 2~ -0.00001

(c) Temperature effect on thermal leakage.
The thermal non-leakage probability P., is approximated

(in the "single buckling" method) by

1

vhere L2 = D/Za.

The reactivity effect of variatlons in P;y 1is given by

Pth 1l + L2B2 D Za

2nl
apP LB ab dzé
(Lth, (36)

Using the same linear approximations as before, we see”

that

s o 0.00132 p + 0.00584 dp (37)
¥  0.0148 p + 0.0507 »p
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Assuming that only the hydrogen scattering cross sectlon

varies, as shown in Figure 22:

ol = 39.15 + 3.20 p (38)
we find that
Ly, = 0.034 + (1.18% + 0.0918 py; pg (39)

where pt is meant as the variable and pg is the macroscopic
contribution to the cross section and is fixed 1n this portion

of the analysis. From this it is simple to show that

ab _ 0.0918 p dp (40)

= - ’

D 0.034
0 + (1.184% + 0.0918 p)

making the overall reactivity effect

dPyy,  L°B2 {[0.00132 p + 0.00584

Py, 1 + L°B® ' 0.0148 p + 0.0507 ]

1 dp
+ - b1
[l N 12,9 + 3.71]} p (k1)

p Dz
when p = 1, this becbmes

apr 2pe d
th . _L7B > (0.179%) e (u2)

Pin 1 + I°B P

For 12 = 3.865 and B® = -0.002.
(V.C.)Lz = 0.0014k

The value of the thermal buckling used here was a result of
& buckling iteration calculation using MAGNUM. Had the
geometric buckling been used here this term would have been

five times larger and of the opposite sign.



-63-

The sum of these three neutron temperature - microscoplc

cross section effects is then
(Vv.C.)p = -.00029

and 1s seen to be of the opposite sign from the previously discussed

disadvantage factor effect.

3. Neutron Streaming Effect

When voids are distributed throughout a diffusing medium,
one of the major effects, as we have seen, is the increase in the mean
free path of neutrons in the system. If the holes are small and closely
spaced, the effective mean free path is inversely proportional to the
average density of the system. If the holes are large compared to a
mean free path, the arithmetic mean free path is inversely proportional
to the average density, but the root-mean-square free path is a function

of the size and shape of the volds. It is thls latter quantity which

is of interest in describing the randcm interactions which occur in the
reactor. The description of this "streaming" effect was originated and
subsequently amplified by Behrens(39) in connection with the coolant
channels of gas-cooled reactors,

For a uniform distribution of spherical holes in a homogeneous

medium the effect on the mean square slowing down length 18(39)

T =1+20+ Eﬁ [coth Lo+ 0.125] (43)

To A o

where
§ = volume ratio of holes to material of the reactor,

A = mean free path in the material of the reactor,
r = hydraulic radius of the holes (= %-radius),
To= the age in the material without the holes.
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This correction can be applied to the diffusion area as well by using

the thermal value of X. However, the major effect in this FNR reactor
is the fast leakage. Due to the relative uncertainty in this correc-
tion factor, the thermal effect is neglected. It is observed that as
r /X diminishes the correction becomes (1 + ¢)2 which is simply the
inverse de.sity effect slready accounted for. Therefore, the only
correction to be applied here is the ratio T/To from the above equation
to (1 + §)2.

In heterogeneous reactors such as the FNR the bubbles, or
volds are in the water portion of the moderator only. Therefore it
is not correct to modify the total age directly. The total age can be
separated into the water and aluminum components by rewriting the equa-

tion in the Appendix as

1. 1 [ae_ + .‘f + i . (44)
T (1) Tar w [TAL I
o2 p?

The effect of the Behrens correction to 1/T is then found by
multiplying the value Ty by the ratio

1+ 20 + %g [coth %x + 0.125]

Rp = (45)
(1 +¢)2
The relationship between § and p is:

It 1s extremely difficult to determine the average bubble
radius in the core. However, it ig certainly less than half of the

plate spacing. Thus the parameter r/k 1s less than 0.2. The effect
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on the void coefficlent is shown for two different values of r/l, as
a function of p in Table VII. The fact that the effect decreases with
increasing void content (at constant bubble size) indicates that the

ratio Rg does not increase as fast as (1 - p). In fact it reaches a

plateau.
TABLE VII
NEUTRON STREAMING EFFECT ON THE VOID COEFFICIENT
X r/A Rp ar/T(%) (V.C.) stream
.02 0.1 1.0018 0.136 -0.026
0.2 1.0049 0.469 -0.088
.05 0.1 1.0031 0.286 -0.021
0.2 1.0081 0.701 -0.053
.08 0.1 1.00%6 0.365 -0.017
0.2 1.0105 0.892 -0.042
.10 0.1 1.00%7 0.390 -0.015
0.2 1.0113 1.013 -0.038
.15 0.1 1.0039 0.349 -0.009
0.2 1.0124 1.108 -0.028

4. Transverse Buckling

Considering the shape of this reactor it is apparent that the
spacial flux variations do not lead one to a convenient, simplified

model such as a sphere or slab. This then must be treated as a decldedly
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three-dimensional reactor. To solve the diffusion equations in this
geometry it would be necessary to use a three dimensional code. Al-
though this type of code exists, 1t requirgs a larger computer than 1is
presently available here. Even on machines of sufficient capacity it
is limited to a relatively small number of space points and takes
several hours to complete. Therefore, it was necessary to make use
of the pseudo-one or two dimensional codes. Several methods were
studied.

In the one and two dimensional codes, the leakage in the di-
mensions not explicitly examined is taken into account by inserting a
transverse buckling. In most applications this parameter is a quantity
measured by extrapolation of neutron flux traverses. In the calcula-
tion of reactivity cocefficients however, a most important feature is
the variation of the transverse buckling as a specific parameter change
is made. An estimate of this variation can be made by application of

one group theory. For an infinitely reflected reactor the reflector

savings & 1s given by

De B¢ Ir (u7)

tan BCS =
Dr

where the subscripts refer to the core and reflector properties. Where

the core is large enough so that
tan B.® & B:d (48)

we see that

(49)

X
ol
2
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To apply this to the fast group, in which we are primarily
interested, the value J}r is used for L,. The buckling is then deter-
mined as that of & bare slab with dimensions (H + 2 &) where H is the

actual core length:

2 o (T2
B~ = (H P 8) . (50)

The resulting effect on the reactivity is approximately:

2 2
= 1B B (51)

1+ TBS B

ng:

The results of this method are shown in Table VIII as a function of p.

TABLE VIII

THE TRANSVERSE BUCKLING VARIATION AND ITS EFFECT
ON VOID COEFFICIENT, BY ONE GROUP APPROXIMATION

p D, BZ2 bk /x (%) v.C.
1 1.247 .001873 - L0164
.97 1.273 .001861 0.03%26 .0163
.95 1.292 .001850 0.0805 .0161
.92 1.319 .0018%9 0.128 .0160
.90 1.338 .001831 0.158 .0158
.85 1.390 .001802 0.229 L0153

F, Results of Analysis

1. Comparison of WANDA Perturbation, WANDA
Criticality and PDQ(XY) Criticality Methods

In order to establish the relative accuracy of three approaches
to the calculation of the void coefficient, one problem was solved by
three methods, using the same nuclear data. The data used in this por-

tion of the study varied somewhat from those given in Tables IVeand V
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as they were made before those Tables were completed. The nuclear data
used here are reproduced in Table IX and X. The transverse buckling
was assumed 1n each case to be Bz2 = 0.0034106. This value was chosen
to make the initial value of kepp for the WANDA Criticality Perturba-
tion methods unity.

The geometry assumed for the WANDA problems is shown in -
Figure 23 (a). The water reflector thickness, shown as 8 cm was changed
in later calculations to 16 cm. The dimensions were chosen to give
roughly the same geometric buckling as the square configuration used in
PDQ, shown in Figure 23 (b). The flux is set to zero on the outer

boundaries and is symmetrical about the center lines.

TABLE IX

NUCLEAR DATA FOR CORE USED IN COMPARISON OF ANALYTIC METHODS

p 1 .97 .95 .92 .90 .85

Dy 1.247 1.273 1.292 1.319 1.338 1.390
Zay .001 .001 .001 .001 .001 .001
Zn .02028  .01971 .01931 .01871 .01830 01735
vie, .00227  .00227 .00227 .00227 .00227 .00227
Dp 2222 2284 2335 2411 2hTh .2606
Zas .0811 .0807 .0805 .0801 .0798 .07

vir, 1243 L1343 1343 1343 1343 .1343
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F sFUEL
G =GRAPHITE

W= WATER
(ALL DIMENSIONS ARE IN Cm,)

Figure 23a. Configuration Used in One
Dimensional Calculations
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Figure 23b. Configuration Used in Two
Dimensional Calculations
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TABLE X

NUCLEAR DATA FOR REFLECTOR USED IN
COMPARISON OF ANALYTIC METHODS

Water Graphite
Dy 1.143 1.470
ZB]_ .0020001 .00001
; 2R L0341 .0032
Dy 164 778
zﬂe .021 .00036

The one-dimensional, two-group fluxes and adjoints, as deter-
mined by the WANDA program are shown in Figure 24 (for p = 1). Using
these functions the reactivity changes due to the water density changes
were determined by first-order perturbation theory. The portlons of
variable density in the one dimensional approximation are first, the
inner cylinder of radius 6 cm., second the outer annular cylinder be-
tween r = 16 and R = 20 and thirdly, the entire fuel bearing section of
the core.

In the PDQ problems the central and corner elements as well
as the entire fuel bearing section were volded in turn. The results
of these calculations are plotted, in Figure 25 in terms of reactivity
for a vold fraction assuming, for the localized void that it is in-
serted throughout a fraction of the core equal to 1/21 (approximately
one fuel element). The values for the entire core are reduced by that

fraction to compare relative magnitudes.
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The comparison shows that first order perturbation theory is
excellent for this-type of perturbation, especially if the volds are
inserted uniformly over the core. The error as compared to the criti-
cality method varies from +12.5% in the center to +lO% at the edge of
the core, to -2% for the entire core (for lO% void). Obviously the
good result for the entire core is due to the slowly changing fluxes
and adjoints. The larger errors in the cases of localized voiding are
due to the considerably local changes in flux and ad joint.

A more surprising result is found in the comparison of one
and two dimensional calculations. The difference between the results
is less than 6% in every case studied, for both localized and uniformly
distributed voids.

In comparing the overall value of one method over another the
effort and expense involved in each should be included as factors. The
WANDA perturbation scheme requires the running of two problem sets, one
each for fluxes and adjoints. These each take about 30 to 45 seconds
for the number of space points used here (45). The resulting curves
must then be manipulated and integrated to obtain the integrals of the
various products of the fluxes and adjoints and their derivatives over
the reglions of interest. Manually this is a tedious and time consuming
Job - of the order of twenty five hours. If this is tc be done repeatedly,
the entire procedure can be programmed on the digital computer. For any
one reactor however, this need only be done once. The integrals can
then be used for any combination of perturbations with relative ease.

To generate the 13 points included in Figure 25, about thirty hours of
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manual calculating (assuming no errors are made) plus two minutes of
IBM 704 time and about fifteen minutes of data card punching time are
required.

The FANDA criticality results require no additional analyses.
The fifteen points included in Figure 25 required the running of fifteen
problems. The total time is about six minutes on the IBM 704 and thirty
minutes of data card punching.

The PDQ program has some odd features. The length of time a
problem takes is a function the number of points in the mesh (roughly
the square of ﬁhe number of WANDA points to éet the same resolution)
and the amount of final deviation from criticality. f;syrongly sub-
critical core can iterate for hours without approaching the final result;>
The seven problems run in this study each required between thirty minutes
and one hour to complete on the IBM T7O0L.

It is possible to do‘a two-dimensional perturbation calcula-
tion, using PDQ in & manner similar to the WANDA perturbation technique.
This introduces the problem of calculating surface integrals of flux-
adjoint products and gradients. For best results this should be computer-
programmed. Based on the results of this comparison, however, it is
doubtful that sufficient accuracy would be gained by this complication.

The obvious conclusion is that the WANDA criticality technique
is best unless datas on a particular interior, off center element are de-
sired. If no digital computer were available the two-group perturbation

technique using manually calculated fluxes and adjoints (as in Spinrad

and Kurath(sj)) could be employed.
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Two more notes may be added at this point. First, the
fluxes and adjoints in the water channels have been shown(59) to be
extremely inadequate when determined by the method used here. There-
fore the prediction of void coefficients in these channels 1s not
expected to be accurate. Second, although the three techniques com-
pare very well with each other, they obviously do pot agree well with
the experimental data, which are also plotted on Figure 25 for refer-

ence. The error decreases with the radial position, varying from +58%

at the center to +18% at the edge.

2. Transverse Buckling Calculation

An examination of the effect of the transverse buckling value
on the void coefficient was made. The problem is not only to show the
effects of various assumed bucklings on the reactivity but to determine
the best value of the buckling. The method selected was the Buckling
Iteration Program. The output of this program is a series of 32 trans-
verse bucklings, one for each group. Also tabulated by group are the
values of D, &, z& and ZH' These results were used to determine the

two group transverse bucklings by the following relationships:

32

2 - 2
(1 + B ary) = 1Eh (1 + B;< a1y)
N3 D

g L + 2y

B2 was found by trial and error in each case. The thermal buckling is
given directly in the program output. These bucklings were then in-
cluded as input to WANDA calculations. The results of the BIP calcula-
tions are shown in Table XI and Figure 26. These were calculated from

the final pass results.
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—0— VOID IN REFLECTOR AS WELL AS CORE

IN CORE ONLY
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Variation of Transverse Bucklings with Vold
Concentration (as calculated by the buckling
interaction subroutine of MAGNUM, assuming
the void to be uniformly distributed).



TABLE XI

TRANSVERSE BUCKLINGS CALCUILATED BY
THE BUCKLING ITERATION PROCEDURE

2 -2 2 -2

0 Bepi (em Bth (em™c)
1 .002491 -.003599
«95% .002449 -.005676
.90 .002418 ~.003995
.B5#% .0023%66 -.003825
.80 .002346 -.00kk6L

There are two limitations in this code which restricted its
use somewhat, for this application. First, the number of regions is
1imited to five. Second, the buckling iteration can be done only on
the inner region. To calculate the effect of voiding the entire core,
it was thcrefore necessary to eliminate the water annulus. The geome-
try was identical to the WANDA geometry in other respects. The effect .
of voids in the axial reflector was examined by calculating the buck-
lings with and without volds present during the axial iteration. The
resultant effect on bucklings, shown in Figure 26 is, due to symmetry
conditions, for voids above and below the core. At best this is only
a guess of the effect of the actual voids in the core since the water
density in the reflector (in the air bubble experiments) is less than
in the core.

bucklings determined by this method were then used as

input to a second series of WANDA calculations, in two forms. At first,

* Void assumed to extend into the axial reflector region.
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the bucklings were assumed constant at the values of p = 1.

bucklings in the perturbed regions were assumed to vary as

Then the

shown in

Table XI, while the bucklings in the other regions were assumed to re-

main constant. The results are given in Table XII.

TABLE XII

RESULTS OF WANDA SERIES 2 FOR CONSTANT
AND VARIABLE BUCKLINGS

Procedure

o) Void Region Buckling Assumption Void Coefficient
«95 Central Constant =442
.90 Central Constant -.456
.85 Central Constant _ - 466
.95 Outer Constant -.108
.90 Outer Constant -.109
.85 Outer Constant -.113
.95 Central (& Reflector) Varisble -.312
.90 Central Variable -.353%
.85 Central (& Reflector) Variable -,381
.95 Outer (& Reflector) Variable -.0735
.90 Outer Variable -.0766
.85 Outer (& Reflector) Variable -.0870
.90 Entire Core Variable -.190
.85 Entire Core (& Refl.) Varieble -.185

At the same time, calculations were made with constant buck-

ling approximation assuming several values of buckling; with the further

assumption that By = Bepi .

the similar number from WANDA series 1, in Table XIII.

2 2

These results are tabulated, along with



-79-

TABLE XIII

CALCULATED VOID COEFFICIENTS ASSUMING CONSTANT
BUCKLINGS {p = 0.9, CENTRAL VOID)

——
—

—
e

Case B2 B2 Void Coefficient
epl th
1 .002000 .002000 =476
2 .002491 -.00%599 -.456
3 .002800 .002800 . -.567
4 .0034106 .0034106 -.538

It is likely that had Bih = Bipi in case 2, the resulting
void coefficient would have been increased to somewhere between those
of cases 1 and 3, giving a somewhat linear relationship with buckling.
This would indicate that the result of employing the calculated Bih
rather than assuming it to be equal to Bipi is to reduce the voild co-
efficient by approximately 10%.

One more interesting result was obtained from the Buckling
Iteration Procedure. The program which calculates the bucklings also
calculates k g during each pass. It uses as criteria for convergence,
both the bucklings and keff' The actual values of the void coefficient
as calculated are not too reliable due to the limitations previously
mentioned which require slight liberties to be taken with the geometry.
However, it is of interest to observe how the void coefficient as calcu-
lated from the k pe values in each iteration vary. In the five problems
run, the k,pp values in each iteration were used with the values in
corresponding iterations to find the resultant void coefficient. 1In

other words, this gives the void coefficient as calculated if the machine
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had stopped after that iteration in each problem. The normalized re-
sults in each case were the same. These are shown in Figure 27. The
indication is that at least two complete sets of Radlsl-Axial iterations

were necessary to give accurate results.
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Variation of Void Coefficient During Buckling
Interation Subroutine of MAGNUM. (Normalized
to zeroth iteration). Final Bucklings as
shown in Figure 26.



IV. SUMMARY OF RESULTS

A, lLocalized Voids

The experimentel results show linearlty of the reactivity
effect with void, up td the 11% vaid introduced, indicating a constant,
negative value of the void coefficient., The magnitude of the coefficient
varies monotonically with radial distance from -.316 at the center of
the core to -,120 at the corner, The calculated coefficients vary from
-.45 to -,11 with constant buckling and -.35 to -.08 assuming a spacially
uniform buckling change. The calculations indicate a coefficient of
increasing magnitude as void volume increases,

The experimental coefficient due to magnesium insertion (one
point) is -,284, Calculations using perturbation theory indicate that
the magnitude of the (uniformly distributed) magnesium coefficient is
about 6% lower than the void coefficient in this reactor.

The data for all but the central element show a tendency for an
increasing void coefficient. However more data points would be required

t0 show whether these are true effects rather than the result of errors.

B. Distributed Voids

No actual measurement of the effect of voids uniformly distri-
buted over the core was undertaken, Using air bubbles this would be an
extremely complex as well as unsafe experiment, Due to the small mean
free path in the core, with the low vold concentrations used here, it is
reasonable to assume that interaction effects between elements is small,

Therefore, the addition of the measured localized results is used as the

-82-
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distributed coefficlent. The resultant coefficient is -.190 (1.005).
The calculated vold coefficient using the spatially uniform buckling

variation is -,190. The exact agreement is considered fortuitous,



V. CONCLUSIONS

A. Experimental Technigue

The feasibility of the use of a stream of air bukbles as a void
simulator has been demonstrated. Furthermore, in pool type reactors
having plate spacingssimilar to the FNR, flow data generated in this study
can be used, In such reactors this technique would actually be the easiest
to carry out. If distributed wvoid coefficients need to be measured
directly some other method should be adopted. Either expanded plastic or
magnesium sheets should be employed,

If the plate spacing differs significantly it is still possible
to use this data to generate a new bubble veloclty versus density curve
without requiring the use of a gamma ray densitometer, The method is
simply to compare (as a function of density) total void volumes in a
section having the new spacing but the same water fraction. This can be
done in an open water tank by measuring differences in total water height.

The Wet Test Meter should obviously not be used for this applica-
tion. This is mainly due to the high pressure required to drive reasonable
flow through the small bubbling orifices, The efficiency of the Wet Test
Meter used in the early experiments on the FNR began to drop rapidly when

the bubble volume was increased over 2%.

B. Analysis -
The combination of the buckling iteration process with two-group,

one dimensionsal diffusion theory appears to be quite accurate for predict-

ing the distributed void coefficient, Perturbation and eigenvalue

_8l-
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variation methods give equally accurate results. The choice of which to
use should depend on the number of problems to be investigated and the
availability of a program for evaluating the perturbation integrals.

For void fractions up to 25% it is not necessary to take into
account cross section veriations due to changes in neutron temperature or
thermal disadvantage factor. A most significant parameter in this reactor,
however, is the transverse buckling. It is important not only to choose
the correct bucklings initially, but to include the-buckling changes as
the water density varies. The buckling change is not well approximsted
by the simple relationships of reflector savings calculations using one
group concepts,

For calculation of localized void coefficients, the same tech-
nique does not give sufficiently accurate results, The coefficient is
overestimated in the central position and underestimated on the edge. The
error in both cases is approximatgly 25%, In each of these calculations it
was assumed that the transverse buckling variation with density was the
same as the varistion of the entire core buckling under a distributed void
condition, This assumption is equivaient to the separability of flux in
the axial and radial direction., Separability implies that the solution
of the flux equation

Ve (r,z) +B° ¢ (r,2) =0 (53)
can be found by writing _
¢ (r,2) =6 (=) Z (2). (5b)
In a small, completely reflected core it is not surprising to

find that this assumption is poor. A method, suggested by the results of
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this investigation, with which to take into account the non-separability; -
i1.e., the dependence of transverse bucklings on radisl position, is to
extend the buckling iteration scheme so as to allow

a. Iteration of any region in the core (rather than the central

region only) and

b. diteration un more than one region at a pime (three region

iteration would be sufficient for most problems),

Modification (a) is presently being inserted into the MAGNUM
Buckling Iteration subroutine(57). This is important not orly from the
standpoint of non-separability but for consideration of reactors having a
central non-fuel zone,

Modification (b) has not been attempted to date. The extension
would involve separate treatment for each region (similar to the present
one region treatment). Regions having interior as well as exterior sur-
faces would include the gradient of the interior surface flux in the
buckling calculation, Each pass would include one iteration for each
region, The convergence criteria would then monitor the bucklings by
region and the elgenvalues by region.

The value of this type of program is that it would allow accurste
calculation of reactivity coefficients for small, two dimensional cores.
It should be less time consuming than existing two dimensional codes since
it does not require a two-dimensional, difference equation solution of
flux. For example, the FDQ code has an R-Z geometry option which should
give the results required here. However, attempts to use this code were

unsuccessful due to the long machine running times involved. One R-Z
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problem of 2500 mesh points iterated for over two hours before converging.
These were two-group problems. The MAGNUM 32 group code, using the (one
region) Buckling Iteration subroutine required only 15 minutes to converge
with the equivalent of 1440 mesh points (36 redial, L0 axial)., It is not
likely that the modification of multiple region buckling iteration would
multiply the running time by much more than the number of regions under-
going iteration,

A less important feature of the comparison of the analysis with
the experiment c0ncern§ the neutron streaming effect. It is observed that
the void coefficient as calculated neglecting streaming, increases with
increasing void volume. In the experiment no consistent trend of increas-
ing vold coefficient was observed. This feature has been observed by
others. Conceivably it is the neutron streaming effect which tends to
flatten the curve, Using Behren's analysis it is shown (Table VII) that
the effect of neutron streaming decreases, for constént bubble size, as
void content increases--at least over the region examiﬁed; While this
experiment could not be deemed a confirmation of Behren's analysis, the
indication from this limited information is that this analysis has the

correct properties,

* Other, similar problems took so long that they had to be removed before
convergence was complete,

*
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APPENDIX A
EFFECT OF NON-HOMOGENEITY ON VOID MEASUREMENTS
WITH THE GAMMA RAY DENSITOMETER

It is extremely difficult to accurately determine the error due
to heterogeneity of the air-water mixture. The error is due to the fact that
the density variations about the mean ere weighted exponentially by the
attenuated gamma ray population, but are arithmetically averaged by the
counting device. To be truly accurate, the instantaneous count rate should
be logarithmically averaged. The variation from mean density eppears to be
a statistically random function with some unknown properties.

However, as will be shown, the maximum possible error due to this
effect is simple to evaluate and turns out to be small enough to allow its
use as an upper bound. The assumption is made that the density of the
mixture varies in the worst possible way--it is either 1 or O (of course,
the probability that this occurs is small when the volume is divided into
many small channels as i; the case here).

Let I, be the count rate when the mixture density p =1 and Ig
exp (Lzo) be the count rate when p = O. £g is the total voidable length
of the test éection and # is the total sattenuation coefficient. Under the

conditions stated, the average count rate will be

T = (1-p)Ige™bo + pIg (A-1)
where § is the actual (time) average density of the mixture. The p.,
measured by the attenuation method is calculated by

1 I
p =] = === gn = (A-g)
ex ugo IO
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which, expressed in terms of Equation (A-1) is:

Box =1 - - i [p + (1-pleHfo].
I-LEO

Thus, the deviation from the true density is

PexP _ . _L1_ 4 (5 erbol(l-p) 4 (1-p)eHboP |

P uloP

(A-3)

(A-4)

This function is negative for all values of E and increases as

the product uf, increases for a given value of p. For this experiment

ulo = 0.59. Figure A shows the variation of the error with p.
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APPENDIX B

AGE CALCULATIONS IN MIXTURES OF ALUMINUM, WATER AND AIR

The age of neutrons at energy Ef due to a monoenergetic source of

energy E5 in a homogeneous medium may be defined as

Eo p g
T & - = . (B-1)

Under the seme approximetion (Infinite medium, no capture) for
which Equation (B-1) is accurate we can substitute 1/3 L., for the diffusion
coefficient D. Now, if "suitably averaged" cross sections for the medium

cen be found, we can write

T = _fﬂ_EQZEﬁ (B-g)
3L Ler

If we mix two materials, each of which having, in its pure state,
cross sections Zéi and Ztri: logarithmic decrement ¢, and an age 74, the age

may be written

n Eo/Ef
™IX T 2 (B'3)
where
X7 = _g_l_;_ , ¥ = _2‘:'27 , (B-4)
1l + Ja 1 + AR
Vi va2

end the vy are the volumes of each material in the mixture. Expressing the

ege in the mixture in terms of the ages in the pure materials we find the

result:

1 __ 4 g£+.3_._+a/_1__{2+§1(l-ﬁa)+§a(l-ﬁ])}}
™x ()2 &1 1oy TIT2 Eo(1-Ti7) - £1(1-H2) .

(B-5)
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where a =2k s Ztri = Lg(1-ir1).

This derivation includes the implicit assumption that the micro=-
scopic material cross sections do not change as other materials are added.

Given two or more measurements of Tyrx 85 & function of «, it is
possible to fit the constants to the data to derive a working formula.
Measurements of the age in pure water and in aluminum-water mixtures have been

made (50). Table B-1 shows the results of these measurements.

TABLE B-1

Measured Age in Al-HEO Mixtures

a r(cm?)
0 31.8
0.5 51.6
1.0 79.8

The age in pure water is difficult to measure because of the low
age. Much theoretical work has been done to show that'the age is closer to
27 cm2, New experiments have been reported(éo) which give a resuit in
closer sgreement with theory. Due to the present uncertainty in this para-
meter and the fact that we are interested in the age with 0.5 < a < 1.0,
the date for a = 0 is neglected. The resultant fit of Equeation (B-5) to
the other two points gives
100(1+a)2 (B-6)

0.020702 + 1.270 + 3.72
Var/ V)

TMIX

(a
which is equivalent to saying that

Ty = 26.9 cm?, (vAl = 0)
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and

= 4830 cm2, (vy = 0).

The data

gy = 0.948
1l - Ew = 0.676

0.0723

Ea1
0.9754

i

1 -Gy
was obtained from reference (4).
As seen in Equation (B-5) if one of the components has an
infinite ege (e.g., &ir) the correction on fy;y is simply the square of
the relative density. Therefore, Hquation (B-6) can be corrected for the

density change of the water as follows:

e - 0 (e 3P (¥ 1)
.0207 <’ ) +1.27 <' > + 3.72

This correction consists of correcting the volume ratio of metal to water

from o to a/p. Then, the effect of the change in density of the entire

medium is taken into account by the last term in the numerator.



APPENDIX C

LITERATURE SURVEY

(1) Characteristics of bubbles rising in water.

Newman and Whelan(l) discuss the ratio of bubble volume to the
area of the orifice. For "very slow" rates of formation this ratio varies
between 0.2 cm. and 0.3 cm. As the bubble rate is increased, the ratio
decreases then increases until a random size distribution sets in,
Experimental studies of the rate of rise of air bubbles in various liquids,
including water have been made over a period of fifty years. Of those
listed here (Reference (2) - (8)) several(2’6’7’8) discuss single bubbles
only whereas the others study the rise of bubbles in swarms. The results
are difficult to compare due to the different experimental apparatus used.
The rise velocity is a function of the distance between the walls(i). In
general though a velocity with a lower limit of about 1 f.p.s., increasing

with increasing air volumes is indicated. The rate of change of velocity

with air volume is sharpest at low volumes, decreasing as volume increases.

(2) Measurement of vepor or gas densities in liquids using radiation
attenuation.

As raediation detection instrumentation has become more reliable,
attenuation methods of measuring density have become more pupular. Use is
made primarily of x-rays(9) and gamms rays(ll'lu). In all the cases
referred to here, the radiation penetration 1is the prime measurement of
the experiment (rather than as a calibration device as used in this

paper). This increases the importance of the error analysis, in terms of
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the possibility of localized flow patterns. It is shown in these studies
that large errors may arise when separated flow occurs. In all but one
case, no traverses of the test section were performed. Petrick(15), in
comparing the "one-shot" to traverse techniques shows the superiority of
the latter, especially whén localizéd density variation occur. In all
the experiments referred to here the scintillation detector was employed.

(14)

Only Yanez used a single channel differential analyzer tc eliminate

counting of scattered radiation. The others depended on collimation only.

(3) Measurements of void effects on reactivity.

Voids have been introduced or simulated in reactors using several
techniques. De Shong(l5) used STYROFOAM, a rigid low density expanded
plastic containing small air bubbles. The average density was varied by
meking holes in the plastic allowing water to fill the hole. There was
some seepage of water into the plastic as time passed. The results of the
measurement, on the Experimental Boiling Water Reactor were felt to be
adequate, falling within 10 per cent of a "modified two-group" calculation
(for distributed case).

Several groups have employed air as the void using varying means

of 1nsertion(l6'25). At NRL(16)

fuel elements were removed and empty
sealed cans were inserted, yielding positive void coefficients. This is
associated with the effect of insertion of experiments into the reactor,
rather than boiling effects. The same type of air can insertion was done
on the BSR<17). In addition, a special fuel element was constructed in

which the water in any water channel between fuel plates could be voided.

Almost an entire element could be voided, one channel at a time. The



-100-

effect of interactions between channels was measured showing an increase

of about 10 per cent in the (negative) coefficient with maximum interaction,
over the measurement with minimum interaction. The latter number is -~0.57
at the center of the BeO and water reflected core. No void coefficient
distributions or uniform void coefficients were measured.

In the Vallecitos BWR a thin, air can was used to replace water
between the plates, This was moved around the strongly heterogeneous core
to measure void coefficients. Calculations by two-group perturbation
theory accurately predict the distributed coefficient. The local void
coefficients, similarly calculated, show an error of 30 per cent to 50 per
cent too high in the central position. It is also shown that the central
coefficient is positive if the core diameter is 2-6 feet but negative if
the diameter is reduced to 1.6 feet.

Void coefficients in heavy water reactors have also been
(19-22)' (19,20)

studied , hollow aluminum tubes were spaced

In one case
throughout the core to simulate distributed voids. The effect of the
aluminum walls was considerably larger than the effect of the D0 removal.
Therefore, a dynamic type of reactivity measurement, oscillating the
water in and out of one tube by means of a plunger, was attempted(zl).
This gave relative void coefficients with "good precision.”

In another type of dynamic void insertion, air bubbles were
introduced into a DQO reactor(ez). The bubbling was turned on and off by
means of a solenold operated valve. The power oscillation was monitored

to give the reactivity effect. The main reason given for this type of

measurement was that the reactor contained xenon from previous high power
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operation. Measurements of the void concentration were not made directly.
In one oscillation, the total air was collected at the top, its ;glume
measured and the void concentration calculated from this data (details of
this calculation omitted).

In an organic moderated reactor(23), a fuel element was closed
off to the coolent, thus presenting a vaid condition. Calculations were

attempted but were not in agreement with the measurements.

At KAPL distributed reactivity coefficients for various materials
were examined in the Plastic Mockup Assembly(eu). Since the modersator is
solid (polyethylene), voids are made by removing strips of moderator. The
measurements were compared with calculations using 3 group (2 dimension)
perturbation theory with two different methods of cross section calculations.
The axial buckling, assumed to be constant, was determined from measured
flux distributions. The calculations show excellent agreement when the
MUFT-SOFOCATE codes are used ho generate cross sections, but poor agreement
with other techniques for cross section generation.

(4) Experimental and analytical void coeffiéieﬁt program of Philips
Petroleum Co., Atomic Energy Division, Arco, Idaho.

An extensive program of investigation of void coefficients has
been under way for several years by personnel of the BORAX and SPERT
projects(25'55).

Nyer(25) reports on experimental results of the SPERT-I reactor.
The method of inserting voids is not given. Linearity of the distributed
void condition with total void content was noted (up to 6 per cent voided),

One central element was voided up to 90 per cent with & quite linear

reactivity loss.
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rund(26’28’50) and St?Phan(Ee) have used aluminum, lead,

G
magnesium, inflated air bags and STYROFOAM for void simulation. The
results show conclusively that lead and aluminum are poor materials due
to difficulties in calculating the correction factors for absorption and
scattering. Inflated metal bags developed leaks quite frequently.
Magnesium required a much smaller correction than other metals but in
one core (B-12/64) a large discrepency was found between STYROFOAM and
magnesium. It is not clear whether it was the technique or the material
at fault. The authors apparently feel that STYROFOAM is the best material
for void simulation, but magnesium is used for small plate spacing cores.
Stephan(jz) reports that the average void coefficient as measured by
moving a single void element from place to place in the core agreed with
the measurement of the uniformly distributed core.

Quigley(5l) summarizes the (measured) characteristics of the
SPERT I cdrles. Table C gives some of these results along with the corra-
sponding features of the FNR core, Both the SPERT A and B type fuel
elements are similar to the FNR element from a nuclear standpoint. In
Table C, the first number in the core designation is the number of fuel
plates per element, The second number 1is the number of elements in the
core,

Calculations by Watanabe (21729)

were consistently high by a
factor of 80-100 per cent. Although the details of the method are not
supplied the calculations were evidently two-group, one-dimensional,

)

using a constant axial buckling. Spano and Metcalf(53 report the results
of a much more detailed method of calculation. The procedure is outlined

as follows:
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a. Use MUFT and SOFOCATE to generate the two group cross sections.

b. Apply the cross sections to a two-dimensional PDQ code cale- -
culation using a guess for the axial buckling.

c. With the resultant A, calculate the material buckling.

d. Let Beradial = B2material - Bgaxial y

e. Perform a one-dimensional, axial WANDA calculation using the

B2 gl 8s the transverse buckling, to find A.

radi
This last value of ) is assumed to be the correct k.pe. The
entire procedure is followed once for the unvoided condition and once for
every voided condition. Results are given for only two points. One, a
iistributed void calculation was within 3 per cent of the measured value.

The other, a centrally localized void had no experimental measurement to

compare.,

(5) Other calculation techniques.

At the Lewis Research Center(ju) two-group calculations were made
for a core similar to that of the Bulk Shielding Reactor (BeO reflected,
a = 0.733). A ore-dimensional (cylindrical) analog simulator was used for
the calculations. The resultant uniformly distributed void coefficlent
was -.18. The transverse buckling was assumed constant and was determined
by measurements on the MIR (a similar core). Only density effects were

accounted for.

Pigford et al(55) have calculated distributed void coefficients
by the two-group perturbation method, accounting only for density changes.
For & core similar to that of the FNR, but without graphite reflector the

V.C. = -0.277. With a one foot thick graphite reflector the V.C, = -0.,110.
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This calculation and comparison was somewhat unrealistic since it assumed
the same core radius in each case. However, the results do bracket the
results of this study.

A comparison of two-group and thirty group calculations with
experiment is reported by Silver(§6). Unfortunately, only the predicted
excess reactivities were compared. No clear cut advantage of one method
over another was found. It is likely that a distributed reactivity
coefficient calculation may have 'shown the superiority of one technique or
another. One method reported here was the iteration of axial buckling, as
described in Section III-B (3).

Results of celculations of the EBWR void coefficient are given by
Thie(BY). Here resonance escape probability variation is a most important
feature. The modified two-group calculations used resulted in a distributed

void coefficient within 10 per cent of the measured value, Calculations

and experiments involving localized voids disagreed by as much as 30 per cent.



APPENDIX D

SAMPLE DATA AND CALCULATIONS

(1) Measurement of effective buildup factor in densitometer (Section II-C

(1))
Data: Date: 12/7/59

E=20
AE = 900
Gain = 4:86
Condition Count Time (min,) Corrected Count
Background 7101 0.  =eeee-
Empty chamber 165446 5 161896 (=C;)
Water inserted 72077 5 68527 (=C,)
Element inserted 50906 5 47356 (=Cp)
Water drained 87316 5 83766 (=C3)
n = 18 plates
ta) = 0.060 inches = 0.1524 cm.
ntyy = 2.7437
Calculations:
T;'t;.l and error calculation is made for B, using Equation (9')
W
by = 0.117 em™L, uy = 0.273 em™t
o 2-}”“* {zn 1'3556_“'[1+Bt:}-31[(1);té?3f;i?)]ﬁ:«igf;gg.]?m)
B = 0.0880
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(2) Measurement of air volume fraction (Section II-E)

Data: 9/15/59

E =5 Barometer: 75.5 cm.
A E = 900 Water height: 21'7-1/2" (Bottam)
Gain = 4:86 Air Pressure: <0 psig.

Background: 1097 : 2 min.
1128 V' 2 min.

Densitometer Counts

Pinion (1 min.) (2 min.) (1 min.)
Setting F=0 F=40 F=0
4 20779 42291 20558
5 20682 L3645 20864
6 21075 44093 20954
7 20993 L4882 20707
8 - 21202 yshp7 21045
9 21022 45k25 21019
10 20989 45635 21105
11 20969 L5792 21083
12 21261 LLe76 21267
13 21233 4ho29 21020
14 21063 42846 " 207kl

15 ' 21198 42226 21031
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Calculation:
Pinion Corrected Counts
Setting F=0 - F =40 Ratio
L Lo237 L1191 1.0237
5 LoLL6 L2545 1.0519
6 L2029 42993 1.0229
7 L0600 L3782 1.0784
8 41147 LL327 1.0773
9 Loghl Lh325 1.0827
10 4o99k L4535 1.0864
11 L0952 L4692 1.0913
12 41428 L3676 1.0518
13 41153 L2929 1.0432
14 LO70L L1746 1.0256
15 k1129 41126 0.9999
? 1.8482
- 4n ? 0.6145

The average air volume fraction x4 of each 0.191 inch wide section
is found using Equation (5"). To find the overall fraction, x, the xy are

averaged over the entire water area of one element.
<. = 1 1 n Ci
1 771-0.079 (0.117)17(0.117)(2.54) Coy
< < (0.191)2.54(0.117)18(2.54) 5 Xy
35.6 i

Thus

x = 0.134 gn 1 B = 0.0823

C
i oi
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Py = 14,62 + 0.4335 (21.625) = 23.55 psia.
P, =50 + 14,62 = 64,62 psia.
& PoNPy = 2,93

and

W = XP, AP = 0.241

(3) Calibration of control rod (Section II-F(2)).

Data: Date: L/1/60

Shim Rod Positions Control Rod Positions
Run A B C Initial Final Period(sec.)
1 15.98 15.89 15.77 36" 31-9/16" 303
2 16.04 16.00 15.85 32-23/32" 29-1/16" 140.5
3 16.17 16.16 15.99 30-5/16" 26-23/32" 99.7
L 16.38 16.38 16.21 27-7/8" 24-7/16" 89.2
5 16.46 16,49 16.28 26-3/4" 22-3/4" 73.9

Control rod in: 36"

out: 12"
Calculations:
Average Rod

Run Position AL A k(%) Ak /AL(%/in)
1 2,22" L Ly 0.0291 .00655
2 5.11" 3.66" 0.0568 .0155

3 T.48" 3.59" 0.0747 .0208

N 9. 84" 3 L4 0.0815 L0237

5 11.25" L, o0" 0.0939 .0235
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(4) Reactivity measurements (Section II-6)

Data:

Date:

Barometer:

Pool height:

4/1/60

75.6 cm.

1" below trough

Test Position: 35

Element condition: plugged
Pressure: 50 psig.
Run F Control Rod Position
0 0 31-25/32
1 10 28-29/32
2 20 27-3/h
3 30 26-3/4
4 Lo 25-27/32
5 50 24-31/32
6 60 2k-7/16
7 0 23-7/8
8 55 24-11/16
9 L5 25-1/2
10 35 26-1/16
11 25 27-3/8
12 15 28-1/4
13 0 31-13/16

Shim Rod Positions

A = 16.10
B = 15.93
C = 15.87
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Calculations:

PoANPy = 2,96
The following table is then. filled in using the densitometer

calibration of Figure 12 and the control rod calibration of Figure 17.

Run xPo N1 X (%) k(%) b k(%)
0 0 0 .0285 -.0001
1 .113 3.82 0773 -.0489
2 146 b, 9k .1019 -.0735
3 191 6.45 L1246 -.0962
L 237 8.01 . 1487 -.1183
5 . 266 8.99 .1680 -.1395
6 .295 9.97 .1802 -.1518
7 324 10.95 .1931 -.1648
8 .282 9.53 L1745 -. 1462
9 .250 8.45 «1550 -.1266
10 214 7.23 1410 -.1126
11 .163 5.51 .1100 -.0816
12 127 k.29 .0910 -.0626

13 0 0 .0283- - +.0001



The following nomenclature refers to the reactor physics notation only.

APPENDIX E

REACTOR PHYSICS NOMENCLATURE

The remaining symbols are defined as they appear.

@,
¥,

neutron flux

adjoint function

average number of neutrons released per fission

average number of neutrons released per absorption in fuel

thermal utilization

fast fission factor

resonance escape probability

infinite multiplication factor (= nfep)
effective multiplication factor
diffusion coefficient

diffusion length
Fermi age
geometric buckling

microscopic atomic cross section
atomic density

macroscopic cross section (= No)
neutron mean free path (= 1/2)
logarithmic energy decrement

eigenvalue of diffusion equations

fraction of neutrons bprn in energy group i

-1l12~



Subscrigts

a,
R,

tr,

-113%-

power level

thermal disadyantage factor
reflector savings

effective delayed neutron fraction

thermal absorptlon
removal

transport
scattering
epithermal neutrons

thermal neutrons



