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DRAFT - PHYSICS SECTION OF 100-N
TECHNICAL MANUAL VOL. 1

The information presented here is & collection of most of the physics information
available at this time for the New Production Reactor. The details of some of the
physics information, particularly those dealing with exposure and temperature
effects, are by no means to be considered the final word since there has been no
experimental verification of these effects. However, the gross physics characteris-
tics described are felt to be reasoneble representations of the expected physics
behavior of N Reactor and should serve &s useful guides throughout the stertup
planning and initial operation. As actual operating trensients and other operating
date such as control rod cealculetions, etc., are obtained the information presented
here should be supplanted.

The work which is presented here represents the effort of many people both in-
directly and directly. The experimental physics results have been obtained in the
Reactor Lattice Physics Operetion under R. E. Heineman and in the Critical Mass
Physics Operation under E. D. Clayton. Principal investigators have been D. E. Wood,
D. L. Johnson, R. I. Smith, G. W. R. Endres, R. C. Lloyd and C. L. Brown. Analytical
support has been obtained from the Theoretical Physics Operation under J. L. Carter
and analog computftional services have been obtained from the Systems Research Opera-
tion under R. A. Harvey. The above groups and people are in the Hanford Laboratory.

In the Irradiation Processing Department the Analytical physics work has been

carried out in the Design Analysis Unit under D. L. Condotta, in the Operational
Physics Subsection under G. C. Fullmer and in the Reactor Physics Unit under R. Nilson.
Principle investigators have been D. E. Simpson, G. F. Bailey, C. E. Bowers, C. D. Wil-
kinson, C. W. Allen, W. A. Blyckert, W. S. Nechodom, R. E. Tiller, R. H. Meichle,

J. C Peden, D. K. McDaniels and R. Nilson. »

Indirect assistance has been obtained through the use of IBM-709O programs of
R. 0. Gumprecht, R. J. Shields, C. R. Richey, D. Matsumoto, and D. L. Johnson.
Also, considerable indirect assistance has been obtained from physics work at
other sites. A referral to the list of references at the close of the draft
will indicate the principle sources of information.

Several of the figures in this draft are not included. The reeson for this ie
that they are identical to figures presently included in the second volume of the
N-Reactor Hazards Report, HW-T1408 VOL2. Where this has been dore the appropriate
figure is so referenced.
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DRAFT OF
PHYSTICS SECTIONS
TO 100-N TECHNICAL MANUAL

N Reactor is & graphite-moderated, water-cooled thermal reactor of the Hanford

type. It differs somewhat fromthe earlier reactors, principally in moderator-
to-fuel ratio, enrichment and operating conditions. The physics discussion -

will be limited to the Phase I operation (plutonium prod.uction only) of N Reactor.

1. Basic Physics -Processes

Like the other Hanford reactors, N Reactor ig & converter — the principal
nuclear processes being the transmutation of U23Y to Pue39 and the fissioning of
U235 to provide the neutron carriers of the chain reaction and the neutrons necessary
for the plutonium production. These reactions are as follows:

©38 (n,7) 1239L 0 w2308 pu23, (1)
U235 (n, £) FP + Q. | (1.2)
Q is the heat of fission of about 202 Mev.

The conversion reaction (1.1) goes for all neutron energies from fission energies
down to the thermal energies. The major fraction of plutonium production is by
thermal neutrons with most of the remeining by resonance neutrons. (The production
bg fast neutrons is only on the order of one per cent.) The fission reaction in

7 is also possible at all neutron energies, but in N Reactor is predominantly a
thermal neutron reaction.

Fission neutrons are born in the reactor fuel with an average energy of two
Mev. To be useful, then, as chain carriers, they must be slowed down to thermal
energies. The principal slowing down process for neutrons in a thermal reactor is
by elastic scattering with the nuclei of the reactor's moderator. In N Reactor, the
chief moderator is graphite with the cooling water also contributing to the moderat-
~~ing process.

N Reactor is & hetereogeneous reactor; that is, its fuel and moderator are
separated into discrete volumes. The lumping of the uranium is necessary to over-
come excessive losses of neutrons to resonance capture. The resonance cepture
probability in N Reactor, in spite of the lumping of the fuel, is approximately
0.17 vwhich is higher then in the older Hanford reactors (~ 0.12). The principal
reagon for the higher resonance capture probebility is the undermoderated nature
of the N lattice. The C-U atom ratio, for example, is 33; this can be compared
to a ratio of 75 for the K Reactors. A brief explanation of the relationship
between the degree of moderation and the degree of resonance capture follows.
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In an operating reactor, an equilibrium is established between the appearance
and removal of neutrons at each energy over the entire energy spectrum of neutrons
in the reactor. The chief processes eccounting for the removal of neutrons from
a particular energy intervel AE are elastic scattering by moderator atoms (modera-
tion effect) and absorption. Secondary processes include inelastic scattering
end leakage. In a well-moderated reactor, for example the priginal Hanford reactors,
there is an excess of moderator material over that needed for optimum reactivity.
The high C-U ratio provides a highly-efficient slowing down ability for the lattice
which in turn reduces the availability of the neutrons for resonance capture.

On the other hand, @& low C/U lattice (such as N Reactor) has less than enough
moderator to be an optimum lattice insofar as reactivity is concerned, and has
a much-lovered slowing down ability which in turn increases the availability of
neutrons for resonance capture.

Since the pre t resonance neutron absorber in the Hanford-type reactors
(including N) is U“°, the importence of resonance absorption is appare‘xjxﬁae Unlike
reactivity, which has & definite optimum, the absorption of neutrons in con-
tinues to increase as the C-U retio is decreased. As the point of optimum reac-
tivity is passed in the lowering of the C-U ratio, & chain reaction becomes impos-
sible in a graphite-moderated reactor fueled ugé;,h natural uranium. In the case
of N Reactor, uranium enriched to 0.2%; w/o is required to sustain the chain
reaction. The increased amount of U 38 present decreases the plutonium produced
from thermal neutron &bsorption in Ue s but the decrease is not enough to over-
come the increased resonance production. '

An important feature of the undermoderated reactor, quite apart from its
better over-all neutron economy, is the fact that the lattice is fail-safe upon
~ loss of coolant. Water, which acts as both a moderator and a neutron poison,
is worth more as & moderator in N Reactor and hence its removal reduces the mod-
erating efficiency of the reactor and increases the resonance cepture probabllity.
(The resonance capture probability in the dry K lattice is ~ 0.25.) :

Related to the fail-safeness of the lattice on coolant loss is the converse
effect of increasing the amount of water in the reactor. Either a cold water
insertion at reactor equilibrium level (which would increase the coolant density
and hence the amount of water in the process tubes) or flooding of the graphite
structure can add reactivity. ‘

The relative reaction rates which go on in any nuclear reactor are functions
of the concentrations present of each material, the temperatures of these mat-
erials and the average energy (temperature) of the neutrons. The dynamic equili-
brium among the various competitive nuclear reactions will therefore change as new
materiels are formed (fission products and transuranic elements, for example) and
as the reactor is brought up from a cold shutdown condition to equilibrium tem-
perature. These temperature- and exposure-dependent effects are very important
and their consideration must be taken into account in the reactor and fuel design.
Sufficient reactivity must be availeble over &all of the useful reactor orerating
cycle and, as well, too much reactivity must be avoided from & control standpoint.
The principal operati: reactivit{ effects are those associated with the buildup
of fission products Xel35 and Smi%9, and heating of moderator, coolent and uranium.
These are all discussed in later sections. '
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2. Lattice Physics

The physics associated with a unit lattice cell is & convenient and useful
“~meens of describing the reactor physics of & large thermal reactor. In this sec-
tion, the reactor will be assumed to be infinite in extent and each lattice cell
therefore is one of an infinite set of identical cells. The modifications to

such a model are discussed in the next section on core physics.

~

2.1 Description of the lattice

The N-Reactor lattice is rectangular; the vertical spacing is nine inches
and the horizontal spacing is eight inches. The process tubes are nominal quarter-
inch wall, Zircalloy-2, 2.7-inch I.D. tubes. The startup fuel elements are. con-
centric tubes of metallic uranium enriched to 0.947 w/o U235, fhe fuel clad is -
Zircalloy-2. Additional lattice dimensions are given in Table 2.l.l1l and a cross
sectional view of the lattice is shown in Figure 2.1.1. (See Figure C-1 of
HW-T1408 voL2.) | |

Table 2.1.1
Lattice Dimensions ,
Spacing ; | : 8" horizontal x 9" vertical
Equivalent Cell Diameter 9.575"

Fuel Element (Inches) o Outer . - ¢ .. Inner
0.D. Clad 2.406" 1.249"
0.D. Fuel 2.35k 1.167
I.D. Clad 1.764 ., 0.438
I.D. Fuel . 1.816 £04hg0

Process Tubes (Inches) , A
00D° ' 3-258”

I.D. | 2.708

The process tubes pierce the réactor core fx‘dnf-to—rear. A grephite coolent system
composed of 640, Zircalloy-2 tubesruns side to side in every filler layer verti-
cally end on 16-inch centers horizontally. ‘These tubes are 0.75 inches 0.D. :

2.2 Lattice Physics (General)

The neutron spectrum in N Reactor is less thermal than in the older
Hanford reactors. A question thus arises in the use of the classical Fermi pic-
ture of the neutron cycle. In spite of this, the familiaer, Fermi, four-factor formula
for the multiplication factor of an infinite lattice is assumed valid for N Reactor
and appropriate modifications are mede in the definitions to insure that all neu-
tronic processes are properly accounted for. The Fermi formulae is
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Figure 2.1. l is & cross section of an N lattice cell and is identical to Figure c-l
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ke = % 2%, o - (2.2.1)

where ko is the infinite multiplication factor and is defined as the ratio
of neutrons in the (n + 1) th generation to those in the nth generation. A
koo of unity implies a constant neutron population, a > 1 implies an
increasing neutron population, and a k,o< 1 implies a decreasing neutron pop-
ulation. The lifetime of & neutron generation in a reactor is usually taken
as the average time between birth in fission and death as a thermal neutron.
Capture and leakage processes taking place as the neutrons slow down do not
appreciably alter-the lifetime in a thermal reactor.

The constant /) in 2.2.1 is the reproduction factor and is defined
as the number of neutrons produced by Uﬂgmal fission for each neutron absorbed in the
fuel (exclusive of those captured in resonances ). ‘I'he constant & is the
fast fission factor and it accounts for fast fission in U238, fThe fast fission
factor is defined as the number of neutrons making their first collision with
moderator external to the fuel element per neutron arising from thermal fission.
The parameter p is the resonance escape probability and describes the probability
& neutron will escape resonance capture as it slows %agn to thermal energies.
In the fomulation used, only resonance capture in U 3% 18 considered in determin-
ing p and then only the true resonance captures. The 1/v-law captures are accounted
for elsevhere (in f and 7 ). The parameter f is the "thermal" utilization and is
defined as the fractioh of thermal and all 1/v-lav absorptions (up to ~ 100 kev
neutron energy) occurring in the urenium. Westcott cross sections must be used
in the calculation of £ and to be consistent with these definitions. (These
cross sections are described Section 2.3.2.1).

2.3 Nuglear Properties of Reacéor Materials

In a heterogeneous reactor such as N Reactor, various materials, other
than fuel and moderator, are required to give structural support, transport cool-
ant, support the fuel elements and contain the fuel. Materials are critical from
both a physical standpoint (resistance to corrosion, strength, heat transfer pro-
perties, etc.) and a nuclear standpoint (neutron absorption cross section, resis-
tance to radiation deamage, etc.).

The physics of nuclear reacturs deals primarily with the competitive nuclear

reactions which take place in the reactor. In order to determine the important
reaction rates, it is necessary to know the nuclear properties of the various reac-
tor materials. Of importance in this regard, are 1) the neutron cross sectioms,
2) the material densities and atomic weights, 3) the number of neutrons released.
per fission, 4) the parameters describing the moderating ability of the materials
(principally the moderators), 5) the angular distributions of neutrons scattered
from the atoms of the various materiels, etc. These properties are discussed in
the following sections.

2.3.1 Material Densities and Atomic Weights

The densities, atomic or molecular weights, and nuclear densities
of the principal reactor materials are listed in Table 2.3.1.1 at room tempera-
ture (20 C) and for operating reactor conditions.

RIS
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Table 2.3.1.1

Physical Properties of N-Reactor Materials®

Atomic or Density gm/cm3 ' Nuclear Density
Material Mol. Wt. 20 C Operating Nuclei/cm3 (20 C
HoO 18.016 1.00 0.822 - 0.835 3.35 x 1022
c 12.011 - .71 17 8.58 x 1022
zZr-2 gr.22 . 6.4 6. 4.23 x 1022
U 238.07 18.9  18.66 4.783 x 1022

a Special control materials such as Smp03, BLUC etc. are listed elsevhere
b Molecules/cm3

2.3.2 Cross Sections and Nuclear Constants

The eppropriate cross sections for the nuclear reactions taking
place in a reactor are dependent on the particular neutron accounting procedure
employed in the reactor physics calculations. The usual Hanford procedure is to
calculate the effective multiplication factor of the reactor via the well-known
Ferml four factor formula. (Section 2.2) '

2.3.2.1 Thermael and Near-Thermal c:oss Sections

Since most of the nuclear reactions in N Reactor occur
at thermal or near-thermal neutron energies, the most important cross sections are
those at these energies. The Westcottl formulation is particularly useful since
it defines an effective cross section for a material vhich when multiplied by the
proper flux gives the total reaction rate over the entire thermal and slowing-down
neutron spectrum. The flux employed is nvy where Vg is 2200 m/s (the velocity
of neutrons corresponding to a neutron temperature of 20 ¢) and n is the total
neutron density (integrated over all energies).

- The Westcott cross section is an approximation and is most
accurate for very thermal reactors — those which have a spectral index, r,.of O.l
or less. The spectral index for N Reactor is~ 0O.ll, hot.

R 2t

The spectrum assumed in derivifig ‘the Westcott cross sec-

4jons is & simple Maxwellian thermal distribution Joined by an appropriate join-

ing function to & 1/E slowing-down spectrum. The spectral index, r, is defined
as the ratio of epithermal neutrons (in one logarithmic decrement) to the thermal
neutrone in the Mexwellian distribution. (See Section 2.4) '

The Westcott cross sections contain féctors which correct

for the non-1/v-ness of the cross sections both in the thermal and epithermal
energy renges. The cross section is defined by
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G = Ga (8 + rS), (2.392019‘1_)

where
Go = 2200 m/s value of cross section,

g = factor correcting for non-l/v behavior of the cross section vhere
integrated over a Maxwellian distribution,

5B = correspc;nd.ing non-1/v coi'rection factor for epithermal neutron
spectrum.

The cross sections have been derived by Westcott for sev-
eral reactor materials. Only fission and capture cross sections are considered..
Scattering cross sections usually change so slowly with energy that they may be

treated separately.,

The non-1/v correction factors are functions of neutron
energy (or temperature). Tables giving these factors are given in Reference 1.
A convenient characterietic of the Westcott cross sections is that if the actual
cross section is 1/v, the factors g = 1 and s = O. Hence, for a 1/v absorber

’~ .
C' BG-O . ) (2-3320102)
o 8 ' In reactor calculations, graphite, vger, zirconium and
U 3% can be treated as 1/v absorbers. Resonance capture in U is accounted-

for in the calculation of p, the resonance escape probability, thus the resonang%g
need not be considered in the determination of the Westcott cross section for U3V,

The Westcott cross sectlions can be thought of as the cross
section of an equivalent 1/v-law absorber. That is multiplying the Westcott cross
section, o , by the total neutron density times v, gives the same reaction rate
that & 1/v absorber would give with Oy = & .

It is often convenient to have an expression for the
cross section vwhich will give the proper reaction rate in the true flux, rather

than in the artificial flux nv,.

The expression

T T,
by

~
g (2.3.2.1.3)
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can be used to deduce average cross section for pure thermal spectra; T,. .
being the ebsolute neutron temperature for 2200 m/s neutroms; T, the actual
neutron temperature; and ¥ /U4, the constant resulting from averaging over

& Maxvellian distribution. For the actual reactor spectrum, 2.3.2.1.3 is often
used, but is a poor approximation if the ep:lthermal term G o rs of the cross
section is 1arge.

Theoretical spectral indices and neutron temperatures
for the N Reactor fuel element are given in Table 2.3.2.1.1 for equilibrium condition

Table 20L¢J.tl

N Reactor Spectrum Constants (Equilibrium)

Inner Fuel Tube Outer Fuel Tube
Spectral Index, r ~ 0.130 ~0.10

Neutron Temperature (°K) ~ 610 ~ 6b5
2.3.2.2 Past Neutron Cross Sections )

In the neutron accounting procedure, it is useful to
treat reactions above 100 kev neutron energy separately from the rest. Usually,
the cross sections in this energy range are so small compared to the thermal and
resonance energy cross sections that the fast reactions can be ignored insofar
as any measurable effect on the neutron balance. An excegtéon exists and this
deals with the fact that fast fission (predominantly in U<3°) occurs at & suf-
ficient rate to materially affect the multiplication factor (see Section 2.5.2)

Fast neutron cross sections are usually important formly

materials inside the fuel element or in cloge proximity to the fuel element. The
fission neutron energy spectrum is given b

N ¢(B) = 1.0% exp (-E/0.965) sinh J 2.298, (2.3.2.2.1)

and the fast cross sections are usually éveraged over such a spectrum.

A compilation of fast neutron cross sections from
Reference 3 which are useful in calculating the fast fission factor is given in
Table 2.3.2.2.1.
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Table 2.3.2.2.1

Fast Three-Groun Cross Sections for 112383 6’; "ilg
,).S
Group A Group B Group C
2/ 2.8k5 0 0
7 0.549 b 0 o]
Cet 1.89 b 5.91 b 5.33 b
£ 2.07 b -- --
Jec 0.032 b 0.138 b . 013 b
(2 L5k b 6.05 b 5.66 b

The groupings are defined in Section 2.5.2.

The croes sections are defined as follows: Uy is
the fission cross section, ¢ ot is the elastic transport cross section (the
scattered neutron remains in the group), @4 is the inelastic scattering cross
section (the scattered neutron goes into group C), 0" is the capture cross sec-
tion and Gy = Op + T3 + Tt + T1. ;

2.3.2.3 Resonance Integrals

8 : The only dominant resonance absorber in a reactor such
as N is U23 - Resonance absorption also occurs in the other heavy isotopes but
their concentration is small enough that the reactions can be handled by using

the Westcott cross seggéo . The most convenient menner of treating the reson-
ance agbsorptions in U is through, p, the resonance escape probability. The

calculation of p involves a knowledge of the resonance integral for ye3 s Which
is a complicated function of the fuel geometry.

The resonance integral for the N-Reactor fuel geometry
is based on the measured integrals of Hellstrand™. Although, Hellstrand's work
was confined to rods and single tubes with a Do0 moderator and coolant,; his re-
sults have been extended in an approximete fashion to the N Reactor case of H20
coolant &and graphite moderator.

8 Hellstrand's latest expression for the resonance integral
of U23% over a 8/M range of 0.07 to 0.25 (vhere S/M is the surface-to-mass ratio
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RI = 2.95 + 25.8 Js/u . (2.3.2.3.1)
The expression 2.3.2.3.1 can be vritten also in the
form
AL = &2 s 213 [1 - exp (-(8/M)/5.3)] , T (2.3.2.3.2)

E’;

vhich converges to an infinite-dilution value of 279.4 barns when S/M -» 00

and F- 1. F is the disadvantage factor. o:r the element for resonance energy
neutrons.

The effective surface, Sepp, which is to be used in cal-
culating the surface-to-mass ratio for the N-Reactor fuel element is complicated

by the presence of moderating material (water) within the fuel element. An effec-
tive surface can be computed.

Serr = 8o + 2 , 7181, (2.3.2.3.3)
, {1ml

where S, is the outer surface of the outer tube of the fuel and the 84 are the

three inner fuel surfaces. The constants ¥ 4 are weighting factors which give the
relative worths of the inner surfaces.

A very simple set of relations for the ¥ i's has been derive
in much the same fashion that Hellstrand used to correlate his measurements on hol-
lov tubee filled with DgO. If the indices 1, 2, and 3 describe the outer-tube inner
surface, the inner-tube outer sarface, and the inner-tube inner surface, respectively

N = v/8)Z s P,

7 = 4(v/8) 3¢ Pp, and

3= 4(V3/83)Zs P3, vhere (2.3.2.3.h)
S = 81 + 8p,

1 2 2
V= !iﬁ (Sl -82),

V3= Ez_, and
T

Z'g = macroscopic scattering cross section of water for resonance

R 11 .




- | -15- EW-T6206 -RT

The P's are probabilities that resonance neutrons ori-
ginating in the inner coolant regions will appear at the appropriate surfaces
without suffering & collision with & water molecule. P; is the probability of
appearing at surface S;, Pp at Sg, etc. These escape probabilities have teen
derived and appear in Reference 5. g are also built into the p-subroutine
of the FIEX and MomA IBM-7090 programs

2.3.3.4 Other Nucleer Constants

The average number of neutrons released per fission varies
among fissionable isotopes and also is a function of the energy of the fission-
initieting neutron. The thermal values of p _for predpminant%gathermal-fissioning
isotopes are given in Table 2.3.2.4.1. 1The value given for U is averaged over
a fiesion energy neutron spectrum (Reference 5).

Teble 2.3.2.k.1

Neutrons Released Per Fission

235 ok
Pu239 | 2.88
Pu?hl 3.06
238 | 2.85

‘The average logarithmic energy change of a neutron
per collision can be determined for isotropic scattering in the center-of-mass
coordinate system as a function of the atomic mass of scatterer, A.

{s In &= - A__7_+23for A 710,

fa1+ [(A-l)a/EAJ 1n [(a-2)/(a + 1)_] for A< 10. (2.3.2.4.1)

For high energy neutrons, where p-waver or higher
order scattering can occur, the above formulation for § 1is not valid. This
will only be a problem in carbon or oxygen, since n-p scattering is isotropic
t0 very high energies. Likewise, at low neutron energies, where molecular bind-
ing or lattice effects become important, the above formulas for | are not valid.
However, for most of the neutron energy range which is of interest in reactor
calculations, the simple A-dependent expressions are § are satisfactory.
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Values of S for the important reactor materials are
given in Table 2.3.2.4.2.

Table 203.2-1"02-

| { Ho
Hz0 0.948 0.324
c - : 0.158 0.0556
2r ‘ 0.0218 0.0073 |

U 0.008k 0.0028

Although neutron scattering is isotropic in the center-
of-mass coordinate system for most materials, and over most of the pertinent
energy range of reactor neutrons, the scattering distribution is peaked forward
in the laboratory frame of reference due to the motion of the neutron. The
laboratory angle between the directions of motion of a neutron before and after
scattering (for isotropic c.m. scattering) can also be expressed as a simple
function of atomic mass. Of most use is the average cosine of the scattering
angle.

Mo = T8 0 = 2/(3). (2.3.2.4.2)

Values of ,u o for the reactor materials ere listed in
Table 2.3.2.4.2. It is seen that only ror the ligher materials does the scatter-
_ing have & pronounced forward peeking, i.e., Mo &« 1.

2.4 Neutron Spectrum

The energy spectrum of reactor nsutrons coversa range from fission
energies (as high 8s 10 Mev) to thermal energies (fraction of an ev). To des-
cribe the spectrum with any accuracy in a hetereogeneous reactor is beyond pre-
sent means. However, certain simplified characteristics are known with suf-
ficient accuracy to permit useful calculations.

2.4.1 Thermal Flux Spectrum

Since most of the reactions in a thermal reactor occur at thermal
or near thermal energies, & description of the energy spectrum for neutrons at
these energies is of most importantance. The simplest model assumes that the
neutrons reach an energy distribution in equilibrium with the moderator atoms.
That is, if the moderator has an absolute temperature, T, the thermal neutrons
have a speed distribution vwhich follows Maxwell's gas law.

n (v) =m ,A_va'exp (- mv3/2 XT), (2.4.1.1)
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where n, is the total number of thermal neutrons per cubic centimeter and
A is defined as :

A= LT (B )3/2 (2.4.1.2)
2w

The mass m 1s the neutron mass.
The Maxwellian spectrum is not éxact one for many reasons:
1) It is velid for a homogeneous non-ebsorbing medium,

2) It does not take into account the moderating effect of more than
moderator,

3) It ignores the contribution from neutrons still slowing down.

Bach of these practical aspects i8 discussed in turn.

2.4.1.1 Correction for Absorbing Medium -

» The thermal neutron distribution will be changed from
the pure Maxwellian due to neutron absorption in the medium. The work of Con~
veyou, Bate and Osborn’ has been useful in this respect. Using & Monte-Carlo
technique, they computed thermal neutron spectra for an infinite capturing
medium. The calculations were carried out for a uniform medium of unbound
nuclei of constant scattering cross section and 1/v absorption cross section.

It vas assumed that the scattering nuclei were distributed according to a Maxwell
distribution at temperature T and that neutrons were introduced into the system
from & monoenergetic source. Their results indicate that the actual spectrum is
peaked above that determined from Maxwell's law and the following linear relation
holds.

T, =T (1 + 1.11 AK), (2.4.1.1.1)

where T, is defined as an effective neutron temperature (the tempersture which
when used in 2.4.1.1 gives the best least-squares fit of & Maxwell distribution
to the Monte-Carlo computed flux distribution),T is the moderator temperature
in %K, A is the moderator mass number eand K is defined as

2 1y 1/

X=G7)

2 (i_x]_:_) :‘ﬂ (To) , (2.4.1.1.2)
. .
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where

)
(o]
[ ]

293 K,

”2
]

nuclear density of absorbers,

=
o
L

nuclear density of scatterers,

N
]

absorber cross section, and
o = scatterer cross section.

The Conveyou etal expression for the effective neutron
temperature is only an approximation in the N lattice since the lattice is far from
& uniform medium.

2.4.1.2 Multiple Moderators

The moderating effect of the process cooling water
in N Reactor is significant. The effective neutron temperature ih the fuel
is at about 200 K lower than in the graphite due to the neutron cooling effect
of the water.

There is nc simple way to take into consideration the
combined absorption and scattering effects of the various materials in the N
lattice. A scheme used in the FIEX code considers both the absorptive effects
on the neutron temperature and the moderating effects of water and graphite. A
neutron temperature is thus determined for each region of the lattice cell.
Typicalwlues computed in this manner are given in Teble 2.4.1.2.1 for equilibrium
N-Reactor conditions. The neutron temperatures are probably accurate to within
#* 50 K. (See also Teble 2.7.l1).

lable 2.4.1.2.1

Neutron Temperatures - N Lettice-Equilibrium

Region P_l_lxbical Temperature oca Neutron Temperature oKa
Graphite 550 ST

Process Tube : 262 675

Water 228 - 238 540 - 600

Outer Fuel 364 645

Inner Fuel ko2 610

& Temperatures quoted are those which would be importent from reactivity considera-
tions - in other words flux-squared weighted, pile average values. Simple
volume-average temperatures would be lower and peak temperatures higher.
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2.4.2 EBEpithermel Flux Spectrum

Neutrons above thermal energies constitute a flux that is best:
described by a distribution function e.g., the flux per unit range of energy.
The pumber of nentrons in a renge dB at energy E (speed v) is n(E)dR and
the corresponding flux is @(E)dE = n(E) v(E)dE. In the region from about
1l ev to 100 kev, the distribution function is assumed to be inversely propor-
tlonal to the energy. For the special case where ell nuclei are pure scatterers,

Ay .
pB) =T E > (2.4.2.1)

where qp is the total fission neutron emission rate per unit volume s 2 g is
the volume-weighted sum of all macroscopic scattering.cross sections.

N
1 Z
zB = VT {si v1, and. (2014'02-2‘)

i=1

I is the average logarithmic decrement

X .
- 1
! = __2'—5— ; fi Ny 0%, - (2.4.2.3)

i=]

assuning all T ¢ independent of energy. Actually, the scattering cross section
of water is a function of energy, so 2.4.2.3 is an approximation. :

The third defect mentioned in the previous section for the thermal flux distri-
tution was the omission of the contribution of the slowing-down neutrons to

the thermal spectrum. It must be recognized that the thermal and epithermal flux
distributions overlap. It is here where it is most useful to combine the two
distributions and again introduce the Westcott flux formulation. Westcot

defines a neutron-density distribution per unit speed interval as followst

n(v) =n(1-¢£) Py (v)+af p, (v), (2.4.2.4)

where P, and P o are the Maxwellian and epithermal density distribution functions
normalized so that ' - '

'?f‘n (v) av =ﬁe (V) av = 1, (2.4.2.5)
DECLASSIFIED
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and v is the neutron speed. The quantity £ if related to the spectral index,
r, by r = £ VW /4. The constant m determines the low energy cut off energy

. of the epithermal component, m kT. The numerical value of Qs ~ 45,
The total density n is
. 00 ‘
n -/ n(V) dav. : (2.’*-206)
. .

For all practical purposes, the density distributions
can be cut off at ~~ 100 kev; no virgin fission neutrons are to be included.
The quantity £ is the fraction of the total density in the epithermal distribu-
tion. The thermal distribution is given by

2
Lalv) -F—‘L—-,,-T-}z—e -/ v, (24.2.7)
™

.. 5 .
vhere vp is the speed of neutrons having energy kT;veq = m_kT » The epithermal
distribution wp is assumed proportionsl to 1/R per unit energy interval giving

Polv) =< v2 (2.4.2.8)

per unit speed interval. The epithermal distribution is assumed terminated

at lower energies by a cut-off function A whose detalled form is discussed in
Reference 8. If a simple unit step-function is used for A , (A =1 for B INET,
A =0 forR (/Alﬂ'), the normalized form of P o is

LPel¥) = vq J-/I —véz—- . (2.4.2.9)

. The flux:spectrum reanlting frés & Maxvellian distribu-
tion joined to & 1/E slowing down distribution is useful in calculating reaction
rates in a reactor. Westcott cross sections (defined earlier in Section 2.3.2.1)

» - are defined in terms of such & flux distribution. To use Westcott cross sec-
tions in a reactor calculation the following steps must be taken:

1) Determine the spectral index for the lattice. Usually only r for
the fuel is necessary since most non-1/v gbsorbers are found in the
fuel region of the lattice. (For 1/v, & = Gg - See Section 2.3.2.1).

2) Determine the neutron temperature of the Maxvellian portion of the
spectrum. :
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3) Determine the appropriate Westcott cross section for 2200 m/s neutrons
(Westcott tables are available - See Reference 1, for example).

L) Determine the total neutron density n (up to ~ 100 kev is
sufficient) and multiply by v, - the velocity corresponding to
. 273 K neutrons to determine the Westcott flux (See 5.6.1.

' The use of Westcott cross sections autometically considers the spectrum
2.4.2.4., The FIEX or MOFDA programs can te used to determire the neutron
temperatures and spectral indices.

It must be remembered that, although the Westcott
convention is useful, its applicahility is limited to well-moderated reactors
(r < 0.1) and the compiled Westcott cross section are limited to thin sample
values, i.e., they neglect self-shielding. For 8-factors this can be a very
marked effect since 5 is deduced from "infinite-dilution" resonance integrals.’
In spite of these limitations, Westcott cross sections are considered & good
first spproximation in,the N Reactor. The convetnion of including only l/v
absorption in 8 for U end using effective resonance integrals in the deter-
mination of ¢-factors in other cases where self-shielding may be important
also extends the applicability of the Westcott convention.

2.4.3 Fast Neutron Spectrum

Tae energy distridution function for 0235 fission neutrone
d

has been measured” and follows the analytical form given in Equation 2.4.3.1

n(E)dE = 1.096 exp (-B/0.965) sinh J2.20 E 4B (2.4.3.1)

HBere n(E) 48 is the number of fission neutrons (per fission) with energies
in the range E to B + 4B (Mev) 8 The normalization is based on the most
recent value for Vo5 of 2.43.

Qo

J . / n(B) a8 = 2.43.

(]

 Actually, such a spectrum as given by Equation 2.4.3.1 does

not exist anywhere in the reactor since it will be modified by neutrons which

- have undergone collisions and have lost some energy. Within the fuel elemént,
the spectrum given by 2.4.3.1 should be the dominant component, at least for

T
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The energy spectrum charecterizing the neutrons during
thelr slowing-down phase is again known only inexactly, particularly for sner-
gles close to fission energies. For neutron energies considerable below fis-
sion energies { £ 100 kev) the spectrum is usually assumed to follow the 1/E
energy dependence given in the preceding section.

Further discussion of the fast neutron spectrum is given
in Section 2.5.2.

2.5 Lattice Parameters (Theoretical)

The theoretical methods described in this section are thoge appear-
ing with minor exceptions in the FIEX and MOFDA IBM TO90 programs .

2.5.1 Reproduction Factor,n .

The reproduction factor is defined as the average number of therma
fission neu‘cgggs released per neutron absorbed in the fuel excluding resonance
capture in U““* and absorptions accounted for in the fast effect. The repro-
duction factor may be written as
(2.5.1.1)

x f257125+ya‘f9l+a-hvm'

i 3

vhere
o .
ia average number of nevtrons released per fission by isotope i,
A
7 o = fission cross section (Westcott) of isotope i,
) a = absorption cross section (Westcott) of isotope i, and
' | 238 235
v, 2§9 Ys 3&03 ’ x§# m, FP, are the normalized concentrations of U U=
> Xe, Sm, respeciively. (See Section 5).

The concentration of Pu>32 1s to bg diminished by the
Np239 concentration which has not yet decayed into Pu<3 (See Section T).

Usually, Just the green, clean value of M is desired; this
is usually the quantity derivable from me@surements of the other lattice con-
stants in the cold, clean, green lattice.

‘U25xo‘

PR USEE

2.5.2 TFast Effect,€ .

The fast fission factor following Spinred's > model is defined
as the number of neutrons making their first collision with the moderators
external to the fuel element per neutron arising from thermal fission. The
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calculation of & is restricted to fast fission in U238 only and is based. on

a pseudo three-group galculeation. The application of Spinrad's model by
Fleischman and Soodak- is used in the FIEX and MOFDA codes. The three groups
are defined as follows:

Groggal\ consists of fission neutrons with energies above 1.k
Mev, thz effective U fast fission threshold. The spectrum follows Equa-
tion 2.4.3.1,

Group B consists of fission neutrcns with energies below 1.4
Mev. The spectrum also follows Rquation 2.4.3.1.

Growp C consists of ngutrons vhich are scattered out of Grouwp
A. The spectrum is assumed to be Ee™ resulting from the statistical model
of the nucleus. -

It 1s to be noted that all three groups refer to neutrons
vwithin the fuel. Moderated neutrons are not included except those which are
scattered by moderators internal to the fuel. Thus, in the case of N Reactor
each group will have & small component from neutrons mattered by water inter-
nal to the fuel. However, the component will be small.

The three-group exprdu:lon foré is written as

Vo §
e =1+ e_lf;-h-)(& Ny + T Ny + 2, Jy Ng), (2.5.2.1)

where § 1s the fast-to-thermal fission ratio, 3/p is the number of fission
neutrons resulting from fission by a Group A neutron (See Table 2.3.2.2.1),
P th is the number of fission neutrons resulting from thermal fission
(See Table 2.3.2.4.1). £, is the fraction of fission neutrons in Group A,
fp likewise in Group B.

fA =] - fB -00561, and

| (2.5.2.2)
fB = °oh390

The other constants are defined as follows. The grouy cross
sections are given in Table 2.3.2.2.1.

 ECLISSFE
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where Pp, Pp, and Pg are the first flight collision probabilities for
neutrons in groups A, B and C, respectively. The collision probabilities

can be calculated most excactly with a Monte Carlo method; however it has been
shown that it is sufficiently accurate to calculate the P's by homogenizing
the fuel element into a solid cylinder and then using tabulated cylindrical
rod. escape p-obabilities.

2.5.3 Resonance Escape Probability, p

The resonance escape probability is defined as the probability
that a fission neutron escaping a fuel element for the first time sl down
to thermal energies without resonance capture. 1In gepredominantly U system,
it is sufficient to consider resonance escape in U2 only. The definition

further excludes any 1/v-cap'lﬂres in the materials considered. The following
general formula may be used:

No RI \'f M ‘ ;
et W‘; [¢ (x) + VA'\V (y,F )], (2.5,3.1.)

No = number of 0238 atoms per cc of fuel, 1:
effective resonance integral, "EBLASSIFIEH .

Vo = volume of fuel only,

-]_np:

where

A

VM = total volume of moderator - (inside and outside of fuel), and
Vp = volume of homogenized fuel element (includes internal coolant).

x end y are dimensionless variables given by x = Ay/(L7 Ty eand
¥y = Ap/ (47T y) vhere Ay and Aj are the cross sectionel areas per cell of
| CREn——
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the total moderator (including coolant) and homogenized fuel element, res-
pectively. Zy is the mean value of the age of resonance neutrons in the

moderator and can be related to T , the mean value of the age of resonance
neutrons in the lattice by

— —v -

M P
tM =r ﬁ = 0.65 Z. (2-5.3.2)

The functions \ and @ characterize the absorptions in the
fuel element oi' tal) resonance-energy neutrons and resonance neutrons from
other fuel elements, respectively: Expressions for these functions are given
in References 5 and 1ll. For x £ 0.5,

¢ (X)’_: l - Xeo (2.50303)
For N Reactor x = 0.132, so §(x) = 0.868.

Since the contribution to the resonance absorption in a
fuel element from neutrons native to the fuel element in question is much
less than the contributions from other fuel elements, . .the functiony is very
close to zero. In the N Reactor \} = .00872.

2.5.4 Thermal Utilizetion, £

The "thermal" utilisation is defined as the ratio of the total
number of neutrons absorbed in the fuel to the total number of u rons absorb-
ed in all materials. In both cases, the resonance captures in U23° and the
absorptions accounted for in the fast effect are excluded. An expression for
calculating the thermal utilization is ‘

%‘V%aa

f = ’ (20592"01)

a.llreg:l.cmsvza'¢

DECLASSIFIED

V = region volume in lattiice cell,

A

2 g = macroscopic absorption cross section (Westcott), and
~ .
$=n vo.

The term n is the total neutron density in each lattice region integrated over
all energles up to ~ 100 kev and Vo is 2200 m/s.

|
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2.6 lattice Parameters (Exgerimenteﬂ.)

, The actual lattice parameters for the N Reactor (cold, cleen, green)
have been determined experimentally for & prototypical lattice. The descrip-
tions of the experimental arrangements are given in Table 2.6.l1. :

2.6.1 PCTR Measurements

The results of the PCTR measurements are given in Table
2.6.212,  Actuslly, two lattice arrangements vere studied, one was as
exact & copy of the actual lattice as possible, the other was & "condensed"
lattice in that the large steam vent and other voids in the stack were removed,
end the lattice spacing compressed to maintain the same graphite-to-uranium
ratio.

2.6.2 Exponential Pile Measurements

The material buckling of the lattice was measured for the
mockup and condensegﬂattice in an exponentigl Pile. The results are also
given in Table 2.6.2°°.  The“imch higher B determined in the condensed
lattice is a result of tne smaller migration area. The migration area de-
duced for the condensed latticeis 300 cm® which compares to a value of 646 cm?
for the-mockup lattice. The ravio is 2.15 which is in good agreement with
the ratio predicted theoretically and waich considers the effect the voids .
have on neutron streaming. (See Bection 3.k4).

Table 2.6.

Cold, Clean, Green
Experimental lattice Parameters - Wet

Mockup Lattice CWnsed Lattice
£ | 0.879 0.881
P 0.829 0.836
& 1.050% 1.059%
Koo : 1.075 1.07h
B2 116 b 239 4 b

@ Based on measurement of & and use of one-group expression for €
instead of Spinrad definition (See Reference 12).

2.6.3 "Best-Value" lLattice Parameters

The availability of experimental cold, clean, green lattice
parameters for a lattice almost identical to the N lattice makes it possible

" to normelize theoretical methods and determirebest values for the lattice
parameters o the actual N lattice. Feat~ves such as process tube differences,
graphite purity differences, helium-vs.-air atmosphere, cross-cooling tubes,

DECLASSIFIE] e
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TABLE 2.6.1 - A COMPARISON OF DIMENSIONS AND OTHER
PHYSICAL PROPERTIES N-IATTICE VS. EXPERIMENTAL MOCKUP IATTICES

Control Element Channels

HCR and HSR
Ball 3X

See Figure 24
See Figure 2L

None
None

None

Property Actual N-Lattice PCTR Exponential Pile Mockup
~(Design value) -
lLattice Pitch 8" x 9" 8" x 9" 8" x 9"
Graphite (Core)
Solid demsity  1.72 + 0.02 gm/cm3 1.69 gn/cm3 1.69 gn/cm3
aih +0.85 +0.9% +1.07
Voids See Figure 2k See Figure 24 See Figure 24
Atmosphere Helium "Alr Air
Gross Cooling .
Tube Material Zr-2 None None
Dimensions '
I.D. 0.70"
0.D. 0.75"
Tube Pitch . 16" x 9"
Process Tubes
Tube Materiasl Zr-2 28 Aluminum 28 Aluminum
Density 6.50 gm/cm3 2.7 gm/cm3 2.7 gn/em3 -
Dimensions
~-I1.p. 2.708" 2.702" 2.702"
0.D. 3.258" 3.058" 3.058"
Fuel Elements
Clad Material Zr-2 a8 Alumingm 28 Aluminum
Clad Density 6.50 gm/cm3 2.7 em/cm 2.7 gn/cm3
Dimensions ' a
0.D. 2.4o6" 2.394" (2.349")®  2.394" (2.349")
0.D. 2.354" 2.336" 2.336" .
Outer I.D. 1.816" 1.793" - e 1.793"

Tube I.D. 1.764" 1.737" (L.779") 1.737" (1.779")%
. cn.aa; 0.D. 1.249" 1.238" (1.196")®  1.238" (1.196")2
Inner (Core) I.D. 1.167" 1,183" 1.183" _

Tube Core) I.D. 0.4g0" 0. kol 0. kot :
Clad) I.p. 0.438" 0.437" (0.477")2  0.U37" (0.477")2
Length 23.2" Effectively b Effectively o
Supports Zr-2 Effectively none® Effectively NoneP
“End Caps 0.250" on each end None None
Enrichment éo.glw" w/o) 0.947" w/o 0.947" w/o
Uranium Density 18.90 gm/cm3 18.887 gn/cm3 18.887 gm/cm3

DELLASSIFIED

&. Cladding used in experiments was not bonded to Fuel elemsnts. Figures 1n paren-
theses are 0.D. or I.D. of clad, whichever is appropriate.
b. Lucite spacers were used which effectively mock up water.
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etc. can be taken into account in the calculations. The best-value cold, clean,
green lattice parameters so derived for N Reactor are given in Table 2.6.3.

Table 2.6.3
. Best-Value Cold, Clean, Green Lattice Parameters®
Parameter valus |
koo - 1.0778 )
n 1.4184
€ 1.0811
P 0.8291
£ 0.8803
Bﬁ } 115.6 /o.b

®No cross-qooling tube included. Effect would reduce k to 1.0752.

- The agreement with experimental values is good except for & , where the difference
. 1des in the definition of € . The derivation of & from the measurement of & is
.. based, gg the older definition of € which is the number of neutrons which slow down

the US° figsion threshold for each neutron produced by thermal fission (See Reference
12). An average for the NPR startup element is 0.067. e

‘2.7 Cell Flux Distributions

The 1/v-law ebsorber reaction rate throughout the lattice cell has been
determined experimentally in the cold, wet, green N laﬂice by irradiating U235-pina
and foils at different radial positions in the lattice*<. pPlots of the measured
distribution are shown in Figures 2.7.1 and 2.7.2. For all practical purposes the
distributions can be assumed to be representative of the thermal flux in the cold

lattice. Figure 2.7.1 is for the condensed lattice. Figure 2.7.2 is for a close mockup
of the actual lattice.

FIEX-computed, region-average, thermal (1/v) fluxes in each region of the
lattice cell are given in Table 2.7.l. The reactor conditions were hot, green.
Other items of interest are also given in Table 2.7.1. such as physical temperatures ’

neutron temperatures, region areas, etc. The void regions are cylindrized void regions
to mockup the actual void spaces. . :

A three-group flux calculation has also been made by Simpson’> using &
Fortran Code F SUPER. The exposure assumed was 700 MWD/T. The three neutron energy
groups chosen for the flux calculations were & fast group (E > 0.24 Mev), an epi-
thermal group (0.24 Mev ) EY 0.15 ev) and & thermal group including all neutrons in
the thermal energy Mexwellian distribution. The cell traverses are given in Figure

DECLASSIFIED '
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3. Core Phls lcs

3.1 Introduction

The preceding section was concerned with the properties of an infinite
array of lattices. Consideration must be given to effects associated with a
finite reactor. Also, N reactor is a reflected reactor and the effects of a
reflector must be considered.

Table 2.7.1
FLEX-Computed "Thermal Flux" Traverse
_ : '—_—EEL—('EO‘I: Green) Relatiye
Region  Material Phys. Temp.® = Neut. Temp.?  Area 1/v FluxP
1 Graphite 550 C 790 K 279.1 co® 2.152
2 Void : 495 | 770 gh97  2.0k0
3 Graphite 470 750 33.97  1.957
L Void 430 T15 2.57 1.888
e 262 | 675 1666 184
6 Hx0 228 . 600 7.57 1.644
7 Zr-2 2kg 615 - 1.26 1.433
8 U | 364 6L5 11.47 1.320 ~—
9 Zr-2 261 600 1.01 1.288
10 Hp0 234 550 7.97 1.278
1 Zr-2 | 257 570 1.02 1.106*
12 U hor , 610 5.75 1.000 ~
13 Zr-2 264 580 0.26 0.9}6
N1 H,0 239 540 0.99 1.036

a. Flux-squared weighted averages.
b. Region-averaged values. Normelized to unity 1n inner fuel region (region 12).
1 18
) 0,0CQ fm U (f(@’_/

, 3¢ 944

U
L
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3.2 Description of Core and Reflector

4 The N-Reactor core, at initial startup, will be comprised of 1004 lattice
units as described previously (Figure 2.1.1). Provisbins have been made to increase
this number of 1072 if future operating trends Justify additional irradiation
volume. This core is pierced by three systems of openings in addition to the
process channels and steam vents; horizontal control rod channels; the ball 3X
safety system channels; and the graphite moderator cooling tubes.

These three void systems, along with the 2" x 3" rectangular steam vents
running both parallel and perpendicular to the process channels, reduce the core
graphite density from & nominal 1.7 gms/cm3 to en effective 1.3 gms/cm3.

The physical dimensions of the core are set by the lattice geometry and
the charge length. There are 34 vertical rows of tubes, resulting in a core
vidth of 34 x 0.667 feet or 22.667 feet; there are 32 horizoutel rows of tubes,
or a 32 x 0.75 = 24-foot core height. The corners are truncated as shown in
Figure 3.2.1 (See Figure C-2, HW-T1408 VOL2) resulting in a core equivalent radius
of 12.64 feet. The core length is defined by the portion which contains fuel material,
or 35 feet. This rou?mr ¢ylindrical arrangsment contains 693.0 tons of graphite
(density 1.70 gms/cm3) end 387 tons of uranium. |

The core is surrounded radislly by & reflector of high-purity graphite
vhich is infinite in effect; the front and rear "reflector" is composed of gra-
phite plus other material (e.g., process tubes, water dummies).

3.3 .Slowing Down and Diffusion of Neutrons ¢

As a consequence of the undermoderated lattice of the K-Reactor, the
fast4o-thermal flux ratio is quite large relative to that of existing, overmodera-
ted Hanford reactors. As an illustration of this difference, the ratio of fast flux
to thermal flux is estimated to be 2.50 at N (compared to 1.08 at a K reactor).
This enhances the production of plutonium in the reactor and also makes the lattice
fail-safe (from a reactivity standpoint) upon loss of water. B

The lattice migration area deduced from an exponential experiment is
646 cn® (see Section 2.6.2); this is geparable into &.Ferml age (7 ) of ~ 480 cm?
and a diffusion area (L2) of ~ 160 c:m5 at room temperature. At operating tempera-
ture M2 increases by ~ 10%.

3.3.1 Fermi Age

The age of neutrons in a heterogeneous reactor and particularly N
Reactor is not readily calculable with any precision. The complex structure of
- the N moderator and the large amount of water in the N lattice make the calcula-
tion of ¢ difficult. The Fermi age may be estimated by the equation

2
'/
< s (3:3.2.1)

Ei:vﬂifsi[ ¥§Zsj - S T ]
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Figure 3.2.1 is a diagram of the core geometry of N Reactor and is identical to
Figure C-2 of HW-T1408 voL2.
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J;.. r.rzs

vhere Cg is a steaming correction (Seé Section 3.4),
Vp is the total lattice.cell volume, and the
V4 are the sub-lattice cell volumes.

The sum over i is over all lattice cell ragiox}s; the sum over J is over only
moderator cell regions; and the sum k is over only non-moderator cell regions.

The quantities ¢ and £ g have been defined previously and the

T 4's are the ages to thermal for each moderator. Inelastic scattering in the
uranium fuel must be considered and the T 4's are given by ' s

Ti=(1-P) Tay ";Pa T vis | (3.3.1.2)

vhere
Cqa = 8ge from fission energies to thermal, and

To ™ :mo thermal for neutronp scattered inelastically with uranium

The U - components are given in Table 3.3.1.1 below

Teble 3.3.1.1

Material Te ' | Ty
Graphite 931/ P e 591/ g
Water : 33/ Pwe 20.9/ @ w°

The collision probability P, is the fast neutron collision :iroiaability
in the fuel ané can be obtained from previously defined quantities.

Py = (£, Iy nc) (£, Ny + 25 nn'a- £y da u(,),'l (3.3.1.3)

£A= o.s}M 4= 0.439
s (= s
where the constants are as def earlier in Section 2.5.2.

pviviem. UEELASS py

The diffusion a:reaé Le, can be estimated from

. c (? Vi P1)
L” = ~
;;1 P Zas % Vi B1/(2 as Li)

(3.3.2.1)

e L ey
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vhere again Cg is the streaming correction and the other constants are

A
£ a1 = macroscopic Westcott absorption cross section of ith regionm,

@4 = volume-average 1/v flux (Westcott) in ith regiom,
L4 = diffusion length of ith region. :
The sum over i is over all lattice cell regions.
3.3.3 Migration Area
The migration are is defined as the sum of L2 and T .
3.4 Neutron Streaming

The large void fraction in the reactor core allows preferential neutron
passage along the void channels; this effect, called “"streaming", manifests itself
in various lattice parameters, in particular T and I2 and thus in reactor leakage
and multiplication. As an illustration of the magnitude of this effect, if the
graphite were "smeared" over the core (retdining the same number of graphite
atoms but reducing the density and filling all void space) the over-all pile
reactivity would be increased by 0.8 per cent due to decreased leakage.

The streaming igrrecticn to the age and diffusion area, Cg, can be estimated
using Behren's formules™'. For example the effect of voids on the diffusion length
of neutrons in the reactor may be calculated from the equation

12/12 a1 428 (r 8/>)[eoth (x/8A IQ - 1) (3.4.1)
vhere
L, = diffusion length in the reactor with voids,

L, = diffusion length in the reactor without voids,

§ = void volume/volume of solid material,

r = tv;.ce the volume of the hole divided by the surface area of the hole s
2V S ’ ’

e e JECLISSIFIED

Q = mean square chord length through the hole/square of the mean
chord length.

The factor Q is dependent upon the shape of the hole and is given in Reference 1k.
Modifications may be made to the equation to consider voids which are not uniformly
oriented; hawever, this is not necessary for the N Reactor because of the symmetrical
distribution of the axes of the voids. The above equation may be simplified to




-
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Li/Li =l+2f4+r@Q/) (3.4.2)

without any signficant loss in accuracy for calculations foxr N Reactor. This
expression may be used in comparing lattices with and without voids. The
second term may be thought of as a "density" correction while the third term
may be considered as & "streaming" correction. ' :

The calculated ratio of the aquqre of the diffusion lengh in a nor-
mal lattice to that of & condensed lattice (.e., without voids) is 2.01%°. This
way E compared with theexperimentally lgetemimd ratio of migration areas of
2.15"°. The calculatedl’ and measuredl® values of the diffusion length of the
graphite stack alone (no fuel or process tubes present) are 86.3 and 84.7 centi-
meters, respectively. These two examples of correlation between experiment and

theory indicate that the anlaytical method of datcruu.ning these va.J.uas is fairly
accurate for this type of reactor.

15 Tha thecretical value of the streaming term rﬂ/?‘ in 3.4.2 18
0.48,” hence the streaming correction Cg is equal to 1.48. The same streaming
corrections can be used for correcting the age.

3.5 Reutron Leaka.ge kﬂﬂ

The neutron leakage in a reactor is a function of the reactor size and
the neutron migration area; it is strongly influenced by the presence of a reflec-
tor of pure moderator materiel surrounding the active core. For & uniform, homo-
geneous loading, the effective and infinite lattice multiplication factors are-
related by the equation:

o

eBEC, ko
1+352L21 ISR ST G

kypp = (3.5.1)

where:

kope = effective pile multiplication,

o - s e s, [JEO JOOIEYED

332 = pile geometric buckling.

This equation may be used to calculate an effective geometric buckling
for a heterogeneous reflected reactor if the various parameters are known. Both
three-group calculations-and modified, one-group calculations indicate a kepe for
the fully-loaded, green reactor of ~ 1.060 at room temperature. The effective

geometrical buckling may be then determined from & rearrangement of the previous
equation.
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Bg” « "kopr ME (3.5.2)

Agsuming "best values" of the partmeters as given in Section 2.6 and a keff
for the fully loaded reac_:gor 05 1.060, the total geometrical buckling is 22.1
micro-bucks (1 4 b = 107 em” )

If the front and rear reflector augmentation at N Reactor is estimated
from a cosine flux distribution, the longitudinel buckling component is ~ T.3 /c b;
this indicates a radial buckling component of 14.8 . b and a radial reflector
augmentation of a 240 centimeters (8ll older Hanford production reactors have
radial augmentations of the order of 60 centimeters). E

- The rather large reflector savings is due to the predominantly "fast"
neutron spectrum in the core; epithermal neutrons emerging from the core into
the reflector are qQuickly thermslized. In the thermal state, there is a good
probability that the neutrons will be transferred to the core and utilized in
the fission process; in fact, there is a net gradient of thermal neutrons from
the reflector inward to the core.

It should be noted that the reflector augmentation as defined by the
geometrical buckling is extremely sensitive to the total pile reactivity; an
error of only 0.2 per cent & k/k in the determination of k,ep can result in
an error of over 60 centimeters in the estimate of § , the reflector savings.

Best estimates for the effective reactor size (in terms of neutron bounderies)
are:

RBffective radius = 635 centimeters,
Effective length = 1160 centimeters.

. These dimensions are based upon keff = 1.060 at room temperature. The
total leakage of NPR compares to leakage at BDF type Hanford reactor as follows:

NPR, cold, clean . . . . . « . . Ol43% A X/k
NPR, hot, clean’ . . . « . + . . 01514 & k/k

BDF, hot, clean

¢ e DRLASSIFIED

The significant reflector augmentation results in an exceptionally
high flattening efficiency in N Reactor, even without the smoothing effect of
control rods or other flattening agents. Theoretical flattening efficiencies
of 80 - 98 per cent are calculated for routine operation, with actual efficiencies
(including microscopic fine structure) of 70 - 90 per cent. The best estimate for
the flattening efficiency is 90 per cent. Radial power distribution for various
flattening efficiencles are plotted in Figure 3.6.1 (See Figure C-3 of HW-T1408
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Figure 3.6.1 is a plot of radial power distributions for various degrees of
flattening and is identical to Figure C-3 of HW-71L08 VOL2.

. - DECLASSIFIED
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VOL2). The axial power distribution will follow an approximate cosine shape with
a peaking upstieam of pile center due to the lower coolant temperature towards the

*.inlet end of the reactor. The reactivity held in flattening V8. readivs of theiflat
gone is shown in Figure 3.6.2. Radial flux distributicns are. shown in Fig,ure 3.6.3.

- k. Bstimation of Bffects of Lattice Chenges

L.l Changes Uniform Over the Reac%or

It will be useful to know some of the more probable reactivity variations
caused by lattice changes which are made uniformly in each lattice cell. The simplest
procedure in calculating these effects is 8° employ one of the IBM-T090 physics
codes described earlier (MOFDA, FIEX, etc.®). However, it is worthwhile to discuss
some general results at this time.

.1, l Fuel Element Changes

The initial 21.6 1b/ft fuel element for N Reactor is not the only
+ fuel choice possible. It is a conservative choice, one designed so that the reacti-
' vity transients should be within the capacity of the horizontal rod system. A
heavier fuel element is not impossible, md may well be charged after the reactor
has been operated and the actual reactivity transients and effective control rod
strengths determined.

, Since the N Reactor is undermoderated, any further decrease in the
. uranium-to-moderator ratio will result in a loss in reactivity. Thus, & heavier fuel
element would require & higher enrichment. Also, in general as the fuel weight is
increased, the reactivity transient between cold and equilibrium reactor conditions
~ is made more negative which further increases the enrichment requirements. The '
heavier the fuel element, the greater the plutonium yield. This means that important
economic gaina are possible if a heavier fuel element is feasible.

Since fuel redesign involves not only & change in uranium volume,
but also a change in coolant volume, (assuming a fixed process tube size),
attempt to characterize the physics of the heavier fuel geometries beyond i
simplest terms is impractical. Updated results of rather early calculationsi?
given in Table 4.1.1.1 to illustrate the general behavior of the required enrichment
level and plutonium yield as a function of fuel gemetry and weight. @Goal exposure is
assumed to be 1200 MWD/T.

morass  JECLASSIFIED

Enrichment and Plutonium Yield 8s Function of Fuel Weight

Uranium Wt/Foot gn Pu/MWD 8 1200 MWD/T  Eorichment Level®

2k.5 1bs 0.8U46 1.00

23.2 0.835 0.97h4

22,2 - 0.825 0.958

21.6 0»820 0.9h7 ‘-—-m
3.2 - OOBE ) 00§E§
ropa on 8 . alle e o Yyile [} mm equ. rium refcilivity

of ~ 2%.

i
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4.,1.2 Enrichment Variation

The reactivity effect of varying the enrichment level in thg
21.6 1b/feet fuel element is quite linear over the range 0.92 to 1.00 w/o U 35,
ngsreactivity variation is calculated to be 0.38p per 0.01% ebsolute change in
i e 8 ichment. For example, the difference in local reactivity between 0.947 and 0.957
w/o U fuel is 0.3%%, the higher enrichment being the most reactive.

4.1.3 Impurities in Fuel

Occasionelly it may be necessary to accept uranium fuel with
different impurity levels than that initielly specified. The presence of U236
in recycled fuel will also act as an impurity. For most chemical elements,
the reactivity effect can be simply estimated from the change in £, the thermal
utilizaetion. For certain chemical elements whose mass is very low (so they act
as moderators as well as poisons) or which may give rise to particular neutron pro-
ducing reactions, such as the n,2n reaction in beryllium, other factors must be con-
sidered. But, & general rule for elements whose atomic weight is greater than about
45 can be given as follows:

% _ %2 = - 2o Ky Wp, (4.1.3.1)

where fo 1is the thermal utilizetion of the urenium without the impurity, wp is the

welight fraction of the impurity and K, is the danger coefficient of the  impurity
with respect to uranium. '

A .

gap A S
Ku = P p u ’ (h‘lllj 64)

Gau Ap

where g ep and 'aau are the Westcott absorption cross sections of the impurity
and uranium, respectively, and the A's are the atomic weights.

4,1.4 Reactor Atmosphere

‘ The reactivity difference between an air (nitrogen) and a helium
atmosphere in the reactor has been calculated to be 0.16%. The principal effect

of nitrogen in the lattice 1s to increase the parasitic absorptions and thus reduce
the thermel utilization, £. The thermal neutron ebsorption cross section of helium
is zero. : '

P ~ DECLASSIFIED

The changes discussed inthe preceding section apply for uniform changes
cver the entire reactor, It is also necessary to consider the problem of local lattice
variations and their effect on the over-all reactor which is a much more difficult
problem. The simplest method of treating these problems is the use of perturbation
theory in the one-group diffusion theory model. If the perturbation involves changes
vhich affect the thermal neutron absorption or fission cross section (impurities,
nitrogen, enrichment, etc.) the appropriate statistical weight, W, is the square of
the thermal flux. '
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2
Wiocal = /l;ca.l # dV/ f;eactor p= av. (%.2.1)
dk dk
[—T] " ¥local ["k‘] ' (4.2.2)
Reactor local

If the perturbation involves changes which affect the thermel diffusion coefficiennt

(voids, density changes, etc.) the appropriate statistical weight is the square of
the gradient of the flux.

e
¥1ocal 'ﬁocal (v ¢)2 d‘v/ﬁteactor( v #) . (h.2.3)

' Perturbation theory can be extended to & two-group or multigroup model. Thise is
necessary if the perturbation involves change in epithermal or fast neutron reaction
rates (fuel element vaeriation, for example). These problems are difficult and solu-
tions are not described here. Some information is presented below on the effect of
natural uranium columns, air colums and weter columns.

4.2.1 Reactivity Effect of Natural Uranium Fuel

The possibility exists of using some natural uranium fuel elements
for either flattening purposes or for reactivity tailoring (in the event that
0.947 w/o provides too much excess reactivity). The cold, clean, green material
buckling for natural uranium fuel elements of the same ge ry as the enriched
uranium has been meesured in the N-Reactor Exponentiel Pile:® The results are given
in Teble 4.2.1.1. The dimensions of the prototypical fuel elements used in these
tests are the same as shown in Table 2.6.1 and the same corrections described in
Section 2.5 whould be applied to se results. The enriched bucklings are also
repeated in Table 4.2.1.1. Bowers*” has computed the poison effect of natural
urenjum. This curve is given in Figure 4.2.1.

Teble 4.2.1.1

Experimental Material Bucklings - Prototypical N Fuel Elementsl®

Enrichment Wet Lattice Dry Lattice
0.712 v/o -95 2 p D - 931h/u.b
0.947 w/o +1163_51¢b +2k15/Mb
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L.2.2 Reactivity Effect of Empty Process Tubes

An empty process tube in N Reactor 1s expected to result in an increase
in the over-all pile reactivity due to the local increase in the C/U ratio. The
magnitude of the effect must await experimental determination during the startup tests.

4.2.3 Reactivity Effect of Water-Filled Process Tubes
Again, this must be deferred to when startup test results are availeble.
4.2.4 Reactivity Bffect of ForeignMaterial in Process Tubes

.The reactivity effect of poison columns, target columns and other
foreign materials must also await startup tests. ,

5. Reactor Products

5.1 Introéluction

: As prev;&ou?y.ﬁstat“ed‘, N'Reackor is & _converter — the principalaggclear pro-
cesses being the trénsmutation of U238 to Pue39 and the fissioning of U to provide
the neutron carrier of the chain reaction and the ggg rons necessary for the plutonium
production. The principal product is therefore Pu®7. However, since all the

nuclei can absorb neutrons, & host of otler products aﬁsn anghire also produced in

the reactor. The other products of igiﬁrest are Pu='-, Pg (vhich are higher trans-
mta;éggs in the plutonium chain), Np w%%h has both U35 and U238 as precursors,
and which is a useful precursor of Np and will probably be recycled in N-
Reactor fuel. Tritium may also be & product but would require a special loading in-
cluding lithium targets. po210 may also be a product but agein could require special
bismuth target elementg. There are alsc many fission products which are useful such
as Cs137 end 5r%, Pu23® yhich has important use as an isotope power source is pro-
duced in minute amounts and could be produced in useful amounts by irradiating
Np23T targets.

5.2 Plutonium Production

Plutonium results in the regggor when neutrons are absorbed in 0238. A
small amount is also prcduced from U°/. The principal reactions in uranium lead-
ing to plutonium isotopes are diagrammed below.
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nlr
Pu ko
\ ‘nL‘Y
2 ‘ - 2 -

U 39 / > Np 39 ﬁ > Pu 39

nlY 8 - n T'r

nien _ al 7

ue3T 4 - Np237

afr.

y236

oty

v235

Figure 502.1

Princigal Reactions in Uranium

The U238 neutron reaction to U239 goes at all neutron energigs with the
major share being in the thermal energy range. The beta decay of U 39 hes &
23.5-minute half life;.tbe beta decay of Np<39 has a 2.33-gay half life. Pu?39

is relatively steble with a helf life of 24,300 years. Pu ig an unwanted 153- ,
tope in veapons grede plutoniumsince it is capable of spontanecus fission. Pu 1
ig beta-active with & 13-year half life and is alsc fissionable.

5.3 Neptunium Production
' Rggﬁnt inié-g;iest in Pu238 for radioisotope power sources has stimilatel a mar-
ket for Np . §8 can be fashioned into terget elements and irradiated to yield
Pu30, (The Pue3° formed from successive transgutations in uranium is too minute
to be worthwhile). Th§3§eactioggeleading to Np T are gho shown in Figure 5.2.1.
It is seen thggeboth U and U are precursors of Np 237 The fast neutron n,2n
reaction in U contributes about 60 per cent of %? Np formed from virgin uranium.
Recycled uranium rich in U230 promises to boost Np“=?! production.

5.4 Tritium Production

Tritium (E3) is formed by en n, & reaction in 146,

116 (n,0¢) H3. (5.4.1)
The reaction is predominently a thermal neutron reaction. To produce

H3 in N Reactor would require = special loading such as an E-N, or possibly the
use of lithium control rods. Neither avenue has received serious study to date.
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5.5 Fission Products

Fissioning events in the reactor 1l2ad to & host of fission producte
with aig;?ic masseg renging trom 72 to 161. Two isotopes with commercial interest

are C8 and Sr7VY. The fission-product chains leading to these isotopes are as
~ follows: w e
3T AT xel3T_A7 csl37...£_.a, Bal37 (5.5.1)
2k 3.9m ™= 29y
Kr90__,_; Rp90 _...._ﬁ.._, gr90 __f;:_,y9° A. Zr9°- (5.5 2)
338 2.7m === 20y 64.3h

and 5.77%, respectively.
5.6 Calculation of Ruclear Reactions

The cumulative yields per thermal fission of e ot 04137 and Sr° are 6.15%

5.6.1 Flux

Although most reactions of interest in a thermal reactor occur at
thermal energies, sufficient epithermal events also occur that a flux defined to
include both thermal and epithermel neutrons is desirable. The Westcott™ convention
i an obvious choice. This convention defines an effectivg cross section, & , by
equating the reaction rate per atom, R, to the product of o with nv, where

n = neutron density, including both thermal and epithermal neutrons,
and v, = 2200 m/s. Thus, | |

~
R=nvyo , or

L] Dlﬂl\
R'a & . (5.6.1.1)

~

The flux § 4is not be be confused with the conventional flux
which is Just the thermal neutron density times vg. ¢ is also not & true flux
since it is not in terms of the true velocity of neutrons in the reactor.

The most convenient menner to determine the Westcott flux in the
fuel, where most of the useful reactions take place, is to derive a relationship
between the power density and the flux. The fission power generated per unit
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o) .
Paky an; G"f (1L+§8), (5.€.1.2)

where P is the power in megawatts, k is a constant equal to the megawatts
¥ o - per fission per second, the Ny 3f'are the macroscopic fission cross sections for
o, isotopes fissionable by thermal end epithermal neutrons, and § is the fast-to-

v ‘ thermal fission ratio, usually defined for uranium only.

For a heat of fission of 202 Mev,

k = 3.236 x 10~7 Am/f:lssion/sec.

The megawatts/ton of fuel is often a convenient unit of power density. Expressing
equation 5.6.1.2 in terms of MW/T, the relationship for flux becomes

N 6.437 x 101 x
p= Zne bt (L+d ) (%—"—)- - (5:6.1.3)

Using representative values of the constants for N néactor with only 1°35 and 0238
present in the fuel the relationship between flux and MW/T is

12

B = 2. x 20" x () | | (5.6.1.4)

For 387 tons of fuel “513 pover of LOOO MW, the average Westcott flux in the fuel
1s_.obta1ned as 2.52 x 1077,

5.6.2 Plutonium Buildup and U235 Burnout Calculations

The differentég% equations governing the buildup of the plutonium
isotopes and the burnout of U are given below.

aw> 4 A 25 5.6.2.1
A . : - 2
B s Jrauileq-n. T
Y 2
s ol
+l-¢+ ;35 w®- 1)] - N‘*93-:’9} . (5.6.2.2)
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Fo=9 WG . p oG W (5.6.2.3)
Lo (80 A Lo b1 w7 |
%)‘--95 K° 0. .9 N Oa . (5.6.2.4)

The sum in (5.6.2.2) is over-all thermally-fissionasble isotopes.

The fission rate equation is also of importance.

a "¢{N253,25 L+ v258") + 89 G, 89 1+ v¥S)
at
N R { )} _ (5.6.2.5)
1
vhere § = S/1J25, b being the -fast-to-thermal fission ratio for green uranium.

A convenient method of solving these equations is to introduce & new variable € which
is defiped as,

A .
o= Qraast., and (5.6.2.6)
which is a measure of ve3d burnout. Further defining
Nf/Noes = u,

Nl"9/lm25 -y,
N*0/No? = z, (5.6.2.7)
Nl‘;"/l!co25 - s;
N25/N025 = x, and
1128/1‘1025 = v,

the differential equatigns become
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The solution of th: other squations follovs ~he method of Cohen anl etal™ . The
other quentities are expand:zd in power series. Writing x as a general power ceries
also,

D
X = dy +d10 +dp0” +d383 4+ . . .,

y:g,10+a292+6393+u « vy

12 £ oot

3
°
-

8 «h0+h0? +rn03 4. .., ema

uak19+k292+k3303+¢ ° o e

The coefficients can be solved for in the usual manner and the resulting
solutions are as follows:

(- -

< i {
y = (B+D)e + g (D dj.1 +A a4y +H hi~l)i 6
i=2 ?
w .
~ k9 1%9 ) A Lo 2; i
2 = ( d-é -GQ ) ai__l - a-a gi_l]i 9 ’
{5.€.2.15)
[-") L LR RN
Z PR a_lrl ] x o.'i. )
8 = [ = & Ve Rl ,
i=3
w -
T ‘_,.[*‘ gt T et iRy

Terms out tC the ~enth pouer of @ are more than sufficient to accurately determine
the splutions. Th2se equations are colved in subroutines of the FLEX and MOFDA
codes”.

5.6.3 Hizptunium Prcduction Calzoizhlcnz

The differential equations governing the production of I-l'p237 are £5
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W2 4 s aas ae) 7226 s,
bri EN P N2g 7, (5.6.3.1)

27 A L,26p2¢ 4 ~w 2742
5% = ¢NYF+ 0N “‘Ti,zn -~ N*277 5 ana (5.6.3.2)
AN _ N NPLAY §
dt b ( ¢ (5063303)

235
Equation 5.6.3.1 represents formation of p236 from U2/, __Equation 5.6.3.2
ggggesents the formation of 1%57 u£3g U23§ ‘

from thg formgd from or from any
initially present and also from U23°. The U23° reaction is an n,2n

reaction and such only occurs at fast neutron energies. The n,2n threshold is
5.8 Mev. Thus, the n,2n cross section in 5.6.3.2 is an effective n,2n cross
section defined in terms of the Westcott flux, @ . Bquation 5.6.3.3 represents
the formation of Np237 from U237 by beta decay. The half life is 6.5 days. The

eq&g%ions can be solved most simply by assuming instantaneous decay of U 3T to
Np~~!, and by separating the production by precursor. The solutions are then

AA 28
-Po;
-,V'31=_ A,zsé\zsan_u[ e $oa 2
° % % | (Fu sy in sas
G — -
o= o) (a"-2Y) (5.6.3.4)
AN A
e~foat o-#0"t | ]
+ ,
~ S A A o
G2 &) (5> 8" CxR A&
w7 No® gt X 1 R ¥
o aw |\ © e ‘ (5.6.3.5)

A A A
el No™® Tpan -poz%e Y X"
,";37_‘ 5 e . (56.3.6)
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A /
In 5.6.3.6 the absorption cross section for U238 d" 28 is, in contrast to

earlier usage, to include thg §eson.ence absorption in U238 that is the entire
Westcott cross section for U 3 is to be used kbasndusn”m",gtf‘-c‘,iv«a rescnance integral

Bquation 5.6.3.4 can be simplified by expending the exponentials in series.
Terms beyond the third power in Pt are ‘not necessary. In terms of the exposure
variable M, M{D/T: ,

.2 2 %2 25m2 25 -1 42 ¢ 2 -1
N =No~ oc (e 2B-1 + D) - ,
e P Tr (5.6.3.7)
% (> 37t +P3 clay3 D"l)}: ,

where

B ala2x 1019 2 26

Y3 9
ENPSs 2 (146)

y . la2x 10192, 37
N 5g 2 (1+J‘)

B= (o "'o'a 5)

-fa ’

25 26 37 26
c=(&, -7 (P, & )

o N25 A ~
H = Heat of fissicn in Mev.

Equation 5.6.3.5 can be written in terms of the exposure varisble, also.
Expanding the exponential terms in series and keeping terms up to M3,
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For Pt 3 x 1020, Equation 5.6.3.6 can be simplified to

A P
37 N028 ¢n2n Ta 27¢ t

. : ‘6. .
a'a37 - oa 28 (5:6:3:9)

The n,2n cross section can be expressed asao

Guon = 0477 8 T (5.6.320)

A ‘
where ¢ fl:l is the Westcott fission cross section for the uranium

~n 25
G-fu _ N5 0ot

Nos 4 Nog

In terms of the exposure variable M (MWD/T)

37 Yoo 0.04778 1.12 x 1039 y - 23

5.6.4 Fission Products (Useful)

The useful fission products cen be computed from the Perkinz-K 1ng
equations using the ACTICAY<2 program for the IBM-T090.

M () = (8.352 x 1073) P (Age” "1 4 pe” Mzt 3, (564413

where P is reactor power in megawatts, MC is the megacuries of activity of isotope
i at time t after reacteor shutdown and

and )\ p4 8re the decay constants
essociated with the parent nuclide (or nucH

des) of the isotope and of the isotope
itself, respectively. The constants Ay and By are defined as

Y -
— Ay = al [ )\21 (L -e - A T):] , and (5.6.L.2)
>li -)21
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Y ..Y1 ' - R. .
By =~ éiﬁi“ );3 Ay +Y11][1 - e -Aat ] ,(”6'1}'3’

vhere th is the cumulative yield of isotope i, Y34 is the independent yield
of isotope 1 and T is the irradiation time in the reactor in seconds.

5.6.5 Trit:lum Production Calculetions

The differential equation governing the buildup of tritium can be
expressed as: '

3 A
ar A

S8ince the number of L15 atoms is verylé.rse compared to the number wvhich will
react to.form tritium, it may be assumed to stay constant. The equation may then
be integrated to give

nf(t) {(?5 ) L16] t. (5.6.5.2)

If the flux in the lithium containing target element is calculsble, either absolutely

‘'or relative to the flux in the fissionable fuel elements, then the solution of the

equation is straightrorward

In most cases, it is not feasible to accurately ‘calculate the ﬂ.ux
in the lithium-bearing target element. This is true when lithium-containing control

. rods are used, or vhen target elements are in’bersperned with ﬁssionable fuel elements

in the same fuel colum (B-N load, for example). In 't.hese ceses, another approach
to the calculat:l.on of tritium buildup is necessary..

The number of neutrons ebsorbed in lithium-containing target ele-
ments may be measured by the effect of such absorptions on the reactivity of the
reactor. The excess reactivity of the reactor without the target elements is

readily calculated using conventional techniques. 'The reactivity of the reactor
with target elements is fixed, since enough target (poison) elements will be added
to reduce the excess reactivity to the required level for reactor operation. The
multiplication factor, k, expresses the relative nurber of thermal neutrons absorbed
in the fuel element in each successive generation. Since at a constant power
level, this ratio must, by definition, be unity, then the number of atoms of
tritium produced per thermsl neutron absorbed in the fissionable fuel may be stated
8 AKp i vhere QX¥Li is the reactivity held in lithium.

‘ 12 U2 1 3%% only material in the fuel, then every neutron absorb-
ed in the fuel destroys a U atom. Since the fission rete is directly related

to the rate of U235 burnout » the rate of tritium buildup may thus be related to

the fission rate and hence power Jevel. If the fuel also contains U23 , part of
the thermal neutrons are absorbed in this isotope, and furthermore U-38 is subject
to fission by fast neutrons which increeses the fission rate per thermal neutron
absorbed. Furthermore, plutonium is built up s.vhich is subject to thermal neutron
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absorption end fission. The exact solutions in this case require writing equations
for all thermal neutron absorptions in the fissionable fuel, and for the fission
rate, and integrating with respect to time &as in Section 5.6.2.

A simple, but Quife accurate spproximation, to the 13-buildup problem
when fuel containing U and U is used is to assume that the number of fissions
per thermal peutron absorption remains constant throughout the residence time of

the fuel. Green fuel parameters may then be used to calculate T3 buildup.  In this
case, the number of fissions per thermel absorption is simply

A
Nos T g5 (L+9 ) i
No5 Tazs + Nog Ta28 V25

(L+3), (5.6.5.3)
and the numhez; of T3 atoms per fission is:

Al*mvgi i , ' : (5.6.5.4)
N1 +§)

Since there are 2.67 x 10°1

fissions/MWD, (See Section 5.6.1) the number of T3
atoms produced per MWD ie ' : ,

k . '-
A_”,___ZL;:?;) x 2.67 x 1021, (5.6.5.5)

end the number of grams of T3 produced per MWD i.

AkLiveé X 2.67 X 102]_ X .3’018 , or
| (1L+§) 6.023 x 1023

A1 V25, (1.338 x 1072)
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5.7 Production Yields

A ;

5.7.1 Plutonium Buildup and US3? Depletion

Theoretical blutonium buildup and U235 depletion curves are given
in Figure 5.7.1.1, and 5.7.1.2. These results are from FLEX celculations; tlgze
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estimated uncertainty in the resulte is + five per cent on a relativc
basis.

5,7.2 1236 and Np®3! Buildup

Theoretical curves of U236 and Np237 buildup are given in
Figu§§§85.7.2.é gnd 5:7.2.2. The neptunium formatégq rates are gggen separately
for 1 and U 3 precursors. The formation of Np from any U™~ initially pre-
sent in the fuel (as woulg ge the case with ruelaggcycle) is given in terms of
gn/T g initial ppm of U230 in the fuel. The US° produced is calculated from
the U®3? burnout of Figure 5.7.1.2 by multiplying the burnout by e/l +e , where
ol is the capture to fission rate of U235, In the NPR hot flux spectrum, the
value of o is 0.207.

The expected return of U236 in recycled fuel for two blending
schemes, 5.0 v/o and 1.2 w/o enriched uranium blend, is shown in Figure 5.7.2.3.
The degradation factors are 055 and 0.57, resgegtively for the 1.2 w/o and 5.2 w/o
blend. The degradation factor is defined as U 30 return alvide? ry UEIS anept,

5.7.3 Useful Fission Product Yields

The yields of the fission product 05137, Srgo, Pm;u7 and Cel*u
are shown in Table 5.7.3.1 for 58 and 116 day continuous irradiations at LOOD MW.
The ylelds are given as present per ton of fuel at one day following reactor ehut-
down assuming all fuel at the same exposure. The exposures corresponding to 58
end 116 days ere roughly 600 and 1200 MWD/T; 387 tons of uranium are assumed in
the loading.

Teble 5.7.3.1
Useful Fission Products C/Ton 2k Hours After Shutdown®

600 1w/ 1200 1y
cst37 (30 y) 1,960 3,920
sr9 (28 vy 2,000 3,960
P! (2.6 y) 7,20 16, )
ceXt (285 Q) 69,000 125,000

8Rased on 387 tons.

5.8 Reactor Weighting for Production HEBLASSIFIEH

Since the flux varies from point to point in a reactor the concentrstiow

o

of products will vary and it is often necessary to define yields averaged over on
appropriate reactor volume. The flux varies radially across the fuel element &nd
longitudinally elong the fuel column axis. Both varjations muet be takern inta
account to obtain a column~av§§aged yield. Richey's“~ formulation is used as sn
example in the case of the Pu 9 concentration Yo
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y =80 +8a0 +a303 +. .. o ~_4(5‘.9.1,)

v ‘
y -3 /-ydv, (5.8.2)
0

vhere V is the total uranium volume in & column. Therefore,

\{
a
'i--%- oav+;'2"[02 av + . . . (5.8.3)

The parameter @ is a function of axial position in the column, radial position
from the axis of the fuel and irradiation time, t. One can write

© = off) oa(r) 03(t), (5.8.4)

where

A = distance from front to rear in a colum ,
r = radial distance from axis of fuel element .

The first integral in 5.8.3 becomes

“1‘° /[ eurol(l)oa(r)ardu// 27 ro1(f) o2(r) ar ap ,

(o) Rll (5'8"5)

where (t) = t has been taken outside the integral since it is independent of r ana f.
:Lvnz ts in the integrations over r are the inner and ocuter radii of each part of
*'he concentric tube fuel element; for eiample Rpp is the outer radius of the outer fuel
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01(L) can be expressed as a normalization factor times a flux function which will
be assumed to be sinusoidal.

0L (1) = O pu, stn[LLLED Vb oy Y () (5.8.6)

where) is the front and rear extrapolation length.
O2(r) can also be expressed by & normalization factor times & flux function.

Op(r) = 0o pay B (). ' (5.8.7)

The function P (r) must be obtaingd from the solution to the transport equation.
For the N Reactor fuel geometry (r) cannot be simply expressed.

The first integral can then be written

v L I R12 |
%f eav --:%i'-.x—-z[ W(‘)Jl{] 2T »r f(r)d;--o-

(o] [+ Rll

322
/. 2tr ¢ (r) dr] : (5.6.8)
Ry .

-algmwlt Vlr-alOWV]_

where

wla L O/L ¥ ar,
| DECLASSIFIED
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r
wl=wl+w1 .

By similar techniques, for any term of the series (5.8.3),

Rz R21
V= Vg Y s
Therefore,
— £}
Y =8) vy Opay +8p W3 O pax + . .+ . . - (5.8.9)
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6. Reactivity Transients

6.1 Introduction

The sources of the reactivity veriations over a normal operating cycle,
including shutdown and startup, in N Reactor are similar to those in the other
Hanford reactors. However, higher power levels, higher temperatures, higher fuel
exposures and the undermoderated nature of the N lattice act to increase the
normal reactivity variations of the Hanford-type reactor and to introduce new
sources of reactivity variations not present in the older Hanford reactors.

6.2 Temperature gqefﬂeient of Reactivity

The temperature-dependent sources of reactivity variations in N Reactor
include, in addition to the usual fuel and graphite heating effects (which are
nuclear) one asscciated with coolant heating (which is both nuclear end physical).

" The fuel temperature and coolant temperature coefficients of reactivity are
negative; the graphite temperature coefficient is positive. Other temperature-
associated physical effects, such as fuel expansion, are too small to produce
any significant reactivity coefficient.

Except for the Doppler coefficient (in a dry lattice) there are no
experimental determinations of the N-Reactor temperature coefficients. In most
cases the calculational techniques are extensions of approximate methods which
have been fairly successfully used in the old Hanford reactor calculations.
There is perhaps no other area of physics which is more uncertain than the

. graphite and coolant temperature coefficients; the information presented here is
therefore the best information available prior to startup and may after further
investigations change somewhat. However, the gross effects to be described are
felt to be fairly correct and any differences should occur in the details.

For an actual operating reactor, the calculation of the over-all tem-
perature coefficient is complicated by the fact that the temperatures will vary
over the reactor. It is simpler for discussion purposes to describe the tempera-
ture coefficient in terms of average temperatures which are properly weighted
from a full pile reactivity standpoint. The simplest temperature weighting is
by the square of the neutron flux.

- - o . >
Te= [JRG WD &/ ) 2@ & (62
pile pile ‘
where ¢(?') and T(7) are the spatially-dependent temperature and macroscopic

flux. In N Reactor ar average fuel, graphite and coolant temperature mist be
thus calculated.

The tempereture coefficients of N Reactor are most sig:ply obtained by
using the various IBM-7090 physics programs described earlier.® The average
graphite temperature coefficient, for example, can be determined by computing k
for an initial graphite temperature T, and for a higher graphite temperature
(Tg + ATE) and dividing the difference by the change in temperature A'I'g.
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The other tempergfures are held fixed in such a calaxlation. The
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/\" ..

(6.2.2)

average temperature coefficient can be approximated (correct to first order) as & sum

of average temperature coefficients of the individual lattice parameters.

I

|

Lax_ L1411 4f 146+ an
k poT n 4T AT ~ € a P4
2 AT 1 Al
- — o BN

B (AT T+ 1282 AT)'

Equation (6.2.3) is exact in the limit 4 T-».0 and is sufficiently accurate

(6.2.3)

for temperature changes in the N Reactor to be useful. Bquation 6.2.3 can be then
written for each temperature, where only the constants which vary significantly

with each temperatures are included.

1 Ak  F R g
£ alg 7 8% T alg AT 142 7
T, %
14k -« LA 14 I4c,idn
k ATy, mMBATw faAT, €aT, P 2T,
Tf,Tg
_BE(AR 1,2e_L.__),
Am, 1+19° 2o T,
L 2k, . L 42
k ATy P ATe °
T Tg
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The total temperature coefficient cannot be easily stated since none of
the separate temperatures (graphite, fuel and coolent) are representative of a °
single reactor temperature (as would be the case in a homogeneous reactor). The
temperatures are all related to the power of the reactor, however, (assuming
constant coolant flow and inlet coolant temperature) and it is sometimes useful
to define a power coefficient of reactivity as follows:

4

ar dk am dk
o, &g+ '&%"’ X
?Tg dP ¥ Ty i LR

&l&
i
wir . -
wir

i
k

%}%

(6.2.7)

The power coefficient is more conveanlent to use in reactor operation
since the power is measured directly whereas the individual temperatures are often
not measured. Usually, the power coefficient 1s determined from operational exper-
ience in the reactor and once known can be correlated with the temperature coefficient
if the temperature-pover relationships are known.

6.2.1 Graphite Temperature Coefficient of Reactivity |

The average graphite temperature coefficient is given in Equation 6.2.4.
The terms involving M , £ and L© involve variations in thermal cross sections ’
of the various reactor materials with neutron energy. Since the graphite is
the principal moderator in the reactor its physical temperature determines to a
large degree~the temperatures of the thermal neutrcns in the reactor. (As is
shown later the coolant temperature also plays an important role in determining
the neutron temperature). For the simplest model, then, of & Maxwellian thermal
flux distribution, a characteristic neutron temperature can be defined which is
e function of Tg (and Ty). : '

4Tn = Tn (Ts, Tw) . (6:2- lol)

In general, the neutron temperature will vary over the lattice and
its caelculation is exceedingly complex. The approximation used in the MOFDA and
FLEX physics programs has been described earlier (See Section 2.)s

The 7)- coefficient is simplest to calculate since it involves at
most only two regions of the lattice cell (the two fuel regions). The following
egtsxations illustrate the form of the # -coefficients for the simple case where
Ued i the only thermally-fissionable isotope present.

Y5555

1 , —— Vs . (6.2.1.2)
Ns,rras + NB o a8 1+ 5 + E@_?‘a;a_
N5 & 25
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M .1 9q Omy 1 Ty) [On dus , ON_ ams
5T =>n) - =t T
g 7 r, 1 “elr\d5 dITn  ?-dag n

(6.2.1.3)
+ ON dop.
oo £5 E_E: ;> .

VY is assumed independent of energy. The Westcott cross sections defined earlier
cah be used to obtain the variations of the cross sections with neutron temperature.
(The use of Westcott cross sections in % has the effect of teking into accgggt
epithermal absorptions as well as thermal ebsorptions in all isotopes (in U

only 1/v-law absorptions are included).

The averaged # -coefficient, 1/q7 AN/A Tg, es determined from
MOFDA calculations averaged over a graphite temperatiure range of 20 to_550 C and
with equilibrium coolant temperature and density (232 C and 0.82 gm/cm3) is
-1.0 x 102/9C in the reactor with green fuel and -5.4 x 10-©/0C in the reactor
with an average fuel exposure of 700 MWD/T. The coefficient is less negative for
t?e exposed fuel due to the positive temperature coefficient of the plutonium part
o .

The f-coefficient is not amenable to & simple calculation since
the knowledge of the neutron temperature and flux in each part of the lattice
cell is required. The calculation of the fine flux structure across the cell
requires the solution to the Boltzman transport equation. (The FLEX and MOFDA
codes emp%oy the P> approximation to the transport equation.) The same is true
for the L™-coefficient.

The averaged f-coefficlent, 1/f &f/ @ Ty, as determined from
MOFDA calculations under the same conditions as fog the 7 -coefficient, is
+6.4 x 10~5/0C in the green reactor and +6.2 x 1077/°C in the 700 MWD/T reactor.

2
2 4L 1
s Tg IT+ieps 18

-7.5 % 10~7/°C in the green reactor and -5.9 x 10-7/°C in the 700 MWD/T reactor.

The averaged LZ2-coefficient, -B

The variation in the Fermi age, T , with graphite temperature
arises from the fact that the neutrons have to slow down over & smaller energy
range as the neutron temperature increases. The coefficient is small and
positive and for a hetereogeneous reactor is difficult to calculate. For these
reasons it can be neglected.
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The graphite coefficients are summarized in Table 6.2.1.1.

Table 6.2.1.1

Average Graphite Temperature Coefficient Over 20 - 550 C
(For Bquilibrium Coolant Conditions)

700 MWD/T
~ Green Fuel Average Exposure
1/qn Ana 14 | ~ -1.0 x 107%/%  -5.k4 x 10-6/9¢
1/t Af/ A Tg +6.4 x ;0-5/°c +6.2 x 10-5/%
B AT/AT, negligible negligible
-%/(1 +1282) A 12/ 4 74 7.5 x10~1/% 5.9 x 10-T/%
1k A%/ ATg  45.3x1079/%  45.6 x 1075/%¢

’ It is of interest to note that the exposure dependence of the
graphite coefficient in the NPR is not as pronounced as that 0323 ed in the earlier
Hanford reactors. This result is due of course to the higher enrichment which
tends to lessen the plutonium effect, at least at the exposures considered here.

- The graphite coefficient i3 not a linear function of graphite tem-
perature. At low temperatures the coefficient is considerably larger than the
-averages given in Table 6.2.2.1 and at higher ‘temperatures the coefficient is less.
The integral graphite temperature reactivity effect is shown in Figure 6.2.1.1.
(§ee Figure C-k of HW-T1408 VOL2) es & function-of local graphite tempersture. The
slope of the curves is the differential coefficient 1/k dk/aTg. o

6.22 Coolent Temperature Coefficient of Reactivity

The coolant coefficient is given in Bquation 6.2.5. The
term involving € 1s related to the coolant density variation. The terms involving

7% , £, L, pand T are related to both the coolant density and temperature-
variations.

The € -coefficient is simplest to compute. Basically, what is
involved is & reduction in the shielding effect’'of the water within the fuel ele-
ment to the interaction of fast neutrons between the concentric fuel tubes.

The calculation of € is made by homogenizing the fuel, cladding and coolant inter-
nal to the fuel assembly, and calculating the collision probabilities for the three
fagt neutron groups described in Section 2.5.2 on the fast effect calculation.

In equation 2.5.1 for € , the quantities § ,Ny, N, Npo and Jy are all dependent
on the collision probabilities and hence the coolant density. The complete total

ECLSSFE) o
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Figure 6.2.1.1 is & plot of the integral graphite temperature coefficient and is
identical to Figure C-4 of HEW-71L408 VOL2.
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differential is not repeated here but the general expression for the ¢ -part .
of the coolant temperature coefficient is functionally as follows.

ae _&_%H_- 1 ‘1_&1__(_'3_6_ %_8_.,.22_ %F;c_e+. ) . (6.22.1)

1
e 4p, w € dTy

There is no exposure-dependence on the € -coefficient. The theoretical value of
the averagg value of this coefficient over the coolant temperature range is ~~
4+ 4 x 10"

The p-coefficient is also fairly straightforward, and again the
effect is related to the water density change primarily, although there is a slight
effect associated directly with the water temperature, which is connected with the
Doppler effect.

There are two distinctive water density effects on the resonance
escape probability. Firstly, the reduction of the water density makes the lattice
even more under-moderated and thus increase the importance of resonance capture.
Secondly, the reduction of water density in the coolant internal to the fuel element
decreases the effective resonance integral (lower surface-to-mass ratio) and thus
decreases the importance of resonance capture. Thus, the two effects are opposite

in sign; the former effect is dominant so the net coolant temperature coeffient of
P is negative.

The coefficient can be written in functional notation as follows:

~ %2 .12 ¢ 22 2RI }3
P '.rw P oPv 'iﬁ‘ p (,“u”w»r a’?fu a;:)’ (6.2.2.2)

o 122 .[1
SRRl R G, e

—
Lol | o
|5
i—/
>
H
—
jol
-
=
)
&"d
1)
ot}
-

(2'- 32\:.1; S_P.‘L.)_B 22 gy
P B,p dTw 08 ew -3?—; '
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The coefficient is quite insensitive to fuel exposure and is not
linear over the rating water density range in the N Reactor. The theoretical
value of 1/p ApiATw 18 ~7.8 x 10-5/C. The coefficient is seen to be quite large
vhich is indicutive of a fairly undermoderated lattice.

The behavior of the thermal utilization on coolant temparature
variation is much more complex then either that fore and p. There are several
distinct effects: .

1) Reduction of water density rgmoves poison rrom the lattice and dncreaees .
the cell disadvantage tactor

2) Reduction of water density reduces the cooling effect of the water on the neut-
ron temperatuni in the t‘nel vhich also decreases the cell disadvantage factor.

3) Increasing the vater tamperature mcmases the neutron temperature in the fuel
more than in the graphite. This reduces the absorptiveness of the uranium to
thermal neutrons which also decreases the cell disadvantage factor.

L) Increasing the water temperature and reducing the density increases the neutron
temperature in the water which reduces the poisoning effect of the water and also
decrergses the cell disadvantage factor.

Effect 1) and L) are positive and effects 2), and 3) are negative.

8ince the calculation of f first requires a calculation of the neu-
tron flux distribution across the lattice cell (disadvantage factor) and then a
computation of the relative absorptions in each cell region (See Equation 2.5,4.1)
and both these parts of the calculations depend on the cross sections, the functional
dependence of f on the water temperature ultimately reduces to just one of cross
section dependence vwhich in turn depend on the coolant temperature and density.
As a first approximation, only the uranium and coolant cross sections need be con-
sidered as changing enough to contribute to the coolant temperature coefficient of
f. In functional notation each of the four effects can be identified. Defining
T, end £, as the physical temperature and density of the coolant, respectively,

and. Oy’ ang. Oy as the neutron temperatures in the uranium and coolant, respectively,
the functional dependencies can be written as follows:

* For a simple uranium-grephite lattice the cell disadvantage factor is defined as
the ratio of the average flux in the graphite to the average flux in the fuel.
For the N lattice the concept of a cell disadvantage factor can be carried over to
represent the average flux in a homogenized region external to the fuel element
to the average flux in a homogenized region internal to the outer diemeter of
the fuel element. Thus, decreasing the cell-disadvantage factor can be pictured
as a flattening effect on the microscopic flux distribution across a lattice cell.
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tmf (Zau T aw *r00)s

Zou= Jou (O -+ 2,

Zow ™ Zav (f'w Oy +)s (6.2.2.3)
Oy = Oy (Tys P w, +*)s
Ow = By (tr;,, Pus vo0)e

Then, the total differentiasl is

ar Lf2f 22y ®u) (32 diu Hu afyl
&, WL, of, Ty Mu 2% pvw 4N
2

(6.2.2.4)

+

osu 0% I Mw 0y \ 0w v

=

{_?_iénb_eﬂ +§.1£?_£_.‘!_(3_9.u_+.3_2£ %)
Tw
3 )

¢
vhere subscripts on the curly braces refer to the four effects described earlier.

The coolant temperature coefficient of f is a function of fuel
exposure since plutonium and uranium have different temperature dependences in
these cross sections. Also, the coolant temperature coefficient of f is dependent
on the graphite temperature. For cold grephit green fuel the theoretical
average coolant temperature coefficient 1/¢ %S_T__ is +1.3 x 10"5/°c. :

W

The behavior of # with coolant temperature is connected solely
with the effects on the neutron temperature in the fuel, thus

. "7'7)(01).):

bu = e, (Tw: P ws Pi cees) ’ (6.2.2.5)
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The coolant temperature coefficient of // is also exposure-d.ependeht

and a function of graphite temperature. For cold graphite and green fuel the theo-
retical value of 7 a » 18 =b.9 x 10"2/

The variation in T, with coolant temperature is linked with the
decreased moderating effect as the coolant density is reduced. Thus, the age
vill increase as the coolant is heated. There is also the same effect discussed
earlier with respect to graphite temperature, and that is that as the water tem-
perature is raised, the general neutron temperature is raised and hence the neu-
trons have to slow down over a smaller rsnge to reach thermal equilibriam This
latter effect is negligible, hovever. The calsulated T-coefficient -B T7a T
for cold graphite and green fuel is -5.6 x 107°/%.

The veriation of L2 with coolant temperature arises from hoth a
reduction in coolant density which removes neutron absorbers from the lettice and
an elevating of the general neutron temperature which reduces the over-all absorp-
tion cross ection and allorw the neutrons to diffuse longer. The calculated average
value of -B (l + LEB / & T, for cold graphite and green fuel is
-3 x 10-6/%¢.

The green fuel, cold graphite coolant coefficients are summarized
in Table 6.2.2.1.

Table 6.2.2.1

Theoretical Average Coolant Temperature Coefficient

Over 20 - 230 C

(For Cold Graphite, Green Fuel)

1 4n -4.9 x 1075/0
3 4T, k.9 x 1072/
1l 26 - -6 /0
o, L x 10°°/"¢c

1l ap =5 /0
p 2T -7.8 x 1077 /%¢
FI T, +1.3 x 10 5/°C
g2 4t ~5.6 x 10'6/°c

ATy —
521 + 1292)"1 AL -3 x 106/
o BEELASS lFlE“

i 9——5 ad . -5 o
T 2T, 11.7 x 1072/°c
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The total coolant coefficient can be expressed as a sum of two -
terms one relating to temperature alone and one relating to density alone. This
allows a coﬂarison with an experimental determination of the coolant density
cosfficient™. The theoretical breakdown for the green fuel, cold graphite,
gcoolant coefficient is

-9.1 x J;o's/c (Temp. only), and
+3.1 x 10°2/g-cn®  (Density only).*

experimental coolant density masuramentala

indicate
+Ht.6 x 10'2/g-cmgbznensity only)

Assuming the experimental result is closer to being correct then
the theoretical result, the total coefficient in terms of the temperat variable
(meking no correction on the temperature-alone part) becomes -13 x 1072/°¢C
for the cold graphite, green fusl case insteasd of -11.7 x 109/%.

6.2.3 Doppler Coefficient of Reactivity

The Doppler coegicient has been measured for a prototypical N
fuel element in the dry lattice® . The temperature range of the experiment was
297 K to 1241 K (24 C to 968 C). The measured change in ko, was (T in 9K).

Alkg (T) = -(1+ 0.06)10'3i (1.790 + 0.006)(z11/2-153/2) +

‘ (6.2.3.1)

0.810 _+_ 0.003 U (T4 - 960)+(0.569 + o.ooa)u(m1-1090)§
The unit functions U(T1-Tj)= 0, Ty & Ty
1, T47 T3
are introduced to describe the change observed in koo due to the volume expansiocns
when theec» # and £-» 7 phase transformations were passed through. ' These are not
part of the true Doppler effect. - A
Over the N-Reactor fuel temperature range of 20 - 380 C, one can

obtain from the above expression and the experimental value of p for the dry lattice
(0.717) the temperature coefficient of the resonance integral RI.

1 d(RI - -4 (6.2.3.2)
[RIO aé——)-]ave 1.24 x 10" /¢

¥ Note that the sign of the density-only coefficient is given as positive; the den-
8ity coefficient is negative, however, since the water density decreases with in-
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Assuming that the resonance integral temperature dependence is not grossly
changed in the wet lattice and using the wet lattice p_ve values, one cbtains

L =0 E San oS
Lk m.5x107" (T+273)"Y/2/%C | . (g 44 %). (6.2.3.3)
x T, |
The integral of 6.2.3.3 is plotted in F 6.2.3.1. The average coefficient

over the range 20 - 360 C is -2.3 x 10°2/C.

6.2.4 Operating Reactor Temperature Coefficients

A separate description of the temperature coefficients in terms
more meaningful to the operator of the reactor is given below. The temperature
coefficients are separated as follows:

Moderator Temperature Coefficient related only to effect produced by & change

in graphite Emrﬁm Most usefully defined for coolant and fuel already
at equilibrium temperatures. '

b) Water Temperature Coefficient related only to the effect of a change in
iniet wa%er temperature. Includes effect of metal heating (Doppler) caused
by the vater temperature change, the effects due to any density changes

associated with the water temperature change and the neutron spectrum effects
associated with changing water temperature.

c) Power Coefficient related to effect of sdditional fuel heating as reactor
1s brought to power and effect of increasing the average water temperature
through the reactor ~ in other words, the corresponding change in water A T.

Theoretical differential coefficients (MOFDA) are given in Teble 6.2. lh:l. for cold
and tsxot gonditions Complete curves are shown in Figures 6.2.3.1, 6.2.k.1, 6.2.4,2
and 6.2.4.3.

Table 6.2.4 ol
N Reactor Temperature Coefficients - %ratiml

Coefficient Gola Green Hot _ Gold T00 MWD/T Hot
Moderator (mk/C) ' +0.105 +0.023 +0.105 +0.031
Wwater (mk/C) | -0.150 =0.150 -0.120 -0.130
Powar (mk/MW) -0.003' : -0.003 -0.00265 -0.00265 .

The curves in Figure 6.2.4.1 depict the reactivity behavior with
coolant temperature which would be characteristic during & reactor startup. Under
zero power conditions the coolant inlet temperature is equal to the average coolant
temperature. The curves in Figure 6.2.4.2 are representative of the reactivity
effect of verying the coolant inlet at full reactor power, and in this case the
average coolant temperature would be approximately the mean of the in:ht and out-

let temperatures; the outlet being 105 C hotter than
T ' EEL&SSTFIHI
5‘7 YL 730 -
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Figure 6.2.3.1 is & plot of the :I.nthggnl Doppler coefficient and is identical to
Figure C-7 of HW-T140B VO '
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Figure 6.2.4.1 1s a plot of the integral coolant temperature coefficient for zero
pover and is identical to Figure C-5 of HW-T1L08 VOL2.
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Figure 6.2.4.2 is a plot of the integral coolant temperature coefficient for full
pover and is identical to Figure C-6 of HW-71LO8 vOL2.
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6.3 Exposure-Dependent Effects

The reactivity etﬁg&ts assogﬁted with exposure include the effects of
u235-depletion, Puc39, pu Pu“*.formation, and fission product formation.
The net reactivity effect of U 5 -burnout and plutonium formation is positive

in spite of & less-than-one-for-one replacement of fissionable atoms by the
conversion process. Thég increase ”"%535&"“‘ the higher fission cross section
and neutron yield of Pu' 9 compared to « The net exposure effect, including
fission products, is negative, however. The following sections deal with the
various exposure-dependent effects on reactivity.

6.3.1 Long Term Gain (Cold)

The effects of plutonium formation, U235 burnout and fission pro-
duct formation (other than xenon and samarium) ére for present purposes combined
into one effect, called the long term gain. The long term gain is given most
simply for the cold reactor, since it is usually convenient also to include exposure
effects in the temperature coefficients. ‘ '

Baged on cbservation of long-term reactivity effects in the present
Hanford reactors, the cold long term effect is positive in natural uranium fuel up
to an exposure of 550 MWD/T. In N Reactor, the higher fuel enrichment will tend
to decrease the long term gain, but the harder neutron spectrum will be a compensating
factor. Calcuktions based on U37-depletion and plutonium formation and assuming
an average cross section of 50 barns for fission products (other than xenon and
samarium), indicate & cgld, long term reactivity gmin to an average exposure of
700 MWD/T of ~ 2 x 1073, '

6.3.2 Xenon Poisoning

After a reactor startup, xenon poisoning reaches its equilibrium
value after an incremental exposure of 30 MWD/T (2.5 days). After reactor shut-
down, the xenon poisoning initially increases, due to the decay of the precursor
iodine~135, then decreases and eventually decays tq.zero. A typical startup and
shutdown xenon transient is shown in Figure 6.3.2.1 for an average fuel exposure
of 700 MWD/T. The, exposure dependence of the operating xenon poisoning is shown
in Figure 6.3.2.2." The equilibrium xenon in N Reactor will be worth 2.7 to 3.1% 4 k/k.

6.3.3 Samarium Poisoning

Samarium-149 poisoning reaches en equilibrium vaelue of about
6.5 x 10"3 A k/k at 100 MAD/T exposure. After each reactor shutdown, the semarium
poisoning increases due to the decay of its precursor promethium-149. The equili-
brium velue is regained by the time &n additionsl exposure of 100 MWD/T is reached
after each startup. The equilibrium samarium is shown in Figure 6.3.2.2 %s a
function of fuel exposure. The cold reactor samarium defect is 6.7 x 10-3 Ak/k.

6.3.4 Neptunium Holdup

Calculations of the reactivity gains in a reactor due to plutonium
buildup usually essume instantaneous formation of plutonium. The fact that the
formation of plutonium-239 is delayed through the 2.33 day, beta-decay of '
neptunium-239 makes it necessary to correct the calculated reactivity gains.

This is most conveniently done by assigning a reactivity "loss" for the neptunium

¥ Figure C-B of 'nw'-"'zmm' VoL2. “EEL ASSIHEH
** Figure C-9 of HW-T1 vorL2. - _
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Figure 6.3.2.1 is a plot of the xenon transient end ie identical to Figure c-8
of HW-71408 voL2.

DECLASSIFIED




| [ " -85~ HW-76206-RD

Figure 6.3.2.2 1s a plot of Fission Product poisoning and neptunium holdup in N
Reactor and is identical to Figure C-9 of HW-T1408 voL2.
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holdup effect. The neptunium holdup reactivity defect at equilibrium is atout
4 x 103, The equilibrium neptunium holdup effect is shown in Figure 6.3.2.2
as & function of exposure.

6.3.5 Over-all Long Term Reactivity p'ffecfs

For additional clerity, two set of curves are given of the total
exposure-dependent reactivity variation. (See Figures 6.3.5.1 and 6.3.5 é%g*
Neptunium holdup, samarium poisoning, other fission product poisoning, U<57
burnout and plutonium buildup are all included. The exposure dependence of
xenon poisoning is included, but not the initial,green 3.1 per cent A k/k loss.

The curves give essentially the reactivity transient the reactor would experience
after a startup and equilibrium xenon and temperature had been reached.

Figure 6.3.5.1 is for & uniform exposure. Figure 6.3.5.2 is for a "mixed" exposure —
that is exposures running uniformly from zero to goal. The abscissas in the

figures are to be interpreted as follows: in the uniform exposure case, the goel
exposure is equal to the plle-average exposure. In the mixed exposure case, the
plle~average exposure is assumed to be about half of the goal exposure. The

latter probably more -:losely represents the most likely charging and discharging '
scheme. The hot-pile, over-all, long term effects are also given in Figures 6.3.5.1

and 6.3.5.2 thus indicating the exposure-dependence of the net temperature coeffi-
clents.

6.4 Over-all Reactivity Chenges

The preceding discussion in Sections 6.2 and 6.3 enables an estimate of
the reaciivity requirements and transients to be made. The estimated breakdown for
the green reactor and the reactor with an average fuel exposure of 700 MWD/T are
showvn in Table 6.4.1.

ZTable 6.4.1
Estimated Reactivity Breakdown®

Fuel Exposure (Average)

O MWD/T 00 MWL/T
Xenon =3.1% -2.8
Semarium (cold) ' ' 0 -0.674
Neptunium (cold) 0 -0.38%
Long Term Gain (cold) 0 +0.2%
Temperature Coefficients
Doppler -0.8% -0.8%
Coolent nEELASS,F,E" -2.84 -2.3%
Modereator +2.8p +3.0%
k, Cold (Xenon-Free) 1.059 1.050
4 k/k, Cold to Hot o -0.8% =0.1%
k, Bquilibrium 1.020 1.021

EAK/k unless ntharvise indicated.
#8ee Figuree C-10 and C-11 of EW-71H0B VOL2. ~




-
s

uepT ST pums
dx moirm. ﬁgAﬁgﬁLuuM% Jm“ SUOLTTR-I040 $T3 Jo 30T¢ 9. €F T
saansodxe ,

nf

| o -lg- . l
qQu-9029.L~MH ‘ - .




] -88- nw‘;76206-n;3

6.5 QOperational Reactivity Transients

- The various temperature and exposure reactivity contributions have been
combined to determine typical reactor startup and shut down reactivity transients.

6.5.1 Reactor Startup Transients

Typical reactor startup reactivity transients are shown in
Figure 6.5.1.1 for the green reactor and the reactor with an average fuel exposure
of 700 MWD/T. The curves are for an "infinite"outage. The green, infinite-outage
startup transient should represent the most extensive case insofar as excess reac-
tivity is concerned during a startup.

The startup procedure assumes operation at ten per cent power
(OO MW) for the first two hours in order to bring the cooleant inlet temperature
up to the design value of 185 C. Thus, the initial negative transient is due to
vater and uranium heating. It is anticipated that the rise to full power will be
accomplished at a rate of about 100 Mi/min. Further uranium and coolant heating
plus graphite heating and xenon buildup contribute to the transient durig this
period. A peak power level, called turnaround, is reached approximately five hours
after startup. At this time the full temperature effect has been attained, and
the reactivity loss beyond turnaround is due to further xenon.buildup.

The infinite-outage stertup transient curves indicate that the maxi-
mum excess reactivity during the startup and operation is the cold, xenon-free
reactivity. This differs from the present Hanford reactors where the "turnaround"
level for an infinite-outage startup is higher than the initiel cold, clean reac-
tivity level. '

Even if the reactor were scrammed at "turnaround", the {mmediate
reactivity effect associated with cooling down of the fuel and coolent would not
result in an excess reactivity beyond that for the cold reactor.

6.5.2 Normel Shutdown Transient

‘ Typical reactivity shutdown transients are given in

Figure 6.5.2.1 for the reactor loaded with gre: n fusl and fuel at en average
exposure of 600 MWD/T. The initial equilibrium reactivities shown ere
those espected with 0.947 per cent enriched fuel — actuslly the reactivity
carried in control rods at equilibrium (equilibrium excess reactivity) will be
nearer one per cent, so the entire set curves can be moved down about one per

- cent. To be consistent with startup transient (Figure 6.5.1.1) the reactivites
are shown as they are expected to be with the full 0.947 per cent enrichment.

The assumed power reduction in Figure 6.5.2.1 is 2-1/2 per cent

L per minute. The initial small reactivity peak is due to the initial cooling
of the fuel and coolant. Following the initial rise in reactivity is a decrease
for about an hour &as the graphite cools and xenon builds up. During this period
the primary coolent system pressure is reduced and the average coolant temperature
is held constant at about 338 F. Further cooling of the coolant and graphite
to shutdown temperature (100 F) and further xenon buildup produces the transient
shown between 1-1/2 hours and ten hours after starting down. After ten hourse,
the Xenon decay becomes predominant and the reactivity increases to the cold pile
valuesof 5.9 and 5.0 per cent respectively for the green and ripe cases.
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Figure 6.3.5.2 18 a plof of the over-all long term transient for mixed exposures and
is identical to Figure C-11 of EW-T71408 vOI12.
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Figure 6.5.3.1 is & scram transient and is identical to Figure C-13 in HW-T1408 voL2.
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6.5.3 8cram Transient

If the reactor is shut down from equilibrium by the scramming

of the horizontal safety rods, the short-time behavior of the reactivity transient
depends on the strength of the rods inserted. Several scrar transient curves ara
given in Figure 6.5.3.1 (8ee Figure C-13 of HW-71LO8 VOL2). The rise following the
’ initial reactivity decrease in each case is due to cooling of the fuel and coolant.
The curves in Figure 6.5.3.1 (unlike the other transient curves) are plotted inr
terms of the reactivity of the reactor -~ that is the sum of the lattice reactivity
and the reactivity e#ect of the rods. It is seen that nearly the full worth of
the rods is obtained at about 1.3 seconds after the time the master safety circuit
breaker operates.

6.6 Accidental Reactivity Changes

6.6.1 Loss-of-Coolant Reactivity Effect

The N-Reactor lattice is fail-safe upon loss of coolant. That
is, the dry lattice is less reactive than the wet lattice. The primary loop coclaat-
loss reactivity effects for the green and ripe reactor are giv B in Table 6.6.1.1.
Tne value for the cold, green reactor is an experimental value™<; the others are
theoretical values normalized to the experimental value.

Table 6.6.1.1
Loss_of Coolant Reactivity Effect (Ak/k)

Condition Zero Exposure 700 MWD/T

Cold Lattice -6 .09 -€.1%
Hot Lattice -T7.5% -7.3%

6.6.2 Lattice Flooding

The NPR has an undermoderated lattice, and as Just discuesed;, loss .

of coolant  results in & reactivity loss. Ccnversely, addition of more moderator
to the lattice may result in an jincrease in reactivity. The effect of core-floding
has been analyzed theoretically<’., 1In the analysis, the lattice was progressively
flooded with water in a favored (low thermal flux) position and the maximum reac-

. tivity increase determined. Such an investigation should estatlish an upper bourd
for the effect. The calculated maximum Ak/k for flooding under verious lattice
conditions are given in Table 6.6.2.1.

| e ECUSSFE

Flooding Reactivity Effect (Meximum)

Condition (All for (reen Fuel) Ax/k
Cold Graphite, Hot Uranium and Water + 0.25%
Equilibrium Power +2.29

"
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6.6.3 Cold Water Reactivity Effect

The N lattice will gain reactivity when the density of the coolant
water is increased. This reactivity effect has been calculated to be a8 maximum
of 3.6 per cent in the hot reactor lattice at equilibrium power and for green
fuel®?. Values for other reactor conditions are given in Teble 6.6.3.1.

Table 6.6.3.1

Cold Water Reactivity Bffects (Maximum)

Condition (All for Green Fuel) ' , ' ALk/k
Zero Power (Cold graphite, hot uranium and water) + 3.1%
Equilibrium Pover ‘ + 3.64

T, Re_actor Control

T-1 Introduction

In contrast to previous Hanford reactors, N Reactor has only one rod system,
combining safety and control functions. The rod system is horizontal. Because
of higher power levels, higher graphite temperatures and design flexibility charac-
teristics, all requiring additional control strength and adjustability, more rods
are provided at N than at the older reactors and, because of space limits, the rods
will enter ‘the reactor from both sides. Also, the recirculation or primary coolent,
at high temperatures and pressures, makes the use of temporary poison columns highly
inzonvenient thereby creating en additional demand on control rod strength end flexi-
bility over previous reactors.

The backup control system in the N Reactor 1s a vertical ball system.
This system 1s independent of the horizontal rod system and provides capacity to
control any credible operating or disaster reactivity situation.

T.2 Control Philosophy

The philosophy of reactor control and safety in the Hanford reactors
had its origin in the days of th: Menhattan Project. The original philosophy
has satisfactorily stood the test of time and has carried on through the years
with few changes. It was only natural, then, that the initial thoughts with
respect to reactor control and safety for the NPR followed closely the tradi-
+tional Hanford philosophy.

DECLASSIFIED
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T.2.1 Operational Control Criteria

The operational control system must meet the following requirements:
1. Adequate strength to maintain the reactor subcritical under all normal operating
and shutdown conditions.

2. Adjwtment at rates fast enough to override all normal, coperational reactivity
transients &nd to minimize delays at startup. However, the system must be
limited to its withdrawal rate to that rate which, in coincidence with simultan-~
eous failure of the Primary Safety System, would not result in fuel melting.

3. Precision positioning and movement to permit establishing and maintaining the
reactor pover level within desired limits.

k, 'Adéquacy of geometrical coverage and flexibility to permit attaining adequate
power-flattening efficiencies and satisfactory control over spatiel power cycl-
ing.

T.2.2 Safety Control Criteria

There must be two safety control systems. One of the systems,
depending on the nature of the accident, is to provide the primary protection;
the other, then, will function as a backup. The safety control systems must
meet the following requirements:

1) Both primary and backup system must have adequate strength to
maintain the reactor subcritical for all credible® accidents at least until the reac-
tor is damaged beyond repair as a result of the causative accident. Beyond this
point the inserted safety control system or systems are required to maintain control
only to the extent that the consequences of the incident are no worse than those
vhich would result from the causative accident alone.

2) The primary system must have speed of control insertion adequate
to () 1limit a power excursion from credible accidents which would in themselves
result in damage, (loss of coolant, for example,) to one of & magnitude such that
the ultimate consequences of the excursion are no worse than those which would have
resulted from the causative accident alone, or (b) limit a power excursion from other
credible accidents (such as fast rod withdrawal)to one of a magnitude such that no
damage beyond mild fuel stressing will result.

The backup system must satisfy criterion (2) except it is required .
to prevent fuel melting instead of fuel damage.

T-2.3 Backup Philosophy

The purpose of a backup safety system is to provide safety pro-
tection in theevent of a failure in the primary system. There shall be no
intent in design to permit the removal of one ¢r part of one of the safety systems
from service on the premise that the backup system is in service and will act if

ks DECLASSIFIED

* Credible accidents exclude acts-of-war, sabotage, and large falling obJjects;
earthquakes which are severe enough to prohibit entry of poison from both

safety systems are also considered incredible. ‘
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Each safety system must back up the other system for as meny failure
and accident conditions as possible. There may be certain accidents, such as a
severe earthquake, in which one system is disabled, rendering it useless in either
a primery or backup caeracity. Therefore, the two systems shall be different in
design, if possible, to reduce the probability of both systems being disabled by
one accident.

Both safety systems shall be activated by automatic trips as well
as by manuel trips. The two safety systems shall have independent drives. It
is desirable that they also take their activating signals from independent
cireuite. If common sensors or common circuits are used in the two safety systems,
the reliability of these common elements must be high enough to yield an operational
fault rate which is commensurate with that obtainable under & wholly-independent
arrangement. ‘ '

The degree to which the control systems meet these criteria is dis-
cussed in later portions of this section.

7.3 Horizontal Control Rods

The worth of individual control rods and the strength of the entire HCR
system in N Reactor will only be known eccurately after reactor startup tests have
been completed. However, laboratory measurements of the N rod system in various
configurations and theoretical calculations of the rod strengths have been madela,zh

T-3.1 Control Strqupha

The experimental determirstions for the N Reactor control strengthe
consisted of determining the cold-reactor, control effectiveness of a single rod and
of six rods arranged in the proper spacing in an exponentiael pile. Using the same
theoretical methods which were used to calculate the control strengths in the N
Reactor, itself, the exponential pile results were correlated with theory. The
observed relationship between calculated and experimentel values in the exponential
pile was then used to establish most probable values for the control strengths in
N Reactor under various operating conditions. The results of this normalization
are listed in Teble 7.3.1. The calculations are described in Reference 26.

; The local control strengths of the control rods included in the
table are defined as the change in buckling of a region with a cross sectional
area of 1150 in.2 (32 in. x 36 in.). The migration areas listed gre“those used
to derive the reactivity effect by the relationship z&k/k = ABM®. The full-
pile strengths are lower than the locel strengths due to incomplete coverage of the
reactor core with control. rods. The lower values in each case represent an extrapola-
tion from the six-rod exponential measurement, whereas the higher velues are derived
from the single-rod exponential measurement. The difference is probably due to
the difficulty in exactly duplicating boundary conditions in calculating the effect
in the reactor; the true value probably lies nearer to the lower value.
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Table T7.3.1

Most Probable Tontrol Stre S
Horizontal Rods

é::-::gn:ml Most Probag‘]t;%a?eacmr Stﬁ:ﬁﬁtmal
Reactor Condition 452—41‘31 Me(cm2) AK/E(%) AK/EE)
Cold Reactor 170-213 120-133 640 7.7-8.5 7.0-8.3(‘1)
Hot Reactor 165-205 118-131 T10 8.4-9.3 7.7-9.1
Cold Reactor Floodea >} 205-245 131-140 409 5.4-5.7 5.1-5.6
Hot Reactor Flooded(P) 200-238 130-138 479 6.2-6.6 5.9-6.5
Hot Reactor-Cold Water 170-213 120-133 647 7.8-8.6 T.1-8.h
Maximum Accident(c) 205 -245 131-140 116 5.4u5.8 5.2-5.7

(2) Lower value represents extrapolation from six-rod exponential pile measurements;
higher value from single-rod exponential pile measurement.

(b) Flooded to extent that maximum reactivity is achieved. Rod strengths {ful1 reactor
will continue to decrease beyond "optimum" flooding but poisoning due tc water
exceeds the loes in control strength beyond point of optimum flooding.

(c) Optimum flooding combined with cold water injection in hot reactor.

(d) Lower value celculated with streaming correction on neutron free path; higher
value with no streaming correction. ’

7.3.2 Msximum Worth of Single Rods or Groups of Rods

One-dimensional, three-group diffusion theory calculations
have heen made to determine the worst flux distortion under which rods maey be with-
drawn® . Two separate cases were studied. In each case, all rods were assumed
inserted except for a single bank of rods (in N Reactor there are 1l rod benks).
Withdrawing an entire center bank (nine rods) would result in an increase of about

- three per cent A k/k. Withdrawal of an entire outermost rod benk (six rods)

would result in an increase of 2.5% A k/k. Withdrawing two adjacent banks
theoretically could result in reactivity increases of six per cent anmd 4.3 per cent
for central and outer rods, respectively. With normal hydraulic system action,

the maximum reactivity withdrawal rate is U4 per cent per minute which corresponds
to pulling two adjacent outer rod banks (12 rods) at the maximum rate.

7.3.3 Struck Rod Limit

In order to determine a failed (or stuck, or OFF) rod limit,
it is necessary to first define the maximum reactivity condition which the rod
system alone i expected to control. This is defined as the condition attained
either under hot graphite, xenon-free, optimum-flooded conditions, or under hot
grephite, xenon-free, cold-water-injection conditions, but not both.

IECLISSFE g
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The calculation of & failed-rod limit was simplified by
conservatively assuming that the falled rods were centrally located, adjacent to each
other, and in the region of maximum flux. A one-energy group, multiregional buckling
calculation was used to delermine the lattice material buckling at which the reactor
would be Just-critical with various numbers of rods out of service. It was found
that three adjacent rods could be removed from service while maintaining the reactor
subcritical under either accident assumption. The failed-rod limit, has, therefore,
been set at three. If four or more rods fail to reach their 75 per cent limit
switch within 1.5 seconds after a safety circuit trip, these failed rods are backed
up by an automatic drop of balls in the rows in front of and behind each failed
rod. : :

7-% Ball 3X System

T.-4.1 Control Strengths

Exponential pile measurements and calculations have been performed
to determine the strength of the Ball (3X) %%?ety System using techniques similar
to those used for determining rod strengths:” The results are given in Table T-4.1.

Table T.k.1

Most Probable Control Strengths

(Ball 3X)
| g:;:gggggtr°1 Full Reactor Strengtn®
Reactor Condition AB°(Ab) 2B2(b)  _ MP(cn®)  Ak/k(%)
Cold Reactor . 117-138 J_.oh-lzo 640 6.7-7.7
Hot Reactor 108-132 96-116 710 6.8-8.2
Cold Reactor Flooded®  14k-165 125-150 409 5.1-5.7
Hot Reactor Flooded? 135-159 118-135 k79 5.6=6.5
Hot Reactor Cold Water 117-138 104-120 647 6.7-7.8
Maximum Accident® 14L-165 125-140 416 5.2-5.8

& Lower value represents extrapolation from six-channel exporential pile meesure-
ment; higher value from single-channel exponential pile measurement.

b Flooded to extent that maximum reactivity is achieved.

¢ Optimum flooding combined with cold water injection in hot reactor.

7.4.2 Inoperable Ball Column Limit

An "out-of-service Ball 3X hopper limit" has been determined in the
same way as the failled-rod limit. A total of four ball hoppers mey be locked
out while still maintaining Ball (3X) Safety System Capacity to drive the reactor
subcritical under either the cold water or flooding accident conditions.
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T.5 Total Control Considerations

The operational control criteria and part of the safety control criteria
are re-statements of the Hanford Total Control Criterion. As far as the operational
control criteria are concerned, the horizontal control rods have adequate strength
in the operating reactor (minimum of 7.7 per cent A Xk/k cold) to control any fore-
seeable transient. The cold, clean, green reactivity with 0.947 per cent enriched
fuel is 5.9 per cent. For ripe fuel, the cold, clean reactivity is 5.0 per cent.
Thus, the cold reactor shutdown margin with the control rods is at 2 minimum
1.8 per cent A k/k. Actually, the resctor fully enriched with 0.047 per cent Y232
fuel is expected to have an excess reactivity at equilibrium about one per cent
higher than needed (if the temperature coefficients are correct), and an effective
enrichment reduction by the use of natural uranium columns will then be employed
vhich will reduce the cold excess reactivity of 4.9 per cent. This would serve
toincrease further the shutdown margin. : -

'The more restrictive criterion is the one dealing with adequacy of control
over various accident conditions. The first safety control criterion states that
either control system must be able to maintain the reactor suberitical for all
credible accidents®.

The shutdown margins for both the horizontal rod and Ball 3X systems
for a number of reactivity stiates are given in Tables 7.5.1 and T7.5.2.

It is seen that either safety system is able to maintain the reactor sub-
eritical under all credible conditions. A simultaneous cold water accident and
optimum flooding incident resulting in a five per cent increase in reactivity (which
is considered incredible) would result in & reactivity state outside of the strength
of the horizontel rods. However, assuming & Just-critical state prior to the postu-
lated accident, the shutdown margin of the Ball 3X system would be positive even
for this accident.

7.6 Speed-of-Control Considerations

The second safety control criterion is a restatement of the Hanford Speed-
of-Control Criterion. Since the water-loss accident in N Reactor does not result in
a rapid increase in reactivity as is the case in the present reactors, the accident

* The qualifying clause "at least until the reactor is damaged beyond repair, etc." is
included to make it unnecessary to mairtain subcriticality beyond the point when
the consequences of the accident would not be increased significantly even if the reac-
tor did go supercritical. Such is the case in the present Eanford reactors for the
water-loss accident. When the reactor has heated sufficiently from fission product
decay heat to render it no longer possible to re-establish cooling, there is no
real point in being concerned about & delayed-critical state since & meltdown is
inevitable. Going supercritical would only hasten the meltdown with no significant
increase in fission product inventory or fission product release probability. The
situation at the N Reactor is slightly more complicated. Even if flow cannot be
re-established in the process tubes, accident severity is minimized by operation of
the moderator cooling system. Supercriticality during operation of this system would

S . DECLASSIFIED
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Table 7.5.1

Shutdown Margin - Horizontal Rod System

Excess Lattice Minimum Probable Shutdowg
Reactor Condition Reactivity % 2 Rod Strength % Margin %
Cold, Clean, Green k.9 I X 2.8
Hot (Turnaround)® 3.3 8.4 5.1
Hot (Turnaround)® 6.9 7.8 0.9
Plus Cold Water ‘
Hot (Turnaround)® 5.5 6.2 0.7
Plus Flooding
Hot (Bquilibrium) 1.0 8.4 7.k
Hot (Equilibrium) 4.6 7.8 3.2
Plus Cold Water '
Hot (Bquilibrium) 3.2 6.2 3.0

Plus Flooding

a Adjusted to give one per cent excess reactivity at equilibrium.
b Assuming no other control poison in the reactor.
¢ Ripe - 700 MWD/T average exposure.

2 DECLASSIFIED

Shutdown Mergins - Ball 3X System

Excess Minimum Probable Shutdown
Reactor Condition Reactivity 4% Ball 3X Strength (%) Marginb
Cold, Clean, Green 4.90 6.7 1.8
Hot (Turnaround) o 6.8 6.8
Hot (Turnaround) ' 3.6d 6.7 3.1
Plus Cold Water a
Hot (Turnaround) 2.2 5.6 3.4
Plus Flooding
Hot (Equilibrium) ot 6.8 6.8
Hot (Equilibrium) 3.6% 6.7 3.1
Plug Cold Water a
Hot (Equilibrium) 2.2 5.6 3.4
Plus Flooding
Hot (Scram Recovery) 5.1 6.8 1.7

a Adjusted to give ~/ one per cent excess reactivity at equilibrium.

b Assuming no shadowing due to control rodsalready lnserted. Assuming no rode
already inserted are ejected.

¢ Lattice excess reactivity. No control rods or other poisons inserted.

d Pille excess reactivity. Sufficient control rods in reactor to maintain reactor
Just critical at equilibrium or turnaround.

e Assumes all horizontal rods are withdrawn to meake & scram recovery, reactor is
serammed with Ball 3X and cools to xenon-free state.

.
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governing the response of the safety systems is one associated with rod-withdrawal.
Since the horizontal rods combine both operational and safety functions, the
limitation on withdrawal rate specified in the operational control criteria can
also be included in this discussion.

There are two degrees of accidents involved and the allowable consequences
differ for each. Firstly, there is the case where the control rods are withdrawn
80 a8 t0 result in the maximum possible reactivity ramp and the reactor is auto-
matically shut down by a safety rod scram (primary system). In this case,
the speed of shutdown should be fast enough to limit any damege to mjld fuel
stressing only — definitely no boiling or fuel melting should occur. This may
at first appear to be a much more demanding requirement on the primary safety
system than is required in the older Hanford reactors. However, the possible
reactivity insertion rates (poison withdrawel rates) in N Reactor are so much
smaller than that possible from coolant loss in the older reactors that a "no-boil-
ing criterion actually is less restrictive than the no-melting criterion in effect
in the speed-of-control interpretation in the present reactors. (As will be seen
later, the major factor in this result is the strongly-negative prompt temperature
coefficient in the NPR).

Secondly, there is the case where the control rods are withdrawn at their
maximum rate (or reactivity is added by some other means — cold water accident,
for example) and the primary safety system (safety rods) fail to enter the reactor.
This is a more improbable accident (two failures or accidents are required), and
the requirement that the backup system response must meet is set at no fuel
melting. No fuel melting in this case means no uranium melting.

In order to assess the degree to which the safety systems meet both these
speed-of-control requirements, it is first necessary to consider the sources and mag- .
nitudes of the reactor excursions. Then, particular excursions are examined to
determine whether the criteria are indeed satisfied.

7.6.1 Reactivity Sources

The principal accidental sources of positive reactivity are lg core
flooding, 2) cold water insertion during equilibrium reactor operation and 3) exces-
sive control rod withdrawal rates. There are two types of failures or errors which
must be considered in any discussion on withdrawal of control rods. The two failures
or errors are 1) increased rod withdrawal speeds due to inadvertent admission of air
or gas into the hydraulic systems, and 2) steeper remps resulting from maximum
strength rods being involved in the rod withdrawal.

* From a reactor efficiency standpoint, any power transient should not stress the
fuel elements to the point where a rupture rash would occur. Procedural rod
withdrawal rates will be less than these maximumly possible and will undoubtedly
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7.6.1.1 Control Rod Withdrawal

The control system is designed so the maximum rate at which
horizontal control rods can be withdrawn depends on the pumping capacity of the
oil pumps serving the rod hydraulic systems. The possibility of air or some other
gas leaking into the hydraulic lines has been considered since rod speeds could
be increased by the presence of gas in the hydraulic system. The maximum reactivity
ramp due to such a failure in the hydraulic system is believed to be 0.04 per cent

per second. This compares to the 0.025 per cent per second meximum ramp for & nor-
mally-working hydraulic system.

The situation in which the particular rods chosen to be
withdrawn together are the maximum-worth rods will also result in e reactivity
ramp larger than 0.025 per cent per second. If the twelve rods in one end
of the reactor (rear or front) were ganged together and withdrawn at the maxirum
speed (assuming normal operation of the hydraulic system) the reactivity ramp would
be 0.062 per cent per second. Such & ganging will be prohibited by mendatory Process
Standards and the occurrence is very unlikely. After operating experience is gained,
the control rods will probably be grouped in permanent gangs and thus the flexibility
of unlimited combination will only exist during the initial operating period of the
reactor. Any permsnent ganging of control rods before startup is considered unwise
since the best control rod patterns can only be determined after some reactor opera-
tion has been achieved.

Assuming a combination of the two circumstances, both hydraulic
system failure (gas in the lines) and a withdrawal of the strongest rods at one time
at full speed, would result in an average ramp of 0.10 per cent Ak/k per second.

This ramp is only half of that currently possible in the present Hanford reactors
from the simultaneous withdrawal of all vertical safety rods at their maximum speed.

7.6.1.2 Cold Water Addition

The time when cold water addition would produce a maximum
reactivity increase is when the reactor is at equilibrium. The average coolant den-
sity at operating conditions is about 0.82 gm/cm3 and the average temperature is
about 230 C. An increase to near unity density and near river temperature in the
coolant by the substitution of cold emergency cooling watg will produce a theore-
tical full-pile reactivity increase of about 3.6 per cent.

Results of detalled studies on how fast cold water can be
injected into the reactor have shown that in the case of a primary coolant system
dump, cold raw water may start to reach the reactor in approximately 30 seconds
and may f£ill all coolant channels in an additional 30 seconds. Thus, the
reactivity ramp during the time cold water is replacing the normal coolent in the
reactor is about 0.12 per cent per second.

7.6.1.3 Core Flooding

. The rupture of a process tube during reactor opeation will
admit high temperature water into the graphite stack. If it is assumed theat the
water does not flash to steam but remains in e saturated state at low pressure in
the hot stack and collects in the graphite in such a manner that the maximum
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reactivity effect is achieved (around 10t 15 per cent of the available voids filled
- those closeg% to the process tubes), an increase in reactivity of 2.2 per cent

is calculated.” The rate at which water could fill the stack tc this amount from

a single process tube leak (assuming & critical flow rate of 200 pounds/second*)

is about 150 seconds. Thus, the average reactivity ramp from such a break would be
about 0.015 per cent per second. A faster addition of water to the stack could
only come from a multiple tube break which is considered highly improbable.

7.6.1.4 Suanary of Reactivity Ramps

For convenience a graphic summary of the possible positive
reactivity ramps is shown in Figure 7.6.1.4. (See Figure A-1 of HW-71L08 VOI2).

7.6.2 Excursion With Scram

The safety philosophy requires that the primary safety control system
have a response which is fast enough to limit any credible power excursion to one
of a magnitude such that no damage beyond mild fuel stressing will result. Since
the magnitudes of the credible reactivity ramps in N Reactor are considerably smaller
than in the older Hanford reactors, speed of control in N Reactor is not so severe
& problem as it is in the present reactors. Nevertheless, the scram speed of the
horizontal rods is very high; the rodsxeach 90 per cent effectiveness from their,
full-out position in about 1.2 seconds. A plot of the reactivity characteristic
curve for the horizontal safety rods *s given in Figure 7.6.2.1 (See Figure A-2.
of HW-T1408 vOL2). The initial delay includes instrument and circuit delays as well
as the time required for the rods to enter the active zone of the reactor from their
full-out position.

To test the meeting of the criterion on primary safety system
response, reactor kinetic calculations have been made under a variety of assumptions-
The scram response of the horizontal rods is shown to be more than adequate to shut
down the reactor from any credible excursion before any boiling occurs. A plot of
a startup excursion due to a reactivity ramp of 0.10 per cent per second (which is
equivalent to the maximum reactivity insertion rate due to rod withdrawal) is shown in
Figure 7.6.2.2.(See Figure A-3 of HW-T1LOB8 VOL2). As shown, the excursion is
characterized by & sharp initial peak which, in this case, is turned around at sbout
26,000 MW (reactor power) by the combined action of the scram rods and the negative
temperature coefficients. The scram signal is assumed to be given by the high-
level neutron flux monitor (set to initiate a trip at LLOO MW, 110 per cent of equil-
ibrium level**). The scram rods continue to drive the power and temperatures down
as shown in the figure. The peak fuel temperature is 383 F and the outlet coolant
temperature peaks well belcw 300 F. Half-coolant flow is assumed in the startup
excursion calculations; the loop pressure is 300 psia and the reactor is initially
4.3 per cent A k/k suberitical. At the startup pressure of 300 psie boiling would
begin at 410 F. '

* Only 130 pounds is liquid water.
% Tt is would te the last nuclear trip in the safety circuit. In other words, the
calculation nas assumed that all lower period, povwer-rate and level trips failed.
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Figure 7.6.1.4 is a graphical summary of N-Reactor reactivity ramps and is same
as Figure A-1 of HW-T1408 voL2.
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Figure 7.6;2ul is a plot of the scram rod characteristic and is ideantical to
' Figure A-2 of HW-T1408 VOI2.
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Figure 7.6.2.2 is & plot of a startup excursion with normal HSR scram and is identi-
cal to Figure A-3 of HW-T1408 vor2.
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Figure 7.6.2.3 (See Figure A-4 of HW-T1L408 VOL2) illustrates the

case in which the excursion is assumed to occur at equilibrium level., The assumed

reactivity ramp rate in this case is 0,05 per cent per second, which corresponds to

control rod withdrawal in excess of the simultaneous movement of the maximum number

of control rods together with gas in each hydraulic system so that the rods come out
. faster than normal. A balanced-flux is assumed, however. The power variation in

Figure 7.6.2.3 is that for a nominal central tube operating initially at LLOO kw,

The temperature increeses are mlld even though there is sbout & ten per cent increase

in tube power. Boiling would occur at an outlet temperature of about 585 F.

It is conceivable, but highly improbable, that the Primary Safety
System (horizontal rods) would fail and the excursion would have to be terminated
by the Ball (3X) Safety System. The Ball 3X system is required to be able to
shut down the reactor from any credible excursion before fuel melting occurs.

Tests using actual hoppers have indicated that the Ball 3X insertion
rate is about 7.84 lb/second. The mechanical construction of the hoppers and entry
valves determines the release rate; furthermore, the time required to f£fill the
ball channels is longer than formerly expected due to the time required to £ill the
exit piping. The full-pile reactivity effect of Ball 3X insertion is, therefore,
first characterized by an initial poisoning effect (about 30 per cent of the total
Ball 3X system worth) due to the "grey" streams of falling balls during the period
of £illing the exit piping. This is followed by & graduslly-increasing poisoning
effect as the columns fill up, About 50 seconds are required to achieve the full
effectiveness of the Ball 3X poisoning. A plot of the expected scram characteristic
curv§ of the Ball 3X system is given in Figure 7.6.2.4 (See Figure A-5, HW-T1408
VoL2).

The kinetic calculations show that in spite of the slow-acting
nature of the Ball 3X system, the initial partial poisoning effect is strong enough
to adequately shut down the reactor from any credible excursion if the primary system
fails. A 1.5 second time from a 1X trip has been acsumed for the circuitry of the
Ball 3X system to sense failure of the rods to scram properly. The results of the
calculations are shown in Figures 7.6.2.5 and 7.6.2.6 (See Figures A-6 and A-7 of
HW-T1408 VOIL2). It 1s seen that peak fuel temperature achieved in the equilibrium
excursion case is about 680 F, In fact, the outlet coolant temperature is held
about 10 F below the boiling point (585 F). Thus no fuel melting is fairly well
assured for this case, The fact that the assumptions made are for the most part
extremely conservative adds weight to this conclusion,
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Figure 7.6.2.3 is a plot of an excursion during equilibrium with normal ESR scrame
identical to Figure A-k of EW-71408 voL2.
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Figure 7.6.2.4% is a plot of the characteristic scram curve of the Ball 3X system and
is same as Figure A-5 of HW-71408 VOL2.
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Figure 7.€.2.5 18 a plot of a startup excursion with Ball 3X scram identicsl to
Figure A-6 of HW-T1408 Vo012,
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Figure 7.6.2.6 is a plot of &n equilibrium excursion with Bali 3X scran and iz :denticel
tc Figure A-7 of HW-71408 voL2.
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The major reason the relatively slow-acting Ball 3X system has
time to adequately shut down the reactor is that the reactor, itself, has a power-
ful shutdown mechenism, the prompt negative fuel and coolant temperature coeffick nts.
Thus, as soon as the reactor enters the significant power-producing range in the
excursion, the reactivity-damping effects due to fuel and coolent heating are suf-
ficient in themselves to prevent a runaway power excursion. Therefore time is pro-
vided during a subsequent, slower-acting, potential excursion resulting from e
continuation of the ramp (combined with reactor heating) to permit the entry of
Ball 3X balls and the termination of the power rise before boiling occurs.
Figure 7.6.2.5 (the startup case' clearly illustrates this behavior. The initial
excursion is turned around solely by the prompt temperature coefficients.

7.7 Ultimate Shutdown Mechanism

Figuree 7.7.1 and 7.7.2 (See Figures A-8 and A-9 of HW-71408 VOL2) illustrate
the consequences of & nuclear excursion with fallure of both automatic scram systems.
The ultimate shutdown mechanism (if the reactor is not manually scrammed) in this
case is the negative void coefficient after boiling commences. Whether there would
be slternate boiling and condensation in the post-boiling period is not known == addi-
tional studies including two-phase flow and heat transfer considerations are necessary.
However, eventual loss of all coolant (with all controls out of the reactor) and
continued heating of the reactor should result in a Just-critical reactor (based on
conservative calculations) at the melting point of zirconium, 1900 C. Eventual
flow of molten fuel into the graphite will render the reactor permanently subcritical.

It is reassuring that a simultaneous failure of all automatic shutdown devices
during a maximum startup excursion leaves about 15 seconds after the initial power
turnaround by the temperature coefficients to manually scram the reactor, tefore boil-
ing commences.

7.8 Reactor Kinetics

The non~-equilibrium, short-time behavior of the reactor is described by
the conventional reactor kinetics equations

6
é,d‘NE = (.._s_k_.,-.,m + Z )i Ci , (7.8.1)

1=1

- N0, (7.8.2)

DECLASSIFIED




Figure 7.7.1 is a plot of a etartup excursion with no scram. Same as Figure A-8
of HW-T1L08 V0IL2.
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Figure 7.7.2 1s a plot of an equilibrium excursion without scram. Same as Figure A9
of EW-T71408 vOL2.
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vhere
N = neutron density,
Cy; = concentration of delayed neutron precursor, group i,

/31 = fraction of delayed neutrons in group 1,

-1 :
‘k-%ff;—z Xers - 1,

L* = mean neutron lifetime (prompt),

>
-

)1 = decay constant of delayed neutron precursor, group i, and

f= 2P,

The delayed ueutron constants have been computed for vaerious exposure
conditicns in N Reactor<(. Teble T7.8.1 gives the various constants for several
reactor conditions. ) *

The delayz% peutron fraction is .693 for green fuel. The fraction decreases
9 has a smaller delayed neutron fraction then U<3%) in the manner

with exposure (Pu
shown in Figure 7.8.1. The reactor period in seconds is plotted in Figure 7.8.2
as a function of § k for green and 2000 MWD/T fuel.

In the solution of the reactor kinetics equations for short term transients
there are two proupt reactivity feedback effects. These are related to the wanium
and coolant temperature coefficients. Xenon variation and graphite heating have
t00 long a time constant to affect the short-time kinetics calclations.

The temperature equations can be written for single-phase flow.

8.3)
;Tt_n_l - Kl“ - KQ (Tm"mv)’ (7 3)

‘ | o =x3[2 T - (To + Tan)] —Ku[ To - Tun] (7.8.4)

where
Ty = fuel temperature, ©C,

e s e %, } "EBLASSIFIEU

Q = tube power, kw, and

&3
]

3
[
B

]

Ty = average coolant temperature, °C.
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The constants Kj, Kp, etc. include heat transfer coefficients, spegific:
heats, flow rates, etc. The numerical values are given below for N Reactor

Half-Flow Full-Flow
(Startup) (Equilibrium)
Ky 0.01731 0.01731
Ko 0.7898 0.7898
K3 0.6985 0.6985
Ky, 0.7353 ‘ 1.4705

Instrumentation trips and shut down rod functions are also necessary in the kinetic
calculations as are any reactivity effects associated with the accident - ramp rate,
ete.

The prompt neutron lifetime in N Reactor is abgut half that in a conventional
graphite moderated reactor. The value is &/ 5.4 x 10° secondf:

T.9 Xenon Oscillations

The combination of a large core (in comparison to the neutron migration dis-
tance) and the relatively high pover density in N Reactor results in a complication
in the dynamic behavior of the reactor which is associated with the formation and
destruction of xenon.

Xenon instability can persist only above a threshold flux which depends both
on the size of the reactor and the flux distribution in the reactor. The over-all
temperature coefficient also influences the oscillatory tendency; 2 negative ovar-all
coefficient raises the threshold flux whereas & positive coefficient has the opposite
effect - thus acting as an additioneal driving agent for the oscillation.

A comparison of parameters and cheracteristics which are important in the
assessment o~ xenon instebilitv is given in Table 7.9.1 for both N Reactor and the
K Reactors. The informatior in the table is for @ radial oscillation of the first
rode which is the most prevalent mode in the Hanford resctors — i.e., has the
lowest threshold.* The threshold fluxes are given for two degrees of radlal
flattening efficiency; the zero per cent flattening efficiency corresponds to the
unflattened radial distribution whereas the 80 per cent flattening efficiency is
representative of radial flattening efficiencies in the Banford reactors.

The parameter "A" listed in the table is a measure of the severity of the
disturbance. It is the ratio of the peak local power obteined in a free oscilla-
tion to the minimum locel power. Amplitude ratios of the magnitudes indicated have
never been obtained in any of the Hanford reactors chiefly because the cycling periods
are long (on the order of 25-30 hours) thereby allowing adequate time to either damp

out the oascillation by proper control action or to shut down the reactor if control
action is not successful.

* Due to the increase length of N Reactor, the threshold for axial oscillation is
also attainable assuming & zero, net temperature coefficient (See Table 7.9.1).
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Table 7.8.1

NPR Delayed Neutron Constants
Exposure (MWD/T) - Cold

0 500 1000 1500 2000
0.0210% 0.0196% 0.0185¢% 0.0176% 0.0169%
<443 1363 .1302 1252 1211
.1328 1243 1179 ©oW127 .1083
.2729 2536 _ .2390 o .2272 ;o .2172
L0896 .0836 ° ©.0790 T L0T5h L0722
.0319 .029L .0286 0274 0265
6926 6468 6132 .5856 .5622
0.0125 0.0125 0.0125 0.0125 ©.0125
.0306 .0306 .0306 .0306 .0206
.1138 .11k .1149 1153 1157
1. 189 1.191 1.194 1.196 1.198
3.180 3.178 3.17h 3.171 3.168
Exposure (MWD/T) - Hot
0 500 1000 1500 2000
1 0.019% 0.0180% 0.0170% 0.0162%
> - 1343 1272 .1215 1170
3 § .1223 . GJdalT .1088 .10L0
L a 2489 2317 .2183 .2073
3 ] .0296 U279 0266 0255
T . 6364 5962 5649 5392
., 83 0.0125 0.0125 0.0125 0.0125
> N O 0306 0306 .0306 .0306
3 - .1146 .1152 1157 .1162
L <3090 .3101 .3111 3120
5 § 1.192 1.195 1.198 1.200
3 @ 3.177 3.172 3.168 3.165
P T= ? P i
i
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The information in Table T7.9.1 can be summarized by asying that N Reactor
should experience & considerably smaller tendency towards xenon-instability than.
do the K Reactors. Furthermore, the much more flexible control system in N Rezctor
will make oscillation-control much easier. N Reactor, by virtue of its net :
negative over-all temperature zoefficient, will tend to self-damp oscillations if
they start. The threshold rluxes given in the teble are computed for a zero tem-
perature coefficient. The net positive temperature coefficient in the K " Reactors
will therefore lower the threshold quoted in these reactors.

The chief factors then contributing to N Reactor’e better stability against
xenon oscillationere as follows:

1) The retio of equilibrium flux to threshold flux is low compared to
the K Reactors.

2) The net temperature coefficient is slightly negative,

3) Greater control flexibility exists: 87 control rods in N Reactor
corpared to 20 in the K Reactor.

Table 7.9.1

Parameters Important to Radial Xenon Instabilitf‘
A Comparison Between N and K Reactors

Parameter X N
Average Thermal Flux at 4000 MwP 3.3 x 1013 2.8 x 10%3
Equilibrium Xenon | 2.6 per cent 3.0 per cent
Ak/k Ak/k
Threshold Flux (O per cent flattening) 2.2 x 10%3 k.4 x 1013
Threehold Flux (30 per cent flattening) 9.5 x 0 . 1.4 x 10%3
A (O per cent flattening) ; 6 1
A (80 per cent flattening) 20 10
Migretion Area, M° ‘ 600 c.-m2 650 cm?
Reactor Length H ‘ 946 cm 1160 cm

& For typical operating flattening efficiencies, the axial oscillations are also
attainable in N-Reactor. For example, for a 20 per cent axial flatten
efficiency, the threshold flux for axial oscillations is 2.1 x 101 n/cme-sec
end the value of A is 5.

b Conventional flux in fuel, averaged over the reactor.

The only factor acting to increase the cycling tendency is the greater
length of N Resctor as compared to the K Reactors.
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7.10 System Stability

The dynamic z?rg?;maﬂce of the N-Reactor system has been analyzed in
considerable detail.“”?? ¥

\ The most significant aspect of the reactor is that it is relatively fast
compared to the total loop. The time constants of the fuel element and coolant
transport time through the reactor are on the order of one and one-half seconds,
vhereas the total coolsnt transport time is 60 seconds and the effective time
constant of the heat exchanger is 20 seconds. Furthermore, there is a very tight

- loop in the reactor kinetics in the form of the two prompt, negative, temperature-
coefficient feedbacks from the coolant water and fuel. These two coefficients pro-
duce a power coefficient of reactivity of -2.6 x 10™° per Mw. .

The relatively slow driving functions which cen be applied to the reactor
through primary coolant temperature changes are followed almost exactly by the
reactor. In responding to changes in reactor coolant inlet temperature, the com-
bination of the fuel and coolant temperature coefficients of reactivity is such
that changes in inlet temperature are attenuated to approximately one-third their
value, and appear at the reactor outlet with the opposite sign.

The significant feature of the heat exchanger is that, at rated power opera-
tion, any changes in inlet temperature are attenuated by approximately a factor of
four when they appear at the primary coolant outlet of the heat exchanger. The
transport time through the primary side of the heat exchanger is three seconds. There-
fore, with & heat exchanger time constant of 20 seconds, it is found that changes
in the inlet temperature to the heat exchanger appear much more rapidly at the out-
let than do changes in secondary steam flow. In the control of the heat exchanger,
it is found thet the time constant of the steam flow valve will be an important
parameter in the control loop.

The analysis also showed that there can be changes in reactor power level

(due to various system disturbances) some of vhich will be of a transient nature
and others which will maintain a steady state deviation from the nominal value.
The analysis indicated that operator action to bring the power level back to its
original level will be relatively unimportent in the over-ell performance of the
primary loop. The main feature of operation noted is that if there is a power
disturbance, the action of the operator would tend to bring the power back to the
nominal vaelue immediately, whereas, in the case of no operator action, there
will be & delay for the temperature effects to get around the locp and bring the

' power level back to the operating value. From the limited amount of work done
to date on the effect of operator action on over-sll loop performance, it appears
that there are no detrimental effects of normal operator action on the over-all
loop performance. ‘ .

8. Criticality

The enrichment level of N-Reactor fuel elements is high enough so that a critical
condition can be obtained with light water as a moderator. Since irradiated fuel
elements are stored under water, and since flooding of other storage areas can never
be absolutely ruled out as an incredible event, care in the storage configurations
and amounts mist be exercised to prevent inadvertant attainments of critical masses.
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8.1 Criteris for Safe Storage

Procedures and safeguards which have proven succeasful in preventing the
attainment of critical masses with enriched fuel in the older Hanford reactors
have been based on the following criteria.

1) The handling, shipping and storage of unirradiated, enriched uranium shall
be such that both an error or accident in the phyaical arrangement or mass
of fuel and vater inund.ation is required to achieve a critical me.ss.

2) The handling, shipping and storage of irradiated fuel (where handling,
shipping and storage under water is required for cooling and radiation pro-
tection) shall be such that a critical arrangement is prohibited by physical
means in every situation possible and by procedures in only those situations
not subject to prevention by physical means.

3) In cases where control over configuration or shape is not possible, the allowed
mass or volume of enriched uranium will be 2/ 3 of the value for the uranium-to-
water volume ratio which yields the minimum critical mass or volume and will be
calculated for the optimum shape (sphere).

L) 1In cases where control over configuration or shape is pocsible, the same criterion
as 3 will apply except the allowed mass or volume will be calculated for the
actual shape or configuration.

8.2 Basic Data

,Material bucklings have been measured in an Uggqg-ntial assembly for proto-
typical N-Reactor fuel elements enriched to 1.0C &% Water lattices of both
the complete tube-in-tube assembly and outer tube alone were measured. The measured
bucklings were correlated to the one-group critical equation % eritical masses
and geometries were calculated for enrichments up to 1.10% 02 « The results are
given in Tables 8.2.1 and 8.2.2.

Table 8‘02-1
Maximum Bucklings - N-Reactor Fuel in Light Water

Uranium

Enrichment Maximum Ba, lO'6 em 2
Inner Outer ~ Tube-in-
g y235 - Tube Tube Tubs
0.95 12090 2280 1825
1.00 2680 2900 2480
1.05 3250 3500 3060

1.10 3790 4100 .. 3660
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Table 8.2.2
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Minimum Critical Masses - N-Reactor Fuel in Light Water

Uranium
Enrichment

% U235
0.95
1.00
1.05
1.10

Inner

Tube

5820
3820
2700
20k0

Minimum Critical Mass, Kg U

Outer Tube-in-
Tube Tube
4300 7620
2800 4500
2000 3100
1500 2270

These deta have been translated into the critical mess, volume and fuel densi-
tées shown in Table 8.2.3 for both the unirradiated enrichment level of 0.947 w/o
U235 and an effective discharge enrichment level of 1.0 w/o U35,

Table 8.2.3

Criticality Data - NPR Fuel Elements in Light Water

UNIRRADIATED FUEL - 0.954 U°S?

(A1l buckling values are + 3 x 107 en

Maximum Material
Buckling

Minimum Critical*®
Mass

Minimum Critical® |
Volume

Minimum Critical w -
Cylinder Diameter

Minimum Critical®*
Mags Per Unit Area

Minimum Critical oo~
Slaeb Thickness

_2)

Tube -in-Tube

0.001825 cm™2

7620 Kg U
(380 elements)

1180 liters

38.0 inches

740 1be U/£t2

(17 elements/f+2\

22.6 inches

Outer Tube Only Inner Tube Only

0.002280 cm™2 0.002090 cm™2
4300 Xg U 5820 Kg U
(310 tubes) (870 tubes)
825 liters 95 liters
33.5 inches 35.5 inches

2 ‘- 2
520 1lbs U/ft 656 1bs U/ft
(17 tu'bea/f/‘tz‘; (ﬁu tubee/ﬁ?)

19.9 inches 20.8 inches

#* Spherical geometry.
** m-~Slab geometry.
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TRUADIATED FUEL - 1.0p U°2
Tube -in-Tube Outer Tube Only Inner Tube Only
Meximum Material o -

Buckling .002480 cm™ .002900 cm™2 .002680 em™“
Minimum Critical® 4500 Kg U 2800 Kg U 3820 Kg U

Mase (225 elements) (211 tubes) (570 tubes)
Minimum Critical®

Volume 705 liters 546 liters 620 liters
Minimum Critical oo - .

Cylinder Diameter 31.7 inches 28.1 inches 30.4 inches
Minimum Critical®* 610 1bs U/f£t2 430 1bs U/£t2 545 lbs U/ft2
Mass Per Unit Area (14 elements/ft2) (14 elements/ftd (36 elements/ft"
Minimum Critical o -

Slab Thickness 18.5 inches 16.9 inches 17.8 inckes

* Spherical geometry.
** ® Slab geometry.

8.3 Procedures and Safeguards

The procedures and safeguards for the handling, shipping, and storage of N-
Reactor fuel elements can be drived from the criterie end basic data. Detailed pro-
cedures will be given in the N-Reactor Process Standards. Assessment of the safety
of procedures and storage arrangements are discussed in detail in the NFR Hazards
Review.

9. Heat Generation

0f importance are the various sources of nuclear heat generation in the reactor
and as well the geometrical distribution of such sources. The heat generation during
equilibrium reactor operetion and after shutdown are both of interest and must be
considered.

9.1 Egquilicrium Heat Generation (Total)

3),,The total heat generation has been calculated for the 21.6 1b/£t startup

element.

9.1.1 Energy Sources

The nuclear sources of energy can be divided into primarv and
secondary sources. The primary sources are those directly associated with the
fissioning event and these are listed in Table 9.l.1 (From Reference 35). The
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Table 9.1.1

Primaery Energy Sources From Fission

Source | Energy Release Per Fission
Fission Fragments Ex = 168 + 2 Mev

Prompt Neutrons By = 4.87 + 0..6 Mev

Prompt Gamms Reys Eq= 7.2 + 0.8 Mev

Delayed Neutrons En = (FP) = 0.0068 + 0.0003 Mev
Isomeric Gamme Rays Eq (I) = 0.2k Mev

Fission Product Gammas Ey(FP) = 5.7 + 0.8 Mev
Fission Product Betas Ep (FP) = 8.0 + 0.7 Mev
Fission Product Anti-Neutrinos Ei) (FP) = 10.5 + 0.8 Mev

The isomeric gamma rays occur 5 X 10-8 to 10"6 gseconds after fission. All but

the anti-neutrinos provide sensible heat. The total energy emission per fission
is seen to be 20L4.5 + 2.5 Mev, with 194.0 Mev of it appearing as sensible heat in
the reactor.  The secondary energy sources in the reactor are those associeted with
verious neutron interactions. These energy sources are given in Table 9.1.2.

The specific energies depend on the reactor.

The total, primary plus secondary, sensible heat generated per
fiseion is deteiled in Tebles 9.1.3 and 9.1.4 for the 21.6 1b/ft tube-in-tube
element for two different reactor condit ions. The first illustration represente
the equilibrium energy generation after the reactor had been in operation at full
pover for one day. The second illustration represents the equilibrium energy
generetion after an exposure of 1000 MWD/T hed been attained. Differences aries
principaily from the change in tke proportion of fissions in the various fissionable
isggsx)aes and from the time dependences of decaying fission products (including
Np~ o ‘

9.2 Bquilibrium Heat Generation (Fraectional)

gy The calculations have been made for the 21.6 lb/ft startup fuel ele-
ment~ .

9.2.1 Heat Generation in Fuel

v The major fraction of the energy of fission appears as heat in the
fuel element. The total kinetic energy of the fission fragments, fission ‘and decay
beta particles is absorbed in the uranium due to the short ranges of these particles
(only a very small surface fraction would escape the fuel). Also, a large fracticn
of the neutron kinetic energy is absorbed through inelastic scattering, fast cmpture
and fast fission in the fuel. Of the various gamms radiations, an apprecisble
"fraction will also be absorbed in the fuel due to the high Z of the uranium.
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Table 9.1.2

Secondary Energy Sources From Fission

Source Net Energy Per Event®

Radiative Neutron Capture
235 | L 6l Mevy
y238 463 Mevy
Pu39 6.39 Mev 7’
pu2hO 5.65 Mev J
pull 6.11 Mev ¥
Graphite ' | 5.0 Mev ¥
Water 2.24 Mev ¥
Zirconium , 8.0 Mev 77

06 (m,p) N6 1 Mev

Capture Product Decay

239 0.07h Mev [, 0.15 Mev P

Np239 0.284 MevY, 0.15 Mavf

‘Zirconium 0.065 MevY', 0.02 Mcvp
Faet Fission in US30 194.0 Mev Sensible

@ Beta particle energies are estimated from the end point energies
and assuming an allowed spectrunm.
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Table 9.1.

Total Bnergy Release 21.6 1b/ft Element
(Reactor Operating One Dey at Full Power)

Event '- Events/Fission Net Buergy Release/Bvent (Mev) Energy/Fission (Mev)
_FR_ _2 LT
n-cap. in graph. 0.0334 _ 4.95 0.165
n-cep. in PT 0.0L450 | 7.95 0.358
n-cap in Hn0 0.0855 | 2.24 0.192
n-cap m.clad. 0.0077 | ' 7.95 0.061
Outer Fuel Tube
U235 fission  0.6709 168 4.87 7.23 13.49 129.880
U238 f1gston  0.0420 168 3.2 T7.23 13.49 8.061
U235 capture 0.1k09 | 6.4 0.903
y238 capturé 0.6829 4.63 3.162
U239 gecay 0.6829 0.45 0.07h4 0.359
239 gecay = 0.1755 0.15 0.284 0.08k4
Inner Fuel Tub,e
U235 figsion  0.2660 168 4.87  7.23 13.49 51.495
1238 figgion  0.0211 168 3.2 7.23 13.h9 4.050
1238 capture 0.0567 | 6.41 0.363
1238 capture  0.2510 1.63 1.163
U239 decay 0.2510  0.45 0.07k4 0.132
8p239 decay 0.0645 0.5 0.284 0.031
Total Mev/Fission 200.5 Mev
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Total Energy Release 21.6 1b/ft Element

(Reactor Operating to Exposure of 1000 MWD,/T)

Totel Mev/Fission

Evant Events/Fission
n-cap. in graph. 0.0319
n-cap. in PT 0.0426
n-cap. in H,O 0.0791
n-cap. in clad 0.0072
Outgg Fuel Tube
U232 figsion  0.54k2
U238 f1aston  0.0k2k
Puedd figsion 0.1321
Pgaul fission 0.0017
U3 capture  0.1153
u238 capture 0.6542
Puegg capture 0.0736
Pu® capture 0.0146
szhl capture  0.0007
U=39 gecay 0.6542
Np239 decey 0.6542
Inn%r Fuel Tube
' U23J fission  0.2200
1238 figsion  0.0206
Pu239 fission 0.0390
Pga 1 fisedon negl.
U23g capture 0.0L7
U®3° capture  0.2392
Pu239 capture 0.0215
Puet0 capture  0.0040
nggl capture negl.
U= decay 0.2393
§p239 decay 0.2393

Net Energy Release/Event (MW)

HW-76206 -RD

Energy/Fission (MW)

FP n p Y
g
2.2k

_ 7.95

168 4.87 7.55 13.9

168 5.8 7.55 13.9

168 5.8 755 13.9
s

.03

i3

6:11
0.45 0.07h4
0.15 0.284

168 3.2 7.55 13.9

168 5.8 T7.55 13.9

168 5.8 7.55 13.9
6.41
4.63
6.39
5.65
6.11

0.45 0.074
0.15 0.28%

0.158
0.339
0.177
0.057

105.770
8.168
25.793
0.332
0.739
3.029
0.470
0.082
0.00k4
0.343
0.3Lh

42.759
3.969
7.614
negl.
0.30L
1.109
0.137
0.023
regl.
0.125
0.115

201.9 Mev
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9.2.2 Heat Generation in Process Tube

The zirconium process tubes are sufficiently thick in the N Reactor
to stop an appreciable fractionof gamma radiation from sources both inside the
tube and outside the tube (n,< capture in the graphite). Energy losses due to
neutron interactions in the process tubes are negligible.

9.2.3 Heat Generation in Graphite Moderator

The graphite moderator receives energy from gemmas escaping the
fuel process tube and cooclant, by fast neutron moderation and from neutron capture
gamma reys from the carbon. Neutron scattering in the coolant water must be con-
sidered in determining the neutron kinetic energy remaining for energy transfer to
the graphite. Neutrons which do interact with the water can be assumed to do so
only once while their kinetic energy is still significant to be considered as an im-
portant energy source.

9.2.4 Summary of Feat Gensraticn Fractions

The total heat gensration fractions for the 21.6 1b/ft startup fuel
geometry are given in Teble 9.2 4.1,

Table 9.2.4.1 ,
8 of Heat Genex:ation Fractions
Eauilibeiin - 215 To/# Elenent]
Exposure Inner Fuel & Clad Quter Fuel & Clad H20  P.T.  Graphite
0 (1 Day) 27.6% 67.41% 0.21% 0.4  L.31¢
1000 MWD/T 27.06% 67.8T% 0.22% 0.46%  4.37%

9.3 Shutdown Heat (Generation

The generation of heat after reactor shutdown must be known for many
reasons. Sufficient heat is generated for a considerable time after fissioning
ceases (due to the decay of radioactive fission products) so that cooling of the
reactor must be maintained for sometime. The shape of the power decay curve dur-
ing the actual shutdown process and immediately afterward is also important in
the N Reactor since the heat removal system must be programmed to respond pro-
perly. However, the shape of the heat decay curve during shut down is dependent
on the rate control poison is added, the conditions imposed on flow and/or outlet
temperature, etc. Delayed neutron fissioning elso affects the shutdown transient

and will very somevwhat according to the proportion of fissionable isotopes pre-
sent.

The fractional heat generations will differ considerably after fission-
ing ceases. The greater proportion of penetrating energy carriers (gamme rays)
after cessation of fissioning will mean that a greater fraction of heat will
"appear" in the graphite than did during equilibrium reactor operation. Also,
the time-dependent energy variation of the fission-product gamma rays, will vary
the fuel-to-graphite heat generation fraction with time
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9.3.1 Shutdown Heat Generation Transient

Barly analysis of the shut n heat transient in N Reactor were
made for several simplifying assumptions ”. These calculations should be
brought up to date at an early date. For the present they will be reported.

9.3.1.1 Assumptions and Model
1. Constant reactor inlet temperature.

2. N-Reactor fusl element simulated by solid rod element.

3, Constant over-all heat transfer coefficient for fuel
eleunto

L, One-second time constant between scram signal and 75%
rod insertion. .

The heat transfer and neutron kinetics equations were standard.
(See Section 7.8). Delayed nesutron constants vere charaetasistic of fuel exposed
to 1000 MWD/T. Safety rod strengths of 20, 40 and 60 x 10”2 Ak/k vere considered.
Results for two cases are given in Figure 9.3.1.1 and 9.3.1.2. 1In the first set of
curves & constant tube outlet temperature was assumed and in the second set constant
flow was assumed. The power for comstant outlet temperature is seen to decay faster
than for constant flow due to the absence of the positive reactivity effect from
cooling down the coolant in the constant-outlet-temperature case.

9.3.2 Heat Generaton After Shutdown (Total)

The principle sources of energy in irradiated fuel for times greater
than 100 seconds after a reactor shg’cdawn are beta and gamma decay of fission pro-
ducts and beta and gamma decay of U39 and Np239. Recent cog%lations of gamna and
beta decay rates fr«m123 isotopes from thermal fission of U have been reported
by Perkins and King “*for reactor operation tigas from one to 1000 hours and as =
function of time aft!r shutdown from 100 to 1Q° seconds. Knabe and Putnam37 combined
the experimental reslts of Maienschain, eta138 and the computed Perkins-King data
€0 determine an accr ‘ate timg dependence of the fission product decay gamme activity
for times between o~ and 10 seconds after reactor shutdown. Beta decay energy
release rates for + 2 same times vere also determined by Xnabe and Putnam from the
Perkins-King compi’ ition and other sources of data. Smith 39 has pregrammed the
equations of Knabe and Putnam and curves for Smith's report are given in
Figure 9.3.2.1.

T4 contributions from U232 39 Np239 myst be treated sepaygtely.
The energy emis- ions per disintegration of 9 and Np 9 are as follows:

329 (f ) = 0,45 Mev/dis,
Epg (7') = 0.07h Mev/dis,

ts o2 =0 e, JECLASSIFIED
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The energy (P +7%Y) decay rates of U239 and Np?39 (for T > 1000 hours, where T
18 time of reactor operation) are

Epg (t) = 1.51 x 1010. e

-229 ¢
? Mev/watt-sec,

Egg (t) = 1.25 x 1010 e 39 t v /vattosec,

(9.3.2.1)

‘where ) 29 and )39 ere the decay constants for U239 and Np239’ respectively.

plotted in Figure 9.3.2.2 and 9.3.2.3 3

The bete and gamme heat generation rates after shutdown are

for 1000 hour NPR operation. The total

heat generation rates are shown in Figures 9.3.2.4 and 9.3.2.5 for 1000 hour NPR
operation. The scram strength assumed in Figure 9.3.2.L is L0 cmk.

9.3.3

Heat Generation After Shutdown (Fractional)

- The fractiona:hhhe t generation in the NPR has been calculated for
several times after shutdown®'. The results are presented in Table 9.3.3.1.

Time After Shutdown SSecond.sz

Teble 9.3.3.1

Fractional Heat Generation After Shutdown

Per Cent Heat (Generation

Outer Fuel® Inner Fuel® graphite®
10° 61.0% 26.14 8.%
103 61.7% 26.24 7.86
104 62.44 26..4 6.6%
10° 63.5% 26.Th 5.5%
106 61.0% 26.0% 9.5¢%
107 61.14 26.1g 6.7%

a Does not include cladding. A
b Remaining heat would be roughly distributed inthe ratio 1:2:4 for water,
clad and process tube respectively. ‘

energy of the fission product decay gammas at these times.

€ The significant peak in the fraction of heat generated in the gra-
phite at 10 seconds after reactor shut down is due to an increase in the average

after shut down the total heat generation rate is only one per cen
brium reactor power, so the peaking in the graphite fraction at 1

of no concem.
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