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i, IETROGDUCTION

Throughout the short history of reactor technology, re-
actor models in the form of sigma piiles and exponential assem-
blies have been the major devices for evaluating the nuclear
elaborate full scale experiments, It has become standard pro-
codure to use sigma piles to ebtain measuremsnts of cross
sections for the various nuclei and to deterwmine diffusing and
slowing down lengths for various materials, Bither stationary
or pulsed neutron scurces may be used on the sigema pile with
the achievement of equally accurate results; however, the
pulsed source is applicabls to swaller samples.

In suberitical assemblies design parameters such as the
optimum arrangement, spacing and proportions of the fuel, wod-
erator and other matarials can de determined, The effects of
additions or subtractions of homogeneous and heterogenscus
podsons and absorbers such as control rods and reflectors may
be axamined, Since a subcritical assesbly duplicates in de~
tail small portions (5 to 30 percent) of a reactor, Quantities
puch as the Permi age, disadvantage and thermal utilization
factors, diffusion length and wmigration area can be resclved
for specifie lattice arrangemants.

It i3 dAfifficult to determine the dynamic operating prop-
orties of a critical reactor by conducting tests om a par~
tial reproduction such as & subcritical assesbly. PFer ex-



ample, it is a prodigious task to calculate accurately the
differential control rod worth for each control rod for the
vast nuzber of relative contrel rod positions, The solution
of the centrol rod problem would be obtained readily by rua-
ning tests on a wmodel,

The purpose of this investigation is to develop a methed
of designing a wodel reactor which will retain the operaticnal
characteristics of the actual reactor, A wmodel of this type
could be utilized in the following ways:

1) the simulation of the effects of poison build-up

during reactor operation in an unpoisoned model re-

glnf«i&iipﬁgngnﬁfg.

3) the study and optimisation of the relationship be-
tween excess reactivity, neutron economy and burn-up.
Since the size of a reactor wodel may be either larger or
smaller than the prototype, it is visualized that a number of

sign or predict the operating characteristics of a small reac-
tor, Other situations might require testing of small reactors
to obtain large reactor data. Thus critical reactor models

would add flexibility to the present reactor testing program.



11, REVIEW OF LITERATURE.

An investigation of the available literature pertaining
to eritical and subcritical assemblies has not revealed any
previous research effort directed towards the design or con-
struction of a critical reactor model,

As stated previously, models of reactor sections in the
form of sigma piles and subcritical assemblies are utilized
extensively to obtain reactor design data; however, a review
of this literature would be voluminous and of little value to
this investigation, Any literature of interest will be re-
ferred to at the appropriate points within the context of the
investigation and will be enclosed within brackets,
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IXX. REVIEW OF NEUTRON DIFFUSION THEORY
precisely the neutron flux pattern in a reactor, Many of
these eQuations apply to specific cases in a rigorous manner
requiring wmany hours of computer time to obtain a solution,
The cost and time required to obtain these exact sclutions is
warranted only for finalizing a given reactor design., For a
great number of initial design problems it is most desirable
to simplify the theory thus reducing the calculation time.

For the solution of a great variety of reactor problems
diffusion theory provides approximate sclutions in reascnabls
time, Elementary considerations of diffusion theory will not
be included here since they can be found in many nuclear re~
actor physics books [1,2,3). Ia diffusion theory the rate of
change of neutrons in an elemental volume is determined by
coasidering the rate of absorption, leakage and production,
mmmmmmmmwu

m“m”wﬁa (1)
mamznmmm«mammm~
ty.

If it is assumed that the neutrons existing in a reactor
are monoenergetic (thermal energy) and that Pick's law of dif-
fusion is applicable, then the neutron leakage per unit volume
per second can be represented by

volume per ‘.:::‘Mt = ~ovig (2)



s

where D = diffusion coefficient for flum
V2 = symbol used for the laplacisn operator
p * neutron flux,

The number of neutrons abscrbed per uwnit volume per sec-
ond is equal to Ip0, where i, is the macruscopic absorption
cross section, Since it is assumed that an absorbed neutron
is removed from the system, the absorption term in Bq, (1)
equals ~Lp.

Since it has Leen assumed that the fission neutrons are
produced at thermal energies, the resonance escape probability
(p) and the fast fission factor (¢) axe both equal to unity,
Therefore, the overall sultiplication facter (X) 1s equal to
the product of n times the thermal utilization (f£), where 0
is the number of neutrons produced per neutron absorbed in the
fuel, The production ters in Eq., (1) is the product of g
times the neutrons absorbed by the fuel (I 9).

By substitution Bq. (1) becomes

Kigf - Zof + ig = 48 ()
mwma equals sere, Thus, Bq.
(3) reduces to
Wi - I ¢ KE Y - 0, @)

The results obtained from Eq. (4) are admittedly im error
due to the assumption that only thermal neutrons exist in the
reactor, By multiplying the scurce tarm of Eq. (4) by the
nonleakage probability for the neutrons during the slowing
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down process the fraction of fast neutrons leaking out of the

reactor is considered, Since

%

Mmmmmw-:.' (s)
where Bg? = geometric buckiing
T = nsutron age

the incorpovation of Bq. (5) im Bq. (4) yields
D73 - 3o + m"""x.n -0 ()

If the multiplication factor (K) alsc includes the reson-
ance escape probability and the fast fission factor, both of
which were previcusly equal to unity, additional gains or
losses of neutrons during the slowing down process are con-
sidered, Eguation (6) is actually a wmodified single group
equation which is valid onliy for regions removed from sources,
for neutrons.

If By, (6) is divided by D and rearranged, then

vig + ? m"'"-m -0 ™

Bquation (7) may be written in the form of the wave equation
which the material buckling will satisfy,
Vi s ngigen (@)
when the reactor 1s just eritical, the two coefficients
are equal, Bg® = B,° [4, p. 47]. Then
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-’-;-'lt-"""—n (9
umm%mummmmn
noutrons in the reactor core (L?), thus

"un:;.:l- (10)

T L (1)
3¢ 9% 18 swall, which would be the case if the reactor were
large, then ¢V any be axpanded in a series form

l'.:* -1 ot’g 0&1—-.“!!’3—-0 ’“(133
2! 3t

Foglecting all the terms in Bg, (12) beyond the second the
following approximation is cbtained

p——

e e ntg™t (13)
Substituting Bq. (13) into Bg. (10) and rearranging yields
e {1+ 3230 ¢+ (14)

Multiplying the right side of Bg. (14) and meglecting all
terms higher than the second order
TERD » T o (1)

.’.&’01 . 2

Bguation (16) gives the eritical materials buckling for a

rearranging



resctor where K is very close to unity, thus K-1{{1, Impos~
ing the condition K-1{{ 1 normally makes Bq. (16) valid only
for reactors fueled with natural or slightly eariched uranium,
Reactors to which Bq. (16) appiies are large in sisme,



IV, DEFINITIONS OF REACTOR DESIGN PARAMETERS

The methods of calculating the reactor constants reguired
to solve Bq. (16) are presented in the following sections, It
is interesting to note the interrelationships which exist be~
tween the various constants due to a dependence on one or more
similar properties of the resctor. A knowladge of the proper-
ties of the system and their effects upon the reactor con-
stants will be beneficial when the Buckingham PL Terms are
selected.
A. BNeutrons Produced per Neutron Absorbed in Puel (1, p. 83)

The average number of neutrons produced per neutron ab-
sorbed in the fuel is calculated by

—
fl =¥ -y (17)

wvhere vy = average number of fast neutrons released per slow
nautron fission
Iy = macroscopic cross section for slow neutron fis-
sion
Zgne) ™ total macroscopic cross section for absorption of
thermal neutrons in the fuel material.

B. Thermal Utilisation (1, p. 84)

The thermal utilisation (f) is defined by

(18)
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.Eé:;..!&:x (19)

in this investigation 7, and £ lose their individual iden-
tity since they are handled as the product., Combining Bq, (18)

and (19) |
“‘"%1’ *‘ (20)

or canceling Lg. ..

-y b
ne 1:‘ (21)

C, Resonance Escaps Probability (1, p. 168)

The resonance escape probability (p) for uniform mixtures
where both the fuel and moderator are exposed to the same neu-
tron flux can be expressed as a function of the neutron energy
by

plE) = exp [-{k ‘“::l:.-, ‘}3—] (22)

where ¢ = mean value of the average logarithmic energy decre-
mont per collision (for the elements with mass

mmmwmmg-;‘m
is valid; for lighter elements; { =

14 [lﬁll‘)[u (5] 120 »e 2000

A= mass of the scattering nuclei



il

iy = macroscopic scattering cross section for neutrons
during the slowing down process

g‘uwwmmmm
during the slowing down process

By = average energy of fast neutrons produced by fission

E = gnergy where neutrons become thermalized (usually
0.025 ev)

For a system containing several nuclear species, § is

defined by [1, p. 159]

" st I el
™ & (23)

Aw T

The above form of the resonance escape probability is
strictly applicable only to widely spaced, narrow resonances,
ror v3%% ang m332, 5q, (22) 1s a good approximation for the
higher resonances, but breaks down at lower levels (approxi-
sately 10 to 100 ev) due to the concentrstion of resonance
peaks, BNormally p can be accurately evaluated by employing a
seni-empirical equation to evaluate the integral in Bq. (23).

If the energy dependent macroscopic resonance absorption
mmuwwgmmmm

scattering cross section is assumed to be independent of ener-
by, then it is possible to write

Eu



i2

’ ig Hoo
ETi & mh -

Substitution of Bq. (34) inte Bq. (22) and removing N,
Ig andf~-which are all independent of the neutxon energy--out-
side the integral yields

pix) ---[-f:; L‘.%—é: f] (2s)

The integral in Bg. (25) 4is known as the effective reso-
nance integral (RI) and can be evaluated in terms of the scat-
geneous reactors by the empirically determined relationships
given belew (3, p. 43) .

ek 0.471
n-xm(il-) , 02 R < 4000 (26a)
uux-s.uvna;::-—o,"“, é"‘"‘ (26b)
RI = 280, L = oo {26¢c)
L
Mﬁ”aa 0.353
nn..n(k) » oékétm (27a)
RX = 70, méé:-n (27)

where Rl = geffective resonance integral in barns
No = atoms per cubic ceatimeter of rescnance ab-



aorber

,E'mmmmumaw
atom of resonance absorber.

Normally the composition of homogenecus reactors is of
such & nature that Bq. (26a) and (27a) provide sufficient
range for calculating the effective resonance integral. The
systems is given by subetitution of Bq. (26a) and (27a) into
Bg. (25). The simplified results are given below:

'll‘ﬂaus

:*n[uf(a)"m} (28a)

For Th332,

diabe o€

0.747
] (2801

If the exponents in Bge, (28a) and (26b) are multiplied
resonance absorber (dy,) taken to the proper power then the
following resulis are obtained,

vor u?3%, 0.529
. tn (29" =
mum.

pe o - o (25 am
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Substitution of the thermal macroscopic absorption cross
section of the resonance absorber (Igg) for Ug N, and the val-
ues of gy for US3® ana ™32, uhion equal 2.75 and 7.0 barns
respectively [3, p. 83 ), into Bgs, (29a) and (29b) gives the

following results:

For 0:’:!” [“ 12.1 (z.g)o.nt} e
Por T2,
’””["?(x‘g)&uv} e

D. Past Pission Pactor [1, p. 83

By definition the fast fission factor (¢) equals the
total number of fast neutrons produced by fissions due to neu-
trons of all energies divided by the number resulting from
thermal-neutron fissions, For homogeneous reactors the fast
fission factor has a value approximately equal to uaity
[6s Pe 178,

Since the microscopic fission cross sections of U333,
u235 ana pu®®? gre small for fast neutrons (1.3 barns at
fission energy increasing to spproximately 9.0 barns at 1000
ev for U335), the value of ¢ depends mainly upon the fission
of the U?3® 404 1232 aeoms by neutrons having energies above
the fast fission threshold (appromimately 1 Mev) [1, p. 43
3, P« 127 |, In the case of a uranium fueled resctor the



is

maximum value of ¢ occurs when the reactor composition is
natural uranium, In this case ¢« = 1,19 (1, p. 278y 3, p. 707)
but, in most low earichment heterogenecus reactors, ¢ varies
from 1.00 to 1.05.depeading on the sisze of the fuel rods (6,
Pe 1957 1, p. 279 2, P 98],

Because the variation of ¢ is slight, it will be assumed
in this investigation that ¢ eguals a constant. The errer
introduced in the infinite multiplication factor, K, by this
assumption will be small providing the original value for ¢
is chosen judiciously.

B, Diffusion Length of Thermal Neutrons

By definition the diffusion length of thermal neutrons

(L) equals [3, p. 201]

v=d =k (320)

where nnﬁ the relaxation length in the point-scurce
solution of Vi - x¥f = ¢
D = the diffusion coefficient
Another useful definition involving L is the diffusion length
squared which equals one-sixth of the wean sqQuare distance
traveled by a neutron from the time that it first becomes
thermalized until its capture [1, p, 116].

e é, ~£ (31b)

For a weakly absorbing medium the total cross section is
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large compared to the absorption cross section, then Za((1.
In this case the diffusion coefficient is given by (3, p. 196)

Pw i (32)
{1 - @

wvhere € o the average cosine of the scattering angle per
ecliision in the laboratory system.
Zelg+,~1y
If the medium contains several nuclei, each possessing a
distinet £ and @ value, then the diffusion coefficient can be
dstermined by

. xg 2401 - By) (33)

F. Neutron Age [1, p. 181 7, p. 4!

The age (y) equals one-sixth of the mean squared distance
traveled by a neutrvon from the point of ite origim at fission
enargy (g« 0) to the point whers its age is ¢ .

The value of the age for a specific saterial can be de-
termined experimentally from the equation for the slowing down
density (g) of a point source of neutrons in an infinite
medium [ 1, p. 1801, _ a8
ﬂ‘n".—L (34)

(4ng)3/2
The slowing down density is defined as the mmber of neutrons

per unit volume per unit time that slow down past a given
enexgy (1, p. 1307, Relationships between the neutron flux
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and the slowing down density for the various cases of interest
can be derived (1, pp. 151-651, thus measuremsnts of the neu-~
tron flux with cadmium covered indium folils provide the neces-
sary data to evaluate ¢. For neutrons of & specified age,
Bq, (34) reduces to

in qir) » M-—é (38)

A plot of indium foil activity vs r? yields a stvaight line on
me“mmtumwu-#.

Unfortunately, the number of experimentally determined
gies is extremely limited, Consequently, a nusber of methods
have been developed to predict theoretically the age of neu-
trons in multi-material systems [ 2, pp. 268961,

It is extremely difficult to develop theorstical egua-
tions which can be solved to predict sccurately T for mixtures
of hydrogen and moderately heavy elements such as cxygen.

The age thaory can be used to predict quite sscurately the age
of neutrons in moderators composed of moderately heavy nucledi
such as graphite, but 3 desrease in accuracy 4is noted as the
moderator nuclei become lighter. Erronecus results are ob-
tained when the age theory is applied to moderators containing
even slight smounts of hydvegen, since the neutron energy re-
duotion process can no loager be approxismated by a continucus
curve.
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Several theoretical equations for caleulating the age
have been developed based on approximations of the general
transport equation, but these equations are all extremely cow-
plicated and are not sasily evaluated, Such methods as the
diffusion approximation of the transport equation, the By
approximation, the Greuling-decertsel and the Goertsel-
SBelengut wetheds fit into this category. Consideradble cal-
culative brevity and a high degree of accuracy can be achieved
by using & semi-euperical method to calculate the age.

In this investigation the Fligge-Tittle method for esti~
mating the neutron age in mixtures of heavy slements with
hydrogen is utilised [2, p, 278), The Pligge-Tittle method
is based on the assumption that the slowing down of the fast
neutrons during the first few collisions depends upon the en-
ergy dspendent scattering cross section of hydrogen and the
average energy loss per collision with a hydvogen atom. Below
a neutron energy level of 100 kev the age theory yields an
accurate value for the age, even in hydrogencus substances,
The totzl age is the summation of the slowing down lengths
over adfoining energy incremsnts down to approximately 100 kev
plus the age caloulated by the age oquation from 100 kev down
to thermal energy. .

For a point source the number of neutrons which have not
collided at a given digtance r from the source can be express-
of in texrms of the flux by
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- &
g—ﬂ;}- (36)
where )\; equals the mean free path for the neutrons in a
specified energy increment., Since the collision rate per unit
volume at distance r is given by Ig¥, the second spatial mo-
ment of the collision rate 4is given by

‘ [ .;:,t’u

(37)
figav

m:: equals the mean sguare displacement for first col-
lisions, By substituting By, (36) into Bg. (37) and carrying
out the indicated integration

4
-

R TS (38)
T™he average energy of the neutron after each collision
with a hydrogen atom is calculated from the definition of the
average logarithmic energy decrement for a pure material (1,
p. 143)

B
t-ht: (39)
whexe E, = energy of asutron before collision
x,-mummmnm
smgmmmum.;: oguals 2,71, Thus the

mean square displacement required to reduce the average neu-



tron energy by a facter of 2.71 equals :,?, If several col-
lisions are necessary to reduce the neutron energy to approx-
imately 100 kev, the total mean square displacement is given
by susming the individual mean square displacements for each
adjoining energy increment, T%Tho slowing-down length is given

by 2

E 4 ) 2 2 X
1.‘ .h “L"a ‘*bot ‘“,
6 3
The various )\'s for a mixture containing hydrogen and
adéitional substances can be evaluated by the empirical egua-
tion

Moe2,088 =000 2 (e1)
" LY

whers Ay = average mean free path for the neutrons
A = mean free path total for all constituents
Ap = mean free path for all nonhydrogencus com-
ponents
Ap = mean free path for all hydrogenous components
The total slowing-down length to any arbitrary neutron
energy level below 100 kev is givenm by
Lg? = 152 4 (100 Xev - B) (42)
The age in a mixture of nuclei is given by (see appendix
for derivation of the age eguation)



a1

(43)

whare Twleq

m - éﬁ zl“‘

ﬁ‘é%"s

The Fligge-Tittle method gives excellent agreement with
experimental data provided that 40 to 43 percent of the moder-
ator atows are hydrogen. When the hydrogen atom content is
less than the above stated value, the scattering ability of
the nonhydrogencus materials becowmes appreciable. The scat-
tering effect of the nonhydrogencus materials is partially
considered in the calculated value of the wvarious \'s used in
Bg, (41), but the average energy loss of the noutron per col-
lision is still considered to be equal to the value for hydroe-
gen., Obwviocusly, the decreased accuracy of the Fligge-Tittle
wethod of age estimation with reduced hydrogen concentration
results from the incorrect evaluation of the average enexgy
loss per collision.

In this investigation the Flugge-Tittle method was modi-
fied to account for the reduced average energy loss per eol-

1ision vhen the hydrogen atom concentration was less than 41,7

percent (this corresponds to 50 percent Hy0 by volume in HyO-
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Al mixture), The following procedurs was used to calculate an
An average value of {, ecaleulated by Bq, (23), for the nonhy-
being investigated. mmagmmmtm
drogencus constituents and hydrogen was detexrmined, Then a
mamumwam;mmm
used for a 50 percent by volume water mixture (41.7 percent
hydrogen atom content), the latter for mixtures containming no
hydrogenous materials. As the percent of hydrogen contained
ummmmuam,mma;:
Tittle and the Modified Flugge-Tittle metheds are compared
with sexperimentally determined values of the age in Table 1.
Excellent correlation of the Fligge-Tittle method between 30
when the water pexcentage falls below 50 percent was noted for
varicus materials except in the case where D,0 was used to
dilute the water,
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V. APPLICATION OF DIMENSIONAL ANALYSIS TC SINGLE
GROUP REACTOR THEORY

In this section dimensional analysis will be applied to
the modified single group critical reactor equation, 3q., (54).
A method will be developed which utilizes the resulting di-
mensionless guantities to design a wodel reactor which will
retain the same dynamic operating characteristics as the
prototype. Each of the dimensionless Quantities or PLi terms
will be examined to discover the method and effect of varying
one of Ats factors, Alsv the interrelationship and allowadble
distortion of each P{i term will be determined, Then the maxi-
wum size variation of a model reactor will be investigated,
Finally, a sample wodel problem will be presented to augment
the theoretical discussion.

A, Revier of Dinmemsional Analysis

A functional relationship between the dependent quantity
o and the variocus independent guantities which affect the
magnitude of o may be writtes as

a = £(Cy, € C3, coep O (e4)

where the independent guantities are represented by the var-
ious C values. If the functionmal relationships of the various
relationships are not prohibitive, then the value of a can be
determined. Nowever, many functional relatiomships are not
easily svaluated so that the caloulation of a by Bg, (44) may



be very costly and time conswusing, or sometimes impossible.
The Buckingham Pi Theorem offers a method of grouping the
various related quantities into dimensionless groups, thus re-
ducing the number of veriables which sust be exanmined. Bas-
fcally, “. . » the Buckingham P4 Theoren states that the num~
ber of dimensionless and independent Guantities reguired to
sxpress & relationship smong the variables in any phenomena is
egual to the number of Quantities involved, minus the nusber
of dimensions in which those guantities may be measured” (132,
p. 36], Algebraically the Pi Theorem is expressed
s=sa~-b (43)
where & = number of required dimensionless terms called PL
terms
B = total number of quantities iavoived
b = aumber of basic dimensions involved
The form of Bg. (44) becomes
Try = 2(gs 1738 Tigs ss+aTg) (46)
If it As assumed that B4, (46) gives the relationships
for the prototype, and that the variables and their functional
relationships are waintained, then a sisilar equation will
also apply to a model of the prototype (12, p. 58]. The equa-
tion for the model is
Tr]. » ‘(Trz-a TT‘.I Tr..t seeyp ']T‘-’ 47

If the model is designed and operated so that
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Taa® ™ (48)
77". - 77"‘
she ® 4o0

TT"Q TT"

then

“Tr‘.; Tag? Mgt **%# 77'~)"" £(Tge MM3e Tgs eveply) (49)
and by substitution of Egs. (46) and (47) into By, (49)

Trg.‘Wx (50)

Bguation (350), xnown as the prediction eguation, will be
advantageously utilised in the following sections of this in-
vestigation toc calculate the radius of a eritical reactor
model.

B, Detarmination of Resctor Pi Terns
For a spherical reactor the buckiing equale [1, p. 214]

m@r)‘ (s2)
K = giifp (s2)

substitution of the Quantities previously derived for T7if
and p in Bgs. (21) and (30a) or (30b) yields

x= oty 38 {-up [~~gn~[$)m }} (s3)
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The rafdus of a critical reactor can be detarsined by
substituting Sgs. (31b), (51), and (33) inte Bq. (16)

PR {NJ;?.-“M &) .

Seven or eight dimensioniess reactor design terms could
be formed by multiplying both sides of Eq. (34) by the radius
squared and rearranging. 9%his methed of desigaing wodsl re-
actors was not undertaken because more versatile Pi terms
could be obtained by employing dimensicnal analysis,

PFrom Bq. (54) the radius of a critical resctor can be
written in terms of a functicoal relationship similax to Eq,
(¢4}

R 26, ys 3¢ Bgs o Zogs Tes Dy v) (ss)

The dimensions for the various Quantities given in Bq.
(55) are listed in Table 3.



Cuantities Dimensions
R, reactor radius Length
¢s fast fission factor -—
average number of fast neutrons
"mmmm —
ig, macroscopic fission eross section Length~!
I,, macroscopic absorption cross section length~}
f, logarithmic energy decrement -
I§n, macroscopic rescnance cross sectien Length~t
igs BaCIOSCOpic scattering Cross section length~i
D, diffusion ceoefficient aigia
t; DOutron age lengtht?

e - " s

By application of Bg., (45) the tean quantities in Byq, (55)
reguire nine indepeadant ri terms to describe the system com-
plstely.

The nine Pi terms, deternined by inspection of Bq. (54),
are listed in Table 3.



Sabie 3. Designpy terms eupleyed in single Sroup FeREtes
analysis
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If the above Pi terms are used to deterwmine the critical
radies of a model reactor which duplicates the operating char-
acteristics of the prototype, then by Bq. (46)

u..ﬂ..'.ba.g.%.h%-&) (s6)

If the model and prototype are operated so that Bq., (48)
is valid, then

n "¢
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Then by Bq. (50)
.-‘..‘u. (58a)

"nl& {38b)

1f both medel and prototype are constructed of identical
materials and constituent ratios and operated at the same
temperatures, then all the P1i terms in Bq. (57) are equal.
Also Iy = Za ¢ thevefore By = R, Consequently, no veduction
in sise of the wodel is achieved unless the material param-
eters of the model are modified from those of the prototype.

Variation of the wodel material parametars is achieved by
nodification of one or more of the following items: the cper-

or rearranging
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sting tesperature, the ratic of the reactor materials or the
type of reactor materials. of the three sugyested mechods,
size of the wodel.
¢, Discussion of PL Texms
By Bq. (58m) wmum%mww

fects the size of the model zelative to the prototype. To de-
mmmammmtmumM

mumui‘twu. Thus a method of

Wumtummmmwam
other esight P4 terms in Bq. (57) is reguired if the model size
s to be varied from that of the prototype.
1, cand v

Selection of the proper value for ¢ has been discussed
previcusly.

The value of v is independent of the fusl enrichment but
dopendent upon the type of fuel, Values of v for the various
thersal reactor fuels ave gives in Table 4 (3, p. 124],

Iable 4, Thersal neutron values of v (2200m /sec

= : p—
y?33 2.51
y23s 2,47
pdd® 2.91
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If the model contains the same fuel as the prototype, then the
equality of the v P4 term is maintained,
2. §

The value of {, calculated by Bq. (23), is dependent upon
the wacroscopic cross section and the concentration of the
nuclei present in the reactor., If the volume percent of ma~-
terials is different in the model and the prototype, then the
respective values of { will be affected,

since { appears oaly in the exponential of Bg. (54), a
five to ten percent distortion of the { term will not alter
tortion of § is dependent upon the value of the axponential
term; greater distortion is possible when the exponsntial
factor equals 0.9 than when it equals 0.6,

AM“‘M!MWW“EM.

but it does allow sowe latitude in the value of Iz, The
importance of the limited freedom of I; will be discussed in a
following section,

2 B

This Pi term is relatively easy to vary with a high de-
gree of accuracy., The value of Iy may be altered by sither
changing the volume percemtage of fusl or by varying the fuel
enrichment. It will be shown in the following section that
only the variation of the volume percentage of fuel ie valid
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for an investigation where the model and prototype are oper-
ated at the same tempermture. If the operating temperature of
the model is different from that of the prototype, the vari-
ation of I is usually sccomplished by altering both the
volume percent and enrichment of the fuel,

The valus of I, depends on the type and quantity of nu-
clei present., For a system composed of a number of nuclei I,
can be evaluated by the volume-fraction weighted average meth-
od,

uwmmmmmummi‘m
mmmmynmanmuwn
the low value of I,, then corvective measures way be taken by
the addition of the proper amount of an absorber (for example,
boren) to the system, mumu%nmuxu-u

significant change in the system I, value par minute variation
of Iy

4.%

This Pi term is dependent upon fuel enrichment snd oper-
ating temperature. If both the model and prototype are opar-
ated at the same temperature, then the cross section proper-
ties of the fuel in both reactors are identical. In this case
the equality of this P4 term is preserved only if both wodel
and prototype contain fuel of the same enrichmemt. Siace UI3S
1o a § svsorber, while P 4y & non-§ absorber, any deviation
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of the model operating temperature from that of the prototype
will affect the value of Ig. A lower model opsrating temper-
sture will increase Iy but will not apprecisbly affect Inn,

3.%

This i3 another P4 term which appears in the exponential
of 8q, (54); it also can be distorted without causing a sig-
nificant variation in the resctor radius. The value of Igh is
fixed by the fuel snrichment and the operating temperature,
but I, may vary. Actuslly, a 10 to 15 percent variation in I,
changes the calculated radius by less than one percent. A
varistion in Iy which would compansate for the distortien of {
would increase the accuracy of the reactor radius computed by
the dimensional analysis method,
6. Zgd

The value of I, was discussed in the preceding section;
W.wmmwaumuan?nmuu

alse effect the value of D in this Pi term,

With reference to Eq. (32), D is dependent upon I, and
{1~8). Values of (1-d) vary from approximately 0.3 for hydro~
gen to 1.0 for the heavy elements while the useful reactor
materials possess values of I, which vary from 3,45 em™! for
water to 0,08 en™' for alusinum, Since coupling betwesn I,
and D exists in Eq. (32), any material changes which vary I,
also affect the value of D, Considering the variation of
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(1~%) and Ig values, it is difficult to offset an increase in
Zg with an equal decreass of D, For exasple, the values of I,
ané D given in Table 5 are computed for a 100 percent water
system and a homogeneous system composed of 43.7 percent water
and 56,3 percent graphite by volume [13].

Tadble 5. w«muamnmnpmw

Ssanaiainie ol

System Composition b ]
100% 8,0 3.45 0.243
43.7% By0 + 56.3% € 1728 0.2712

In Table 5 Iy decressed by 50 percent while D increased 190
pexcent. The value of D in the water-graphite system is 4.9
percent too small to maintain the equality of the Z D PA term
in the two systems. A third material must be added to the
water-graghite system to adjust the value of D if the Pi term
squality is to be maintained,

7. :,

This P4 term limits the sime changes which can be achieved
by the wodel., If D changes by a factor of twe, equality of
the Pi ters requizes that v change by a factor of four, If
the major moderating material of the wodel is to be water
(fission to thermal age 31,4 eu®), then a reduction of D by a
factor of two in the model requires that the prototype have a
winisum £ission to thermal age of 126 ew®, It can be clearly
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shown by an examination of the thermal-nuclear properties of
the elements|12 | that it would be imposeible to achieve the
above propossd model size change unless the moderator material
in the prototype contained a reasonable perventage of graph-
ite. large reductions in the size of the modsl reguire that
graphite. Table 6 lists the possible reacter moderating ma-
terials with the respective ages of each (2, p. 1237 3, p. 331}
Table 6, Fission to thermal age for neutrons

A A A AN R oy " S T

Moderator G,,
By0 3.4
B0 125
B 97.2
BeC 108
¢ 304

The distortion of Iy affects the value of ¥ as the square
of the decimal variation of D minus 1,00, If I, is 10 percent
too small, then D is 10 percent too high, and v is (1,21 -
1,00) = 0.21 or 21 percent too high, Similarly a X, value 10
pezcent too high causes a 19 percent decrease in T. Por the
Pi terms shown in Table 3, & distortion of I, will not affect
mtmum (38b); thus, the model radius will not be
affected,

In some cases the distortion of Is and the resulting ef-
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foct on T may be beneficial 4277 shown on Table 3 is altexed
to Rig. The model radius in Bg, (58b) weuld be given by

-sia
Ry ’z.. (39)

1f 5, were distorted 10 percent as explained sbove, the value
of R, would be changed a similar asount,
D, Model Limitations

since the sise of a reactor is dependent upon the nuclear
variation which can be achieved by a model is dictated by the
prototype materials, Genarally, a model can be made smaller
1€ the prototype moderating material is B<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>