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Abstract:

This thesis is a report of the research in. which the temperature coefficient of reactivity of the Montana
State College subcritical assembly has been calculated. This assembly is a light water moderated,
natural uranium system. In order to calculate the temperature coefficient of reactivity, the temperature
effect on the diffusion length and buckling has been determined. The diffusion length has been
measured at 10°, 27°, 50°, and 75° C. Experimentally, the variation of the diffusion length with
temperature, AL/AT, is 0.00778 cm./°C; whereas the accepted variation is 0.006 cm./°C. The method
used for measuring the diffusion length of thermal neutrons in light water utilizing a relatively high
energy Pu-Be (a,n.) source is outlined. The vertical as well as the radial buckling has been measured at
13°,23°, 35°, and 45° C. The temperature coefficient of the material buckling, B am, is found to be
-2.87x10"-3/°C , The net temperature coefficient of reactivity (assuming koo is independ- ent of
temperature) is -16.2 x 10"-5/°C. The contribution to the temperature coefficient due to the change of
koo with temperature [I/AT (6koo/koo)] is -10.6 x 10"-5/°C. Experimentally, the infinite multiplication
factor at 23°C is 0.965¢ The calculated value of -koo is 0.960. Using the experimental value of koo, the
effective multiplication factor is 0.869 and the suhcritical multiplication is 7.64. The ratio of the
volume of uranium to the volume of water is 0.097° The average coefficient of linear expansion, aT,
for the natural uranium-water system is 8.4 x 10"-5/°C. All measurements at both high and low
temperatures have been made with a thermal neutron scintillation counter.
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ABSTRACT

This thesis is a report of the research in which the temperature co-
efficient of reactivity of the Montana State College: subcritical assembly
has been calculated. This assembly is a light water moderated, natural ‘
uranium system. In order to calculate the temperature coefficient of re-
activity, the temperature effect on the diffusion length and buckling has
been determined.- The diffusion length has been measured at 10°, 27°, 5009,
and 75° C. Experimentally, the variation of the diffusion length with
temperature, AL/AT} is 0.00778 cm;/OC; whereas the accepted variation
is 0.006 cm./°C. The method used for measuring the diffusion length of
thermal neutrons in light water utilizing a relativély high energy Pu-Be
( e ,n) source is cutlined. The vertical as well as the radial buckling
has been measured at 13°, 23°, 350, and 15° ¢. The temperature coefficient
of the material buckling, B%m, is found to be = 28T XI6TH/ 0.

The net temperature coefficient of reactivity (assuming ;4iu,is independ -
ent of temperature) is. - 16.2 x 10=2/09¢. The contribution to_the tempera-
ture coefficient due to the change of s With temperature El/AT .

(Skoo flees)] is -10.6 x 1079/°C. ~ Experimentally, thé infinite multi-
plication factor at 23°C is 0.965. The calculated valile of =i, is 0.960.
Using the experimental value of " Jhas , the effective multiplication
factor is 0.869 and the subcritical multiplication is T.64. The ratio of
the volume of uranium to the volume of water is 0.097. 'The average coef=
ficient of linear expansion, C£%, for the natural uranium-water system

is 8.4 x 10=D/°C. All measurements at both high and low. temperatures have
"been made with a thermal neutron scintillation counter.
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INTRODUCTION

A problem of considerable importance‘to’the contral'of nuclear reac-
tors is the evaluation of the temperature coefficient of the reactor sys-
tem, The £emperature coef ficient is defined as the change in the reac-
tivity of the system due to a change:in the operating temperatufe.bf‘the
reactof. Therefore, the tempefature coefficient is a measure of the in-
herent stability of the‘reactor. If the temperature 6f the :eactof-gn-
creases (this could be due to a change in the powér demands.of tﬁé reactor

. { '
system) and if the temperature coefficient is positive, the multiplication
constant and the reactivity wili increase; this will in turn cause the
rate of production of energy to..increase and further raise the temperature
of the systgm.. A system of this nature would be unstable and woﬁld re-
quire a positive and continuous influence of é control system in order to
maintain a steady state system. However, if the temperature coefficient
is negative, the éffect of a temperature rise on the neutron population
(and therefore on the power production) would be to decrease the number of
‘neutrons (and. power), so that the temperature would then decrease. Thﬁs,
in this type of system, temperature "disturbances" wopld eventually disap-
pear ,and the reactor would return to a steady state even in the aBsénce of
.externél control orders. ‘

Ordinary reactors are designed tb have negative Femperaturé‘cogffiw
cients of reactivity to ensure adequate stability. These ordinafi;y lie

3

in the range 10~ to 10§§§§reactivity per degree centigrade,

In a. subcritical assembly the reactivity, being negative and not




B
necessarily close to one; is not of too great interest. However, a sube-
critical system still has a temperature cbefficient and, this coefficient
for the Montans State College subcritical assembly was calculated. This
assembly is a light water mbderatéd, heterogeneous, natural uranium sys-
tem.

For the theoretical treatmeht, to be oﬁtliﬁed later, it is conven=
ient to separate the effect of temperature on reactivity into two main
parts: the nuclear temperature coefficient, which is determined by the
effect on the nuclear cross sections, and the density temperature coef-
ficient, due to changes in density (and volume) of the system. The dis-
cussion which follows applies'particularl& to a homogenedus reactor sys=
tem, but the general conclusions will hold, to a good approximation, for
most heterogeneous reactors and were applied in the calculations of the

temperature coefficients in this report.
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DESCRIPTION OF THE HEATING AND COOLING MECHANISM

: ; 1 1
The aluminum tank that contains the moderator , reflector , and fuel

was covered with three inches of fiber glass insulation to reduce heat

losses.

A thin aluminum cover was then placed over the insulation in or-

der to preserve the appearance of the subcritical assembly.

The complete heating and cooling system consisted of a pipe extending

from the bottom of the tank, a series of valves, a pump (capacity =10

gal./min.), a heat exchanger and a pipe connecting the heat exchanger with

the top of the subcritical assembly.

(at about 40 psi)
tained by running

A diagram of

the system is given below:

was introduced into the heat exchanger.

In order to heat the assembly, steam

Cooling was ob=-

cold ground water’® through the heat exchanger.

(not to scale)

e ?":J:T By '
*hin T
R.lumn\um
cowen 1 .
P Fuel slugq
Fiber qlass
mmsuletion "~ Pue) tube
aluminum
1 tank
‘/‘1
| :g"ld plate.
b _~ aluminum
4 slug

ST L 7T TG I ST LT ST AT zlzlllrjf—l

Figure 1.

| L

Lo
¢

coc\ms souyce
P

to heat source o

-

—lﬂccd' Evxchongev
{"{-‘Iew ok
waten

condensed
water

f
\— velve

Heating and Cooling Mechanism.

1y There were 1.19 x 10° cm.3 (approximately 315 gal.) of water and

1.15 x 10° cm.3

of natural uranium.




7=
THEORY
THE DIFFUQ 10N LENGTH

Before a description of the diffusion length, L, is attempted, one.has
to undergtand what is meant by'a thermal neutron. Imagine a fast neutron
undergoing elastic scatteripg-with moleculés of hydroéen° After a number
of écattering:collisions, the velocity of the neutron is reduced to such
an extent that it has approximately.the same average.kinetic.energy-as:
the molecules of the hydrogen medium in which it is undergoing scattering.
The energy depends on the temperature of the medium and is.called £herma1
energy. Neutrons whose energies have been reduced to values in this
region are designated as thermal tmleutrons, At 25°C the energy of thermal
neutrons is- approximately 0,025 ev,

In reactor physics, the diffusion length, L, éf thermal neutrons in a.

medium is defined as LEJ%%, where D is the diffusion coefficient and Zais

-the macroscopic absorption ecross section of the particular scattering

medium. The diffusion coefficient, in generél, will be a function of the

2

nuclear properties .of the medium and of the neutron speed.

As seen from the defining equation of the diffusion length, it varies

‘inversely as . ; hence, if the scattering medium has a relatively large

absorption cross section (for-light water and 0.025 ev neutrons, 2, =0.022

2. In atomic studies, energies are frequently expressed in -electron volt
units. The electron volt, that is, 1 ev, is the energy acquired by
any charged particle carrying -a unit electtic charge when it passes,
without resistance, through a potential difference of 1 volt. It is
equivalent to 1.6 x 10-12 ergs. The million electron volt (or Mev)
unit is 1 x'10% ev or 1.6 x 10-6 erg.
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cfrf“):s the.diffpsion length will“be smallf, It should be noted that L has
. the dimensions of 1'ehgth. For light water.- L=2.‘85. cm. at -25°.C‘,4

Ih order to obtain a physical pJ;.cture of just whet the diffusion
length is, consider a point source o'fy-th,ermal neutrons ‘and let @ be the
thermal neutroh flux of'heutrons per cm'.,g per sec. at a distance r. The
rate at which neutrons are'absprbe'e is ‘th'en equal to&t?per cm> per ‘sec.,
where &, is.the macroscop-ic absorption:.cro'ss section of fhe medium. In a
spherical shell element of radius r and thickness dr , that ?'.s',' volume
4-‘*1?’1'1:"26!\" s Sur’roundi'n-g' the point source, the number of neutrons captured per
second will he & )'"?".d.l’“Ea‘.'IQ-v This is a measure of the érobability thet a
neutron will be 'absorbe‘d within the element cl;v‘ at a distance Y from the
source, It is préferahle now to.c_onsi‘der the second spatial moment of 1 ;
therefore t’he‘tﬁean square distance, -?-”.i':, which a neutron'travels from its

source to where 1t 1s absorbed is given by
— 3 v {anrvizad) dv

)n?-
S"mrr‘im&zdv'
5.

(1)

It can be shown that for -a 31ng1e point source-in-an infinite

. ..Kr' .
medlqu‘aW, Where K"l‘S -deflned asJEﬁ}.,.

Therefore, upon subst:.tutlng @ into. the equation for v one obtains
oD

FE-_ 4-'3”'2::.0 ¢WDY' AY’ tyK& - G , ’ - (2)
== B o =RP : 2 T2 2)
ars, SXe _dv - '/K_ K

then, °T 4wDoY o '
K= (p/ re . ‘ - 3 . (3)

3. Etherington, Nuclear Englneerlng Handbook (New York: McGraw=Hill
Inc., 1958), p. 12-70.

4, Ibid., p. 1-20. .

5. Meghrebllan and Holmes, Reactor Ana1y31s (McGraw=-H111 Inc., 1960),

" p..183. SR

- morre
o




=Q=
However, by definition, L‘:'f,-ﬁg_i cm. or La=%i and after substituting

Por ')f’ it is seen that

2 .
» .Lz%_ | (4)

SO that’é the diffusion lengbth squared is 'onensi:;;th of the mean square dis-
tance, as the crow flies, that a thermal neutron travels from the point at
which it just becomes.thermal' to the point' of capture.

For a right circular cylinder it can be shown‘6 that

<YE -2 ( §- %) %

p@=ce y1-¢€ ()

where 2 is measured. from the plane where neutrons are thermallzed and.

R

Y is defined by s L '
Yt (_ + - C%S) ' o o (6)
For distances not too close to the source and not too close to the top of
the cylinder, the term iﬁ 'breckets is not rrer;.;r different from unity, then
w=ce’ )
Therefore, the slope of the straight line portion "of"ln Q(E') versus %
yvields <Y . It should be noted that ’ﬁ:@ is the e#ﬁrapolated radius, that
is, the radius of the mod.erator conf:.gurat:.on plus O 71 %‘, . and 2.405
is the first zero of the Bessel function LJ@ (x) Also, 7% is the trans-
port mean free pathu _ . ‘ |
. .In the thermal energy region the absor'ption cross sections may be
assumed to follow the 1/v law S:ane v is proportional to F " and if -

is the microscopic absorpt:uon Cross sectlon at temperature T and 6}_@ is

the value at Ty, then / A
6= & ()" R (8)

6. Glasstone and Edlund, The Elements of Nuclear Reactor Theory (Van
Nostrand Inc., 1.952), p. 287. ‘ . o
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Scattering cross sections do not change greatly with temperature and

through the remainder of this report it will be assumed that they remain

constant.
D
Now, L =~=- and D = 4k, :_4_,_ (9)
2
then, L = {3, % or L~ 1 _ (10)
% 3%, % .

This holds for substances of high atoﬁic mass provided’ the medium does not

absorb too strongly and scatterlng is 1sotrop1c in the laboratory systems.

‘I,‘hen,L=L< )/& | : - . (11)
To} ‘ '

if the effect of density changes on the number of nuclei per cmcz wnich is
inVolved in the macroscopic cross section, is ignored.

In contrast to charged particles whicn have a definable range, neu-
trons and “Y -rays are stopped approximately exponentially. Iniéhis expon=
ential approximation, use is made of the relaxation length, which is the
thickness of materlal that causes a drop 1n intensity by a factor of e.

For thermal neutrons the relaxatlon length is eqpal to the thermal Aiff-

o o

| usion length; which can be made quite small 1n absorblng materials.

In order to geln an addltional physlcal 51gn1%1eance of the diffuelon
length concept, cons;der a plane thermal neutron source in an infinlte
medium. It can be shown7 that the flux dlstrlbutlon in a nonmultiplylng

medium has an exponential'behavior given by the factor exp (-x/L). Then,

7. Meghgebllan and . Holmes, Reactor Analysis- (McGraw=Hlll Inc., 1960)
P loz2.




. p -11-

in this form one.can 1dent1fy the diffusion 1ength L as-'an attenuation or
‘relaxation length. Therefore L is the distance from the -source plane at
which the neutron density is reduced .to.l/e of its wvalue at the source.
One .can think of -the diffusion length, then, as.a measure of the average
depth of penetration into a medium by a source neutron. It ehould be
noted that a proper measure of tﬁé penetratlon is the "crow=-flight" dis=
tance.from“the;seurce,to~thezpeint of-capture as was explained previouely°

The:rﬁerMai neutron diffusibn'length in-a eydrogenous medium can be
.simplf‘determined By meeeuringithe variation of the . thermal neutron'den-
sity at relatively. large distances from the .center -of the neutron source.
The necessary requirement isithat the slowing-down-length of the eouree'
neutrons in the medium be.less than or ‘equal to.the diffusion:length;. so
that the diffueioh 1engthfdominate5'at'1arge distanées from the ;oerce,.

The.square-roor.of the Fermi age.is called the slowing-down 1ength;
The Fermi age is related .to fﬁe”mean-square distance traveled rhile slow-
.ing down.® For thermal negfrons, of age TMiii-» —fﬁf&is~a measure of the
net vecter (crew~f1igﬁt) disteﬁce treveled,from,their,formation as fission
neutrons - to their'attaiementeoﬁ théfméi energy.

.If the slowing=-down:length of'rhe.eource neutrons is greater than:the
diffusion length of thermal neﬁtronS'in.the.medium, then, tﬁe.thermal neu-
.tron.flux or density will decay by-meage'of something orher'than‘aﬁ expon=
ential. | |

For an Ra-Be (v,n) source.the maximum neutron energy emitted is only

8. Glasstone, Principles of Nuclear Reactor Englneerlng (Van' Nostrand
Inc., 1955), p. 165.
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0.7 Mev and the slowing=down lengtﬁ of 0.7 Mev neutrons is 2.45 cm.9 This
distance of 2.45 cm. is less thaﬁ the diffusion length of thermal neutrons
in light water at_25oc which is 2.85 cm.. Thus, a direct measurement of
the diffusion length in light water using a Ra=Be (¥ ,n) source is possi-
ble. However, a Pu-Be (&£ ,n) source emits neﬁtrons of fairly high energies
ranging from 5 to 12 Mev or more. The slowing-down length for fast neu- -
trons of this energy in light water would be greater tﬁan 5. T4 cmolo°
Therefore, a direct measurement of the diffusion length in light water,
utilizing a Pu-Be ( ©¢,n) source, is impossible owing to the fact that the
sl?wingndown length of the source neﬁtrons is greater than the diffﬁsion
length. A typical result for the diffusion.leﬁgth (obtained by meking a
direct measurement of the decay of Pu-Be neutrons in 1igﬁp water) is 5408
cmoll° The experimental procedure used and results found for measurements
of L in light water, using a Pu-=Be neutron éource, are given la':‘:,ero
BUCKLING

One of the most important gquantities measured in an exponential ei=
periment is the material buckling, gﬁﬁn . The material buckling, zéﬁ; s is
the value of B -that satlsfles the critical transcendental equation

DA @ = = 4 | . ' (12)
14+ 12 8%

" provided the continuous slowing-down (Fermi Age) model is applicable.

9, DeJuren and Rosenwasser, 'Diffusion Length of Thermal Neutrons in
Water," Journal of Research .of National Bureau of Standards, i
October 1953, p. 203,

10. Glasstone, Principles of Nuclear Reactor Engineering (Van Nostrand
Inc., 1955), p. 166,

1l. Curtiss-Wright Research Division, "Laboratory Manual for the
Suberitical Facility," p. 63.
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Now,‘h is the infinite multiplication factor of the medium, that is ,4?@, (or
'?e_w) is the ratio of the average number of neutrons produc_:ed in each gen-
eration to the average number of correspdnding neutrons in the preceeding
generationo In othen;' words '?a, is essentially the velue the effective mule-
tiplication factor would have if the system were infinitely large and there
were no loss eof neutrons by leakageo Again, 'T"is the Fermi age or the
average (net vectolr) distance a fission neutron travels while éiowiag down
to thermal energies; ' '

Bem is the parameter of a given fuel latiice which detem:ines the
critical size of the reactor. In the critical reactor, the spatial flux

is given by \
vO(F) + B (M) = -0 ‘ (13)

The geometrical buckl:l.ng, "Bﬁ 5, is defined as the lowest e:.genvalue

that results from solving the wave equ.at:l.on,

7 QR + By QF) =0 o (1)
with the boundary condition that Q m shall be zero at the extrapolated

boundary of the system.

The critical condition fer a reactor system can be written as

% pag @% | ' S (15)
In other words, the material buckling, le , for’ the given multiplying med=

jum is equal to the geometrlcal buckl:.ng, L% s of th.e critical system of
a specified shape. Thereford, if Bﬁg is less “than’ ‘%Em ; the reactor will
be larger than the critical size and the system w:.ll be supercritical, and
if L‘@% is greater than B@m -5 the system will be subcr:.ticalo

In the case of the Montana State College subcr;lt:ucal assembly, which




A vl
. . . . 2 . . .
is essentially cylindrical in form, B, 1is given by the expression
B = (B - 16)

where‘ﬁs is the extrapolated radius and -°¥ is the reciprocal of the relax-
ation length. The first term on the right of equation (16) constitutes
the radial buckling while W’z is referred to as the vertical buckling.

The geometric buckling for a finite, cylindrical reactor, in terms
of 1ts radius and height 1s

lS; _ (a 405 ( ) | : (a7)

where H is the extrapolated height of the system

I~

H, = Ho+ 2 (6.7104 %) S P
where Ho is the actual helght of the reactor and Atr is ‘the transport
mean free path of a thermal neutron in water. For light water the value
of A, is 0.48 centimeters.™2

The flux distribution in a subcritical'assembly does not satisfy the
wave equation for a critical reactor, but for a relatively large assembly
the thermal neutron flux variation at a distance from boundaries and the
extraneous neutron source can be représented by |

'Vaé(\",'ta + Bin @CT@» =0 | , (19)

where §> is the thermal flux and 32 ) the material buckling, a congtant
for the particular assembly. The solution of equation (19) can be obtain-
ed. for a cylindrical reactor by setting

pCrd) = OMEE S (20)

This is thenesubstituted into equation (19) and the terms in © (Y ) and

NiE. Etherington, uclear Engineering Handbook (McGraw-Hill Inc., 1958)
p. 6-86. -
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?(z) are set equal to the constants o¢® and Y~ so tha\t

B;F o&t—-#a: | - . - o (21)
The general solution of'eqdation Us)tusing the correct Laplacian operator
is . " w0 -

FOnd= 2 Ao Jo(ant) sinke (-0 o 22
Previous exﬁetimentation has shown that for flux meaSureﬁente not too
near the source the fundaﬁeatal {n=1) tenm.is sufficient fqr‘good aecur-
acy. .
Thus, the radlal flux distribution becomes

@(r-) Q(*)-' H Jo(en") - (23)
The constant<x can be evaluated from the boundary condition that the flux

2,405
falls tb zero at the extrapolated radius R° and is found to be F .
©

Then, the radlal flux dlstrlbutlon becomes

&m-n&(?.“fg“) | o an
It can'be seen from equation (ie) thate( ig. the radial buckling which is.
equal to (2 405)
"I.‘he::‘efore9 radial flux ﬁeasureﬁents at a constant height above the source
should provide data from whlch a graph can be made which will yleld the
extrapplated radius, The extrapolated radius can be gotten from the graph
of relative thermal neutron flux versus: radlal distance either by visual
extrapolation or by fitting the graph to a Bessel curve, Using only the
fundamental term tnﬁl) of equation.(aa)'; the flux variation alopé the

g~ axis may be represented as

#ZH = d)= R, MY(H z) : : (25)
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or e~
. -rz . =2T(H-2)
Q(z) = Hs e g j—- & ' (26)
For measurements taken not too near the top of the assembly - —
- 2 ¢ ) o .
d(z)= Rye (27)

Therefore, if relative flux measurements are made in the core along lines
parallel to the cylinder.'s axis " can be determined from the semilogarith-

mic plot of activity versus vertical distance
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TEMPERATURE COEFFICIENTS

A temperature increase in a nuclear reactor will alter the reac-

t:‘i.v:‘i.ty:['5 for at least two reasons: first, the thermal neutron mean energy

changes and, therefore, their absorption is affected since nuclear cross
‘ ' o

sections vary with energy; and, second, the mean free paths and the .non-

leakage probabilities are temperature dependent.

Nuclear Temperature Coefficients-=- Previously, ignor.iné the effect of den-
sity changes on the number of nuclei per ,cm‘,5 » it was shown that

a ‘L‘VL ~< T)ya | | |

== ol\=— T - (28
| T - (28)
This means that the diffusion length is temperature depéndent.

The Fermi age, Y , defindd byllL , _ -
ﬁf’( ) - \E D_ dE : '
WLE EB E - : ' {29)

will be temperature 1nc1epend.ent This will be so because the temperature
variation of 7’ will be determined by the effect on %Qs' 32,_ and 25 is
regarded as being temperature independent.

The infinite multiplication, ‘?ﬁ'@;’is independent of temperature. The

factor ?z&is defined through the four factor f’ormulal5

'93°°=K,.§.f,?'c A ' (56)

13.. The reactlilty, S is defined as ;- N
where 1h a@h.e effectlve multiplication factor, is the ratio of the
average mv;mber of neutrons produced by fission in each generation to
the total number of corresponding neutrons absorbed or leaking ou.t s
on the average.

1k, Glasstone, Principles of Nuclear Reactor Engineering (Van Nostrand.
Inc., 1955), p. 162.

15. Tbid., p. 298.
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where n is thé average number of neutrons liberated for each neutron
absorbed, & is the fast fission factor, p is the resonance escape prob-
ability and ¥ is tﬁe thermal utilization. If all the absorbers present
obey the 1/,u— law, then the thermal utilization will not be affected by
temperatu;'e very much. The resonance escape prébability may decrease
somewhat as the temperature “is raised while ? increases slightly. How-
evef, as a reasonable approximation, since TL and €& remain unchanged,
it may be assumed that ‘g%g;.s independent of temperature. |

For a large reactor, the effective multiplication factor is given

L

'?ug@— =R | e
but, 3= -3 ' | - (3R)
+then, Q= -%z,co—-é. e ﬁL C ' '(55).
b, s T - e

then, o= -%w..i - %Lo(T)/z’f‘?} B (35)

The nuclear temperature coefflcient, at constant density, that is, the

temperature coefficient of S due to chaunges in the cross sections is

given by ( _ - BcLLo 4 N (36)
3TJd AN ALS |

The subscript d indicates constant density and it ié assumed that the %r

law is applicable. The temperature coefficient at the temperature T is

16. Glasstone and Edlund, The Elements of Nuclear Reactor Theory (Van
Nostrand Inc., 1952), p. 34l.
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obtained by setting T = To,s0 that .
z 7_ ' :
) 4 T , (37)

Density Tem@erature-Coeff1c1ents== An increase in temperature causes expan-

sion of the reactor meterials, and this affects the reactivity in two ways:
first, by changing the mean free paths for absorption and scattering and,
second, by an pvergall change in the size of the system. |

In a homogeneous system where‘density changés have the same effect on’

all components, it is possible to write

v B8 T(‘-}) R | (38)
o W= (BT | | (39)

then substituting into equation (35) it is seen that

- N\ ,
If the volume 1s held constant, Bg is constant, and if it is assumed that

the mlcroscoplc cross sections are constant, then

— 2Ry Ms. de .2d
(%)g,s,:& B vl O ' (k)

If ol is the coefficient of linear expansion of the material, that is,

f= Ao LA+ (1=To)| , then V= Vo[:l.+oz(1=:o)] , 80 that

f= _do 4 ‘
T TLra(mml R
then  9d - ~3ede . (43)

AT 1A+ oL(T—-To)]
substituting for Jd from (hB) 1nto (hl) gives

o GBE M o do 1 -
d = - a Mot do °,
—S?—)%-;Ga RT3 ‘e d3 L1+ o((T-Toﬂ ' (hl)
At T = Ty this becomes
‘(9;9_ — -Gy Mo ok )
aT (’:,6«,& ’QLeb .
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The reactivity change due to anlbvéruall change in the size of the

reactor is small. The effect would be due to a change in the buckling; .

thus from (33)

9\ _ -2 35 N | -
For a finite cylinder L7 B = ( ”4°b) ‘z;) ' . (&7
where Re= R°{1+0L(T-1;)] and Heo = Ho@+oLCT-T°)] - (u8)
now (31 = 29 JRq . T ‘ ' (49)
‘ 25;2 Dﬁ% AT ‘ ’ ' )
where amy = 283R aa%am - | (50)
. ' ak AT Hb T _ ' ‘
now AR = o o omd (3 Hb) o H o (51)
ais0 i 2 (2405 .4 AB 27"
= = o n = T ‘ 2
s AR} ——77——“ <3 QT\% ‘_ﬁf (5 )
Py _1(2 4os)oL - 2,7’ 4
aT )
_ ‘adg(on (rr) E— —zoar&g (53)

Consequently, from (46), (49), and (53)
' ' , R N
/3,3, fco (54)

The net tem@erature coefficient is obtained by taking the algebraic sum

of equations (37) (45) and (54).

17. Glasstone, Principles of Nuclear Reactor Englneering (Van Nostrand
Inc. o3 1955)9 p. 173
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DIFFUSION LENGTHIEXPERIMENT

For the measurement of L éll of the fuel tubes of the subcritical
assembly were removéd° A four curie Pu-Be (e¢,n) source (the source was a
right circular cylinder of diameéer 3.31 cm. and height of 5.85 cﬁ,) was
used. The sourée was positione& with its axis horizontal on a lucite
table. 'The detector used throughoﬁt the diffusion length experiﬁent was -
"a.thermal neutron scintillation crystal with the associated circuit. The
fhérmai neutron crystal was avdisé of'plaétic-1/4 inch in diameter and
3/16 of an inch thick. The plastic contained 95% enriched boron-10 and
silvér;agtivated zinc sulfide. The neutron probe consisted of an alﬁmim'
num héusing9 5/16 inch outside &iameter and 42“inches long, a light pipe,
the thermal neutron cfystal and a probe adapger with a screw cap. The
rest of the circuit consisted of a preamplifier, amplifier, scalar, and
timer. The lucite table only served the purpose of raising the source
high enough so that measurements near to the source could be made. Thé
table and source were then put into about 400 gallons of distilléd ligh£
water (see figure 2){

Owing to the previopsly mentioned fact that the siowing down length
of the neutrons given éff by a Pu-Be Gx,p) source is greater than the
diffusion iength of thermal neutrons in light water, a direct measureﬁent
of the diffusion length is not possible. Therefore, an aluminum cylinder
of diameter 27.9 cm. and a height of 61.1 cm, was covered with a sheet of
cadmium 20 mils thick. When fhis cadmium cylinder was.placed into the

water its surface area represented a physical boundary for neutrons whose

)
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énergy-was.less than or equal to 0.4 ev. This cylinder was centeréd on
'top of the lucite table directly over the source. 'Another sheet of cad-
mium 40 mils thick was used as a rémovable bottom of the cylinder. The
cylinder Wasinot covered on -the top with cadmium for two reasons:

1. To facilitate raising, lowering, and positioning of the thermal
neutron probe.

2. The cadmium covered cylinder was made long enough so that end
effects due primarily to the open top of the cylinder would be
smaller than the inherent source of error of the experiment.

When the cadmium covered'cylin&er with its cadmium bottom is in ppsi%

tion. over the sburcez there are effectivglylwithin the cylinder only neu-:
tronsiyhoée energies prior to entering the cylinder are greater than 0.4
ev. 'Tﬂus, if a ﬁértiéal traverse at selected heights above the source is,
.made'hifh:the thefmal‘neutron probe; any coﬁptg recorded would be due £9 ;
- fast neutrons that.were fhermalized within the bqundafies of the cylinder.
Now, if the cadmium bottom i;-removed and a similar traverse is méde at
exactly the same heights, the increase in counts is dﬁe only to neutrons
with energies less than 0.4 ev-entering from the bottom of the cylinder,
That-is; the difference in the two tfials,.at”corresponding heights, is
equal to the numbér of thermal néutrons. Therefore, there is effective- "
-ly present a plane saurce of thermal neutromns.whose subsequent behavior
can be analyzed.to give the thermal neutron diffusion.length.

This 'was the procedure followed throughout the experiment. A typi-

cal count of the number of thermal neutrons emanating from the plane
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source was about 18,000 counts per-minutg. Fifteen minute counts_were
taken at every 1/2 inch above the top.of the lucite table. The same
measuremenﬁs we?e made with both the bottom cover on and off. Measure=
ments were made at temperatures 6f lOo; 270, SOO, and 750 C. '

The particular crystal that wés used in this experimént could not be
heated over 659& ;3 Therefore, at the tQO'high teﬁperatures, 5000 and 750
C, an additional aluminum ‘tube with a one inch outside'diametef was used.
One end of the tube was capped with an aluminum cover,.and sealed sO that
the tube would be watertight. 'Proviéions were also made in the tube so
that cold air could be blown into it”an@ hot wafer could be added to it
(see figure 3). This pipe waé then centered inside the ca@mium gylinder
and placed diregtly over the source. Extreme care had to be taken in
order to insure that the aiuminum tube was exactly vertical. The nedfron
' scintillafion probe was then raised and lowered inside this watertight
tube. |

The procedure for making.the measurements at 500 and 750 C differed
“from the procedure at 10 and 2790 in one respect. Befofe each meésurédéntg
other than the first, an amount of water at the correct temperature was
added to the tube so that the water level in the tube was raised 1/2 inch
after the.probe had been raised 1/2 inch. Thié was accomplishea by means
of a ﬁypodermic syrinée. All the time that the.neutron probe was inside
the tube, cold air was blown into the tube fo_insure that the probe would -
not get too hot. Actually, there was an air gap of at least 1/4 to 1/2

inch between the thermal neutron crystal and the height of the water in .
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.the tube (see figure 3).

It is essential that the flux within the cylinder be symmetric. The

thermal neutron dlffu31on length is obtalned from the relationship Y

240

( /LZ) ) where ‘Y 1is the slope of the straight line plot of
J&h&hermal neutron (counts/mini}versus vertical distance from the source
(cm )o It should be noted that in this partlcular measurement the term
(E%;EE) was neglected -This_factor would subtract a term from - of the
order of magnitude of-0.025 cm., and the experimental error was much
greater than:tﬁis -= probably of the otder-of five times this figure.

As seen ftom figure‘4, a plét of lm[ceunts/min,versus vertical dis-
tancej,there is a position on the curve where the higher harmonics die
out, It can be.seen.from the graph that the flux distribution in the
range from 8.85 cm. to 17.%4 em, varies essentially as an exponential.

In every trial it was the'Points'in this region through which a least
square straight line was fitted,'-The slope of this straight line yielded
%, It was found that the experimeatal variation of the diffusion.length
with temperature agrees fairly well with the accepted variation; however,
the good agreement was obtained by fitting a.least square line to the ex-
perimental points. The slope of this line was taken as the experimental
value of 4L/ Ai:,. Table V summarizes the findings of this expetiment

and compares these with the accepted values.

It should be noted that for this part‘of tte experiment a long
counting time is a necessity in order tolobtain'statistics~that are good

encugh to give a relatively accurate value for the diffusion lenmgth. It
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should also be pointed.out that with this method of subtracting the two
counts, one obtains just the thermal neutron’ count (within statistics).
This method eliminates the counts due to fast neutrons and gamma rays

. which to some extent activate the scintilation counter.
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TARLE 1. Counts per minute T error for “the cadmium cylinder alone,cad-
mium cylinder plus cadmium cover, net number of thermal neutrons for the
diffusion length experiment at 10°¢ T 0.5°cC.

Y

P ——

cadmium .
vertical cadmium cylinder net number of
distance cylinder plus cadmium thermal neutron
from source time (counts/min, cover {counts/min. (counts/min.
(cm.) (min.) T ‘error) T error) + efror)
2.50 10 33,958.7t58.1 ©16,066.9%40.1 17;871,8i70,6‘
3,77 .10 ' 31,578.4%56.1  20,533.4745.3 11,045.0172.1
5.04 10 27,040.9752,0 .20,640.2%45.4 6;400,;t69°0
6.31 10  22,160.4%47.0 18,460;5f43.0 ' 3,699;9T63,4
7.58 15 17,626.2j34.é 15,221.6731.8 2,404.6%46.6
8.85 15  13,732.0030.2 12,337.8728.7 . 1,39.2141.6
10.12 15  10,631.3%26.6  9,772.8125.4 858.5:36.8
11.39 15 | 8,145,Lf23w3 7,648.4722.6 ©496.7132.4
12.66 16 6,244.5719.9%  5,922.0119.8 322.5%28.0
13.93 15 4,832,0717.9 ' 4,605.6.17.5 - 226.4725.0
15,20 15 3,609.2715.7  3,578.4%15.4 '120.8%22.0
16.47 15 2,855.1113.8 2;791,5t13;6:A 63.6%19.4
17.74 15 2,196.5:12.1 2,151.0712.0 45,5717.0

* 15 minute count

n gl -
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TARTE TIT. Counts per minute t.error for the cadmium cylinder alone, cad-
mium cylinder plus cadmium cover, net number of thermal neutrons for the
diffusion length experiment at 27°C * 19°¢. -

=,

. “cadmium
vertical cadmium cylinder net number of
distance cylinder plus cadmium thermal neutron
from source time (counts/min. cover (counts/min. (counts/min. T
(em) {min.) - error) T error) __error)
2.50 100 35,459.7559.5 17,138.7¢41.4 ©  18,321.0%72.5
3.77 10 '33;247.9T57.6 21,105.6%46.0 12,142.3t73.6
5.04 10 28;404,0153.4 21,009.3t45.8 7,394.7%70.3
6.31 10 23,113.8%48.1 18,867.7t43.4 4,246.1764.6
7.58 10 18,423.3%42.9 15,834.6139,8 $2,588.758.5
8.85 10 14,957.5138.6 '12,860.6%35.8 2,096.9t52.6
10.12 10 11,570°4f33,9 10,238.5%32.0 1,331.9%46.6
11.39 10 8,934.4%29.8 8,083.0L28.4 851.4%t41.2
12.66 16 6,873.526.1 6,296.0£22.9% 577.5£36.4
13.93 i1 5,259.5+21.8 4,942.4£22,2 317°rg31,1
15,20 10 4,050,2j20.2 3,802.3t19.5 247.9%28.0
16.47 10 3,089.9417.5 2,929.4%17.1 160, 5524 .4
‘17074 10 2,424,6%15.5 2,278.5£15.1 146.1+21.6
19,01 10 1,871.1%13.7 1,781m?t13w3 89.4f19.1
% 12 minute count




-30-<

TABLE III. Counts per ﬁinﬁte * error for the cadmium cylinder alone, cad-

mium cylinder plus cadmium cover, net number of thermal neutrons for the
diffusion length experiment at 50°C * 1.0%.

]

_ cadmium
vertical cadmium cylinder net numper of
distance cylinder plus cadmium thermal neutron
from source time (counts/min. cover (counts/min. (counts/min. f
(em,) (min.) ¥ error) error) error)
2,50 10  31,337.5%55.9° 12,911.5136.0 18,426.0766.
3.77 10 30,531.7%55.2 16,742.7140.8 ~ 13,789.0%68.
5.04 11 27,817,6i50,$ 18,425,742, 9% 1 9,391.9768,
6.31 10 24,204.9%49.3  17,765.9742.1 6,439.0%64,
7.58 15  20,452.2736.9  15,960.8132.6 4,491.4149,
8.85 15 16,765.0733.4  13,746.8%30.2 3,018.2%45,
10,12 15 13,423.5730.0 11,445.8%27.6 " 1,977.7%40.
11.39 15  10,712.0%26.7  9,350.5%25,0 1,361.5%35,
12.66 15 8,376.3723.6  7,564.2122.4 812.1%32,
13.93 15 6,557.0£20.8  6,033.4%19.2 -523.6T28,
.15.20 15 5,169.0718.5  4,785.4%17.9 383.6%25.
16.47 15 4,031.7716.4  3,795.415.7 236.3+22,
17.74 15 3,133.4714.5  2,982.5714.1 150.9720.
19.01 15 2,445,1f12,8 2,355.3%12,5 89.8717,
20.28 15 1,937.5711.4  1,877.8%11.2 59.7116.
% 10 minute count
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TABLE IV. Counts per minute T error for the cadmium cylinder alone, cad-
mium cylinder plus cadmium cover, net number of thermal neutrons.for the
diffusion length experiment at 75°¢ T 1°¢.

cadmium‘
vertical cadmium cylinder : net number of
distance cylinder plus cadmium thermal neutron
from source time (counts/min. cover (counts/min. (counts/min, T
(em.) (min,) L error) £ error) error)
2.50 .10 27,985.3752.9  13,196.6736.2 14,788.7%64.1
3.77 10 29,412.0754.2  16,655.8331.4% 12,756.2167.9
5,04 10 26,987.8%51.9  17,567.3741.9 19,420.5766.8
6.31 10 23,391.2748.4  16,812,7141.0 6,578.5763.5
- 7.58 15  17,944.5%34.6  14,857.8%31.4 3,086.7146.8
8.85 15 15,555,5%32.2  13,487.2%30.0 2,068.3T44.1
10.12 15 12,685,5729.1  11,252.1127.4 1,433.4140.0
11.39 15 10,205.1%26.1 9,198.4724.6 1,006.7%35.9
12.66 15 7,998.7123.1  7,432.3%22,2 566.41732,0
13,93 15 6,378.0720.7 5,877.3%719.8 500.7%28.7
15.20 15 4,959.9%18.2 4,696.1%17.7 ' 263.8125.4

% 13 minute count
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TABLE V. Results of the diffusion length experiment.

experimental value accepted value¥* of

of the diffusion the diffusion

length (L) length (L) temperature
2.62 cm. 2.76 cm. 10°c*0.5°¢C
2.95 cm.’ 2.86 cm. 27°c*1°%: -
2.98 cm. ' 3.00 cm. 50°¢11°C :
3.19 cm, 3.15 cm. 75°¢*1°¢C

variation of experimental AAL_;_ =0,00778 cmo/oC

L with temperature

variafion of accepted . BAL =0,006 cm. /0c%

I, with temperature AT

% The accepted values are calculated using a base of 2,85 cm, at 25°¢
and ‘2 variation of 0.006 ecm./°C .as given in reference 4, page 2-<9.




100

50
~
N
[]
(@]
—
>

2" w10
=
=]
o
E
oy
w
34

g s
o
(9]
S
X
= ]
Ll
Py
(V]
S
o
42
3]
-
Q
[~

1

0.5

Figure 4.

=33e

) 1 L 1 A 1 1 l L l 1 | 1

230 3T S6 I 885 11.39 13,93 16.47

Vertical Distance From Source (cm.)

TIllustration of the axial flux distribution.

19.01

21,55




=3

20 e
10 —

n. 8 s

o~

]

(] —

-

x

i 6 e

+J

o

=

ol i

g

~

[9)]

S}

RN R

9]

<

X

Lo

i —

[

(V)

>

o

4J

v

i

3

el
1.2 \ 1 1 ) ] ] ) ] .

6.31 8.85 11,39 13.93 16.47 19501

Vertical Distance From Source (cm.)

Figure 5. Illustration of the least square plot of relative flux versus
distance from source for the diffusion length experiment.

Temperature = 10°C £ 0.5°C

Slope = 0.382 em?’

Diffusion length = 2.62 cm.




«35=

20
\
10
~\
o~
)
Q8
»
(]
5
&6
-
g
T
1]
49
=1
=~
o
Q
Sy i1
x
o
i
P
Q
>
o
&
m
—t
@
<4
2
1.4 ] | | L | I\ L l | \

7.58 107%12 12.66 15.20 17.74 20.28

Vertical Distance From Source (cm.)

igure 6. TIllustration of the least square plot of relative flux versus
Histance from source for the diffusion length experiment.
Fremperature = 27°C * 1°C
S5lope = 0.339 cm.”'
Diffusion length = 2.95 cm.



=36=

30
20
| PN
N
=
10
x
(V]
e}
2 8
-
g8
S
0
4
g
5] 6
Q
S’
5
]
1
[
E 4
)
@
i
Q
o
2
1455 L ! 1 1 ) | [} ! |

7498 10.12 12.66 15820 17.74 20.28

Vertical Distance From Source (cm.)

Figure 7. Illustration of the least square plot of relative flux versus
distance from source for the diffusion length experiment.

Temperature = 50°C £ 10C

Slope = 0.335 cm.

Diffusion length = 2.98 cm.




w3t e

Gl
20 }—
&
]
(@]
i
4 10 b—
Q
“ (-
-
= 8
g i
oo
w
) —
[
3
. B
»
S p—
—
=
4
2 G e
3}
1
(V)
(a1
-
2 | | | ] | 1 1 l 1 1
6.31 8.85 Tl 39 13.93 16.47 19.01

Vertical Distance From Source (cm.)

Figure 8. TIllustration of the least square plot of relative flux versus
distance from source for the diffusion length experiment.

Temperature = 75°C + 1°cC.

Slope = 0.313 cm.”’

Diffusion length = 3.19 cm,




m. )

~

Diffusion Length (

=38~

X Experimental Points
® Accepted Values
) ol
Experimental Curve
31+
|
X \‘__.Accepred Curve
2 1 by s J | | & )
0 10 20 30 40 50 60 70 80

Temperature (°C)

Tilusirat or or cie plut of ¢ Jfusion length versus tempera-

for c.aperimental points and accepted values.

0.00778 cm./O9C - experimental
0.006 cm./OC - accepted




~39- ‘
" BUCKLING .MEASUREMENTS :

For the buckling measurements the core was ioaded with 264 fuel tubes
(2220 kg. of natural uréniﬁm) in the form seen in Figure 10. The four
curie plutoniuﬁrbery1¥ium source (1.04~i 107 neutrons/second) was placed
in.the water-filled central tﬁbe (see Figure 11) wﬁiéh rested on the grid
piate.

The samé thermal néutron crystal and associated ci;cuit that was used
in the diffusion length experiment was also .used in.the determination of
the buqkliﬁg. The high temperature adapter tﬁbe Fhat was uséd at temper-
atures of 50°C or éreater\was‘not used  for the buckling measurements. It
was anticipated that-the buckling and diffusion.length wouid-be measured at
the same temperatures, but this was not possible. The aluminum fuel tubes
were capped- with a rubber étopper to make them water tight. When the tem-
peréture of the systém_exdeeded approximately 47°C, these stoppers became
free of the tube and wéter would fill the tubes and surround the fuel
slués. Since this is a very updesiréble‘situation, the temperatures used
for both the vertical and radial buckling me;surements were 13°C T iPC,
23°%¢ t 1°¢, 359 f 1°C, and 45°C T-1%. A uniform temperature was main-
tained throughout the systemzbj allowing the pump éo circulate the water
continuously.

| Five minute counts were taken for both the vertical and radial buck-
ling. At each position.in the vertical'buckling experiment a count was
taken with the source in positién ;nd when the source had been removed.
This was done to_obtaiﬁ the contribution dqe to spontaneous fission. For

the radial buckling measurements background measurements -were not taken.




A,

Vertical Buckling - Vertical traverses were made at radial positions of

21.25,°17.44, and 19.35 cm. ffom thé sourcé at each temperature., The ver-
tical distances at each radial position were 30.86, 38.48, 46.10, 53.72,
61.34, and 68.96 cm. from the.source. The counts per minute were cor-
rected for background and graphs of ln[counts pér minut{]yefsus vertical
distance from the source were made for each temperature and radial p6§i=
tion. |

| The values of v*, the slope of these graphs, were found from the data
by the method of 1ea§£ squares; that is, by fitting the best straight line
on the semi~logarithmic graph to the experimental points. There were at
least two trials at each temperature; the average value of these then
beiqg used as the vertical buckling at that particular temperature. .The
Jexact same positions éf the. detecting tube were reproduced at each tem-
‘perature, and the environment was kept the same. This was done so that
the results of the measurements would have the same meaning. The results
of the experimeﬁt are tabulated in tabhaiﬁa

Radial Buckling - Radial traverses were made at vertical positions of

48.64, 51,18, 53.72, and 56.26 cm. from the source at each temperature.
The. four trials wefe neceded so that a fairly éood éverage of the extra-
polated radius could be found. At each of the above-mentioned heights,
measurements wéreitaken at every 2.54 cm. starting at 21.25 cm. from the
source and going out to 39.03 centimetefs, In some cases it was more‘&ifd
ficult than others to visually extrapolate the curve, feiative flux versus

radial distance from the source, to zero. No attempt was made to fit any
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of the curves to a Bessel curve. The same experimental conditions held

for the vertical buckling experiment. The results are listed in tableXiV.
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The fuel tubes are distributed heterogeneously in the central part of’
the reactor, that is, the reactor core. The horizontal cross-section of
this distribution is shown in the figure below.

(not to scale)
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‘Figure 10. 1Illustration of the horizontal cross-section of the subcritical
assembly,
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TABLE VI.

of thermal neutrons for vertical buckling at 13°C % 1°¢C.

Distance, number of thermal neutrons, background, net number

vertical
distance background net counts
from source time ~counts per counts per minute per minute
(cm.) (nin.) minutef error - * error 3 error
radial distance from source = 21.25 cm.
30.86 5 1,132.2%14.9 7.0%1.3 1,125.2%15.0
38.48 . 5 657.4411,5 8.0%1.4 649.4%11.6
46.10 5 428.8% 9.3 4,010 424.8% 9.4
53.72 5 287.6% 7.6 5.0%1.1 282.6% 7.7
61:34 - 5 161.8% 5.7 4.011.0 147.8% 5.8
68.96 _ 5 111.8% 4.7 7.0%1.3 104.8% 4.8
radial distance from source = 19.35 cm.
30.86 5 1,331.6%16.3 15.5%2.0 1,316.1*16.4
38.48 5 810.6%12.7 12,5t1.8 798.1%12.8
46.10 . 5 511.6%10.1 8.0%1.4 503.6410, 2
53.72 5 326.4% 8.1 13,5*1.8 312.9% 8.2
61.34 5 "202.0% 6.4 11.0%1,2 191.0% 6.5
68.96 5 131.0%5,1 16,0%2,0 115.0% 5,2




TABLE VI, (Continued)

vertical
distance background net counts
from source time counts per counts per minute per minute
(cm, ) (min.) minute % error } error * error
radial distance from source = 17,44 cm.
30.86 5 1.470.8%17.1 10.0%1.6 1,460,8%17.2
35.90 5 » 998,0314.1 11,0%1.2 987.0%14.2
41.02 5 740.6:12,2 ' 9.0i1.5 ~731.6%12.3
46.10 5 558.8110.6 5.5%1.2 | 553.3%10.7
51.18 5 40%.81 9.0 . 6.0%1.2 401.8%9,1
56,26 5 287.4*7.6 5.0%1.1 282.4% 7.7
61l.43 5 209.6* 6.5 22.5%2.4 18701‘26.6
66.42 5 171.4%5.9 20.0%2.2 151.4%6.0
68.96 5 141.0% 5.3 17.0%2.1 124.0% 5.4




L6 =

TABLE VII. Distance, number of thermal neutrons, background, net number
of thermal neutrons for vertical buckling at 23°C % 1°C.

vertical

distance background net counts
from source time ~ counts per counts per minute per minute
(cm.) (min.) minqte 1‘e?ror irerror i-errqr

radial distance from source = 17.44 cm.
30.86 5 1,508.2417.4 8.0%1.4 1,500.2%17.5
35.90 5 1,059.8%14.6 9.0%1.5 1,050,8114;7
41.02 .5 748.0%12,2 8.5%1.5 739.5%12.3
46.10 6 571.8%10.7 11.0%1.7 560.8%10.8
51.18 5 424.,5% 8.4 7.0%1.3 417.5%8.5
56.26 5 296.8%7.7 5.0%1.1° 291.8%7.8
61.34 5 215.2% 6.6 5.081.1 210.2%6.7
66.42 5 170.2% 5.8 8.0%1.4 162.2%5.9
68.96 5 144 .8% 5.4 7.0%1.3 137.8%5.5

radial distance from source = 21.25:cm.

23.24 5 1,599.6%17.9 6.4%1.3 1,593.1%18.0
30.86 5 1,194.8115.4 5.5%1.2 1,189.3%15.5
38.48 5 717.8%12.0 5.5%1.2 712.3%12.1
46.10 5 449.4%9,5 11.041.7 438.419.6
53.72 5 292.8% 7.7 5.04.1 +287.8% 7.8
61.34 5 183.4% 6.1 6.0%1.2 177.4%6.2
68,96 5 . 1 106.32 4.8

110.8% 4.7

4,541,




47 -

TABLE VIII. Distance, number of thermal neutrons, background, net number
of ‘thermal neutrons for vertical buckling at 35°C t10C.

vertical )

distance background net counts
from source time counts per counts per minute per minute
(cm.) (min.) minute + error 4 error ? error

radial distance from source = 17.44 cm.
30.86 5 1,568.8%17.6 13.0%1.8 1,555.8%17.7
38.48 5 952,0%13.8 8.0%.4 944,0313.9
46.10 5 603.0311.0 8.5%1.5 594.5%11.1
53.72 5 373.6*+8.7 7.5%.4 366.1%8.8
61.34 5 234.,2 6,8 7.0%1.3 227.2%6.9
68.96 5 156.6 5.6 11.0%1.7 145.6*5.7

radial distance from source ® 21.25 cm.

30.68 5 1,324,2%16.3 8.0%l.4 1,316.2%16.4
38.48 5 819.6%12.8 9.531.5 810.1%12.9
46.10 5 517.4%10.2 12.0%1.7 505.4%10.3
53.72 5 347.6% 8.4 9.5%1.5 343,1% 8.5
61.34 5 '217,6'16.6 5.5%1.,2 211.5%6.7
68.96 5 131.8%5.1 5.0%1.1 126.
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A T
thermal neutrons for vertical buckling at 45°C % 10,

\BLE IX. Distance, number of thermal neutrcns, background, net number of

vertical - '
distance C background
from source -time counts per-

(em.) © (min.) minute * error . % érror

counts per minute

net counts

per minute

* error

radial distance from source = 17.44 cm,

30.86 5 1,661.618.3 o 18.0%2.1
38.48 5 945,2%13.8 8.531.5
46.10 “ 5 .. -634,0%11.3 . 6.521.3
© 53,72 5 410.6% 9.1 0 11,0%1.7
61.34 5 23.2% 7.0 9.0%1.5
68.96 5 170.6*5.8 15.0%1.9

1,643.6%18.4

936.7t13.9
627.5%1.4
399.61 9.2
234,2%7.1

155.6 5.9

radial distance from source = 21.25 cm.

30.86 5 . 1,412.2:16.8 11.0%1.7
38.48 s 855.4+13,1 13.5%1.8
46.10 s 557.0%10.6 13.541.8,
53.72 5 350.0% 8.4 4.5%1,1
61.34 5 . 215.6%6.6 5.041.1

68.96 5 142.615.3 6.031.2

1,401.2%16.9

841.9%13.2
543.5%10.7
345.5% 8;5
210.6%6,7

136.6* 5.4
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Figure 12.

Illustration of the least square plot of relative flux versus

vertical distance from source for the vertical buckling experiment.

Temperature = 130C % 19 3
Trial #1 at a radius of 17.44 cm.: Y
Trial #2 at a radius of 21.25 em.: YY"

41.10 % 10™% cm, =2
38.36 x 10°% cm.-2
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Figure 13. 1Illustration of the least square plot of relative flux versus
vertical distance from source for the vertical buckling experiment.
Temperature = 13°C % 1°C .

Trial #3 at a radius of 19.35 cm.:¥ = 40.40 x 1074 cm.-2
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28.32 35.90 43.56 51.18 58.80 66.42

Vertical Distance From Source (cm.)

Figure 14, TIllustration of the least square plot of relative flux versus
vertical distance from source for the vertical buckling experiment.,
Temperature = 23°¢ % 10c. %

Trial #1 at a radius of 17.44 cm.: Y = 38,72 x 10"% cm.-2

Trial #2 at a radius of 21.25 cm.:Y = 39.04 x 10°% cm.~2
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Figure 15. Illustration of the least square plot of relative flux versus
vertical distance from source for the vertical buckling experiment.
Temperature = 35% * 19

Trial #1 at a radius of 17.44 cm.:v ® 38,75 x 1074 cm. ™2

Trial #2 at a radius of 21.25 cm.:¥*® 36.51 x 10™% cm."”
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Figure 16, TIllustration of the least square plot of relative flux versus
vertical distance from source for the vertical buckling experiment.
Temperature = 45°C T 10C -

Trial #1 at a radius of 17.44 cm. :Y = 37.80 x 10:2 cm.'%

Trial #2 at a radius of 21.25 cm.:Y = 37.13 x 10 " cm.”
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294.4%7,7

'« TABLE X. Distance and number of thermal neutrons for radial buckting at
130¢c t 19¢, : ' -
vertical vertical vertical vertical
. distance distance distancg distance
distance from source  from source - from source from source
from =48.64 cm.: = 51.18 ems - = 53,72 em.t = 56.26 cm.)
source time counts/min. counts/min. counts/min. - - counts/min.
(cm. ) (min.) T error * error - % error ‘ * error
39.03 5 179.0%.0 147.2%5. 4 132.815,2 110.2%.7
36.49 5 209.8%.5 171.4%*5,9 159.6%5.7 135.2%5,2
33.95 '5 250.0%7.1 ' 202.4% .4 167.0*5.8 152.85,5
31.41 5 266.4%7.3 232.,0%.8 199.4%6.3 177.2%.0
28.87 5 329.6*8.1 284,2%7.5 227.0%%6.7 186.2%6.1
26,33 "5 378.4%8.7 330.8%8.1° 272,6%*7.4 _' 230.6%.,8
23.79 5 383.0%8,7 356.8%8.5 292.0%7.7 244 ,617.0
21.25 5 437.2%9 .4 377.7%7.3 304.2%7.8 244.8%7.0
_TABLE XI, Distance and number of thermal neutrons for radial buckling at
23°c % 1%c. ' .
39.03 5, 200.816,3 157.6%5.,6 122.0%%.9 118.4%4 .9
36.49 5 218.2%6.6 187.0%6.1 149.6%5.5 127.8%5.,1
33,95 5 25212*7L1 212.0i6,5 185.2%6.1 148.8%5.5
31.41 5 296.8%7.7 255,0%7.1 200.8%.5 184.4%,1
26.87 5 347.6%8,3 284 ,4%7.5 235.6%6.9 197.4%6.3
26,33 5 402.0%9.0 319.8*8.0 283°6#7.5 244.,417,0
23.79 5 422.0%9.0 366.6%8.6 287.2%7.6 254,471
21.25 5 . 445,449 .4 391.8%8.9 - 270.247.4




TABLE XII.

Distance a

at 350C ¢ 10¢,

~55-

nd number of thermal neutrons for radial buckling

vertical

vertical vertical vertical

distance distance distance ‘distance
distance from source from source from source from source
from = 48,64 ecm.t = 51.18 cm.t =.53.72 cm.: = 56.26 cm.:
source time - counts/min, counts/min. counts/min, counts/min.
(cm,) “(min,) t error .3 error t error * error
39.03 5 195.6%6,3 - 175.2%*5.9 140.8%5.3 119.2%.5
36.49 5 238.0%6.9 200.0%6,3 165.8%5.8 146.6%5.4
33.95 5 266.0%7.3 226.0%.7 506.016,3 ' 170.445.8
31.41 5 ' 340.0%8.2 275.67.4  244.647.0  192.8%6.2
28.87 5 360,.8%8,5 303.0%7.8 268.8%7.3 .217,216.6
26.33 5 ' 409.8%9.1 369.8%8.6 - 314.8%7.8 259.6%5,9
23.79 5 447,619 .5 401.2%8.9 327.8%8.1 270.8%7.4
21,25 5 514.4%10.1  432.4%9.3 329.618.1 297.837.7

TABLE XIII

at 450C t 19¢.

Distance and number.of thermal neutrons

for radial buckling

39.03

36.49

31.41
28.87
26.33
23.79

21.25

197.8%.3

208.816.5

252.027.1

- 296.4%7.7

352.418.4
377.8%8.7
437.4%9.4

441.019.4

163.0%5.7
174.2%5.9

220.0%6.6

. 250.6*7.1

293.447.7
347.4%8.3

386.0%8.8

407.2%9.0

127.225.0

152.4*5.5

'196.2%.3

210.446.5
241.87.0
278.4%7.5
308.8%7.8

320.8%8.0

134.845.2
150.0%5.5
183.0%6.1 -
200.8%6.4
228.0%6.8
271.847.4
287.87.6

292.8%7.7
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Figure 17. 1Illustration of the plot of relative flux versus radial dis-
tance from source for the radial buckling experiment.

Temperature = 13°C % 1%

Average R, = 46.17 cm.

Radial buckling,®, = 27.12 x 10™% cm.-2
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Figure 18. TIllustration of the plot of relative flux versus radial dis-
tance from source for the radial buckling experiment.

Temperature = 23%¢' 3 1°%¢

Average Ro * 46.77 cm.

Radial buckling,Be, = 26.43 x 10-4 cm, =2
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Figure 19. TIllustration of the plot of relative flux versus radial dis-
tance from source for the radial buckling experiment.

Temperature = 359C T 19C

Average‘ﬁl % 47.52 cm,

Radial buckling, 8, = 25.60 x 104 cm.~?2
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Figure 20. 1Illustration of the plot of relative flux versus radial dis-
tance from source for the radial buckling experiment.

Temperature = 450C % 10C

Average'ﬁ; = 48.16 cm.

Radial buckling,B%, = 24.93 x 10~4 cm."?2
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TABLE XIV.' Results of buckling experiment.

Temperature Vertical Buckling Radial Buckling Buckling#
o¢ B2y (cm.” %) B2r (cm.~2) B%
131 39.96 x 10-%4 27.13 x ' 10~% -12.83 x 1074
2331 38.88 x 107% 26.44 x 104 -12.44 x 1074
3541 37.63 x 1074 25.61 x 1074 -12.02 x 1074
4511 37.47 x 1074 -12.53 x 1074

24.94 x 10~%

* The values of B2 are calculated from the equation

B% = B2r - B2y,
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Figure 21. Illustration of the plot of vertical buckling versus tem-
perature. .
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Figure 22. 1Illustration of the plot of radial buckling versus tem-
perature,
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_CAT.CULATTONS

Temperature Coefficients of Reactivity:

© Al temperéture coefficients are calculated at a temperature of 230 C.

on L6, T7 cit.

i

Ho = 104.43 cm
Im = 2.80 cm. = experimental (moderator)
T = 250 c. ’

ety = 8.4 x 207/%,

Koo = 0.960 = ca.lculated,lS

0.7TT4 = ca.lculatedl8

B
]

2
28 cm> 2©

"?

Bp = <l2.hk x 1034 cm

For a heterogeneous system the diffusion length is"9'

La.H:: L; (1-4?):: (2.80)2(.1— 0.774) = 1.77 c_.ma., (55)
Now, ’
> W=+ Y= 4T7+e8 = 2.9.77um?: 6
~4

2_ (2.408)¢, [T 2440 ( -~ N
Ba (2,?:0 ) +< H ) (46»77) oa.43) = 3560 WO 57y

from (37), . -4 5
(39) =Byl 3560w 1177 - 4.3 wo/ " (58)
f ¢

from (17)s

ety
—

T b T 2:9.60-2.3

from (45),

) 2 2. A . =7 ~5 T
[38) =-LBqMiar . _’(.;-3;5(9”2.97&7‘ 3'”"1’1:—5,(,110/,0 (59)
;T 626;. 65 %og - 94(00 */0 . .

from (54) 5
(és, AN L 4.8.-356- 1?3—7119 = 43.TMO4, (60)

AT/23 e 960%™

18. Chowdhury, Thesis, Montana State College, May 196I, Potks

19. Glasstone and Edlund, The Elements of l\ruclear Reactor Theory (Van
Nostrand Inc., 1952), p.280.

20. Argonne National Laboratory, Reac;tor Physa.cs Constants (University
of Chicago Press, 1958), p. 162,
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The net temperature coefficient of reactivity is =-16:2 x 10 5/90,

Temperature Coefficient of The Material Buckling:

The temperature coefficient of material buckling is defined as follows

X2 = L\Bm- Bu(T) ~ Bia(T) (61)
BT T (To Ty B (o |
where To=35°C and: T,= 13°C
then : -4 ~& R o
’ | - ~(rasage ) AL e g
oL, = (- ro2vis )= = RO o ()

(35~ 13) ie33%66")

Infinite, Effective and Subcritical Multiplication Factors:

All multiplication factors were calculated at 25 C.

+Y 8 23 %2808
feo = (448 Bm7e = (1- 177!&44m)e -
-;?e.oo= 0.965 ‘ . . Q(D3>
- Yy . ~2.8-3,56OWO SR
“?u%z fooo € 2 0965 € -
A4 LBy - 3+ 2.773.50610
subcritical multn.pl:.catlon T = A, e 1. o -
| Ce T 4-Teoy  A-0.862

Change in Sg“’/ Yoeo ¢ _
In obtaining equations (37), (45), and (54), it vas assumed that k.o

et s

and T did not vary with temperafu’ré, In a reactor where the moderator is

liquid this is not quite true. . The variation of Blscan be'-vbbtained ag

oo
follows: ‘
I ’ .
Assuming _5%‘_’ = é.t:.ﬂ. » 1t can be shown that = _
: 2 ‘ :
(5 = ._Lg 12 (B S LaSER) - (66)
° AT\ oo 4848 12 :
also, .

Y6 ] s&w_é('m) (A Yas
%ﬁ’ {ffL:e«A-r %ﬁ@ Mg o o Sk (67
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now, T, = 13°c _ | 51'13 - 0.22 em.? |
Tp = 35° ¢ Bﬁ = -=12q85x10"” cm,“’a
AT = 22°¢ L§ = i‘367 om.
8B§ = + 0.81 x lonh cm. 2 Y - 264 em.® (using the o

_above assum=

ption).
then; ) ' -3 o -4
o ' §Jt_d.°.>*: A g s 4 s gﬁ&_} (-1.283%0-0.22 4+ 1.67:081%10 )
T\ he/ 22 ¢ 1-1.671.283%/67 1,67
thus, - c :
p —-l-r S%&o‘o _— - o— . ’
| AT(. °°> = =106Xs0 Joe, _ (68)

No attempt was made to substitute values into- equation (67)




" will be the values of L. A four curie neutron source ( =10

. "67“’
CONCLUSION

The results of the diffusion length experiment were fairly accurate.

‘The more conventional ways of measuring the diffusion length empldy either

a thermal column of a reactof or a pulsed neutron source; however, this
report shows that representative values of L (for liéht water at least)
can be gotten using a Pu-Be (<{ ,n) neutronisource. This means that for
laboratory demonstrations of the diffusion length or for relative values
of L, the more elaborate, coétly, and sometimes inaccessible‘units such as
the thermai co;umn and pulsed neutron source are not needed.

In order to obtain representative values of L using a Pu-Be source,
there still has to be certain requirements met. Naturally, the more ther=-

. !
mal neutrons there are, the better will be the statistics and the better

7 neuﬁrons/sec)
was used in this experiment and a source larger than this would have been
more desirat;le° Long counting times are needed Ffor ah’ekperiﬁent of this
type so that the sfatistics will be better. The éirecﬁ'neutron éounting
devices should have a fairly level plateau and the pbwer supply should be
extremely stable. These are the basic necessities needed before a diffu-
sion length experiment of this type can be run; however, the actual per-
formaﬁce of the'experiment has to be done very carefully.

It should be néted that né correction was made fo? any absorption of
fast neutrons by cadmium. This was not done because the’ experiment itself
was not accurate enough to warrant a correction of this nature.

The results obtained for the temperature coefficients were as expected

for a subcritical reactor of this type. The net temperature coefficient of
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reactivity (assuming ke not to change with temperature) was found to be
=16.2 x lOn5/OC. The actual contribution to the tempereture coefficient
due to a change in k_was found to be -10.6 x 10"5/00. Thus, the contribu-
tion to the tempersture coefficient from 1/AT ( § ko /Ko ) is very signi-
ficant for this aseembly. The importance of this contribution is partly
due to the fact that this assembly is iigh£ water moderated. It should be
noted that the temperature coefficient depends Very much on the CKT that
is used in the equations. The c{T is not too well’defined for a heterogen-
eous system and in this paper it depends very much:on the density of urani-
um that is used and also on the temperature interval over which EﬁQO is
obtained.

The results from the buckling experiment were rather unique in that
the materiai buckling was found te_be negative. This can be interpreted as
meaning that an infinite array(arranged exactly as in thie assembly?of sim=
ilar fuel elemeﬁts and a light-water moderator‘coulq never go critical.

The measurements of the buckling must be performed with care in'or@er to
obtain conclusiveresuits° Again, long counting times‘are needed to obtain
good statistics.

The radial bukkling is rather hard to determine because it is somewhat
difficult to obtain the extrapolated radius. Four trials were runvat each
temperature so that a fairly reliable average offﬁg could be obtained. It
is interesting to note thet the extrapolated radius varied significantly
with temperature. | - |

The vertical buckling does not require as many trials as the radial

buckling to obtain a good average value, but the more observations made the
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better will be this average. A background measurement with the source re-
moved should also be included ‘in the vertical buekling exﬁerimeht. This
is necessary hecause when finding the slope of‘ln[:net-number of thermal
neutrons] versus vertical distance from thé'source a least sguare straight
line 1s fitted to the experimental points. 3

The experimental value of ko (0.965) is in good agreement with the
calculated value (0.960). _ ) '

Generally then, the results found in this experiment may be applied
to further research and some of the procedures followed. could be used

either as a bagis for more detailed investigation or as a basis for labor-

atory course work.
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APPENDIX I

CALCULATION OF THE VOLUME OF URANIUM AND VOLUME
OF WATER USED IN THE SUBCRITICAL ASSEMBLY

The subcritical assembly contained 264 fuel tubes. In each fuel
tube there were five fuel slugs. There were two different lengths of
slugs used and, on the average, there were three small and two large
slugs per fuel tube. A description of the fuel slugs together with a
tabulation of the computations used in obtaining the volume of uranium is

given below.

(not to scale)

| ) _ TABLE XV . Values and results used in ob-
, I taining the volume of uranium,

v id N N LARGE SLUG SMALL SLUG
\Q:: Q§§¥ & A 2.90 cm. 2,90 cm.
\ \ e B 0.96 cm. 0.96 cm,
\ \ C 21.35 cm. -20.35 cm.
\ \ D 0,129 cm. 0.129 cm.
Q§§§ §§§§ Average
\ %,r—,':;’m; Weight 1834 gm. 1747 gm.

\\\ No. of
:§§§ \\\\ Slugs 528 792

c _§§§§ S§SS Vol. of
t§§§ §§§§.f'9V55 One Slug 89.8 cm.3 85.5 cm.3
\\\\ E%SS Total
\ \ Volume  |4.74x10% cm.3 6.77x10% cm.3
SSSS Ssss Total Volume of URANIUM = 1.15x10's.cm.3

3 Q}\ §>\ Total Weight of URANIUM = 2220 Kg.

= " 2.0

g A Density of AL-Si = 2.79 gm./cm.>
: 2
Figure 24. Diagram ensity of URANIUM = 19.3 gm./cm.3

of fuel slug.

20. Chowdhury, Thesis, Montana State College, May 1961, p. 8.
21. Etherington, Nuclear Engineering Handbook (McGraw Hill Inc.,1958),
p. 10-18.
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The following table contains the data used in obtaining the volume of -

water.,

TABLE X¥T, Values and results used in obtaining the volume of water.

Bare Tank Voids*

.fadius‘ -+ 60,96 cm.
depth of water 124.38 cm.

voluﬁe of water . 1.45 x 106 cm.3 Total Volume 0.26 x 106 cm,3

3.

Net Volume of Water = -1,19 x.'106 cm.

% .Voids include any volume of material, other than. wdter, that was pre-
sent in the assembly tank; such as, fuel tubes, source holder, grid
plate, experimental tube:
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s APPEND;X II
CALCULATION OF THE.COﬁFFICfENT OF LINEAR~EXPANSION,
The coefficient bleinear ekpansion,aﬂﬁ used in this paper is an
average value for water- and natural ufanium, It is defined as

o1 = Lot ‘ ()
where ;E;h}&l is the average volume'expansion coefficient. f3+°f“'l is

defined as

E);MM ﬁHzO V_H_bo + /3»'u“-'5 V‘uz“
‘ VH,_o + Vo288 , :
where e . - a .5, 22
Vi 0= 1:19 X0 e ﬁume = 4,68 x0 foc
Voyz3e = | 15 %10 cm? BM = 278 %J0 /"C
fsﬂzo is averaged over the temperature range of 10°C to 45°C and is cal-

(?@)

culated as follows:

EH;O= VT?. - le . ___L__' “whe re Tq,.-'- 45°C’ (71)
Tra— ) ) - on -
vT-z,Ta . T?'-;T' . Ty = I Q‘C"

at |6 —» V= 1,00027 then V= 100506
45%€ =~ ¥ = 1.00985%

S , : -5
EHm: 1,00985 = ).00027. | = 27.2 %I /.°C
l.oog66 35

' ' - : -$
B = BIENO 19X/ F 4,58/ s ISKIO0
t*&' Iy 5'
N9 K165+ 1a15 WI0 :

' -5,
@to-m - 25.2 X/ /°(;:

O?

= 8.4 %/0 /°C

22, Etherlngton Nuclear Englneerlng,Handbook (MbGraw=H111 Inc., 1958)
P 10-18, ~ B .




APPENDIX TII

TYPICAL .CALCULATION

OF

LEAST SQUARE STRAIGHT LINE FIT FOR EXPERIMENTAL POINTS

Vertical Buckling - Temperature

= 350C * 10C - Radial Distance = 17.44 cm.

distance from actual

Lobs.

source (cm.) reading ' "Yobs P yoig dev.T1n Yous X g ™ b
130.86 ©-31.00° '0.00 1,555.8 7.34974 7.34974-b.
138.48 28.00  3.00 944,0 6.85013 6.85013-3m-b.
46.10 25.00 - 6.00 < 594.5 6.38772 6.38772-6m-b.
53.72 22.60 9.00 366.1 5.90293 5.90293-9m-b,
61.34 19.00 12.00  227.2 5.42583 5.42583-12m-b.
68.96 16.00 . 15.00 145.6 4.98657. 4.98087-15m-b.

£(m,b)= & dev® =éonstant-73.79444b46b2-503.65218m$495m2~90mb.

3f(m,b)= -73.79444+12b%¥90m=0 -

ab

of (m,b)= -503.65218+990m¢90b=0

am:

m = -0,1581146666
b = 7.335396665

y = -0.1581146666 %X +7.335396665

v*= 38.75 x 10-4

cm.j"2
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APPENDIX TV

SYMBOLS USED

buckling cm.=2

radial buckling cm.=2

vertical buckling cm.=2 .
diffusion coefficient :cm.

thermal utilization.

infinite multiplication

effective multiplication
diffusion length of the moderator

diffusion length of heterogeneous ‘system

migration area

- resonance excape prbbability

position vector

macroscopic absorption cross section
microséopic.absorption cross section
neutron flux n/cm.2/sec.

-extrapolated radius
‘actual radius

extrapolated height

actual height

transport mean free path
coefficient of linear expansion
Fermi age

= density
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