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A Ncte of Caution to the Discerning Reader:

These Tecture notes represent a first crack at the second half of
a text or nuclear reactor analysis. It should be noted that Chapter 10
on lattice calculations actually was intended as the final chapter in
Volume I since it is certainly more involved with the study of reactor

calculational methods than applications. Unfortunately, the author's

despondence over the decision to send Ohio State to the 1974 Rose Bow]l
delayed the preparation of this chapter until this time.

The second volume is primarily intended to illustrate the applica-
tion of the concepts and methods developed earlier to problems which will
almost certainly be encountered by the practicing nuclear engineer. MWe
have attempted to present a reasonably condensed exposure to the subjects
of nuclear reactor core design and nuclear power plant analysis suitable
for seniors or first year graduate students in nuclear engineering.

While it is our hope that most of the topics relevant to these subjects
have surfaced somewhere in Volume II, we wish to stress that this is
only a.preliminary draft, and considerable modifications and rearrange-
ment are no doubt necessary.

And, as is characteristic of any set of lecture notes frantically
prepared to keep pace with an ongoing lecture course, numerous errors
appear throughout. Yet another casualty of the hot breath of impending
lectures breathing down the back of the author's neck has been adequate
acknowledgement to the many sources from which this material has been
pirated. Although these acknowledgements will be included in later
versions, we would particularly like to acknowledge here our substantial

use of course material prepared by Harvey Graves, Jr., while a



Visiting Professor at The University of Michigan. (This material will
hopefully be published 1n jts entirety elsewhere.) The lecture notes
of Paul J. Turinsky of R.P.I. were also of immeasurable assistance.
And, finally, yet one more apology to those readers of taste.
Once again, these notes have been contaminated with numerous, shall we
say, "diversions" fntended not so much to relieve the boredom of the

reader, but rather to preserve the sanity of the author (although, per-

haps somewhat belatedly).
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CHAPTER 10: HETEROGENEOUS EFFECTS IN CORE LATTICES

I. A QUALITATIVE DISCUSSION OF HETEROGENEQUS EFFECTS ON CORE
MULTIPLICATION

A. Introduction

Thus far we have been concerned with homogeneous reactor cores
in which fuel, moderator, coolant, and structural materials are intimately
mixed. But of course nuclear reactor cores are constructed in a highly
heterogeneous configuration to facilitate thermal design (coolant chan-
nels, heat transfer surfaces), mechanical design (structural integrity,
fuel handling), and reactivity control (control rods, burnable poisons).
For example, a cross section of a typical PUR core is shown in Figure
10-1, while that of a fuel subassembly is shown in Figure 10-2. Such
heterogenieties in the reactor fuel array or lattice must be taken into
account in nuclear design to some degree, since they influence core
multiplication. In fact, we will find that Tumping the fuel into a
heterogeneous lattice actually tends to enhance core multiplication,
thereby reducing the fuel inventory or enrichment required for reactor
criticality.

The degree to which heterogenieties must be accounted for in reactor
design depend upon the characteristic dimensions of the nonuniformities
in the core lattice, e.g., the diameter of a fuel pin or the spacing
between fuel elements, compared to the mean free paths of neutrons in
the core. For example, in light water reactors, the thermal neutron
mean free path is typically on the order of centimeters which is compar-

able to the fuel pin diameter. Hence the flux distribution in the fuel
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might be expected to be quite different from that in the moderator or
coolant channel, thereby necessitating a detailed treatment of the
heterogeniety. By way of contrast, the much longer mean free path

lattice characteristic of the neutrons in a fast reactor (typically

tens of centimeters) allows a much grosser treatment of lattice effects.
Of course a detailed treatment of the core lattice on a scale of

a neutron mean free path is clearly out of the question, since it wouldy

12,

require an unmanagebly large array of mesh points in a multigroup

fuel elements). Indeed, the strongly absorbing nature of fuel and

[4

ment of neutron transport than that provided by diffusion theory. Henc& B s

one must adopt a more piecemeal approach by seeking to selectively
"homogenize" the analysis of the core--that is, by providing pres-
criptions for including lattice effects into existing infinite medium
neutron energy spectrum calculations or by calculating few group con-
stants which have been spatially averaged over the finer details of
the flux distribution.

Of course the type of treatment one chooses will depend upon the
purpose of the calculation. For example one can contrast a hand calcu-
lation based upon the 6-factor formula suitable for a crude survey esti-
mate with an extremely detailed transport calculation which might be
used in a comparison with a critical experiment or perhaps as a bench-
mark for the testing of other calculational schemes. Our concern in
this chapter is with more routine design calculations which must be per-
formed very frequently and hence place a premium on calculational ease.

For such schemes to yield adequate accuracy, one is forced to rely upon
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frequent cross calibration with experiment--that is, to accept a certain
amount of empiricism (fudging) in the technique. And, of course, as in
any fast yet accurate method, one relies heavily upon a cancellation of
errors. For example, in a LWR core study, one might attempt to generate
group constants for a few group diffusion analysis using a SOFOCATE-MUFT
description similar to that discussed in Chapters 8 and 9. But of course
these schemes perform calculations for a homogeneous, infinite medium.
Hence our objective here is to provide a prescription for modifying
these homogeneous results to account for heterogeneous lattice effects.
In practice, these modifications most significantly enter into the cal-
culation of the thermal utilization, the resonance absorption, and the
fast fission factor.

For more detailed calculations, one is frequently forced to utilize
a transport theory description, based either upon so-called collision
probability methods or a direct solution of the transport equation it-
self (or perhaps a Monte Carlo calculation). Since the trend in recent
years has been toward more detailed treatments of the heterogeneous
effects and more precise transport descriptions, we will include as well
some discussion of these latter techniques.

B. Core Homogenization

To be more specific, let us outline one possible approach to

the treatment of core lattice effects. We begin by noting that reactor
cores have a regular or periodic lattice structure in which one sub-
element or so-called "unit cell" is repeated throughout the core. For
example, a fuel subassembly or group of fuel subassemblies could be

regarded as a unit cell.
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channel might be chosen as the unit cell:
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The essential scheme then is to perform a detajled calculation of the
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flux distribution in a given unit cell of the lattice--usually assuming
that there is zero net neutron current across the boundary of the cell
(using arguments based upon the symmetry of the lattice). The various
multigroup cross sections characterizing meterials in the cell are then
spatially averaged over the cell, using the flux distribution as a
weighting function. In this way one can characterize the cell by effec-
tive group constants which take account of the inhomogeneous flux dis-
tribution in the cell. This scheme essentially replaces the actual unit
cell by an equivalent homogeneous unit cell characterized by these effec-

tive cross sections.
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For example, one usually begins by considering a typical fuel cell--
i.e., fuel plus clad plus coolant. The fuel cell is first reduced to

an equivalent cell of simpler geometry to expedite calculations:

S
;

N
O —(©B)
or —_— } —
[ /
\\‘;’/'
fuel cell equivalent cell homogeneous cell

Fuel Cell Homogenization (0.3 to 0.8 inches)

Our primary interest is usually concerned with the generation of
fast and thermal group constants for such a cell. In the fast range,
the heterogenerties enter primarily as modifications to the resonance
escape probability, for reasors which will become apparent in Section
10-3. Hence it is usually sufficient to simply perform the usual in-
finite medium fast spectrum calculation, taking care however to account

for heterogeneous effects in resonance absorption via techniques which
will be discussed later in this chapter.

The much shorter mean free path characterizing thermal neutrons
necessitates a somewhat more detailed treatment of heterogencities in
determining the thermal flux spectrum in a fuel cell. For less detailed
corecalculations, one can frequently get by with simply modifying the
results of an infinite medium thermal spectrum calculation (e.g.,

SOFOCATE) to account for the variations in average flux in the fuel,

5%2 » and the moderator, §éq . Of primary concern here is the cal-

culation of the so-called thermal disadvantage factors, §4Q//€i% s




-463-

which enter into modifying the infinite medium spectrum results. More
detailed calculations of thermal spectra usually involve a direct solu-
tion of the neutron transport equation characterizing the cell. Bo%h
schemes will be discussed in sectjon 10-2.

Such fuel cell calculations are customarily performed under the
assumption of zero net neutron leakage between cells (which decouples
the fuel cells from one another). Actually, such single fuel rod
spectrum calculations are of questionable validity when rod neighbors
include water holes, poison shims, control rods, or Pu-loaded fuel
pins, since then one needs to account for cell-to-cell Tleakage.

The next step in the analysis of the core is to consider a typical
fuel assembly or grouping of fuel assemblies, including control or
shim elements. The few group constants calculated for the fuel cell
can be used to describe most of the assembly, with the exception of
control material which requires rather specialized techniques. Usually
a detailed multigroup 2-D diffusion or transport code is used to deter-
mine the flux in such an assembly, and then once again these fluxes are
used to generate assembly averaged group constants.

030035 o o

C000R00
500 ®

Fuel Assembly Homogenization (5 to 8 inches)

The final step is to use either these assembly averaged group con-

stants (or, in very detailed calculations, the original fuel cell group
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constants) to determine the flux and power distribution over the entire
core. The symmetry of the core will frequently allow one to consider
only a quadrant in detail. It may occasionally be desirable to homo-

genize the core still further to facilitate gross survey calculations:

Since the transverse (x-y) power

distribution in many reactor cores is

to first order independent of the axial :::I

(z) power distribution, one can fre-

quently iterate back and forth between Yy

a 2-D transverse and a 1-D axial multigroup diffusion calculation of the
flux (hence avoiding a 3-D calculation). However for certain classes of
problems (detailed power distribution studies or safety analyses), a
full 3-D calculation cannot be avoided. It has been found that accurate
multigroup calculations usually require between 4 (LWR) and 6 (HTGR)
energy groups for thermal reactor analysis.

In fast reactor cores, the neutron mean free path is quite large.
Hence fast reactors aremore susceptible to a homogeneous analysis (except
for a small fraction of neutrons with energies less than several keV).
On the other hand, it is much more important to treat the energy depen-

dence accurately in fast reactor analysis. Hence one usually relies
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on many groups (~20) in a diffusion calculation for a few region model

of the core in fast reactor analysis.

C. A Qualitative Discussion of Heterogeneous Effects in Thermal
Reactors

It is possible to obtain a very useful qualitative understanding
of the influence of fuel lumping on core multiplicdtion in thermal reac-

tors by simply examining how the various terms in the 6-factor formula

»Q:”nge Roec PNTL (10-1)
are modified in passing from a homogeneous reactor core, in which the
fuel and moderator are intimately mixed, to a heterogeneous lattice in
which the fuel is lumped. This discussion actually has a rather inter-
esting historical significance, since without fuel lumping, it would

have been impossible to achieve a critical assembly using natural uranium
and graphite in Fermi's "pile" at the University of Chicago in 1942.

More specifically, for a natural uranium system, ﬂz = 1.33 while € =

1.05. If one studies f and p for various homogeneous mixtures of natural

Lasy |
uranium and graphite, then,at best,one finds e
|
0.6} -~ l ‘
Resonance escape | -
probability pr- .|
oo / 1‘
tp = 051 os PP
P = l | T
! Product fp
0.4
Hence for a homogeneous system, Uy
ARV (VL
’ [ (J",‘"ﬁ 43
i
ka'\> < <133> ((05)(5(7310%5’ - % 20 40 60 80 100 200 SoU eoc
Ratio of graphite atoms to uramum utoms Ny, /N

Thus such a system could never be made critical.
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There are several ways in which this situation can be alleviated.
One approech would be to choose an alternative moderator. Unfortunately,
the anly moderator which would yield ko, > 1 in a homogeneous natural
uranium fueled assembly is heavy water (DZO)' Since this material was
available in only microscopic quantities at Fermi's time, one was
forced to explore other schemes. Of course, one could attempt to en-
rich the amount of U235 in natural uranium, but at that time the en-
richment facilities at Oak Ridge were still only in the planning stage.

Hence Fermi and Szilard chose the only feasible approach by noting
that by Tumping the fuel into a heterogeneous lattice, one could greatly
increase k 5 by increasing the resonance escape probability p. This
occurs because neutrons which are slowed
down to resonance energies in the moderator gb(

. ) /
Y, are primarily absorbed in the outer regions -'—-"\\\\//////// /~

of the fuel element--hence Teading to a

depression in the neutron flux within the
fuel at the resonance energy. That is, the moderafor Fuel

outer Tayers of the fuel tend to shield its interior from resonance energy
neutrons, thereby decreasing the net resonance absorption and hence in-
creasing the resonance escape probability p. This "self-shielding”

effect is sufficiently strong, that kc0 increases to a value of 1.08

in a graphite-natural uranium lattice.

There are other effects due to fuel Tumping, however. On the posi-
tive side, the fast fission factor € also ::::;///
increases slightly in a heterogeneous assembly d

T

because the probability of a fast neutron

o
l\

\
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suffering a4 collision with a fuel nucleus while its energy is still
above the Tast fission threshold will increase. On the negative side,
the thermal utilization f will decrease somewhat because the thermal
flux tends to be depressed in the fuel, hence yielding less absorption
in the fuel at thermal energies (again due to self-shielding). Since
thermal absorption (in contrast to resonance absorption) can lead to
fission, the net result is a decrease in core multiplication due to
f. Fortunately, this decrease is far outweighed by the increase in p.
To examine these effects in somewhat more detail, we will now
consider the influence of fuel Tumping on each term in the 6-factor
formula. Then in later sections of this chapter, we will turn to the
more practical problem of just how such effects are included in core

reutronics analysis.

?Z : First recall that ,7? depends only upon the macroscopic cross
sections characterizing the fuel
(3)
éf;/ . zf/
20 = ot (10-2)
02.:: : —> _
ort f £

J

(where the latter expression holds for a mixture of fuel isotopes).

Hence one would not expect fuel lumping to appreciably affect this ratio.
In actuality, however, the cross sections which appear in 7 are

group constants characterizing the thermal energy group. These are
dependent, of course, upon the thermal neutron energy spectrum, and

this spectrum depends, in turn, upon the fuel-moderator lattice confi-

guration. Hence there will be a slight modification in 42 when going
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to a heterogeneous Tattice. This change is usually ignored in less
sophisticated thermal spectrum codes which include heterogenieties via
thermal disadvantage factors. More elaborate cell calculations which
account for space-energy effects whithin the cell will include this

correction automatically.

f: In our earlier treatment of homogeneous systems we defined the ther-
mal utilization f as the ratio of the rate of thermal neutron absorption
in the fuel to the total rate of thermal neutron absorption in all mater-
jals. This definition can be applied as well to a heterogeneous core
by writing
j;gp ZAD $D
F= (10-3)
[ zzmvg + ﬁ?« 240 3@

Here we are considering the core to be made up of only two types of
material, fuel, denoted by the superscript F, and moderator, denoted by
M. (The extension to more than two regions will be given later.) Since

the core is made up of a number of jdentical fuel cells,

we can consider the average in (10-3) as being taken only

over the volume, Vce11’ of one such cell. Now if we recog- [-" -
nize that the macroscopic cross sections ZQF(?) and faM(?) : E
are actually constant over the volume VF of the fuel and VM E M :
of the moderator respectively, and vanish elsewhere, then " <

% s
we can 1imit the range of integration and pull the cross I} ..n
- &

SORRY (DLL.
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zzzwwaaaug
74 eAsy

comE, S5
co! e

i

sections out of the integrals to write
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c 5F fd?r* (¥

cﬁmﬁrﬂ ZM & D)
Vi

(10-4)

Next, suppose we define the spatially averaged flux in each region as

Ve Ye
(10-5)
- L8 BF)
qéﬂ Vi Vi

Then we can rewrite the thermal utilization f in terms of these averages
as

2 Ve b
%; — (10-6)
fika T Z?Mb’ db

or, dividing both numerator and denominator by qé Vé ,

B 2 (10-7)
f= FF. f“ Vﬁ\g )

where we have defined the "thermal disadvantage factor" g_ as the
ratio of the average flux in the moderator to that in the fuel
¢ = 4‘7: ' (10-8)
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This terminelogy arises because the thermal flux tends to be depressed
in the highly absorbing fuel region, leading to a value of S 7 1.
Hence, since the average flux is somewhat higher in the moderator than
in the fuel, the fuel nuclei are at a relative disadvantage in competing
with moderator nuclei for the capture of thermal neutrons.

The depression of the thermal flux in the fuel is again a conse-
quence of the self-shielding effect. That is, neutrons which are born
in fission events in the fuel will tend to thermalize in the moderator
and then must eventually diffuse back into the fuel to induce a further
fission. However, the highly absorbing nuclei near the surface of the
fuel pin tend to absorb the thermal neutrons diffusing back in from the
moderator and hence in effect shield the fuel nuclei in the interior of

the pin. This Teads to the observed flux
depression. é(‘s EM\
We can compare this more general N

definition of thermal utilization f with

L —

RN

our earlier expression for a homogeneous system

howm

F

S;MOW\ _ ‘f; (10-9)
- Mlrow )

pr\nom_\_ fa

if we consider the homogeneous system to consist of unit cells of the
same volume Vce11 = VF + VM as our heterogeneous cell, but with the

fuel and moderator now spread uniformly over the cell. Hence we would
now find the fuel and moderator number densities in the homogeneous cell

as
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TN _ NF \[F N Viow B I\)M \”M__-

: M 10-
Vg Veel o)

If we now note that the macroscopic cross sections for the homogeneous
- how Viom € W W ~ M

cell are Za = Neg o Oa , ZhM— N G, )

we find from Eq. (10-9)

_g\now'\ B ZGF

- (10-11)

ZFx Z,M(—V\J—»;)

Comparing this with our more general definition for a heterogeneous
system in Eq. (10-8), which we will now refer to as fhet, we note that
in general

et hhom
_i: é g ) (10-12)

since Qi >, 1 (as the flux depression in the fuel would imply).
Therefore, lumping the fuel into a heterogeneous lattice will actually
lower thermal utilization, thereby decreasing core multipiication.

One can generalize the concept of thermal utilization even further
to account for a multiregion fuel cell. Consider, for example, a three

region fuel cell composed of fuel, clad, and moderator material. Then,

in analogy with our two region example, we would write
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ZNe
= Z{:V‘zf}; +iMVMaS$—4+Z\CVC{ (10-13)

If we now divide through by the average flux in the fuel, we find that
the thermal utilization f involves two thermal disadvantage factors,
one for the fuel to moderator, 9%//45; » and one for the fuel to clad,
&/

As yet we have said nothing concerning just how one calculates
these thermal disadvantage factors. Of course it might be argued that
the concept of thermal utilization within the context of the 6-factor
formula has very limited utility aside from crude survey estimates. We
will see later, however, that the disadvantage factor fg can be used
to spatially average thermal group constants over unit fuel cells, and
hence plays an extremely important role in reactor design. For this
reason, we will devote a considerable amount of attention towards its
calculation in the next section. We will examine both approximate
("quick-and-dirty") ways to estimate § as well as more elaborate schemes

based upon transport theory and collision probability methods.

PNFL’ PNTL: Since most heterogeneous effects enter into thermal neutron

diffusion, we will consider only the thermal nonleakage probability

CAQ CHLLD, YoU
MEAN 70 TELL HE

YoUVE AEviER EVERN
HERRD oF sor)

Russelt.!
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tHere 82 characterizes the overall geometry of the system, and hence will
not be affzcted by heterogeneous effects. We will confine our immediate
attention to a study of the effects of heterogenzities upon the diffusion
length L.

If we recall L2 = D/ Z,. and define the average cross section over
a unit cell as

Zi . 2£F \@;éﬁi -+ ZfM\dnqéii

= (10-15)

éﬁ% Vi + éﬁ=\JF' :

then we find

(2}):4\/1\4 + J?: \/FBZ
3 (£t Y 50 Ve B 2B

(&‘VH@FVF A 1o-1
R | V4 (BRRARD)

Lt =

In particular, notice that for small fuel pins, VF.<’<.VM, we find
that qb ~ gﬁ; and
E
é‘rr VF‘
M
Zir \A* g

<<\

such that

L | éiflvg

M \)M

2~ O-F)LL ~ LZO_J%B

(10-17)
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Hence the diffusion length tends to be decreased from its value in a
purely moderating medium by an amount dependent upon the fuel absorption.

Thus the nonleakage probability PNTL = (1 + LZBZ)'] is increased.

p: Perhaps the most significant effect due to heterogeneous arrangement
of fuel in a thermal reactor is a significant increase in the resonance
escape probability. This modification occurs as a consequence of two
phenomena: First, there is a geometrical effect arising because the
physical separation of the fuel and the moderator will allow some neu-
trons to slow down without ever encountering the fuel. This effect is
of secondary importance to the phenomenon of self-shielding, however.

To understand this second effect more clearly, consider a sketch
of the spatial dependence of the neutron flux at several different ener-

gies characterizing a resonance:

@l\

T é (FJ Ef‘l'ssiov)

MW

«\4\:&4\
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0f course at fission energies, we might expect the flux to peak in the
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L& of
fuel since the fission sources are confined to the fuel. However once

we have dropped in energy much below the fission energy, we will begin

to see a flux depression in the fuel. This arises because the fission
neutrons must escape the fuel pin into the moderator in order to be
appreciably moderated. [Nuclear inelastic scattering from fuel isotopes
as well as elastic scattering from light isotopes such as oxygen admixed
into the fuel cause some moderation, but this is a secondary effect in
thermal reactors.] Hence the moderator presents effectively a volumetric
source of neutrons appearing at the lower energies. These neutrons must
then either downscatter to even Tower energies, or diffuse into the fuel
where they are absorbed.

The fuel presents a very highly absorbing medium to the neutrons
diffusing in from the moderator. This absorption is sufficiently strong,
that many of the neutrons incident upon the fuel are absorbed in the
outer Tayers of the fuel pin. Hence the fuel nuclei in the pin interior
see a somewhat depressed flux due to the effective shielding presented
by the fuel nuclei near the fuel pin surface. Such self-shielding is

present to a certain degree at all energies below fission energies.
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However it becomes much more pronounced when the fuel absorption cross
section is Targe--such as at a resonance in the absorption cross section
or in the thermal energy range.

This effect is quite pronounced. For example, the resonance inte-
gral characteristic of natural uranium uniformly mixed with moderating
material is about 280 barns, lumping the uranium, we can reduce the
resonance integral to a value of 9 barns--a reduction of 30-fold. We
will see later than one can usually write the effective resonance inte-

gral in the form

T =q¢ ~ Cl(%E) ) (10-18)

1=

where AF is the surface area of the fuel Tump, and MF is its mass (pro-
portional to its volume). As (AF/MF) decreases--correspanding to more
highly heterogeneous lattice configurations -- the resonance integral
decreases.

To treat the effects of heterogeneities in resonance absorption
requires the use of several concepts from transport theory. Since this
subject is of considerable importance in thermal reactor design, we will

discuss it in some detail in Section 10-3.

€ _: The fast fission factor is also increased somewhat by going to

a heterogeneous lattice. To understand why, one need only recall that
a neutron's energy must be above a certain threshold in order to induce
a fast fission reaction in a fissionable isotope such as U238. By

Tumping the fuel, one effectively increases the probability that a high
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energy fission neutron will encounter a
fuel nucleus before it is slowed down
below the fast fission energy thres-
hold, either by elastic scattering

collisions with moderator nuclei or

NN

inelastic scattering from fuel nuclei.

In summary, then, lumping the fuel into a heterogeneous lattice
can significantly increase k ,y for natural and slightly enriched (Z 5%)
uranium cores. The dominant effect is contained in the behavior of f
and p. By way of example, for a natural =
. . N . 2] & Tr5cm
uranium-graphite lattice with cylindrical TT-
fuel rods of 1.25 cm radius, the values pitfeh

of f and p for several different pitches .L. & 22

is given below:

cell pitch (cm) f b ko
10 .907 .866 1.073
11 .888 .890 1.082
12 .867 .908 1.076
13 .846 .923 1.066

We will now proceed to discuss the various techniques used to
account for Tattice effects in nuclear reactor analysis. Our primary
concern will be a consideration of just how heterogeneous effects are
included in reactor design methods. To this end, we first will study
how lattice effects enter into the generation of thermal group con-

stants, with primary attention devoted to the calculation and use of
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thermal disadvantage factors. /@e then will discuss heterogeneous effects
in fast spectrum calculations--both in resonance absorptian and fast
fission.

It should be admitted that our principal orientation in this
chapter is with thermal reactor analysis, since for these systems the
treatment of heterogeneities is of paramount importance. However many
of the techniques we will develop can be (and are) used as well in the
analysis of fast reactors (particularly those schemes used in the treat-

ment of resonance absorption).
II. HETEROGENEQUS EFFECTS IN THERMAL NEUTRON PHYSICS

A. Thermal Utilization, Disadvantage Factors, and Cell-Averaged
Thermal Group Constants

As we have seen, the core of a nuclear reactor is made up ofr
thousands of individual fuel cells, each characterized by the fuel ele-
ment itself, usually some cladding material (separated from the fuel
element by a gap), and an adjacent moderator which may also serve as a

coolant:

O O OO0 Equivalent
o cells
2 /& o :
OLHo10:
7 O0;0|0 ‘
TUST Do’y knou/ Fuel
LIHD WIOULD MAKE ORNORN® §
A caap HARNWN, e
Square lattice Hexagonal lattice

Two typical heterogeneous lattices and equivalent cells for each.
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We have also noted that it would be prohibitively expensive to perform
a detailed few group diffusion calculation taking into account the detailed
configuration and composition of each fuel cell--indeed, the very high
absorption present in the fuel element makes the use of the diffusion
approximation highly questionable.

Instead the approach is to perform a detailed calculation of the
flux in only one typical fuel cell, and then to use this flux to spatially
average the thermal group constants over the cell. Let us illustrate
this by an example: Consider a typical
square lattice fuel cell with a cylin-
drical fuel pin. One first replaces
this geometry by an equivalent unit
cell to simplify the calculations,
taking care to preserve the same volume
of fuel, VF’ and moderator, VM' Now suppose that somehow we can ca1culite
the average thermal flux in the fuel, %%; » and in the moderatog Séi .
Suppose that we have also obtained the few group constants characterizing
a homogeneous mixture of fuel and moderator--that is, suppose we have-
performed a thermal spectrum calculation (e.g., using SOFOCATE) for an
infinite medium of identical composition, however with the number densi-
ties of fuel and moderator being uniformly distributed over the cell

volume. We then use this spectrum to determine the group constants charac-

terizing the fuel and moderator, e.g.,

dE ZHE) 95053 (10-19)
@]

F o=
Za Etn
f aE p(E)
0
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where :Z;F(Ef)fz Pd; (If(E) is the macroscopic cross section in the
fuel region alone (although the spectrum Si)(E) has been calculated for
a homogeneous mixture of fuel and moderator). Similar definitions could
be given for group constants characterizing the moderator.

One can now define cell-averaged group constants as follows:

Bz B@D
Veell

kzr 0]

leell

Ll —

cell

Zﬁ:&-p DH + 2 & 3@ (10-20)
e= VM,
Ex 56 + Pzr 3

Vi

or using our earlier definitions of region averaged fluxes, 1i.e.,

l

= RN ._': L 3
=k f;ﬁr 8@, 4= jvaj @v)) (o1)

we find

5 = Zap\/;:d—% = ZNVM(bM
< Za ce \lpﬁ—bp N VH}; ) (10-22)

or

ZF+ é"@xfi\f
|+ G//i ¢ ¢ (10-23)

<é“>ce H -
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Hence, provided we can determine the ratio of the average'thermal fluxes

in each region, i.e., the thermal disadvantage factor
€= /4g | (10-24)

then we can immediately calculate cell-averaged group comstants which
effectively replace the equivalent heterogeneous cell by an effective

homogeneous cell:

®
Y

We can perform similar cell averages of the other thermal group constants.

For example, the transport cross section is defined by

e A0 (%)
, i LV"/\IF\? ’

Now since < D> = }%<fh—> ., we find

A
4—‘—)-:_ —[I’HF " ﬁ(ﬁ}g (10-26)
Dea |+ Q%ﬂﬁéﬁ,f '

<fo‘>ce”

(10-25)

Finally, noting that [:2:: Y)//%ia ,

[+ %5
| . (10-27)
R T T [ Z6e5]
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It should be noted here that we have merely performed a formal
spatial average of these quantities over the thermal flux shape, just
as we did when we expressed the thermal utilization in terms of the

thermal disadvantage factor
5 F

A Zi: _%K>§

Ve

(10-27)

Thus we once again find that the key to including heterogeneities in
the generation of thermal group constants rests on our ability to esti-
mate the spatial dependence of the thermal flux in the cell--that is,
to determine the thermal disadvantage factor g .

[We might remark here that we have only presented one of several
possible schemes to perform cell averaging using disadvantage factors.
Later in the next section we will present an alternative scheme which
utilizes an energy-dependent disadvantage factor g'(E).]

For the large natural uranium-graphite moderated reactors of inter-
est during the early years of the nuclear energy program, one could
actually utilize one-speed diffusion theory to calculate § . However
in the more highly enriched and tightly packed core lattices utilized
in today's modern power reactors, diffusion theory estimates are quite
poor. Hence we will describe two alternative schemes useful for deter-
mining the thermal disadvantage factor, both of which are based upon
transport theory. The first method is an analytic scheme first proposed
by Amouyal, Benoist, and Horowitz, the so-called ABH method. It relies
upon concepts very closely related to the method of collision proba-

bilities we will introduce in more detail when we discuss resonance
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absorption. The second scheme we shall discuss actually solves the energy-
dependent neutron transport equation for the equivalent cell of interest

to generate the thermal flux and perform spatial averaging over the

cell. This scheme, known as THERMOS, discretizes the integral form

of the transport equation, thereby reducing it to a system of algebraic
equations which can be solved on a computer.

There are still other methods for calculating spatially dependent
thermal neutron spectra, ranging all the way from the assumption of a
fundamental spatial mode (such as was used in the BN or PN methods dis-
cussed in Chapter 8) to direct SN solutions of the transport equation
or Monte Carlo calculations. The choice of the method will depend both
upon the detail required in the design as well as upon computer
capability (and allowable expense). In recent years, the trend has
been towards more careful treatment of the spatial detail of the lattice,
and towards more precise transport descriptions, with increasing use
of Monte Carlo techniques.

B. The ABH Method

The ABH method combines aspects of transport theory, collision
probability methods, and diffusion theory to calculate the thermal dis-
advantage factor characteristic of a unit fuel cell. More specifically,
diffusion theory is used to describe the flux in the moderator, al-
though a transport correction is introduced into the boundary condition
at the moderator-fuel interface. Neutron transport in the fuel is
described by multiple collision probabilities. A1l of these calcula-
tions are performed in the one-speed approximation and yield f; in terms

of the one-group constants characterizing materials in the cell.
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Before we begin our description of the method, let us be a bit
more precise in our definition of a unit fuel cell. We will make four

assumpticns concerning the treatment of the cell:

(1) There are no neutrons slowing to thermal energies in the
fuel region. This assumption is quite reasonable in therma]
power reactor lattices, since moderation in the fuel occurs
only via inelastic scattering or elastic scattering with
admixed materials such as oxygen or carbon, both of which
yield inconsequential moderation when compared to the sur-

rounding moderating region.

(ii) We can treat the spatial distribution of neutrons slowing
down within the moderator region as uniform. To motivate
this assumption, notice that in most cases, the distance
required to slow a fission neutron to thermal energies
(&> = Lz ) is quite large compared to the Tattice
spacing or pitch. For example, in a LWR, the rms distance to
slow down is roughly 12 cm, compared to a typical pitch of
2-3 cm. Hence the neutrons slowing down within any modera-
ting region come from a large number of the surrounding
fuel pins. This tends to yield a more uniformly distributed

slowing down source, as the simple sketch below indicates:
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(i11) We will finally assume that there is no net flow of neutrons
between the cells. Surely this requirement would be true for
an infinite Tattice of identical fuel cells. It would be
expected to break down only near the core boundaries or
near to control elements or fuel pins of nonuniform enrich-
ment or composition (e.g., Pu loaded fuel pins which are
characterized by strong absorption resonances in the~5 eV
range).

(iv) We will assume that a one-speed treatment of the neutron flux
in the cell is sufficient. Actually, a one-speed calcula-
tion ignores the fact that the flux in the cell is frequently
inseparable in space and energy, but provided the proper
thermal group constants are used in the one-speed treatment,
this latter correction can frequently be ignored.

Hence our task now is to determine the neutron flux in a cell
resulting from a uniformly distributed source in the moderator region,
subject to the condition of zero neutron current on the boundaries of
the cell.

To proceed, suppose we can determine the flux at a point T in the

fuel due to a unit point source at r'--that is, suppose that by hook or

by crook we have obtained the point source '“\\\\
i \
kernel or Green's function for this geo- Z :37 I
. — . - madéﬂ?.s“‘

metry, call it G(r,¥'). Now the effective r o o

source in the moderator is just the slow-
ing down density at thermal energies, q(?,Eth).

Hence we can use the point source kernel to write the flux at any point r as
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BF) = ﬁz\r G () (@ En)

\Lelf

=% ﬁ; " GG omee)
W

where we have noted that the slowing down source is presumed to be zero
— S5
in the fuel, and to be constant, say q(r,Eth) = CH for r in the moderator.
Let's now calculate the rate at which neutrons are absorbed in the

fuel

rate of ;
absorption = c!ng{f@(T ZF% F/r é( ) (10-29)

in fuel

V% Ve \A4

The total number of neutrons slowing down per second in the cell is just

q VM In a steady state situation, all of these neutrons must be absorbed.
Hence the total rate at which absorption is occurring in the cell is just

q VM' We can use this to calculate the thermal utilization for the cell

0
as

= rate of absorption in fuel Z;-JL%JLEF éﬂ(

total rate of absorption in cell Ve Yy (10-30)

We will turn this problem around a bit by using a rather interesting
'3

property of the one-speed point source kernel known as the reciprocity

»
theorem:
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Notice that this theorem says that the
flux at a point'? due to a unit point source

at 7' is the same as when the source and

detector positions are switched. A quick
inspection of the explicit forms we obtained for G(r,r') in Chapter 5
using one-speed diffusion theory indicates that at Teast in this approxi-
mation, G(¥,r') does indeed exhibit this symmetry. However, the reci-
procity theorem is much more general, and indeed one can show that it
holds even when G(?;?') is obtained from the one-speed transport equa-
tion (see Appendix J for details).

We will now use Eq. (10-31) to rewrite f as

rB G(EF) = J*f %ré("‘) (10-32)
\/M‘[Adr v Vi

r:

Notice that J[ﬁ3r G(r',r) is just the flux produced at a point T oin
Ve
the moderator due to a uniformly distributed source in the fuel. Further-

more we can identify
H 3 c'rY =
%e fr'ﬁr clev) =P (10-33)
F VM \/‘:

as the probability that a neutron produced by a uniformly distributed

source in the fuel will be absorbed in the moderator. In this sense,
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we have used the reciprocity theorem to formally switch our problem

around.

It is useful to formally break this probability into two components:

= ]
P PF P
where
Pc = probability that a neutron born uniformly in the fuel escapes
F
from the fuel without being absorbed
P' = conditional probabiiity that the neutron, having escaped from

the fuel will be absorbed in the moderator.

Hence we can now rewrite the thermal utilization in terms of these pro-

babilities as

Z [N\ p o
{z-—g RP . (10-34)
2"\
We are usually not interested in the thermal utilization f, but rather
in the thermal disadvantage factor Eg which can be used directly in
the generation of cell-averaged group constants. But if we use Eq. (10-27),

we Cah express S§ in terms of f as

T I

After some manipu1ation, we can rewrite

()= (BN 55 e
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This rearrangement proves useful because the second term on the RHS
is usually much smaller than the preceding term. Hence rather crude
estimates for f and P' can be used to evaluate this term.

In fact, one can usually just assume for this calculation that
the fuel Tump is "black"--that is, 1t absorbs all incident neutrons.

For such a cell, obviously

f = PM = pfobabi]ity that a neutron born uniformly and iso-

tropically in the moderator passes into the fuel

Furthermore, the escape probability in a black fuel lump will Tater

be shown to be

Sk
T back - AVe &5 (10-37)
temp

where SF Ts the surface area of the fuel Tump. If we recall

G

we can solve for

P = 5. . (10-39)

Hence, using these results for P' and f in the second term of Eq. (10-36),

we find

LN L [EMN N\ L =R Az
(;C—#l) B (ZF)(VJ & i 18 S« (10-40)
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We now turn to a more precise estimate of the escape probability
for a "grey" fuel lump--that is, for a fuel lump in which scattering
may occur--which is necessary in order to adequately calculate the

first term. Suppose we first write

| ob
FI): = % + PF‘ + F1+"' — Z PF-_([ (10-41)

Y=o

where PFn is the probability that a neutron escapes from the fuel Tump
after scattering n times within the fuel.

Let's begin by considering

PFo = probability that a neutron

escapes from fuel without

scattering

Let there be S0 neutrons emitted uniformly and isotropically in the fuel
per cm3—sec. Then the number of neutrons from d3r passing through a

differential surface area is

P A
Se B dQ e
41

Hence the total escape rate is obtained by integrating over all angles

and all the surface

Fla_a2
escape rate = Eﬂfcﬁ‘ A e” ZFlP-e )
4T e

(10-42)
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But

esmoe rad‘e B iFlrﬁr
v 4N

[Of course, for a purely absorbing or black fuel Tump, Pg = Po']

Now it is useful to introduce a variable transformation:
A A
c*%p:: ‘CZ-chiE;c;FQ

Thus

1

- f;\s ﬁﬁ Gay (- = ) ]
AV £F
S 4N

To proceed further, we will utilize the so-called "chord method" devel-
oped by Dirac. First note that the number of chords which are drawn

in a given direction are proportional
to IA?. V"\ls » the cosine of the angle
between the normal to the surface, fi
and the chord direction i&l . Define

the chord length distribution function

(4)(R) as
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47(#&(5“? = probability that a chord is of length between

R and R + dR
Then we see J;!SJ'C\& é ﬁ
(;D(RXCJQ: Qse(l?clE) (]0_45)
fefie a
Sn.Vh)w:

[asﬁ?z £V = a;:sﬁsf@a, LS o0o16)
<120

(,Q)CMQ ,\_j:gs dd D%

so that

(10-47)
609d§5
Thus the average chord length is [,
: . ] A A . A
LR>= chP(Q}cJQ = az A%SJJQ Rlc2-v15) -
Re(8dR)
A
Thus we can write

FSIA& Ay = W SPRYAR (10-49)

Re(RdR)
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and
4\!
J;‘%Q OV = e PRI (10-50)
% e(RdR)
Hence, from Eq. {10-44), we find
Rt
\ B f’?

Therefore,. the calculation of PFo 1s reduced to the purely geometrical

problem of calculating the chord length distribution function c{)(R).

Example: Calculate PFO for a sphere

PRUR= L

)
where -
A = CoSo = QZQ
,_-JM: AR /%a
Hence
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and 3 S
E‘O: 4’?{—0\ AQ U‘C ¢ )‘i%z

o

= g 261 s (e

We have plotted PFo VS, j?;CL below for several typical fuel geometries
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These functions have been calculated and tabulated in detail by Case,
de Hoffman, and Placzek.

We next turn to the calculation of Ppys the probability of escape
after making one scattering collision. If we assume that the distri-

bution of first collisions is uniform, then we can write

=

= U'PFD é“; 7 (10-52)

Likewise, if we assume the distribution of second collisions to be uni-

form as well, then



CYLINDER

E SLAB

and a

z is in units of mean free paths.

For a cylinder, a sphere,

probabilities for uniform source density.

hemisphere, z is the radius; for a slab, z is the half thickness.

—QCollision
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\ F%’B (J F%f) 2iF-

(10-53)

In a similar fashion, we find under the assumption of spatially uniform
collision densities

@;—.394— PFI +%+-
= R [ iede o+ :]
F
where A = (l—ﬁ.—) éf.—F < 1

series, we obtain

(10-54)

Summing the geometric

R |

- O |+ A8 (' F?{) '
%

(10-55)

In the ABH method, this result is Improved somewhat by using the

actual distribution of first collisions. In this case, PF is given by

SIS e e S

where the coefficients ®{ and (3 are tabulated for cylindrical fuel
elements as
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where & is the fuel rod radius. [Note that if of = é? = 0, this is
identical to Eq. (10-55).] Now recall from the chord method that

R

S _ZTR ~
- 2F _e <t (R (10-57)
FoT vz 4R (1-€ )ti) ) |
th

For a "black" fuel rod, we have

F
]__— Cf#.ék R ~ 1

(10~58)

and since ﬁ&u;
CPOQCW\) - 1 (10-59)

‘ Qm'n

we have
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Sr

e A& (10-60)
R
a result we used earlier.

Our final task is to determine

PM = probability that a neutron born uniformly and isotropically
in the moderator is absorbed in the fuel (which is assumed

to be black to all incident neutrons)

We will use diffusion theory to calculate Pﬁ, d]though we will insert
a transport theory correction at the fuel-moderator interface. That

is, we will solve

DV () - 283 = - 9@
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Here, we have used a transport boundary condition at r = a, involving
a parameter d which is given below in terms of the fuel radius and

the transport mean free path

We need only solve this diffusion problem, and then use the fact that

Ry = 2ra Dy AQ’E?.\ (10-61)
c’b‘\jﬂ IF O )
In order to determine PM' Avoiding the details, we will only give

the final result here

L~ Wwad | E (U, ib) ocee)
B Vel -

where

14;1 = }QQE- = [)*/{ZZH

(10-63)
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and E is a Tattice function, which for cylindrical geometries takes

the form

) [ R0 Kilkab) v Wy (440) T, ) ]
E(K“G’("m_ 22 [ T, (k)W lea) ~ WK, (b) Tibiua) | (10-64)

Hence our final expression becomes

Tl = %’l %H %[Hv‘é;)*r? —é‘;ﬂ

+ (%f‘;‘)." Oiﬂu)\{/ﬁé + E("(Ha}%;b) -'I (10-65)

It is useful to present similar results for a three region cylindri-
cal fuel cell in which the clad is taken into
account. [One usually homogenizes the gap
and clad together.] As we have seen, for
this cell the thermal utilization is given

in terms of two disadvantage factors as

c Za Ve
Ze+ £V, %F-t ZM ¢i~/¢;
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The ABH method yields expressions for these disadvantage factors of

the form
& & 2. (10-66)
where Ad '4_"‘62 éf » t_ = clad thickness
E
while

3o H{E- | e )]

i (10-67)

Here f;"‘: f5‘:(l-/i:'-:') and ft”= ZF(I—/Q'A-Q- ZF) the

transport corrected cross sections, while Eb is the collision probab-

ility for a cylinder. Similarly
R A Vu £ &
Js. rd 3. 1 4F (a} a < \Y
P R A [ )
2 E (b W lo+t)
) (-3

-+

" = &

%
%-

(10-68)
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The ABH method actually gives remarkably good results. For a range
of fuel-to-moderator ratios, the values of %% ,/ QE% calculated by
the ABH method are within 0.5% of those calculated by a transport theory
analysis (DSB).

It should be noted that the disadvantage factors calculated by
the ABH method depend upon various macroscopic cross sections. The
most common scheme is to consider these cross sections as being evalu-
ated at the mean energy of the Maxwellian spectrum characterizing the
moderator temperature. However, it is possible to also regard the dis-
advantage factors as depending implicitly upon energy via energy depen-
dence of the cross sections which appear in them. That is, one can
calculate a disadvantage factor for each energy point utilized in the
thermal spectrum calculation. These energy dependent disadvantage fac-
tors can then be utilized to determine cell-averaged group constants
as follows:

(i) Determine the macroscopic cross sections at each energy

using the energy dependent disadvantage factors

ZaB)= Z ZM GO(E) &, (E) (10-70)

lso'l'upes nm

(i1} Calculate the spectrum%{Eﬁ[ﬁgjusing SOFOCATE) using these
cross sections.

(iii) Calculate the cell-averaged group constants as

ﬁuz 4(E) PE)

{ £0>¢e — (10-71)
! [ v
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j;SE' »4(E) 4YE)
J::lE P(E) (10-72)

Lo T

ﬁas D(E) Y(e)
< D >cell = PELP(E) (10-73)

D) - [BZ 2. N GE) 43(6)?

hoi:gpes Yegqtons

1 r

where

It should be noted that in most cases, the use of energy-dependent dis-
advantage factors yieldsresults which are qhite comparable to those
using the somewhat simpler disadvantage factors simply calculated at
the mean enérgy of the spectrum.

C. Integral Transport Methods for Thermal Cell Calculations
(THERMOS)

Thus far we have described methods for including lattice hetero-
geneities in thermal spectrum calculations which essentially separate
the treatment of the spatial and energy dependence of the neutron flux.
That §s, the spatial behavior of the flux in the unit cell is treated
in the one speed approximation (such as in the ABH method), and then
the thermal disadvantage factors calculated from this spatial analysis
are used to generate cell-averaged or "self-shielded" thermal group con-
stants using the results of an infinite homogeneous medium thermal spec-

trum code., Such a scheme is characterized by a minimal calculational
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effort while still producing results of sufficient accuracy for many
reactor design calculations.

However, occasionally a more detailed analysis of the spatial
dependence of the thermal spectrum in a fuel cell is required, for
which the assumption of space-energy separability is inadequate. For
such calculations it is usually also necessary to take into account the
more detailed nature of thermal neutron sc&ttering in the moderator
using the scattering kernels generated by more elaborate methods (e.g.,
GASKET) than those such as the Wigner-Wilkins scheme.

Such an analysis usually requires a detailed solution of the energy-
dependent transport equation characterizing the cell. Perhaps the most
popular of such transport methods is the THERMOS code developed by
Honeck, which uses an integral form of the transport equation to cal-
culate the spatially dependent thermal neutron spectrum in a cell
characterized by one-dimensional symmetry (usually cylindrical). The
feasibility of the approach used in THERMOS relies heavily upon the
assumption of isotropic scattering.

To sketch the method, let us first recall the form of the energy-

dependent transport equation, assuming isotropic sources and scattering:

A - Al " ' -
2V + (580 = %‘J;j;ﬂé(vﬁ"’a#)(n%fi ¥ %‘uﬁ@) (10-74)
o
1 —~
OLELE
where we have noted that for such thermal spectrum problems, one is
usually interested in energies E below some cutoff energy EC (typically
of the order of 1 eV). The source term actually represents‘neutrons

slowing down below Ec from higher energies:
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(o)
> — J -~ = '
SG-,E)— dE ZCTJE"E)é(‘GE) ' (10-75)
Ec
Now notice that the transport Eq. (10-74) contains only a single deriva-
tive in space. Hence, one can use standard integrating factor techni-
ques (see Appendix J for details) to integrate this equation over space.

After a subsequent integration over angle, one arrives at the so-called

"integral form" of the neutron transport equation
@(F,E}z e V6V E)[ J;IE (\rEaE)C_b(rE)’f S(H% (10-76)

where =
¥-v

. _
exp [—fds Z(¢-s \?‘-F")E)]

4 V- 7\ 2 :

(10-77)

""Eﬁ -

Note here that T{¥.r',E) is in fact the
uncollided flux at * of energy E from a

unit point source at v’ of the same

energy E. It is sometimes known as the
"transport" or "first flight kernel",
and we will later see that it is closely related to a collision probabiiity.

This equation is now solved numerically for

a unit fuel cell, assuming zero net neutron
current across cell boundaries and a
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uniformly distributed siowing down source only in the moderator. The

integral transport equation is first written in multigroup form

G
PR = f - TR Ea)[ Z 2R P + S”(F‘)] (10-78)
3=
\5366

To handle the spatial variable, the cell is divided into N subregions.
One then assumes that éE?(F) is spatially independent within each

subregion such that Eq. (10-78) can be written as

Z Toon [ A 5"1 (10-79)

t 446 iné N
where

T3 = _{I/__ TP 7 Ey) (10-80)

Notice here that Tgm can be interpreted as the transfer or coupling
coefficient characterizing neutron transport between subregions n and m.
The THERMOS method first calculates the coupling coefficients Tgm

for the cell of interest, usually by numerically performing the inte-
gration indicated in Eq. (10-77). Then the N x G multigroup, spatially
discretized equations are solved using standard iterative techniques
(e.g., overrelaxation). As one might expect, the calculation of the

Tgm is very time consuming. Furthermore, since we are actually solving
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a discretized integra1 equation in space (as opposed to a differential
equation), it 1s not surprising to find that the matrices involved are
full (which restricts one in practice to using a small number of sub-
regions).

THERMOS works best for small, highly absorbing lattices with rapfd]y
spatially varying properties. Once having obtained the spatially de-
pendent flux in the cell, Eﬁ(F,E), one can directly calculate the

cell-averaged or self-shielded cross sections as

& NUE) T9E) olr e

. ?ED I (10-81)
% BRE)
Vot

Of course one can also calculate thermal disadvantage factors, e.g.,

& [ BFE)
" Iy (10-82)

-\‘,; fcﬁp BE)
Ve

< (E) =

The problem with codes such as THERMOS which attempt to calculate
in some detail the spatial dependence of the flux in a unif fuel cell
is one of cost relative to less sophisticated schemes such as the ABH
method. Typical running times for such detailed transport codes are
several orders of magnitude longer than schemes based upon relative
simple estimates of the disadvantage factors. Hence the typical pro-
cedure is to calculate the fine structure within fuel cells using

THERMOS only in detailed design studies. These results are then used
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to homogenize or self-shield group constants for a few group, 2-D
diffusion or transport calculation performed on a fuel subassembly
or group of subassemblies. The procedure is usually augmented by a

few experimentally obtained corrections.
ITI. HETEROGENEOUS EFFECTS IN FAST NEUTRON PHYSICS

A. Resonance Escape Probabilitfes in Lumped Fuels
1.) The Slowing Down Equations for a Two-Region Cell
In our introductory discussion of lattice effects on core multi-
plication, it was stressed that fuel lumping can cause rather dramatic
changes in resonance absorption due to self-shielding effects. Indeed,
the effective resonance integrals for the fuel can be decreased from
their homogeneous values by as much as an order of magnitude. Hence
it is essential that we discuss schemes for calculating the resonance
integrals characterizing heterogeneous lattices. It is evident that
such schemes must account for the spatial dependence of the flux in
the fuel cell. The method we will describe is based upon fhe concept
of collision or escape probabilities--that is, the probability that a
neutron originating in one region will make its next collision in
another region.
For convenience, we will consider the fuel cell to be composed
of only two species, fuel and moderator. [The extension to muitiple
isotopes or moderator admixed into the fuel is given in many of the
standard references on this subject.] OQur first task is to write a

balance equation describing the neutron flux in the cell. Recall
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that the balance equation describing neutron slowing down in an infin-

ite, homogeneous medium is
£l S

= [ ZEVPEIE & | 4ME)SEVE' o

Z(EYPLE) RN e 10-83

E E=

We will develop a generalization of this equation to account for a

heterogeneous fuel cell by defining the escape probabilities:

PF(E) = probability that a neutron of energy E
originating in the fuel will make its
next collision in the moderator (that % y
is, will escape the fuel without

suffering a collision)

PM(E) = probability that a neutron of energy E ‘E::EEE)
' M

originating in the moderator will make

its next collision in the fuel

We can now use these escape probabilities to develop a generalization
of Eq. (10-84). For suppose we interpret gh%(E) and géh(E) as the

volume averaged flux in the fuel and moderator, respectively. Then,
for example, —~
g E Ly

ZM(E) & (E)dE
(\- dn) E'

N

E
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represents the average rate at which neutrons slow down to an energy E
in the moderator. Hence, by mulitplying this expression by PM(E), we
can compute the rate at which neutrons of energy E are transferred from
the moderator into the fuel. In a similar fashion, one can calculate
the rate at which neutrons slowing down to energy E in the fuel suffer

their next collision in the fuel as
E/ol

- %(Eﬂ\/‘: JdE' ZFE) . (E)
E

(t-ode) E

The sum of these two contributions must equal the total rate at which
coilisions are occurring in the fuel; hencé we arrive at the balance

relation for the fuel:

Efelr
Vi ZHE) qb,,(E) = Ve [1-R:(8)] |9 éF(Ec)J%(E)
- €/t (10-84)
+VMPM(I=ﬁE éH(E)éE( E)
=4 ([ JH‘E'
We can write a similar balance relation for the moderator region:
El
Vo ZME B (E) =V [)-R 0] dh ' ZHEA(E)
(I-olu) E (10-85)
e
*VeFr (E) jcua’ ZA(e)H(E)
= (Q-ol=)E’

These two equations represent the generalization of the slowing down

equation (10-83) for an infinite, homogeneous medium. As they stand,
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these counled integral equations are exact. However they are only
formal until the escape probabilities PF(E) and PM(E)-have been
specified (in much the same sense that the multigroup equations were
also exact but of only a formal significance until the multigroup
constants were determined). We can (and will later) give an alterna-
tive derivation of these equations in an effort to arrive at a more
explicit form for the escape probabilities. For now, however, we
will proceed to apply Eq. (10-84) and (10-85) to the study of reso-
nance absorption in Tattices, deferring the calculation of the escape
probabilities until later.

It is possible to decouple these equations by making the narrow
resonance approximation for the moderator. That is, we wil] assume
that

AE\M :Q—:;H}E' << f; (10-86)

so that we can replace the average flux in the moderator by its asymp-

totic form

\

R (E)~ 7 E (10-87)

wn

where

fFZ/PF VF + gﬂ é”\/u

§% = VeV, - (10-88)
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If we now use this in the second term on the RHS of Eq. (10-84) corres-

ponding to slowing down in the moderator, we find that it becomes

€4y
H
Vu 4 (E) AEf“LE‘)g - VB (E) _f(_’ ~ (10+89)
LT AE £7.E

Hence, by substituting this NR form into Eq. (10-84), we will have
eliminated the appearance of the moderator flux in the equation for
the fuel region, thereby decoupling this equation from the moderator
region balance equation.

It is useful to make one further manipulation before inserting
the NR approximation for the moderator into Eq. (10-84). Uding the
reciprocity theorem, one can demonstrate that the escape probabilities

relating the fuel and moderator regions must satisfy
R(E) ZF(E) Vi = Ry (E) 2B V) (10-90)

If we furthermore assume that absorption is negligible in‘the moderator

[ gf:“(E) " 2§M(E) 1, we can rewrite (10-89) as

€l
Vi Ba(B) | g2 SHE) R, E) V. R (E) _éf_E)_ (10-91)
(I~} E' e E
Hence our slowing down equation for the fuel region becomes
Bl
F u_:_ ) = \"P‘E-)] C‘E|£SF(EI) (E") 10-
£5D)E) [-% R, (10-92)

E ZE)
+ PF (E) gc E
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Once we know PF(E), we can solve this equation for géz(E)--either
using analytical approximations or brute force numerical methods--and

thereby calculate the effective resonance integral for the rescnance:

T = $% [dE GF(E) R (E). (10-93)

=

Notice that for a homogeneous system, PF —» 0, and Eq.(10-89) reduces
to our earlier slowing down equation (10-83).

2) The Rational Approximation

But we still need to calculate PF(E). To facilitate this cal-
culation, it is customary to introduce the
“flat flux approximation" in which PF(E)
.and PM(E) are obtained for uniform

(spatially independent) sources of TN

neutrons in the fuel or the moderator.

AN

Although this approximation might be
reasonable far from the resonance
energy, it is certainly not strictly valid at this energy since the flux
in the fuel element is quite strongly varying due to self-shielding.
However, once again we are saved by a fortunate cancellation of errors.
[God watches out for drunks, fools, and reactor physicists.]

Hence we are now faced with calculating PF(E), the probability
that a neutron born uniformly and jsotropically in the fuel makes its
next collision in the moderator. Fortunately, the resonance integral
is not overly sensitive to the detailed behavior of PF(E). In fact,

it is usually sufficient to introduce a particularly simple approximation
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for PF(E) first suggested by Wigner. First notice that we know the

limiting behavior of PF(E) for both small anrd large fuel lumps. For

small fuel lumps, obviously

REY—~ 1 as éi - O (10-94)

For large fuel Tumps, we can effectively use the black 1Uhp result

L (€ s Ve (10-95)
S P-(€)= 4\/fe S o6

. ??ﬁ"fﬁese Timits in mind, Wigner chose a simple interpolation formula

i ‘ietween the 1imits (known as the "Wigner rational apprbximation“)

(Se/ 4\ 5,F)
|+ (Se/4V:ZF)

RE) =

(10-96)

It is customary to define a fictitious macroscopic cross .section

= Iv <R> (10-97)

where <R 7> is the mean chord length of the fuel lump. One can simi-

larly define its microscopic counterpart

Ze Se
O = 3 =
© Ne 4Ve Ng

(10-98)

Notice that these quantities represent the effective cross -section for
neutron removal from the fuel lump via Teakage to the moderator. Using

this definition, we can now write Wigner's rational appfoximation as

Ee . 0 o
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7o proceed further, we can now return to Eq. (10-59) and introduce
the standard approximations for the scattering integral characterizing

the absorber. First, in the narrow resonance approximation (N.R.)

Ebir
st(E‘)JDF(E) » ipf# (10-100)
(-de) E ez E

E

Hence we can solve for the flux as

R (E) = 0- E{EﬂfF RE)E (10-101)
L fféﬂp

The corresponding N.R. approximation to the resonance integral is then
~— - |dE &F F F. F] }
in“fr: o OoF+ R (0:-G.7)| | (10-102)

or using the rational approximation (10-99)

Te= |dE (GG (10-103)
E g F+ Te

In a similar fashion, the wide resonance or N.R.I.M. approximation for

the absorber implies

Edlr

4 FERE) | zre) doe) (10-104)
(- de) E

This approximation leads one to
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T =ﬁ£ Be Ga” (10-105)
TR R (6

or in the rational approximation

Ue OQF
—_ é[..
INQM

= . (10-106)
a €

It is informative to compare these expressions with the earlier

results we obtained for homogeneous systems:

Yo OgF
T = |JE —a
MK XE |+ (GF+ /0 (10-107)

F
:Ehau - c%? Up Ga®
i U;F + G;
where we define the potential scattering cross section per fuel atom

of the fuel-moderator mixture as
Op = == + 0 (10-108)

Notice that by replacing the potential scattering cross section in

(10-107) by

TpF + (¢
Tp = Ve e (10-109)
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we arrive at the same value of resonance integral. Hence we can very
simply adapt the schemes used to calculate homogeneous resonance inte-
grals to heterogeneous lattices by merely replacing Up by O;‘:+ (e

It 1s useful to also give the resonance integrals for the more
general case in which there is moderator (such as oxygen or carbon)
admixed into the fuel. If we identify this element by a scattering
cross section, CTaz: » then our two approximations to the resonance

integral become

F
T = J:i‘E s v
MR T JE T\ (0RO L0 0o To)

(10-110)

T = 4E (@e+%a)0&
MOTE OzFe 0e + Tk

Two interesting limits of these resonance integrals are

Q) Tow + Je<< Oy 5 O"<<«Te

Then

~ SF A = VN
T = A+BIN > - (10-111)

ki) Ope +0:<< Oy 0e">> 0%

In this case

T = C+ D (;%%i
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3) Empirical Correlations for Resonance Integrals
Very similar expressions have been verified experimentally in
a series of experiments by Hellstrand* who found the following

empirical correlations for oxide fuels

12 _ 6 + 2280 "M ;

415 + 266 {Se/Me

(10-113)

H

I‘JB

for a temperature T = 20°C. These two forms have been found to work
equally well over the range of SF/MF examined, Repeated experiments

for the temperature range T = 20°C to 600°C can be fitted by

a:j@mmﬂD+QWiJﬂﬂ,-(WM)

Strawbridge and Barry** have proposed a single correlation to fit all
of the Hellstrand data which is more commonly used in the analysis of

1ight water reactors

T2 _ by + 250+ [027dx — 0837 [T (515

Here ) [jzé;f 0 4 Dect —} 2
= FF
<KX Nz

*J. Hellstrand, J. App. Phys. 28, 1493 (1957)
Hellstrand, BTomberg, and Horner, Nuc. Sci. and Eng. 497 (1960)
**Strawbr1dge and Barry, Nuc. Sci. and Eng. 23, 58 196—)
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and

jPF; potential scattering cross section of fuel (—C}Q,“:\o_‘]\g
. G:0=38b)

NB = 0?38 number density in fuel
<<E§; = mean chord length

Deﬁ": effective shielding factor (Dancoff correction)

Typical results from this correlation are shown for several different

fuel temperatures below:

WP
i & HELLSTRAND'S CORKLLATION FOR U0, RODS

+  HELLSTRAND'S CORRELATION FOR U-METAL RODS 299K

== METAL-OXiDE CORRELATION

G

oy . 1
[; ¥ ‘.J-__” fI

P an ™

0 uLw g

. Comparison of metul-oxide resonunce integral

coireliiion with Hellstrand’s correiations for isolated

rods.
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4) Rod Shadowing and the Dancoff Correction

Thus far we have treated resonance absorption in a fuel Tump
as if the unit fuel cell were truly isolated from other fuel cells.
But, in fact, if the fuel rods in a lattice are separated by a modera-
tor which is not many mean free paths thick, it is possibie for neutrons
with energies in the resonance region to pass from one fuel lump to
another. This invalidates our earlier calculation basedtupon collision
probabilities, for in that calculation we assumed that the escape pro-
bability from the fuel PF implied that upon escaping from the fuel,
the neutron would suffer its next collision in the moderator. But if
other fuel lumps are nearby, this next collision might also occur in
the fuel. Hence we should try to calculate a modified escape probab-
ility, P; , that a source neutron born in the fuel suffers-its next
collision in the moderator--even though there may be fuel elements
adjacent. Then we can use our earlier analysis, merely reb]acing
P

E'S
£ by PF .

Recall that the escape probability for a given region could be

_ 12
ﬁﬁa\A a4 (1-e~ %)

ff«kﬁ\&f&\ n-AL (10-116)

written as

Now to handle a periodic array of fuel rods, we merely extend the chord
under consideration in the integration to see whether it intercepts

further fuel rods

xkv@nng'zzurszzmao
”455'43444577 THE
LA T CAARSTEN

i

CORREL TTON
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tience the contribution to the integral from a given chord should he

reduced by
_ s My A A% L7
2N, - ) ~Z2tKFy ~ZMku
(-e ) + %M (1-e7 %)+
V'_V""\______,.
collision transmission (10-117)
probability probabilities through
in region F2 M1 and F2

We can develop a useful approximation to the integral as follows:

Define the modified collision probabilities:

P& = probability that a neutron incident on the moderator after i
previous traversals of fuel will collide in the moderator
P; probability that a neutron incident on fuel after i previous

traversais of fuel will coilide in fuel

Then we can write

- (B O-R0-RR (10-116)
L O-RI-R0-R-RIRE ]
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If we replace all P&-v Pﬂ and P;fv Pg, then we can sum this series to
find

ab
- (- R)(-B°)

F?-'* = PF (10-119)

Usually one writes

R = (- C) (10-120)

where C is referred to as the Dancoff correction. To handle P?, ohe

uses the approximate form

P~ ZF<RY R (10-121)

then one finds
- (-
Py ¢ (1- £RR: ) (10-122)

12

Pr:*

The Dancoff factor has been tabulated in numerous references, among them
ANL-5800.
One can now merely use PF' in place of PF in the calculations of
the resonance integrals for the lattice of interest. The effect of
such a correction is to decrease the surface area of a single fuel
element by a factor of 1-C. This fact is of particular use if one of
the various correlations for the resonance integral is to be used.
Notice that decreasing the surface area of a fuel Tump will reduce

the corresponding resonance integral from its value for an isolated
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fuel element. Hence one finds that the Dancoff correction for neigh-
boring fuel elements corresponds effectively to a correction for the

shadowing of one fuel element by another.

5) Generalized Slowing Down Equations for a Two-Region Cell

It is possible to give a more rigorous derivation of the coupled
slowing down equations (10-54) and (10- 85} characterizing a two-region
fuel cell. We begin by recalling the integral form of the neutron trans-

port equation under the assumption of isotropic scattering
P(RE) = ﬁ?r TG v, r:) JdE f (7E'-E) B(FE)

where

2 i S A,¢
(¢ P)C§ — 4—wlF—F'\2 EXP[ C( ]

.
. L @)
WhEe) = Jas Z(7- E5%E)

Notice that the source term has been eliminated from the equation, con-
sistent with our interest only in resonances which are many collision
intervals below the source energy. In this spirit, one usually attaches

the boundary condition

lim @C‘T‘,E\: )/E : (10-142)

E= oD
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Next we divide the volume integral into
two contributions, one from the fuel
volume VF and one from the moderator

volume V

M° E[:(F
3_45&*,5)_ TG e)jcle £FE) PGE)
(1-olp )E'
(10-143)
dﬂ Y )
dri T E) [ae (s"fj)?ﬂnk‘)
l~oln)E’
Vi . H
Now define
%@ E) = ZM Cis T(‘:;F: E} (10-144)
Vi

This is the probability of a first collision in the moderator due to a
unit isotropic source at r in V emitting neutrons of energy E. Hence
the general escape probability for the fuel lump is obtained by inte-

grating this quantity over V. and dividing by V
F F

7E)= ﬁmwa— fawﬁwm,e) o-165
Ve Vi
In a similar fashion, we can define the average escape probability for
the moderator as
RE= s L FaTERD
Vi Vh I
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It is also useful to recall the definitions of the volume averaged

Gl = o fc\?\(‘ D(iEe)
"

fluxes

(10-147)

- L g BGE
¢ (E) VHLA% E)
A
Now volume average Eq. (10-143) over the fuel region

e
[as@m) L Lo Tt e /z\gzqe)(ﬂrt)
VF Vi (-dg)E'

Ebf, (10-148)
L [CFV" TFEE) [4e &) EE)
Vv [ ER
VE Wy

or using our above definitions

Bl
PO o z’FV 4"‘*’ [I-R@e) j;e‘ £7(e) Pe)
(l'dF)E'
E/o(ﬂ i( P ([[J_.]/]q)
) CZNE) Dl
4ﬂvajr~ Rl(YL f;k 3 0(,1)5-

Ve E
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Here we have identified the number of first collisions in the fuel Tump

| ~Y=(F, E) = Z(.F(E) d’r' T(f‘, FI E) (10-150)
Ve

Next, add and subtract PF(E) and PM(E) to rewrite this as
Eble Elée
ZFhE) = [\-REl[de £ RE) + R | £E) R E)

e (-4} E (1-dn)E'
E

E

+ L ﬁ‘ [%(E)—R:C\?;E)] dE' F4?‘[l=,’)qf}(5;E')
VFV (i~ e )E’ (10-151)
F E

= bl

L | [ ee-Rell de Ze) BlRe)

1 t
8 (1-dn)E
One can write a similar equation for the moderator region by merely
interchanging the F and M subscripts. Notice now that Eq. (10-i51)
would be identical to our earlier Eq. (10- B4) were it not for the
presence of the last two terms. These terms may be though of as a
correction to the flat flux approximation, since they will vanish if

the narrow resonance is applied to the terms, since then one assumes

. !
HEE) ~ = (10-152)
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is independent of position. Hence, in addition to providing a formal
basis for the development of the volume-averaged slowing down eguation
(10- 84), Eq. (10-)51) also provides a consistent means to estimating
the error introduced by making the flat flux approximation.

B. Modifications in the Treatment of Fast Fission

Although the number of fast fission events which occur in a
thermal reactor is not large, such reactions can be quite significant
since they can provide a sizeable fraction of the excess reactivity of
a core. It is particularly important to take some account of the fact
that the probability of a fast fission reaction occurring is enhanced
somewhat by fuel lumping. Thus the fast fission factor € 1is increased
from its value for a homegeneous reactor core.

The calculation of heterogeneous modifications to the fast fission
factor is a subject which is considered in detail in several of the
standard references, e.g., Lamarsh, pp. 402-407 or Megreblian & Holmes,
Pp. 692-698. We will focus our attention instead on the more practical
question of just how heterogeneous effects are included in the treat-
ment of fast fission in conventional fast spectrum codes.

The rate at which fast fission reactions occur depends upon the
magnitude of the fast neutron flux in the fuel region. From our earlier
discussion, we expect this fast flux (say, in the energy range .821 MeV
to 10 MeV) to be somewhat larger in the fuel thar in the moderator,
since once neutrons have entered the moderator, they are rapidly slowed
down below the fast fission energy threshold. Hence we might expect
that a homogeneous fast spectrum calculation will tend to underpredict
the amount of fast fission occurring, since it will use the average.

flux characterizing a homogeneous system.
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To correct this, we will follow a procedure*very similar to that
used in our treatment of thermal fission--that is, we will define a
"fast utilization factor" (similar to the thermal utilization factor)
which is the ratio of the rate of neutron removal in the fuel to the
total rate of fast neutron removal. Notice that we include in this
definition all mechanisms for neutron removal, including neutron
absorption, elastic and inelastic scattering. Then it is evident

in analogy to our treatment of p that

ZF Ve R
ﬁ__ = Py VFST,?_. N Z’,’* Ve q'E“ (10-123)

Here, Zfr js the remoyal cross sections for fast neutrons. We wiTl

now introduce a flux "fast advantage factor", defined as

Se

%/éf‘% (10-124)

(Notice that in the fast range, the fuel is now at an advantage in
competing with the moderator for neutron absorption). Using this defini-
tion and our expression for fF’ we can solve for the fast advantage

factor in terms of the fast utilization factor as

. = éﬂvﬁ( fo\_ Z-G)\i ( ___{_E___))

ZF Ve W-fe )T ARGV (V- Ko

(1p-125)

where we have defined

\-C = é'/ft :

(10-126)

*Proposed by R, C. Hellens and described by Strawbridge and Barry.
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One usually normalizes the fluxes appearing in this ratio such that

%: Ve + %}\/H = | . (10-127)

Once we have determined SfF » we can calculate new group constants
characterizing the fast range which include the effect of fast flux
enhancement due to fuel lumping.

O0f course, the success of this technigue hinges upon our ability
to calculate PF' One could always use brute force methods based upon
Monte Carlo calculations. But we will instead introduce an alterna-
tive technique based upon the methods of successive generations using
collision probabiljties for the moderator and fuel regions.

To this end, we will define the following collision probabilities
for a given fast energy micro-group in the fast spectrum code energy
mesh
P. = probability that a neutron born uniformly and

isotropically in the fuel will escape the fuel

region if every collision removes the neutron

from the fast group

P, = probability that a neutron born uniformly and

isotropically in the moderator will escape

the moderator region if every collision re- W
M

moves the neutron from the fast group

We will also introduce two additional quantities
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é?F = probability that a neutron entering the fuel region will
be removed from the group if every collision removes the

heutron

é;M = probability that a neutron entering the moderator region
will be removed from the group if every collision removes

the neutron

Here QF and@ y are referred to as the "blackness" coefficients of the
fuel and moderator regions respectively. Notice we have modified the
usual definitions of Pp and Py by specifying that all collisions re-
move neutrons from the fast group. But of course this is not strictly
true. In general, only a fraction 1-C:= ék%ét of the collisions re-
sult in removals, while a fraction C remain in the region. For example,
in the first generation, if one neutron is born in the fuel,

PF escape fuel region

(1-PF) have a collision in fuel

(1-PF)(]-CF) are removed from fast group
Continuing on in this fashion, in the second generation, assuming after
each collision the neutrons are still uniformly distributed,

(1—PF)CF remain in rod

(1-PF)CFPF escape fuel region

(1-PF)CF(1-PF)(1-CF) are removed from group
and so on. Hence we can sum the escapes from all generations to calcu-

late the effective escape probabilities:



-529-

=B+ U-PF)CFPF"' (l'PF)CF(\-PF)CFR: *

PF (10-128)
- ) - CF L‘"PF)
Similarly
M
pr — _
M |- CHU"PH) (10-129)

[Note that an essentfal ingredient in this' calculation was the assumption

that each generation remained uniformly and isotropically distributed.]
We can perform the same stunt to calculate the effective blackness

coefficients. Suppose one neutron is incident at the fuel surface.

Then

63F have a colTision
@?Fr (1-CF) are removed from fast group
In the second collision generation
é FCF remain in the fast group
@FCFPF* escape fuel region in all successive generations

*
G?FCF(1-PF ) are removed from group in all successive generations

Hence we can add all removals to find

GF*

GF L\“ CF) ¥ 8{: Cp L\‘PF*)

(10-130)

)i

Q?F (1- Ckrji;*)
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and

@* = Gy (\- G, B9 (10-131)

Now to calculate the fast utilization fF' we will use the above
quantities to follow a neutron born in the fuel as it suffers collisions

in the fuel or passes back and forth between fuel and moderator

[ neutron born in fuel

1-P;& removed from fast group

4 in fuel

P#’ enter moderator

Pe¥ @f' removed from fast group

' in moderator

PE?(]— {ﬁf) reenter fuel
* g ¥

P (1= ,)6?.1 removed from fast group
F fﬁ* F in fuel

Pﬁ?(]- fﬁ;)(1-€§i) e?ter moderator

Thus, summing all removals in the fuel due to this source neutron to

calculate a fast utilization for the fuel

£ = 1R+ R*0-800% + R (-ED0-89(-69)4%+

or summing

Ry
e = 17 0ar g
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In a similar fashion, we can calculate a fast utilization factor for
the moderator
R G
'F ¥ M -
= - 10-133
e |- (1-@20-G) Ho-133)

We can calculate similar fast utilization factors for the situation in
which the source neutron is born in the moderator by simply reversing
region subscripts
x *
¥ = b @F s (10-134)
F i * -
H | - (I- @GXN-G)

and
o = |-
MM )—(1—61:*)(\73«*) = (10-135)

Hence, to calculate the fast utilization characteristic of the fuel, we
simply weight the utilizations by the fractional source in each region
I;FF Qp VF + .FFH Q" \/n

s:‘: = (10-136)

Qe Ve + G W

_where Qj is the source in region j. The source QF is the sum of the
direct fission source, X(E), and the slowing-down source in the fuel
region of all upper groups. The source QM is simply the slowing down
source from the moderator regions of all upper groups.

To calculate PF’FHP @F,Q?M,ﬁone uses our earlier work on collision
probabilities, with 1iberal help from Case, de Hoffwann, and Placzek.

Here we merely note
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P-=1(- R (10-137)

where PC is tabulated in Case, et. al. Then

@F: <ﬁ>‘:‘ ftFPF (10-138)

where'<R:>F is the mean chord length in the fuel. Next, é?M is calcu-

lated as a Dancoff factor for the moderator

— T ZM<R¥

- |- e
e V+(10) £HLRY,

T= {[W(H!\'/‘; —IE yﬁ -.08

(for a square lattice)

P, = __@1__,
=

<K>1 ftﬂ (10-140)

(10-139)

while

One can now calculate this fast utilization and the corresponding
fast advantage factor for each of the fast groups, and then use these
quantities to adjust the cross sections in these groups for heterogen-
eous effects.

Actually, the inclusion of lattice effects in fast fission is not
nearly so critical as in thermal group constant generation, since errors

In the treatment of fast fission rarely lead to an error of over several
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tenths of a per cent in core muttiplication. Hence rather cpude methods
are usually sufficient for accounting for lattice heterogens1 ties in

fast fission for thermal reactor design.

C. The Inclusion of Heterogeneous Effects in Fast Spectrum Codes
As we have seen, the most significant effects of a heterogen-
eous fuel arrangement on the calculation of fast group constants enter
into the treatment of resonance absorption, although modifications are
frequently also included in the treatment of fast fission.
~The dominant heterogeneous effect in resonance absorption is that
of self-shielding which substantially reduces the value of the resonance
integral. One can include this effect in the calculation of resonance
integrals by using the expressions obtained in section 10-2-1 utilizing
the rational approximation for the escape probability from a fuel Tump.
{One could also simply use one of the various empirical correlations
for I.] It is customary to account for rod shadowing effects as well
by including the Dancoff correction factor in the calculation of I.
The resonance integral can then be used to obtain the corresponding

resonance escape probability

B (10-153)
z -

P‘-‘—' exp [— g_
which enters into the fast spectrum calculation.
Frequently, the resonance escape probabilities for each group are

adjusted (fﬁdged) so that the total resonance integral agrees with an

empirical correlation (aTthough the amount of resonance absorption
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assigned to each microgroup in the fast spectrum code will vary with

the details of the calculation). For exampie, one scheme might be to

multiply every resonance escape probability Pn for U238 by the same

fudge factor L, and then vary L until 128 when calculated assuming
zero absorption for all other elements agrees with the Strawbridge

and Barry correlation (this is known as the '*-search", where
18

\—Pp )

__i;ig__

One also scales the cross sections in the fast microgroups to

wt“

account for fast flux peaking in the fuel which tends to enhance fast

fission,
With these adjusted resonance escape probabilities and cross

sections, one can now calculate the fast neutron energy spectrum and

generate the fast few group constants.

VEVAR D10 QI7EN
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CHAPTER 11: GENERAL ASPECTS OF NUCLEAR REACTOR CORE DESIGN

I. A SURVEY OF DESIGN PROBLEMS FACED BY THE NUCLEAR ENGINEER

A. Introductory Comments on Nuclear Design

The primary responsibility for the nuclear design of a reactor

'"éore rests with the nuclear engineer. This design must be accomplished
within numerous constraints imposed upon the reactor operation. The
neutronic analysis and design of a reactor core is highly interdepen-
dent upon other areas of core design, including thermal-hydraulic design,
structural analysis, economic performance, and so on. The primary tools
used by the nuclear engineer in his analysis of the reactor core
consist of a multiplicity of computer programs or codes which are
used to simulate the nuclear behavior of the reactor.

The complete nuclear design of a given core configuration is per-
formed many times--initially to identify design constraints, then to
refine the design while interacting with thermal-hydraulic and plant
design--then,finally, to establish a reference design which provides a
calculational base against which optimization calculations can be com-
pared. Naturally, during the latter stages of the design process, the
analysis becomes much more detailed (and expensive) as one narrows in
on the final design configuration.

This design process is very similar to those utilized in other
fields of engineering. One first must attempt to define the various
design constraints which include considerations of system performance

(both from the aspect of reliability as well as economic performance)
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and safety criteria. One then attempts to synthesis a preliminary de-
sign, drawing on available information such as plants already in opera-
tion, experimental mockups, and frequently, old-fashioned intuition.
The preliminary design results in a set of specifications involving
quantities such as fuel enrichment, coolant flow rates, core configura-
tion, reload patterns, etc.

One next performs a detajled analysis of this preliminary design
in order to evaluate its predicted performance and verify whether it
conforms to the constraints imposed upon the system. For example, one
would want to calculate the core power and temperature distribution,
the pressure drop of the coolant, the fuel lifetime, coolant flow condi-
tions (e.g., DNBR). When possible, these calculations are compared
against experiments in order to validate the computational models which
are used. A detailed evaluation of the preliminary design will then
lead to more detailed designs and analyses as one attempts to optimize
the tradeoff between system performance and design constraints. As a
final design is approached, one attempts to define detailed system speci-
fications (frequently allowing for several alternative subsystem designs)
as a preliminary to actual core fabrication.

B. Types of Design Problems

The various functions of a nuclear designer can be grouped into

one of several classifications:

(i) Core criticality and power distributions: Of course the first
concern of the nuclear engineer is to determine the multipli-
cation factor or criticality of a given core configuration.
He 1s concerned as well with the determination of the core

power distributions since these are of central importance in
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the corresponding thermal analysis of the core. For example,
one would Tike to design a core which will result in a flat
radial and axial power distribution through core lifetime
while at the same time providipg sufficient reactivity to
yield adequate fuel burnups while maintaining adequate reac-
tor control over core 1ife. The analysis of the core power
distribution or flux distribution involves consideration of
the arrangement of fuel assemblies, control elements, fis-
sion product concentrations, and moderator densities (e.g.,
moderator void distributions).

Reactivity coefficients: A closely related analysis is
concerned with the varjous mechanisms which affect core reac-
tivity. One is particularly interested in the various reac-
tivity coefficients which characterize the transient behavior
of the reactor. In order to determine such coefficients,
some information concerning the temperature distribution
through the reactor is necessary. Then one needs to deter-
mjne the effect of coolant density changes--~that is, the so-
called coolant void coefficient of reactivity. Of comparable
concern is the Doppler coefficient of reactivity, which of
course involves the study of resonance absorption in the reac-
tor. One must also study reactivity coefficients character-
1zing thermal expansion of the structural material comprising
the core. Such calculations are of vital importance to reac-
tor safety studies.

Fuel Loading Requirements and core arrangement: Of course the
nuclear designer must determine that fuel loading which will

guarantee reactor criticality over the desired core
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Tifetime. This requires compensating for both fuel deple-
tion as well as reactivity effects due to both temperature
feedback and fission product buildup. At this point various
details of the fuel design enter such as the moderator to
fuel volume ratio, the fuel element dimensions and configura-
tion, enrichment, and so on.

(iv) Reactivity control calculations: Closely related analyses
must be performed to determine the amount of negative reac-
tivity which must be included to compensate for the excess
reactivity contained in the initial fue] loading as well as
to allow for flexible and safe reactor operation. One must
allocate this reactivity among several different contro]
mechanisms, including movable control rods, soluble neutron
poisons in the coolant (chemical shim), and neutron poisons
which burn out over core life (burnable poisons or mechani-
cal shim). The study of such control mechanisms involves a
fair degree of black magic, coupled with both djffyusion and
transport theory calculations to account for the very highly
absorbing control elements. Such calculations are neces§ary
to perform the detailed design of individual control rods,

as well as control rod patterns and withdrawal and insertion

You Look A
[ évf'ézsngzag
MY SwEeT

sequences (rod programing).

(v) Depletion analysis: During reactor operation the fuel com-

position will change as fissile 1sotopes are consumed and
fission products are produced. The nuclear designer must
monitor these processes over core 1ife in an effort to ascer-

tain fuel composition and reactivity vs. energy removal.
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This requires studying the depietion and production chains

235_U238 or U233-Th232

for the principal {sotopes (e.g., U
systems) coupled with the equations determining the neutron
flux in the core. This analysis is closely related to the
topic of nuclear fuel management in which one tries to opti-
mize the fuel loading, arrangement, and reloading in order
to achieve the most economical power generation within the
design constraints (e.g., safety margins) placed upon reac-
tor operation. The so-called "fuel cycle" is characterized
by the fuel 1ifetime, the fraction of the core refueled from
time to time, the power density and specific power, and the
method of managing the bred fissile material. The choice
of a fuel cycle will invariably represent a compromise be-
tween economic and engineering considerations. The primary
engineering limitions are usually the maximum fuel tempera-
tures, maximum coolant temperatures, control margins, and
the maximum allowable exposure of the fuel. Such quantities
must be monitored throughout core 1ife.

From this discussion it is apparent that the responsibilities of
the nuclear designer are quite varied and numerous. He must establish
the 1imits upon and determine the values of the fue]-to?moderator volume
ratio, the fuel rod diameter, and the fuel element arrangement. The
fuel loading requirement must then be determined taking into account tem-
perature and power reactivity defects, fuel depletion, and fission pro-
duct buildup. Next control requirements must be established, including

reactivity requirements, control rod geometry and patterns, and the
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possible use of chemical shim and burnable poisons. The fuel distribu-
tion and refueling arrangement must then be studied in order to achieve
economic fuel management within the constraints imposed by safe reactor
operation. The kinetic characteristics of the reactor must be determined
for safety analyses of core operation, including the various reactivity
coefficients which arise, fission product poisoning, and the analyses

of various hypothetical accidents.

A1l of these design functions rely upon the basic theory of nuclear
chain reactions that we have developed in the preceding chapters. How-
ever because of the accuracy and detail of the information required for
actual reactor design, rather sophisticated applications of this theory
are necessitated, which, in turn, require the extensive use of modern
digital computers.

C. Reactor Calculational Models

As we have mentioned, modern nuclear reactor design depends heavily
upon various mathematical models of the nuciear fission chain reaction
which are studied and analyzed using digital computers. The computer
programs or "codes" which represent these mathematical simulations of the
reactor core are generally quite complex and frequently are the result
of many years of extensive development and testing at the various nuclear
laboratories in this country and abroad. More recently, such codes have
become the subject of varjous proprietary restrictions and while their
general features are usually common knowledge, the details of the codes
used jn present day reactor design are classified as proprietary informa-
tion by the reactor manufacturers. Hence our discussion here must be

of a general nature.
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to manipulate and arrange the massive amount of data on
nuclear cross sections contained in such sources as ENDF/B.
In particular, such codes must be used to prepare this
data in a form suitable for input into other reactor design
codes.,
multigroup constant generation codes: As we have seen, most
S analyses of nuclear reactor cores are based upon the multi-
group treatment of the neutron energy. The group constants
necessary for such treatment must themselves be generated
by neutron energy spectra codes.

(i11) static design codes: The most common type of calculation
involves the steady state analysis of the reactor criticality
or the determination of the neutron flux distribution within
the core. Such information is required for accurate predic-
tions of the fuel loading, power distribution, temperature
dependence of reactivity, excess reactivity, shutdown margins,
shielding requirements, and other quantities.

(iv} time dependent codes: One is basically concerned with two
types of time-dependent calculations. The first of these
concerns changes in the reactor properties over the core life
such as fuel depletion or fission product bui]&ﬂp. Hence
the time scale is of the order of weeks or months. The
second type of calculation is concerned with the short time

response of the reactor to reactivity perturbations on time
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scales of minutes, seconds, or less and is of coasiderable

relevance to both reactor operation and safety analyses.

D. Design Responsibilities

As we have repeatedly emphasized, the neutronic analysis of a

reactor core is only one facet of core design. And the core design itself

is only a part of the myriad of considerations which are required for

the design of a modern nuclear power plant. A very rough classification

of these design responsibilities are as follows:

(i)

(1)

(i11)

User (utility): The electrical utility owns and -operates
the plant. Their primary concerns are minimum energy costs,
plant reliability and safety, and minimum environmental

impact. Hence the user establishes the gross system require-

ments and evaluates the proposals submitted by the various

reactor manufacturers.

Nuciear equipment manufacturer: Designs and manufactures

the nuclear steam supply system (the reactor, steam generator,
and primary coolant system).

Architect-engineer: Designs the non-nuclear portion of the
plant, including the containment building, piping, turbo-
generator, condensor, and electrical switchgear. (If the
nuclear equipment manufacturer supplies these non-nuclear
components as well as the NSSS, the plant is sajd to be con-
structed on a "turnkey" basis.) The architect engineer also
coordinates the engineering details, supervises the construc-
tion and inspection of the various contractors working on

the plant. It subcontracts the manufacture of the non-nuclear

equipment and the plant construction.
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It is evident from these descriptions of various design respon-
sibilities that the design and construction of a medern nuclear plant
is an extremely complicated business involving the coordination of
many different disciplines. Although our concern in this text has
been with the nuclear design of the nuclear reactor itself, it is
important to keep in mind the intimate relationship between nuclear
design and non-nuclear aspects of the plant design.

E. How to Design a Reactor--Revisited

Perhaps the simplest way to illustrate the various ways in
which the design of a nuclear reactor is constrained within various
engineering limitations is to review our earlier discussion in Chapter
3 of the steps involved in reactor design.

1. Determine the plant electrical output

The electrical output of the plant is usually chosen by the
utility ordering the plant. Since the cost per unit of electrical
energy generated decreases with increasing plant size, there is incen-
tive to build as large a nuclear plant as would be allowed by the A.E.C.
However, there is also the rough rule of thumb that a utility is re-
Tuctant to build a single generating unit that is larger than 10% of
1ts present generating capacity--a feature which many nuclear plants
exceed,

2. Determine the maximum 1inear power density

We will see later in section 12-2 that the linear heat flux
passing from the fuel rod into the coolant is given by a simple rela-

Q= 4k, (T -T)

tionship
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where T¥|1s the coolant temperature and It is the centerline temperature
of the fuel element. Since the coolant temperature-T¥Iis usually deter-
mined by other considerations, one must 1imit the linear heat flux in
order to prevent the fuel temperature from exceeding the fuel melting
point (roughly 5000°F for UOZ). For example, this corresponds to
roughly

CEIWW ~ 20 w/ft

in 1ight water reactors.
3. Determine the maximum-to-average power density ratio
The max imum-to-average power density ratio depends upon a
number of factors such as fuel arrangement, the spaces between the fuel
assemblies, the presence of coolant slots when control rods are with-
drawn, and so on. Furthermore, this ratio wil] change as a function
of core burnup. One must determine the maximum value of this ratio
over the operating 1ife of the core.
4. Determine the fuel rod size and pitch
A number of factors must be considered in determining the fuel
rod diameter and spacing. For example, an increase in fuel rod size
implies more fuel per nod--hence more energy from the rod for the same
burnup. But the effective heat transfer area of the fuel assemblies
is correspondingly decreased, implying a lower power density. In a
similar fashion, the effects of changing the fuel-to-moderator volume

ratio must be considered. Since most LWR cores are undermoderated,
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decreasing this ratio will increase the core reactivity for fixed fuel
enrichment. It will also increase the coolant channel cross sectionsl
area, hence decreasing the coolant pressure drop through the core and
thereby decreasing the required coolant pumping power. Increasing
the fuel rod diameter for a fixed fuel-to-moderator volume ratio wif]
increase the core diameter, thereby implying increased pressure vessel
size, as well as a larger fuel inventory. Many such factors must be
weighed against each other in the determination of the fuel configura-
tion.

-'5. Determine the thermal efficiency of the plant

In order to determine the thermodynamic efficiency of the

nuclear plant, one must study the thermodynamic cycle efficiency of

the various thermal processes (both heat generation, heat transfer,

and the conversion of heat energy into mechanical and finally electrical
energy).
6. Establish the core volume

Here one can simply use

core volume = plant electrical output
efficiency x power density

To determine the core power density, one can estimate

power density = average linear power density
(fuel rod p1'tt:h)';I

7. QDetermine the excess reactivity requirements and the fuel
enrichment

Here we need to consider a number of reactivity effects such as

y temperature and power defects, fission product poisoning, fuel depletion,
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as well as allowing sufficient reactivity control for power level
changes and for computational uncertainties.
8. Optimization
Certainly the most difficult and éxpensive facet of the design
involves optimization to achieve minimum electrical genefation costs
consistent with operational requirements. Numerous parametric studies
over a broad range of variables must be made in order to zero in or

an optimum design.

I1.” CONSTRAINTS ON REACTOR CORE DESIGN

A. Nuclear Analysis
We have already outlined the various types of calculations

required in the nuclear analysis and design of a reactor core. These
include the calculation of core criticality and power distributions,
the determination of reactivity coefficients, fuel loading require-
ments and core arrangement, reactivity control calculations, fuel de-
pletion studies, and reactor safety analysis. There are numerous con-
straints imposed on such nuclear design, Of course, the core composi-
tion and configuration must be chosen such that sufficient excess reac-
tivity 1is available for power generation over a reasonable time period
(usually on the time scale of years). The reactivity control must be
capable of insuring the safe and reliable operation of the reactor over
core Tife. And these requirements must be met while at the same time
minimizing the economic cost of the power generation. These constraints

are frequently in conflict with one another. For example, there is
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incentive to operate the reactor at the largest possible power density
consistent with maintaining fuel and coolant temperatures below 1limits
set by safety considerations. Yet such a higli power density is fre-
quént1y not consistent with economic power generation over the entire
core lTife, since the flux and hence the power distribution will shift
as the fuel is depleted.

The nuclear analysis and design of the core cannot be decoupled
from other considerations such as the thermal behavior of the core or
the behavior of the various materials which comprise the core. This
can perhaps be understood more clearly by briefly describing the other
types of analysis which arise in reactor core design.

B. Thermal Core Analysis

The energy released in nuclear fission appears as kinetic
energy of fission reaction products and eventually as heat generated
in the reactor fuel elements. This heat must be removed from the reac-
tor core and used to generate electrical power. Below we have sketched
the sequence of processes involved in the transport and utilization of

fission heat energy:

fission product energy in fuel

LHERE D/O sbe

SAY TFAT THEMAL

thermal conduction across fuel, gap, and clad
EMERE Y WENT?

thermal conduction-convection from clad surface into coolant
forced thermal convection in coolant primary loop

production of steam in steam generator in PWR NSSS (this
occurs in the reactor vessel in a BWR NSSS)

conversion of steam energy into mechanical energy in turbine

condensation of wet steam discharged from turbine {and
subsequent return as feedwater to steam generator)
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The study of each of these processes is most properly the concern of

the mechanical engineer. However since they have such a significant

{4§LQAZM95m3
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bearing on the huclear design of the core, we will devote a considerable

portion of Chapter 12 to a summary of the thermal analysis of nuclear

reactor cores.

The primary objectives of the thermal analysis are three-fold:

(i) high power density (kw/liter): This will minimize the core
pressure vessel sjze.

(1) high fuel specific power (kw/kgu): This minimizes fuel
inventory.

;<(111) high coolant outlet temperature: This maximimizes the

thermodynamic efficiency.

These objectives are subject to several very important constraints.
First, one must always insure that the fuel temperatures remain below
the fuel melting point. There are also 1imits on the amount of heat .
transfer which can occur between the fuel element clad and the coolant,
since if this heat transfer rate becomes too large, film boiling of the
coolant may occur which will result in a rapid rise in clad (and hence
fuel) temperatures. One must also insure that the coolant pressures
always remain below those which can be safely constrained by the core
pressure vessel.

Such constraints must be studied over core Tife, since as the
power distribution in the core changes due to fuel burnup or core re-
loading, the témp;rature distribution will similarily change. Furthermore,
since the cross sections which govern the neutronics of the core are

strongly temperature and density dependent, there will be a strong
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coupling between the thermal-hydraulic and neutronic behavior of the
reactor core. We will see in the next chapter that this coupling has
a strong influence on the manner in which reactor criticality calcula-
tions must be performed.
C. Mechanical Analysis of Reactor Cores

It is of vital Importance to choose materials and design core
components-which can withstand the intense radiation, high pressure,
and high thermal gradient environment of a reactor core. Of central
concern is the mechanical behavior of fuel elements--which are subjected
to severe stresses, both internally due to fission gas and fuel swel-
ling, and externally due to high external pressures in the-coolant
or large thermal gradients across the clad or clad-fuel interactions.
But the mechanical design of additional core components must also be
considered. For example, the various internal structure required to
support the fuel, flow baffles, and control rod assemblies must be
designed to withstand the intense core environment. And of course
the reactor pressure vessel itself represents a formidable mechanical
design problem, since it must withstand extremely high pressures over
the operating lifetime of the reactor. Related mechanical design pro-
blems concern the fabrication and maintenance of the mechanical assem-
blies in the core. Particular attention must be made to refueling
operations.

D.  Materials Problems in Reactor Core Design

Materials used in nuclear reactor construction are subjected

to intensive bombardments by nuclear radiation. Over a period of time,

such radiation can dramatically alter the properties of these materials.
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For example, metals will become brittle and swell, corrosion is enhanced.
and so on. The reactor engineer must be very careful to anticipate
such radiation damage in his design,

These effects of radiation on reactor materials have become parti-
cularly important in today's maturing nuclear reactor industry. 1In
order to achieve the lowest possible power costs, nuclear fuel e]emeﬁts
must be used in a reactor as long as possible (i.e., high burnup).

Actually, the principal Timitation on the amount of burnup is not the
35 239

loss of U2 or Pu nuclei through fissfon, but rather the attendant
radiation damage to the fuel and the cladding material which would jead
to fuel element failure if the fuel is left in the core too long. Hence,
whereas nuclear reactors were limited by nuclear considerations during
the 1950's, and by thermal design during the 1960's, today's modern

power reactors are primarily limited by the radiation damage which can

be withstood by reactor materials.

Life will get even more difficult in fast breeder reactors because
of the intensity of fast neutron radiation. Several years ago it was
found that stainless steel (a major structural component of the fast
breeder) swells rather dramatically (several per cent) when irradiated
over long periods of time by fast neutrons. Such swelling must be ac-
counted for in the mechanical design of the fast reactor core (no mean
feat).

There are several types of high energy radiation present in a huclear
reactor core. Most of these result from the nuclear fission reaction

itself, although lesser amounts arise feom associated reactions such as

radiative neutron capture. O0f course most fission energy is carried by
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the massive fission fragment nuclei. These cause catastrophic damage

to the adjacent fuel material. But because of their large electrical
charge, the range of the fission fragments is extremely short (less

than 20 microns), and hence this damage is localized in the fuel to

the immediate vicinity of the fission event. A potentially more serious
type of radiation is that due to fast neutrons. Because of their
neutrality, neutrons have rather long ranges (as much as several mefers).
Hence they can damage material located anywhere in the reactor core.
Gamma radiation is also characterized by largs ranges, but is of secon-
dary importance to fast neutron damage.

The actual effect of radiation on a material depends sensitively
on the type of material, the type of radiation, and the cohditions
during the time of irradiation ( such as temperature). However some
general observations can be made. For example, for irradiated metals,
hardness, tensile strength and impact resistance increase, while duc-
tility decreases (corresponding to an increase in brittleness).

The signifiéance in radiation damage in reactor core design becomes
particularly apparent when one examines nuclear fuel performance in
Tight water reactors. As we have seen, it is the low cost of nuclear
fuel (relative to the electrical power produced) which is the princi-
pal factor in the low cost of nuclear power. That such costs are reali-

zable is due in nc small measure to the significant advances made in

nuclear fuel design and performance since the mid-1960's. Nuclear fuel

elements must be designed subject to several criteria intended to guar-

antee the fuel performance up the Tifetime limit:
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(i) The fuel temperature at the hottest point always must be
below the melting point.

(1) Axial fuel displacement influencing temperature distribution
and multiplication are tolerable only to a very small extent.

(191} The cladding must remain leak tight.

(iv) The outer geometry of the fuel pin (length, diameter,
straightness) is subject to very small tolerances.

As we have seen, nuclear fuel elements are subjected to enormous
frradiation. They are furthermore subject to extremely Targe tempera-
ture variations. This is caused to a large degree by the rather poor
ability of the principal type of nuclear fuel, uranium oxide, to con-
duct heat. Such temperature variations place enormous thermal stresses
on the fuel elements and interact strongly with the changes in the fuel
induced by irradiation.

The principal radiation effects which must be accounted for in
fuel element design include:
fuel: creep and swelling, fission gas release, pore migra-

tion, chemical changes, change in radiation and axial
fuel density profile
cladding: mechanical properties, swelling by void formation,
corrosion
fuel pins: radial heat transfer and temperature distribution,
mechanical and chemical interaction between fuel and
cladding, swelling and bowing of the pin
: changes of component geometry, interaction of pin and

spacers
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Such considerations have led to a number of modifications in fuel
element designs for LWR's. Current designs provide for increased void
volume to accomodate fuel swelling and fission gas release associated
with the higher burnups used in today's power reactors. The excellent
corrosion resistance of zirconium alloys has led to their almost excly-
sive use as a cladding material. As the huclear power industry obtains
more operating experience with fuel design and behavior under long term
irradiation, it is able to develop advanced désigns capable of very
high burhups and power densities.

The commercial success of the LMFBR will also be critically depen-
dent on the attainment of Tow fuel-cycle costs and therefore on the
satisfactory behavior of the fuel to high burnup. Only rather recently
has any experience at all in the behavior of materials in high fast
neutron flux environments been available. Perhaps the most dramatic
effect thus far observed occurs in structural materials such as stain-
less steel. After long periods of irradiation by fast neutrons, the
steel is observed to swell. Closer examination indicates the presence
of small voids in the irradiated material. OF course, such swelling
and void formation are highly undersirable in a reactor core in which
mechanical and structural tolerances must be kept very refined over the
Tifetime of the core (up to 30 years).

The voids are caused by fast neutrons which rip through the crystal
Tattice knocking atoms out of their lattice positions. These vacancies
tend to migrate together to form voids and hence induce the swelling.
By raising the steel to high temperatures the voids can be annealed out.
Unfortunately, at the anticipated operating temperatures of the LMFBR,

such swelling is quite pronounced and is still not thoroughly understood.
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E. Economic Analysis

The justification for nuclear power plants must reside in their
economic advantages over more conventional sources of electrical power.
The cost of electrical power can be broken down into a number of factors
including the capita1 cost of constructing the plant, the annual cost
of operating and maintaining the plant, and the annual costs for fuel.
The capital investment required for the construction of nuclear power
plants is equal to or greater than that required for conventional power
plants. Furthermore, operating and maintenance costs account for only
a small fraction of the total cost of producing electricity. Hence
the primary advantage enjoyed by nuclear power is in the lower cost of
its fuel.

Nuclear fuel costs are much different than fossil fuel costs. A
number of charges other than direct materials costs are involved, and
these may lead or lag wutilization of the fuel material by several
years. There are a large number of rather sophisticated and expensive
processing operations required by the fuel before it is inserted into
the reactor core, and by the spent fuel after it is removed from the
core. The major portions of the fuel cycle costs include the charges
for uranium consumption (burnup charges), the cost of fabricating the
fuel element, the cost for recovery of spent fuel (reprocessing and
shipping charges), and working capital charges for the fuel fabrication
cost and the fuel inventory. [Working capital charges are interest
charges to be paid for the invested capital and are based on all of
the fuel in the reactor.]

Needless to say, the complexity of accounting for nuclear fuel

costs and capital plant investment requires rather sophisticated
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and expensive processing operations required by the fuel before it is
inserted into the reactor core and by the spent fuel after it is re-
moved from the core. The major portions of the fuel cycle costs include
the charges for uranfum consumption (burnup charges), the cost of fabri-
cating the fuel elements, the cost for recovery of spent fuel (reproc-
essing and shipping charges), and working capital charges for the fuel
fabrication cost and the fuel inventory. [Working capital charges are
interest charges to be paid for the invested capital and are based on
all of the fuel in the reactor.]

Needless to say, the complexity of accounting for nuclear fuel
costs and capital plant investment requires rather sophisticated econ-
omics analysis of the plant design. Nuclear power costs will depend
upon parameters that vary widely, depending upon the location of the
plant, the type of the reactor, and even the time at which the economic
study is performed. Such considerations make it apparent that each
reactor manufacturer and utility have access to a technical group cap-
able of predicting the behavior of the nuclear fuel, performing an
economic analysis of such fuel utilization, and analysing the total
power system requirements involving the plant (including other conven-
tional and nuclear plants in the system).

F. Safety and Regulatory Considerations

Of course, all reactor designs are subjected to extremely
thorough studies to insure that they are compatible with existing safety
and regulatory standards. For example, the response of the reactor
design to reactivity insertions resulting from severe disturbances which
could arise only under the most extreme circumstances must be determined.

Other topics
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include the analysis of accidents initiated by local fuel element
failure (and subsequent fajlure propagation), loss of coolant accidents,
failure of control systems, and so on.

Such analyses are important not only for determining the necessary

engineered safeguarde systems, but to study as well the performance

......

conditions.

IIT. REACTOR CALCULATIONAL MODELS

A.  An Overview Of Reactor Design Codes
We have mentioned that reactor design codes can be classified

into one of several groups, namely, cross section 1ibrary codes, multi-
group constant (MGC) generation codes, static design codes, and time-
dependent codes. Of course the latter three types of codes are based
upon models which can be traced back to the neutron transport equation.
But as we have repeatedly emphasized, the direct solution of this equa-
tion s usually quite intractible, hence numerous approximations are
usually reguired in order to develop the mathematical models which serve
as the basis of reactor design codes. Typically, these codes suppress
certain independent variables in order to allow a detailed analysis of
the process of interest. For example MGC generation codes usually
suppress spatial dependence--either by assuming an infinite medium or a
single diffusion mode--in order to facilitate a detailed treatment of
the neutron energy. In a similar sense, static design codes employ a

rather course multigroup structure in order to allow a detailed study
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of the spatial dependence of the neutron flux. In time-dependent codes
one frequently ‘ignores both spatial and energy dependence,

The proper utilization of such nuclear reactor codes requires not
only a thorough knowledge of the various approximations which have
entered into the development of the code, but as well a good deal of
common sense, experience, and just plain old-fashioned good luck. In
this brief summary, we will attempt to review the function of each of
the major types of nuclear design codes as well as the approximations
which usually enter them. We will also discuss how these codes are
interrelated and how they are blended together in a reactor design.
In the next section we will discuss how the codes are verified and/A
"fuaged" using experimental measurements.

8. Cross-Section Preparation Codes

The basic ingredient in any nuclear analysis is a set of cross

sections characterizing the probabilities of various neutron-nuciear
reactions which might occur. Most generally this would consist of a
tabulation of cross section data covering the energy range from 0 to
10 MeV for (n,¥), (n,o), (n, fission), (n,p), (n,2p), (ﬁ,Zn), and
{n,n') reactions as well as differential scattering cross sections des-
cribing neutron energy and angle transfers in scattering collisions.
Such cross section data is provided by a plethora of diverse experiments,
approximate theoretical calculations, and extrapolations of experimental
measurements. In any collection of raw cross section data there exist
many duplications, disagreements, and gaps in the tabulated cross sec-
tions. It is the job of a cross section evaluator to select the most

consistent set of cross section data. The standard source of cross
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sections for nuciear design in this country is the Evaluated Nuclear
Data File/Version B which contains data compiled and evaluated from
all known cross section information. The amount of such data requires
that it be stored on magnetic tape and manipulated using complex data
handling codes. Such codes not only select out the cross section data
of interest and prepare it into a form suitable for input to reactor
design codes,_but as well they interpolate existing data to i1l in
any gaps which may exist, as well as apply various theoretical models
(such as the optical model of the nucleus) to generate cross section
data in those regimes in which no experimental data exists. These
Tibrary codes also generate differential scattering cross sections,
resonance integrals, and thermal energy scattering kernels. |

The differential scattering cross sections for elastic scattering
are usually generated as a sequence of terms in a Legendre polynomial
expansion. By way of contrast, inelastic scattering and (n,2n) processes
are usually assumed to be jsotropic in the laboratory system and calcu-
lated using availabie data on the appropriate nuclear states or the
evaporation model of the nucleus.

One of the more difficult aspects of cross section generation con-
cerns the treatment of resonance cross sections. Because such resonances
are usually quite large in magnitude and yet quite narrow compared to
even epergy intervals characterizing the cross sectior data, it is
necessary to make some attempt to account for flux depression in the

resonances in order to include effective resonance integrals in the cross

Ref: ANL-7411 Computer Code Abstract
ANL-5800 Reactor Physics Cons%aﬁts (Chapter 10)

Advances in Nuclear Science & Technology, Vol. 2 (1954); Roos and
Sangren
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section data set. In the regime in which the resonances are isolated
and measured, this can be accomplished using the standard techniques
(e.g., the NR or NRIM approximattons). Various nuclear models can be
used to generate resonance parameters for the energy range in which
the resonances are still isolated but not measured. The most difficylt
area to treat is the energy range in which the resonances are not

only unresolved, but overlap as well so appreciably that they cannot
be considered Independently. It is also usually necessary to account
for heterogeneous effects (a Ta Chapter 10), temperature effects on
the resonance structure, and overlap of resonances of different mater-
ials.

C. Multigroup Constant Generation Codes

As we have seen, the energy range spanned by the neutrons as
they are born in fission and slow down to eventual capture or leakage
at thermal energies (at least in thermal reactors) is enormous, cover-
ing some eight orders of magnitude. Since the cross sections them-
selves depend sensitively upon energy, it is apparent that one must
proceed rather carefully in generating few group constants for use in
multigroup diffusion calculations.

One usually proceeds in two steps. The energy range of interest
is first divided up tnto a very fine multigroup structure, and the
cross section data supplied by a 1ibrary code is simply averaged over
these groups (for example, in the stowing down range one might use a
1/E spectrum). Appropriate approximatiens to the effective resonance
integrals of interest are also included in this set of "fine group

constants". These fine group constants then serve as the microscopic
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cross section data used in fast and thermal spectrum codes which perform
an approximate calculation of the neutron energy dependence for the
nuclear assembly of interest, and then average or collapse the fine
group constants into few group constants over these approximate spectra.
It should be noted that whereas fine group constants are usually evalu-
ated without reference to the detailed system under consideration, the
spectrum generation codes generate few group MGC for the specific sys-
tem of interest. These MGC are then used in static and kinetic design
analysis.

Of course the trick enabling one to perform a detailed study of
the neutron energy spectrum is the temporary neglect of the detailed
spatial dependence of the neutron flux. It is customary to assume a
simple single mode flux shape--that is, to assume a buckling which
characterizes the region of the core under consideration. The angular
flux dependence is simplified using either the P1 or B] approximation
{although sometimes higher order BN methods may be used).

However the success of MGC generation codes frequently depends on
how these codes are corrected for the rather strong spatial dependence
of the flux which occurs in the vicinity of the fuel rod or control rod.
We have already examined several methods for correcting cross section
group constants for these heterogeneous effects--e.g., disadvantage fac-
tors, collision probabilities, and such. In the fast region, it is
usually sufficient to merely correct the calculation of the resonance
integrals for self-shielding effects using escape probabilities calcu-
lated for the cell geometry of interest. In the thermal range, one may

either use approximate techniques such as the ABH method to determine
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disadvantage factors, or use more elaborate cell calculation techniques
such as THERMOS to directly calculate the self-shielded cross sections.

We have seen that these MGC are usually then spatiaily averaged
over the fuel cell or perhaps a fuel assembly in order to generate
"homogenized" cross sections most consistent with the spatial mesh
to be used in the few-group multigroup diffusion calculation.

We have already referred to the various common schemes to generate
few group constants for light water reactors--namely, MUFT-type calcu-
lations for the fast spectrum, and SOFQCATE or TEMPEST-type calcula-
tions for the thermal spectruﬂﬁfncluding perhaps a THERMOS calculation
for cell analysis. The corresponding typés of codes for HTGR's include
GAM for the fast group constants and GATHER for thermal group constants.
The group structure necessary for fast reactor analysis must be consi-
derably more detailed, and ultrafine group structures such as those
employed in MC are used to generate MGC for fast assembly anaiysis.

The corresponding codes for MGC generation in the University of
Michigan Nuclear Engineering_]ibrary include MIFS, a MUFT-type fast
spectrum code, and MITS, a SOFOCATE-type thermal spectrum code.

A sequence of calculations used in the generation of few group MGC
are illustrated schematically in Figure 11-1.

D. Static Design Codes

Static design codes are commonly used to obtain the most de-
tailed description of the energy-dependent neutron flux through the core.
This information is .required for accurate predictions of the fuel
Toading, power distributions, temperature depéndence of reactivity,

excess reactivity, shutdown margins, shielding requirements, and other



ép.@'/mé/ Crozs Sation [lata

T Dodbs Colludiinss /Ly Foalbatbors
Thomd  Revanz  fad F Loitherm)

Y

Hiero-Giegp L Hopvation
Y
//a/{,@mp Croms Sechon Cofecdations

v

cell Caleulttorss
(el -shwbhiy
tacrors)

Cress Sectin Aversging <

l

oo Cieresgy Coans s

»%arz //"/."éoem//"dn o/ };./émp Mﬂlﬁf




-562-

quantities. These codes are usually few-group diffusion or transport
codes which utilize the MGC generated by the spectrum codes discussed
in the previous section. One customarily uses such codes to determine
the muitiplication factor (eigenvq]ue) and flux distribution in the
system of interest. Usually mu1t1;1mensiona1 diffusion codes are
sufficient for this task. However occasionally transport codes are
necessary to determine cell correction factors in the vicinity of
strong absorbers or voids.

Indeed, before a diffusion theory calculation can be performed.,
the heterogenieties in the core must be homogenized. Although MGC
generation codes usually provide sufficient accuracy for this purpose,
it is occasionally necessary to use a transport code such as ANISN or
2DF for this purpose. With such corrections, muttigroup diffusion
codes are usually adequate for a wide ‘class of probfems, including
the determination of the over-all flux distribution, the effects of
fuel zoning, reactivity predictions, and so on.

In Tight water moderated reactors, a four-group diffusion model
(3 fast groups, one thermal group) usually provides sufficient accuracy.
In HIGR's the use of 3 fast groups and 4 thermal groups has proven to
be adequate. By way of contrast, the design of fast reactors may re-
quire as many as 20 or 30 groups for an adequate treatment of the
energy dependence of the flux.

Such codes can also be used to calculate temperature and power
coefficients of reactivity. This is usually performed by merely cal-
culating the core multiplication for several different core temperatures

or power levels (using different MGC for each temperature, of course).
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A schematic of the manner in which static design codes are utilized
in core analysis is shown in Figures 11-2 and 11-3.
E. Time-Dependent Design Codes
The fourth class of codes attempt to explicitly treat the time
dependence of the nuclear behavior of the core. Of course by including
this additional variable, one is usually forced to utilize a coarser
description of the remaining variabies--e.qg., space and energy. Such
codes can themselves be broken into three separate classifications:
1.) Depletion Codes
In a depletion calculation, one is concerned with monitoring
the core composition and flux distribution in the reactor over the core
Tife. In particular, one must take into account the time and space
dependence of

(1) fissile material buildup (from fertile materials) and
depletion

(1) fertile material depletion
(iii) burnable poison depletion
(iv) fission product buildup

(v} the buildup and depletion of heavy metal nuclides such as

U234, 236’ Pu240

(vi) the movement of control rods to maintain criticality
Depletion codes involve first the solution of the balance equations

describing isotope concentrations, e.g.,
oo ZGRND+ N+ aely
3 :
- G Nig - N - AN
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as well as the neutron balance equations describing core criticality.
Because of the many variables involved, such as power density, rate

of reload, excess reactivity requirements, and varying reload patterns,
even the simplest depletion problem may require solutions at many points
in time.

Because of their Tow computer cost and general flexibility, exten-
sive use is made of zero-dimensional depletion codes for survey calcu-
lations. However, more detailed analyses will require the use of 1-D
or 2-D depletion codes in order to account for the spatial flux varia-
tion and control rod and reload patterns. A rough schematic of deple-
tion analysis is shown in Figure 11-4.

2.) Fuel Cycle Analysis

One of the major applications of fuel depletion codes is to
the analysis of fuel cycle strategy-~that is, a determination of the
optimum fuel reloading strategy for minimizing fuel cycle costs. Such
estimates of initial core composition and reload fuel composition must
take into account the requirements for heat removal, coolant pumping
power, peak fuel temperatures, etc., and hence are invarfably a compro-
mise between that core composition which gives the lowest fuel cycle
cost and that composition which results in acceptable system tempera-
tures. A schematic of the various steps involved in fuel cycle analy-
sis are shown in Figure 11-5.

3.) "Reactor Kinetics Analysis

In order to analyze the transient response of the reactor to
both normal operating conditions and postulated accident situations, one
must utiiize codes based upon the nuclear reactor kinetics equations

discussed in Chapter 6. Such calculations differ dramatically from
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depletion calculations in two respects: first, the time scale of
reactor transient behavior is usually of the order ot minutes or less,
whereas depletion calculations are concerned with core behavior over
times as long as several years. Second, in kinetics calculations, the
reactor is usually subject to a non-zerc net reactivity (due to control,
operating conditions, etc.). In a depletion calculation, one always
assumes that control is adjusted to hold the coré critical at all
times. Hence in a depletion calculation, one is actually only con-
cerned with the steady-state equations describing the neutronics.

Reactor kinetics analysis plays an important role in core design
since it is necessary to assess safety margins, to select and place
control and safety instrumentation, to design the control and protec-
tive system, and to determine the need and effectiveness of engineered
safeguards,

Of course at the heart of such codes is a numerical solution of
the reactor kinetics equations describing the neutron flux time be-
havior in the core. However one must as well account for coolant flow
and heat transfer in order to determine feedback reactivity. In addi-
tion, there is strong coupling to other dynamic processes in the NSSS,
such as the primary coolant loop, steam generator, coolant pumps, feed-
water system, and so on. Hence the study of reactor dynamics can be-
come quite complicated.

As input to such codes one requires not only basic nuclear data,
such as cross sections, temperature coefficients, and so on, but as
well thermal-hydraulic information. These Jatter quantities are usually

determined using static design codes.
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The simplest Tevel of description would be the use of point reactor
kinetics to describe the core neutronics. However in many instances,
the spatial dependence of the flux is important, and then either brute
force multigroup diffusion codes or hybrid schemes such as synthesis
must be utilized for an adequate description. A schematic of a typical
reactor kinetics analysis is shown in Figure 11-6.

F. Code Packages

Such reactor design codes frequently are designéd as modules
to fit into a more general overall design code package capable of a
variety of design functions. A very simple example of such a package
is the reactor calculational model used at the U of M. A diagramatic
sketch of this reactor calculation model is shown in Figure 11-7.
The principal codes involved are described briefly below:

CONLIB: A cross section library generation code which selects
out of the general MUFT library a subset of isotopes
of interest in a particular design.

MITS: Thermal spectrum code

Input library: MITL (54 elements, %, U, Ua vs. E)
Solves infinite medium thermalization equation

Assumes proton gas (similar to SOFOCATE)

Uses ABH method of calculate disadvantage factor
Generates one-group thermal cross sections

MIFS: Fast spectrum code

Input Tlibrary: MIFL (40 elements, 54 groups, g , Oa , G5,
resonance data, inelastic scattering matrices, source
spectra)

k) Solves oo -homogeneous medium sTowing down equation
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Uses P-1 or B-1 treatment of angle, exact treatment of
hydrogen, and either age theory or Goertzel-Grueling
treatment for A > 1 (similar to MUFT)}

Includes heterogeneous effects on resonances

SLODAG:  1-D, modified 1-group diffusion code (neglects thermal
Teakage)

Calculates slab or cylinder geometry
Handles up to 10 regions
Determines keffJf1ux, and power profiles

Analyses outer (source) interactions (uses non-iterative
Gaussian elimination to avoid inner jterations)

ONE: 1-D, ¥ to I0 group diffusion code
Calculates slab, cylinder, or sphere
criticality options include k .., transverse buckling
search, poison search, or §5gcritica1 assembly with
external source
Calculates adjoint equations
Calculates flux, adjoint flux, and power
HandTes 25 regions (9 different zones)
MITH: Single-channel thermal hydraulic code

Calculates both average and hot channel for LWR

Gives temperature, densities, and DNBR
IV. RELATION OF DESIGN CALCULATIONS TO CORE PHYSICS MEASUREMENTS

A. Overview
It is extremely important to check the calculational model
against experiments, since not only have numerous approximations been

introduced in performing the design calculations, but as well even the
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necessary input data (i.e., microscopic cross sections) have limited

accuracy. There are a variety of such experiments which can provide

"integral data" useful for checking or even renormalizing computer code

models"

NOTE:

(1)

(11)

(iii)

Additional material will be added

Zero-power experiments: These are initially performed

on a simplified mockup of the new design (although in more
standard designs, the actual plant core may be used).
TypicaJTy one can either perform so-called exponential
experiments in which keff £ 1 and a source is inserted to
maintain a neutron flux, or a critical experiment in which
the core loading is adjusted until keff =1,

Measurements performed at power: flux and power profiles,
temperature and power defects, control rod and chemical
shim worth

Dynamic reactor measurements, rod drop, rod oscillator,

and pulsed neutron measurements, transfer function measure-

ments, reactor noise studies.
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CHAPTER 12: THERMAL ANALYSIS OF NUCLEAR REACTOR CORES

I. INTRODUCTION

A. The Relationship of Thermal Core Analysis to Nuclear Design
A nuclear power reactor is designed to produce heat which can

then be used to produce electrical energy, usually by way of an associated
steam thermal cycle in which the reactor heat is used to produce high
pressure, high temperature steam which can then be used to drive turbo-
generators., Once we have acknowledged the fact that the primary func-
tion of the reactor core is really just that of a rather exotic heat
source, then it becomes apparent that the thermal analysis of this core
must play a very important role in jts design. Indeed, the design of a
reactor core depends as much on thermal as nuclear considerations. There
is really no 1imit to the quantity of heat that a nuclear reactor is
capable of generating, so long as sufficient cooling is provided to
keep the temperétures of the core elements within safe limits. Hence
the power level of a given reactor design is 1imited by thermal rather
than nuclear considerations.

Furthermore, the neutronic analysis of the reactor core is rather
intimately related to its thermal analysis, since we have seen that
nuclear cross sections which influence core reactivity depend sensiti-
vely upon temperature. On the other hand, since the fission heat gener-
ated in the core is proportional to the neutron flux, the temperature

istribution in the core will depend sensitively upon its neutronic be-

havior.
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Thermal considerations also dominate the safety analysis of the
reactor design. Indeed, one of the most critical aspects of modern
power reactor designs is that of providing backup cooling systems which can
continue to remove heat from the reactor core should the primary coolant
system fail.

A nuclear designer will frequently require information concerning
the thermal behavior of the reactor core. Hence he must either be pre-
pared to interface with the mechanical engineers responsible for thermal
core analysis, or he must be prepared to undertake this analysis himself.

For these reasons, we have felt it advisable to include a rather
brief overview of thermal core analysis in this text. Our intent is
not to provide a complete development of this topic, but rather to indi-
cate those areas in which thermal analysis will interact with nuclear
design and hence drift into the domain of nuclear engineering

Our presentation will essentially follow the path traced out by
thermal energy in %he reactor, from its origin as fission heat energy
in the fuel until %t is finally removed from the reactor core by the

coolant. The thermal transport path is sketched below:

fission product conduction transfer across

. _— r—
energy in fuel through fue?l fuel-clad gas gap
forced convection transfer from conduction across
in coolant out of <———clad surface =<——— clad
core to coolant
steam > turbine > condensor
generator

As we will see later, the energy released by the nuclear fission reactions

appears primarily as kinetic energy of the various fission reaction products.
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The bulk of this fission product energy is rapidly deposited as heat in
the fuel material very close to the location of the fission event. This
heat is then transported via thermal conduction across the fuel element,

across the gap separating the fuel

from the clad, and then across the j (/ ) /’
.

clad to the clad surface. It is

then transferred from the clad ‘

surface to the coolant by forced ’] ’ 1 q%
convection. The mass motion of ' ~§

the coolant then carries the ther- 1 4 ] :§

mal energy up and out of the A | n
reactor core, efther as sensible ‘J\ /‘Q

heat (i.e., coolant temperature d)p

rise) or latent heat (i.e., thermally

induced phase change--boiling).

At this point, the nuclear core designer can jump off, although the power
plant engineer must continue to follow the heat energy as it is used to
convert feedwater into steam, then as the steam is used to drive a turbo-
generator, and then finally recondensed into feedwater.

Before we dive into the analysis of various aspects of this thermal
path, it is of interest to give several illustrations of just how thermal
core behavior can 1imit reactor core design.

B. Examples of Thermal Limitations on Core Performance

1. Centerline Fuel Melting
We will see later that one of the principal Timitations on allow-
able power densities in a nuclear reactor core arises from the desire to

prevent the fuel centerline temperature at any point in the core from
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exceeding its melting point. For ceramic fuels, thre fuel melting tem-
perature is quite high, e.g., 5000°F for U02. Nevertheless, the present
power densities of modern power reactors are such that the maximum tem-
perature occurring in the core can approach this 1imit. Since the power
level of the reactor is not really timited by nuclear considerations,
we find that in fact such temperature Timitations will determine the
maximum permissible power generated by the reactor.

2. Cladding Faijlure

Although the cladding in a nuclear reactor core will rarely ex-
perience temperatures approaching its melting point (unless so-called
critical heat flux or burnout conditions are exceeded), the clad ther-
mal behavior does place Timitations on the core power density. The
clad serves as a containment barrier to prevent radioactive fission pro-
ducts produced in the fuel from being released into the coolant {and subse-
quently being swept out of the reactor core). The cladding is subjected
to rather severe stresses, both from the high pressure coolant surrotunding
the fuel element, as well as by fission gas pressure and fuel swelling
inside the fuel element. Furthermore, it is subjected to high thermal
stresses due to the enormous thermal gradients across the clad thickness.
Since clad strength is a sensitive function of temperature and thermal
history, one must limit this temperature in order to prevent clad failure.
We will find later that a more critical limitation is placed upon the
heat flux which can be transferred from the clad to the coolant, since
above certain heat flux magnitudes, the heat transfer to the coolant
becomes unstable, and the clad temperature rises dramatically leading
to clad failure. This limitation, known as the critical or DNB heat

flux, will be studied in some detail in Section 12-5.
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3. Reactivity Void Coefficients

We have seen that the core multiplication depends sensitively
upon the coolant density. For example, in & LWR, the coolant serves as
a moderator. Decreasing the coolant density will reduce moderation and
hence reactivity. By way of contrast, in a LMFBR, decreasing coolant
density will cause a hardening of the neutron energy spectrum and hence
enhance reactivity. Since the coolant density depends sensitively upon
temperature, there is a very strong coupling between the thermal and
nuclear behavior of a reactor. It is essential to account for such
coupling, both in static reactor design as well as in reactor stability
studies. Indeed, stability considerations will frequently place restric-
tions on the allowable temperatures or heat fluxes achieved in the core.

B. Objectives and Limitations of Thermal Reactor Design

Perhaps the three most obvious objectives in thermal core design
are those of achieving:

(1) high core power density (Since this will minimize the required
core size and hence the size of related equipment such as
pressure vessels.)

(1) high fuel specific power (This will minimize the fuel inventory.)
(ii1) high coolant outlet temperature (This will lead to higher
thermodynamic efficiency, as well as to the production of
higher quality steam.)
Unfortunately, one's ability to achieve these objectives fs restricted by
a number of Timitations imposed by the thermal behavior of the core. Such

thermal Timitations include:



-574-

1. Fuel Temperature Limitations

As we mentioned earlier, one designs a reactor core such that
at no point does the fuel temperature exceed its melting point. The
melting point for ceramic fuels such as U0, or UC are quite high, ranging
as high as 5000°F. [In metallic fuels, one is more concerned about honing
fuel temperatures below those points at which metallic phase changes in
the fuel occur. For example, in uranium metal, there is a phase change
at T = 1080°F.] These temperature limits are sensitive to irradiation
fluences, and tend to decrease with increasing fuel exposure.

It should be mentioned that nothing really catastrophic will happen
if an isolated fuel element experiences teﬁperatures above its melting
point. However, experience has indicated that the probability of fuel
failure is much higher for those elements in which partial melting has
occurred. Hence there is strong motivation to limit temperatures through-
out the core below the fuel melting point.

We will find later that the maximum temperature achieved in the
fuel is relatively insensitive to the diameter of the fuel rod and depends
primarily upon the thermal conductivity of the fuel and the Tinear power
density in the core. Therefore, one usually expresses the thermal limits
imposed by fuel melting in terms of a limitation on the maximum achievable
linear power density in the core. For example, in a modern PWR, this
Timitation is about 20 kw/ft. Present power reactors of this type are
usually designed to operate with a maximum linear power density of 16-17
kw/ft.

2. Clad Thermal Limitations
The cladding material serves to separate the fuel from the coolant,

thereby entraining fission products in the fuel and providing structural
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strength to the fuel assembly. But as the clad temperature increases,
its strength decreases and its susceptibility to corrosion is enhanced.
One must insure that the clad temperature does not exceed those limits
above which an appreciable probability of clad failure exists. One
manner in which these temperature limits may be exceeded will occur if
the heat flux transferred across the clad exceeds the critical heat flux
at which burnout occurs, for then the clad temperature will immediately
rise several hundred degrees, almost certainly leading to clad failure.

3. Coolant Temperature Limitations

In many reactor types, one wishes to limit the coolant tempera-
ture in order to achieve suitable coolant characteristics. For example,
in a PWR, one desires to keep the bulk coolant temperature below its
saturation temperature so that no bulk boiling occurs. Similarly, in
a LMFBR.there is motivation to keep the sodium temperature sufficiently
Tow that the heat transfer capability of the coolant is maximized.

There are also limitations on the allowable temperature rise of

the coolant as is passes through the core. On the one hand, one would
Tike this temperature rise to be large enough so that one can achieve
efficient heat transfer in the steam generator. But there is also strong
motivation to minimize this temperature rise in order to lessen thermal
shocks in the reactor core (such as during scram conditions}. The tem-
perature rise in water moderated reactors is kept quite small--for example,
in a PWR, the coolant typically rises from an entrance temperature of 560°F
to a exit temperature of 600°F--a temperature increase of only 40°F. In
an LMFBR, this temperature rise is somewhat larger, amounting to some 300 °F
while in a HTGR, the helium temperature rises by as much as (200°F, as

shown in the table below:
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Coolant Tl °F AT [°F] _pressure [psia]
water 560 40 1000-2200
sodium 700 250 15

he 1ium 600 1800 1000

It should be noted that while such temperaturé limitatidns set upper
Timits upon the temperatures achieved in the core, there are aiso lower
Timits set upon the inlet coolant temperature due to the available con-
densor cooling. The size of a reactor core will be determined primarily
by the amount of heat transfer area necessary to transfer the desired
thermal power utilizing the given temperature differences.

It is apparent that the first goal in thermal analysis is to deter-
mine for a given fission power distribution and coolant inlet condition
the temperature distribution throughout the core, since one must insure
that the maximum temperatures achieved in the core do not exceed any of
the thermal limitations. It should be kKept in mind that the fission
power density is highly nonuniform. Hence the temperature distribution
is similarly nonuniform--and, indeed, will depend upon time, since the
fission power distribution will change over core life as the fuel burns
nonuniformly. The usual procedure is to estimate the set of local
operating conditions which represent the most extreme case, e.g., highest

temperatures, and then to design the core so as to guarantee satisfactory
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.erformance for this "hot spot", although it should be recognized that
this may in fact yield an overconservative design.

The thermal analysis begins by determining the volumetric source of
fission heat throughout the core. Since this is proportional to the
fission rate density, one requires an initial estimate of the neutron
flux distribution in the core. For the purpose of most thermal analysis,
it is assumed that this fission heat source is confined to the fuel
elements.

Since in the steady state this fission heat energy must be removed
by the coolant, one can use a simple energy balance to calculate the
coolant tempefature as it passes up through the core using the inlet
coolant temperature (presumed known). Then one can work backwards to
determine the temperature rise across the clad, gap, and fuel element to
the fuel centerline using the equations of thermal conduction (Fourier's
law) and forced convection {Newton's Taw of cooling). In simple analyses,
one performs such a calculation only for an average coolant channel
and a hot coolant channel which is chosen to represent the worst poss{ble
case. In more realistic analyses, one must also take into account flow
conditions and the intermixing of flow between coolant channels.

In this chapter we will sketch the basic concepts and procedures
involved in the thermal analysis of a nuclear reactor core. Although we
will usually try to relate these concepts and methods to well-known Tlaws,
we will give very few derivations. We do not intend this chapter to be
a thorough development of heat transfer and fluid flow, but rather a
brief description of how standard concepts from these disc1p11nes are
applied to nuclear reactor analysis. We have attempted to include suffi-

cient explanation and discussion of these methods to allow the reader with
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only rudimentary exposure to heat transfer and fluid flow to still bene-
fit from the chapter. For more detailed treatments of many of these

topics, we must refer the reader to one of several standard references.*

II. POWER GENERATION IN NUCLEAR REACTOR CORES

A. Fission Energy Deposition
The energy released in a nuclear fission reaction is distributed
among a variety of reaction products. We have classified these reaction
products both as to range and time of emission, and indicated the approxi-

mate percentage of the fission energy (some 200 MeV) carried by each:

Reaction Product %_energy range time delay
kinetic energy of -
fission fragments 80% <.01 cm instantaneous
fast neutrons 3% 10-100 cm o
fission gamma energy 4% 100 ¢cm "
fission product decay 4% short deTayed
neutrinos 5% nonrecoverable "

nonfission reactions
due to neutron capture 4% 100 cm
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The majority of the fission energy appears as the kinetic energy of the
fission fragments, and is deposited essentially at the point of fission
in the fuel. Note, however, that some of the fission energy appears as
kinetic energy of neutrons (3%) and gammas (4%) which have relatively
lTong ranges. This energy will be distributed over the core and adjacent
material (shield, blanket, reflector, etc.).

Furthermore, it should be noted that some 4% of the fission energy
appears in the form of heat generated by the decay of radiocactive fission
products. If the reactor were to be suddenly shut down, this decay heat
would continue to be produced and would have to be removed (otherwise
the reactor core temperature would rise dramatically, causing fuel
element melting and failure). The removal of decay heat is one of the
most serious problems in reactor safety studies.

It s customary to use an effective energy release per fission’
usually some 192 MeV/fission,in determining the portion of the total
energy of fission which is recovered in the primary coolant stream and
hence contributes to the thermal power of the reactor. Of this 192 MeV,
some 168 MeV appears as fission fragment energy, while 7 MeV appears as
beta energy. These short range contributions deposit their energy in
the fuel--and indeed, can be assumed to be proportional to the micro-
scopic flux profile in the fuel pellet. If we also take into account
the energy deposited in the fuel due to fast neutrons and gammas, we find
that some 97% of the recoverable fission energy is deposited in the fuel.
The remainder is deposited in the moderator or Structural materials by
neutrons and gamma radiation, with less than 1% being deposited in shield-

ing due to gamma radiation.

Gl
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In thermal design, the energy deposition distributed over the coolant
and structural materials is usually reassigned to the fuel in erder to
simplify the thermal analysis of the core. If we then recall that the

reaction rate density of fissions is given in terms of the neutron flux

P (r,t) as

fission rate = f{-(ﬁa @U:I‘0 (12-1)

where f{_(ﬁf} is the one-group fission cross section, then we can

multiply by
We = energy released per fission = 192 Mey

to find the volumetric fissijon heat source in the reactor as

%“'(F} = W f{_(ﬁf) é(ﬁ{) [MzV/sec-CW?] (12-2)
= \1.548 x10® W f{:@‘,ﬂ Q[f,{') [Bm/\nv--Hg] )

Of course, since the flux and number density of the fuel vary across
the reactor core, there will be a corresponding variation in the fission

heat source.*

*A word here about notation: we will utilize the more or less conventional
notation of mechanical engineers when referring to heat densities in which
the number of primes on q indicates the dimensionality of the density.
Hence, ¢"' represents a volumetric heat source; g" represents a heat flux
Per unit area; while q' represents a linear heat density, i.e., heat
generated per unit length.
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B. Fission Heat Distributions
The simplest model of fission heat distribution would correspond
to a bare, homogeneous core. Then we know that the one-group flux distri-

butions are as given below for several typical geometries:

rectanguiar parallelpiped: .T
N 9y  (12-3)
IP=3 cas']”— cos™M- cc:,‘i;_ |
e
e . Og
1nf1n'it_e slab: ke Oy —p”
—_ X

o 14

cylinder:

(12-5)

3@ =3, T, (M)cose2 y

sphere:
= = M
@t“) = éo ﬂ‘_‘r_\__.

(12-6)

Of course the geometry of most interest will be the cylindrical core,
for which we have sketched below the radial and axial flux profiles. We
have also indicated the modifications to these profiles resulting from

the addition of reflectors (although most thermal power reactor designs

are unreflected). _ﬂ QJQJh. ]
e i
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To account for heterogenieties in the core lattice, one can use
the gross flux profiles to determine the flux in each of the fuel elements
of the core. For example if we assume
that this profile is that characteri-
zing a bare cylindrical core

&6 = 5o 3 (1;}%)5“ MBF% )

then the flux for a fuel element at a radius re is given by

@U“;ﬁ) = &, 1@@»&3)@51% , (12-8)
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Usually, the fuel element cross section is so small compared to the core
size that we can assume q"'(r) is constant across the width of the fue!

rod. We would then take the fission heat source in the rod to be given by

L) = W 2 T, (MR cos 2 (12-9)
Notice that while we can usually neglect the radial variations in the
fission heat generated in the fuel rod, we cannot ignore the axial varia-
tion. In fact, if we remember that there is an appreciable depression
of the thermal flux in the fuel rod due to self-shielding, then it is
apparent that there may even be situations in which we may want to account
for radial variation of the fission heat generated in the rod.

There are numerous other factors which will perturb the power dis-
tribution of the reactor core. For example, the reactor is usually not
loaded with fuel of uniform enrichment. At the beginning of core 1ife,
higher enrichment fuel is usually loaded toward the edge of the core in
order to flatten the power distribution. During core operation, the fuel
will burn nonuniformly, leading to power nonuniformities which must be
accounted for in thermal core analysis. Furthermore, subsequent re-
fueling of the core will not be uniform and will lead to further variation
in the power distribution. Typical power profiles for zone and scatter

loading are shown in Figures 12-1 and 12- 2 .

Control rods will also have a major effect of the axial and radial
flux profiles. The effect of flux variation with control rod insertion
in PWR's is illustrated in Figures 12-3 and 12-4 . There will also
be local peaking of the flux, for instance in water gaps in LWR's or near

reflectors., All of these variations in the flux and power distributions
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Thermal Core Analysis

From the above discussion, it 1s apparent. that the fission power

density will vary over the core. Such variations occur not onty from

' the usual flux variations in a bare, homogeneous reactor core, but as
well due to the heterogeneous nature of the core, the nonuniformities
of fuel burnup and fuel 1oad1hg, the presence of coolant gaps and con-
trol elements, and also small variations due to manufacturing tolerances
of core components. These will cause corresponding variations in the
temperature distribution in the core. A common technique for accounting
for these variations is to estimate a set of local operating conditions
for the "worst case” ("worst" in the sense of most closely approaching
thermal Timitations), and to evaluate the reactor performance for this
set of conditions. Associated with such local conditions are so-called
"hot channel" factors which relate this extreme case to the average

core behavior.

One most commonly defines the hot channel of the core as that
coolant channel where the core heat flux and enthalpy rise is a maximum.
Conditions in the hot channel are defined by several ratios of local
conditions to average conditions, and these ratios are termed the "hot
channel factors". We will discuss hot channel factors in more detail
in section 12-7; at this time, it is appropriate however, to introduce
the hot channel factors which characterize the variations in the fission
heat generation in the reactor core. Three such nuclear hot channel

factors are usually introduced:
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Radial nuclear factor = Mean heat flux in hot channel _ FNR
mean heat flux in average channel
Axial nuclear factor = DMaximum heat flux in hot channel _ FNA

mean heat flux in hot channel

Nuclear heat flux

. . . h’
factor - Mmaximum heat flux in the core = F%

mean heat flux in core

From these definitions, it is obvious that

F«;: R RS (12-10)

The major results of the nuclear calculations on a core can fre-
quently be relayed to the thermal designer in terms of nuclear hot-channel
factors. These factors, together with an estimate of the axial power
distribution shape, can serve as the basis for the initial plant thermal
design, although there will be later interaction between the thermal and
nuclear designs.

Once we are given an axial flux or power distribution and the coolant
inlet conditions (e.g., temperature and pressure), we can compute the
conditions of the coolant as it passes up the coolant channel through
the core of the reactor. Such a calculation involves only a simple
energy balance equating the heat flux passing into the coolant from the
fuel element to the change in temperature (or, more generally, the enthalpy)
of the coolant as it absorbs this heat.

The more difficult analysis concerns the determination of the radial
temperature rise from the coolant to the clad surface, then across the

clad and the gap to the fuel itself. Such a calculation involves a study
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of heat conduction through the fuel element and forced convection hzat
transfer from the clad surface to the coolant, This analysis is fre-
quently complicated by a phase change of the coolant as 4t passes up
the channel. Finally, we are usually also concerned with the hydrody—
namic flow conditfons of the coolant, such as the pressure drop along
the channel, flow mixing, and other characteristics of the coolant.

We will consider each of these topics in turn, first developing
the relations between the temperature drop across the fuel, gap, and
clad using the thermal conduction equation; then studying the transfer
of heat from the clad $urface to the coolant via forced convection con-
sidering both single phase and two-phase coolants; and finally giving a

brief outline of the hydraulic analysis of the core.

ITT. RADIAL HEAT CONDUCTION IN REACTOR FUEL ELEMENTS

A. The Equation of Thermal Conduction

Let us first briefly review the transfer of heat in solids via

S5

thermal conduction. Consider an arbitrary volume V
of surface area S (sound familiar?), each point of 45
which is characterized by a temperature T(r,t).

Suppose that there is a distributed source of

heat in the body, say q'''(F.,t). We can quickly -

arrive at the equation of thermal conduction by

performing a simple energy balance for this arbitrary volume V. That is,

we equate

NBER vy A L2yr:
A0 M/ L

A ERO) - - EVEN) JF
HE 15 Yo R RavEDUAR
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time rate of change rate of rate of energy

of internal energy = energy addjtion - 1oss due to heat

of ¥ due to heat - flux through
source surface S

(12-11)

We can identify a mathematical expression for each of these terms as

1}

%t véspec_'\‘ = EFY'%‘“ — |45 %
S

where ()(F,t) is the density of the material, ¢ is its specific heat,

M
N (12-12)

and q“(?,t) is the heat flux vector. If we use Gauss' law on the last

term
a0 A -
ds c{;t n = & V CB‘ 5

Vv

we can group all terms under the volume integral, and then use the fact

(12-13)

that since the volume we chose to consider was arbitrary, we must

require

<5510 B $ T
\'Z

Notice that this energy conservation equation was derived in a manner
very analogous to that which we used to derjve the neutron transport
equation. We will now introduce an approximation which is the direct
analogue to the diffusion approximation in neutron transport. We will
assume that the heat flux is proportional to the gradient of the tempera-

ture:
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%C\F,{') - “\R VTC?,JE) (12-15)

This relationship, known as Fourier's law of thermal conduction, is a
very good approximation for most materials. LOf course, 1t is the
analogue to Fick's Taw.] When we substitute it into the energy conser-

vation equation, we arrive at the equation of thermal conduction:
%{&;cd\) ~-VkVT = %‘“(F‘ﬂ - (12-16)

We need both initial conditions and boundary conditiens to complete
the mathematical description of heat conduction. These conditions can
be derived using similar energy balance ideas, but we will only state

them here:
%

. —
Initial condition: Specify T(r,0) for all T+

Boundary conditions: {>
(i) specify the surface temperature Rs /. ™

- /]

T(I‘Jt)lés = -S:(.R_S)t) //

(i1) specify the surface heat flux

5 = RAVT = 9RD

S

._-;” A
1) N

(ii1) heat transfer boundary condition

30 = RkaYTlg = W TH-T.|
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(iv) interface conditions

(a) continuity of temperature
TR = T, (R)

(b) continuity of heat flux

~att

N
= w45

R .a,,\_b
s

-9,
or

koo VTlg = kWL

The thermal conductivity k is temperature dependent in most materials.
Although this temperature dependence is usually ignored in studying ther-
mal conduction in materials such as the gap or the clad in which a rela-
tive small temperature drop occurs, it must be considered in treating
thermal conduction through the fuel, since in this case we may have a
temperature drop of several thousand degrees.
We will simplify the analysis of thermal conduction by considering

only steady state phenomena such that the thermal conduction equation

becomes

"'V‘QVT[F} - QDW(F) ‘ (12_-'7)

[Transient prob]em; are treated in detail by E1-Wakil and Tong & Weisman.]

LoaKS LikE
e 7O
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B. Heat Transfer in Cylindrical Fuel Elements
Most modern power reactor cores are composed

of cylindrical fuel elements which usually contain
ceramic fuel elements contained in metallic tubes
(i.e., cladding). Our goal will be to calculate
the temperature drop from the centerline of the
fuel, where the maximum temperature normally
occurs, to the surface of the clad in terms of

the various physical properites of the fuel

element. For the purposes of this calcutation,
we can regard the clad surface temperature as
a reference temperature, since it will be
determined in terms of the coolant temperature
and eventually in terms of the coolant inlet conditions and the reactor
power level.
To simplify this calculation, we will make several useful assumptions:
(i) We will assume that we can neglect thermal conduction in the
axial direction. This is a valid assumption since the tempera-
ture gradient across the fuel element in the radial direction
is several orders of magnitude larger than that in the axial
direction. Axial heat transfer will occur outside the fuel
element via forced convection in the coolant.
(11} The fission energy will be assumed to appear as a uniform heat
source distributed through the fuel. Actually, there is some
variation in this heat source since it is proportional to

the flux in the fuel, and we have seen in Chapter 10 that there
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is an appreciable fiux depression finh the fuel due to self-shielding
effects. However, negiect of this spatial variation is usually adejuate

for most thermal core analysis.

(1i1) Only steady state heat transfer in the core will be consi-

dered. We will now consider the radial heat transfer in each region
Jr

of the reactor fuel element.

L

1. Fuel

The heat conduction equation for a cylindrical

fuel rod takes the form |
IA

%ikﬂdl_dﬁ (12-18)

wor Jusl THE

where we have noted the axial symmetry to omit the
TG FER YOour

angular dependence. The corresponding boundary conditions are

) T@=Wl

We can integrate this equation to find
v

\Q{.Y‘dj- =~ [drrql = "f:cl;" (12-19)
dr A

Now recall in general that the thermal conductivity depends upon the fuel

temperature, i.e., kf(T). Hence it is not possible to obtdin an explicit
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form for T(r) until we have specified the functional dependence of kf(T).
We can derive an expression for the temperature drop across the fuel

however. Rewrite (12-19) as

- w
k’{.cﬂ_‘ % dv (12-20)
and integrate this equation between r = 0 and r = R to find
111 FQ -
2
. W 1
\Qg(T)c:\T= ~ ldr et = — —E— %“ ‘ (12-21)
2
Ay O
Now define an average thermal conductivity for the fuel as
T¢
-— |
= — T . 2-
ke e Toq _-\Qg( T (17-22)

Hence we can rewrite (12-21) as

ut Y2
Ty —Ty = CL_@ (12-23)
4l
[In the situation where kf can be assumed constant, one can actually
determine the functional form of T(r) by integrating (12-19) directly

to find
o fin Te

T =Ty - D .
T 4, /\1—‘(’12-24)]

Let us define the linear power density of the fuel element as
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2 .
%‘ = R %‘ {12-25)

Here, of course q' is the power generated per unit length of the fuel
element. In terms of this quantity, the temperature drop across the
fuel becomes

\

=T -Ty = 2= _
ATFue'l Te N 4“‘\% (12-26)

In particular, we should note that the fuel temperature drop is not

dependent upon the fuel radius. This temperature drop only depends

upon the linear power density q' and the thermal conductivity of the

fuel.

The fuel thermal conductivity is usually quite low for ceramics
such as U0,. In Figure 12-5 we have plotted the average thermal con-
ductivity for UOZ' This low thermal conductivity leads to rather large
temperature differences across the fuel element. For example, a linear
power density of 15 kw/ft in a typical LWR would lead to a temperature
difference of 2500°F.

Since the fuel centeriine temperature It is 1limited by the fuel
melting point, some 5000°F for U02, it becomes apparent that one must
limit the linear power density in order to avoid fuel centerline melting.
For UO2 fuel elements, the 1imit on linear power density is roughly 20
kw/ft. Most power reactors operate such that the maximum 1inear power
density is 16-17 kw/ft.

It should also be noted that the fact that the temperature drop

does not depend upon the fuel radius suggests that, at least from a
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thermal standpoint, one can achieve the same linear power density
without exceeding core temperature limitations by using smaller fuel
rods. Since the use of smaller rods can reduce fuel inventory, this
feature can have an important bearing‘on the economics of core design.

It is possible to repeat our analysis of the heat transfer in
the fuel for the situation in which the flux depression is explicitly
accounted for. Such an analysis indicates that the assumption of a
uniform heat source q''' actually implies a somewhat Targer Z&Tlfue]
than that corresponding to a distributed heat source. Therefore our
calculations above are somewhat on the conservative side.

2. Gap

The ceramic fuel pellets are encased in a metallic tube or

clad. There will be a small clearance or gap between the fuel and the
clad several thousands of an inch in thickness which is uéua11y filled
with some inert gas such as helium. Although the thickness of the gap
is quite small, the rather low thermal conductivities of gases will

cause a rather large temperature drop across the gap. If the gap spacing

Tiqa o
was uniform, then we could simply solve the ,:;::;/,’ J ~é~\
equation of thermal conduction for the gas ::::
. . e
in the gap to find the temperature drop :/, S~
across the gap as 4 ™~

ol ~—

ﬂ; | ,/’3,/', e
AT\ '=T¢3—To3= - (12-27)
e

2w -Eig

But after a period of reactor operation, the fuel pellets swell and crack,

and will actually come into contact with the clad in many places. For
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this reason, one usually expresses

the temperature drop across the gap

by using an effective coefficient of

gap conductance, defined such that

ARRRRNAN

\::?\\\\\\

4 = \'/53'(—\';3 - —5;3) : (12-28)

This coefficient will be a function of gap thickness, gas conductivity,
and also of contact Pressure, surface roughness, clad material, and fuel
life. It typically ranges in value between 1000 to 2000 BTU/ht-ft-°F.
Plots of the contact conductance are given in Figure 12- ¢ . A corre-
Tation giving_hg in terms of the contact Pressure and the thermal conduc-
tivity of the gas is

hy = e+ ky /{iax10)

(12-29)

where o/= 0.60 for Zr, and o{=0.48 for stainless steel. Using this
correlation, one can obtain the dependence of gap conductance on linear
power density in Figure 12- 7 .

If we recognize that the heat flux across the gap in the steady
state must be just that amount of heat produced in the fuel divided by

the surface area of the fuel

0 il 2 "
D = %‘%%% = % %J (12-30)

then we can calculate the temperature drop across the gap as
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For a Tinear power density of 15 kw/ft, this temperature difference ‘can
range between 250 to 500°F, depending upon the value chosen for hg.

3. Clad —Ti_ .

To stmplify the analysis of the clad, /l/ q

we will assume that the é]ad thermal conductivity /{::::::/,,,
is essentially constant and that there is no :%:::::::::: \\\\\

heat production in the clad. Then the thermal

-1
conduction equation becomes ”,’,, :::?‘

ck4l4) -o

subject to boundary condition

0 TR) =T, [ Rity~R]

Ly T Al
(11) \QC%F\Q = Q.

We can immediately integrate this equation to find

- ut 2 'S
.1—(¥\:= \03 - E&;; -E% kv\fk
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or

L TR G WL

AT 2

clad ~ (12-32)
where te is the clad thickness. In practice, the clad thickness is
quite small compared to the fuel rod diameter--usually on the order of

1/20. Hence it is customary to expand the log term to write

ATL\@J = Qﬁg({/kj = %T\TQ (_t/k) (12-33)

for the temperature drop across the clad.
4. Clad Surface to Coolant

Heat transfer from the clad surface to the coolant is described

e
by Newton's law of cooling =4
7 l'f"’?\
_ PR
4 = \ns (T;; - \;D ; Al (2-30)
A

where h . is the convective heat transfer coefficient. This coefficient
will depend upon the properties and flow conditions of the coolant, and
its determination will be the subject of the next section of this chapter.
For now, however, we will assume that i1t is known, and proceed to calcu-
late the temperature drop to the coolant using Eq. (12-30) for q'' to

find
R _ D

AT =Ta-Ta= £ = 3= 2nfh (20

(.00\
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5. Total Temperature Drop Across the Fuel Element

Jr
We can now calculate the total temperature drop J*f,,f”f -

-

from the fuel centerline to the coolant as Jffj:;f”ﬁ

\
\
j// \ | i
(e-Tg) + (T ) + (5 T) + (- Ta) - \
= ATLM = AT3?+ AT ' N\

ch!-k l&Tjam’ frf- gl [
[0 = (280 + () + (100) + (1p9]

Te-Ty

(12-36)

[For purposes of later reference, we have indicated typical temperature
drops for a linear power density of 15 kw/ft.] If we use our earlier

expressions for the individual temperature drops, we find

+ . ERTK | . @
T¢.’TH - ﬂlj‘[zgﬁ \,)3“r 3’:‘;1‘ h;(mm _ (12-37)

It is also useful to rewrite this in terms of the linear power density q'-

] .
Te-Tg = - [K. + e L v R , (12-36)
amR L2k Wy Tk, b (R4t,)

Now, in general, the coolant temperature is essentially fixed by the
remaining thermal components of the plant (such as the steam generator
and condensor). Furthermore, regardless of where we are along the axis
of the core, the coolant temperature varies comparatively little (e.q.,
in a LWR, the coolant rises from 560 to 600°F, while in a HTGR it rises
from 600 to 1800°F). The fuel centerline temperature is constrained to

remain below the melting point of the fuel (e.g., 5000°F). Hence the
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allowable temperature drop across the fuel element is limited by the fuel
melting restrictionss there will be corresponding limits on the allowable
Tinear power density. This maximum allowable 1inear power density essen-
taflly determines the size of the reactor core required for a desired

power level.

ar (e —'Ti;)
B T £ N
QE:' Rlng k,:fé * hsmfﬁ\—l

We can see that there is strong motivation to maximize the heat transfer

(12-37)

%‘z[

coefficiénts hg, hs’ kc' and kf in order to maximize the allowable
linear power density and hence minimize the required core size.

In Table 12~-72 we have listed typical operating system temperatures
for a LWR operating at a Tinear power density of 17 kw/ft. It should
be noted from this table that over 90% of the temperature drop occurs
across the fuel and the gap. Hence a small error in the treatment of
these regions can swamp out the analysis of the clad and the clad-
coolant interface.

Since most of the temperature drop is across the fuel, we can infer
that the maximum centerline temperature of fuel elements in a reactor
core do not depend appreciably upon the diameter of the fuel elements.
This suggests that the selection of the fuel diameter will involve

nuclear father than thermal considerations.




TABLE 12-2

EXAMPLE: q' = 17 kw/Tt
Tf'= 600°F

UO2 = pellet diameter = 0.37"

Zr tube diameter = 0.42"

coolant

clad outer surface
clad inner surface
pellet surface

fuel centerline

GAWLD, you Jus7
DT s fou)
@ 17 15 7 gF
A SECeETARY /)

5 Desaeppny/

T[°F]
600 °
657 ©
786 °

1189 "

3958 °

129 °
403°
2769 °
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IV. FORCED CONVECTION HEAT TRANSFER IN SINGLE PHASE COOLANTS

Tu
A. Introduction ::;
In the preceding section we treated the :;: % T
transfer of heat from the clad surface to the EE; 1;!
coolant using Newton's law of cooling: jj; T ?
| %

Y = s (Ta - Ta) (12-40)

where hs s the coefficient of convective heat transfer. The magnitude

of hgvaries greatly for different types of coolants and flow conditions.

For example

he [BTU/hr-fE=°F]

flowing air 2-50
flowing water 100-1000
boiling water 500-5000

We will be concerned here with forced convection--namely, that situation
in which heat is transported away from a surface by mass motion of a
coolant adjacent to the surface maintained by an externally induced flow
(e.g., coolant pumps), as contrasted with natural convection in which
the density variation in a temperature gradient induces a flow (e.q.,
in a swimming pool reactor).

Before we begin a detailed discussion of how the convective heat
transfer coefficient h is determined for various coolant and flow condi-
tions characteristic of nuclear power reactors, it is useful to briefly

review several useful concepts involving the flow of an incompressible
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fluid in a channel--that is. hydraulics. Actually, we will begin our
discussion of incompressible fluid flow by first writing down once and
for all the full set of equations describing hydrodynamics. We wil]
avoid a discussion of the derivation of these equations (although such
a derivation can be given by simply adding liberal doses of vector cal-
culus to the conservation laws governing mass, momentum, and energy),
and immediately apply them to the special case of a steady state, in-
compressible flow. We would hope to comfort the student with no previous
éxposure to fluid dynamics by admitting that we are not going to do
much with the full set of hydrodynamics equations. So just sit back
and relax, avoid panicking, and "enjoy" our review as a cultural ex-
perience.
B. The Equations of Hydrodynamics

The flow of mass, momentum, and energy in a fluid can be des-
cribed by the equations of hydrodynamics. These equations are derived
in a great many standard references by setting up balance equations ex-
pressing the conservation of mass, momentum, and energy for the fluid,
much in the same manner in which we derived the equations of neutron

transport. We will merely state the equations of hydrodynamics here:

Equation of continuity: (conservation of mass)

%% *’V'(P-‘n =0 (12-41)

Equation of motion: (conservation of momentum)

P[%‘% + (G‘V)C\] = t- YV +V-T (12-42)
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Equation of energy transport: (conservation of energy)

Q|St+ LG-V)G] ~F.qt _ pv.aft’:Vmcg“ (12-43)

Here, the hydrodynamic variables characterizing the fluid are

NOu) Lok,

9[?,&3 mass density Jou Dot

i Tocal fluid velocit
alt) y
Eitiafj internal energy density
%’(ﬁﬂ heat flux

"f(ﬁ{-) viscous stress tensor

&(f')-{-) pressure
{[ﬁ{;) body force density

%‘(F}{—) volumetric source density

These equations must augmented by two transport laws which give the
viscous stress tensor and the heat flux in terms of other hydrodynamic

variables:

Newton's Taw:

Z = nlv Gyf +/4[VU + (VUOT] (12-44)

Fourier's law:

= RVT.

(12-45)

where we have introduced the transport coefficients of bulk and shear
viscosity, A and /q » and the thermal conductivity k. It should be

noted that unlike the hydrodynamics equations, the transport equations
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are no longer exact relatjons and must be regarded as approximate laws
(although very good approximations for all of the situations we will
encounter). * '

These five equations must be accompanied by a sixth equation in
order to complete the system. This last equatfon is the equation of
state for the fluid which relates the pressure to the density and the

fluid temperature
P=p(Q,T) [e.g., for an ideal gas, p = ER T] (12-46)

In this chapter, we will be concerned with the application of these

equations to the study of incompressible fluid flow (i.e., hydraulics

T e with spatially independent transport coefficients. In this case, the

FeL1EvE HED

Do THIS T hydrodynamics equations reduce to

Continuity: vV-u=0 (12-47)

Navier-Stokes: P[%%‘ N LC\;V)U] - ‘VP gy V?_a (12-48)

Heat conduction & convection:

oc [T + @WT] = RVT + ¢

Notice that if we set the flow velocity E?EO, then we return to our earlier

form of the thermal conduction equation,

*One occasicnally defines:
i 5/‘4/63 = kinematic viscosity

, _ 4i ivit
DTE b/ec = thermal diffusivity



-604-

C. [Incompressible Fluid Flow
Let's begin by studying the "simpie" problem of a fluid flowing
through a long pipe of uniform cross section. Suppose we imagine an
experimént in which a dye is injected into the fluid and is swept along
by the flow such that we can follow the streamlines traced out by the
motion of the fluid. Then two quite different flow patterns will be
observed, depending upon the flow velocity of the fluid.

For Tow flow velocities, the flow pattern is quite uniform,

'r-

W A S A S S S A ff/{lflli!l[
L

AR A A Z it 7 S L Y 4 Fd rd rd

staying parallel to the walls. There is no radial motion of the fluid.
We refer to such a situation as "laminar" flow.
For sufficiently high flow velocities, the flow pattern becomes

quite irregular. There are fluctuations in the radial fluid velocity

i
X TN 7 77 7 g ———————y r
_MWWV\/\/VWVWL_,Z

IIIIIIII//I[///JIII

about zero. One can also distinguish "eddy" patterns of the fluid which
move back and forth across the tube. Such a situation is known as
"turbulent" flow,

The transition from laminar to turbulent flow was found by Reynolds

to depend upon the magnitude of the following dimensionless parameter
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_ B U D
Re = 97 (12-50)
known appropriately enough as the "Reynold's number" characterizing the
flow. Here, u is the flow velocity and D is the diameter of the pipe.
The Reynold's number is actually the ratio of the inertial forces pre-
sent in the fluid to the viscous forces. If we think of viscosity as

a mechanism which tends to damp out disturbances in the fiow, while
inertial forces tend to enhance such disturbances, then we might expect
that for sufficiently large flow velocities, the viscosity of the fluid
is no longer able to damp out flow fluctuations, and the flow will
become unstable.. The Reynold's number characterizing this transition
from stable, Taminar flow to unstable, turbulent flow is usually of

the order of 1000 (although it may vary considerably, depending upon the
flow characteristics).

The study of turbulent flow is quite complicated. It is now believed
that the equations of hydrodynamics contain all of the complexities of
turbulent behavior, but nobody has been able to extract these turbulent
solution from the equations to date. For this reason, most'descriptions
of turbulent flow are highly empirical in nature and rely heavily upon
experimental measurement.

A1l fluid flow in reactors is highly turbulent in nature. Hence
we will be forced to rely upon an empirical approach to our study of

hydraulics in reactor cores. However, to introduce the concepts involved
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in analyzing turbulent flow and heat transfer, we will find it useful to
first consider several simple problems in Taminar flow.

1. Plane Couette Flow

We will begin by considering a fluid contained between two in-

finite, parallel plates:

== ot . =z z = il =z =z = —== ¥

Now suppose at t = 0, the lower plate begins to move with a velocity V.
One then finds that the fluid also begins to move (i.e., it tends to
"stick" to the plates) in such a way that the fluid velocity "profile"

looks as shown below:

)‘4_ YA ) A
ar d 1 d d]
£<0 [ t-oF 70 570
} 3, L Ty = 4
Ux v Uy v U vt

For sufficiently long times, one finds a linear velocity profile ux(y).
Such a profile is also predicted by the steady-state solution of the

Navier-Stokes equation:

9 44 0 0
G A
#P 2 H\

HATE 7o JEIL Your
THE. ... Bor oHro
STATE /s sonje
70 7HE RCSE

Boay {11 '
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or

u
o =4 75 3 A (12-52)

We want to solve this equation subject to the boundary conditien that

the fluid adjacent to the plates is at rest:
ux(d) =0 and uX(O) =

The general solution to Eq. (12-52) is just
ul(y) = oy+b

Applying the boundary conditions, we find

(0)=b=V, Wd=ad+V=0 > a=-V/A

Hence we find the velocity profile
_ _y )
Uk (y\ =V U 7d (12-53)

as we expected. This flow situation is known as "plane Couette flow".
2. Laminar Flow in a Circular Pipe
We will now generalize this situation a bit by considering

laminar flow in a long pipe with circular cross section of radius R
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i
!
V

III/II'///I’7—I

We will once again proceed by applying the Navier-Stokes equation. First,
note that the flow velocity for laminar flow can only be in the Tongi-

tudinal direction

—

u= uz(r) /E\:Z (12-54)

Hence only the z-component of the Navier-Stokes equation remains

_B_e /u uz(r) O (12-55)

ar T
Notice that this equation implies that each term in the equation must

be equal to a constant, since otherwise a function of z could never be
equal to a function of r for all z and r (you might recall that this is
the same argument that is used in separation of variables solutions of

partial differential equations). Hence we must have

3% = cons%'an'[' = —(8{—8\: + %Q (12-56)

where L is the Tength of the pipe.

Returning to Eq. (12-55), we find € L ~

3 dul Dp
M ra}r A—Fl T "~ (12-57)

I
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We must solve this equation subject to the boundary conditions:

(1) U (R)Y=0
(11) didsy
el = ©

To construct a general solutjon, we Just integrate

d pdl_, Ap
ar’ ar =7 ML r

to find
Ap 12
rﬁl{&: +/’a% ol + G
or integrating once again

U (A= + ﬁ Frclre G

Now the requirement that uZ(O) <60 implies that we choose C; = 0.

The boundary condition at r = R implies

2
LR=0 = (= f—ﬁ_

LoOK, FRITE, T

Koy THIS LITTIE
Hence our general solution can be written as

zi, T
Dow'r Lraiow
ZF ITr wu,;
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This parabolic flow profile is known as "Hagen-Poiseuille" flow.

v Pl Fad PRy 4 o A P . ol rd .l e i rd
UZ(T)
— o "‘- e
eyl Pl I v Fal Pl e ] = z Pl Il Pl - Z

Several yseful quantities characterizing such laminar pipe flow are

Maximum flow velocity:

/-8 (12-59)
u*\vm = 4/11( )R
Average flow velocity:
R
-p (12-60)
<uz>‘ \Q1 Uy 2mrdr= él/](P 1)Q2 éu;}wmx

Volumetric flow rate

N & -
o v = LR

Force on pipe of length L:

F= :IT‘QL_C'?\EQ: 2wRL (%%)P':T\'Qz(ﬂ’@) (12-62)

Pressure drop:

Ap= p-p, = BANI_—F% (12-63)
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3. Flow in Non-Circular Channels
Frequently it becomes useful to extend these results to flow in
noncircular channels. For this purpose, one replaces D by an "equivalent

hydraulic diameter", Dh’ defined by
= 4 S/ (12-64)

where S is the fTow area and Z is the wetted perimeter of the flow.
EXAMPLE: Consider flow among a number of rods of diameter d. Then one

defines the equivalent hydraulic diameter

@ @ @ by locating a "unit cell" and calculating
T Sand Z as
R I 5= Y
L
i @ @ €/ 7 = md

Hence for this geometry, we find
T 2 '
= 4 (Aad
(12-65)

4. Turbulent Flow

The study of laminar flow is of 1imited usefulness in reactor
applications in which the coolant flow is highly turbulent. One can
"fudge" up some of our Taminar flow to account for turbulent by defining
the Fanning "friction factor f" by

force on pipe
(flow contact area)x(kinetic energy density)

N
A x K

friction factor f =

(12-66)



-612-

If we substitute in our earlier expressions for F, Q, and K, we find
“thplﬂ?l\
T = GwRl) Lh o <w)

(12-67)

for a circular pipe. Notice now that if we can determine f for the flow,

then we can calculate the pressure drop in the pipe as
_ AL 2
Ap = P-B “4(‘§) yz_€<uf7 £, (12-68)

EXAMPLE:* For laminar flow, we know that
. N (p-ﬁ) 2
<5L11j7 = %é;x . R

Hence we can calculate

S B
%: ))’ €<Uz72 Q<H;>Q

| IL (12-69)

[egg?] R

which is the Fanning friction factor for laminar flow. [Note: One

occasionally sees the expression f = 64/Re for laminar flow. This latter
parameter is known as the "Darcy-Weisbach” friction factor. Hence,

f = 1/4 f

Fanning Df.lr'ce_'g/-lde'lsbac:h':I

In turbulent flow, f is usually measured experimentally as a function
of the Reynold's number Re and the pipe roughness. The latter quantity
is measured by the ratio of the average fluctuation in pipe diameter over

the diameter D:
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The friction factor f is plotted vs. Re and k/D in a chart known as the
"Moody diagram":
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In this diagram, the transition from laminar to turbulent flow occurs at
Re* = 2100

Various correlations have been developed for the friction factor. 1In
particular, for turbulent flow in smooth pipes, one customarily uses the

"Blasius" formula for single-phase coolant reactor -calculations:
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2100 < Re< 10°: f = .079] Re~0-25 (12-70)

An interesting comparison between laminar and turbulent flow can be
made by considering the pressure drop 1n each case. Noting that the
mass flow rate w is proportional to the average flow vg1ocﬁty, we find

Zﬁf)fv <fllzﬁ>'\'UJ

laminar

(12-71)
Ap~ <u’>{.7€~ \:JUS " turbuTent

ence there is considerably more pressure drop in turbulent flow. This

(/hmmﬂ gfftfgn be understood by comparing the velocity profiles for the two cases:

y .
turbulent: Yz — &—*-E’l 7 -
(lzxwmw

The much steeper velocity gradient near the wall in turbulent flow causes

a much larger shear stress on the wall,

- el

(12-71)

and hence a larger pressure drop.

In summary then, one can use these results to calculate the pressure

drop for either laminar or turbulent flow of a fluid in a channel.

N
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EXAMPLE: Water at 1 atm, 70°F

Smooth, circular pipe, 1" I.D.

L =10t

Fully developed turbulence

<{uzj> = 10 fps
Suppose we want to determine the pressure drop along the pipe, and the
pumping power necessary to maintain the flow in this pipe. We first

calculate @ D<us> Lg:,g b/ H%( a H) {6 ‘H/sec.)
Re = D2 (658103 bf ff -sec)

= 7.49x10% 7 2100

which confirms that the flow is indeed turbulent. Using the Blasius

formula,

.079 |

¥ — [7-1“04)& = .07

Thus, the pressure drop is

[ EAST aow!
PRoF, S EREIELD
WAS omLy Jolm €
WHEKS HE SUCEESTD
HELVAT LARO AS

\AEL A AN

= 209 W= 152 e

pumping power = force x velocity = }\C_ZXF) <fL42:>

o 1 _
= 12 gs?% = 77 % =.02\7L\p = 102 waths

1
o = 4{b )<= ()Mt o) s
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D. Forced Convection Heat Transfer
1. Laminar Flow
We have indicated that coolant flow in nuclear reactor cores is
highly turbulent. This turbulence tends to greatly enhance heat trans-
fer from the clad surface to the coolant over that which would be present
if the flow were laminar. However, the complexity of fluid turbulence
once again forces us to rely upon various empirical correlations for
calculating quantities such as the convective heat transfer coefficient.
However, in order that we may better understand the assumptions that have
gone into such correlations, we will first indicate how h may be calcu-
Tated for various simple laminar flows.
We will first consider the case of heat transfer to an incompressible

fluid flowing in a pipe of circular cross section:

I}//)’??t/////f//ll
7 > —

We have already determined that such a flow will be characterized by a

parabolic velocity profile

u'z[r) = 23/7 (ﬂ;__@} [Q’;ﬁ\: 2<U, 7 (\— gz) ' (12-72)

We now want to consider the temperature distribution in such a flowing
fluid due to heat flow through the walls of the pipe. We begin by re-

calling the energy equation for such an incompressible fluid:
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0G| +TYT| = LT+ g

Now for Taminar flow, we note the following simplifications

(i) steady-state flow: 25E%3f:: o
(11) laminar flow: Q-VT = Uz Moz
(111} no heat sources in the fluid: cf;" =0

Hence our energy equation becomes

o3 - e[S+ 31|

(12-73)

(12-74)

Now usually the axial heat conduction will be much less than the radial

heat conduction, since axial heat transfer is primarily by convection.

Hence we can simplify (12-74) even further by writing

ety = K[ F3(3D)

We will now make use of several important assumptions:

. (i} constant wall heat flux a1l 7 Gyat (2)
f§&; :?: (i1) "fully developed" velocity profile:
e T
iy _ 2
Ul = 2<u> [ 1 fg)
el = 1t 1 1
< 2\_j (i1} "fully developed" temperature profile.

is characterized by a temperature dependence such that

(12-75)

(12-76)

This latter profile
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T('fj E\ - quu ()
_rFl (Z) - T\dall (Z)

= funckion ) = )

(12-77)

where TwaTl(Z) = wall temperature

R
| \
_ER (.Z) = _‘_!EZ[;} LU: (Y‘)_RY; Z) ;ZTW'AP

= "mixed mean" or "bulk fluid"

temperature

Before solving the energy equation subject to these assumptions,

let us recall for a moment Newton's law of cooling

Gl = 1 (Tt = Teo) (12-78)

We will turn this around and use it as a definition in order to calculate

h. First note that

Obm\\ = -k %—Fr\v:ﬁ (12-79)

Next, from our definition of a fully developed temperature profile, we

can write
§\T=R = (M- Tw\\ ‘3% \Y:R (12-80)
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If we now combine Eq. (12-78) and Eq. (12-79)

bﬁ (-EOa” _‘1Eé)_: —_¥é;§§£ﬁtz=K2

(12-81)

and use Eq. (12-80), we find

I (Tt~ Tig) = e (Toat- T2y %{Vz . (12-82)

Hence we must conclude that

b= ki%\)m - constaif (12-82)

Thus the convection heat transfer coefficient, h, is a constant along

the length of the pipe for a fully developed laminar temperature profile.
Continuing, we can differentiate Eq. (12-77)

> [ T, 2) ~ Toailz)
o7 Tﬂ(z) ~ Twall () ] - O

or rearranging

ST _ 4%, A4 4T
(Tog— Tt (% - %ﬁ‘\ - (T“(“h“)&\% i} %ﬁﬂ) =0

T dlw | [ T-Ted\(dw AM
- (‘cﬁ‘
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But we have assumed that the wall heat flux 15 constant

Dot = W (oot - "ED = constof (12-83)

Hence we conclude that

N7 weker’
PROFEG R OS808)
SAYS THAT SIS
15 MUH STHALECY

-Kudl (Z) - _EL (E) = Coﬂs“'avt{_

and thus
@lTTW“ - dlg
= cQEE
or
I _ dTw _ 4T N
= 3= - Sn, ..‘il\*'ﬁl‘m\l‘\\ lll“ "
>z Az dz

We can utilize this relation to determine the axial temperature

distributions by writing an energy balance for a segment of the pipe

— S z .4 Mr Z z =

e ——
——- ——
S E  2dd —
s ‘rrfrfr%..’ =
vall

Evidently, then,

p< Uy Trﬂch &T;Q = Cg'wq“ iR dz (12-84)

or
W

A Iy 2Pl

= = Cowi s‘i‘an{" (12-85)

Az P<u> GR
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Thus we find

f%;%? = ?%gg*d‘ = cxjws%awf'

A
—r —””,;IEiﬂEl,I’/,”f’/’/”

-k

rd
2

We are now ready (finally!) to return to our energy equation (12-75)

0 Uz Sll_ = k [JY: %\\(r%lrﬂ (12-75)

Using the Hagen-Poiseuille velocity profile, Eq. (12-75) becomes

1

QCP2<U|3>}: @] C92<uz>[ @] 87:%2

Hence

_\F %( 3 j—“[\ —@ﬂ (12-86)

We will solve this subject to boundary conditions:

(i) TR z)= Tuatt(2)
() T, 2) <0



~-622-

We can easily integrate this equation and apply the boundary conditions
to find a temperature profile:

Tl 2) - Tl (2) = %f“ [4‘ 3‘]

1L (12-87)

which characterizes fully developed laminar flow in a circular pipe.

Now to determine the convective heat transfer coeff1c1ent, h, we
calculate FZ

_EQ (‘E} = '|~I_—‘Q_z<_l_1;> 2<u1.>[\ T(V‘ Z))W\fdr‘

= Twal2) + ;—'L';, % Yl t12-88)

Thus

‘13wq.| ;%?%g' [:1:mﬂ$"-1;;]

(12-89)

such that we can identify

\q = %‘?) % (12-90)

It 1s convenient to rewrite this expression for h in terms of a dimen-

sionless parameter

nd -
R

1l

Nu = “Nusselt number (12-91)
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That is, one determines the Nusselt number for a flow process and then
uses this to infer the value of the convettive heat transfer cbefficient,
h. For flow which is: (i) Taminar, (ii) with fully developed velocity
and temperature profiles, and (1i1) with a constant wall heat flux, we

have just found that the Nusselt number is given by

Nu= 48- 434

Notice that the Nusselt number can be interpreted as kind of a dimen-

sionless temperature gradient at the wall

hED = Dt LTmu TGD _ —%:El\r:(e

- Q{)“"“ / hQ N de\l’)"Tq

_ g (_[__ T,mu (]2—92)
(%) (e

It will be useful to define another dimentionless parameter,

— Y e "
Pr-’— /’A = DT' = Prandtl number, (21-93)

QUr

which 1is essentia]ly a measure of the ratio of the molecular momentum

transfer to the molecular heat transfer. In particular, note that

U
S oW

P-< | o

LEMHE SEE MOW.
SEZ HERE 7HAT
THS SROF SWHE
HAS 007 cnPRi

PARHING  HIDLATIONSS,
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--that is, the temperature gradient is not as steep as the velocity
gradient. Prandtl numbers characterizing various types of fluids are

shown below

TABLE 9-2
Prandt] Numhers of Some Reactor Coolants

Category ¢ Coolant Prandtl number
Water 425 at 100°F
0.87 at 500°F
I Organic coolants 8.55 at 500vF
(Santowax O-M) 4,57 at BOO°F

Gases 0.68 100.77

It Liquid metals 0.004 t0 0.03

To tie together these two parameters with the Reynold's number,
one can define the Stanton number

WD/ __Ll_

't-_ = — < D __,(’i_ o
St= pp (@_/%2 \ o) P 2w

If we rewrite this as

<t pr: ‘_%"(i':: 4%/” = ’lal‘F) (12-95)
€ e

then it becomes apparent that the convective heat transfer coefficient is
proportional to the friction factor f.

2. Turbulent Flow Heat Transfer

As we have repeatedly stressed, coolant flow in nuclear reactors
is highly turbulent. This turbulence dramatically affects convective
heat transfer and the value of h. In the preceding section it was noted

that h is usually determined by specifying the Nusselt number
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Characterizing the flow. It can be shown by dimensignal analysis that

the Nusselt number is 3 function of the Reynolds and the Prandtl numbers:
Nu = Nu(Re,Pr) (12496)

This is particularly interesting, since the Prandtl number is made up
entirely of physical properties of the coolant fluid and is not charac-
teristic of the flow. For this reason, the influence of
turbulence must enter through the dependence of Nu upon the Reynolds
number. That is, for a given fluid characterized by a given tempera-
ture, the heat transfer coefficient h is determined only by the Reynolds
number,

Due to the complicated nature of turbulent flow, one is forced to
rely upon empirical formulas or "correlations" which express Nu as a
function of Pr and Re. The correlation which should be applied depends
upon the value of Pr. We have noted that for water or gases, the Prandt]
number is close to unity. This implies essentiaily that the molecular
transport of momentum (governed by v ) is comparable to the molecular
transport of heat (DT). Such considerations allow one to derive a

particularly simple correlation for Nu called the Dittus-Boelter equation
Nu = 0.023 Re0+8 p,0-4 (12-97)

Before sketching the derivation of this result, it should be noted that
the Prandtl numbers for 1iquid metals are quite small {due to their very
large thermal conductivities) and the above correlation will not apply.

We will discuss heat transfer for liquid metal coolants in a later section.
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In order to account for the transport of momentum and heat due to
turbulent motions (eddys), we will insert "anomalous" corrections to

the viscosity and thermal conductivity in Newton's Taw and Fourier's law:

Tra = — (VY +6Eu) %‘,’f

(12-98)

B = O% (Drféu)g‘:,:

Here, we define
_6543_ eddy diffusivity for momentum transport
&= eddy diffusivity for heat transport

It should be noted that the eddy

c 1
diffusivities will be very strong > )
functions of position across the

pipe.

We will now assume that the

coolant is characterized by a Prandtl

number of unity, Pr = 1, such that
D =.[)T

Furthermore, we will assume that

[It turns out that there is good reason to believe that this is rigorously

true.] Now we know

Gz = To (V/RB - (12-99)
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We will assume in analogy that

C[)r = -.CB\OQ“ (\%Q) . (12-100)

s [This is equivalent to assuming that the temperature and velocity profiles

are equivalent.] Then taking the ratio of (12-99) and (12-100}, we find

[ X< (m;@) DUz

% Dyt gy 2T (12-101)
v-
or

Faull o7 (12-102)
If we now integrate this from the centerline r = g to the wall r = R,

U, (0)
—lell Qo L2 (12-103)
Duwail TD2) - Tuall

But we have seen that the velocity profile for turbulent flow is quite

flat. Hence the average flow velocity / Uy 7 is essentially equal to the

centerline flow velocity,

with a similar arqument holding for T(0) and
< 1= T

<Uz> X UL (o) ; <T>= Ty = T(O,Z)

Hence (12-103) becomes

<Uz>
_ Gall G o
Dol Te =Tl fz-Tos)
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But we recall from our earlier work

2 RL Toay (p, P,,h_rIQ; (12-105)

p-p, = 4(%}"’) 5P<q171+‘ (12-106)

Dt = h [T‘“’““ - T*;‘:] (12-107)

Hence we can calculate

VU R T

PCp<u3> T3 Peph (12-108)

or since we have assumed Pr = 1,

Nu = g_F Re (12-109)

We can use the Blasius formula for the friction factor in the range

2100< Re<10°
- A
£2 04t Re

to find (after reinserting an empirical dependence upon the Prandt?

number)

3 pn 4
Mu = ,023% Qe Pr (12-110)

which is the advertised Dittus-Boelter correlation good for flows in

which Pr A, 1. Since this correlation does not take into account the



_ng_
P

effect of the variation in temperature from the tube wall to the fluid
centerline on the physical properties, it is most appropriate for near
isothermal flow (which, fortunately, coolant flow in a nuclear reactor
core closely approximates). ‘

Theré are many other correlations for more specialized flow situa-
tions (e.g.,'for organic coolants or superheated steam). For example,
for water flow paraliel for flow rod bundies, a correlation due to
Weisman is occasionally used:

.8
Nu= < Qc PY"33 (12-111)

where C:.O+l%—iﬁ$

for square lattices such that
L1 < Jz/D,é 1.3

3. Liquid Metal Coolants

The very high power densities achieved in fast reactor cores
necessitate extremely efficient heat transfer which motivates the yse of
Tiquid metal coolants. Such cooﬁants are also desirable for their weak
moderating properties. |

The primary coolant of interest in LMFBR development 1is liquid

sodium. This cdo]ant is characterized both by high thermal conductivity
and Tow viscosity (and hence Tow Prandtl numbers, Pr ~-0.004) which implies
excellent heat transfer capability along with Tow pumping powers. [The
thermal conductivity of sodium is k = 43.3 BTU/hr-ft-°F compared with

a value of k = 0.356 for water.]
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The very small Prandt] number 1iguid sodium implies that the thermal
diffusivity is so large that it overshadows the turbulent diffusivity.
Hence our earlier correlations for h no Tonger apply. Instead one uses
either:

Constant wall heat flux:

Nu= 7 +. 025 pe.B (12-112)
(Lyon-Martinel1i correlation)

Constant wall temperature:

Nuz= 5 ~+.025 Pe8 (12-113)
(Seban-Shimazaki correlation)
Here, Pe is the so-called Peclet number

pe“—“ QEP'P:' ~—L‘Mu7 r

k (12-114)

4. Choice of Reactor Coolants

There are a variety of considerations which come into play when
choosing a reactor coolant. From a nuclear standpoint,_one desires cool-
ants with Tow neutron absorption cross sections, low induced radioacti-
vity, good radiation stability, and, depending on whether one is concerned
with thermal or fast reactors, strong or weak moderating properties. One
also desires coolants with low melting points, Tow vapor pressures, and
good thermal stability. And of course, one desires high heat transfer
coefficients, low pumping losses, and Tow cost.

Clearly, two of the characteristics of most concern are the magnitude

of the heat transfer coefficient, h, and the size of the pumping work

required to pump the coolant through the coolant loop {reactor core,
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piping, heat exchangers, etc.). The value of the heat transfer coeffi-
cient depends upon many factors, such as the geometrical shape of the
channel, the flow rate, the heat flux, the temperature, as well as the
physical properties of the coolant itself. The pumping work can be

calculated in terms of the pressure drop around the primary coolant loop

as
PW. = AP A«: U (12-115)
where
P = pressure drop around loop
AC = Cross-sectional area of coolant passage
u = coolant velocity

We can get some idea of the suitability of various typical reactor coolants

by comparing typical values of h as well as relative (pumping work/heat

transferred):

h_[BTU/hr-ft?-°F] PW/q [relative]
light and heavy water 5000~8000 1.0
organic liquids 2000-3000 4-10
liquid metals 4000-10,000 3-7
gases (He) 10-100 ~100

Clearly 1in terms of these quantities, Tiquid metals would make the best
coolants. But, of course, there are a number of nuclear advantages to
coolants such as water which often outweigh the heat transfer capabiiity
of liquid metals (e.q., moderating power).

It is also of interest to compare the three principal coolants used

in power reactors in a number of other areas:
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coolant T Pressure AT Zun e

[°C] [atm] [°c] [cm/sec] [gm/cc] o<uyy GAT
water 300 100 20 400 70 7,000
helium 500 40 400 16,000 0024 7,150
sodium 400 1 150 400 .85 15,300

Here, the last parameter is

heat removal rate
flow area

I

€)<<L4}:>(:p tk'1ﬁ

and is a measure of heat transfer effectiveness. One should particularly
note here the very high flow rates required in order for a gas coolant
to achieve a heat transfer capability comparable to that of a liquid.
Such flow rates require rather large pumping powers. Indeed, in an HTGR,
roughly 5 to 10% of the power output is required just to pump. the coolant
through the core.
E. Axial Temperature Distributions

1. Analysis for Bare, Homogeneous Cores

We will now turn our attention to the determination of the axial
temperature distribution in a channel containing a sihg]e phase coolant.

For the purposes of illustration, we will first <:r”’“‘

assume that the axial power distribution is

that characterizing a bare, homogeneous cylin- - "

drical core:
A0b Y -
(6“ = U‘JF @0 Jb Lz_j_gl; f) COSC“;F%) &_—/
k——’—\/'\——/

G
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For more general axial power distributions, one usually wi]T'héve to
resort to numerical methods, such as those we will discuss in the next
section.

To compute the temperature of the coolant {or more geﬁera]]y. its

enthalpy) as it passes up the coolant channel, we simply perform an

energy balance by equating the heat energy » f'
gained by the coolant to that produced in Z+dz
the fuel over a small disfance dz: 3

if # 72

Hi

WeedT= ¢ (rpdd= Cb‘ dz - (12-117)

= 9 woffF) dz
[It should be noted that by restricting ourselves to 3 single phase
coolant, we have assumed that all the heat is absorbed as sensible heat
and that no cooTapt phase change is allowed to occur in the channel. In
the more general éase, we would use the specific enthalpy h to write
(12-117) as |
|

| .
wdh = % dz ] (12-118)
We can now integrate this relation up the channel to find
f TFQ Z
1
¢ ii :
or Tinlt - Hﬁl

T <pW
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In particular, the exit coolant temperature is given by

e :Qcﬁaﬁiiﬂ'm q‘C'ﬁ N;.' -
Tosit~ Tt e S gwwépw for R~HW. (12-121)

We have now evaluated the coolant temperature distribution at any point

z in the channe1:

Z
=T+ 8 [sigronst]
Je
Hence using our earlier work on thermal F T, T
ke
conduction, we can work back to calcu- ,f/ ror
late the temperatures in the fuel and \\\ Y “x‘ /’i
LT
clad. First, recall that balancing \\~ \\xx'f;f 9
| Sl N
the heat produced in a small Tength \\\Hu > \ﬁ::j. [ f
dz against that transferred into the AT T
N “\\,//
coolant demands < <[ \
il o2
& % ~
. o)
¢ dE= hawllrte) 42 (T "'{}c) (12-123)
Hence we can find the clad surface temperature as
Ta®@)= 'T;l('&)+ O{W cos NE (12-124)
Vaoneetk) M

. C [ H w2 t A osIE
wldt ¥ e [rrq,w(s' TSM" ) \nln(WcJ -nI'-T



H
] :r-l' « . . ‘ i
= Tt + %c[aa;(‘"‘“% +°‘""§§>*(r“nm¢c)hf (12-125)
+ -“L-'7+ £

C
2nRhg - 2mRkc ch&l%fl

and

‘ ’ =
Te(z)= Tyk)+ ;%ﬁ oz

~Taaa VA /g - |
= Twt+ e ﬁq,w(e"“rﬁ%““‘%yf(%ﬁ* (12-126)

\ N
Rrdhet R Hi,) W |

4

Plotting these temperature distributionS‘out,-one notes that the maximum

temperatures occur slightly above the centerline of the core:

Iy F fo— "
ﬁ oE
IR e
. | T
h \ ' --{
\ z < :‘
VIR , .
h
i
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For exampie, one can calculate the point at which the maximum clad tem-

perature occurs by computing

d Tt

az - ©

and then finding

(12-127)

Similarly

;Eiux:=' %;JQBW:I 4 + L {t 3+ L
Alrg 2\@13 2R, T 2@ (12-128)

2. Numerical Studies of Single Channel Flow

In single-phase flow, the temperature and pressure1distr1butions
in a coolant channel can easily be calculated numerically. The channel
Tength is divided into segments, and the solution of the corresponding
heat balance equation is obtained by marching from the coolant inlet up
the channel. For example, suppose we divide the channel into equal

segments of length A z:

e— 5z —} |
N R I

-1

Then, given the inlet condition at a point Z, = 0, we must determine the

coolant conditions up the channel. Define the fiow variables at each point:
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H

W = mass flow rate 1

j  pressure at Z,

=
n

y = enthalpy at z

—
1

= bulk (mean) temperature at 2

Now consider a typical segment from z; ;1 to Z;. We begin by writing

the heat balance in difference form as

wAh = 2R az [CI’——_—C':,>1+ %1 ) (12-129)

The heat flux q? will be known from the axial flux or power;brofile.

Hence, we can solve for the enthalpy at z; in terms of the enthalpy at

%9

\f‘l.i = \nt-_‘ + "II_QW_AL [%.‘-a 4 ‘L] | (12-130)

Next, we calculate the Reynold's number of the flow:

Re = eiu_z?_D: @<‘4>%Iﬁli___ 49 (12-13)
- M MO T D
where the viscosity will be 3 tabulated function of préssure'and tempera-
ture, /M f/a (pi_], T1_1). This will determine the appropriate fric-
tion factor. For éxample, if 2100 < Re < 105, then we can use the Blasius

formula

.25
75: 0791 Ke (12-132)



-638-

Once we know the friction factor fs we can then calculate the frictional

pressure drop up the segment

Ap (MR?) = vk Az )39<“=71‘C

or

Ap= AZ wt £ y A= ;iDl (12-133)
R QA2

Here we have used the equation of state to find E?(pi_], Ti_1). Note

also that for vertical flow, one must always subtract the hydrostatic

pressure difference Ap.
Next, the temperature can be calculated from an equation of state,

T = T(pi-l’ hi-T) [which is usually tabulated]. This allows one to

calculate the heat transfer coefficient from

Nu = Nu (Re, Pr)

Pae,
......

for example,

Nu = 0.0155 Pr+> Re-83

Then, since T1 and p; are known, one can evaluate h from
h = Nu(k/D)

Finally one can calculate the clad wall temperature using Newton's Jaw

of cooling

- i -
Tar, =Ty +ai/m (12-134)
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This very simple single channel scheme is frequeritly used in thermal
hydraulic codes which 1gnore flow mixing between channels and attempt
to treat an average channel and a hot channe] (using the hot channel

factors to determine the heat flux in this channel).

V. BOILING HEAT TRANSFER IN NUCLEAR REACTOR CORES

A. Introduction

Thus far we have restricted our analysis of heat transfer be-
tween the clad surface and the coolant to situations in which there is
no phase change. However, most present day power reactor cores are
designed to operate such that there will in fact be localized boiling
at the clad surface, since boiling heat transfer is perhaps the most
efficient heat transfer mechanism. Such localized boiling does not
necessarily lead to bulk boiling of the coolant, however. For example,
in a PWR, although the clad surface temperature is allowed to exceed
the saturation temperature of the coolant, the bulk coolant temperature
always remains below this temperature. Hence, although small vapor
bubbles will form on the clad surface, they quickly collapse as they
leave this surface. This phenomenon known as subcooled boiling is an
extremely efficient heat transfer mechanism.

By way of contrast, in boiling water reactors the coolant tempera-
ture is allowed to exceed the saturation temperature. Bulk or saturated
boiling occurs and results in appreciable vapor (steam) formation within
the core.

The primary form of boiling heat transfer used in nuclear reactors

is so-called nucleate boiling in which many small bubbles form around
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small nucleatfon points on the clad surface and then break away into the
coolant. Power reactors are designed to operate in the nucleate boiling
regime since this 1s the most efficient form of heat transfer. Indeed,
the efficiency of heat transfer in the nucleate boiling regime is so
high that the clad surface temperature will rise no more than 6 to 8°F
above the fluid saturation temperature.

One must take care, however, that the heat flux does not become
sufficiently large that these bubbles coalesce into a vapor film which
covers the surface, since then the heat transfer efficiency drops drama-
tically, and the clad surface temperature will rise by several hundred
degrees. This situation is known as the DNB (departure from nucleate
Eoi11ng) condition and will be discussed in more detail later.

In this section we will briefly discuss several more general aspects
of boiling heat transfer, and then we will introduce the various methods
used to analyze this phenomenon in thermal core analysis.

B. Boiling Heat Transfer

Suppose we first consider a heatiég element submerged in a pool
of stationary fluid. A sketch of the heat flux transferred from the
heating surface to the fluid versus the temperature difference between

the surface and the bulk fluid temperature is shown below:
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SORRY. A ,
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LIFE 15 Jitv
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One can distinguish several distinctly different heat transfer regimes.

In the region

0-a:

a-b:

Little Tiquid superheat; heat transfer by natural convection

a few bubbles are formed, but these collapse after leaving the
surface (although aggitation will increase heat transfer)

the number of bubbles formed increases rapidly--this is the
nucleate boiling regime

burnout point or departure from nuclear boiling (DNB)

bubbles become so numerous that they begin to coalesce and ¢Tump
near the heating surface (the vapor covering the surface acts as

a heat insulator)--this is known as partial nucleate boiling




d-e;

e-f:
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a continuous blanket of vapor forms over the heating surface--
film boiling regime
now thermal radiation from the surface comes into play--film and

radiation regime

It should particularly be noted that if the heat flux q" s the independent

variable, then increasing q" beyond the DNB point will result 1in a large

increase in the surface temperature

for a given coolant temperature. ﬂ;

A

This phenomenon is known as burn- —>—

out and must be avoided in reactor

operation.

a flowing channel. Suppose we AT

consider a channel with a uniform wall heat flux g

These concepts also apply in

L.
r

W

wall® Then cne will

find temperature profiles up the channel as shown below:

| hge ]

| - 71!

3
My



~643-

Once again we can distinguish seyeral regions of heat transfer:

Region @ single phase convection
In this region, we can use the analysis we developed in the previous
section to determine the convective heat transfer coefficient, hs’

arising in Newton's law of cooling

CE; = \is(fT;m'“-TEJ) (12-135)

For example, for turbulent flow, one customarily would use the

Dittus-boelter equation to determine Nu and hence hs

No= %=. 0155 '™ p.-5 (12-13€)

For such a single phase forced convection, hs’ is re1atfve1y con-
stant for fixed values of coolant velocity, fuel geometry, and
coolant properties. Since the coolant flow is outside the parailel
to the fuel elements, one must use the equivalent hydraulic dia-
meter in these expressions.

Region 2: subcooled boiling: Te1> Tsat but Te < Teat
Once the clad surface temperature reaches the saturation temperature
of the coolant, the temperaturé drop is no longer linear in the heat
flux. 1In this region, the heat transfer process is extremely effi-
cient, and the temperature difference is quite small compared to
the other temperature differences in the core. In light water reac-
tors, it is customary to use an empirical correlation developed by
Jens and Lottes in order to calculate the temperature difference be-

tween the clad surface and the coolant:
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~Phoo ; 4\ 4
AT\ :=_\-;|'_El :éOe 0 %)4

Cool (12-137)
where p is the pressure in units of psia and q" is the heat flux
in units of BTU/hr—ftz. This correlation is valid for pressures,
temperatures, and coolant flow rates characteristic of both PWR's
and BWR's. For exampie, in a PWR at 2000 psia with a heat flux of
5 x 10° BTU/hr—ftz, one would find a temperature difference of only
5.5°F. There will be very little change in the temperature differ-
ence with heat flux in this boiling regime. Once the clad surface
temperature reaches the saturation temperature of the coolant, it
tends to remain near that level unless the heat flux reaches the
DNB value.

One can use these relationships to determine the position at

which subcooled boiling begins. We equate

Y

Placo ( i

| \ %4
To - Tt = £0e ,06) . (12138

Then noting also that

%::MJJQ—R& (12-139)

we can find

_T;l\zﬁmg - ’1;1-' cb;/i1
- fg i é- U
=Tt + (06 PN 4,

(12-140)
and then solve this for the position, Zocpe



~645-

Region 3: Satyrated or bulk boiling; Tf = Tsat
Eventually, sufficient heat is transferred to the coolant that it
reaches its saturation temperature and begins bylk bofling. Syb-
seéquent heat addition will cause further boiling, and hence the

coolant temperatyre will remain essentially constant and equal to

TSat up the remainder of the channel,

C. Two Phase Flow

.,.5_/;£fwé/

o - : ,. » hoplds
. {:)}951 .
° -;f e L o
. 2 A o ‘: .
. ® L '_ 59 ) o
. B
bubble plug (slug) fog

of the coolant:

mass_of vapor in mixture
total mass of mixture

static quality

il
N
;

volume of vapor in mixture

total volume of Tiquid-vapor
mixture

void fraction

l
2
1
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We can compute these quantities in terms of the cross-sectional areas

occupied by 1iquid and vapor. First,

(12-141)

Also

= —1E%L£§§—- = i (12-142)
Xs A, |+%%}5 \+%(1§4)

For example, water at STP conditions has 1( = 2%, o{ = 97%. Other

values of void fraction vs., quality are indicated below:

ob

Jo

20

5
A

07, 207,

X

When the two phase mixture is flowing, we must be more careful in our

definitions since the vapor has a tendency to slip past the liguid. We



~647-

define the s1ip ratio as

slip ratio = S = VS/V{.

(12-143)
Then
_ mass #aq; yate 01[ sl _ _\_L’_a_
X= Pt/ orres Fow refe “%5+“JQ
_ As @ Vs _ \ o (-
AsaVa+A,0,V |+ Qo Ac M
1@ Va+ AVl %ﬁé v
or
|
A =
¢/ 1—o\ 1 (12-145)
' %@r)s

This latter equation is known as the

“S-ol Y v relationship.
D.

Heat Addition To Boiling Flow

Consider a fluid flowing through a channel ¢

wall heat add'it'i_on q,.

f diameter D with
a11(2)

i

%ww I}

) )

F) Z24dz o

Our simple energy balance wili yield

VYCJLT = ‘%;;du (Tfij) le

(12-146)
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[f we integrate this in the usual manner, we can find the enthalpy at

any point in the coolant channel as
po

W)= Vi + T’;—U[—)f%;” (z)dz (12-147)
(&)

Now suppose that bulk boiling begins at a point Zpp Up the channel:

=) )=

—
Zgg

Then if we define

hf = enthalpy of saturated 1iquid = hf(p)

we can determine zBB from

— 7(% 12-148
h = he + f (12-148)
where ’7(=—ﬂow quality
hfg = heat of vaporization = hfg(p)

Thus we can turn this around to calculate the fluid quality as

A(=z)= i.,lé D’lmlcr —\"f a @l:&ltfz)dz] Z>7Zg

J

or Z

(12-149)
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Once we know_)((z), then we can determine the void fraction X (z)--
Provided we know the sTip ratio $(z). 1In general, § has a value of
about 1 near Zpg and tends to increase from the value as one passes up

the channel.

A knowledge of the void fraction is vital to the nuclear analysis of tre
core, since o determines the coolant density and hence the macroscopic

coolant cross section.

TOP 2ICHT
‘Hewe! 7

T wldnlT
'C SEE ANV

EXAMPLE : channel length 7 = 5 ft

liquid velocity at inlet = 10 fps

constant wall heat flux = 5 x 10° BTU/hr--ft2
channel diameter = g5 inches

constant slip ratig § = 3

pressure = 1000 psia

Tin]et = 500°F
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Suppose we wish to determine Zpg: ﬂf(z), and X (z}. From the steam

tables, we can find

he(1000) = 542.4 BTU/1b

hfg(1000) = 649.4 BTU/1b
hin]et = 487.6 BTU/1b
- - 3

Ve 1[ef .0216 ft3/1b

vg = 1/@ = 4456 ft~/1b

Hence the mass flow rate is

w= <u>QA = (108 ( .5%5 Hs) ( i‘(;{)? Ff‘) =. 3] Moz 2770 ¥4,

For uniform heat addition, Eq. (12-149) becomes

| _ D
\n;_ - et = 57 2 Roal
Hence we can solve for Zppas

C wlhe-ha) (2270 i) (5424- 4877) B/
788 = R Dimau oW (57”. G{')('.:))(\Os'gﬂl/hr H’)

= lal ff

wD
Now 7[(2) = m\‘) (z- 28)

w (£ {t (5.105) %I%t (2-Z4,)
(2270 bihe) 6434 BTW/(b

f

L0444 (2-24) | 2> Zga
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In particular, the exit quality is 7(1(:-0444(5*'9“)5 37 = 13.77&

D%,

AR
107, |

1 3 : 1
1 " a, 32 &4 5
=z

To find the void fraction, use the S- X -~ & relationship

\

R
QD) )l

o(2)=

Hence we find

p{syAY
JO%

[

(9070 o

507,
AL

4”0 —

1

o
207,
107,




-652~

As we mentioned earlier, the void fraction is extremely important in
the calculation of the void coefficient of reactivity. There is a very
strong coupling between the thermal core behavior which determines,9<(z).
and the axial flux profile in boiling water reactors.
E. Flow Boiling Crisis or DNB

Our earlier discussion of bofling heat transfer indicated that
if the wall heat flux exceeded a certain magnitude, there would be an
unstable transition from nucleate boiting to film boiling with a corres-
ponding increase in wall surface temperature. This "boiling crisis"
corresponds to a sudden drop in the heat transfer coefficient he due to
a change in the boiling mechanism from nucleate boiling to film boiling.
The boiling crisis is known by a number of names, including burnout,
critical heat flux, DNB (departure from nuclear boiling). Flow boiling
crisis is more compiicated that pool boiling crisis due to the added
effects of convection (forced) and bubble clouding which tends to shield

the heat transfer surface

o

T AV P e

Flow instabilities can also complicate the situation. For example, a
sudden drop in pressure can increase the local super heat and perhaps -

lead to DNB.

The burnout mechanism is c1ose1y related to the flow pattern. There

are basically two catagories of interest in reactor design. .




-653-

provides fairly good single-

A s %
(1} subcooled or Tow quality DNB: Here ; (2° S, %
s 200
DNB is probably caused by detachment sl 2! Je ///
e L e 0
of the bubble boundary layer. This e i: ( % ;/ D
o -
is the type of DNB that one would 1. . i
/a ! 07
design against in a PWR. :::'° g
(1i) burnout in high quality region: In this phenomenon, burnout
occurs in a 1iquid film which covers
. /: ¢ / /fu.zz
the heat transfer surface. Such a -
MHAT po THEY 1 . Fom
Ahow Ak process is of concernh in BWR's. é“m”“f,/’ .’ v
S L
Burnout in the high quality region ’,/. |
will occur when the liquid film ::: L
A : L
% : "dries out". This process is ::: %
aY slow compared to subcooled DNB, ’//_ ¢
) N E 7 / /
AT the high velocity vapor core ::: <

GLESS RE )

e S ST phase convection heat transfer.

It is extremely important to be able to determine the critical
heat flux at which DNB will occur. Unfortunately, this heat flux depends
upon a large number of factors, such as channel shape, surface condition,
physical properties of the coolant, flow conditions, and so on. Various
empirical correlations based upon experimental data have been developed
for those range of conditions encountered in modern power reactors. Of
particular interest are two correlations characterizing Tight water

reactors.
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l-3 Correlation

This correlation was developed by L. §. Tong for the prediction of
critical heat flux in PWR's. For a uniformly heated channel, the ¢orre-

lation predicts

Qo 10° = Fy(pa) Fp(G) Fo®) F4(Dy) Felhg=h, ) (12-150)

where
F(psK) = (2.022 - 4.302 p x 107%) + (0.1722 - 9.84 p x 10°%) x
x exp (18.177 - 4.129 p x 1073) 2.
Fy(6,2) = (0.1484 - 1.504% + 0.1729 %%) 6/106 + 1.037

Fa(%) = 1.157 - 0.896 %
Fa(D,) = 0.2664 + 0.8357 exp(-3.151 D,)

h

i -4
Felhgay - hyp) = 0.8357 +7.94 x 107% (n )

sat ~ "in
This correlation is valid for a range of parameters:
pressure p: 1000 to 2300 psi

6 to 5.0 x 10° 1b/he-ft2

flow rate G: 1.0 x 10
hydraulic diameter Dﬁ 0.2 to 10.7 inches
quality %: -0.15 to 0.15
inlet enthalpy = 400 BTW1b
channel Tength L = 10 to 144 inches
This correlation is intended as a best estimate of the critical heat flux

for the situation in which the channel experiences a uniform heat flux.

Janssen-Levy Correlation

A similar correlation has been developed for BWR's:
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0.705 + 0.237 (6/10%) | % <,
1:634 - 0.270 (6/10°) - 4.710%, %, <% <,
0.605 - 0.164 (6/10°) - 0.653%, %,¢%

: 6
9pna/10

(12-151)

0.197 - 0.108 (6/10%)
0.254 - 0.026 (6/10°)

r\:;hbe ¥
" T

at other pressures

9"onp(p) = "py(1000) + 440 (100-p)

The ranges of parameters for which this correlation is valid are

pressure p: 600 to 1450 psi

flow rate 6: 0.4 x 10° to 6.0 x 10 1bs/hr-ft2
quality %: negative to 0.45

hydraulic diameter Dh: 0.245 to 1.25 inches
channel length L: 29 to 108 inches

In contrast to the W-3 correiation, the Janssen-Levy correlation is de-
signed to give a somewhat conservation estimate of the critical heat flux.

The core designer must use such correlations to insure that the cri-
tical heat flux is not exceeded during core operation. One usually de-
fines the minimum ratio of the critical heat flux to the heat flux

achieved in the core as the DNB ratio (DNBR)
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DNBR = [h“DNB(z)/qg(zﬂmin (12-152)

Minimum values for this ratio of 1.25 to 1.5 are usually maintained

under a high heat flux transient condition for the most adverse combina-

Aczng&MM
A Flow comly
sHovLowr B
D TRAINATIC,

tion of mechanical and coolant conditions.

NV

F. Axial Temperature Distributions
Thus far we have confined our discussion of axial temperature
distributions to channels containing a single phase coolant. Let us
now consider how such temperature distributions would be altered when
coolant boiling is present. First, consider the "hot" channel of a
PWR in which nucleate boiling occurs. The coolant enters the channel
with a temperature T < Tsat' After passing some distance up the channel,

the clad surface temperature reaches T (although the bulk coolant

sat
temperature Tf remains below TSat throughout the channel), and nucleate
boiling heat transfer begins. Such heat transfer is so efficient that
the clad surface temperature remains essentially constant the rest of

the way up the channel,
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S

"

Consider now a coolant channe] in a BWR. Once again the coolant
enters below saturation temperature, and the clad surface temperature
will eventually reach TSat before the bulk coolant temperature. However,
now further up the channel, the coolant reaches saturation, and addi-
tional heat added to the channel increases its quality

Both the clad surface and coolant temperatures

rX bﬁl‘/‘ ‘ ¢
< a%»;iaf?" _JI< .‘..M.é;;:s}/s'rtq T o
-7 %

remain relatively constant after the inception of boiling.
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VI. HYDRODYNAMIC CORE ANALYSIS

The thermal performance wil] depend strongly upon the coolant
flow behavior. In particular, one must determine the coolant flow
rate, pressure drop across the core, and the pumping power required
to maintain the coolant flow. Since the flow in the core is highly
turbulent, we are forced to employ once again various empirical corre-
Tations in order to analyze the coolant hydrodynamic behavior.

A. Pressure Drop in Core

One can classify several mechanisms which will cause a pressure
drop along the coolant channel
(1) friction losses from the fuel rod bundle
(i1) friction Tosses from the spacer grids

(i11) friction losses at the core inlet and exit (contraction or
expansion)

(iv) acceleration pressure drop due to phase change
(v) elevation
To determine the pressure drop due to channel friction, we can use the

friction factor to write

- <u=>z
APLH&W = (D‘n P (12-153)

where, for 2100< Re< ]05, we can use

~0.25
£= .079 Re 0 (12-154)
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Friction losses due to spacer grids or inlet or exit geometry are classij-
fied as form losses, since they correspond to a change in the coolant
momentum due to a change in the coolant channel geometry. One usually

writes

mld = ,ZL({?%Y (12-155)

)fxt

Bpl, = Dol + 8o

where Ki s d@ form friction factor which is due to a change in the coolant
channel cross sectional area of the ith type. Ki is quite compT1cated
for spacer grids, and must be determined experimentally for each spacer
grid design.

The acceleration pressure drop is due to a differentiail velocity
between the Tiquid and vapor phases of the coolant and a correspond1ng

coolant expansion. One can show

(l 'X)?. L
@3 [ |- 4 fé'( %—J (12-156)

where &= ?<”‘> -

Ap

acc

When two phase flow is present, a somewhat different friction and form
pressure drop must be used. For the channel friction, it is customary

to use the Martinelli-Nelson correlation

dphese L\ <sr?
Run F (Tfe *{3- . (12-157)

Ap

Fr‘l cl’lhn

where RMN is a tabulated parameter depending on pressure and flow quality.

For example:
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"?MM 107, 207>

1000ps | 3.10 4,92

| 0%s,1 1,72 .27

The form losses are written as

|2 phae (02 4> q
~ P<U? + 5 X -
AP)GM. = ¢ 24 \/(3[ (- o) - (12-158)

Finally, the elevation pressure drop is calculated as

W,
o(z)dz (12-159)

Ap) =
P €ku¢hbn Y
..../2
--although this term is usually quite smail.
The total pressure drop across the core is the sum of these various

contributions. We have indicated typical magnitudes below for a PWR

Ap = AP] + AP\ +APl + API - .
P FVI-C{'IO'M FOV"' Aol 'El?lﬂ"'lblq (12 60)

B. Multi-channel Analysis
Our earlier single channel analysis has not accounted for pheno-

mena such as flow mixing between channels which is caused by both
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turbulence and pressure gradients.
o-1-o
I |

Such mixing can lead to energy

™ -
transfer between channels as well ‘ﬁ’ <¢_
O-M-@

as pressure Jlosses,
One could characterize such coupling between channels by writing

a generalized energy balance equation for a channel m

W\M %\4)‘\ = \’Jvl-m LHM—L‘M) + ;Pé(hv.-\m.‘) -\-Cb‘ (]2'16])
Z A

e *i\\\h

axial mass cross flow mixing

flow rate rate/length coefficient
Here, the cross channel coupling coefficients wn_wgnd < must be evalu-
ated from empirical correlations based upon experiment.

One can also have flow redistribution effects in the inlet plenum
such that there 1s not a uniform inlet velocity to each channel. Such

flow redistribution could in fact lead to instabilities, and must be

accounted for in more detailed core hydraulic analysis.
VII. THERMAL-HYDRAULIC CORE ANALYSIS

A. Hot Channel Factors
One of the principal goals of the reactor designer is to assure
that none of the thermal limitations on the core behavior is exceeded.
Thus far we have discussed two such Timitations. First, one must design
the core so that the fuel centerline temperature does not exceed the
fuel melting point. This limitation is usually expressed as a restriction

on the Tinear poweﬁ density
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Q' (< q' . [16 kw/ft in LWR's]

Yet another Timitation arises from requiring that the clad surface heat

flux always remain below its DNB 1imit:

qll (r)< quDNB

There are usually other thermal limitations placed upon core performance.
For example, thermal and fission gas stresses on the clad can limit
power generation. Furthermore, thermal-hydraulic performance is also
frequently limited by nuclear stability considerations (particularly

tn BWR's which experience an appreciable variation in moderator density
throughout the core). -

Certainly one approach to thermal-hydraulic analysis of the core
would be to first perform a detailed three dimensional calculation of
the core power distribution, taking into account the effects of fuel
burnup, fission product buildup, control distributions, and moderator
density variations over core life. This information could “then be used
to determine the coolant flow and temperature distribution throughout
the core. However, such a calculation is usually prohibitively expen-
sive for routine design applications.

A more common approach is to investigate how closely the "hot-channel"
in the core approaches the operating limitations. Then if one can assure
that the thermal conditions of this channel remain below the core 1imi-
tations, then the remaining channels in the core will presumably fall
within design Timitations. One usually defines the hot channel in the

core as that coolant channel in which the core heat flux anq enthalpy
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rise is a maximum. Associated with this channel are various "hot channel®
or "hot spot" factors which relate the performance of this channel to
the average behavior of the core.

We have already been introduced to the concept of nuclear hot
channel factors which take into account the variation of the neutron flux
and fuel distribution within the core. For example, the radial nuclear
factor was defined as

(12-162)

N average heat flux of the hot channel

average heat flux of the channels in core

" (7 ) d
il v\ >
L;«Z DM

T 1 W
for I channels
:_Lr_ f %"(6342 (pins)

=i

F

Similarly, the axial nuclear factor is
(12-163)

gN _ maximum heat flux of hot channel

Z average heat flux of hot channel;;t

The total nuclear hot

N _ N
Fq = FoF

N
R
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By way of example, consider a homogeneous, bare C@

cylindrical core described by a power distribu-
tion

H
\T—‘/
(12-165)
Then we can calculate
f cwﬁ-) de 3(0) _
H}f’ =232 (12-166)
Lo S
and
coa(0) J, o) \
- , (12-167
C | o (B)de 10O ;o e
;sz
This implies an overall nuclear hot channel factor of
Fcb'd = (A39)(157) = 2,638 (12-168)

[This is actually quite conservative. A zone-loaded PWR will typically

have a nuclear hot channel factor of FN =2.6.]
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One next can define an enthalpy hot channel factor

Fo = maximum coolant enthalpy rise (12-167)
average coolant enthalpy rise

This factor is a function both of variations in the power distribution
and coolant flow. For example, some 3-10% of the coolant flow bypasses
the fuel assemblies, due to leaks past mechanical seals or the presence
of other core components. There will be noriuniformities in the coolant
flow from channel to channel, although these are reduced somewhat by
the Tower inlet plenum. Flow mixing between coolant channels can also
occur, as well as flow redistribution in which pressure variations due
to coolant expansion or variations in nucleate boiling cause variations.
By way of example, we can calculate the enthalpy hot channel factor
taking into account only the power variation in a bare, homogeneous
cylindrical core as

d w YA 405
Al (r) = f%("*’-“h - 1A ,,(:'_*ﬁ-")

W -
|€5 (12-168)

or

4
'—'-_‘_Lﬁz_ AR nvdv= 86'1 y = FAH Ay =1a2 (12-169)

A more detailed example of enthalpy hot channel factors for a typical PWR
' T HEARD 7487
NEXT YEAR 7H(S
COURSE /S SUA-
FOSED 72 &&

are given below
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Engineering Hot Channel Factors

Enthalpy Rise:

Inlet plenum sub~factor 1.03
Flow redistribution sub-factor 1.03
Flow mixing sub-factor .95
Statistical factors 1.08
ﬁAH Total 1.09

The third hot channel factor frequently introduced 1is that charac-

terizing the clad surface temperature

(I;k&"'T;odm&~wmx
(Tawd - TeoskastJare

i

(12-170)

Actually, this factor is usually inconsequential in LWR's in which nuc-
leate boiling keeps the clad surface temperature quite close to the
coolant temperature. However it can be of more significance in HTGR's
and LMFBR's in which the temperature from the clad surface to the cool-
ant is much larger.
B. Determination of Reactor Core Size
It is instructive to examine how the thermal deSign influences
the determination of the reactor core size. One usually proceeds in
several steps:
(1) One first determines the various hot channel factors charac-
terizing the core, using both computer codes describing the
core neutronics and thermal hydraulic behavior, as well as

experience from earlier designs.
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(i1) Next, one determines the maximum acceptable power level in
the hot channel, taking into account both steady state and

transient operating cond{tions.

MHAYEE LA (i11) Using the hot channel factors and core performance 1imita-

wourd ge
soRE WIEEESTIG,
BUr THEN, wip cyme

HEARD OF A stocicae

tions, one can now determine the average Tinear power den-

sity, outlet coolant temperature, average pressure drops,
and so on. These can then be used to compute the core

volume as

Core %m{mr/ﬁﬂ/ X chaune volmye.
Core vollome = % fuel rod lengFh (12-171)

C. Thermal-Hydraulic Design Codes
A variety of computer codes have been developed to analyze the
thermal hydraulic behavior of nuclear reactor cores. In order to illu-
strate such models, we will consider only a very simple code designed
to perform a single channel thermal-hydraulic analysis on the hot channel
of a light water moderated core.
Problem geometry: Fuel: metal clad oxide rods
pellet diameter G;) (;)
clad outside diameter - .- @)
clad thickness
Coolant channel: square or trianguiar p?tch
Assumptions: 1.) constant coolant flow in each channel
2.) same axial power shape in all channels

3.) no pressure drop in active channel due to spacer grids
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Calculational sequence;

Divide active channel into equal Tength segments. Assuime uniform

power generation in each segment:

(D) = Bueelvad e facke

vod levgth
EA*WmQ £;C£NF= siaW2)
52 sin W2 (st pealed) (12-172)
2, sin M2/l (fop peaked
pu{w\'\n Ise. (a V'\o'u"mvv)
in an increment, i
c:{)‘ = pouRr 'Mpu“’ W |ev|3+h A‘i‘. = CB(%-) c‘i (12_]73)
-
(1) Enthalpy calculation
‘/li = \4(._, + %) \/|°= \'\t;:lct' (]2_]74)

The physical data for the coolant is stored in tables as a function
of pressure and temperature. Intermediate values obtained by interpoia-

tion. Then coolant temperature is determined by

g, = £ (i, p) (12-175)

A T Dow'r e
70 G0 O MHONIAM
70 SrronE A DEUWA,
Flas r¥eoond/
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Clad temperature is given by

_E[ _ -E( 4 %‘_LA_E _\’l\_s -FO;rch com/ec?‘:on
i L wD

- (12-176)

Ta; = Teat ¥ 19 65_‘3ﬁ10° (1f%%6) = :E”S'ZL#%E

Fuel surface temperature by

- . {
s, = Ta, + Cﬁ%é%??[i 1Ei ¥ hy (12-177)

Fuel centerline temperature as

_ JAE
e = -W;i . 4ﬁ115; (12-178)

(i1} Pressure calculations:

1
Pi= - DPag +ARs + Z B0
b (12-179)

A 2
AP‘-‘:‘FC"EZ' %‘9_ oLz~ Qe

Here, fi accounts for flow regime.

D U Al

T
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CHAPTER 13: NUCLEAR ANALYSIS OF REACTOR CORES
I. INTRODUCTORY REMARKS

A. An Overview of Nuclear Core Analysis

In this chapter we will consider in some detail the application
of the concepts and methods developed in the first ten chapters of this
text to the neutronic analysis of nuclear reactor cores. Our primary:
concern will be with the study of static calculations of the core power
distribution and with the time-dependent analysis of fuel depletion and
isotope buildup. Such calculations interact to a very considerable
degree with other facets of the core analysis--particularly those invol-
ving thermal-hydraulic design and the economics of electrical power gen-
eration.

In fact, the predicted nuclear behavior of the core frequently serves
as the input to other aspects of core design. For example, the determina-
tion of the neutron flux in the core implies the core power distribution
which is necessary for thermal-hydraulic analysis, fuel depletion studies,

and the optimization of plant economic parameters:

thermal-hydraulics

neutron flux —— power density /: fuel depletion
‘\N‘ﬁ\‘\‘"‘ﬂ~ economics

There will of course be considerable feedback from these latter design

functions to the nuclear core analysis, since they determine core composi-

tion.
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It is possible to distinguish three types of nuclear core analysis:

(i) Calculation of the core power distribution:

The calculation of the core multiplication and flux or power
distribution is, of course, the most common type of analysis performed
in nuclear core studies. This explains our preoccupation with this sub-
ject during the earlier chapters of this text. This calculation depends
sensitively upon core enrichment, moderator-to-fuel ratio, core geometry,
the Tocation and types of reactivity cpntro], fuel element design, and
so on. The core power density will, of course, depend upon both space
and time (because of fuel burnup and isotope production over core life).
We have seen that the parameters of most interest to the core ther-
mal designer are the nuclear hot channel factors (the "power peaking
factors"), FE and Fg, which along with the axial core power profile,
allow the determination of whether the thermal Timitations on core per-
formance will be exceeded by a given core design. But, as we will see
later in this chapter, there is a strbng feedback from the thermal analy-
sis, since the core temperature will strongly affect coolant density and
resonance absorption, which, in turn, will affect reactivity.

(ii) Reactivity and control analyses:

A variety of mechanisms are used to contro1.reacf1vity in a nuc-
lear reactor. These include moveable absorbers, fixed or burnable poi-
sons in the core, and absorbers dissolved in the reactor primary coolant.
It is important to study how such control elements interact with the
nuclear behavior of the core, both in static and dynamic situations.

We will éonsidef this aspect of reactor core analysis in some detail in

the next chapter.
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(i11) Fuel depletion analysis:

The calculation of the core muTtiplication and power distribution
must be made many times over the operating lifetime of the core, since
as power is produced, fuel is depleted and isotopes are produced either
directly by fission or by neutron capture. The study of the interaction
of the core power distribution with the time dependent production or
depletion of nuclei in the core is known as depTetion or burnup analysis.
It is perhaps the most time-consuming and expensive aspect of nuclear
reactor analysis--and also perhaps the most important (aside from reactor
safety analysis) since it will determine the economic performance of
the nuclear reactor. We will consider this subject in detajl in the last
section of this chapter, and then we will imbed it within the more gen-
eral topic of nuclear fuel management in Chapter 16.

B. Calculational Models Used in Nuclear Core Analysis

We have already given an overview of the various components of

the models used to analyze core neutronic behavior. However, it is use-
ful to review these components by considering in more detail a typical
code package used to determine core static power distributions and fuel
depletion. To be specific, we will outline the component modules of
code packages used for the neutronic and depletion analysis of Tight
water reactors (such as LE@PARD, LASER, or FLARE). The differences
which appear in code packages used for comparable analysis of HTGR's
and LMFBR's will be discussed in later sections of this chapter.

Such a code package might consist of six major code modules, each

of which is responsible for a particular aspect of the core analysis:
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(i) Macroscopic cross section module

One of the most important aspects of calculations based upon
the multigroup treatment of the neutron energy dependence (as is essen-
tially all nuclear design) is the generation of few group constants.
As we have seen, such group constants are formed by averaging the micro-
scopic cross section information obtained from evaluated data sets such
as ENDF/B over not only a neutron energy spectrum hopefully characteri-
zing that in the reactor core of interest, but averaging these cross
sections as well over the detailed spatial dependence of the flux in a
unit fuel cell in order to account for heterogeneous effects (such as
self-shielding}. As input, such modules require the number densities
characterizing the materials in the fuel cell to be analyzed. The cool-
ant density and average moderator, structure, and fuel temperatures are
provided from a thermal hydraulic module while the fuel density (as well
as fissfon product densities) are provided by the depletion module, while
the densities of other materials such as structure are provided by input

specifications.

inpul | racroscoprc N gpvqﬂ
Catiai _ ooderafor densir),

. Fael densdy W
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“The energy-averaged, self-shielded microscopic group constants are then

determined either by performing fast and thermal spectrum calculations
for the fuel cell of the specified composition, or by computing a small

number of descriptive parameters which can then be used to obtain the
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microscopic group constants from suitable tables which have been con-
structed for the reactor core of interest. [The business of group con-
stant parameterization is a very useful and important topic in depletion
calculations because of the large number of times such group constants
must be generated over core life. We will return to consider it in
more detail later -in this chapter.]

Such group constants must be generated for each region of the core
in which the composition is different. One must account as well for
the contributions of fission products such as xenon and samarium and
also for control absarption which might be present in the cell of inter-
est. As we will see in Chapter 14, the effect of control elements or
burnable or soluble poisons in the cell are usually included by genera~
ting effective absorption cross sections characterizing the control
absorber and then adding these to the absorption group constant charac-
terizing the cell. These effective control cross sections can also
frequently be parameterized at considerable computational savings.

(i1) Flux-~power module
At the heart of the neutronics code package is the module which

solves the multigroup diffusion equations to determine the flux and
power distribution in the core as well as the core multiplication. We
will examine this particular module in some detail in the next section
since the calculation of the power distribution in a realistic reactor
core can be an extremely complicated problem. We will examine two dif-
ferent approaches to this calculation: the first based upon the conven-
tional finite-difference solution of the multigroup diffusion equations,

and the second based upon so-called nodal methods which decompose the
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core into "node cells"” and then calculate only the average power or
flux for each of these cells., The latter scheme is particularly useful
when information is required about the 3-dimensional flux distribution
in the core, but a direct finite difference solution of the multigroup
diffusion equations would be prohibitively expensive.
(iii} Control adjustment module
The control adjustment module takes the core multiplication cal-

culated by the flux-power module and estimates the amount of control
insertion or withdrawal necessary to return the reaction to a critical
state. In determining how to adjust the control reactivity (e.g.,
moveable rods or chemical shim), the control module may be guided by
a prespecified control management scheme. It then returns the effective
control group constants for the new control pattern to the macroscopic
cross section module,

(iv) Depletion module

The depletion module solves the rate equations describing the
isotopic-changes in core-composition during reactor operation. Such
equations must account for fuel burnup, the conversion of fertile to
fissile material, and the buildup of nonsaturating fission products.
The input to the depletion module is the flux profile provided by the
flux~power module. The number densities calculated by this module must
then be returned to the macroscopic cross section module.

{v) Thermal hydraulic module

The flux-power module provides the power distribution required
by the thermal-hydraulic module which then calculates core temperatures

and heat fluxes in order to make certain that the thermal 1imitations
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placed on core performance are not exceeded. The core temperatures and
coolant density profiles are returned to the macroscopic cross section
module. As we will see in the next section, usually source iteration
between the thermal-hydraulic and nuclear core analysis s necessary.

(vi} Economics module

Such code packages will frequently also contain a module which
uses information from the depletion analysis to determine the cost of
the power generation (i.e., fuel costs) for the period under study.
Such calculations will be discussed in Chapter 16.

A schematic diagram of the various modules of such a code package

and their interaction is shown in Figure 13-1.
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II. THE CALCULATION OF CORE POWER DISTRIBUTIONS

A. Multigroup Diffusion Methods
Of central concern in reactor core analysis is the calculation

of the neutron flux and power distribution in the core. The power dis-
tribution is essential for the subsequent thermal hydraulic analysis of
the core. In particular, we have seen that the nuclear hot channel
factors and axial power profile determine how close the core performance
approaches thermal design limitations. The neutron flux distribution
s necessary for the determination of fuel burnup.and isotope buildup.
The reactor designer would Tike to utilize information provided by such
core analysis to achieve a flat power profile (desirable from a thermal
standpoint) while proyiding sufficient excess reactivity to yield Tong
core lifetimes and hence high fuel exposure (desirable from an economic
standpoint) while maintaining adequate reactor control requirements for
safe reactor operation.

The calculation of the global power distribution is most commonly

accomplished by solving the few group diffusion equations
~UOPVEE + [ Fr L6l @)
3-1 . €
- Lk T ;v.zfa.qg.(r*-)
=1 =1

These equations are solved by .using finite difference methods to discretize

(13-1)

the spatial variable and then following the usual inner-outer iteration
strategy to solve for the criticality eigenvalue k and the corresponding

flux qbg(?), To be more precise, the reactor core is broken up into a
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spatial grid or mesh--say with M mesh

cells. Then the multigroup diffusion B :::1:
equation is integrated over a typical -l
ceM, and standard sum and difference i '-:::
formulas are used to represent the . —-“j:
terms in the equation. Hence the ::-J

multigroup diffusion equations are replaced by an MxG set of a]gebréit

equations-~that is, an (MxG) dimension matrix eigenvalue problem

Me=xEe
The elements of the matrices M and ﬁ:are the few group constants supplied.
by a macroscopic cross section module. The matrix eigenvalue problem can
then be solved by standard power iteration methods (usually accelerated
by source extrapolation). (Recall the discussion of Chapter. 7).

The complexity of such calculations depend sensitively upon the
nature of the design information required. During the final phases of
a core design, one may be required to perform very detailed 2-D or 3-D
calculations in which one or more mesh points are assigned to each fuel
element in the core (some 40,000 elements in a modern PWR), coupled with
a correspondingly detailed axial mesh. Codes available for such multi-
group, multidimensional diffusion calculations such as the PDQ series
developed at BAPL and KAPL are extremely expensive to run.

For core lifetime studies in which the power and flux distributions
must be calculated at many time steps during core 1ife, one is usualTy

forced to use either simpler treatments of the core (e.g., one-dimensional
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(e.g., LASER) or even zero-dimensional {e.g., LE@PARD) models . Unfor-
tunately, the detailed study of core depietion usually requires a 3-D
analysis. For large reactors, even crude 3-D studies would require on
the order of 100x100x100 mesh points for each group--and hence incur
considerable computer storage and calculational running time expenses.

For this reason, there has been strong motivation to develop alter-
natives fo the standard finite difference treatment of the multigroup
diffusion equations. It is desirable to discuss two of the more popular
of such alternative schemes for calculating core power distributions:
nodal methods and flux synthesis,

B. Nodal Methods

We desire a scheme for determining the 3-D core power distribu-

tion which avoids the prohibitive storage and execution time requirements
of the finite difference treatment of the multigroup diffusion equations.
Such a scheme was first developed for the tredtment of BWR cores and
implemented in the FLARE code. The general idea is to decompouse the reac~
tor into relatively large volumes or "nodes cells" in which the composi-
tion and fluxes are assumed uniform. One then attempts to determine the

coupling coefficients character1z1ng- EEEEE;%;égézg;EEEED

node cell to node cell Teakage, and

then to determine the nodal fluxes

themselves.

To develop these equations,

first rewrite the multigroup diffu-

sion equations as
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-V V% " Z‘J 5% = 93 (13-2)
where the effective source term Sg is given by
3! ¢
A 1
s5= 2 GuHh v %l % (13-3)
3= g=1

Now before introducing our nodal mesh, we first rewrite Eq. (13-2) by

formally solving for 7£§(F)
Sg’(f‘) = | Gy (¥, 7) SSCF') (13-4)

in terms of the Green's function Gg(F:F') satisfying

-V-DVG, + gy Gy(7F) = SG-7 (13-5)
g= P
[Note that GQ(F?;') = flux at 1 due to -
unit source at r/ Y

7

We now introduce the principal aspect of nodal methods by dividing the

(all in group g)

reactor core into N node cells and integrating
Eq. (13-4) over the volume V_ of the n'th " ~
L]

cell to obtain

9’%“ = Z Kaom® e’ (13-6)
nl




-681-

where we define the nodal fluxes §i>gn and sources Sgn‘ as spatial

averages over the cell volumes

U, (13-7)
I B
631\ = VV) A%‘ 63('(‘ (13-8)
Vo

while the node-to-node transfer kernel is given (formally at Teast) by
L Frfa% 47,7 ()
n .
= N gy _

Vo (! Sy
Vo

. can be interpreted as the probability of a neutron born

b<5nW) (13-9)

Note that Kgnn

in group g in cell n' diffusing to cell n. Unfortunately, as it stands,
the definition of Kgnn' requires a knowledge of the source Sg(F)--which
in turn depends upon the flux q%(?). Qur success {n utilizing nodal

methods will hinge upon our ability to guess Kgnn"
But enough of such worries for the moment.  Suppose we can somehow

determine K Then we must solve a system of equations represented by

gnn'"*
¢ =K [,§ + _\‘; _f] 4_) (13-10)

Once again, we can solve this by the standard power method--but unlike the
finite difference approach which yields

M = ‘IE r _C_}!f (13-11)

— — —
e
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an iterative inversion of ﬂ:(T.e., the inner iterations) 1s no longer
required. By assuming a knowledge of K--and hence_Gg(F;F'),--we have
bypassed this step.

-0f course, from a formal point of view, as the number of nodal cells
N approaches the number of mesh cells M, the nodal method becomes equi-
valent to the finite difference shceme--and hence loses any calculational
advantages. The real power of the nodal approach s realized only when
the number of the node cells N is small, since then the cells are large
enough that they become only coupled via neutron leakage to nearby cells--
that is, the transfer matrix K 1s sparse. But choosing Targe node cells
places the burden of the calculational effort on an estimate of the trans-
fer kernels Kgnn" |

The determination of this kernel is usually accomplished in a most
empirical fashion (a nice way of saying it is fudged). Note that

2{ b( g rate of neutron absorption in node cell n
% inn’ due to a unit source in node cell n'

(13-12)

Hence, one scheme to detérmine Knn' is to set up a prototype problem in
which a source is located 1n a regibn n',

and one then calculates the absorption i::::) -Er—*“”.[:::::)
rate in another region n. Typically,

one assumes a one dimensional geometry,

and then solves the one speed neutron diffusion equation for very simple
source shapes. For example, the absorption rate resulting from a flat

source in a slab geometry as shown is
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Zan
G Kt = _El[(l e-a/u}%]

g [T g

n

)
)

where the subscripts n’and n refer to the source and the absorption regions,

respectively. Other possib]e_source'shapes might be exponential or para-

bolic.

WELL, T Just
Don'tT SEE.

~In any event, the usual scheme is to blend several of these kernels

together with arbitrary coefficients--e.q.,

T T
Kaw = °U'<vm‘ h @Kﬂh' * YKM!J"" (13-14)

One can also superimpose one-dimensional forms to synthesize three-
dimensional kernels. The blending coefficients are then determined by
comparison with various benchmark calculations {and lots of experience,
fiddling, and fudging). [It should be mentioned that there have been
numerous schemes proposed for more rigorous calculations of Kgnn., such
as those utilizing variational methods.]
C. Synthesis Methods

Spatial flu; synthesis is a technique whereby one or two-dimen-
sional diffusion calculations are combined to yield a representation of
a three-dimensional flux distribution. There are a variety of techniques,
both heuristic and formal, for blending such lower dimensional calcula-
tions together. For purposes of illustration, let us first consider

a simple example:
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EXAMPLE: We will illustrate how one-dimensional caiculations can be

utilized to analyze a zone-loaded cylindrical

core with, say, 3 radial zones and 2 axfal <:::jﬂ__-*--“h"":::>

zones. (L = radial zone, m = axia] zone),

One begins by assuming an axial profile
of the form cosBzz, where the axial buckling

BZ2 must initially be guessed. For each

axial zone m one then has a flux “‘-~t:::5:::£é::£;’//

GG = Y emBz (13-15)

The diffusion term in the mu]tibroup diffusion equations then becomes
L2 oy )9’5

Hence we arrive at a one-dimensional problem for the radial flux profile

Yf} DALER? qS“‘ [ 2+ D"G"BE]%"(") (13-17) ‘:J':ATB

which is characterized by an effective total cross section

) FA0
Zﬁ‘- = .+ Q‘!MBZ (13-18)
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{here, DEBE represents removal of neutrons due to axial diffusion).
We can now solve this 1-D problem to determine the radial flux pro-
file ?5'3, and from this calculate the radial buckling for each region
(¢ ,m) as e
Z stzg”[r) dr

2 9 W,
5. = E (13-19)

im LLé
sZ L -‘ B dr

An analogous approach can be taken to determine the axial profile.

That is, one solves the axial 1-D diffusion equations assuming an effec-

tive cross section

feﬂts = %Q + Q,L B;(:) (13-20)

where

Ei;(z) — Eié; for z in region m.
(13-21)

Having determined this axial profile, one can then calculate an axial

2

buck]ing-Bzﬂi for each region. This can be used to re-adjust the‘effec-

m
tive cross section in the radial MGD equations, and hence allow one to
determine a new radial profile. By iterating back and forth between 1-D
radial and axial profiles, one can eventually converge on a 3-D solution

in each region of the form

ﬁqw‘(?) = c;.’;m(r) ‘%M(Z) (13-22)
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To the extent that the flux in each region can be approximated as a
separable function of r and z, this scheme will yield adequate resuits.

One can generalize this scheme by alternating back and forth between
a 2-D radial calculation and a 1-D axial calculation. In single channel
synthesis methods, one performs radial calculatfons at a relatively
small number of axial positions,and then such radial fluxes are super-
imposed with axial position dependent weighting coefficients to syhthe—
size the overall 3-D flux profile in the core. One can extend such
schemes by performing axial calculations as well to determine the appro-
priate chojce of blending coefficients (multichannel synthesis).

The general synthesis process of building up a complicated solution
out of simpler, but not elementary, component parts has received a great
deal of attention in other aspects of core analysis. There are, for
example, problems in which significant details of the flux distribution
can be predicted in advance, and in these situations the full calculation
of the flux using standard multigroup finite difference equations generates
(at great expense) large amounts of redundant information. For example,
an accurate calculation of the flux distribution in a fast reactor using
the finite difference multigroup equations would require the use of a
great many groups (20 to 30) to treat the energy dependence at each
spatial point, when in fact it is known that the energy spectrum shifts
fairly smoothly in space from one typical mode to another. The actual

"information content” consists of these modal spectra and their relative

ﬁ"aﬁi"‘“— p, \’\ (
[N/ T L
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Synthesis techniques can be used to attack such a problem. A
synthesis typica11y involves a series expansion in which each term is the
product of a known function of a few of the free variables multiplied by
an unknown function not depending on those variables. Both the spherical
harmonics expansion of the angular flux and the multigroup representation
fit this description; generally, however, the term "synthesis" is reserved
for short series in which the known functions are detailed and tailored to
the particular problem, rather than large expansions in relatively simple
base functions.

The accuracy of a particular synthesis approximation will depend not
only on the choice of the expansion functions, but also on the method used
to find the expansion coefficients. Occasionally orthogonality properties
can be used, but usually some less direct procedure is necessary, such as
a variational approximation technique.

Thus far we have confined our attention to synthesis in the spatial
variables. But the energy variable as well is amenable to such a treatment.
In the sense that the multigroup approximation is a synthesis method,
synthesis of the energy dependence of the flux has been used for a long
time. In the derivation of the multigroup equations it is implicitly
assumed that the fine structure of the energy dependence 1s fairly con-
stant over larger spatial regions, and that it is only necessary to com~-
pute scale factors to be applied to pre-calculated spectra for each dis-
joint energy group. This proves very successful in applications to ther-
mal spectrum reactors, where indeed the domanant energy effect is the
coupling of the neutron "birth" region through the resonance region to

the thermal region, but it is not so useful in fast reactor analysis.
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The weakness of the standard multigroup theory is not an inability
to produce sufficiently accurate reSults; it is rather the inability to
do this cheaply in situations when the details of the energy dependence
cannot be assumed to be reasonably constant over large regions of space
or when the details cannot be predicted over broad groups in energy. In
the former situation, calculations must be performed carrying data for
many regions (each with its own characteristic spectrum) (an expensive
process). In the Tatter situation, calculations must be performed with a
targe number of groups (in order to resolve the unknown detail) (an even
more expensive process),

To do a proper multigroup analysis of a fast reactor requires cal-
culatfons in 20 to 30 groups because of the effects of the resonances in
the fast region. The spatia].var1atipns of the flux, however, are fairly
smooth because the long mean free paths of fast neutrons make fine struc-
tural detail "invisible". This effect compensates somewhat, but not
entirely, for the greater number 6f energy variables (because the number
of spatfal variables can be reduced) bhut does not affect the fact that
the spectrum is everywhere in transition, so that many material regions
should be used. Using 20 groups makes a two-~dimensional diffusion code
expensive to run and makes three-dimensional analyses almost impossible.

Spectral synthesis involving the use of overlapping, rather than
disjoint, energy expansion functions seems to hold out the promise of
solving the space and energy fast flux problem without doing all of the
(diffusion theory) work. The usual spectral synthesis equations are

derived in the same way as the multigroup equations, i.e., by expanding
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HFE) = éqi‘(v‘) ZuE) (13-23)

but with the difference that the‘Xh(E) are functions of energy which span
the whole energy range rather than discrete regions only. Thus the un-
known space-dependent functions tPm('r") now represent combining coefficients
--relative proportions of the trial modes--rather than scale factors to be
applied to each energy group.

The most fmportant question about synthesis, whether it really is an
accurate alternative to multigroup theory, seems to have been answered in
the affirmative. Several different studies have shown that spectral syn-
thesis approximations using three or four trial modes can achieve (except
in occasional.cases of anomalous fallure} accuracies of a few tenths of a
percent in criticality and reaction rate,'pfovided that good flux trial
modes and adjoint trial modes (weight functions) are used.

Despite the formal incentives for using synthesis and the demonstra-
tions of its reasonable accuracy, this method has received only very 1imited
application to practical problems of reactor ana1ysis. The primary deter-
rent has been the occasional occurrence of "anomalous failures" of synthe-
sis methods--cases in which the approximate solutions turn out to be extra-
ordinarily poor. Examples of this have been reported for various group
collapsing, and for spectral synthesis. ' The effect of these reports has
been to scare off potential users of synthesis since it is hard to justify

an element of risk when trying to solve genuine, practical problems.
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This lack of confidence has been aggravated by the lack of any for-
mal method of analysis which could 1dentify the causes of the anomalies
or predict their occurance. When using the finite difference multigroup
approximation, one can rely on a Targe body of mathematical analysis
giving assurance that iterations will converge, fiuxes will be positive,
eigenvalues will be real, etc. Unfortunately the synthesis approximation
s not susceptible to similar mathematical analysis, The goal, after
all, is to develop a method whereby detailed guesses at the solution of
a particular problem can be incorporated into the approximation; but the
formal equations for the remaining unknown functions thereby are written
in terms of a large amount of'unknown‘1nformat1on (the detail guesses)
about which any analysis must make the most conservative (worst) assump-
tions.

A1l this uncertainty would quickly be put out of mind if the spectral
synthesis method proved to be significantly cheaper than the competing
multigroup methods. A cheap calculation can be repeated or replaced if
it turns out badly and furthermore allows the rapid accumulation of
experience in how to avoid dangerous situations. Thus it has been dis-
appointing to find that the spectral synthesis methods do not seem to
achieve the savings implied by the fact that they require only about
one-tenth as many unknowns as are required for the multigroup methods.
The reason for this is that although the number of energy variables is
reduced, the nature of the equations coupling them 1s made more compli-
cated, and thus more effort is required to solve them. Comparisons of
alternative solutions of a given problem have shown that the synthesis

methods used required from one-sixth to one-half of the calculational
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time required by multigroup programs. This is not a sufficient savings
to justify the abandonment of the experience with and confidence in the
finite difference multigroup diffusion methods.

The net evaluation of spectral synthesis has been that although it
is useful, it will not suddenly supplant the more traditional methods.
The reasons for this is not really due to the anomalies, since these
occur very infrequently and are easy to recognize. The real resistance
to synthesis is due to the lack of strong economic incentives (the invest-
ment in multigroup codes balances the savings of synthesis methods) and
also a degree of “mental inertia"--unwillingness to abandon all the
accumulated experience in preparing and analyzing multigroup diffusion
models.’

D. Parameterization of Few Group Constants

The group constants necessary for a multigroup diffusion calcu-
lation must be generated hundreds or perhaps even thousands of times in
a core lifetime study. Not only must they be generated for each region
(e.g., node cell) of the reactor core characterized by different composi-
tion, but as well they must be regenerated for each of these regions.
whenever the composition changes (e.g., via fuel burnup or moderator
density changes). If detailed fast and thermal Spectka were required
for each change in composition, the computing costs for group constant
generation would be formidable.

In practice, it is found that few group constants frequently depend
on a relatively few parameters involving core temperatures and material
densities. Hence it is far more efficient to construct tables of the

values of the few group constants for several values of these parameters,
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and then to use interpolation schemes to evaluate the group constants
when necessary. To provide an 11Tustration of how such a parameteriza-
tion might work, we will give a very simple discussion of the generation
of group constants for Tight water reactors within the MUFT-SOF@CATE
approach,

1. Thermal Group Constant Parameterization

Recall that thermal group constants were defined as spectrum

averages of the form E.
. _/;\E PE) Ox(E)
gl = o (13-24)

f de ()

o

where Ec is the upper cutoff of the thermal group,qb(E) is the thermal
spectrum, adeT;('J is the microscopic cross section characterizing reac~

tions of type x in materials j. The corresponding MACTrOSCOpic Cross

section would then be calculated as
Zy = ZNJ- Oy’ (13-25)
3

In the SPFACATE approach, the thermal spectrum 1s obtained by solving the
Wigner-Wilkins equation characterizing a free proton gas. For ]/v-absorp-

tion, this equation can be cast in the form (recall Section 9-3)

3§ & .(U(x)fr)v(x)} v SVl ) ~%3 -0
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Here, we recall
Z.eT)
"= ¢z

It should be noted that the only parameters wiich enter this equation
are the temperature T and the ratio of absorption to scattering I .
Hence we might expect that the thermal group constants generated by a
SOFACATE 1ike code will depend only on the parameters " and T. This
dependence is in fact rather smoothly varying, as shown, for example,
in_Figures (13-2) and (13-3) which show the dependence of G325
‘upon I and T. Actually such behavior 1s also easily understood. If

we model the thermal spectrum as a Maxwellian

N — e/,
AEY= RET) = é; e (13-27)

characterized by an effective neutron temperature
T = T(+ch) (13-28)

then cross sections such as '6“;’5' which are characterized by 1/V be-

havior yield a I dependence of the form

PR 0535 (leT)

1 {irer . ezl

The températUre dependence s also easily explained by this model.
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The Wigner-Wilkins equation can also be applied for non T/V-absorp-
tion. However the above two parameters will not suffice in this more
general situation. This is particularly relevant to high burnup cores,
since the appreciable amount of Pu239 in such cores is characterized by

a highly non—]./v behavior

104 o

q
" Pt

io

fi-] + f i
0 ol o E
One possible parameter to account for the presence of Pu

v z(k)
4k

The dependence of group constants on this parameter is essentially linear,

as shown in Figure (13-4) for Eiizs

239 Is

(13-30)

The above discussion suggests that it should be possible to construct

three dimensfonal tables of thermal group constants dependent upon T,

[", and ‘P - A macroscopic cross section module would then use data
from thermal hydrauiic and depletion modules to compute these parameters
and then use the precalculated group constant tables, along with the
appropriate interpolation schemes, to calculate the required thermal group
constants.,

2. Fast Spectrum Group Constant Parameterization
Recall that MUFT type calculations solve the exact slowing down

equation for hydrogen coupled with the age or Goertzel - Greuling
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approximation for mass numbers A>1 to generate the fast spectrum. In-
elastic scattering is treated by a direct micro-group approach, while
resonance absorption is typically treated within the NR or NRIM approxi-
mations (with appropriate heterogeneous corrections). -

Perhaps the key parameter of use in characterizing fast group con-
stants is the ratio of moderator to fuel density. [One occasionally
also uses the ratio of moderator volume to fuel volume--which gives
essentially the same results.] Such a parameter characterizes the effec-
tiveness of neutron moderation in the core. We have plotted the depen-
dence of various fast group constants upon this ratio in Figure (13-5).
Such a parameterization works quite well, provided the moderator densi-
ties are-not too low.

Unfortunately, no comparable parameter exists for characterizing
resonance integrals (aside from the fuel temperature}. If such para-
meterizations are desired, it is usually necessary to rely upon various
empirical correlations for the resohance integrals (such as those dis-
cussed in Chapter 10).

E. Thermal-Hydraulic Interaction With Neutronic Calculations

Water moderated reactors are characterized by a very strong
coupling between coolant density and neutronic behavior. The presence
of subcooled or bulk boiling in cooling channels gives rise to a large
variation in coolant void fraction and hence density. Since most 1ight
water reactors are undermoderated, a Tocal decrease in water density
will cause a corresponding decrease in power density.

A similar effect can occur in LMFBR's, since a decrease in sodium

density can lead to a spectrum hardening, hence a larger value of'}z, and
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hence power density increases (note this effect is in the opposite direc-
tion of coolant void reactivity effects in LWR's ).

The coupling between coolant properties and core neutronic behavior
is very much weaker in HTGR's--both because coolant phase change cannot
occur, as well as because the coolant does not provide appreciable modera-
tion (the graphite structure of the core serves this function).

To illustrate the interactions between thermal-hydraulic and ney-
tronic calculations, let us consider a typical sequence of calculations
in determining the power distribution in a PWR. The first step in such
an analysis is for the nuclear designer to supply an approximate power
distribution during core 1ife, both under steady-state and transient
operating conditions. These power distributions will determine the peak
power that limits the reactor power output. The thermal designer needs
as well information on the physical layout of the core (fuel element
size, assembly geometry, etc.).

Using this information, the thermal analysis can then generate the
core temperatures at various power Tevels, as well as the coolant void
distributions including local bo1ling voids and buTk boiling voids.

Actually, this interaction is usually automated in most code pack-
ages, so that an jteration between neutronics and thermal hydraulics cal-

culations is necessary

power digtribution

- 1

neutronics thermal

‘ hydrauiics
1T_i core temggratUres

void fractions
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Such an iterative approach is extremely important in BWR's, since the
void fraction in a boiling channel varies quite dramatically from inlet
to exit. We have sketched typical coolant density variations (in the
average channel) and power distributions in a BWR. We have noted as
well the convergence of these profiles as one fterates between thermal
hydraulic and neutronic ta]cu1ations.

F. Local Power Peaking

- to be inserted Tater -

IIT. SPECIFIC CONSIDERATIONS IN REACTOR CORE DESIGN

A. General Design Parameters
We have seen that the size of a reactor core is primarily deter-
mined by thermal considerations. That is, temperature limitations on core
.components {primarily fuel melting temperatures) combined with heat trans-
fer 1imitations such as DNB determine the maximum allowable power density

in the core. Hence, if one knows the corresponding maximum-to-average

N
q

dynamic efficiency of the associated thermal cycle, then the core size

power peaking (hot channel} factor F_, and can estimate the thermo-
required for a given electrical output can be determined,

Nuclear considerations are involved in a number of other aspects of
core design, however. For example, the desired excess reactivity {which,
in turn, depends upon the intended core 1ifetime) determines the amount
.of fuel loaded into the core, as well as its initial enrichment. Other
nuclear considerations influence the ratjo of moderator to fuel, the dis-

tribution of fuel enfichment in the core, the detailed fuel element
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geometry, and so on. Ip this section we will examine several aspects of
such desfgn considerations,

1. Excess Reactivity Requirements

A nuclear reactor core must be 1oaded with consfderably more
fuel than that merely required for core cr1t1ea11ty..‘The excess reac-
tivity contributed by the fuel Toading is required to compensate for a
number of negative reactiyity Effects which arise during reactor opera-
tion, such as fue] burnup, temperature feedback, fission product poison-
ing, and so on. In the next chapter we wil] study several of these
reactivity effects in more detail, as well as investigate the means by
which one controls the rather sizeable amount of excess reactivity
present in a power reactor core in order to keep the reactor critical.
In_this section, we will only briefiy touch upon the requirements for
excess reactivity in an effort to lay a foundation for our further
discussion of nuclear core design.

a) Fuet Depletion: Of Course the most obvioys requirement
for excess reactivity is that necessary to compensate for reactivity
loss due to fye] burnup diring reactor operation, Actually there are
several competing effects which determine: the loss 1in core reactivity
due to fuel depletion. Fipst there 1s the 1oss‘in_the original fissile
isotope (e.g., U235) due to fission or capture. But there is also a
positive reactivity effect resulting from the conversion of fertile to
fissile nuclei (e.g., U238__> Pu239). The significance of this effect
is determined by the conversion ratio (fertile captures/fissije absorp-
tions) which ranges between 0.5 for T1ght water reactors to greater than

1.0 for fast breeder reactors. Finally, there is also a negative
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reactiyity effect due to the buildup of non-saturating fission products
with appreciable cross sections. Typical excess reactivity requirements

are tabulated below:

b) Equilibrium Fission Product Poisons: In thermal reac-
tors, one must compensate for the rather sizeable negative reactivity
introduced by saturable fission products such as xenon and samarium.

As we have seen, the negative reactivity attributable to xenon is flux
dependent, and can range as high as AQxe = -3.5% for a thermal flux
of ?2 = 1014 sec'icm-z. The samarium contribution is typica11y around
Ag's'" = 0.7%.

'¢) Temperature and Power Reactivity Feedback: In our dis-
cussion of reactivity feedback in Chapter 6, we indicated that temperature
variations in the core could affect reactivity, both through material
expansion effects, as well as by modifying the microscopic cross sections
themse]ves (e;g., the Doppler effect). For most reactors, an increase in
core _temperature will result in a negative reactivity effect. The
negative reactivity introduced by raising the core temperature from am-
bient to operating temperature is known as the reactor temperature defect,
while the reactivity change in going from zero power to full power is known
as the power defect. Both temperature and power defects must be accounted

for in determining excess reactivity requirements.
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Typical values are:

d) Other Effects: One must include sufficient reactivity
to allow for power level changes and maneuvering, For example, a redyc-
tion in power lTevel will cause an increase in Xenon Concentration, and
hence a negative reactivity which must be overriden by the excess reac-
tivity available in the fuel.

The magnitudes of each of these'reactivity requirements are i17y-
Strated below for several reactor types:

It is apparent that the excess reactivity requirements are consi-
derable, particularly in thermal reactors, These are usually met by ad-

Justing fuel enrichment. Typically, this enrichment ranges from 50% to

supply the excess reactivity, -

2. Moderator-To-Fuel Ratio

engineer in therma] reactor core design is the ratio of moderator density
to.fuel'density. This parameter is primarily influenced by nuclear fac-
tors. Perhaps the most straightforward manner to illustrate the consid-
erations involved in determining NM/NF is to investigate the dependence

of each of the terms in the four factopr formula l?’rrl{:pe - To be specific,

we will consider light water reactors.
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To first order,fq is independent of this ratio (although it does
enter through spectrum effects upon the thermal group constants appearing

irrq). The thermal utilization f clearly involves this ratio:

ZF GF

F= ZFy M ToF+ -%: ™

As we increase NM/NF, we find f decreases (obviously more absorption

(13-31)

I

occurs in the moderator).

To investigate the resonance escape probability p, we can use the
| N
o = exp[—--:FI
£

1 ¥ (13-32)
= @‘P[—_ Jﬁfb@? ]

Thus as NM/NF increases, the resonance absorption decreases (the neutrons

form

slow down more readi]y),and p increases.

Finally, since the fast fission fa¢tor & represents the ratio of
total fissions to thermal fissions, we would expect that € would decrease
as NM/NF increases, since the neutrons are removed more rapidly from the
fast group.

We can summarize these effects in the sketch below:




In particular, one should note that koo has a maximum. Light water reac-
tors are designed to operate with NM/NF slightly below this point, however,
for two reasons. If the core is Undermoderated, then a power increase
resulting in coolant void formation will cause NM/NF to drop, hence de-
Creasing reactivity. If the core were:designed to be overmoderated, then
a power increase_wou]d cause an increased reactivity due to a positive
void coefficient. OQne finds that an- undermoderated core has a. lower fuel
cost, both due to redyced thermal capture and a larger conversion ratio.

3. Enrichment

The fuel enrichment is varied to achieve the required excess
reactivity. But again optimization is hecessary. The increase in reac-
tivity (through Keo ) due to an increase in core enrichment is larger

at higher NM/NF ratios:
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As the fuel rod becomes larger, self-shielding becomes more sfgnificant.
In an undermoderated core, ko, decreases with a decrease in rod dia-
meter, F, while the opposite holds true in an overmoderated core, since
smaller rod diameters imply. an increased surface to mass ratio and hence
an increase in resonance absorption.

One can also consider the effects of gross heterogeneity such as
fuel rod clustering. The influence of an increased Dancoff interaction,
reduced resonance absorption, and the positive reactivity effects of
water gaps tend to make reactivity coefficients less negative.

4. Chemical Shim
We will see in the next chapter that a common scheme used to
control the excess reactivity in LWR's is to dissolve a poison such as

10

B"” in the coolant. The behavior of Ke for various poison concentra-

tions is shown below

A

Ko

CC< G,
- Np
=
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We might expect a strong interaction between the concentration of such
soluble poisons and NM/NF, since for fixed concentration (say, ppm of
boric acid), increasing NM/NF will correspond to an increase in absorp-
tion which will compensate to some degree for an increase in moderation.
This will tend to make the moderator temperature coefficient of reac-
tivity less negative. Such a compensation of moderation by parastic
absorption in the poison frequently places an upper 1imit on allowable
boron concentrations.

B. Pressurized Water Reactor Core Design

1. Core Layout

In an effort to illustrate more clearly the various aspects
involved in nuclear core design, we will now briefly describe the speci-
fic core design and methods of analysis used for the more common types
of large power reactors. We begin our discussion by considering the
core design of a pressurized water reactor.

A cutaway view of the reactor vessel and a cross section of a
‘typical PWR core is given in Figures 13-6 and 13-7. The detailed system
parameters are Tisted in Table 13-1. The core of a modern PWR consists
primarily of zircaloy-clad slightly enriched UO2 fuel arranged in canless
assemblies, such as those shown in Figure 13-8. The fuel pellets are
composed of slightly enriched (2% - 3%) UOzpuwder that is compacted by
cold pressing and then sintered to attain the required densjty. These
pellets are inserted into zircaloy-4 tubes, and each end of the tube is
sealed by welding an end plug to form a fuel rod. These fuel rods are
pressurized to reduce cladding stress. The rods are then arranged into
a square assembly fastened together by coolant nozzle plates at the top

and bottom and by spring clip assemblies along the height of the fuel
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TABLE

TYPICAL FOUR-LOOP REACTOR
CORE PARAMETERS

Total heat output

Heat generated in fuel
Nominal system pressure
Total coolant flow rate

Coolant temperature
Nominal inlet
Average rise in vessel
Outlet from vessel

Equivalent core diameter

Core length, between fuel
ends

Fuel weight, uranium
{first core)

Number of fuel assemblies

~3250-3411 Mwt
97.4%
2250 psia

~138.4% 105 Ib
per hr

557.59F
61.0CF
618.59F

11.06 ft
12.0 ft

86,270 kg
193
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assembly, Mixing vanes are used to increase the heat transfer capability
of the fuel rods. Typically, these structural components are zircaloy
to reduce neutron capture.

The fuel enrichment is distributed over the core such that fuel
assemblies with highest enrichment are placed on the periphery of the
core, while those with Tower énrichments are mTng in the central region
of the core in a pattern that yields the most unfform power distributions.

Reactor control is provided by moveable control rod clusters, boric
acid dissolved in the coolant, and, in the initial core Toading, by using
burnable poisons. In this scheme, the control rod clusters are used to
follow Toad changes, to provide reactor scram, and to furnish control for
slight deviations in reactivity due to temperature variaéions. The
chemical shim is used to compensate for excess core reactivity and is
reduced as fuel depletion occurs over core life. It is also used to com-~
pensate for the reactivity associated with xenon transients arising from
power level changes. In the initial core loading, boro-silicate glass
tubes are inserted into the core to compensate for the positive moderator
void coefficient created by the chemical shim. The absorption due to
these boran Toaded tubes burns out over core life. We will return in
the next chapter to give a much more thbrough discussion of reactivity
control in light water reactors.

2. Nuclear Analysis

The methods used in light water reactor analysis to determine
power distributions and their stability, control requirements and load-
following capability during core life, and core depietion effects are
essentially those described in the earlier chapters of this text. Such

methods have been refined to a high degree, primarily due to the
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substantial water reactor development Program conducted by the naval
reactor laboratories (BAPL and KAPL). and such methods haye been re-
peatedly tested against both experimental cores and against actual power
reactor experijence.

Most PWR design calculations of power distribution, control rod and
boron worth, temperature coefficients, and reactivity depletion are stil]
performed using 2-D multigroup diffusion codes accompanied by an itera-
tion with axial .calculations. The motivation for this is twofold: The
eéxpense of a full 3-D calculation, although palatable for a bemchmark or

one-shot detailed design calculation

» is sti11 prohibitive for the more
frequent power distribution calculations required by core depletion or
optimization studies. Fortunately, PWR cores with chemical shim can be
1argé1y operated with the control rods out at a small bite position which
results in a power distribution that is to first order separable into
radial and axial shapes, particularly during the first fuel cycle.

As fission products accumulate and fyel depletion occurs, however,
the separability disappears. In such cases, the 2-D + 1-p calculation
scheme can lead to errors in the calculated multiplication. By way of
T1lustration, the error between a 2-D + 1-D calculation and a 3-p calcu-

lation is shown in the figure below:
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In this particular case, the error arfses in the neglect of the correct
axial weighting of the macroscapic cross sections of the various depleting
isotopes.

The choice of an appropriate mesh size will vary depending on the
type of calculation of interest. For example, if one wishes to account
for the detailed local flux peaking which occurs in water gaps in the
core, it may require one or more mesh points per fuel red. On the other
hand, for fuel depTetion analysis, one may pass to a coarse mesh or nodal
point.

It is usually possible to adequately represent the energy dependence
by from 2 to 4 energy groups. This is usually sufficient because the
very strong thermalizing nature of the water moderater tends to wash out
the details of the energy dependence. In practice, most. detailed design
calculations of core power distributions are now performed with 4 energy

groups (3 fast and 1 thermal).
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The coupling between thermal-hydraulic effects and core neutronics
behavior is relatively weak in a PWR (at least, compared to a BWR). This
is a consequence of two things: first, the void fraction in a PWR core
is quite small, customarily being only about 0.5% (due to subcooled
boiling); second, the use of chemical shim tends to compensate for the
usually strongly negative moderator temperature coefficient in light
water reactors. Towards the end of core 1ife, however, chemical shim is
reduced and the moderator temperature coefficient becomes substantially
more negativé, resulting in a larger power and temperature defect. This
will also result in a tendency for a bottom peaked axial flux profile
near-the end of cycle.

The amount of core leakage in any 1arge thermal reactor is relatively
small, being-only about 3% in a large light water reactor (PWR or BWR).
Hence the primary emphasis in treating neutron diffusion is to account
for Tocal heterogeneities and nonuniform power distributions in the core.
Over the years there has been a refinement and extension of methods used
to account for fuel assembly heterogeneities, with emphasis on more pre-
cise treatments of transportleffeCts and cell-to-cell interactions. Al-
though the improvements in the prediction of core power distributions
and multiplication yield only smail corrections, as the number of opera-
ting power reactors increases, the economic incentives for even smatli
improvements in accuracy which permit better fuel cycle, power distribu-
tion, or fuel assembly design optimization become very large.

C. Boiling Water Reactor Core Design

1. Core Layout
A schematic of a typical large boiling water reactor is shown

in Figure 13-9 along with a cross section of the reactor core in Figure
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13-10. Like the PWR, the BWR core is composed of slightly enriched UO2
fuel pellets encased in a zircaloy clad. The cladding tube is filled
with helium and sealed with zicaloy end plugs. These fuel elements are
then assembled into fuel bundles (typically in 8 x 8 arrays) which are.
supported by a Tower and upoer tie place and surrounded by a can, as
shown in Figure 18-11. Selected fuel rods in each assembly differ from
the others in fuel enrichment in order to reduce powetr peaking near
water gaps or flux depression near control elements.:

The control rods .are cruciform shaped blades fabricated of B4C
power in stainless steel tubes surrounded by a stainless steel sheath
(see Figure 13-12) which are inserted form the bottom of the core (to
avoid the steam separators at the top of the reactor pressure vessel).
In addition, burnable poison is used for shim control in the form of
gadolinia (Gd203) mixed with UO2 in several fuel rods in each fuel
bundle (replacing the burnable poison curtains used in earlier BWR designs).

2. Nuclear Ana]ysié
The primary nuclear feature of -a BWR core is a very large nega-

tive power coefficient of reactivity due to void formation (boiling) of
the coolant. This effect is not only significant as a global stabilizing
mechanism, but also acts on a local scale to provide inherent self
flattening of the core power distribution in the event of a local power
rise. It also provides suafficient damping to make the reactor core stable
with respect to spatial xenon variations.

The short thermal neutron mean free path in a Tight water reactor
lattice and the resultant sensitivity to geometry require a careful

treatment of lattice effects. In general, one must use transport theory
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FUEL DATA

Core Data

Fuel

Fuel

Fuel cell spacing (control rod pitch}, in.

Number of fuel assemblies . . « ...

Total number of fuel rods . . . . . .

Total weight of UOZ’ b . & o ¢ . &

Total weight of U, 1b , . . « « + &

Core power density (rated power), 1W/liter

Specific power (rated power), kiW/kg U .. . .

Average linear rod power (rated power), kW/ft

Total core heat transfer drea, ft2

Core average heat flux, Btu/hr-ft2

Assembly Data

Overall length, in. e W s e e
Nominal active fuel length, in.
Fuel rod pitch, in. < e e e e
Space between fuel reds, in. . . .
Fuel chamnel wall thickness, in. .

Fuel bundle heat transfer area, ft2

Rod Data

Qutside diameter, in. o o s 4
Cladding thickness, in. « e o e
Pellet outside diameter, in. . .
Fission gas plenum length, in. .
Pellet immersion density, gm/cc .

-

ca .12
. . 732
. 46,116%
345,500
304,600
. . 56.0
. .« 25.9
. . 6.29
. 73,409
159,570

.- 176
-« 148
. 0.640
. 0.147
. 0.120

. . 100.3

. - 0.493

. 0.034

. - 0.416

. 12.00
. 10.42
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(e.g., via collision probability methods) to represent fuel rods, control
rods, and burnable poisons. As with PWR's, the net neutron leakage from
the core is a relatively small effect (~3%).

The Tocal flux variation in the vicinity of control blades and
particularly near the Gd203 burnable poison loaded pins is particularly
difficult to describe.

The large negative moderator void coefficient causes very strong
coupling between neutronic and thermal-hydraulic core analysis. One
must utilize an iterative scheme in order to calculate the power distri-
bution and void distribution simultaneously. Examples of this strong
coupling are shown in the axial power profiles calculated for a typical
BWR core in Figures 13-13 and 13-14. These calculations also 11lustrate
the effect that control rod insertion can have on flattening the axial
power variation. An actual measured axial power profile is also shown
for comparison.

D. High Temperature Gas Cooled Reactors

1. Core Layout

The high temperature gas cooled reactor (HTGR) differs in a sub-
stantial way from both the LWR and the LMFBR in that its fuel elements
are fabricated entirely out of ceramic materials (with no metallic cladding).
The fuel materials are 93% enriched uranium in carbide form and fertile
thorium in the oxide form (although the HTGR concept has the provision
for the use of recycle U-233 as a feed material when it becomes available).
Tiny particles {roughly 100 to 300 microns in diameter) of UCz'are coated
with pyrolytic carbon and silicon carbide, while the thorium oxide particles

are coated with pyrolytic carbon. These particle coatings provide the
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length (the distance from fission birth to absorption) is about 12 cm in
an HTGR compared to 4-5 cm in a LWR. Hence the HTGR core is actually
more tightly coupled and that thermal heterogeneity effects are less pro-
nounced in an HTGR.

The nuclear characterstics of the HTGR core are also somewhat differ-
ent because of the different core composition. The major core constituent,
carbon, has a low absorption cross section, but somewhat weaker moderating
ability than does hydrogen. This, coupled with the higher operating tem-
perature of the HTGR core yields a fairly hard neutron spectrum which tends
to interact more strongly with the low lying resonances of such nuclides
as U-233 and Xe-135.

Yet another difference is the relatively weak interaction of the core
heutronic behavior with the gas coolant, helium. The absence of a large
moderator coefficient of reactivity implies that the principal contributer
to the core temperature coefficient is the Doppler coefficient. This fact,
coupled with a small positive moderator coefficient, yields a rather small
net temperature coefficient of reactivity (about -10x10f5/°C at room tem-
perature and -2x10'5 at operating temperatures). Fortunately, kinetics
calculations show that the peak core temperatures during power excursions
are very insensitive to the value of the temperature coefficient. Perhaps
the principal reason for this is the immense heat capacity of the HTGR
core. If all of the heat generated at full power were stored within the
core (none of it being removed by the coolant), then the average core tem-
perature would rise by only 8°F/sec.

Actually, the smaller temperature coefficient is an advantage since
it results in less cold reactivity to be covered with control rods. Fur-

thermore, even though the temperature coefficient is a sum of two fairly
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small numbers, experience has tndicated that it can be calculated with
reasonable accuracy.

The longer migration length and harder energy spectrum characteristic
of an HTGR tends to emphasize the treatment of neutron energy relative to
lattice effects somewhat more than in light water reactors. For this
reason, 1t is customary to use several thermal groups in multigroup diffu-
sion analysis of such cores (typically, 3 thermal groups and 4 fast groups).
Nuctear design of HTGR cores tends to rely a bit more on more detailed
calculational models {using realistic descriptions of meutron thermaliza-
tion, for example}, in contrast to 1ight water reactor calculations which
tend to use more in the way of empirical correlations. This is due in
part to the somewhat different nuclear characteristics of HTGR's, as well
as to the 1imited amount of experimental and operational data available
(at least compared to that available for 1ight water reactors).

One final difference in HTGR nuclear analysis involves the use of a
different fuel cycle--that in which Th-232 is the fertile material, and
eventually U-233 will be the fissile reload fuel. The nuclear analysis
of the U-235/Th-232/U-233 fuel cycle is somewhat different than that re-
quired by the U-235}U-238/Pu-239 fuel cycel used in Tight water reactors
and fast breeder reactors. Such differences will be discussed in more
detail in Chapter 16.

E. Liquid Metal Cooled Fast Breeder Reactors

1. Core Layout
In many ways the core of a LMFBR is similar to that of a LWR.
It is made up of a lattice of metal tubes containing an oxide fuel (UO2

and Pu02) in a Tattice having a pitch to diameter ratie of 1.2 to 1.4.
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Control is provided by moveable rods containing absorbing materials such
as boron. However, the coolant used in a 1iquid metal, and many of the
nuciear characteristics of the core are quite different.

For purposes of illustration, we will discuss the core layout of
the LMFBR demonstration plant under construction in the United States.
Although this is only a 400 MWe system, its basic core geometry and com-
ponent design are quite similar to those of a larger (1000 MWe) design,
although, of course, the core size of the latter would be somewhat larger.
The core of this LMFBR has a height and radius of about 3 ft. with axial
and radial blankets of U3 which are from 1 to 2 ft. thick. Both core
and axial blankets are made up of hexagonal subassemblies ( 5 inches
across) containing bundles of fuel pins about 0.25 inches in diameter.
The radial blanket subassemblies have larger diameter pins. Typical
enrichment of the mixed oxide fuel (UO2 and Pqu) in the core is 17%.

The fuel pins are clad in stainless steel. The core volume fractions
are typically about 0.35 fuel and fertile material, 0.45 sodium coolant,
and 0.20 structural and clad steel.

Control, both for safety and shim, is provided by moveable control
rods of B40 or tantalum. Shutdown reactivity is about 5% and the tem-
perature plus power defect are about 2%. The main reactivity coefficients
are those of the Doppler effect and the sodium void coefficient, although
other important reactivity effects are provided by structural expansion
and core motion.

2. Nuclear Core Analysis
The main advantage of the fast reactor is its potential for

breeding--that is, producing more fissile material by transmutation of
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fertile material than it consumes in the fission of fissile material.
For a U235-Pu239 fueled reactor, we have seen that the energy dependence
of’az imp1ies that one should design such a reactor to operate with as
fast a spectrum as possible. Hence one must avoid introducing material
into the core which might moderate the neutrons. Even the presence of
the oxygen atoms in the oxide fuel and the liquid metal coolant will
cause a significant softening of the neutron spectrum below that which
exists in a critical system made up of heavy metal atoms only. [We
have compared fhe spectrum of a typical LMFBR with that of a pure U235
Godiva type assembly in Figure 13-17.]

One must also keep in mind tha fact that fast nuclear cross sections
are some two orders of magnitude lower than those characterizing thermal
neutrons. Hence the neutron mean free paths are correspondingly larger
(15-20 cm as compared to 7-8 c¢m). Furthermore, the much smaller fission
cross sections characterizing fast neutrons imply that a much higher con-
centration of fissiie material is required for core criticality--which,
in turn, impliies a higher core power density.

Despite these differences, the methods used in the nuclear analysis
of fast reactor cores bear remarkable similarity to those used in thermal
reactor design. Once again, the principal tool is multigroup diffusion
theory. However, the larger neutron mean free paths characteristic of
fast neutrons means that heterogeneous lattice effects such as self-
shielding are far less important than in thermal reactor analysis. Indeed,
self-shielding is frequently neglected entirely in first order calcula-

tions. The local power peaking effects of concern in thermal reactor de-

sign do not arise in fast cores for the same reason. However, the absence
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of strong heterogeneous effects is compensated by the much greater sen-
sitivity of fast reactor nuclear performance to neutron energy spectrum
effects. One must worry as well about a great many threshold-type nu-
clear reactions such as inelastic scattering and (n,o) reactions.

There are numerous other differences in fast core design. For
example, the density of fissile material in a fast core is some 5 to 7
times that in a light water reactor in order to minimize neutron energy
degradation and achieve the density required for core criticality. Since
the core power density is high, and the fast neutron mean free path is
Tong, there is sufficient neutron leakage from a fast reactor of even
1000 MWe size to make blankets of fertile material surrounding the core
attractive. Over a period of time, fertile conversion in these blankets
results in their producing some 10-20% of the total power generated by
the LMFBR.

The excess reactivity requirements of a fast core are an order of
magnitude below those of thermal cores. This is primarily due to the
high conversion ratio and enrichment of such cores. Of course, one might
expect that if the reactor is really breeding more fissile material that
it utilizes, then the excess reactivity required to compensate for fuel
deplietion would be zero. However, although there is a net increase in
fissile loading during operation, concentration of fissile material in ithe
core actually decreases in most LMFBR designs, while that in the blanket
increases. Hence the reactivity will decrease with burnup, although much
more slowly than that in a thermal reactor. [It might be remarked that
the gas-cooled fast reactor can actually be designed with an internal core

conversion ratio greater than one.] The only other excess reactivity
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requirements are those used to compensate for fission product buildup
(which is relatively insignificant in fast reactors due to the much
smaller cross section) and temperature and power defects.

For these reasons, a relatively modest amount of excess reactivity
is required in LMFBR designs. Most of the fuel toading corresponds
simply to that necessary to achieve core criticality.

The small magnitude of the excess reactivity requirements implies
that control requirements are similarly smaller. This is fortunate,
because the small absorption cross sections characterizing fast neutrons
makes control much more difficult. Indeed, these cross sections are too
Tow to allow the use of burnable poisons or soluble poisons in a fast
core. Control is usually provided by moveable control rods of either
boron or tantalum.

The kinetic characteristics of a fast reactor are also quite differ-
ent. The most dramatic difference is in the prompt neutron 1ifetime which
is typically some 2 orders of magnitude shorter than that characterizing
thermal reactors. There is also a difference in the delayed neutron

239 concentration in the core is quite appreciable.

fraction'ga » this the Pu
Finally, the methods of reactivity feedback, such as the Doppler effect
and coolant void effects are much different. These topics will be dis-

cussed in some detail in the next chapter.

239 3

The higher specific power, fissile loading, and the use of Pu s

fuel material all result in considerable increases in fuel fabrication
and processing costs. The higher core specific power is usually achieved
by increasing the surface-to-volume ratio (smaller fuel rod diameters),

which increases fabrication costs even further (to some 4-5 times those
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of thermal reactor fuels). Hence economic considerations will require a
very high fuel burnup in LMFBR's, exceeding 100,000 MWD/MTU. Such high
burnups place.very stringent demands on fuel element performance, as we
will see in Chapter 16.

The thermal design of the LMFBR is simplified somewhat by the absence
of Tocal flux peaking. Hence the achievable maximum-to-average power

density ratios in the LMFBR are lower because of the smaller core size

N x
)

to 1.5 in a thermal core). The principal thermal limitation is that im-

and the large blanket. (F 1.25-1.35 in a fast core as compared
posed by avoiding centerline fuel melting. Because the coolant is always
several hundred degrees below its saturation temperature, there is no

DNB limitation as there is in 1ight water cores.

The large neutron mean free path in a fast core simplifies neutronic
calculations to some degree by removing the strong sensitivity to lattice
effects (self-shielding). However, the increased sensitivity of fast
reactor performance to the neutron energy spectrum requires a much finer
multigroup treatment (typically on the order of 20-30 groups).

The development of practical design methods are at a rather primitive
stage of development. At this time, more emphasis is being placed on the
development of rigorous, benchmark calculations in order to study core
physics. The importance of spectrum effects makes ultrafine multigroup
codes such aS'MC2 (discussed in Chapter 8) important.

The geometrical complexity of fast reactor cores which contain many
regions of different composition requires that effective methods by dev-
eloped to calculate the three dimensional neutron flux distribution. Un-

fortunately, a 20-30 group, 3-D diffusion calculation is prohibitively
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expensive. Hence the development of efficient approximate techniques
such as synthesis or coarse-nodal methods for fast reactor analysis seems

to be particularly important to the future design of such cores.

IV. FUEL DEPLETION CALCULATIONS

A. Introduction

Fuel depletion analysis is concerned with predicting the long
term changes in reactor fuel composition caused by exposure to neutron
flux during reactor operation. Such changes have an important bearing
on the operating 1ife of a reactor, as well as upon its stability and
control. One must first insure that the shift in the core power distri-
bution which accompanies fuel burnup does not result in the exceeding
of core thermal limitations. Sufficient excess reactivity must be pro-
vided in the fresh core loading to achieve the desired fuel exposure
(consistent with safety Timitations}. And, of course, a detajled analysis
of core composition is necessary in order to optimize fuel exposure to
achieve minimum power costs. Since the fuel costs over the operating
Tifetime of the reactor can exceed those of the capital cost of the plant
itself, the incentive for accurate analysis of fuel depletion is quite
high. It has been estimated that a difference of 0.25% in core reactivity
in a 1000 MWe LWR typically will translate into. $1,000,000 in fuel costs
over a 10 year period. Since absolute reactivities cannot be predicted

to this accuracy, fuel depletion calculations occupy a very important role

LAST JHINE T
KEMBVNBER bithS
SITTINE My NEHET ..

in nuclear reactor analysis.
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A variety of nuclear processes must be monitored during a depletion

study. These include, of course, the consumption of fissile nuclides

(fuel burnup). But as well, one must account for the conversion of fer-

tile isotopes into fissile isotopes and the Production of numerous fission

products.

Finally, one must monitor the reactivity balance to insure

core criticality (usually by determining the change in reactivity over a

period of core operation and then adjusting control to compensate for

this reactivity change).

A complete burnup calculation would involve the solution of the

coupled reaction rate equations describing such processes for the hundreds

of different types of Tsotopes in a reactor core, . In practice, one usu-

ally introduces two approximations which greatly simplify these calcula-

tions:

(i)

(i1)

EXAMPLE :

The only fission products treated explicitly are those with
large capture cross sections. These include Xe135 and Sm]49.
Any nuclide with a very short half-life is omitted from the
burnup caiculations (being treated as having effectively a
zero half-life). The heavy nuclides typically treated in
burnup problems are

uranium fueled reactors: U235, U236, U238, Puzsg, Pu240,

Pu24], Pu242

thorium fueled reactors: U233, U234, U235, U236, Pr233, Th232

One also must include burnable pofsons such as 810 or Gd.

Suppose the reactor were fueled with only a single isotope of

density NF(F,t). Then the fuel burnup would be described by
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We can formally solve this to find

It is convenient to define a new variable, the time integrated neutron

flux or "fluence"

_&
ol = | pl£)dt’

Of course, this is still a formal solution since the flux, qﬁ(?,t),
depends upon the fuel density NF(F,t) through the equations describing
reactor critjca?ity (i.e., the multigroup diffusion equations).
We can use this result to illustrate the two standard approximations
used in more elaborate depletion studies.
a) Constant flux approximation
Assume that over the time interval of interest, the flux

can be treated as constant

pEt) = 6 (7)

Then we can solve for

_aFIRt
NFG:,J(): NFG}O) e > # f

Ne i) |

N
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b) Constant power approximation:

One assumes instead that the reactor power is constant

P(?,{') \;ng\i (r‘c ) G5F qb(v P®

Then one finds

NFG,J() Ne (ro Pﬂ_‘ﬂ—] \

.

_{'7

B. Calculational Methods
We have noted that the analysis of fuel depletion involves a
variety of nuclear processes. These can be roughly classified into cal-
culations invelving:
(i) solution of the isotopic depletion equations: That is, solving
for the nuclei densities as functions of time and position.
But this requires a knowledge of the neutron flux.

(ii) solution of the mu1tigroup diffusion equations for the neutrons
flux. Of course, this task will usuafly also involve inciuding
thermal-hydraulic coupling. Furthermore, one must use as input
the cross sections characterizing the depleting isotopes, and
furthermore, must adjust the control representation to achieve
core criticality.

It is customary to decouple these calculations such that the depletion

equations are solved over time intervals in which the flux or power is
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assumed to be constant. At the end of each time interval, the depleted
densities are used to calculate new group constants, and the multigroup
diffusion equations are solved to determine a new flux shape for the next
time interval.

1. Isotopic Depletion Equations

The reaction rate equations describing the number of densities
of nuclei in the core can be derived using simple balance ideas. If NA(?,t)
is the number density characterizing a nuclide of type A, then the general

rate equation characterizing a production-decay scheme as shown below

K
%«KA/
c P T
takes the form

Here,

24 Na  loss due to radicactive decay of A

[é(];}“;\%_] I\]“,k loss due te neutron capture by A

s '\,B gain due to decay of B to A

11+t gain due to transmutation of C to A via neu-
[ ZU%CCé] Nc tron capture
3
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The fluxes and microscopic cross sections appearing in these equations
are multigroup averages and must be generated by suitable group constant
generation codes and multigroup diffusion calculations.

These equations are nonlinear and inhomogeneous because the fluxes
and microscopic cross sections not on1y vary in space in time, but depend
as well upon the densities of the depleting isotopes as well. Such equa-
tions must be written for each species of interest. Typical chains of
interest in uranium fueled reactors are shown in Figures 13-20 and 13-21.
In a detailed study of fuel depletion in a modern power reactor, some
15 to 24 heavy nuclides and 25 to 50 fission products are required for
analysis. When one adds to this the fact that the differential equations
describing isotopic depietion contain both long and short time constants
which complicate their numerical solution, it is apparent that fuel deple-

tion calculations can become quite invelved.

EXAMPLE: Let us derive a simplified set of isotopic depletion equations

for a thermal reactor fueled with enriched uranium. The most significant
235

reactions aside from capture and fission of U include
(i) n+ U238_‘, U23i_ szgi- Pu239
(ii1) n + Pu23gﬂb fission or Pu240
(i11) n + pu?0 e py24]
(iv) n+ Pu241_..fission or Pu242
Now Pu239 1s formed by both thermal and resonance capture, but disappears

via thermal capture. If we note that the number of neutrons absorbed in

U238 resonance can be expressed in terms of fissioning isotopes and the

resonance capture probabi]ity, (1-p), we can write
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FIGURE 13-21
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e NGT b+ (e Ry T g T 2, )
~ N G

Furthermore

c:\ . T4 _';40
dfte = (NG - N, 32%) ¢
Mo (N @ ~ N, @)

2. Generation of Macroscopic Group Constants

A very important facet of any depletion analysis is the generation
of the necessary few group constants. Our earlier discussion of a typical
macroscopic cross section module in 13-22 i1lustrated several aspects of
such calcutations. We recall that these group constants consisted of two
factors:  the number densities supplied from the depietion module (or
perhaps the thermal-hydraulic module or input), and the microscopic group
constants generated either by fast and thermal spectrum codes or by para-

meterization
Z/XJ(FIJ() - Z N &) @;(ﬁt)

The microscopic cross sections will change in time as the fuel depletes,
since the neutron spectrum in the fuel cell will change, as will the effect
of self-shielding. Many cross sections are sufficiently slowly varying
with fuel depletion that they need only be recalculated at several time

steps and can be linearly interpolated at intermediate times. More rapidly
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varying cross sections which exhibit strong depletion dependence of self-
shielding factors or spectrum will require adjustment at shorter time
intervals.

3. Flux-Power Calculations

One must use these few group constants in the multigroup diffu-
sion equations to determine the flux and power distribution in the core.
Interaction with a control adjustmént‘module is usually necessary in
order to adjust core multiplication back to critical after a depletion
time step. Such flux-power calculations may range from 0-D to 3-D des-
criptions.

4. Solution of the Depletion Equations

The direct solution of the coupled equations describing the
number densities of core materials, and the multigroup diffusion equa~
tions describing the neutron flux is impractical. Instead, one must
separate these ca]cu1ation§. The coupling between the depletion and
neutronics calculations can be handled in one of several ways:

a) Spatial Treatment: The multigroup diffusion equations
must be solved many times as depletion proceeds. Such solutions become
very expensive if detailed spatial treatments are required. One can
distinguish between two different approaches:

(i) Point-subdivision method: In such a scheme, the isotopic
depletion equations are solved at every spatial mesh point
required by the multigroup diffusion calculation. Such a
brute force scheme is very expensive, but does provide a

detailed analysis of spatial depletion effects.



-728~

(i1) Régionwise depletion: In this scheme, the depletion equations
are solved for a region associated with several mesh points
of the diffusion calculation by homogenizing the cross sections
over this larger region.
One can also distinguish between methods that consider only the depletion
of a particular cell in the reactor (typically 1 to 4 fuel assembiies) or
those that use separable parametric multigroup lattice cell calculations
to determine the few group constants to be used in a global reactor deple-
tion evaluation. These two approaches are contrasted in the diagrams in
Figures 31-23 and 13-24.

b) Time Treatment: The treatment of the time dependence of
the material density depletion and the changes in the flux distributions
are usually handled by separating the depletion calculation from the neu~
tronic calculation. To illustrate this approach, suppose that one knows
the initial nuclei densities in the clean, fresh core at time t = 0. Then
the macroscopic group constants can be generated, and the multigroup fluxes
can be calculated (although a control adjustment may be required to achieve
core criticality).

Next, the depletion equations are solved for times 0 < t<At by
assuming that over this time step either
(1) constant flux for 0 < t<At: c;%[ﬁg = q’g(f‘,O}
(i1} constant power density for 0 < t<At:

ZiNhGeh = Z_N NG Uéjc!% 8= 46, OGO (1334
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FIGURE 13-24
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{One usually applies the constant flux approximation, since the assumption
of constant power density is difficult to apply for more than one fissile
isotope.) Under these assumptions, the isotopic depletion equations

(written here in matrix notation for convenience)

3:) = N(H'l' F&\ (13-35)

can be solved (in the constant flux approximation for purposes of illustra-

tion) as

_N&%—AJ() = [E é & _[\_‘ H) + 5‘( Aot l) F({‘ (13-36)

0f course one must choose the time step size At such that the variation
of the flux over this time step is negligible.

Having determined the number densities N_i at the later time t = A t,
one cam now generate new multigroup constants (either by using parameterized
cross sections or repeating spectrum calculations), and then use these to
calculate a new multigroup flux distribution. Once again, control adjust-
ment will be required to achieve core criticality, as will flux normali-
zation to maintain the required core thermal power output.

This scheme can then be continued for another time step, t« t <24 t
(which may have a variable size}, and so on until the excess reactivity
of the core drops sufficiently low that core life is terminated.

A variety of depletion codes have been used in the analysis of core
burnup. These range from zero dimensional codes such as LEAPARD used for

survey calculations (such as those to determine the approximate fuel
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enrichment required to yield a desired burnup) to 2-D and 3-D codes such
as PDP-HARM@NY which are used in final design calculations to give detailed
nuclei dengities and powér distributions useful for the study of control
management.

5. A Simple Example

Although any realistic study of fuel depletion requires numerical
methods, it is of interest to illustrate the ideas involved in the sclution
of the isotopic depletion equations and control adjustment by considering
a simple model in which the neutronic analysis is bypassed by assuming an
infinite one speed reactor characterized by a multiplication k =1zf.
That is, we assume a simple model of an infinite, homogeneous, thermal

235) and no fertile mater-

reactor with a single fissile isotope (e.g., U
fal. We will represent the control rods used to balance the excess reac-
tivity of the initial coreloading by a uniformly distributed absorption
cross section, 2fc(t). Notice that we must continually adjust Efc(t) to

keep the core critical. The criticality condition for this simple model

:1? A0 ) 1(13-35)
ZF@+ gy 2R+ LW

BN

fuel moderator fission product
poison

is just

We can solve this for the required control

Z.W®= (-0 ZF® — ZM - Z70) (13-36)
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Now as the core Tife proceeds, the fuel cross section ZZF(t) decreases,
while the poison concentration increases. Hence Zfb(t) will drop to
zero eventually at some time tl » corresponding.to the end of core 1ife.
It is possible to calculate tp , provided the power history of the reactor
is known.

© For simplicity, we will suppose that the reactor is operated at
constant power over the core life. This implies

ZFO W) = ZF0) $io)

(13-37)

where 21?(0) qﬁ(o) characterizes the initial core loading. After a

time t,
Ne @ = Nelo) - ZF9 bt
= Ne(0) [}_ Q;F'cff)(o)(-:l (13-38)
Za = Z“F(O)[IH O;Fqﬁ(o)f—_] (13-39)

If we plug this into (10-146), we can solve for the flux

(o
Pl = ‘ _qbq%é[o)f (13-40)

[Note how qﬁ(t) must increase as the fuel is depleted in order to yield

a constant power production.]
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We can now use this flux history to compute the fission product
poison concentrations. Recall from our earlier work that the equilibrium

fission product concentrations are given by:

Kt AP (N8 50460 1 u

ZXE) = = X
07 TFee T Tqlaw o A@ O

for xenon, and

HOERAAQ

(13-42)

for samarium. [Note here that 2&jt) = ZFty/0 + 0.1

We must also worry about non-saturating or "permanent" poisons

Zo = Upo f{.ﬁ‘ D)t ZQ(o)gS(o)f (13-43)

Plugging all of these into our expression for the control cross section,

Eq. (10-145), we find
(% + %) Z0 ¢
2= b-0ZRe [1-&rpetl - 2 o

(13-44)

= ¥ 4 (0) [I— O;“#X@ﬂ ~ Qpp 59(0) Pt

If we now plug in Eq. (13-40) for qb(t), and then set Zﬁ;(fq' ) =0,

we can solve for the core lifetime tg as
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—(-é-:: "?E&(H'OD_G/I"'X)()‘#@/@ —_ Xp for C,Z{DG) <<¢§( (13-45)
LOr-) (1436 - % GF+ G, Y ()

or

§,2 QN a5+ %) for AY>>P,  (13-26)
- . ’ . or ' X 3-
b L) () O () 1 g
where 0= lQab(O)'l/ lqa(o) is the initial excess reactivity.
For example, consider burnup calculations performed on the Yankee
PWR. The figure below gives the concentrations of various fuel isotopes

vs. the .neutron fluence

ATOMIC PERGCENT IN FUEL

! | ]

o 0.5 1.0 1.5 20 2s5x10?
FLUENCE, NEUTRONS /CMm2

CHANGE IN FUEL COMPOSITION VS NEUTRON FLUENCE
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The highest fluence corresponds to an average burnup of 23,000 MW-days/

tonne. It is also of interest to compare the power density in the core

initially with its shape late in the core life:

%~
|
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w

AXIAL MESH POINT
»

]

f—=

1.0

CORE ﬁ =

CENTER— 2 3 4 5 & 7
RADIAL MESH POINT

INITIAL CALCULATED SPATIAL POWER DENSITY DISTRIBUTION |
QUADRANT OF REACTOR FOR UNIFORM FUEL LOADING (AFTER M. BEN?D?SI’I?,

The peak of the maximum power density has shifted well away from the
center of the core, corresponding to the higher fuel burnup at the core

center. Note also the depression in the flux at thg,center of the core.

AXIAL MESH POINT.

CORE - '\ 2z 3 4 5 & 7
CENTER RADIAL MESH POINT

CALCULATED SPATIAL POWER DENSITY DISTRIBUTION AFTER AVERAGE
BURNUP OF 23,000 MW-DAYS/TONNE (AFTER M. BENEDICT, £7 AL., HEF. 48).
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CHAPTER 14: REACTIVITY CONTROL

I. INTRODUCTION

Nuclear reactors must be initially loaded with a significantly
larger amount of fuel than that required to merely achieve criticality,
since the intrinsic multiplication of the core will change over core
operation due to processes such as fuel burnup and fission product
production. Sufficient excess reactivity must also be provided te¢ com-
pensate for effects such as temperature feedback. For example, in large
light water power reactors, the initial enrichment of fissile material
may be as much as 50 to 100% larger than that required for core criti-
cality. In the same sense that the core volume is primarily determined
by the required thermal power output and the power density consistent
with thermal design 1imitations, the excess reactivity present in the core
fuel is determined by the desired core operating lifetime.

To compensate for this excess reactivity, it is necessary to intro-
duce an amount of negative reactivity into the core which one can adjust
or control at will. This control reactivity not only allows one to com-
pensate for the excess reactivity necessary for long term core operation,
but it as well allows one to adjust the power Tevel of the reactor, to
bring the core to power, to follow load demands, and to shut the core
down. The control reactivity is most often present in the form of a
strong neutron absorber which can be inserted into or withdrawn from the
core {although moveable reflectors have also been used for reactivity

control). In this introductory section, we will classify the control
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requirements of nuclear reactor cores, as well as the types of control
elements commonly used in power reactors.
It 1s first useful to introduce several definitions characterizing

reactivity control:

Excess reactivity .@KE The core reactivity present with all control

elements withdrawn from the core. é%; will be a function of both
time (due to fuel burnup and isotope production) and temperature
(due to reactivity feedback). In general, larger values of 6&
imply Tonger core 1ifetimes, but at the expense of larger control

requirements and poorer neutron economy.

Shutdown margin @m = The negative reactivity of the core present when
all control elements have been fully inserted to achieve minimum
core multiplication. Again, the shutdown margin, @ . is a func-
tion of time and temperature. The shutdown margin will affect the
rate at which the reactor power level may be reduced in an emergency
shutdown or "scram". In particular, the prompt jump approximation

implies that the fractional power level decrease achieweble immedi-

ately after control insertion is given by

Power after control insertion = J;:_géfL_. (14-1)
Power before control insertion | — (@m/@)

Typically, the shutdown multiplication is kept below 0.97, or consis-
tent with the "stuck-rod" criterion, below 0.99 with the most reactive

control rod stuck in the full “out" position.
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Total control element worth AQE The difference between the excess reac-

tivity and the minimum reactivity when all control elements are fully

inserted. That is,

8o = Qx * G (14-2)

[The precise definition of reactivity worth is occasionally given a
slightly different characterization, depending -upon whether the con-
trol element of interest is intended for power level changes or for
fuel burnup compensation. (See Lamarsh, for example.) . We will uti-

1ize the simple definition implied by Eq. (14-2) here.]

Of course, in determining the required control reactivity worth, one must
be concerned with the speed with which the control can be inserted--such
as in a scram situation in which the control must be capable of shutting
the reactor down under any credible operating conditions,
One can distinguish several different types of control requirements:
(1) scram control elements: The function of these elements is
to shut the reactor core down under all credible operating
circumstances. Such elements must be capable of inserting
negative reactivity very rapidly and must operate with extre-
mely high reliability.

(i1) power regulation: Certain control elements are designed to
compensate for small reactivity transients caused by changes
in Toad demand, core temperature, and for power level maneuver-
ing.

(ii1) shim control elements: Shim control elements are designed to

cover the excess reactivity necessary to compensate for long
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term fuel depletion and fission product buildup. Shim elements
are also used to shape the power profile in order to obtain a
more uniform fuel burnup.

There are several schemes used for introducing control absorption into
a nuclear reactor core. One common method is to insert moveable rods of
absorbing material into the core. Such moveable controil elements not only
can be used to adjust the core power, but because of their rapid response
can also be used for scramming the reactor, as well as for shim and power
shaping. fixed absorbjng materials are sometimes fabricated into the core,
with the intent that such absorption will gradually burn out along with
the fuel. Such burnable poisons are useful for extending the initial
core lifetime of reactors. A third very popular control mechanism in
1ight water reactors 1nvo1ves'dissolving a poison such as boric acid in
the coolant itself. Such a soluble poison provides a very uniformly
distributed shim which minimizes spatial power profile perturbations.

In the early days of nuclear reactor development, control elements
were typically cylindrical in shape. However, in today% tightly packed
fuel lattices, control elements are most typically cruciform shaped
blades or clusters of narrow control rods. The control requirements
and type of control vary considerably among reactor types. For example,
the control requirements in light water reactors are compared in the

table below:
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Reactivity e

Control Characteristics BWR PWR

Excess Multiplication of Clean

Core (Uncontrolled):

at 68°F 0.25 0.293

at Operating Condition, Clean - 0.248

at Operating Condition, Xe &

Sm equil. - 0.181
Worth of Control Rods -0.17 -0.07
Worth of Borated Control Curtains -0.12 None
Total Worth of Soluble Poison None - .25
Total Worth of Control -0.29 - .32

cold & clean .04 .03

hot & equil. Xe & Sm - .14

More specific control elements of these reactor types include:

PR

(1)

(11)

Shim: In a PWR, a major portion of shim control is provided
boric acid dissolved in the coolant. The reactivity worth of
this soluble poison is typically -0.25. Such soluble poi-
sons not only provide a uniform shim, but also tend to re-
duce the costs required for moveable control elements. They
have the disadvantage in that they have a very slow response
and substantially perturb the moderator void coefficient of
reactivity.

Shim and control: The moveable control elements are in the
form of control rod clusters consisting of a stainless steel

clad silver~cadmium alloy. Typically the reactivity worth



BWR: (1)

(11)
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of these elements is about 4@ = -0.09. These have a rapid
response, and since they are distributed about the core, can
be used for power shaping. They are expensive, however. Such
rods are inserted from the top of the core with a gravity and
a rack and pinion or magnetic drive. A schematic of such a
control rod cluster is shown in Figure 14-1.

Shim: Shim is provided by burnable poisons in the form of a
gadolinium alloy, Gd203 which is mixed into the U02 pellets

of certain fuel elements in each subassembly. [Earlier BHWR
designs utilized boron loaded control curtains.] The initial
reactivity of the burnable poison is about AQ = -0.12.

Such poisons extend core Tifetime by compensating for enhanced
excess reactivity. They are usually utilized only until the
equilibrium fuel cycle is reached.

Shim and control: In BWR's, moveable cruciform control blades
which contain stainless tubes of steel clad B4C powder are
used, with a reactivity worth of A0 = -0.17. [See Figure
14-2.] Such contral elements must be inserted from the bottom
of the core because of the presence of steam drying equipment
in the top of the pressure vessel. However, bottom insertion
does possess some advantages since it allows one to compensate
for the rather marked flux peaking which would occur at the
bottom of the core to moderator density variations.

A
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Since gravity feed is not available for bottom inserted rods,
one must rely on hydraulic drive mechanisms.

HTGR: Large high temperature gas cooled reactors customarily use
burnable poisons composed of B4C pins inserted into the graph-
te block fuel assemblies (see Figure 14-4) as shim control.
Moveabie control rods of B4C are inserted at various positions
in the core (typically 40-50 pairs of such rods). The control
requirements of an HTGR are somewhat smaltler because of the
absence of a strong moderator void coefficient, as the table

below indicates:

_ . Reactivity Effect
Type of Measurement L ) Measured Calculated

Temperature defect
36°C to 315°C -.024 £,002 Ap -.022
36°C to operating temperature -.070 -.063

Temperature coefficient
36°C -9.0 x 1073/°c | -8.6 x 107%/°¢
315°¢C -8.1 =7.0

Operating temperature -3.6 -4.9
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The control requirements in fast breeder reactors are not
nearly so large since the production of plutonium during core
operation compensates for fuel burnup and decreases the re-
quired core excess reactivity. However, the delayed neutron
fraction 3 is somewhat smaller, while the prompt neutron
Tifetime fs much smaller than in thermal reactors. This
places somewhat more Stringent requirements on control res-
ponse. The control requirements for a typical LMFBR design

are shown in the table below:

Control Requirements for Typical Fast Reactor System

Per cent Ak/k

Burnup (equilibrium cycle) 3.7
Cold to Hot, Zero Power 0.5
Zero to Full Power 0.8
Shutdown Margin 2.4

Total 7.4

II. MOVEABLE CONTROL RODS

A.

General Considerations Invelved in Contro] Rod Selection

Moveable control rods are used for a variety of purposes--to

control reactivity for power maneuvering, shim control, or scram pur-

poses. They have been designed in variety of shapes, including cylinders,

slabs or blades, cruciform blades, or clusters of rods {(as sketched below):
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A number of factors are involved in the design of such control elements.
For example, one would desire to achieve the required reactivity worth
with a minimum perturbation on the flux distribution in the core. Ob-
viously, if the control rod is too highly absorbing (too "black"}, there
will be a very pronounced flux depression in its vicinity. Hence one
generally attempts to design rods such that their thickness is not much
over two mean absorption lengths. Such considerations place a premium
on high surface to volume ratios for control elements (such as those
characterizing cruciform blades).

In thermal reactor control, most of the neutron absorption in con-
trol elements (some 60% to 80%) occurs in the thermal energy range. How-
ever, there will-be an epithermal absorption effect due to resonance
absorption. In an ideal design, a mixture of absorbing isotopes would
be used to provide absorption over a range of neutron energies.

A tabulation of thermal absorption .cross sections for typical con-

trol materials is given below:
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Thickness for %€= 2 (2200 m/sec)

Material Oath 2?ath t(in)
cd 2450 18 .007

Hf 105 4.8 .364

gd 46,000 1300 .0006

B 755 104 .0075
B,C . 83 .0085

There are a number of other considerations involved in designing
a control element. For example, ane desires a composition and design
which will have a Tong lifetime against absorber depletion. This re-
quires a large number of absorbing atoms per unit volume. The deple-
tion of absorber material is a prime factor in determining control rod
thickness, as the table of thicknesses required for one year of opera-

ting at a power density of 100 watts/cm3 below indicates:

E; a-absorber half
thickness
mo]es/cm3 cm in
Cd .0094 0.103 042
Ef .092 0.011 .0043
B .043 0.024 .0095

The control element must also be designed with consideration given
to mechanical performance. For example, the intense radiation environ-
ment in which the rod must function will cause high radiation damage.

Furthermore, the control element must exhibit good resistance to corrosion,
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as well as being able to tolerate the high operating temperatures in

the core.

the element due to neutron capture.

Such temperatures are accentuated by the heat generated within

Finally, the fabrication costs of

the element will be an important factor in determining the design.

such fabrication costs will be appreciable is evident from the detailed

configurations of the typical PWR and BWR control elements shown in

Figures (14-1) and (14- 2).
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B. The Calculation of Control Rod Worth
The calculation of the reactivity worth of individual control

elements and groups of such control elements and the effects that such
elements have upon the power distribution in the core of a nuclear reac-
tor constitute a very important facet of nuclear reactor design. A
variety of methods have been developed to calculate control rod worth.

One might be tempted to utilize perturbation theory to estimate
the effect of a localized control absorber on core multiplication. Un-
fortunately, however, the strong absorption characterizing a control
element causes a severe local distortibh of the flux, particularly in
those fuel assemblies adjacent to the rod. The control element is
characterized by strong self-shielding, much as fuel pins are. Hence
perturbation theory is of Timited usefulness 1in control studies, un-
less the control element is characterized by relatively weak absorp-
tion. [Although the control absorption is usually too strong to allow
meaningful perturbation theory estimates in thermal reactors, the de-
crease of absorption cross sections and increase in mean free paths
with increasing neutron energy allows some justification for perturba-
tion methods in fast reactor control studies.] As we will see later,
however, even though perturbation theory does usually not provide mean-
ingful estimates of absolute control rod worths, it does in fact prove
useful in studying the relative worth of various control element pat-
terns and positions.

A more common approach involves the use of one-speed diffusion
theory treatments which utilize transport corrected boundary conditions

at the surface of the control rod. The literature abounds with
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diffusion theory studies of cylindrical rods inserted into bare, homo-
geneous cylindrical reactor cores--either on or off core axis. However,
such analyses are of little relevance to control studies of large power
reactors with relatively tight fuel lattices in which large numbers of
elements are distributed about the core in an effort to achieve a more
uniform power distribution.

We will instead approach the calculation of control rod worths in
a manner very similar to that which was utilized for the inclusion of
fuel Tattice heterogeneities in the generation of thermal group constants.
We will use the fact that modern power reactors contain large numbers
of control elements which tend to be reasonably uniformly distributed
across the core to allow us to divide the core into cells, each of
which contains one control element. We will then perform a detailed
analysis of one such control cell, similar to the analysis we presented
eariier for a fuel cell, in an effort to determine an effective absorp-
tion cross section for the control element which, when multiplied by the
average flux in the control cell, yields the correct absorption rate
in the element. Such effective cross sections can then be included in
the multigroup diffusion theory analysis of the overall core. Obviously,
such a scheme is very similar to the generation of "self-shielded"
thermal group constants which was discussed in Chapter 10.

1. Control Cell Calculations
As in Chapter 10, our approach will be to isolate a local re-

gion in the vicinity of the control element from the remainder of the
core and to analyze the neutron flux in the region in detail. Typical

control cells for PWR's and BWR's are sketched below by way of illustration
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As in our earlier analysis, we will decouple the control cell from the
rest of the core by demanding that the net neutron current across the
cell boundary is zero. [The influence of adjacent cells can be repre-
sented by relaxing this boundary condition to allow nonzero flux grad-
ients across the boundary, as discussed in NRH, Sec. 4-3.]

Our approach will be to use diffusion theory with transport corrected
boundary conditions of the control element surface in order to determine
the flux in the control cell. We can then use this flux to determine
an effective cross section 2iff$ characterizing the control element

by requiring that
— ot
N, ¢ AL S L (14-3)

where ;;}s the volume average flux in the cell, VFis the fuel volume,
and 5. the control element of the surface area, respectively, while e
is the average neutron current at the surface of the constant element.
This usually reduces to a two-dimensional problem (such as those sketched

above ), in which case we can write
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n

2. B X
As b (14-4)
where PC is the exposed perimeter and A¥_is the cross sectional area of
the fued.

Hence our task is obviously to determine the ratio '3;,/§£;' since
this will infer ZE;EFF . The highly absorbing nature of the control
element invalidates the direct application of diffusion theory. Instead
one uses a diffusion theory calculation outside the element, collision
probability methods within it, and then couples these at the control
element boundary using "blackmess theory" (much as was done in the ABH
method) .

The advantage of this approach is that it yields a cell parameter,
J;/ég » which is relatively insensitive to the material composition
surrounding the control element. Hence the detailed calculation of

:J;,/'éé need be performed only once and can be reused even though
the cell composition may change (due to fuel depletion, moderator den-
sity changes, or fission product buildup).

To indicate more clearly just what is involved in such a caicula-
tion, let us consider the explicit example of a cruciform shaped control
blade inserted into a homogenecus cell. We will not attack this 2-D
problem directly, but rather we will replace it by an equivalent one
dimensional problem which preserves the same ratio of control rod sur-

face to fuel volume. Such a scheme should give a reasonable estimate
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if the span { of the control blade is sub-

¥

<m >

stantially greater than the diffusion
length L characterizing the surrounding
medium. The surface to volume ratio

of the rod is

8( o2
Am2-8HA+ 442 wn2-2t+ 2 ——2 —

Qur equivalent one dimensional problem
rw111 be as shown with a surface to
velume ratio of ]/a; hence we will

demand

24
m= 2td+ £2

(14-6)

Q|-

We will now use one speed diffusion theory to determine the flux in
the fuel

—DdL | £p0) =

(14-7)

where we assume a uniformly distributed source of neutrons, S,
slowing down in the fuel. The boundary conditions corresponding to the

cell are

@ -pdd| -0

g _ J@
Ok C%c\)(lxrd. Pl ~

>

(14-8)
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Notice that we have introduced a parameter, o , which characterizes
the ratio of the current to the flux at the surface of the control rod.
Since the control rod is a strong absorber,o{ must be determined from
a separate transport calculation--much as one determines the extrapola-
tion length characterizing a free plane surface, Z, = 7104 A tr: The
transport parameter X is closely related to another parameter--the so-

called blackness coefficient of the rod

J3 () (e-2)

where ;Et are the partial currents into and out of the surface. If

we recall that in diffusion theory

- 1
y = r Pt LT (14-10)

then we can find

B S
€= J1ad (14-11)

It is convenient to rewrite our expression for the effective control

cross section as

geff_ R % R , /®)

e = - 24 (14-12)
?5 A\

We will solve the above diffusion equation in the fuel to determine the

——

ratio of the surface fiux qg to the average flux, P . This
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formulation is particularly enlightening because it stresses that the
diffusion equation is only being used to describe the flux outside of
the control element.

If we seek a general solution of the form

f%x)-‘—' Acosh )S{_+ Bsm‘r\VL“‘ Sf/fa (14-13)

then we find that

be () = TO)=- P [Acue + Bush | = B=0

while

-2 Ash%
/\caﬁnq£-+ E%éa

befi) = %: ol =

or

oL S./%
0<Ckasb\qi-+ f;l.Sth Q£

Hence we find

oA co h ¥
Hlx) = =] - - (14-14)
Za K cosh ¥ + ZLsuh®,

and can compute



SZS(a) 5\ =
- = ol )__ ol
& (Zﬁ Footh® )~ 3 (14-15)
PC 1
If we note that /A; = a for our one dimensional problem, we can find

Za
o< + L‘Sﬁf‘cy)“]

ZeM - (14-15)
In particular, notice that the control rod worth (which 1s proportional
to éfceFF ) increases as the control rod surface to fuel volume in-
creases (i.e., a decreases) or as fuel absorption decreases, as we might
have expected. Rod worth also increases with increasing fuel diffusion
length, since more of the fuel volume is then sensitive to flux pertur-
bations introduced by the rod.

The calculation of the transport correction parameter ¢{ involves
the use of transport theory or collision probability methods. If the
control element were a perfectly black absorbing slab, then a transport
calculation indicates that o= 0.47. For grey elements, the result is
more complicated and depends upon the geometry of the control element.

For a slab element of width t, such an analysis yields

g (At
2[ 1+ 3EED ]

where En(z) is the exponential integral

X = (14-16)

@)= e 7 u"du (14-17)
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For more complicated element geometries, such as sandwich or pin struc-

tures

-~

R
B
Z
<
;
- @
sandwich or pin

more complex expressions for o must be used. In a similar sense, one

can calculate QQ/QQ; for more complicated cell geometries such as those
shown below

— e — e — e —

l | — |
7 )
5;: | - l
% f 2 |
iéj__ o e sramn

Such calculations are beyond the scope of this presentation, but can
be found in ANL-5800 .

A number of other considerations must be included in a more accur-
ate determination of control rod worth. For example, most control blades
have structural materials in their tips which protrude into high flux
regions. The effective cross section of these regions must usuaily

be calculated separately. Furthermore, one finds a flux depression at
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the corner of the rod, with a corresponding flux peaking at the oppo-
site corner of the cell. The effective control cross section must be
corrected for this effect.

C. Control Rod Effects on Core Power Distributions

The primary function of control elements in a reactor core is
to control core reactivity. However, we have seen that the strongly
absorbing nature of control elements will cause major perturbations in
the neutron flux in the vicinity of the control element. Thus far we
have confined our treatment to a consideration of such perturbations
on a local scale such as in & control cell. But, of course, as the
control elements are inserted or withdrawn, they will also strongly
affect the overall flux distribution and hence the power distribution
of the reactor core. It is extremely important to predict the inter-
action of control elements on core power distributions in order to
assure that the power density limitations demanded by thermal consider-
ations such as those discussed in Chapter 12 are not exceeded. Further-
more, control rod patterns can actually be used to shape the power dis-
tribution into a more favorable profile for core thermal performance
and fuel burnup.

A large power reactor will contain many control elements which are
distributed in a pattern about the core in an effort to achieve effi-
cient reactivity control within flux peaking limitations, as well as to
facilitate power shaping. For example, the control element pattern in
a typical large PWR core is shown in Figure 14-5. The arrangement of
such control rods into groups, the determination of the control rod

withdrawal sequence and the coordination of moveable control elements
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with burnable and soluble control poisons all fall under the heading of
"contrel management”.

In determining the effects of control rod insertion patterns upon
core power distributions, one must be careful to include the many
interactions which will affect the power profile. . For example, suppose
we consider the variation in the axial power profile of a core which
is controlled by rod insertion from the top. At the beginning of core
life, the rods must be inserted to compensate for the large excess

reactivity of the fresh core loading. The region of the

e ]

jza)

core in which the rods have been inserted will experience decreased
multiplication and hence relatively lower fluxes. Hence, since the
overall reactor power will be kept constant, there will be a flux
peaking near the bottom of the core. As the fuel in the core is de-
pleted, the control rods will be gradually withdrawn to compensate

for the reduced reactivity of the fuel. During the early stages of
core 1ife, ihe fuel near the bottom of the core will have been exposed
to relatively higher fluxes and hence experience larger burnup, whereas
the fuel in the rodded core region will experience Tower burnups. Thus

as the control rods are withdrawn, the flux peak will shift towards
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the top of the reactor core. Such interactions between rods and fuel
burnup can be minimized by using more uniformly distributed control such

“ YHHEBE 7

S

burnable poisons and chemical shim.

We have seen the interaction of control rods with spatial xenon
oscillations in Chapter 6. This is an instance in which the incorrect
management of control rod patterns can lead to instability of these
spatial oscillations.

Yet a third type of interaction is found in BWR cores in which
the large water density towards the bottom of the core leads to a bottom
peaked flux profile. By inserting control rods from the core bottom,
one can compensate for the enhanced reactivity introduced by the higher
moderator density and hence achieve a somewhat more uniform axial flux
profile.

Of course, there are some disadvantages. to the use of control ele-
ments for power profile shaping. For example, the achievement of favor-
able radial power profiles is sometimes accomplished only at the expense

of satisfactory axial profiles. Furthermore, the achievement of optimal
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fuel burnup may be partially offset by the poor neutron ecoromy of a
core with high control insertion. These factors must be considered
in devising an optimal control management scheme.

To more explicitly study the effects of rod insertion upon core.

power distributions, let us consider a simple

mode] of the interaction of a bark of control ,E;::::::::::j 4.4
rods with an axial flux profile. We will {2%;;éég;{2>
model the reactor as a cylinder, and treat 5-~£____£—” Th

the "rodded" and "unrodded” regions of

the core as homogeneous. Hence the inser- Unrodded
- \~___/ ——-ﬁ
tion or withdrawal of the control rod r

bank is represented by a shift of the

boundary between the two regions.
We will assume that the flux is separable in the r and z variables

in a given region

?f(‘r, 2) = Rlr) 8(,(2) (14-18)

C:UGV*

(Note we have assumed the radial profile is the same in both the rodded

and unrodded regions). If we substitute this form into

2 —
V¥ + B*$h = O (14-19)
We can separate variables to find an equation for the axial profile

Cg%i + B3:.@)=0 (14-20)
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where the axial buckling is defined by

2 _
B 82 (14-21)

where BE is the radial buckling which is given by

E& () B R0 =0

For a uniform core composition, we recall

1 405\ %
B> = I%‘LQ - G——R—*S) (14-23)

We now solve the axial equation in both the rodded and unrodded regions

5UY‘(Z) = Awp S B;gw.2 ) Oé.Z§h‘
(14-24)

gr(z) = Arsmbi[&r(l-'(?ﬂ) hezeH

If we require

@, (ch)= ¢ (k)
and (14-25)

Iw“(']l") = 3;*(5]”)

then we find a criticality condition

fan Byy  fonh BLHb) (1026)

B B,
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(assuming Dur = D). We can sketch the axial flux profile for various

r
rod insertions as shown below
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It is also of interest to compute the different control rod worth. From

our perturbation theory example in Chapter 5, we recall
d 32(h)
2 = Ap(H .
¥ = net) —y
gz(z}ciz

(14-27)

O

This is sketched beTow for various total rod worths £¥9(H)'
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Note how the peak of <A€V£i¥1 shifts towards the bottom of the core

as the total control rod 15(? increases.
III. BURNABLE POISONS

The 1ifetime of a given core loading, that is, the period during
which the core has sufficient excess reactivity to permit startup, is
generally determined by the amount of fuel initially Toaded into the
reactor core. [Although it should be mentioned that another very im-
portant factor in determining core Tifetimes in today's modern power
reactors is the amount of radiation damage a fuel element can withstand
before suffefing‘fai1ure.] Of course, the amount of fuel loaded into
the reactor, or equivalently, the excess reactivity, will depend upon
‘the amount of excess reactivity which can be safely compensated by the
reactor control elements.

In order to increase the ailowable initial core fuel loading, it
is common to load into the core materials characterized by high neutron
absorption cross sections (poisons) which compensate for such excess
reactivity during the early stages of core life. Such absorbers are
chosen such they "burnout" (i.e., are transmuted by neutron capture
into isotopes with low capture cross sections) somewhat faster than fuel
burnup, so that later in core life they contribute negligible negative
reactivity. Hence these burnable poisons can come close to matching
the time behavior of the excess fuel reactivity as it decreases over
core life, thereby allowing larger initial fuel inventories without a

corresponding increase in control requirements.



-762-

Hence burnable poisons possess a number of advantages. They in-
Crease core lifetime without any decrease in control safety. They also
reduce the amount of mechanical control required. If the burnable poi-
sons are distributed in a proper fashion, they can also improve core
power distributions, for example by suppressing reactivity in high flux
regions.

Such burnable poisons are usually fabricated into the initial core
loading as either fixed control blades or curtains or mixed into cer-
tain fuel pins. For example, in present BWR designs, gadolinium loaded
fuel pins with an initial reactivity worth of 0.12 are loaded into the
core until an equilibrium fuel cycle is achieved. (After the equili-
brium cycle is reached, fuel depietion will provide sufficient shim
controt.) The location of such burnable poisons are shown in a typical
BWR fuel assembly-control cell in Figure 14-7. 1In PWR's, boro-silicate
glass tubes are placed in the core.

From this discussion, several desired characteristics of burnable
poisons are apparent. Obviously they should be characterized by absorp-
tion cross sections somewhat higher than those of the fuel, since then
they will burn out more rapidly than the fuel, leaving minimal poison
residue at the end of the fuel cycle. Furthermore, the isotopes formed
by neutron capture in the poison should have low absorption cross sec-
tions. Finally, the burnable poison, as well as its surrounding clad
or structural material, should not compromise the mechanical integrity
of the core {such as by swelling).

In this section, we will examine two approaches for loading burnable

poisons into a reactor core. The first merely assumes a uniform distribution
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of the poison material among the fuel. As we will see by a simple analy-
sis, such a homogeneous scheme encounters.control probiems. Hence a
more desirable scheme is to load the poisons in a heterogeneous fashion
to take advantage of self-shielding effects which can provide a closer
match between poison burnout and fuel depletion.

2. Uniform Distribution of Burnable Poisons

For convenience, consider an infinite medium of homogereous1y
mixed fuel and poison. Then the rate equations describing the burnup

of fuel and poison nuclei are just

dNr -~ gF () N ()

(14-28)

We can integrate each of these equations to find

N L6) = N, (0) ¢~ O 9D

_aPold (14-29)
= Ny &=

where CF)(t) is the integrated neutron flux or “neutron fluence"

Ly
o) = /dt Pt . (14-30)
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Now the core multiplication is given by

\Q _ ’))ZF B ‘DO;F M ('E)
ZF+ ZP NeB g+ Nolt) G

N g _ (@ DB 7 (14-31)
/2 I: | + NF(o) (TF < ]

We can sketch the form of k(t) for various choices of poison cross sec-

tion as shown:

k) 1

-1

Y

Initially, the change in veactivity will be high due to poison burnup.
This results in a reactivity mismatch. The mismatch will be less severe
for a poison with a small oY , but then there will be a poison resi-

due which will shorten core life. Thus there is a certain fuel loading
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and corresponding core 1ife beyond which the reactivity rise due to
the relatively rapid depletion of the posion will be greater than that
which can be handled by the available mechanical control. Ideally,
one would Tike to employ a poison of lower cross section early in core
life (to reduce reactivity mismatch) and then switch to a poison of
large cross section Tate in core 1ife (to minimize poison residue).
One can effectively achieve this by locating the poison in a region
characterized by a different fiux than that seen by the fuel.

3. Heterogeneous Distributions of Burnable Poisons

The general idea behind the use of heterogeneously tumped
burnable poisons is to take advantage of the strong self-shielding which
will occur in such poisons. Early in core 1ife, the self-shielding will
reduce the effective absorption cross section of the poison, thereby
minimizing reactivity mismatch. As the poison depletes, however, the
effective cross section of the poison relative to the fuel will increase,
due to self shielding, which is the desired behavior in order to main-
tain reactivity as high as possible near the end of core life.

To be a bit more precise, reconsider our equation describing the

time rate of change of the poison concentration

- ) 6" Ny

where f(t) is the self shielding factor which represents

ave. flux in poison
ave. flux in fuel

f(t) =
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Now f will vary as the poison burns out. This can be seen below

s/ Tt
76
NI«
s

)

A

Hence, initially the poison burnout is relatively slow due to strong
self shielding. However as poison depletion proceeds, self shielding
becomes less significant until eventually f(t) —1. Hence by using
combinations of differently self-shielded elements (e.g., boron or
gado]iniuﬁ} one can minimize the reactivity mismatch early in core
Tife and still avoid a large residue of unburned poison which would
shorten core lifetime.

Burnable poisons will also affect the reactivity coefficients of
the reactor. Since mostcandidates for burnable pcisons are 1/v absor-
bers, the microscopic absorption cross section of the poison will be
larger in a cold core. Hence a lumped poison element will be more
highly self-shielded and therefore less effective in a cold core than
in a hot core. This enhances the negative behavior of the temperature

coefficient of reactivity.

Ay
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IV. CHEMICAL SHIM

In Tight water reactors, boric acid is frequently dissolved in the
coolant (to concentrations of ~ 1000 ppm) to act as shim control. Such
soluble poisons or chemical shim have several advantages. Since the
_poison distribution is uniform and independent of the amount of reacti-
vity being controlled, the fuel Toading can be more easiTyldistributed
to yield a uniform power distribution, such as by zone loading patterns.
Chemical shim reduces the mechanical control rod requirements quite
considerably. Since such rods are expensive and occupy a sizeable frac-
tion of the core volume, the elimination of mechanical control where
possible is desirable.

In the table below, the relative mechanical and chemical control
requirements of a typical PWR are listed. We have also sketched in
Figure 14-8 the boron concentration required to compensate for excess

reactivity over core 1ife in this particular reactor design:

TABLE 2—Typical Boron Concentrations*

TABLE 1—Typical Reactivity

* Refueling concentration
Requirements S

. Hot-shutdown concentration (start of cyele)
Reactivily Operating concentration (start of cvele)
(% 4p) Operating concentration (end of cycle)

Reaclivity effects  Rods Boron

* Burnup is 11,000 Mwd/mtT; 825-Mwth reactor.

4,500

1,640
1,500
~J{}

Safety shutdown 3.0 . —
Cold-to-operating
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First Cycle Burnup

A suitable soluble poison must be an isotope characterized by a
large neutron absorption section which is soluble im the coolant. It
should be of a non-corrosive nature and relatively stable so it will
not adhere to core components. Boric acid possesses these requirements
when used in light water reactors.

Chemical shim does have several disadvantages, however. Since
the rate at which one can inject or withdraw appreciable amounts of
poison from the coolant is quite small, the reactivity insertion rates
are correspondingly small (typically on the order of ~ 3 x 10'5/sec).
Hence chemical shim is only of use to compensate for relatively slow

reactivity changes such as those due to fuel burnup or conversion,
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fission product poisoning, and moderator temperature change (tempera-
ture defect).

Chemical shim can have a major effect upon the moderator void
coefficient of reactivity. We have noted that in Tight water reactors,
this void coefficient s usually quite negative, since a decrease in
coolant density leads to a decrease in moderation and hence reac-
tivity. But if a soluble poison is present, a decrease in coolant
density will also lead to a decrease in poison concentration--a positive
reactivity effect. The desire for a negative void coefficient will fre-
quently limit the amount of chemical shim allowed (typically to some

Z14%).

There are other possible disadvantages, such as the possibility of
sudden reactivity surges due to chemical shim which has been entrained
in the core and suddenly breaks loose to escape. It can also interact
in an unfavorable way with fission product transients (xenon and samar-
ium} towards the end of core Tife.

Consider a reactor operating at some nominal power level towards
the end of core 1ife. Since the fuel will be relatively highly depleted,
the amount of chemical shim present will be smail. But since the rate
at which reactivity can be changed is proportional to the soluble poi-
son concentration, the reactivity response dg/dt will also be small.

Now suppose the reactor power level is suddently reduced. Then, as we

/i__—_;‘—J///,,,—-—?U;E;S have seen in Chapter 6, the
xenon concentration will begin

to build up. One would then

desire to decrease the poison
| pg)

2
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concentratign to compensate for the negative reactivity introduced by
the xenon transient. One encounters a similar situation following a
power increase, since now chemical shim must be rapidly inserted into
the coolant to compensate for xenon burnup. Such considerations place
strong limitations on chemical shim requirements which must be antici-

pated in core analysis.
V. FEEDBACK EFFECTS AND REACTIVITY COEFFICIENTS

To complefe our discussion of reactivity control, it is appropriate
to turn to a more detailed consideration of the inherent reactivity re-
quirements of large power reactors. We have already encountered a very
brief discussion of temperature effects on reactivity in Chapter 6. Ue
now will complete this development by considerating the principal reac-
tivity effects in the primary classes of power reactors.

A. Types of Reactivity Effects

1. Temperature Effects

In our earlier discussion, we noted how temperature variations
in the core affect multiplication, both because of the change in the
thermal motion of the nuclei comprising the core and also because of
thermal expansion. We characterized this effect by defining a tempera-

ture coefficient of reactivity

A = siQ (14-32)
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This should more properly be referred to as an isothermal temperature
coefficient, since it assumes the core can be characterized by a uniform
temperature T.

But, in fact, we know that there are enormous temperature varia-
tions across the core. For example, fuel centerline temperatures may
range as high as 4000°F, while coolant temperatures are as low as 500°F.
Furthermore, an increase in fuel temperature will propagate temperature
changes to clad and coolant only after the time delay required for trans-
port of heat.

For this reason, the temperature coefficient of reactivily is not
really a very useful quantity. A more useful quantity is the change
in reactivity caused by a change in reactor power. We will consider this
in detail in the next section.

There is one useful quantity related to the temperature coefficient
of reactivity, however. This is the so-called "temperature defect",

A Q%D » defined as the change in reactivity which occurs in taking
the reactor core from the fuel loading temperature (i.e., the ambient
temperature) to the zero power operating temperature

_Eem poviET

- X 4T (14-32
ZSQ%D 7 )
_ Tambkn‘f
The magnitude of ZXG}D is primarily determined by the coolant tempera-
ture coefficient of reactivity, and depends sensitive]y upon the modera-

tor-to-fuel ratio, as well as the concentration of soluble poison in

the coolant,
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2. Power Coefficients of Reactivity
A far more useful parameter is the reactivity coefficient

characterizing power level changes

_de_ S 20 El'c)
Ap= 3= : (b‘f_. oP S
where the T 's are the effective or average temperatures of each major
component of the core--e.g., fuel, moderator, structure, etc. Obviously,
if a reactor is to be inherently stable against power level fluctua-
tions,it must be designed with o(;<0.

A closely related quantity is the "power defect” which is defined

as the change in reactivity which takes place between zero power and

P
D = /%g 4P (14-34)
o

The power defect can be quite sizeable, for example, lle%pﬁ';ﬁZ1n light

full power

water reactors.

The dependence of core multiplication upon power will obviously dep-
end sensitively upon the heat transfer characteristics of the reactor.
For slow power changes, one can use the steady-state analysis of Chapter
12 to determine the core temperatures for a given power level--e.g., q'--
and hence the power coefficient of reactivity in terms of the temperature
coefficients of the various components of the core. It should be noted
that the heat transfer mechanisms are highly nonlinear. - For example,

in metal clad ceramic fuel elements, increasing power levels will increase
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the gap thermal conductance hg due to differential thermal expansion
between fuel pellet and cladding.

The steady-state thermal analysis will no Tonger be valid for more
rapid power transients. For example, the thermal time constant of the
fuel is frequently as large as 10 seconds. For power transients on
shorter time scales the fuel temperature coefficient of reactivity
(principally determined by the Doppler effect) will be the dominant
factor in determining the power coefficient of reactivity.

The accurate determination of power and temperature coefficinets
of reactivity using involves performing a series of criticality calcu-
lations for various core temperatures and power levels.

3. Equilibrium Fission Product Poisons
A sizeable negative reactivity is contributed by fission pro-

duct poisons such as xenon and samarium which build up to equilibrium

levels in a reactor operating at a steady state flux ]evelgé :

X Ef; (YI *’Q)
Zi; = | 4 Ax/tﬁx?é

Zi? = Ye éf%
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Typical values of negative reactivity for various flux levels

are shown below:

& 1012 IRE 114 .
A{)& 3 7% 1.8 | 3.5 3.9
15()5" T .7 7
A@{‘“L 1.0 2.5 4.2 4.6

We have seen in Chapter 6 that following shutdown, the xenon and samar-
ium concentrations will increase dramatically. It may be desirable to
build in enough excess reactivity into the core loading to compensate
for this negative reactivity to allow startup without waiting for
xenon decay (such as in a propulsion reactor).

4. Fuel Depletion

Of course, the primary requirement on the excess reactivity
in the core fuel loading is that of compensating fuel burnup to allow
a satisfactory core life. Closely coupled are considerations of the
conversion of fertile to fissile isotopes (e.g;, U238 to Pu239) and the
buildup of non-saturating fission product poisons. The analysis of
fuel burnup and depletion will be discussed in some detail 1in the next
chapter.

5. Other Reactivity Effects

There are also reactivity requirements imposed by the desired
operating performance of the reactor. For example, the control elements
must be able to follow the time rate of change of reactivity, as well

as to follow Toad level or power maneuvering. The rate of change of
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reactivity can be calculated from a knowledge of the differential rod
dh
worth ( dp /4l ) and the rod insertion speed dt

‘j—% = @—ﬁ)(i%’) (14-36)

For example, if we consider a nuclear reactor with a 2% power defect
subject to a Toad change requirement of 5%/min (fair1y typical for a
large power plant} then such a reactor would require a reactivity inser-

tion rate of

d _2

= (.02)(.05) = |D / Y
ﬁ ( )( ) l witv) (14-37)
If the control rod drive speed is 10 inches/min, then we require a

differential rod worth of

cjﬁ': jg/j% = 10% (14-38)

If the core height were 150 inches, then a control rod group worth of
1.5% would meet this requirement over the central 50% of its path of
travel.

0f course, the perturbation in the axial flux increases as the
core height and rod worth increase. For this reason it is desirable
to subdivide the control into a large number of rods. But such rods
require complex mechanisms to achieve the required insertion rates.
One must compromise between control rod velocity and mechanism size

and cost and perturbations in the power distribution.
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B. ReactiVity Effects in Specific Reactor Types
1. Light Water Reactors
Heating, evaporation, and motion of the coolant strongly
affect the reactivity of water moderated reactors. Because of the
lafge values of power, temperature, and burnup coefficients of reac-
tivity typical of water reactors, reactivity control requirements
are also Targe. The principal causes of reactivity effects in short

term transients in water reactors include

Fuel Effects:
(1) Doppler effect: Recall that the resonance escape probab-

11ity is given in terms of the resonance integral I as

o= EXP[_%I] (14-39)

We can get a qualitative idea of the effect of temperature
upon p through Doppler broadening by using the Hellstrand

correlation
T (7)) = Ty l:l +€(\ﬁ:~ 5300’)] (14-40)
The Doppler coefficient of reactivity is then given by

Ap = "F?ﬂgr: Dn p(3oo°l<)1 2*%’? (14-41)
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The dominant contribution to the Doppler effect in thermal

238

reactors comes from U™~ , although other strong resonance

2 may also have a strong influence.

absorbers such as Pu2
(i1) Fuel motion: Fuel rod motions such as rod bowing can sig-
nificantly affect core multiplication. But these can be
controlled using proper mechanical design {rod spacers, etc.).
(1ii) Core expansion: The temperature increase associated with
power level increase will induce thermal expansion in the
core. We have already noted that the differential fuel clad
expansion can increase the gap thermal conductance. But

the dominant expansion affect will be that of the coolant

{some 20 to 50 times greater than most other core materials).

Moderator Effects:

(1) Moderator temperature: Moderator temperature changes will
affect neutron temperature and hence affect quantities such
asﬂz, the number of neutrons produced per neutron absorbed
in the fuel.

(ii) Moderator density: Perhaps the major reactivity effect is
due to changes in moderator density, due to either thermal
expansion or void formation (steam production). The various
components of the reactivity effect due to decreasing mod-

ator density are listed below:



Quantity
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Explanation

Sign of the
Contribution
to reactivity

Fast effect <
Age T

Resaonance
Escape P

Thermal ‘
Utilization T

Thermal
migration area

Buck1ing Bg

Less scattering of fission spectrum
neutrons to below fast fission thres-
hold

Less slowing down to thermal and
scattering within the reactor boun-
daries, and thus more fast leakage

Increased resonance capture because
of less siowing down

Less thermal neutron capture in the
moderator due to less moderator

Additional thermal capture outside of
fuel due to a flattening of the intra-
cell fine structure flux shape

Less thermal scattering within the
reactor boundaries, and thus more
thermal leakage

Enhanced reflector effectiveness on
a core which is leaking more neutrons

+

The dominant effect in 1ight water reactors is the effect of water

density change on resonance absorption. If we return to

o= exp[- g T

(14-42)

then the moderator density change will appear through changes in f}

If we write =Ny O, then

- L dNu
R

d Ny

(14-43)
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(i11) Moderator isotopic composition
{iv) Radiolytic gas formation

{v) BGas microbubbles

Other Effects:
(i) Chemical shim effects: Soluble poisons will make a positive
contribution to the power coefficient of reactivity, since
a power increase resulting in a decrease in coolant density
will also decrease poison density.
(1) Burnable poison effects: Solid absorbers will usually con-
tribute a negative reactivity coefficient because of their

strong self-shielding.

A summary of temperature coefficients for a light water reactor is given
below. Spectrum changes are dominated by the Doppler effect, although

the presence of Pu239 ténds to counter this effect to a degree. Coclant
expansion effects, such as upon the resonance escape probability p, dom-

inate the composition effects.

Typical Water Reactor Temperature Coefficients

Component - Spectrum Effect Composition (Expansion)
Effect
235
- -

1? neg Pu239

€ - pos

p neg QET

i small neg _g235 pos

pos -Pu239

PaL = neg
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5 4

Total -1 to -3 x 10 -1 to -3 x 107
2. High Temperature Gas Cooled Reactors
The relatively lower moderating power of carbon (compared to
water) demands a larger moderator bulk in an HTGR. Hence the power den-
sities of HTGR's are much smaller than those characteristic of light
water reactors (typically 7 kw/liter as compared to 40 kw/liter in LWR's).
An HTGR core is typically some 1.5 to 1.7 times larger in height than
an LWR. However, the migration length in an HTGR is about 65 cm, com-
pared to 15 c¢cm for an LWR. Hence the HTGR core is actually some 3 times
smaller than the LWR core when measured in migration lengths. This is
extremely important from a reactivity point of view, because it implies
that even though the HTGR power density is much lower, the neutronic
behavior of the core is much more closely (and hence less susceptible
to spatially dependent effects) than an LWR core.

There is relatively 1ittle neutronic-coolant interaction in an
HTGR, since there is no phase change occurring as in an LWR. This re-
moves the strong negative void coefficient which was present in LWR's.

Instead, one must rely upon the Doppler effect as the primary
temperature feedback mechanism. For this reason, the assurance of an
adequate negative temperature coefficient throughout core 1ife will
depend much more sensitively upon the nuclear analysis of the core

than in an LWR design.
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3. Liquid Metal Fast Breeder Reactors
The two dominant effects are the Doppler effect on resonance
absorption, and the reactivity effect due to void formation in the

1{qu1d metal coolant:
G; 'S
Doppler Effect: Recall that in thermal reactors, an B

increasing temperature implied a Doppler broadening
of the absorption resonance (in U-238) which led to
Gr

a decrease in the resonance escape probability, Ppa*

v

and hence a negative reactivity effect. . 2
In a fast reactor, however, the neutron energy spectrum spans the
resonance regions of both fertile and fissile materials. Hence in-
creasing temperature will increase both i#} and {¥-¢ . There
may be a net increase in reactivity. Since the Doppler effect is a
fast feedback mechanism, and since the prompt neutron lifetime of a
fast core is so short, this is rather worrysome. .
A positiVe Doppler coefficient is more pronounced in a core with
a hard spectrum (such as in a metal fueled core). To soften the spectrum,
one uses oxide fuels. Here, the vxygen will degrade the spectrum to
yield a negative Doppler coefficient. The SEFOR reactor was constructed

to verify this (and has done so).

Sodium Void Coefficient: In thermal reactors, the coolant void coeffi-

cient was negative. But in a large fast core, the sodium void coefficient
may in fact be positive. That is, an increasing temperature will increase
the void fraction, hence increasing reactivity and thereby temperature.

There are two competing effects which determine the sign of <3(¥ﬂ40(5
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(1) Spectrum effects: the coolant degrades the spectrum, hence
lowering the effective i? . Hence any loss of sodium
hardens the spectrum, implying &';l—/d'o{ >0,

(ii) Leakage effects: A loss of sodium near the edge of the core

will increase leakage, hence implying C‘RIL/CH <O,

These effects compete in such & way that the void coefficient is positive

in the center of the core, and negative near the edge:

i3

A

One finds this effect becomes more pronounced with larger cores

UL

o daitene

(Hfers)
-1 L
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One can design around this effect by increasing leakage (see the "spoiled
geometry" designs on the next page), but this will cost large penalties

on fuel inventory and core breeding ratios.

C. Experimental Determination of Reactor Kinetic Parameters and
Reactivity

The three most important parameters characterizing the kinetic
behavior of a nuclear reactor are the
(1) reactivity é
(i1) prompt neutron lifetime X
(i11) effective delayed neutron fraction @?
A variety of experimental techniques can be used to measure these guanti-
ties. These can be grouped into static and dynamic measurement techniques.
1. Static Techniques for Reactivity Determination

(a) Neutron Multiplication Measurements (Reciprocal Multi-
plication Method)

We have already discussed critical Toading experiments in which
the steady state neutron flux resulting from a source in a subcritical
assembly of multiplication M = (1—k)'] is measured. The usual procedure
for safe approach to delayed critical consists of plotting 1/M (or the
reciprocal neutron counting rate) as a function of some parameter that
controls reactivity (e.g., fuel loading) and then extrapolating this
1/M plot to zero. During a stepwise approach to delayed critical by
the reciprocal multiplication method, the neutron level following each
addition of reactivity must be allowed to stabilize in order to obtain
an accurate indication of the asymptotic multiplication before proceeding
with the next reactivity addition. As one approaches delayed critical,

the buildup of the precursor concentration is the principal headache.



L s

DA

ALL15-THALMERS

GENERAL ELECTRIC

7.3(2.22)

LEGEND

e ==L
ul.msr an:cron

DIMENSIONS: wa FEET; (an) METERS

WESTINGHOUSE
FUGURE 14-10: ;
Reactor core arrangements in four 1000-MWe design studies.



Table 14-4: LMFBR Temperature Coefficients

TEMBERATURE COE FFICIENTS®

Case
1 2 3 4 5 @
Isothermal Temperature Coefficients, 10~5 Ax/k/°C
Sodium expansion +1.00 +1.00 +1.00 -0.60 —0.60 -0.60
Canning
Radia] expansion +0.10 +0.10 +0.10 -0.06 —0.08 =0.06
Axial expansion +0.12 +0.12 40,12 +0,12 +0,12. +0.12

Fuel axial expansion
Fuel in contact with the

canning —0.38 -0.38  -0.38 --0.38 -—038 -0.38
Fuel free in the canning ~0.21 =021 =021 =021 =021 =021
Core radial expansion ~0.92 —0.92 ~092 =092 -0.92 -0.92
Doppler effect —0.95 =070 -—1.40 -0.35 -0.70 -—1.40

Total isothermal with zero
core radial expansion
and fuel in contact with

the canning +0.49 +0.14 -—0.56 —1.39 ~1.74 -—2.44
Power Coefficients, 10~7/MW
Sodium expansion +3.00 +3.00 +3.00 -1.80 -1.80 -1.80
Canning
Radial expansion +0,54 +0.,54 +0,54 -0.32 -0,32 -0.32
. Axial expansion +0.58 +0.59 €059 +0.58 +0.59 +0.59

Fuel axial expansion
Fuel in contact with the

canning -1.88 -1.88 =~1.88 ~1.88 —1.88 =1.88
Fuel free in the canning _—8.05 -8.06 ~8.05 -—805 -805 -—8.05
Core radial expansicn -2.76 =2.76 —2.76 =~2.76 =2.76 —-2.76
Doppler effect —14.20 —28,40 —56.80 —14.20 -28.40 —55.80

Total power coefficient
with zero core radial
expansion and fuel in
contact with the canning -12.0 -26.2 -—54.6 =-17.6 ~31.8 —60.2
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(b) Fuel Poison Substitution Techniques
One can determine reactivity by uniformly substituting a poison
for a small fraction of the fuel. The pcison is usually chosen such
that it has the same scattering and absorption properties of the fuel.

Hence first order perturbation theory yields a reactivity change due

to the substituted poison of

Bo#tegd

Ap = T e (14-44)
11&52 Sbfzﬁ-?é

This substitution method can be used for control rod calibration by

balancing the effect of a given rod movement by adding a proper amount
of distributed poison.
2. Dynamic Techniques for Reactivity Measurements
(a) Asymptotic Period Measurements
The basic idea here is to make a small perturbation in the
core composition of a critical reactor, and then to measure the stable
or asymptotic period of the resultant reactor transient. Using the
inhour equation, one can then infer the reactivity from a measurement
of the asymptotic period. It should be noted that the period method
for all practical purposes applies only to positive periods, since
negative periods are dominated by the longest delayed neutron precursor
decay and hence provide very low sensitivity to negative reactivity.
(b) Rod Drop Method
Consider a reactor operating at some equilibrium level, Ny
when it is suddenly shut down by the introduction of a negative reactivity

-8k {(the "rod drop"). Prior to the rod drop we know
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0= qj%:: h"i“no-\— EZXLCEO

= dC - n )
0=TF = B -xG

Hence we can solve for

0 Z 7Go Qf); Ge
Ve = 4. = -

Now we also know from our studies of the inhour equatjon, that after a

(14-45)

few prompt neutron 1ifetimes, the neutron population drops to a lower
Tevel determined by the new multiplication, kp1’ and remains at this
“quasistatic" level until it is ultimately decreased by delayed-neutron
precursor decay. After this "prompt jump", the precursor concentrations
Cs remain unchanged, while %%No ~ . This implies that the new
neutron population level N is given approximately by

R i N Go

\"‘\Qpl (14-46)

He

N,

If we combine this with (14-45), we find

0 \=ke ~ 2 ~ l
-;];-N —_\—hpl l"‘hbl(.l-g) !..‘.%@ (14-47)

4

Hence
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To determine nys one can simply extrapolate back

the asymptotic behavior to t = 0.
I

(c) Rod Oscillator Method
If one oscillates a control rod ih a sinusoidal fashion in a
critical reactor, there will be a corresponding oscillation in the neu-
tron flux. Let n by the steady state neutron population, while § n is
the magnitude of the oscillating component of the neutron population.
If the magnitude of the oscillating reactivity § k induced by the rod

is sufficiently small, then one can write
57‘? = W(iw) % (14-48)

where W(ic> )} is the reactor transfer function

Wl = _ (14-49
For large O such that o> &,

Wha) ~ =2 é@E = (14-50)

or

(14-51)
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Hence it is apparent that measuring Syrat large ™ > g?k will
yield the reactivity worth LEJQQQ of the rod.
(d) Source Jerk Method
Consider a subcritical system with a neutron source maintaining

a level fye In equilibrium we know

o ."i“; k: _‘} - - (-
(J - \:IE) - _qﬁ— Y)u ¥ ‘;;lj Ri C‘U P E
- AC -6 fe vl Gy

4

LA

Hence we can solve for

A . .
VITNG, £ US
- ’\ —

“.“3
~o

Y1, (14-52)
Now suppose that the source is jefked out of the core. Then within a
few prompt neutron lifetimes, the system will adjust to a Tower "quasis-
tatic" neutron level, n1; determined by the multiplied delayed-neutron
‘source strength alone

G ij'hl(lo
L A
), R N 14-53
l . hu ( )

L (14-54)
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But from the equilibrium equations

above

IR BT ¥ ko - gﬁ/A.E

" Y ) - . o N

Thus we find
s,
Ve = |+ L”'?I (14-55)
v \ )Ju {3
or

Dollars subcritical = _LL A

(14-56)
V),

This method is similar to the rod drop method, but it requires only the

removal of a small mass of material in contrast to the rapid release of
one or more control rods.

(e)  Pulsed Neutron Methods

Here the basic idea is to observe the transient behavior of the

neutron flux in an assembly following a burst of neutrons injected into
the assembly.

Consider first the injection of a burst of neutrons at
t = 0 into a non-multiplying assembly. Then,
according to one-speed diffusion theory

1
-1
i

o
b

. b

Oy’ g;!: - k]LJ

But using the spatial eigenfunctions
satisfying
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Hence the asymptotic behavior of the flux is governed by the decay

constant

T
'-")40 T Z’l "'\"J'l) ‘:;5

If we measure Xy for various assembly sizes,
we can determine v Za and D. Actually, there

are higher order terms in Bz, such as

. g .r) A
'\'{. L3 AY] f.'f'.;\ _\-Vg_) (324{ C }) ! i

which add a curvature to the vJa(Bz) plot.

In mulitiplying assemblies, one uses

J\JT G:‘(‘f' = DVZLJ) {J*:”‘ ‘\‘Véf\}d

ot
to find decay constants of the form

’ , 2
v:)JD': VilZa "ﬂ ¥ V'DB '

In this case, the . (B“) curves look as below:

b
LR

o ,(87) ! / i

’-’-’{o {

N

(14-58)



-790~

One can also use this technique to measure reactivity. The prompt neu-

tron decay constant is given by

oy~ 1 An _ Lf %@L,,)

(14-59)

Hence ol s directly proportional to $. One can use this technique
to measure $ directly. If the core is maintained at delayed critical,

then $§ = 0, and the pulsed neutron measurement yields

g%i (14-60)

VI. IN CORE INSTRUMENTATION

- will be added later -
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V. PERTURBATION THEORY

It is frequently of interest to compute the change in core multi-
plication caused by a small change in the core geometry or composition.
Fortunately, if this change or "perturbation" is sufficiéntly small,
one does not have to repeat the original criticality calculation, but

instead can use well-known techniques of perturbation theory to express

the corresponding change in multiplication in terms of the fluxes charac-

|
terizing the unperturbed core. :

For example, consider a very simple one speed diffusion model of

a bare, homogeneous reactor in which the criticality relation is

\Q - ..7’2%'<%é5; =1
| 41282

Now suppose we were to uniformly modify or perturb the absorption cross

section to a new value

fﬂ! = 22;‘¥ 552; 5

where we will assume that the perturbation SZa s small--i.e.,
SZa < < Za .

Then the value of k' corresponding to the perturbed core can be written

" QJZ;IZEQl _ 'VééfT\+' %g%'*">
2 2
I+L7B | + F%E?(\_P §£§_+...>

Za

as
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k= \Q(H ng_a+ ')(‘— 2?&1}82)\

e

k(1 82 L

I +L'lB

Notice two things about this result: First, we have neglected all terms
of higher than first order in the perturbation ( Sé;t). Second, we have
managed to express the perturbed multiplication factor k' in terms of

the unperturbed multiplication, k.

These general features appear in applications of perturbation theory
to more general problems in nuclear reactor analysis in which the pertur-
bations may be localized or in which the multigroup diffusion equations
are used as the basic model of the core nuclear behavior. Although the
general ideas are essentially as simple as those in the example above,
it 1s helpful to introduce a few mathematical preliminaries to simplify
notation. [For more details, the reader is referred to Appendix E.]
Consider, by way of example, the one group diffusion equation characteri-

zing a critical core.

—V-DAV B + AR PE) = » LD D)

—_ e —_—

e — 4

M & = » B¢
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where we will leave it as understood that the soTution of this equation,
9'5 (F), must satisfy appropriate boundary conditions such as ¢> (R) =0
on the surface of the core.

Now suppose we define the inner product (f.g) between any two func-

tions f(r) and g(F) as

6= [# F6) 40
v

J

where f*(r) denotes the complex conjugate of f(r), and V is the core
volume.
ke can now use this inner product to define the operator mT

adjoint to the operator M as that operator M'f for which
(M 9) = (F,g)

for every f(F) and g(r) which satisfy the boundary conditions f(R) = Q =

nt
g(R}.
We can use this definition to explicitly construct the adjoint of

an operator. Consider for example, the operator
Foo= Z(@®e

which simply corresponds to multiplying a function by-fo(?). If we

write
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then we can merely shuffle iff(?) around in the integral (noting that

fo is real) to identify
Fle = Z6)-

Motice that in this case, FT and F are in fact identical. We refer to

such operators as being self-adjoint.

For a more complicated example, consider the spatial derivatives

in the diffusion operator M:
X
GJV-DVjB = ﬁﬂ% V-DVgq .
Y
Now if we use the vector identity
‘Z'Cd; = aV-b + b-Va ,
we canh rewrite this as

(£,V-Dvq) = La% V- [f*D¥g) - fa% (V§"Dve)
N

But using Gauss's law, we can convert the first term into an integral

over the surface:

ffr vifove] = e POV
V S

But since we require that f and g vanish on the surface, this term

vanishes. If we repeat this procedure we find we can rewrite
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(f V:DV3) = f:\%— [vovelq = (v.0vf 9)

Hence we find that
V-DV'e = V.DV-

--again we have encountered a self-adjoint operator.

From these examples, it is apparent that the operator
Mo — _V'DVD + z°

is also self adjoint:

We will continue to distinguish between the adjoint and direct
operators, MT and M, however, since for more general multigroup diffu-
sion calculations, M will not be self adjoint (see Chapter 7). We now

define the adjoint flux qu as that solution of

P4T}iif - Y:’ngi

[Although, again we keep in mind that M1F = M and Ff = F implies that
‘#F =¢j) for the one-speed diffusion model of a reactor.]
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To see how to use these concepts, let's go back to the criticality

equation
“V-DVd + £ = v4¢

Now for a system which is not critical, we know that ( % ) has
no sotution. But we can remedy this situation by modifying Eq. ( )

by inserting the multiplication factor k as
~V.DV+ Lg = L &P

As we noted earlier, an alternative way to accomplish the same thing
is to let » vary from its true value 2). . That is, we write our

criticality equation as
VDV + ¢ = »54¢

allowing v to be a variable parameter. Criticality is then achieved when
core geometry and composition are adjusted such that 22— 2.

Now we will be interested in calculating the effects of small changes
in core properties on core multiplication. To this end, it is useful to

define the concept of core reactivity

-
o= 5
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Hence, the reactivity of a critical core is just Q:o » while 970
and E)<(C) imply core subcriticality and supercriticality, respec-
tively.

We will be interested in computing the change in reactivity, say
from fj'to E)', due to a slight perturbation in core properties. In

particular, note
| 3 G-n) LAY
Ap = C%\)‘(k—g\) = T T a4

From these relationships, it is apparent that 1f we can compute the

change in 2 due to a perturbation in the core, we can immediately ob-
tain the corresponding reactivity change A?.
To be more specific, suppose we consider a core characterized by

a criticality equation

M-»F)p = -V.DVéb + l-vi)p =0 .

Now suppose we perturb the macroscopic absorption cross section (say,

by adding a localized absorber) to a new value

Z(0) = 2@+ 20

We will assume that this perturbation, %5 ﬁil(F), is small and attempt
to calculate the corresponding change in - ta ! as governed by the

perturbed criticality equation



5-8

H=»F)3' = -voyg + (L-v4)¢ =0

)
Now suppose we explicitly write 2= p4+ SV and Za = Za + Séa

to find

LM‘—y'Fl)qbl = @—v\:)qg + gv{ng‘- St = o

Next, we take the inner product of this equation with C¢>1- as defined

by Eq. ( )

(¢ 1P + (F$5P) — (phsad) =0

But using our earlier definition of_M'f' and ¥:T

(& H-oF)P) = (gl @) =0 .
Hence we can immediately solve for
(P S5 )
(#h % 2)

But, unfortunately, this expression for A~ ‘involves the perturbed

l .
flux qb . Suppose we write
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$=prep

Then

. BhShd  (Fsist) (PP a)
($t%9) (H%PD (& 5 ¢

But if the perturbation SZa is small, then we can neglect second

and higher order quantities to find

~ (P sad)
(&, #)

Ay

Since the one-speed diffusion operator. is self-adjoint, we know 961:: gb)

and hence we find

Lc& ) S5 HD

%[5 40 460 40
v

It should be noted that all of this analysis was exact until we neglected

2

— A\
Ap = %:

second order terms fn Eq. ( ). Thus, we have calculated a first
order estimate of the reactivity change [}P due to introducing a locali-

zed absorber %52;(?) in terms of the unperturbed flux distribution.
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EXAMPLE: Consider a bare $lab reactor
characterized by one group cobnstants
D, Zn , and » s

We will perturb this reactor by
imagining that an additional absorber
is uniformly inserted in the region
0< x< h. One might considep this
to be a model of & bank of coéntroi
rods inserted to a depth h in the
core. Of course, to allow the
application of perturbation theory,
we must assume this absorption is
relatively small.

Hence our perturbation is

<3, odx<h

Sl =
O W<x<a

If we note that the unperturbed flux in this reactor is

92’)()() = QZDE) S '%3—

then we can compute the reactivity change due to an insertion of the

absorber to a depth h as:

L[gz Pdx

Aolhy = — ==
v ] pRdx
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n
fSéafmiglch
- ERLTRO gl teag]

2 & 2%
AR f n TR dx
(]

It is custbmary to refer to the reactivity change due to such an
absorber as the "worth" of the absorber. (This concept will be defined
more precisely in Chapter 14.) Hence the reactivity worth can be

sketchdfor various insertion depths h as shown below

¢

&z T

] (#i s} hE

It is also of interest to compute the "differential worth" defined as

K= |-

ClLZfF
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Note that the differential worth is at a maximum when the edge of the
absorbing region (e.g., the tip of the control rods) are in the region

of largest flux in the center of the core:
%

pESA
avée

o a, o

S\F

Such an analysis, while certainly of interest in {llustrating general
trends, is of 1imited usefulness in detailed control studies because
of the highly absorbing nature of most control elements. Such elements
very strongly perturb the flux in their vicinity, hence invalidating
the use of perturbation theory. We will consider alternative methods

which must be used for computing control rod worth in Chapter 14.

One can obtain more general expressions for the reactivity change
induced by perturbations in the core parameters. For example, if we

were to perturb

2= 2.+ §Z,



&= &+ 5

DD=D + ¢D

then the corresponding reactivity change would be

‘ La%p {(vség- $4)¢*~ SD (Wﬂ
v fja % ¢

Ap

He will return later to discuss several more aspects of perturba-
tion theory when we encounter the multigroup diffusion model.

The adjoint flux gtd‘(F) has a rather interesting physical inter-
pretation. Suppose we imagine an absorber inserted into the reactor core

at a point ?; such that

s

SZE) = < S(F-T)

Here, o 1is the effective strength of the absorber. [If we were to
imagine that the §-function was,in fact,a mathematical idealization of

an absorber of volume VA, then ol = JE;A‘\ﬂ\ .1 Now, strictly
speaking, perturbation theory should not be valid for such a singular per-

turbation--but we will dismiss such concerns with a wave of the hand, and
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use our earlier result to find the corresponding reactivity change as

J'c\gv‘ PR S2D S
V

rp = -
SN E R CRACEIG

Vv

= — 24 Fi) )

where we have denoted the denominator by a constant D {since it is inde-
pendent of the perturbation). If we recognize that ci\qt’(F;) is Jjust

the absorption rate at ?;, then we find

ey ~ 0 A0
7 (%) < ()

is simply proportional to the change in reactivity per neutron absorbed

at F; per second. In this sense, then, the adjoint flux C#j-(?) is a
measure of how effectively an absorber inserted at a position ¥ is in
changing the reactivity of the core. Evidently, if qﬁT(F) is large at
?, then the core multiplication will be quite sensitive to the absorption
of neutrons at that point. For this reason,cijk?) is sometimes referred
‘to as the neutron "importance" of the "importance function".

One can see this from a somewhat different perspective if we con-
sider the flux induced in a subcritical reactor by an arbitrary source

S(r) as governed by



M-2F)p = -V.DOVh+ (%) =S .

Consider the adjoint problem
M D= — VDV + (v ) = <

(Of course, for one-speed diffusion theory, M = MT- is self-adjoint,
but we will retain the generality for a bit.) HNotice that we have

allowed the source 51-(r) appearing in the adjoint equation to be

different.
Now suppose we multiply Eq. ( ) by gt;r and integrate over
T, next multiply Eq. ( ) by<47 and integrate, and then subtract

these two results to find

(¢h (4P P — (EFIpT ) = (H5) (5, ¢)

But by the definition of the adjoint MILES the LHS is zero. Hence we

find:

E?r HH SE) = ﬁ%- STD A
v

Since this must hold for any choice of S(r) and Sﬂr(r), we will use |t

to our advantage by specifying S(r} as a unit point source at ot



S(E) = SEF-T)

and 51_(?) as the cross section jf& (r) characterizing an imagined

detector placed in the core. Then we find
() = f Fr 46 S
v

Hence, in this instance, the adjoint flux is simply the response of
a detector in the core to a unit point source inserted at a position

-~

r,- Once again we find that ﬁﬁj(;ﬁ) is a measure of the importance
of a neutron event (in this case, the production of a neutron rather
than the absorption of a neutron} at a po1nt_?*0 in contributing to
the response of a detector with cross section ZiL(F) (as opposed to
reactivity).

For the'simp1e one-speed diffusion mode]l we have been studying,
the adjoint flux C#JXF) is identical to the flux juself. Hence pertur-
bations which affect the creation or destruction of neutrons will have
the most pronounced affect in those regions in which the flux is largest.

This is not true, however, for the more general multigroup diffusion

model, as we will see in Chapter 6.
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V. MULTIGROUP PERTURBATION THEORY

Let's once again rewrite our multigroup diffusion equations in

matrix form
-V-DV+% O & L4 14 -
Zon -V DV+ frzz c,‘b
55,3 252_3

%

& |k

or

Me=FL¢

In order to determine the change in reactivity induced in the core by a
small perturbation, we must generalize somewhat our concept of inner
products and adjointness to account for the vector nature of this equation.

To this end, define the inner product between two G-dimensional vectors

£(r) and g(r) as
(f,9) = Fr EXGRIGE: L3+ |

We can now use this inner product to construct the adjoint of the operators

ﬂ=and F:

(W5 q) = (f49)



Since the adjoint of a matrix if obtained by first taking the transpose
of the matrix and then complex-conjugating each of its elements, it is

evident that

-VOV+ %, %,
Mr=1 o  -yowms4

and similarly 7Llf%| ,Xl.éé .
f:T' — jx:é%1 ﬂx}ikz

_—

Note in particular that'gf_f g:and E:r # E;-that is, the multigroup
criticality problem is not self-adjoint. Hence we find _C_;_bT:,": ?

We can use our earlier expressions for the reactivity change corres-
ponding to perturbations in the core composition, if we recognize that

such perturbations will now have a matrix character--e.g.,
!
M = M + &M

and

Ef = F—\- g

— ———
—
—

For example, one could imagine a perturbation in the absorption cross
section characterizing the second group as being represented by
O O O
&Y = - O ESEEL O



The corresponding reactivity change is then given by

To make these ideas more precise, let us consider the particularly

simple example of two group diffusion theory:

~V-DY& + Z ¢ = » fﬁ‘é
~V.D,VR + £y B Z, ¥

(we will regard 2 as variable here for convenience)
where we have assumed all fissions occur in the thermal group for sim-

plicitly. In matrix form this becomes

~-V-DV+ % O Ck o % d?

Zn VDV da\ P © oJl®
M b r ¢

i

The adjoint eqguations are

YOVt fe,  Fm \ [ o o\[&

_1)
= .
o -vDv+ZN\D % O\%

o & A

— _—
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Note that fI_T # M and f # F, hence Cibf?‘ Qb

Suppose we consider the reactivity change induced by perturbing the

thermal absorption cross section by an amount %52&;_ . Then
SF = O
o O
M= (f() S

Hence we can compute

gb’r i (o o\ 4
<(fr’g"ﬁ@ P* o S&:/\ b :‘[c/ﬁ"

v

to find
3
A .I:,"d?a Szz_di _ ) fdzr #z*géz??

In analogy with our earlier one-speed calculation, suppose we set

Sfaz = g(;:-

Then



Thus we find

ﬁb a)__ . §2 — fractional change in

L reactivity per neutron
OédDCP) absorbed per unit time.

In particular, if qb1— is large at r . then the change in E? introduced
by a thermal absorber at r will be large. That is, gbj-(r) measures
the "importance"” of the point r with respect to reactivity changes in-
duced by perturbing the thermal absorption at that point.

For the more general multigroup problem, <#>*(v5 can be identified
as the neutron importance function for group g, since gbrcr) is propor-
tional to the gain or loss in reactivity of a reactor due to the inser-
tion or removal of one neutron per second in the group at point T.

In general, one finds that the multigroup neutron importance (or
adjoint fluxes) differ substantially from the multigroup fluxes as shown.
This is shown for a two-group calculation for a reflected spherical core

below:

<ore

v
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CHAPTER 15: THE NUCLEAR STEAM SUPPLY SYSTEM

I. INTRODUCTION

A. Preliminary Remarks

Our principal concern in this text has been with the nuclear
analysis of the core of a nuclear fission reactor. We have developed
those concepts and methods which are utilized in nuclear core analysis,
and furthermore, we have illustrated these topics by giving a brief
introduction to the design of a nuclear power reactor core. Throughout
this development, we have tried to indicate how the nuclear analysis of
a reactor core interacts with other facets of core design such as its
thermatl-hydraulic performance.

It is also very important to understand how reactor core design
and analysis interacts with the other aspects of designing a nuclear
power system. Hence in this last part of the text we will broaden our
perspective by considering the nuclear reactor core as just one component
of the overall nuclear power plant.

In Chapter 15 we will consider the nuciear steam supply system
(NSSS), that is, the nuclear reactor, primary coolant loops and pumps,
and steam generators (if present} in an effort to illustrate how overail
systems considerations influence the nuclear design of the core. In
particular, we will give a brief discussion of the thermodynamic analy-
sis of the NSSS. We will also discuss those aspects of nuclear reactor
operation which influence reactor design, such as reactor startup,

maneuvering, shutdown, and so on. We will consider as well one of the
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most important aspects of nuclear reactor analysis which involves the
ability of the reactor system to perform safely under any conceivable
operating conditions. Throughout, we will draw upon specific examples
taken from various power reactor systems to illustrate the considerations
arising in this discussion.

B. A General Discussion of the Nuclear Steam Supply System

The fission heat energy produced in the nuclear reactor core

is converted first into mechanical energy by a thermal cycle in which
a fluid is vaporized by the fission heat energy, then expands against
the blades of a turbine to produce mechanical energy, and is finally
recondensed into 1iquid again before being pumped back through the cycle.
The turbine then is used to power an electrical generator to convert
this mechanical energy into electrical energy. In essentially all
large nuclear power plants, the "working fiuid" used to drive the tur-
bine is high temperature steam. [Although we will later briefly dis-
cuss an alternative nuclear power system which utilizes a gas turbine.]
Hence, the primary function of the nuclear reactor is to provide a
source of heat which can be used to turn feedwater into steam. In this
sense then, the nuclear steam supply system merely replaces the boiler
in the more familiar fossil-fueled power plant. We can see this more
clearly by comparing the crude diagrams of a nuclear power plant (in
this case, a PWR) and a fossil-fueled plant in Figures 15-1 and 15-2.

The N$SS is isolated within the reactor containment structure, and
is composed of the reactor core itself, one or more coolant loops and
associated coolant pumps, and a heat exchanger (or "steam generator")

used to transform the heat of the primary coolant which flows through
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the reactor core into the latent energy associated with boiling the
inlet feedwater into steam.

Of course, there is considerable variation among NSSS's characteri-
zing different reactor types. For example, one may actually produce the
steam in the reactor core itself, as in the BWR. Or one may use a
single phase primary coolant (e.g., in a PWR or LMFBR) to transfer the
fission heat energy to a heat exchanger outside the reactor pressure
vessel where it is used to produce steam. We will discuss the actual
components comprising the NSSS and their functions by considering sev-
eral specific examples.

1. PWR-NSSS
In a pressurized water reactor, water serves as both coolant
and moderator. But its functions as a primary coolant and a working

fluid are separated by using a multiple loop cooling system as shown

below:

jiz\— Pressurizer

: Pressurized
heated water Steam

Turbine

‘ | Heat
Reactor exchanger
Condenser
1 - ‘ 1 Feedwater
. Pump Feedwater )

heaters
Simple Mow diagram of a pressurized-water reactor power
plant.
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In the primary coolant loop, water is kept under very high pressure
(42200 psia) to allow high coolant temperatures without steam formation
(aside from a small amount of subcooled boiling to facilitate heat
transfer}. The heat transported out of the reactor core by the primary
coolant {s then transferred to a secondary loop containing the working
fluid by a heat exchanger known as a "steam generator" since it is
within this component that the inlet feedwater is converted into steam.

In addition, a surge chamber or "pressurizer" is added into the
primary coolant loop to maintain the very high system pressure as well
as to accommodate coolant volume changes in the primary loop. The pri-
mary coolant loop also contains primary coolant pumps, as well as auxi-
liary systems to control coolant purity, soluble poison concentrations,
makeup, and so on. We will give a more detailed description of each of
these components of the NSSS below.

a) Reactor pressure vessel
The nuclear reactor pressure vessel contains the reactor core
itself, the core support structures, control assemblies, coolant circu-
Tation channels, and thermal shields. The pressure vessel is designed
with inlet and outlet nozzles for each primary cooclant loop. The upper
head of the vessel is designed such that it can be removed for refueling
and maintainence.

The vessel is fabricated out of low alloy carbon steel designed to
accomodate the high coolant pressures and temperatures, as well as to
withstand radiation damage from fast neutrons and gammas which escape
the core. A thermal shield is inserted between the core and the pressure

vessel to protect the vessel from excessive radiation flux and to reduce
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the thermal stresses in the vessel resulting from gamma heat deposition.
It also serves to form an annual flow channel which routes coolant to

the core. A tabulation of the design parameters characterizing a

modern PWR pressure vessel is given below in Table 15-1.

Table 15~1

TYPICAL FOUR-LOOP REACTOR
o VESSEL PARAMETEF!S

W - ‘i‘.‘ “..‘ !

OVerall length of assembled ves-
sel, ciosure head and nozzles 43 ft 10 m, :

lnsu:le d;ameter of shell 173 ln- :
Rad:us from center of vessel

to nozzle face TR
Infet = 10 ft, 11 in.

owa-‘ i 10 ft, 3 in.
Non-nnal claddmg thnckness _7/32 in e
Mlntmum cladding .thickness 1/8 in.
Coolant voiume with .core

and mtemals in place " - 4740 cu ft
Operatmg pressure '2250 psm
Des;gm pressura 2500 psi_a o
Deshnrr temperature 650°F " ‘
Vessal material Cari:;en steel '.
Cl addirig;: 'material Stainlelssr sfeel

Number of vessei material
surveillance capsules, total 8
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The internal structure of the reactor vessel includes lower and
upper core support structures as well as an in-core instrumentation
support structure. The lower core structure supports the core barrel,
the lower core plate and support column (and thereby the core fuel
assemblies) and the thermal shield. It also provides passageways
for coolant flow and facilitates coolant flow distribution. The core
support structure is shown in Figures 15-3 and 15-4.

b) Steam generators
Since the primary coolant in a PWR does not serve as a working
fluid, remaining in its 1iquid phase, large heat exchangers are required
to generate steam in the secondary loop. Such steam generators use
the heat drawn off the core by the primary coolant (pressurized water)
to convert Tower pressure feedwater in the secondary loop into steam
for use in the turbogenerator. Such steam generators assume mammoth
proportions, as the illustrations in Figure 15-5 indicate. These can
be of either U-tube or counter flow design. They are customarily divided
into evaporator sections in which the boiling occurs, and moisture separ-
ator sections in which the boiling occurs, and moisture separator regions
in which dry saturated steam ( ~ 99.75% quality) is separated out and
flows on to the turbine, while saturated water leaves the separators,
flows back down the sides of the steam generator, and is mixed with
entering feedwater.
c) Pressurizer
Since liquids are practically incompressibie, small changes in
volume due to changes in coclant temperature (such as from load changes)

can cause severe pressure changes in the primary coolant loop. For
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Table 15-2

R TYPICAE‘ DESIGN DATA FOR STEAM GEMEHATORS

Number and tvpe o 4 vertical, U-tuba
' .© . - steam generators with
integral - steam-drum’ - -

Height overall . =~~~ 67 ft, 8 in. . =

'j_'FIe.actor. coolant
-outlet -temperature .

. Shell material .

\’,.'..Channet head

-
L

-7' 3 557 2%
Mn‘Mo stael :
:Carbon steel clad

Upper shell OD © 141, 83/80n. ... ‘ materlal i 1,"internal’ly with. B T
Lower shell 0D - . - 1w ft 3% in. T stainless steek ;
Operating pressure. Do . * Tube sheet - Mo-Cr-Ni steel "'ad
tube side ' .'.‘2250 osia ‘-.rnaterial-‘ ‘  ‘. jw:th inconel on. - . ¥
Design pressure, s ; - prlmarv face e
-tube side ... . -] 15 2500 psaa T'ube matznaf ;
Design tempa'ature ¥ Tube oD

tube side- +.x= % - § o= Average'tube wall

Full load pressure.' e thickness - -~ -

shell side .~ . "‘I"OOQ psia- ©. . Steam: geﬂeiator

Maximum moistum»l" ._" g'f" ) : WEFQMS“;

at outlet (fulf. foad). " .+ 025% LR Dy we:gm

Design pressure, -, ¥ . in piace .

shell side _
Reactor coolant

R 1200 psia’

0 34&,500000 lb/hr,

How rate. . . :
Reactor coolant inlet™ I: ol BN
temperature s

- 6185 F

o weight, in place
" Flooded weight
" {eold):- :

“Normal dperétmg i

A i ek e . d
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example, if pressure increases occur, component damage may result. A
decrease in Tocal pressure could cause local flashing of water into
steam, or burnout at the fuel clad surfaee. Hence it is necessary to
provide a surge chamber to ride out such volume changes.

Such pressurizers not only act to 1imit pressure changes in the
primary coolant loop, but as well to maintain the required system pres-
sure, both in startup and under normal operating conditions. The pres-
surizer (shown in Figure 15-6) consists of a tank inserted into the
hot leg of the primary coolant loop in which, under normal conditions,
a 60% water, 40% vapor volume composition is maintained. A combination
of automatically controiled sprays and electric heaters are used to
regulate system pressure. During a positive surge in coolant volume,
the vapor component is compressed, thereby preventing pressure surges.
The spray valves are also automatically activated to 1imit any attendant
pressure rise. A negative surge in coolant volume decreases the 1iquid
volume in the pressurizer, expanding the vapor region and causing a
momentary reduction in the pressure within the pressurizer which causes
some flashing of the 1iquid into steam. Electric heaters are used to
maintain the overall system pressure.

The pressurizer can also be used to adjust the levél of boron con-
centration in the primary coolant loop. Indeed, the size of the pres-
surizer is usually dictated by requiring adequate steam void to allow
for boron injection sufficient to achieve ¢old shutdown margins.

d) Primary pumps
A typicai primary pump is shown in Figure 15-8. The principal

components of the pump include the electrical driving motor, a seals
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Numbe_;_ and type .

Overélt_height .
Qverall diameter
Water volume
Steam volume ’
Design pressure
Design temperature
Type of heaters
Number of heaters

Installed heater
power

PRESSURIZER TYPICAL DESIGN DATA

1- two'phase water
“-: and steam pressurizer
sz, 90n.
7 4t,838in,
1080 cu ft

720 cu ft

2500 psia

680°F

Electric irﬁﬁefsian
78 e

1800 kw

"' Number of relief:
~valves

Number of safeiy.
valves

Spray rate .

" Pressure transient

Continuous ..~

Shell material

Dry weight

Normal operating -

weight

Flooded weight o
(70°F)

2 power-operated

3 seif-actuating

800 gpm

1 gpm

Mn-Mo steel, clad
internally with
stainless steel

235,600 Ib

276,000 lb

347,320 b
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" TYPICAL. DESIGN: PARAMETERS' i

. FOR, REACTOR COOLANT PUM

"'4 w'_

Numbe(*and type

Demgn capacltv

‘J.c-g

Desigrt hiead ‘ " .
" 2500 psaa_rwr- ;
_650°F .5

Demgn pressure
7 Desrgn temperature

SUct:on temperatum
at fuu power_

Motor type

n. Motorwoitage .y
Casmg diepaeter
Overellr hetght

Operatmg speed

Amblent temperature 120° F.

93 000 gpm ;

- BBT.2°F : |

4000 volts ;.

4 vertlcal smgle-

jstage, shaft-seal. ©.
-;.‘-- " circulating water:
: .pumps ;

305 ft

ac induction

G‘ft 4 in,
26ft
1189 rpm ;
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assembly, and the hydraulic pumping unit. The coolant is pumped by an
impeller attached to the bottom of the rotor shaft.
e) Auxiliary systems
A variety of auxiliary systems are interconnected with the
primary loop of the NSSS. These 1nclude
(1) a water purification system
(i1) a system to inject chemical shim into the primary loop
(111) a system to add makeup water into the loop
(iv) an emergency backup system to supply core cooling capability
in the event of a rupture of the primary_]oop
We will return later to discuss these systems in Chapter 17.
f) Variations
The various NSSS which involve pressurized water reactors differ
in the number and manner in which the primary loops are laid out. Dia-
grams of the particular NSSS configurations presently marketed by each
of the major suppliers of PWR's are illustrated in Figure 15-9.
2, Boiling Water Reactor NSSS
In a boiling water reactor, the primary coolant water not only
serves as moderator but also as the working fluid, since boiling is
allowed to occur within the reactor core. Hence only a single coolant

loop is required:

Throttie
valve

Saturated steam

Load
4 Turbine =93

for (us3l3| Feedwater

Condenser

Boiling
reactor L !

Feedwater
pump
Direct-cycle boiling-reactor plant.
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The need for a separate steam generator is eliminated. Also since there
is appreciable steam volume in the primary loop, a pressurizer tank is
not required to accomodate pressure surges.

The coolant water rising to the top of the core is a very wet
mixture of liquid and vapor. Hence moisture or steam separators must
be used to separate off the steam which is then piped outside the reactor
pressure vessel to the turbine, then through the condensor, before it
is pumped back into the core as liquid condensate. The saturated liquid
that is separated off by the moisture separators flows downward around
the core via downcomers and mixes with the return condensate. This
natural recirculation is assisted by recirculation pumps which are
added to yield favorable load following behavior of a BWR-NSSS.

The ratio of the recirculating 1iquid to saturated vapor is known
as the recirculation ratioc. More specifically

recirculation = reactor inlet flow rate
ratio plant steam flow rate

Since the exit quality of the coolant in a BWR must be kept at only a

few percent to avoid Targe void fractions (and hence low moderation and
enhanced tendency towards DNB), the recirculation ratios are quite Targe,
ranging from 10 to 25.

Since boiling in the BWR core is desired, one can operate at much
Tower system pressures (~1000 psia) with an attendant reduction in
pressure vessel requirements. However, the necessity of steam separating
equipment at the top of the core results in somewhat larger BWR pressure
vessel sizes than those characterizing PWR's. It also prevents one

from using top inserted control elements (although bottom inserted
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elements are advantageous in a BWR to compensate for flux peaking due

to void formation near the top of the core). Furthermore, the apprec-
able void formation in a BWR core leads to lower power densities than

those characteristic of PWR's.

There are other disadvantages to the direct cycle of the BWR. Since
the working fluid actually passes through the reactor core before passing
out of the containment structure and through the turbine, one must be
particularly careful to avoid radiation hazards. For example, the
primary coolant water must be very highly parified to avoid impurities
which might be subject to radioactive activation when exposed to the
high neutron fluxes in the core. Furthermore, the turbines must be
shielded which complicates maintainance activities.

Yet another problem involves a procedure for handling rapid de-
creases in bad demand. Suppose, for example, the electrical load on the
turbogenerators suddenly dissappeared. Obviously one cannot instan-
taneously lower the core and primary coolant temperatures. Hence, for
a short period of time, one is faced with the headache of disposing of
some 4,000 MW of Tive steam. In a PWR in which the steam is generated
in a secondary loop, a bypass valve can be opened which shunts this
steam past the turbines, dumping it directly into the condensor.

In a direct cycle BWR NSSS, however, the radioactive nature of the
steam produced in the primary loop necessitates that it be disposed of
within radioactive containment in the event of loss of load. Hence
BWR's must be equipped with elaborate steam dump suppression systems

such as the torus shaped tank shown in Figure 15-1].
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Yet another disadvantage of the BWR is the low quality (wet) steam
it produces. This necessitates rather carefully designed turbines which
are capable of withstanding the appreciable moisture content which
arises in the lower pressure turbine stages.

A more detailed comparison of the respective advantages and dis-
advantages of BWR vs. PWR steam supply systems is given in Table 15-8.
This comparison will be supplemented by a comparison with HTGR and

LMFBR systems in Table 15-9 and 15-10.

Steam Separators: As we have mentioned, steam separating equipment
must be inserted in the BWR pressure vessel to separate out the appre-
ciable moisture content of the coolant emerging from the coolant chan-
nels in the core. Even with the equipment, the steam produced by a

BWR is quite wet (low quality) and requires special turbine considerations.

Recirculation Pumps: The moisture separated out by the steam dryers
is recirculated in the BWR by pumps. such forced recirculation is
necessary to yield suitable load following capability.

To see this more clearly, first consider how the PWR steam supply
system responds to a load level change, such as an increased load on the
turbine, for example. The throttle valve on the turbine steam supply
line will open, hence allowing more steam flow with a resultant increase
in secondary coolant flow through the steam generator. This, in turn,
will cause more heat to be withdrawn from the primary coolant, and hence
a decrease in the core inlet primary coolant temperature will occur.
Since the coolant temperature coefficient in a PWR is negative (i.e.,

a decrease in coolant temperature corresponds to an increase in moderator



Table 15-8

ADVANTAGES AND DISADVANTAGES OF BWR VS. PWR

_ 7 BWR PWR
1. THERMODYNAMIC SINGLE LOOP - * TWO LOOPS
CYCLE turbine steam decreases

directly from reactor
increases
lower capital cost

higher capital cost

Lower pressure
(000 psia - 550 F)

decreases

Hi‘her. ressure *
12300 psfa - 630 F)

increases

2. POWER DENSITY
& DISTRIBUTION

Low PWR Density
due to bofling core
1s under moderated

High PUR Density *
ali Tiquid in core

gives good moderation

Better PWR Distr1-

bution *
boiTing tends to
flatten power dis-
tribution radially

‘Poorer PWR Distribu-

tion
must depend more on
zone enrichment to
flatten PWR.

3. MAJOR EQUIPMENT

Larger Pressure Vessel

Smalier Press. Vessel *

due to Tower PWR
density

due to higher PWR
density

Thinner VesseT Wall 2

lower pressure

Thicker Vessel Wall
higher pressure

Steam Separatof =

Steam Generator
Pressurizer

4. CONTROL

A1l Control by Rods

Chem. Shim & Control
Rods *

Requires simultaneous
change in coolant

flow rate and/or control
rod positions to follow
load changes

Natural ability to
follow load changes *




BWR

PHR

5. BURNUP, FUEL
RODS AND ASS'YS

Larger Rods

due to control
difficulties, BWR
is limited to
smalier burnup

Smaller Rods *
Tnear optimum for
maximum k)

larger burnup

to compensate for *
lower burnup, BWR
uses larger diameter
fuel rods, thus
reducing fabrication
cost

more, smaller rods
thus higher fabrication
cost

Use of larger rods *
reduces pressure
drop, lowers pumping
power {aided by
natural convection)

Smaller rods, thus
more pumping power

6. MATERIAL
PROBLEMS
CHEMISTRY

Operates at lower *
temperatures, simpli-
fying material
problems (e.g., ther-
mal stresses?

Higher temperatures,
more difficult
material problems

Little control over
impurities, oxygen
hydrogen content of
coolant - corrosion
a probiem

Very good control *
over coolant purity
corrosion far less
a problem

* Indicates Favored System
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density and hence an increase in core multiplication), there will be

an increase in core power output sufficient to meet the increase in load
demand. In this sense, the PWR-NSSS is said to be naturally load
following.

By way of contrast, the BWR is not load following, without the
addition of forced recirculation. Consider once again an increase in
turbine load. Again the turbine throttle will open calling for more
steam. But in this case, the immediate result is a decrease in primary
system pressure. Since the BWR has a negative void coefficient of reac-
tivity, a decrease in pressure will yield a decrease in reactivity and
hence a decrease in core power output--which is opposite to the desired
effect.

To correct this behavior, a BWR is equipped with recirculation
pumps which are automatically activated to pump increased amounts of
coolant water into the core in the event of an increase in load demand,
thereby decreasing the core volume fraction and increasing reactivity
and hence power. Both centrifical recirculation pumps and variable
flow injection {jet) pumps are used to perform this function. A sche-
matic of the recirculation system for a typical BWR is shown in Figures
15-13 and 15-14.

3. High Temperature Gas Cooled Reactors NSSS

Gas cooled nuclear reactors have been used for central station
power generation for many years. The earliest such power plants were
the Magnox reactors in the United Kingdom which used CO2 as the coolant
for a natural uranium fueled, graphite-moderated core. More recently

interest has been directed towards the HTGR which uses high pressure
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helium to cool an enriched uranium-graphite core. To date all such
reactors have been operated using a two loop thermal cycle similar to
that of a PWR in which the primary helium coolant loop transfers thermal
energy via steam generators to a secondary loop containing water as the
working fluid. The high pressure steam produced in this loop is then
used to power a turbogenerator. Such a NSSS is diagramed in Figure
15-16.

Such HTGR's are capable of operating at relatively high tempera-
tures, thereby producing high temperature (1000°F) high pressure
(2400 psia} steam with the attendant increase in thermodynamic effi-
ciency and easing of turbine requirements. Moreover, HTGR's have the
potential of being run in a direct cycle configuration in which high
temperature helium is used directly to drive a gas turbine. This would
result in even higher thermal efficiencies, as we shall show in the next
section,

The HTGR exhibits numeroas other advantages. For example, we have

233 fuel cycle which implies

seen that it allows the use of a thorium-U
much lower fuel requirements because of larger conversion ratios. The
use of helium as a coolant not only allows higher operating temperatures
at moderate pressures, but as well provides flexibility in the selection
of the optimum coolant temperature, pressure, and flow rate conditions
(because of the weak thermal-hydraulic-neutronic coupling}. It also
eliminates that scourge of all reactor designers, the loss of coolant
accident. Since the coolant always remains in the same phase, the

worst that can happen in the event of a rupture of the primary coolant

loop is a loss of pressure, that is, a depressurization of the primary
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reactor system to one atmosphere. And in an HTGR, even natural circu-
lation of helium at atmospheric pressure is sufficient to remove the
radioactive decay heat given off by the core following shutdown.

But the gas coolant also impiies low power densities and hence
large core sizes. Indeed, core sizes are sufficiently large that steel
pressure vessels would be highly impractical. Hence a very significant
breakthrough in the successful development of the HTGR was the design

of Targe prestressed concrete reactor vessels (PCRV).

Prestressed Concrete Reactor Vessels: In an HTGR, a steel Tined
PCRY is used to contain all of the major components of the primary system,
including the reactor core, steam generators, and helium circulators.

It also provides the necessary biological shielding. Such PCRV produce
compact installations. They can be field erected, thereby reducing
transport problems. But their major advantage lies in the safety they
inherently provide by eliminating major external primary coolant piping.
This obviates the possibility of coolant accidentally escaping from
large, interconnecting piping such as that found in light water reactor
NSSS.

Such PCRY incorporate a multiplicity of steel tendons within and
around their concrete walls which are tensioned before pressurizing the
vessel. The compressive stresses in the concrete exceed the tensile
stresses generated by the internal system pressure. Thus the concrete
vessel is held in compression under all operating conditions. At opera-
ting system pressures, the net stresses in the concrete are small in

magnitude.
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The PCRV contains a central cavity for the core, which is surrounded
by a series of smaller cavities, each of which houses a steam generator

and circulator.

Coolant System: The HTGR primary system operates at moderate
pressures (700 psia)}. The helium coolant is circulated by axial flow
compressors which force it down through the core where it reaches an
exit temperature of 1400°F. It then passes through steam generators
where it transfers its heat to water in the secondary system before
being recirculated through the core.

The helium circulators are powered by steam mass flow produced by
the steam generators themselves. The total power requirements for such
circulators are quite large in comparison with other types of NSSS, as

shown in the table below:

Pumping
Type Power Requirements
PR 20 - 25 MWe
BWR 14
HTGR 60
LMFBR 45

The system steam produced by the HTGR is almost comparable to that
of a fossil fueled plant, being some 950° - 1000 °F at 2400 psia. This
yields a thermodynamic efficiency of 40% and allows the use of fairly

conventional turbine equipment.



DESIGN FEATURES

h ot I e

D 00 =~ Oh

10.

11

13.

14.

15.
16.
17.
18.

9.

20

Helium Coolant—A

. Noncorrosive
. Absorbs essentially no neutrons

. Essentially zero reactivity
. Optically transparent
. Single phase (gas)

Graphite Moderator—-B

. Very low neutron capture cross-section
. Excellent thermal conductivity

. Excellent high-temperature strength

. High specific heat

Urznium-Thorium Carbide Fuel—-C

High conversion ratio due to high et« value
of bred U233

Discrete fuel particles individually clad with
ceramic coatings '

. Particle coatings have excellent fission-product

retention properties at high temperature
and high burnup.

Semi—_automated particle production process
permits close quality control.

Core Design—-D
Neutronically desirable quasi-homogeneous
arrangement of fuel and moderator
Graded fuel loading

All ceramic construction, eliminating parasitic
neutron capture and neutron activation effects
associated with metallic structural materials

temperatures of interest
[.arge heat capacity
. High specific power

Flexibility in choice of fuel cycle and recycling mode

Negative temperature coefficient of reactivity at all

21.
22.

23,
24,

25.

26.

27,

28.

29.

30,
i1

32.

33,

34.
35.

36.

High burnup
Low annual fuel make-up requirement

Coolant System-E
Moderate primary system pressure

Circulation of coolant at atmospheric pressure sufficient
to remove decay heat from core during shutdown periods

Secondary system employs modular-type
steam generators ’

Reactor Plant—F

All major components of primary system
compactly installed in a steel-lined Prestressed
Conerete Reactor Vessel (PCRV)

No major primary coolant piping carried
outside reactor vessel

Muttiplicity and redundancy of pre-stressing tendons
makes PCRYV immune to catastrophic failure

Prestressing tendons shielded from
neutron embrittlement

PCRYV field erected

Reactor installation housed in a reinforced concrete
independent secondary containment building

Ready access to reactor containment building
during operation

Tyrbine Plant—G

Highly superheated steam produced by reactor
system permits the use of standard
3600-rpm turbine generator

High thermal conversion efficiency

Dual coolant cycle ensures no entrainment
of radioactivity into turbine system

Plant Contro! System—H _
INSS-follow-turbine control principle
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4. The Liquid Metal Fast Breeder Reactor NSSS

We have already seen the motivation behind the nuclear design
of the fast breeder reactor and the arguments advanced for the use of
Tiquid sodium as a coolant (such as high core power densities, the
desire for a coolant with low moderating properties). We will concen-
trate instead on the NSSS for such reactors.

There are two basic approaches one can take to designing such a

NSSS. One could follow a design similar to that of the PWR in which the
primary sodium loop is brought outside the pressure vessel to a heat

exchanger. Such a loop design has been chosen for the LMFBR demon-

stration plant.

e . Tosecondary
heat exchanger

|E g . Motor

Pump

Core

Fi
r
. ) Primary heat exchanger

Schemalic of a loop-lype arrangement.
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The alternative approach submerges all of the primary system in a

pot within the pressure vessel as shown below:

rr—— .
e 10 SECONdaryY
Motor . heat exchanger

LSy
= |

Na level

L-Primary heat
exchanger

Pump EI_
h

Core -
Schematic of a pool-type arrangement.

The high induced radioactivity of the sodium in the primary loop
requires an intermediate Toop. The particular system diagramed in
Figure 15-18 corresponds to the U.S. demonstration plant. A key compon-
ent in this system is the steam generator in which hot sodium is used
to produce steam. Because of the explosive interaction between water
and sodjum, this element requires a very careful design, and, indeed,
may be the most critical design problem in future commercial LMFBR's.

The high primary coolant temperatures (900°F) which are achievable
using sodium, even under moderate pressures, allow some degree of super-

heating, as shown by the multiple steam generator loops in Figure 15-18.

The Gas Cooled Fast Breeder Reactor

-to be added later-
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Figure 15-19: {MFBR N3SS
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Figure 15-20
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Figure 15-21: GCFBR NSSS
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€. Nuclear Vs. Fossi1-Fueled Steam Supply Systems
Nuclear steam supply systems exhibit more simularities to

fossil-fueled systems than differences, particularly insofar as they
influence the design of the remainder of the power plant. For example,
the actual operation of a nuclear power station is no more complicated
than that of a modern fossil fueled plant.

There are some important differences in steam properties, however,
For example, a typical PWR-NSSS produces steam at temperatures of
600°F and pressures of 1075 psia. By way of contrast, a modern fossil
fueled plant produces steam at 1010°F and 3845 psig. Hence the rela-
tively wet steam produced by NSSS places more stringent requirements
on steam turbine design and results in somewhat lower system efficiencies
(33% as compared to 40%). However, even this disadvantage will be
obviated by the introduction of HTGR and LMFBR plants with their higher
operating temperatures.

The more dramatic differences between nuclear plants and fossil
plants 1ie in their analysis, design, and particularly in their licensing.
The extensive testing of designs and equipment prior to licensing of a

nuclear plant unprecedented in the construction of conventional fossil

fueled plants.
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IT. THERMODYNAMIC ANALYSIS OF NUCLEAR PQOWER SYSTEMS

A. A Review of Thermodynamics
1. The Laws of Thermodynamics
Essentially all nuclear power systems use a thermal cycle to
convert fission heat into mechanical energy. Such cycles involve the

utilization of a "working fluid" which absorbs this heat and then ex-

pands, doing work against the blades of a turbine. The thermodynamic
laws governing the conversion of such heat energy into work are well
known. However, since such knowledge is usually retained in the dimmer,
less readily accessible areas of most students' memory, it is perhaps
usefuyl to first review some of the basic thermodynamic principles
jnvolved in the study of thermal cycles. We begin with a discussion of

the first and second laws of thermodynamics:

The First Law of Thermodynamics: Energy must be conserved in any thermo-

dynamic process.

Hence in any system or device, an exact balance must be obeyed by
the various forms of energy added to or withdrawn from the system. Energy
may be converted from one form to another, such as from heat to work, but
there must always be a conservation of the total energy involved. If
we characterize the system by a speed v, a pressure p, an internal energy
u, then the first law of thermodynamics can be given in mathematical

form as:

WoRG+ U +DQ = W, RVa vl + AU (15-1)
23 2%
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where the subscripts b and a describe the state of the system before
and after the process of interest, while AQ represents the heat added
to the system, and A W the mechanical work performed by the system
during this process. We have written all of these quantities per unit

mass of working fluid for convenience.

The Second Law of Thermodynamics: The change in entropy within an iso-

Tated system is always greater than or equal to the ratio of the heat
added to the temperature at which the heat is added:

As > é.?* (15-2)

If the process being described is reversible, then the equality holds
As = £&Q (15-3)

[There is a third law of thermodynamics which states that the entropy

vanishes as the temperature of the system approaches absolute zero, i.e.,

1im $=0
T=0

However, in engineering work, only changes in entropy are important, hence
entropies are usually specified relative to a reference state not at

absolute zero temperature.]

Two useful relationships which relate the thermodynamic variables

characterizing a simple fluid at rest are



-811-

Tds = du+ pdv

Tds = dh- vdp (15-4)
2. Thermodynamic Properties
The thermodynamic state of a system is usually specified in

terms of a variety of thermodynamic variables:

pressure

- ©
n

temperature

specific volume

density = 1/v

i

internal energy

=
n

enthalpy
entropy = fdQ/T

The state of a fluid composed of a uniform, single phase can be specified

S

using only two independent thermodynamic variables. For example, when
the pressure and temperature are specified for a fluid, its density, in-
ternal energy, enthalpy, entropy, and so on can be uniquely determined.
Such relationships among thermodynamic variables are occasionally referred
to as equations of state.

3. Thermodynamic Data

Thermodynamic properties are represented in many different forms,
depending on the type of system under study. For a perfect gas, the

equation of state is sufficient:

PVv=RT (15-5)
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For incompressible substances (e.g., solids or water near room temperature)
h=c T (15-6)

More complex substances frequently are described by empirical equa-

tions of state, such as the Van derWaal equation

RT

KU 2
v

= (15-7)
P v-b *

However, most frequently, thermodynamic properties of substances are
tabulated. For example, extensive tables exist for steam, air, the common
gases, 11quid metals, and so on. References for several of the more
useful of such tabulations are given below:

J. H. Keenan, F. G. Keyes, P. G. Hi11, and J. G. Moore, "Steam Tables",

Wiley, New York, 1969.

. J. Lick, and H. W. Emmons, "Thermodynamic Properties of Helium",
Harvard University Press, Cambridge, 1962.

=

F. Din, "Thermodynamic Functions of Gases", Vol. 3, Butterworth's,
London, 1956.

N. Sittig, "Sodium, Its Manufacture, Properties, and Uses", Reinhold,
New York, 1956.
In practical calculations, such tables are frequently stored in a form
suitable for computer data, and interpolation routines are provided.
Charts of thermodynamic properties are not only useful as sources
of data, but are also frequently used to represent thermodynamic cycles.
The thermodynamic state of the working fluid as it passes through the
cycle is conveniently represented as a path on a chart of the properties
of the fluid. For example, one useful type of chart is a p-v diagram

in which lines of constant temperatures (isotherms) are shown:



Laltiglpy #
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Other diagrams of interest are those of enthalpy vs. entropy (Mollier

dijagrams)
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isotherm

§
Temperatura, T

; Neurves of consiant
/- qualily

Entropy §

Mollier diagram for water, Curves of consiont
quolity

—

Entropy, §
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or of temperature vs. entropy. On each of these diagrams, one usually

indicates 1ines of constant p or v.




LP.V.T surface for water, showing all the triple points. Constructed by

Verwicbe on the basis of measurements by Bridgman,
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B. The Carnot Cycle

Thermodynamic cycles correspond to closed paths on a chart of
thermodynamic properties of the working fluid, and each segment of the
path represents a certain process performed on or by the fluid. Such
thermal cycles can be characterized by a thermodynamic efficiency repre-
senting the ratio between the work perform;d hy the fluid to the amount
of heat added to the system. The goal of every red-blooded thermal
cycle is to achieve the éfficiency characterizing the reversible Carnot
cycle, which yields the highest efficiency which can be obtained for
any heat engine operating between two reservoirs at given temperatures.

On a T-s diagram, a Carnot cycle can be represented as shown:

Ta
hot reservenr

y/

QA
Isothermal
heat addiim

= 4 S |

'Isen{?ap{(

1 k Sypansion

T R
e
Jscthermal
Ma’g‘e&qu%
— =
Te

A g
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1f we recall that for a reversible process, the entropy change is given
by Eq. (15-3), then we can write the heat added or rejected in a process

as

AQ = Ths (15-8)

Hence the heat added and rejected during the isothermal phases of the

Carnot cycle can be written as

AQA = —’-;AS
(15-9)
AQVQ = T;z As
Now the thermal efficiency of the cycle can be written as
/2' — Q_lg)_ — AQA - AQQ
MA AQA
(15-10)
= A '113 — \__ t};
Ta A

This is the ultimate efficiency which can be achieved by any heat engine
(i.e., working fluid) operating between the temperature 1imits T, and
Tps where these temperatures are in absolute units (°R or °K).

In a nuclear power system, the maximum temperature at which heat
can be added to the working fluid is usually limited by the melting
point of the fuel or the clad. The minimum temperature TR at which the
waste heat can be rejected is dictated by whatever condensor coolant is
available (usually the ambient temperature of the reactor environment).
For example, in a PWR producing steam at 600°F and rejecting waste heat

at 100°F, the maximum achievable efficiency is
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v = ;. (893 +100) _ L,
(493 + 600)

Of course, no power plant can approach this theoretical maximum because
of the impossibility of ever achieving a Carnot cycle, and because of
irreversible processes which enter into any actual thermal cycle. To
be more specific, a Carnot cycle involves heat transfer to the working
fluid with zero temperature difference. But we know that heat can only
be transferred as the result of a temperature difference, so isothermal
heat addition or rejection is clearly impossible. Furthermore, the
Carnot cycle assumes that no fluid friction occurs in the working fluid
as 1t expands and contract during the cycle. This is once again clearly
an idealization.
C. Thermodynamic Analysis of Steam Thermal Cycles

1. Component Behavior

In any actual thermal cycle, each portion of the cycle corres-
ponds to a particular component of the system, such as a pump or turbine
or condensor. We can describe the functioning of each of these devices

in an idealized fashion as follows:

Pump: reversible adiabatic compression for which &S = 0:
Hence we can calculate the work performed by the pump. using one of

our T-S equations (15-4)

Tds = dn-vdp=0 = dn=vdp (5.1

to find
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A‘Qz:b: J,jlap = YC“Q

— \'Ib"hg

The corresponding p-v and T-s diagrams for a pump are shown below:

(15-12)

A T /
-T.h."l"' [ h
ii-
A\
Tat &
6t :
— —
v o

Turbine: reversible adiabatic expansion: dS = 0
We can merely adapt the results obtained for the ‘pump, except now
the path of the working fluid 1s in the opposite direction
A

AWy oo = f\:c\p = J‘A\q: Wg- \nb (15-13)

b
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e \‘\\ Tat ®a
AN
\
v <
Heater or Boiler: constant pressure heat addition: dp = 0
(if no phase change, then a heater; if a phase change, then a
boiler). Again using the T-s equations
Tds = dh- vdp = dh

b )
. AQ = L[;(Q = L[}uﬂ = »Tb —-»wd



-819-

and the corresponding thermodynamic diagrams are

\ T
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Cooler (radiator) or condenser: constant pressure heat removal

Again, it is simply the reverse process to constant pressure heat

addition:

AQ‘—'-\%"\% (15-15)
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Heat exchanger: Depending on which side one is interested in, this is

simply the same as a cooler or a heater.

Pipe with Frictional Loss: This is an irreversible process which involves

an adiabatic pressure drop. Hence dh = 0 (a "throttling process")

and the corresponding thermodynamic diagrams are shown below:

\ b
& :
\\\ s -
- .
- a
v s s~

2. The Rankine Cycle

The thermal cycle which most closely resembles that of an actual
steam power plant is the Rankine cycle which utilizes a condensable
working fluid such as steam, characterized by the T-s diagram as shown

below:




Tewperedmt T

Rankine Cycle
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The Rankine cycle consists of the following processes:
1-=2: Saturated vapor at T] expands adiabatically in a turbine
2->3: The vapor is condensed at T2 at constant pressure
3->B: It is then pumped to higher preséure (the same pressure
as at point 1 before entering the turbine).
BsdsT: It is then heated in a heat exchanger at constant pressure,
receiving "sensible heat" from B»4 and "latent heat" from
4»1,
For a PWR steam supply system, the corresponding points on a system

diagram are shown below:

Primary coolant Working fluid
‘ - vl - Load
r 117 Turbine :%3
<’
Reactor | 74 3 b3
o4 2 ¥ Condenser
Heat exchanger ?::
A 1
5 B rn
Can P Cam
Pump Pump

ASD THANK Yok FoR %00
CORTRIBUTON TO THE CoulseE
OF ENGINEERING DEVELOPHENT/
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[Obviously, such a thermal cycle would also characterize HTGR and LMFBR
steam supply systems. For a BWR, we would simply apply the Rankine cycle
to the primary loop, replacing the steam generator by the reactor core
itself.]

It is useful to analyze this cycle to determine the thermodynamic
efficiency for a system characterized by parameters typical of those of
a modern NSSS:

Boiler pressure pB=2000 psia

Max. steam temperature Tmax=1500°R-1040°F

Condenser temperature TC=590°R=40°F

Condenser pressure (follows from T_ since a 1s on liquid
saturation line} = .1217 psia

P A
“Trna
0 b c i
B
T
Vager
RlI77 % R

oot I SweAk
THAT CARPENTER
THOUGHT THIS
EXAMPLE UP--
NoT ME!
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a —= b: pumping from condenser pressure to boiler pressure. Since con-

denser temperature is 40°F,

h = 8,05 Btu/lbm
a

5, = .0162 Btu/1bm-F

(From Table 1 of ref. 3)

Sp = S (since the compression is assumed reversible)
.0162 Btu/1bm-°F
hb must be found for liquid at s=.0162 Btu/1bm-°F and p=2000 psia. Using

Table 4 of ref. 3, for properties of the compressed liquid, h=hf=5.9 Btu/1bm
starting from initial .1217 pstia.
So, hy = ha + 5.9 - 8.05 + 5,9 =13.95 Btu/1bm

The Pump work is
wpump = wab = hb - ha': 5.9 Btu/1bm
b —» c¢: Heat addition in boiler, at p=2000 psia. Heat to 1040°F=Thax'

Find hC and 5. from Table 2 of ref. 3 by interpolation

=
i

c 1474.5 + 1505.7 - 1474.5 (1040 - 1000)
1050 - 1000

1499.5 Btu/1bm

c = 1.5603 + 1.5813 - 1.5603 (1040 - 1000)
- 1050 - 1000

»n
i

1.5771 Btu/1bm-°F

The heat input to the cycle is

Qi =h, - hy = 1499.5 - 13,95

= 1435.5 Btu/1bm

c —» d: Expansion through turbine. Assume reversible expansion,

sd=sc=1.5771 Btu/1bm-F, to the pressure in the consenser, .1217 psia
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(or to the temperature of the condenser, 40°F). Since the entropy of
the pure vapor at 40°F saturation, is greater than 1.5771, the result of
expansion must be only partially vapor. Me determine the fraction of
vapor (quality) from the requirement

5 =‘ng + (1 -"X,)sf

1.5771 =% (2.1597) + (1 - %) (.0162)
= ,0162 + 2.1435 %
s %= 728

The enthalpy follows since the quality is known:

hy = 'X,hg + (1 -')(;)h1=
hg + %h

f fg
8.05 + 1071.3%

n

791 Btu/1bm
The work output through the turbine shaft is

Wout = Fe = Mg

= 1499.5 - 791

= 708.5 Btu/Tbm

The net work output is the shaft work less the pumping power
Woat = Wout ~ wpump = 768.5 = 5.9

= 702.6 Btu/1bm

d — a: constant pressure cooling in the condenser, at .1217 psia, 40°F.

ha is known from the start of the cycle.

M, T SuRe FeEL

The heat rgjected is THAT OLD 2%8 Au)!

Qout - ha - hd

791 - 8.05

H

783 Btu/1bm
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Qs = 1486.5 Btu/lbm %E%J,%T:&% !,

Woot = 702.6 Btu/1bm gﬂogsgbm“:tt_”ﬁ,

Qyys = 783 Btu/lbm | Rﬂ s
while W = 5.9 Btu/1bm

pump
The thermal efficiency is
42. = wnet = 702.6 = 47.2%
Qin 1485.5

3. Reheating and Regeneration
There are a couple of modifications that are usually made to
the Rankine cycle in an actual steam power plant. In the idealized
cycle we have studied, the expansion of the working fluid gave rise to
a mixture of vapor and considerable liquid in the lower pressure end
of the turbine. This would result in turbine inefficiency and blade
erosion. To prevent this, one removes steam from the turbine before
1t expands to the saturation temperature, and reheats it by passage
through another heating device, a reheater, before reinserting in into
the turbine for further expansion. A simple diagram of such a reheating

cycle is shown below

i

. Geneddn

> Gt
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Yet another modification made to the Rankine cycle is introduced
to avoid as much heat addition to the feedwater at low temperatures as
possible, since this would give rise to a considerable loss in efficiency
(recall our formula for the efficiency of the ideal Carnot cycle). One

instead uses a regenerative cycle in which heat is transferred reversible

from the working fluid in the turbine to the passing feedwater. This

is possible in principal because as expansion proceeds in the turbine,
the fluid temperature decreases. Hence at any point during expansion
and feedwater heating, the local steam temperature is made equal to
(infinitestimally greater than) the local temperature of the water which
receives the heat. The total of heat added from external sources (in

the boiler) is added at constant temperatures, thereby producing steam.
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A diagram of a regenerative feed-heating cycle is shown below:
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D. The Brayton Cycle

Thus far we have directed our attention towards nuclear power
systems in which the fission heat energy is used to produce steam, which
then expands in a steam turbine, thereby producing mechanical work and
hence electrical energy. However the use of a gas coolant allows the
possibility of an alternative to the Rankine cycle for the HTGR. In
this cycle, the gas heated within the HTGR core would be used directly

to drive a gas turbine in a simple closed cycle as shown below:

Reactor

Load

Coolant
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Such a thermal cycle is known as a Brayton cycle and is characterized

by a thermodynamic diagram as shown below:

MO

One can easily determine the efficiency of this cycle, if the working
fluid is assumed to behave as a perfect gas. Consider each step of the
cycle:

a—» b:  isentropic expansion in the turbine

P A Y - Coﬂs‘t

_ A (15-16)
= puf=pu' = Tan Y= LA v

also, \*)aﬂ,: ‘n“-‘f\h = Cp (T:-T.:)
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b —,. c: 1isobaric cooling in the cooler

C?\s:v-bc-'-" C" (‘T‘-d _Y\;\ (15-17)

¢ - d. {sentropic compression in the compressor
...x—__\ _‘5‘._\

Tip, Y= Tp °
(15-18)
Wi = o (T TH)
d - a: 4sobaric heating in the reactor core
Qc\;a = CP (’TQ—T‘I) (15—19)
The net work out is
Waet = Wasp * Vet = Col (Te T UC'TJ)] (15-20)
The heat in is
Qim = Qima = Cp'Lla’T“\ (15-21)

Hence the efficiency is conveniently expressed in terms of the high and

low pressures of the cycle, Py and Pyl

MWhet = Co ETG U"%} ~T1a (\‘ ’%)]
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=\ X_—J
m‘n ey
Ty, = @/PJ )%

(15-22)

Wnet = G (.Ta'Td) K\l = % Y%

Qm [\_ %) } (15-23)

— ne{: p
Y (15-24)

For helium, & = 1.659. Hence for pressures p; = 1000 psia, p, = 100,

or finally

one finds an ideal Brayton cycle effiency of

Hence there 1is strong incentive to eventually develop gas turbines of

sufficient capacity to match an HTGR power plant.
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III. POWER REACTOR OPERATION

A. Nuclear Power Reactor Startup and Testing
Nuclear power plants are subjected to a degree of testing prior

to operation which is quite different from that required for conventional
power plants. Prior to the issuing of an operating license, a formal
field test program must be conducted to verify the satisfactory opera-
tion of each component of the nuclear plant. Such field test programs
will vary from one reactor type to another, as will the detailed proce-
dures followed in reactor operation. OQur intent in this section is not
to attempt an exhaustive study of power reactor testing and operation,
but merely to illustrate several of the considerations involved. Hence
we will confine ourselves to a detailed consideration of only one reactor
type, the pressurized water reactor.

Several phases of a field test program which are characteristic
of those conducted on a modern PWR plant include:

Precritical testing: Prior to fuel loading, the nuclear steam

supply system is subjected to a number of tests of nonnuclear components.
The general sequence of such a testing program includes
(i) dinspection of system components
(i1) tests of electrical equipment and circuitry
(i1i) dinstrumentation tests
(iv) hydrostatic tests (all fluid components and systems)
(v) functional tests (in which components are operated)
(vi) operational tests (in which systems are operated under
conditions as close to the normal operating condition as

possible)



-833-

Following the functional tests of each system component, the reactor
coolant system is brought to a hot standby condition in which system
temperature and pressure are raised to zero power levels using the pri-
mary coolant pumps as a heat source. (It should be stressed that there
is still no fuel in the core.) There then follows a period of stimu-
lated operational testing with the reactor coolant system in a hot
standby condition.

Fuel locading and zero-power testing: Prior to fuel loading, neutron

detectors and sources are loaded into the core. Fuel Toading then takes
place with the reactor vessel and fuel handling pool filled with water
at ambient temperature contafning 2000 ppm boron to assure a nuclear
multiplication factor of less than 0.90. (Even if all of the control
rods were removed, the boron content is chosen such that the core multi-
plication during fuel Toading would never exceed 0.99.)

At this point, fuel loading begins. Throughout the fuel toading,
frequent measurements are made of core multiplication, and frequent
pauses are taken to relocate sources and neutron monitors with frequent
Checks on results until all of the core fuel assemblies are in place.

After fuel loading, one begins low power critical testing. The
initial heating and pressurization of the primary coolant system is
accomplished as in the precritical tests using the heat generated by
the primary coolant pumps. After the NSSS has reached operating temper-
atures, the reactor is brought to criticality at Tow power. One then
measures control rod reactivity worths, reactivity coefficients, soluble

poison worth, core excess reactivity, and core power distributions.
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Power testing: The reactor is then brought to somewhat higher power

levels {e.g., 15% of rated power) at normal operating temperatures and
pressures, with the steam generated dumped to the condensor through the
turbine bypass system. Several measurements are performed at this time:
(i) Calibration of the power range nuclear instrumentation, with
particular emphasis on verifying the overlap between inter-
mediate and full power range instrumentation.
(i1) Initial operation of in-core nuclear instrumentation is
checked.

(ii1) The plant computer programming necessary to handle core
power distributions, fuel assembly power distributions,
xenon concentration, and hot channel conditions is checked.

Finally, the plant js brought to 100% of rated power, and a new series
of tests is performed:
(i) The plant performance characteristics are evaluated at
steady state.
(i1) The power coefficient of reactivity is measured.

(ii1) Several reactor physics tests are performed at full power,
including the measurement of boron worth and differential
and integral control rod worths.

{iv) In-core and external nuclear instrumentation are correlated.
(v) The plant transient response is evaluated by initiating
various step and ramp load changes and measuring the plant
load following characteristics.
{vi) Xenon reactivity worth measurements are made by varying the

reactor power level.
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(vii) The reactor response to a turbine trip is investigated.
The above 1ist contains only a representative sample of the many tests
which must be performed on a nuclear reactor system prior to on-line
power production.

B. Reactor Startup Under Normal Operating Conditions

A modern nuclear power plant is an incredibly complicated system.

One cannot start up such a plant by simply throwing a switch which with-
draws a bank of control rods. Instead, a complicated, but well-prescribed,
sequence of operations must be followed in the startup procedure. The
actual startup procedures that are followed will depend on whether the
reactor coolant is in a hot, standby condition at operating temperature
and pressure, or in a cold condition in which the coolant systems must
first be pressurized and heated to operating conditions before reactor
criticality can be initiated. Hence a hot startup actually comprises
a subset of the cold startup procedure. The initial parameters charac-

terizing the coolant system prior to cold and hot startup are given below:

Parameter Cold Hot
Reactor coolant temperature, °F 140 557
Reactor coolant pressure, psia 400 2250
Pressurizer level, % full 100 25
Pressurizer temperature, °F 140 652

We will furthermore assume that all pre-startup testing has been completed

of system components.
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A table giving the steps and the
approximate time required for each
step in both hot and cold startup
procedures are given on the right.

In Figures 15-18 and 15-19 we have
sketched the primary coolant tempera-
ture and pressure and the reactor
power level as functions of time
during the startup operation. A
more detajled description of the
individual steps involved in the

startup procedure follows:

P CINQN FRITZ... WERE GONNA
OR (ROJBLES ~
PG 5T ﬁﬂ&gg AL PLAR

EStIMATED STARTUP TIME
IN HOURS-REQUIRED BY NSSS

Operation Hot*

1. Raise pritmary system pressure —
to 400 psig and raise pres-
surizer temperature to satura-
tion at 400 psig

2. Drain pressurizer to nodoad —

¢+ operating level, maintaining

system pressure at 400 psig

3. Withdraw rods to criticality 05

and raise output to power
range level '

4. Raise RCS to no-icad con- -

ditions (Tavg bl 5570F,
system_pressure 2250 psia)

Secondary plant opera-
tions, such as drawing a
vacuum in the main con-
denser and rolling the
turhine, can be done be-
fore the RCS reaches no-
load conditions.

5. Raise the NSSS output to 0.5
full power (5 percent per
tminute) ‘

The loading rate is
restricted by turbine
considerations. The
cold startup time given
above represents the
NSSS capability.

Total 1.0

* Hot—5579F RCS temperature,
2250 psia, nodoad pressurizer level.
**Cold—Less than 140°F RCS temperature,
140°F in "solid” pressurizer.

Cold**

6.5

05

3.6

0.5

13.0



Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:
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The pressurizer heaters are energized to start the heatup of the
pressurizer necessary in drawing the steam bubble.

The reactor coolant pumps are started sequentially and the pump
heat is used to raise the temperature and pressure of the primary
coolant loop.

Boron dilution is then started to bring the boron concentration
from its shutdown level to that required for the cold shutdown
criticality condition.

When the pressurizer temperature reaches saturation, steam forma-
tion in the pressurizer begins. The primary coolant system is
maintained at 400 psig by adjusting the pressurizer heater
and/or pressurizer sprays.

At this point the shutdown bank of control rods is withdrawn

and criticality is achieved. A startup rate of about 0.5 de-
cade per minute is established, and power is increased to the
level at which a heatup rate of 50°F per hour is maintained in
the primary system.

When the primary coolant temperature exceeds 400°F, steam is
drawn from the steam generators to warm up the secondary plant.
A vacuum is drawn in the main condensers, and some steam is put
on to begin to slowly roll the turbines.

The primary system heatup and pressurization continues until a
zero load coolant temperature of about 550°F and a pressure of
2250 psia are reached. At this point the plant is in the hot

standby condition, and the hot startup procedure is followed.
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Step 8: The turbine-generator is brought up to synchronization speed
and paralleled to the main electrical grid. The reactor is then
brought manually to about 15% of full power, at which point the
system is switched to automatic control and plant Toading is
continued to full power at a rate not exceeding 5% of full

power per minute.

C. Normal Operation of Nuclear Power Reactors

By normal operation we are referring to power generation at nor-
mal system operating temperatures and pressures. In a PWR system, the
operating pressure is maintained by the pressurizer control system, while
the system temperatures 1s controlled by an automatic control system.
Load changes on a nuclear power station initially appear as load demand
on the turbine-generator. Small load changes can be accomodated by the
natural load following capability of the NSSS. However any electrical
power plant will be subjected to more dramatic variations in Toad. For
example, a reference daily load cycle usually involves plant operation
at full power for 12 hours, followed by a load reduction to approximately
50% of full power in 3 hours, remaining at 50% for 6 hours, and then
returning to full power in 3 hours. Such load level changes require a
corresponding change in reactivity control involving both control rod
motions and chemical shim control.

For example, following a change in load demand, the reactor power
level may be changed using control rod adjustment. However boron concen-
tration adjustments will usually be made as well to compensate for slowly
varying xenon concentration changes (resulting from the flux level change)

and to prevent the control rods from approaching the 1limits of their
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maneuvering band. During the last 15% of the fuel cycle, the chemical
shim reserve is sufficiently low that the control rods are usually allowed
to drift out of their maneuvering band to compensate for xenon reactivity
changes, with some accompanying decrease in joad following capability.

A very important aspect of power reactor operation is to provide
the system with a capability to withstand a loss of the turbine Toad
reactor scram. This is accomplished by controlled dumping of the turbine
throttle steam either directly to the main condenser or to the main
condenser and the atmosphere.

The steam dump serves as a short-term artificial Toad which allows
the reactor to automatically cut back power without scramming. The
steam dump can be controlled to reduce NSSS load as rapidly as the
reactor control can reduce core power level without allowing system
variables to exceed allowable operating limits.

D. Reactor Shutdown

If the plant is operating at some power level in excess of 15%,

the initial shutdown step is to unload the turbogenerator. As the power
output decreases to 15%, the reactor control and steam generator water
leve] control are transferred to manual operation. The station auxi-
liary electrical loads are transferred from the turbogenerator to the
outside source, and the turbogenerator is then completely unloaded, dis-
connected from the grid, and taken out of service.

The control rods are then inserted to reduce power level and place
the coolant system in a hot standby condition. Steam dump may be re-

quired initially to remove residual heat.
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If it is desired to take the plant to a cold shutdown state, bora-
tion of the primary coolant water is initiated to bring the boron con-
centration to the cold shutdown value. Steam dump is adjusted to start
a cooldown rate of 50°F per hour. When the reactor coolant reaches
200°F, the secondary side of the steam generators are filled. After
assuring that the boron concentration is at the proper cold shutdown
value, the remainder of the control rods are inserted and unlatched.
Reactor coolant pumps are run only as needed to assure uniform loop
cooldown and to provide spray for pressurizer cooldown. Eventually
the system is completely depressurized by letdown. The time required
for complete plant cooldown is approximately 20 hours.

E. Core Refueling

Nuclear power systems differ dramatically from conventionatl
fossile fueled plants since they must be shutdown and dismantied be-
fore refueling can commence. At the designated time of refueling, the
reactor is shutdown, cooled down, and depressurized, much as described
above. When the reactor coolant system pressure has been reduced suffi-
ciently low, the system is vented, and the coolant level is lowered to
a point just below the flange separating the pressure vessel and the
vessel head. The control rod drive service lines and other attachments
to the heat are disconnected, the control rod drives are decoupled, and
the mechanisms holding the head in place are de-tensioned and removed.
The pressure vesse] head is then Tifted from the vessel. At this time
the area above the open vessel is flooded with water to provide a radia-
tion shield. As the upper core support structure is removed, the core

s exposed and refueling commences. The spent fuel assemblies of the
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core are removed first and transferred to the underwater storage pool,
where they will be stored for several months before they are shipped off
for reprocessing. The partially spent fuel assemblies are then trans-
ferred to new locations, and the new fuel assemblies are loaded into the
core.

In a similar manner, spent control rods will be replaced and neces-
sary core maintainance will be carried out. Following refueling and
maintainance, the reactor is reassembled by the reverse of the disassembly
procedure.

Before the system is repressurized and brought to operating tempera-
ture, a battery of precritical tests is again performed, as well as a
subsequent series of critical zero-power and low power tests. The total
down time requirements for refueling presently range from one to two
weeks (although the actual fuel handling time is usually much shorter--

on the order of two days).

IV. SAFETY AMALYSIS OF NUCLEAR STEAM SUPPLY SYSTEMS

A. Abnormal Reactor Operations
We now turn our attention to situations in which the NSSS may
be subjected to abnormal operating conditions, caused, for examplie, by
component malfunction, operator error, or a host of other possible events
which could lead to a nuclear reactor accident. Hence we enter into
that mystifying, yet vitally important worid of reactor safety analysis.
The principal safety problems inherent in nuclear reactor operation

are not caused by the possibility of a nuclear explosion. (Such an
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event is quite impossible in thermal reactors, and it requires an agile
mind to concoct a sufficiently fantastic scenario to initiate such an
explosion even in a fast reactor.) Rather it is the large inventory

of radioactive fission products which accumulate in the reactor fuel
which causes the problem. As long as these fission products remain

in the fuel, they represent no hazard to people outside the plants. But
should they be released and transported to populated areas, then sub-
stantial damage could occur.

Hence nuclear reactors must be designed such that under no credible--
or even incredible--operating situation could such radioactive material
be released from the core. To achieve this guarantee, not only must
the reactor core and coolant system be carefully designed against every
imagined accident situation, but as well auxiliary systems-must be in-
corporated into the core--so-called "engineered safequards"--to insure
core jintegrity.

The subject of nuclear reactor safety is exceedingly complex,
emmeshed in a Tabyrinth of complex technical, regulatory, political,
philosophical, and, yes, even emotional issues. We will avoid all but
the first of these topics in this chapter, since we are only concerned
with illustrating those aspects of nuclear reactor analysis which arise
in questions of reactor safety. In fact, we will only look at two pro-
biems--an analysis of the so-called design basis accidents for light
water reactors and fast breeder reactors.

B. The Loss of Coolant Accident (LOCA)} for LWR's

The design basis accident for LWR's (that is, the worst thing

that could conceivably happen to a LWR) involves a rupture of the primary
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coolant system in which all coolant is voided from the core. The loss
of moderation immediately shuts the core down, but the residual decay
heat would tend to raise the fuel and clad temperatures to their melting
point, leading to clad failure and the release of fission products from
the primary coolant system unless auxiliary core cooling is provided.

To be a bit more precise, let's describe the LOCA as postulated
by those devious minds who dream up such scenarios to challange the
sanity of reactor designers. One assumes that the reactor has been
operating at full design power for some time when a double-ended frac-

ture of the cold leg of the primary piping system occurs

%
L-é v vVoov

[A double-ended break is assumed to yield the most rapid voiding of

coolant.] The coolant in the pressure vessel rapidly depressurizes and
blows out of the rupture as a two-phase mixture. The voiding of coolant
from the core is referred to as the blowdown phase. The reactor core
goes subcritical as soon as significant boiling occurs, since the reduc-
tion in the mass of water corresponds to a decrease in moderation.
However, the decay heat generated in the core continues to be
substantial (.~ 5% of the operating power) and will lead to rapid fuel
cladding temperature rise unless auxiliary cooling is put into effect.
To this end, the NSSS is equipped with an emergency core cooling system
(ECCS) to avoid fuel element failure. Both active and passive systems

are used. Large tanks of borated coolant water called accummulators
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are maintained at pressures lower than system pressure. In the event

of a blowdown accident, the water from the accumulator discharges to

the reactor system whenever the system pressure falls below the pressure
of the accumulator. The operation of the accumulator is completely
passive in that no separate control device is required to enable it

to function.

The ECCS system also contains active systems involving low and
high pressure coolant injection pumps. The high pressure injection
pumps are intended to provide a source of coolant during LOCA resulting
from smaller area breaks. The low pressure injection pumps are high
capacity and are intended for large LOCA and to provide for long term
core cooling.

A very important task of the reactor analyst is to show that
following the LOCA, the fuel clad temperature is maintained below &
critical Timit (for Zirconium, this limit is 2300°F) by the ECCS.

Since it is impractical to blowdown a full scale power reactor, such
an investigation relies very heavily upon mathematical models of the
thermal-hydraulic behavior of the core and ECCS.

The results of such calculations for a typical PWR LOCA are shown

in a series of plots of system parameters given below:
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C. Fast Breeder Reactor Power Excursions

We now turn our attention to a study of large power transients
in fast breeder reactors such as might be experienced in a reactor acci-
dent. In these situations one usually imagines that a large reactivity
in excess of prompt critical has been inserted, and then studies how
the excursion is terminated by temperature shutdown mechanisms. [In
this regard, one must be very careful since the point reactor model is
of questionable validity for such transients.]

1. The Fuchs-Hansen Model of Reactor Excursions*

We will consider a step insertion of reactivity (17@? . Since
the reactor is super-prompt-critical, we can then neglect delayed neu-

trons to write

4P )-8
3= 1\ pE) (15-20)
[Here we have switched our dependent variable in the point reactor

kinetics equation from the total neutron population n{t) to the reactor

power P(t).] We will assume that the temperature feedback reactivity

is proportional to the total energy (not power) generated such that

£
Qtﬂz 6- SEW) = 0, - Y |46 P (15-21)

AN EXCURSION WiTH A
FPET BREEDER? .. ..

*Bell and Glasstone, Pg. 517-522 ) e
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Hence (15-21) becomes

1
i% = Pl [O(o . \oj;cl‘c‘ P(Jc)] (15-22)

where oo %\:?) L= %

Amazingly enough, we can solve this equation exactly to find

2 -C.'&
APAS T , (15-23)

P['B: lg [_Ae'd +\‘.1Z

and
<t
“I) = ol [___F-—“e }
Ef) - b LAe 4 (15-24)

where Cz\lo(}ﬂbpo‘, A= Cj‘:fu

O

o

To interpret this more easily, assume the initial power level is low
such that

A~ S > | (15-25)

Then at early times, both the energy and power generated increase

exponentially

E[ﬂv PH’)V eo{b{_ (15-26)
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N
The power eventually reaches a maximum when o

- _¢t
aP _13h <] A<ty _
CH: B b eLAe-cf‘_Hlf; ©

= A<=

Hence

vamz ch:é ~ gﬁ;A (15-27)

The maximum power achieved in the excursion is

igj_- ( -3 )Z
Bk ~ Wy = —_627\% (15-28)

-, t

For long times, P(t)~ e » Which suggests a symmetric puise shape.
Actually the power tails off more slowly because of delayed neutrons
(which have not been included in our simple model).

The total energy generated in the excursion is

E (%) ey Qf,(" = Q'(Q‘é@ (15-29)

o

Note that the essential parameters are the excess reactivity 6{-—43 and
the feedback coefficient X/: But the peak power also depends on the
prompt generation time /\. This is important, since the peak pressures,
etc. in the core will depend on Pmax' Since A ~ 10'4 sec in thermal
reactors, while A~ 10'8 in fast systems, we can see that the potential

for a damaging power excursion is far more serious in the latter. This
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analysis suggests that the reactor should have a large negative feed-
back coefficient to counteract this effect.

2. Analysis of Fast Reactor Accidents

As we have seen, peak powers and pressures accompanying a reac-
tivity excursion in a fast reactor will be very much greater than in
a thermal reactor. Further there is much more fissile material in a
fast reactor core. Once again, the maximum credible accident for such
a system involves a complete Toss of coolant. The reactor will be shut
down immediately, but subsequent fission
product decay leads to core meltdown

and reassembly in a prompt critical

mass in the bottom of the pressure

vessel. The parameters necessary

2
|
!
Nasagons”

for the analysis of such an accident
include the gross core geometry, initial
power level, and the rate of reactivity increase during the supercritical
phase.

We will essentially outline the Bethe-Tait* analysis of such an
accident. Assume that the collapsing core achieves prompt criticality

at t = 0. Since the delayed neutrons are insignificant, we write

cﬁ_z @:’\E PA) (15-30)

*H. A. Bethe and J. H. Tait, NDA-14-170 (1957)
W. J. McCarthy and D. Okrent, in "Technology of Nuclear Reactor Safety".
ed. by T. J. Thompson and J. G. Beckerly, MIT Press, 1964, Vol. I,

Chapt. 10
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Now suppose the reactivity is increasing in a linear manner with time

?(_-B = @_\_ éo{- (15-31)

where QL must be estimated from the model of core collapse. Then

we can solve (15-30) for

PU) = Plo) € QOJ[ an (15-32)

Now suppose that the feedback is negligible until the total energy

generated is E1. If this energy 1s generated at a time t]’ then

@ [‘m = @ ¥ éj‘ —=> 0 (—h) _6: éo-é’ (15-33)

where ty is defined by

{fl 3
f Dk = PO) f & tan
(15-34)

If we approximate

Ev M%\_ - et ilon (15-35)
fg |

we can solve for

{al"’ —g;[i“ PCM)] (15-36)
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which yields

@(Jc') 8= J/\Q 9@1\ (15-37)

This then is the excess reactivity over prompt critical which is reached
when feedback becomes significant. In..some cases, ()(’h} - 6 may
range up to g?

We now must introduce the feedback. The Doppler coefficient is the
only mechanism which can be relied on (one major reason for its signi-
ficance 1in fast reactor design).

In the Bethe-Tait analysis, it is postulated that there is no
feedback mechanism until an energy E = E* at which point the core material

vaporizes. The vaporizing core builds up a pressure which causes the

core to expand--hence decreasing reactivity and terminating the excur-
sion (the reactor blows up). To analyze this, one must really use a

coupled neutronics-hydrodynamics calculation. Typical results are

(bl 13
: ¥ ﬁ"'; : { //,/’{‘:3> L \ LAQ?—BZ.I % o)
[ e A

(15-39)

oY, 6
N N

Thus GL , the reassembly reactivity rate, is the single most important

factor in determining how serious a fast reactor accident might be.
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When applied to the Enrico Fermi LMFBR, the Bethe-Tait analysis
indicated that a uniform collapse of the core could yield an energy
release of 600 Kgm of TNT (for an initial operating power level of

100 MW)--a rather sizeable amount of energy.

AND THEN HE TolD Trose
ENVIEONMENTALISTS ABOUT
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CHAPTER 16: THE NUCLEAR FUEL CYCLE AND NUCLEAR FUEL MANAGEMENT

I. THE NUCLEAR FUEL CYCLE

A. Introduction

The bulk of the nuclear power plant construction current under-
way in the United States is directed towards the generation of electrical
power. The justification for such nuclear plants must reside in their
economic advantages over more conventional sources of electrical power--
e.g., fossil fuel or hydroelectric power. The cost of electrical power
can be broken down into a number of factors: (i) the initial cost of
constructing the power station (capital costs), (ii) the annual cost of
operating and maintaining the plant, and {iii) the annual costs for the
fuel. The capital investment required for the construction of nuclear
power plants is presently greater than that required for conventional
fossil fueled power plants. Furthermore, operating and mainte nance
costs account for only a small fraction of the total cost of generating
electricity. Hence any economic advantages realized by nuclear power
must reside in the lower cost of its fuel.

It is important to recognize that nuclear fuels are totally dif-
ferent from fossil fuels, both in their processing and utilization, as
well as in their costs. There are a Targe number of sophisticated and
expensive processing operations required by the fuel before it is inserted
into the reactor core. It is then "burned" in the reactor for several
years before being removed. Even after several years of use in a reac-

tor, the fuel still possesses a sizeable concentration of fissile material.
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Hence it must be removed from the core, reprocessed, and refabricated
into new fuel elements. The byproduct waste from the reprocessed fuel
is highly radioactive and must be disposed of with considerable care.
Those operations involved in the extvaction, preparation, utiliza-
tion, reprocessing, and disposing of nuclear fuels are referred to as

the nuclear fuel cycle. Such a cycle extends over a period of several

years, and the costs associated with the nuclear fuel cycle must be
monitored over this period of time. In this sense, nuclear fuel costs
are much different than fossil fuel costs, since a number of charges
other than direct materials costs are involved which may lead, or lag
utilization of the fuel material by several years. The primary costs
associated with the nuclear fuel cycle include:

1.) Costs of net isotope consumption which result from the con-

version of uranium and plutonium into fission products and

235 enrichment of the uranium

from the reduction in the U
remaining in the spent fuel. These costs are associated
with the exploration, mining, and enrichment of the uranium.
2.) Processing costs, such as those incurred in uranium purifi-
cation, conversion, fuel fabrication, and reprocessing.
3.) Financing costs associated with the large working capital re-
quirements of the nuclear fuel cycle.

The magnitudes of each of these components can be best illustrated by

considering the fuel cycle cost projection for a typical PWR (1,150 Mwe,
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Fuel Cost (mills/kwhr)

Consumption Financing % of
costs costs Total cost
Uranium ore (@ $8/1b U308) 0.56 0.18 0.74 36
Conversion & enrichment 0.62 0.16 0.78 37
Fabrication (@ $70/kg U) 0.34 0.08 0.42 20
Spent fuel shipping & rep. 0.19 ~0.04 0.15 7
Pu and U credits -0.35 0.08 -0.27 -
1.36 0.46 1.82 100

Ref: E. A. Mason, in The Nuclear Fuel Cycle, ed. by E. M. E1190t and L. E.
Weaver (U. of OkTahoma Press, 1972)

M. M. E1-Wakil, Nuclear Energy Conversion {Intext, 1971), Chpt. 17
H. W. Graves, N. E. 561 notes, 1971

Such a 1,150 MWe plant would require 100 metric tons of fuel with an
initial in core value of $31 million. The annual fuel cycle bill for
such a reactor is $14.7 million. Of this, the cost of the materials
consumption and processing amounts to $11 million, and the financing
costs to $3.7 millfon.

Recent studies have indicated a very decided economic advantage
for nuciear power generation over fossil fuel plants when fue? supply,
plant performance, environmental impact, and safety are taken into account.
For example, an economic projection for the period 1981-84 indicates power

generation costs as tabulated below:



0il Coal Nuciear
Capital costs {$/kw) 389 588 702
Fuel costs (mills/kwhr) 15.0 9.2 3.1
Power generation 27.3 25.5 21.3 (single
costs (mills/kwhr} unit)
20.3 (dual
unit)

(These costs are given in 1973 dollars;) The fossil fuel plants were rated
at dual 800 MWe units (selected as the optimum size for present fossil-
fueled plants), while a single 1150 MWe unit was considered for the
nuclear plant.

These figures indicate the sharp contrast in fuel costs between
fossil fuel and nuclear power generation. For example, in a coal fired
plant, fuel costs represent 36% of power generation costs, while capital
costs account for some 56% of these costs. For a nuclear plant, fuel
costs account for only 14% of power generation costs, while capital
costs account for 79%. Such figures certainly bear out our contention
that the primary economic advantage enjoyed by nuclear power generation
is in 1ts very low fuel costs.

It should be remarked that there will be a tendency for even nuc-
lear and fossil-fuel plant capital costs to become more comparable, not
because nuclear plant costs will decrease, but rather because of the
rising costs of plant construction of all types. Furthermore, operating
experience has indicated that nuclear plants perform with a higher de-

gree of reliability than comparabie sized fossil plants.
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The principal disadvantage of nuclear plants rests with the compli-
cated licensing procedure necessary for plant construction and operation
which tends to increase the construction period of such plants over those
of fossi1 plants (presently, some 8 years from order to on-line power
production, as opposed to 4-5 years for a coal fired plant}. However,
as the Ticensing procedure is streamlined, even this disadvantage is
expected to disappear.

B. An Overview of the Nuclear Fuel Cycle

The various steps in obtaining, processing, using, and disposing

! These steps include:

of nuclear fuel are shown schematically below.

(:)‘ Mining: Both underground and open pit techniques are used to
mine uranium ore in a manner similar to that used in other Tow
grade ore mining. The ore obtained from mines in this country
average about 0.25% uranium oxide (U308).

(:) Concentration: Milling Is necessary to extract uranium from
the raw ore. The ore is pulverized and leached with sulfuric
acid to dissolve the U308. One then uses solvent extraction or
ion exchange to recover the dissolved Uj0p. Calcination
(roasting) is then performed to produce yellow cake, a crude
oxide containing some 70-90% U308' Yellow cake is the form of
uranium most commonly traded in commodity markets. Further cal-
cination and solvent extraction is used to refine the yellow
cake to essentially pure U03,

(::) Conversion: Hydrogenation is first used to convert UO3 to UO,.

Then reacting U0, with hydrogen fluoride produces UF, which can

e, A. Mason, ibid
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then be converted into uranium hexafluoride, UFs, by adding
fluorine sait.

Enrichment: Essentially all power reactors (with the exception
of heavy-water reactors or the early gas-cooled, graphite moder-
ated reactors) utilize enrichment uranium, that is, uranium

with higher than the natural 0.7% concentration of U235 (at
least in their initial core loading). The enrichment of uran-
fum is a very difficult and expensive process since it involves

235 and U238

separating two isotopes, U » With very little mass
difference and essentially no chemical difference. A variety
of separation techniques have been used or proposed:
(1) electromagnetic separation: essentially using huge mass
spectrometers
(ii) gaseous diffusion: since the diffusion coefficient for
& gas to pass through a porous membrane is inversely
proportional to the square-root of its mass, one can pass
the UF6 gas through hundreds of porous barriers to separ-
ate the UF; (U2%) from the UFg (U2%5).
(i1} ultracentrifuges: simply very high speed centrifuges
used to separate the two isotopic forms of UFg.
(fv) laser excitation: Of more recent consideration are schemes
which use high powered lasers to selectively excite UFg
(U235) by tuning the laser wavelength to select out the
isotopic mass shift in the electronic energy levels of

the compounds. Then standard chemical separation techni-

ques can be used to skim off the excited compound.
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The gaseous diffusion method has been the primary technique used
for uranium enrichment for the past 20 years. Recently, however,
developments in ultracentrifuge design have suggested that these
latter methods may, in fact, be superior to gaseous diffusion
techniques. Most recently, advances in the development of
high-powered tunable lasers has given rise to a large scale
research effort in laser separation techniques.

Fabrication: Following enrichment, the UFg is then chemically
converted into the form to be used in the fuel element. This

is usually a ceramic such as UOE or UC. The resulting ceramic
powder i{s then compacted (and sintered) into small pe11ets,
which are then loaded into metallic tubes (the clad) or into

the fuel matrix (as in the HTGR).

Fuel Burnup in the Reactor Core: The fuel assemblies are Toaded
into the reactor core for power production. These assemblies
are typically irradiated in the core for a period of several
years. The fuel burnup or lifetime can be limited by either
reactivity considerations (i.e., the multiplication of the core
drops too Tow for further power production) or by Timitations

of materials’ stability under high radiation fluences. It is
usually the latter limitation which determines the lifetime

of fuel in today's high-burnup designed cores.

Spent Fuel Storage and Decay: After being {rradiated in the
core, the fuel is intensely radioactive due to fission product
buildup. The used or spent fuel is removed from the core and
stored in water pools for several months to allow the short-

lived fission products to decay out.
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Reprocessing: The spent fuel is then shipped to reprocessing
facilities to reclaim unused uranium (which can then be re-
cycled back as UF6 for conversion or re-enrichment) and plutonium.
Waste Disposal: The radioactive waste products remaining after
reprocessing are then converted into either liquid or solid

forms for storage and are shipped to various depositories for
burial (and survelliance).

:‘The above outline is a description of only the uranium-ptutonium

fuel cycle used in most modern power reactors. However, other possible
fuel cycles have been considered for future reactors, such as the thorium-

U233 cycle proposed for HTGR operation.

We will discuss these cycles
in more detail in the next section.

The management of the various activities involved in obtaining,
Trradiating, and disposing of fuel materials is referred to as nuclear
fuel management and is a principal concern of nuclear engineering. Such
activities must be performed subject to several very important constraints.
0f course, one desires to minimize electrical generation costs. But one
must also insure that the safety of the reactor is not compromised--e.g.,
the fuel temperature must always be kept below melting, the control mar-
gin must be maintained within safe Timits, and so on.

The management of the processes involved in the nuclear fuel cycle

can be decomposed into three types of activities:

(i) head-end fuel management: mining, conversion, enrichment,
fuel fabrication
(i) in-core fuel management: evaluation of reactivity and controi

requirements, power distribution analysis, core capability

evaluation
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(111) tail-end fuel management: fuel storage, shipping, reproces- ‘

sing, waste disposal
We will consider each of these activities in some detail in later sections
of this chapter. However, it is first useful to consider in more detail
the various fuel cycles of interest in power reactor operation.
C. Power Reactor Fuel Cycles

1. Light Water Reactors
The fuel cycle for a typical 1ight water reactor of the 1,000 MWe

class is diagrammed below. We recall that such reactors are fueled with

enriched uranium (from 2-3%) in oxide form (UOZ). The spent fuel is
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235

discharged from the core with a U concentration of roughly.8%. The

conversion of U238

has resulted in a plutonium concentration of about
the same magnitude. This plutonium is recovered by fuel reprocessing.

At the present time, the plutonium recovered from spent fuel elements
is simply stockpiled. However, there is strong incentive to recycle the
plutonium back into the light water fuel cycle, as shown in the diagram
below. This would reduce the requirement for uranium by approximately
one third. There are several technical problems involved in plutonium
recycling, including the complications of fabricating plutonium (a very
toxic and radioactive material) and matching the nuclear performance of
a mixed oxide fuel (HOZ and UOZ) with enriched uranium fuel in a core.
Such probTems do not seem formidable, however, and the large inventory
of plutonium which is beginning to accumulate from the existing genera-
tion of large power reactors (coupled with the lagging commercial develop-
ment of the fast breeder reactor, which would provide an alternative

market for this plutonium) provide strong incentives for implementing

plutonium recycle.
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2. HTGR Fuel Cycles
The fuel cycle of the HTIGR is quite different than that of light
water reactors since it is based upon a thor‘ium-U233 conversion cycle.

As the fuel cycle diagrdm below indicates, the initial loading of the

235

HTGR core is with highly enriched uranium { ~ 93% U"") in the form of

uranium carbide mixed with thorium oxide or carbide as the fertile mater-

233

ial. The thorium is then converted to U » which is recovered and

cycled back (eventually) to be mixed into reload fuel.

Recovered uranfum, recycled
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The motivation behind using such a fuel cycle is primarily due to nuclear
considerations. The number of neutrons per neutron absorbed in U233 js

35. Hence it is possible to

some 10% iarger than that characterizing U2
achieve much higher conversion ratios using U233 (indeed, such "advanced
converter" reactors are capable of operating with a conversion ratio very
close to unity). The higher core temperature of the HTGR favors the use

233 over Puz""9

of U as a reload fuel, since ﬂ7“q tends to decrease with
increasing core temperature.

As we have seen, the fuel design of the HTGR is much different than
that of efther the LWR or the LMFBR in order to facilitate high tempera-
ture operation. The fuel composition is of small pellets of UC or ThO2
coated with graphite and loaded into graphite blocks. Such a fuel design
leads to much higher fabrication costs however, and hence the fuel ele-
ments of an HTGR must be run to much higher burnups (some 80,000 MWD/MTU
as compared to 30,000 MWD/MTU for a LWR or 100,000 MWD/MTU for the LMFBR) .

The higher conversion ratio of the HTGR leads to a more efficient
utilization of uranium. In fact, an HTGR requires only about half the
fuel feed U308 of an LWR of similar rating.

3. LMFBR Fuel Cycles

The fuel cycle of the fast breeder reactor differs from that of
the LWR and HTGR in that the larger conversion ratio allows a net gain
in the amount of fissile material produced during core operation. It is
estimated that the LMFBR can utilize some 60 to 70% of the energy avail-
able in natural uranium (taking account of the transmutation of U238

to Pu239). The more efficient utilization of available fuel resources

s the primary justification for the LMFBR, although there are side
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benefits such as higher coolant temperatures (and hence Tower waste

heat release).

A typical fuel cycle for the LMFBR is sketched below, in which it

9 will

is recognized that most of the transmutation of U238 into Pu23
occur in the blanket, while the fuel burnup and power production will
occur in the core. The LMFBR can be fueled either with natural uranium
or depleted uranium from the tails of the isotope separation plants.

4. Interaction Among Fuel Cycles

It should be recognized that there will be a very substantial
interaction among these various fuel cycles in a mature nuclear power
industry. For example, the substantial amounts of plutonium produced
by LWR's can either be directly recycled or can be used to fuel the
first generation of fast breeder reactors. Similarly, the excess
plutonium produced by the LMFBR can be used to fuel either future LMFBR's,
or it can be fed back into the LWR fuel stream.

Theré will also be strong interaction with the fuel cycle of
"advanced converter reactors" such as the HTGR, which can be used to
greatly stretch out the usefulness of available fuel, without, however,
having to carry the high fissile fuel inventory of true fast breeders
(since the relatively dilute fuel of the HIGR's can be run at around
twice the fissile rating typical of fast breeder reactors).

Such interactions will determine to a very large degree the cost of
the nuclear fuel Cycle, since they not only influence the cost of the
fresh fuel loading, but as well determine the value of the spent fuel

(i.e., the value of the plutonium produced in the core). Such
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interactions are quite complicated and no doubt will lead to even more

uncertainty in the future fuel costs of nuclear power reactors.
Nevertheless, some idea of the comparison between the fuel costs

of the various reactor types can be gained by the rough figures indicated

in the Table below:

1975 ~ Potential (1980-2000)}
Costs (mills/kwhr) LWR LWR HTGR LMFBR
Investment 4,0-4.8 3.0-3.6 2.7-3.3 3.2-3.8
Fuel 1.7-1.9 1.4-1.6 1.0-1.2 0.6-0.8
Operating & 0.3 0.3 0.3 0.3
maintenance
6.0-7.0 4,7-5.5 4,0-4.8 4,1-4.5

It is apparent from these figures that the real incentive for developing
new types of reactors such as the LMFBR is based almost entirely upon
expected improvements in the economics of their fuel cycles, rather than

changes in their capital costs of operating costs.
IT. HEAD END FUEL MANAGEMENT

A. Mining and Milling
Most of the uranium ore mined in the United States comes from
the Colorado Plateau area and yfelds about 0.1% to 1% U308 (in contrast
to the pitchblende deposits found in Canada, Czechoslovakia, and the
Congo which can yield up to 20% U308). The exploration for and develop-
ment of new uranium reserves has been closely geared to demand. The

uranium mining industry grew very rapidly during the 1950's in response
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to the military requirements for fissionable material. But the cutback
in government requirements for uranium in the mid-1960's, accompanied by
the Tagging development of commercial power reactors, caused a corresponding
leveling off in uranium production which is only now beginning to pick
up again as the demands of the nuclear power industry become more appar-
ent. Present estimates are that some 600,000 tons of U308 are available
at a cost of under $10/1b. Domestic resources are being discovered at
such a rate that low cost uranium ($8-$12/1b) should be available to
meet nuclear power requirements at least into the mid-1980's. Although
present production levels are roughly 16,000 tons of U308 per year,
future industry requirements are expected to reach the level of 35,000
tons per year by 1980, hence requiring a buildup in uranium mining and
processing capability. It should be emphasized, however, that the explor-
ation for and development of uranium resources, like most other metals,
will never be more than a few years in advance of production because
such advanced development is costly, risky, and uneconomical for the
producer. To compound this uncertainty is the artificial price structure
of uranium ore set by the earlier government demand for and control over
fissfonabie material. For the first time in history, a metal has be-
come a source of energy, and this in itself has led to added uncertainty
in the metals commodity market. It is becoming increasingly apparent
that utilities must plan very carefully to insure adequate uranium sup-
plies over the 30 year operating Tifetime of a nuclear power plant.

Much of the technology involved in the exploration and production of
uranium has been adopted from other mineral industries. Uranium, however,

has one characteristic not common to other metals--radiocactivity. This
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characteristic has created the possibility of novel approaches for the
exploration for uranium--but has also created new problems for mining,
milling, and waste disposal (a 1a Grand Junction).

The mining techniques used include both underground and open pit
mining, the choice depending on the depth, size of the ore body, assay,
and type of rock formation in which the ore is found. One usually ex-
ploits surface or shallow deposits first, using underground techniques
only for deeper deposits.

Mills are located near the mines for concentrating the uranium ore
(and thereby reducing transportation costs associated with shipping the
ore to facilities where further processing is performed}. The mined
ore is first milled or crushed to a sugar-like consistency. Water is
added in the last crushing step to create a slurry. The uranium in
this slurry is then extracted by a process known as solvent extraction.
First the slurry is pumped to Targe tanks where sulfuric or nitric
acid is added until all the uranjum present in the ore is dissolved.
The sand or tailings is physically separated by either centrifugal
means or rake-type classifiers. The U308 is then extracted from the
solvent by adding ammonia and air and heating the mixture to precipi-
tate out the U308' The slurry from the settling tanks is then dried
to calcinated to produce "yellowcake", a crude oxide or salad concen-
trate assaying some 70-90% U308. As we mentioned earlier, it is this
yellowcake which is regarded as the commodity which is traded as uran-

jum ore. A diagram of the various mining and milling processes is

sketched below:
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B. Conversion
Most modern power reactors (with the exception of heavy water
reactors) utilize uranium in which the concentration of U235 has been
enriched above its natural value of 0.7%. In order to achieve the
enrichment of natural uranium, one must first convert the uranium com-

pound to a gaseous form. A diagram of this process, known as conversion,

Exes
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In it, yellow cake (U3°8) is converted to uranium hexafluoride (UFG)
using either the dry fluoride volatility process or the refining fluor-
ination process. Although UF6 is a solid under STP conditions, at
somewhat higher temperatures or lower pressures it becomes a gas. The
purity of the UF6 produced in the conversion process is exceptional-—
about 99.97%.
C. Enrichkment
An essential step of the nuclear fuel cycle is the enrichment

35 to the higher

of uranium from its natural concentration of 0.7% U2
concentrations required in modern power reactor fuels (e.g., 2-3% for
LWR, 90% for HTGR). In the two principal processes in use today, gas-
eous diffusion and ultracentrifuge techniques, this separation is
achieved by utilizing the small mass difference between the two iso-
topic forms of UF6 to separate the uranium isotopes. Since this mass
difference is very small, the amount of separation which can be achieved
in a given device is similarly quite small. Hence to achieve appreciable
separation, a large number of separation devices must be arranged in
series or "cascades". Such a separation operation is extremely expen-
sive, accounting for some 30% of the total fuel cycle costs. The facili-
ties necessary for the separation process require an enormous capital
investment and have been the responsibility of the federal government
until very recently. {Although private enterprise is being strongly
encouraged to move into the nuclear fuel enrichment area.} In this sec-
tion, we will examine three alternative methods for uranium enrichment:
gaseous diffusion, ultracentrifuges, and laser separation. The fourth

technique, electromagnetic separation, has not been utilized since the
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days of the Manhattan Project. The dominant technique utilized today
is gaseous diffusion, although there is substantial activity and hope
for the ultracentrifuge techniques. We have also included a brief dis-
cussion of a rather novel new approach, laser isotope separation, be-
cause of its potential for future applications.
1. Gaseous Diffusion
The gaseous diffusion separation rate utilizes the difference
in the rates at which gases of different molecular weights diffuse
through a porous membrane. Consider a mixture of two gases of molecular
weightsvn] and wi, confined 1n a container with a porous wall. If both
gases are maintained at the same temperature and pressure, then the
lighter gas molecules in the mixture move more rapidly (since
LV A m ) and hence strike the porous wall more frequently,
thereby escaping the container at a more rapid rate.
Since the rate of diffusion is universely proportional to the square
root of the molecular weight, it is apparent that the best separation

that can be achieved by diffusion through a single membrane is
18 ) 5
0(=\|1n—.3 = ss(U E)‘ = -3—5—' = 1.0043
)y wiass (US7F ) ‘J 349

[Here, o is termed the "separation factor" for the process.] It is

evident that since the enrichment per stage is very small, a large number
of stages in series or cascade is required to produce significant enrich-
ment. For example, the production of 4% enrichment from natural uranium

requires about 1,500 stages in cascade.
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The effort involved in separating isotopes is referred to as

separative work and is measured in “separative work units" (SWU) such

as those tabulated below:

ENRICHED URANIUM DATA

Kg

Naturat

U Feed

Material Lbs. Equivalent

to U308 Units of

Diffusion to be - Separative
Enrichment . Plant Purchased® Work ¥
% Weight U-235 Per Kg of Enriched Uranium Product

" Mat, 0.711 $.000 2.613 ~ 0.000

0.8 1.174 3.068 0.104
0.9 1.370 3.580 0.236
1.0 1.566 4.092 0.380
1.2 1.957 5.114 0.698
1.4 2.348 6.136 1.045
1.6 2.740 ‘ 7.180 1.413
1.8 3.131 8.182 1.797
2.0 3.523 9.206 2.194
21 3.718 9.716 2.397
2.2 3.914 10.228 2.602
2.3 4.110 10.740 2.809
z4 4.305 11.250 3.018
2.5 4.501 11.762 3.229
2.6 4.697 12.274 3.441
2.7 4,892 12.784 3.656
28 5.088 13.296 ‘ 3.871
29 5.284 13.808 4.088
3.0 5.479 14.318 4,306
3.1 5.675 14.830 4.5265
3.2 5.871 15.342 4,746
33 6.067 15.854 4,968
3.4 6.262 16.364 5.191
35 6.458 16.876 5.414
3.6 6.654 17.388 5.638
3.7 6.849 17.898 5.864
3.8 7.045 18.410 6.090
39 7.241 18.922 6.316
4.0 7.436 18.432 8.544

*0.5% U30g to UFg conversion losses included
tTails assay at 0.2% we_ight U-235
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The separative work required for enrichment is proportional to both the
flow rate through the separative device, and to (ck-1)2. Evidently,
if the separation factor o{ is close to unity (e.g., o{ = 1.0043), then
the flow rate must be Targe to achieve appreciable enrichment.

The basic separation stage in a gaseous diffusion plant is shown

schematically below:

LOW
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5T e
off o O . * o
HIGH 52 e oo * 0. Y
el o  ®
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> Oeq® O, % BARRIER GO0 OO0 o=
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» O . e Qe
| 0‘. s O b e ®
LOW
PRESSURE

High pressure UF6 is fed into tubes made of the porous barrier material.

The UF,. diffusing through these barriers is slightly enriched (< 1.00429)

6
due to the difference in isotopic diffusion rates. This slightly en-
riched UF, is drawn off at lower pressure, while the remaining material

(which is now slightly depleted of the U235

isotope) is drawn off from
the end.
It is apparent that the separation stage must contain three com-
ponents:
(i) the barriers themselves (the converter)
(ii) a compressor to maintain the pressure differential across

the barriers

(iii) a heat exchanger to remove the heat of compression
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Such a separation stage is shown below:
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These stages are coupled together into a cascade as shown below:
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To understand the flow in such a cascade, consider UF6 gas entering stage
B. About one-half of the UF; passes through the barrier and is enriched,
flowing on to the next stage A. The remaining {and now depleted) gas

is pumped back to stage C to be recycled--the enriched component ("heads™)

going on to B while the depleted component ("téi1s“) is pumped back still



~-879-

further to D. Hence the gas moving upward through the cascade becomes
increasingly enriched--and that moving downwards becomes decreasingly
depleted. Such a scheme is analogous to a fractional distillation
process--and hence the analysis of the gaseous diffusion cascade is a
well understood facet of chemical engineering.*

The gaseous diffusion stages require large amounts of power to
maintain the pressure differential across the thousands of membranes.
Indeed, the three gaseous diffusion plants operated by the USAEC (at
Oak Ridge, Tennessee; Paducah, Kentucky: and Portsmouth, Ohio), if run
at their potential capacity, would require almost 6,000: Mie of elec-
trical power. [Although at present, these plants operate at 2,980
MWe.] Of the current cost of separative work, about 49% corresponds
to power costs, 35% to capital costs, and 16% to operational costs.

The capital investment in these three plants alone is over $2 bilTlion.

Nevertheless, the enrichment capacity of these plants will soon
be exceeded by the fuel demands of the burgeoning nuclear power industry,
and it has become imperative to rapidly develop additional capacity.
Unfortunately, the enormous capital investment required for such facil-
ities combined with the uncertainty surrounding future technological
developments (such as in ultracentrifuge or laser separation techniques)
have inhibited the entrance of private industry into uranium enrichment,

and may result in a shortage in enrichment capacity in several years.

*For example, see M. Benedict and T. Pigford, Nuclear Chemical Engineering
(McGraw-Hi11, 1957), Chapter 10
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fl

Table 1. Diffusion Plant Capacities
Plant Lacation Country Capacity {10° SWU/yr)-
Cak Ridge, Tennesses us 4.7
Portsmouth, Ohio "US 5.2
Paducah, Kentucky us 7.3
Capenhurst UK 0.4
Piarrelatte France 0.2*

* Estimatad, actual capacity classitied®

b St

Demand—US and foreign

5.2 g'é

Atter CIP-CUP

N
S

> Supply from AEC

Before CIP-CUP

ANNUAL SEPARATIVE WORK (105 SWU)

i L
1970 75 85

CALENDAR YEAR

Uranium envichment capacity. Demand versus supply in terms of total annual separative
Based on information in WASH-1138 (72).

work as a function of year. ¥
to AEC program to upgrade existing diffusion plants. Tails at 0.3%.

CiP-CUP refers
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2. Ultracentrifuge Techniques

The idea of separating the two isotopic forms of UF6 gas using
very high speed centrifuges was considered in the early days of the
Manhattan project, but discarded because of the difficulty in achieving
the high speeds necessary for separation without destroying the centri-
fuges. However developments in centrifuge design during the early
1960's has led to a renewed interest in this method.

The basic phenomenon involved in centrifuge separation is the
tendency for centrifugal force to compress the gas towards the outer
radius which is countered by the thermal motion of the gas molecules
which attempts to even out such density variation. Since the latter
effect is larger for lighter molecules {they move faster), there is a
tendency for the heavier molecules to concentrate towards the outer
surface of the centrifuge. Unlike the gaseous diffusion process, the
separation factor characterizing the centrifuge is proportional to the
difference of the masses of the isotopes (rather than the ratio).

Hence centrifuge stages are characterized by much larger separation
factors, e.g., & = 1.1-1.4. Only a relatively few centrifuges need

be connected in series to achieve substantial enrichment. However,
since the flow rates possible in centrifuges are much lower than in gas-
eous diffusion stages, large number of centrifuges in parallel are re-
quired for appreciable enrichment capability.

A schematic of a ultracentrifuge stage is shown below.
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There is very considerable activity in the development of centri-
fuge separation facilities, particularly in Europe. This scheme uti-
lizes only some 10-15% of the power required by gaseous diffusion tech-
niques, and appears to be capable of comparing quite favorably to the

latter method in the overall cost of separative work.
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3. Laser Isotope Separation

It has long been known that monochromatic 1light of the right
wavelength can selectively excite the energy levels of gas molecules.
With the recent development of powerful tunable lasers, it has now
become possible to tune the wavelength of the 1ight incident on a gas
such that it can selectively excite the gas molecules of one isotopic
species in preference to another (taking account of the isotopic shift
in molecular energy levels). Once excited, the molecules can be easily
separated from the unexcited molecules by conventional chemical methods.

The use of lasers to separate isotopes is a very recent application,

12-014 separating in 1972. Nevertheless,

having first been achieved for C
there is a very substantial research and development program directed
at large scale laser separation of uranium isotopes. The first appre-
ciable separation of U2 from UZ38 using lasers was achieved in 1974
by Exxon Corporation.
D. Fuel Element Fabrication

The next step in the fuel cycle is the conversion of the enriched
UF6 to a solid ceramic or metallic form, and then the fabrication of
this material into a fuel element. As we have seen, the fuel assemblies
in a modern power reactor are extremely complex. Each assembly is, in
fact, not only a source of fission energy, but as well a heat exchanger
which must operate in a severe radiation and thermal environment
without failure for a period of several years. These assemblies must
be manufactured to very fine tolerances in order to optimize core nuclear

and thermal performance. Hence it is understandable why fuel fabrica-

tion costs account for almost 20% of the total fuel costs.
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The first step in the fuel fabrication process is the conversion of
gaseous UF6 to solid form. The enriched UF6 from the isotope separation
plant is received as a frozen solid at ambient temperatures in high
pressure cylinders, It must be converted into the form to be utilized
in the reactor fuel. For modern power reactors, this form is a ceramic:
usually UO2 or UC (although nitrides have been proposed for advanced
fast breeder reactor fuels). For example, for light water reactor fuels,
the UF6 gas is reacted with water to form a U02F2 solution which is
then mixed with ammonia water to precipitate the uranium out as yellow
ammonium diurinate. The precipitate is dried, calcinated to U;0g, and
reduced to UO2 with hydrogen. (This is known as the ammonfum diuranate
or Adu process.) The product of this process is a fine oxide powder
containing 88.15% uranium with a theoretical density of 10.97 g/cm3.

The UO, powder is milled, blended to a uniform powder batch, and
dry pressed to the shape of right cylinders. ' These are then sintered
in hydrogen at 1,650 °C, and finally ground to the required final dia-
meter.

The fuel pellets are then loaded into cladding tubes (either zir-
caloy or stainless steel), which are evacuated to high vacuum, and back-
filled with helium or a helium-argon mixture and sealed with end plugs.
These individual fuel elements are then assembled together using grid
plates and spacer grides to create a fuel assembly. At each stage of
the fabrication, the fuel is inspected by a variety of technigques to

insure quality control. A sketch of the various steps in the fabrica-

tion of the fuel assemblies is given below:



-885-

ROES ) ~ Lrip1 ABIATN

/ Frel Teghen
/g;v/éé % £nd Pags
2%, ¢ &
=0 &
= 5 -
a
Fuel B

o ”
sl
il

Very similar steps are followed for the mixed oxide fuel which
results from plutonium recycle. The pelletized U02-Pu02 recycle is pro-
duced and encapsutated into fuel rods by very similar processes, and
then fabricated into fuel assemblies. The major variations occur in the
method of producing the mixed oxide feed and in handling the plutonium,

since these require the use of gloveboxes.
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ITI. IN-CORE FUEL MANAGEMENT

A. Introduction
1. General Fuel Management Considerations
Perhaps the most important responsibility of the nuclear engineer
concerned with the nuclear fuel cycle is the management of the fuel in
the core--including the selection of refueling schedules, fuel Toading
patterns, the prediction (and measurement) of fuel burnup and isotope
buildup, etc., in an effort to satisfy both nuclear and economic con-
straints. In this section we will consider only a few of the many facets
of in-core fuel management.
It is during fuel irradiation that many of the debit aspects of
fuel economics occur (e.g., in the depletion of fissile material such

235).

as U But the in-core portion of the fuel cycle is also where all

of the credit aspects such as plutonium production occur. The varia-

tion of U235 and Pu239 concentrations for a typical PWR are sketched
below
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The nuclear engineer would like to achieve. minimum fuel costs
consistent with nuclear and thermal constraints on the core perfor-
mance. To this end, he must determine the optimum distribution of
fuel enrichment for both the initial as well as reload cores. The
refueling period and reload strategy must be specified, along with the
control management of both moveable rods and shim (soluble and burnable
poisons}. Hence the nuclear engineer has considerable flexibility
(and considerable responsibility) in managing the in-core utilization
of the fuel.

2. Constraints

The task of determining the optimum arrangement of fuel assem-
blies and loading is extremely complex, involving as it does the core
geometry and composition, neutronic-thermal-hydraulic coupling, reac-
tivity control, and operational requirements. In a typical core design,

the core size, fuel assembly design, control devices, and coolant
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conditions will be fixed before the detailed in-core fuel management
scheme is determined. The variables at the nuclear engineer's disposal
are then the enrichment of fresh fuel assemblies, the frequency of fuel
reloading, the reloading pattern, and the associated control management
program. A number of constraints on in-core fuel management must be
considered:
a) Power density and coolant enthalpy Timitations

We noted earlier that the two principal thermal Timitations on
core performance involved the requirements that the fuel centerline
temperatures remained below melting point, and that the heat flux did
not exceed its DNB limit. Such requirements place Timits both on the
local power density (in the case of the fuel centerline temperatures)
as well as upon the integral of the power density up each coolant
channel (in the case of the critical heat flux 1imit). Such limitations
must be kept in mind when determining a fuel arrangement, since the
core must be capable of operating at its rated power level throughout
the reactor cycle without exceeding these thermal limitations. Since
the core power distribution will change over core life as fuel depletion
occurs, one must be able to predict the local power density throughout
the cycle. This is an extremely expensive and time consuming aspect
of fuel management.

b) Excess reactivity limitations

The reactivity control system must always be capable of control-
ling the excess reactivity loaded into the core to compensate for fuel
depletion. Although this excess reactivity is usually larger in the

initial core Toading (since all of the fuel is fresh), one can use
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burnable poisons and/or chemical shim to adequately control it. In
later reload cores, there are fewer alternatives available, since, for
example, burnable poisons cannot be easily inserted into irradiated
fuel assemblies. Such considerations impose serious upper limits on
the allowable fuel burnup of a core.
c) Fuel burnup Timitations

Fuel burnup is 1imited to some degree by the amount of radia-
tion damage the fuel can withstand without experiencing appreciable pro-
bability of failure. For example, fuel irradiation can induce swelling
of the fuel which places a strain on the cladding. Furthermore, the
buildup of gaseous fisston preoducts within the element can cause a
stress on the clad which leads to a plastic deformation of the fuel rod
at high temperature (high temperature creep). The enormous thermal grad-
ients across the fuel pin and cladding, combined with the variations in
temperature which occur during reactor startup and shutdown (thermal
cycling) can also lead to clad fracture in the intense radiation environ-
ment of the core. Such fuel failure limitations on fuel burnup are
particularly significant when very high burnups are required, such as
in the LMFBR. We will return later in this chapter to discuss fuel
performance in more detail.

d)} Reactivity response requirements

The reactor should always be capable of responding to load
demand changes. Since the control rod worth is dependent upon the flux
profile, and since this flux profile will change over core life, one
must insure that adequate reactivity response is available for such

power maneuvering.
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e) Refueling interval limitations

There are frequently external requirements placed upon the
scheduling of core refueling. For example, one wishes to avoid a reactor
shutdown for refueling during periods of peak power demand (e.g., in the
middle of the summer or winter months). We will return later to discuss
some of the considerations involved in scheduling refueling, but suffice
it to note here that in general, more frequent refueling leads to Tower
fuel inventory requirements (less excess reactivity is required for shorter
core 1ifetimes), but at the expense of more reactor down time and enhanced
thermal cycling.

3. Some Terminology

Before proceeding further with a discussion of in core fuel
management, it is useful to first introduce some terminology frequently
used in fuel management analysis:

fuel cycle: This usually refers to the complete sequence of events
including mining, refining, enrichment, fabrication, burnup,
and reprocessing) of one batch of fuel for the reactor core

reactor cycle: The time period between core refuelings. (Note

there may be several reactor cycles in one fuel cycle.)

fuel loading: the total weight of fissile and fissionable mater-

ial in the core

fuel inventory: the total fuel weight in the fuel cycle

specific power: thermal power produced per unit of loading

specific burnup: total energy release per unit mass of fuel

material (MWD/MTU)
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fuel residence time: calendar time between insertion of a given

batch of fuel and its removal from the reactor

plant capacity factor: the ratio of the average power level of the

plant to its rated power level (this is frequently taken as .80)

plant load factor: ratio of the average load carried by the plant

to its peak load

B. Refueling Schedules
Rarely does one replace the entire core of a reactor in a re-
fueling operation. Rather only a fraction of the core is replaced with
fresh fuel at any one time. The time period between such refuelings will
be referred to as a "reactor cycle", and in any partial refueling scheme,
the complete fuel cycle consists of a number of such reactor cycles.

- It is possible to give a very simple illustration* of the advantages
of partial refueling by using a model very similar to that used to illu-
strate fuel depletion in Chapter 13. Any such model of fuel burnup involves
two types of processes

(i) neutron criticality condition (reactivity balance)
(11) nuclide burnup
Usually these processes must be described by the multigroup diffusion equa-
tions and the isotopic depletion equations, respectively. To simplify this
analysis, we will reconsider our model of an infinite, homogeneous, one-
speed reactor fueled with a single fissile isotope (e.g., U235). The
criticality condition for this model was given in Chapter 13 as
‘?;=”Z¥::l A éiffﬁjl = )
AL AR FACEFAL (16-1)

*This model was first developed by Dr. Harvey Graves, Jr.
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or

(-) W= 2+ 4"+ ZP()

(16-2)

where 2&;[&) is the required control, and é;P({) corresponds to
fission product poisons.

In contrast to our earlier analysis, we will now decompose 25:7})

into two components:

(1) saturating fission products Xe and Sm: We will furthermore
assume the concentration of these isotopes to be constant
in time at their saturation level.

(ii) nonsaturating fission products: If we assume each fission
products a non-saturating fission product pair with an effec-
tive absorption cross section of cﬂiFP , then we can cal-
culate the number density of fission products by balancing

against the loss of fissile nuclides as:
NF (0)- NF(J() = ol NFP(.H + NFP (Jt) (16-3)

where ol 1is the capture to fission ratio. Hence the corres-

ponding macroscopic absorption cross section is

JUST Do'T THINK
T cAN TAKE

PANOTHER NIGHT OF
BASKETBALL WITH
sUMMERFIELD !

Xe+5w+ Ne(0)- Ne(®) OF? (16-4)
|+l

2y = Za
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Now recall that the end of core 1ife (i.e., the end of the reactor cycle)
occurs when the reactivity balance Eq. (16-2) can only be satisfied with

zero control-- Zc = O --which corresponds to

Xe+Sm P
Q;z-—l) ar N;: = éaH+ Zz ! + Ua NFP (16-5)

Now we can use our earlier expression (16-3) to soive for Ng in terms of
NFP as
NF = NF (0)'- (1-"0{) NFP (16-6)

If we plug this into our reactivity balance at the end of the reactor cycle

we find
et
(-1) 6 [NFLD)-OH) Nr.a] =20 BNy (69

Hence we can solve for the initial fuel loading required to yield a given

fission product concentration NFP at the end of core life as

~ ;1+2£k*5ﬂ G+ (G- |
I\\\:(D)— iz__])(]_ar: + (‘\Q-I)OZET NFP (16-8)
L/WJ .
< Ca

Now we really don't give a damn about the concentration of unsaturated
fission products at the end of core life in itself. It is only a useful

quantity since it happens to be proportional to the energy production
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3y _ ¢ . (ener fission product pairsy _
(energy production/cm”} = E (?TEE?%h) X { cm3 } = E(NFP

(16-9)

Hence we can solve for the energy produced by a given fuel batch in terms

of the initial fuel loading NF(O) as
_ X
E = Ca N:(0) - C, (16-10)

This very simple linear behavior is
easily understood if we recognize
that ¢4 is just the minimum concen- EJK
tration required for reactor criti-

cality with no fission products

Y

present. It should also be stressed 4
that this behavior holds only if we

assume that the entire core was

initially loaded with fresh fuel of G Ne(0)
uniform enrichment.

To see how this conclusion is modified for partial refueling schemes,
suppose only one-half of the fuel in the core is replaced at the end of
each reactor cycle. For convenience we will define
fuel concentration after one reactor cycle

Fy (16-11)
NF = fuel concentration after two reactor cycles
2

-
1

Now after the end of the first reactor cycle,.we can use the reac-

tivity balance Eq. (16-5) to write
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-V Ny = 22T 0 G N

(16-12)

If we now replace one-half of the fuel in the core, then after the second

cycle this balance relation becomes
N EP Nee
(12*1)0"‘:( Sy er 3 *'fk U Nm Y50 (16-13)

Now if the power density is maintained at a constant value during the
irradiation of each fuel batch, the number of fission product pairs is

235

constant, as is the U lost per batch. Define ANFP as the number of

fission product pairs produced each reactor cycle. Then

Ne, = N (0) = (1+d) ANgp (16.12)
N, = Ne(0) - 20+<) ANgp

Hence we find

2465 @ 2
ji[;z N,—_[O)*.?)(_H&)ANF;}: (,7__,)0;F ¥ (17 15(1"': - (16-15)

or solving

V¢¢ (0\ = C:l + ?¥i (:2 E&Pdpp

=C+t% LAE
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If the initial fuel Joading NF(O) is the same as in the single cycle case,

it is apparent that

AE\ % E, (16-17)

cyde =

where E1 is the energy produced in the singie cycle batch. Hence since
each batch stays in two cycles, we can get an increase in the energy

supplied per batch of 33%

E2: QAEcyde = % }:l (16-18)
This is due to the fact that the average fission product concentration at
the end of a cycle in the two-cycle core is less than that in the one cycle
core (i.e., we "clean up” the fission products in one-half of the core
one-half of the way through the batch burnup).

In general, the neutron balance at the end of a cycle for an n-cycle

scheme is

Xe¥Sw _
(q-\)an(Nr,‘fNE»---'\sﬁn) _ M @ N""'J'\;:Nw'ﬁus—w)

Furthermore, in analogy with Eq. (146~ 14)
N&' = Ne(0)-i (1+4) A“F? (16-20)

If we substitute these into (16-14)
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and note that

\(')*)
z - e

(=1

then we find

Sg 45 i
N - (1+4) (‘%‘?)BUW: Ll + O,ETQEQ ANgp

D& (-G (16-21)

or

N=©) = €+ G (22)) ANee

(16-22)
If we note that the energy produced by a batch of fuel is
En= v ¥ AN (16-23)
then we can solve for
NF(O): C+ L%}%AE (16-24)

This formula tells us that in the case of continuous refueling (n—> ),
we can double the energy available from single cycle core replacement:

LooK, NOw, LADY, W
CAN'T ALL EXPgct TO




- 888" (N0 By, tb A
i

¥ SUMMERFELD TRANSLATION:
1] NO BLDDO, ”o ewﬂs!rl

C—
-

NE)

It is useful to compare also the final fuel concentration, N%s, for batch

vs. continuous refueling

o
g
o

Ve
/" I

ama:mJLO# azgresvﬂ”&/ ’L"
conpense for frssion product bty

Nréb



-899-

The dashed Tines represent lines of constant burnup {i.e., such that

25 35
o

concentration at the end of core life and the fission product concentra-

NS - 23 is constant). It is of interest to note also that the U’
tion are the same--regardless of the cycling procedure. [This is a conse-
quency of the constant power density approximation.]

This simple calculation indicates that the fuel inventory required
for a given energy production decreases as the frequency of partial re-
fueling Increases. However, there is a tradeoff here, since more frequent
core refueling can lead to increased shutdown time and hence increased
costs due to power outage. For some time now, most reactors have been
refueled on a yearly basis. However, recently alternative refueling
cycles have been proposed.

For example, the development of rapid refueling systems for PWR's
have made possible refueling times of 3 to 4 days. Such rapid refueling
allows semiannual refueling at 6 month intérvals, with considerable savings
in fuel inventory (estimated at some 10% of the annual fuel cycle costs).
The tendency for BWR's has been to move in the direction towards longer
reactor cycles, with refueling now proposed on an 18 month basis. This
refueling frequency appears economically attractive to the BWR because
of the ease with which its fuel 1ifetime can be stretched by adjusting
coolant void fractions.

Annual refueling schedules of LWR's tend to replace 1/3 to 1/4 of
the core during each refueling operation. However, shifting to a semi-
annual schedule will allow the replacement of only 1/6 of the core at a
time. The present refueling schedule for the HTGR invoives yearly replace-
ment for 1/6 of the core. In this latter case, the long fuel cycle is

permitted by the high burnup and conversion ratio of the HTGR fuel.
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C. Refueling Patterns
We now turn our attention to a consideration of how the fresh

fuel is distributed in the reactor core during refueling, and just which
spent fuel elements are withdrawn (assuming that partial refueling schemes
will be used). Suppose we attempted to load the core with a uniform
enrichment. Then, the flux peaking at the center of the core would lead
to higher burnup of these fuel elements with a considerable flattening
of the core powerzdistribution towards the end of core life:
A A

P

4 begmnmg d

i

r Cop
But unfortunately, such a uniform arrangement leads to a larger power
peaking factor, Fz » over core life. It also results in a very low
burnup of fuel elements inserted towards the edge of the core.

Hence a non-uniform core loading is clearly desireable--both in
the initial core and in subsequent replacement cores. We will investigate
two different refueling schemes:

1. Zonal Loading (in-out cycling):

In this scheme, one Toads unirradiated fuel in a zone on the
periphery of the core. The irradiated fuel is shuffled in towards the
inner zone, while the fuel in the central zone is withdrawn from the core.
The motivation in this scheme is to make use of the inherent reduction

in reactivity which accompanies fuel depletion as a power flattening
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mechahism. By way of example, a three-cycle zonal pattern is shown below:
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Such a pattern can even be implemented on the initial core loading by
using fuel assemblies with varying enrichments.

Zonal loading does have disadvantages, however. In large cores
subjected to high burnups, appreciable distortions in the flux distribu-

tion can arise which could lead to large power peaking factors.
A
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qué burnuyp
(25000 MwD/H7H)

2. Scatter (Roundelay) Loading

An alternative scheme loads fuel in a scatter or random pattern
to achieve a more uniform fuel distribution. One still will get some
power flattening since the average burnup in the central zones of the

core is more pronounced than near the core periphery:
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The power distribution characterizing a scatter loaded core has a somewhat
flattened form of the distribution characterizing a uniformly loaded core.
There is a fine scale ripple in the local power density, however.

Scatter loading has the additional advantage that no reshuffling

of irradiated fuel is required. !
3. Combin;tion Schéﬁes
In practicé, most féfue]ing scﬁ%ﬁes involve some combination
of zonal and scatter loading techniques. For example, many PWR's are
loaded in such a fashion that fresh fuel is loaded into the outer zone,

while the fuel irradiated in the outer zone is scatter loaded into the

center_zones.
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The detailed analysis and optimization of in-core fuel arrangement
is a very complicated process. One must take into account core geometry,
control management schemes, the coupling between core neutronics and
thermal-hydraulic performance, and the constraints placed upon core per-
formance, by .operational requirements. Although this aspect of fuel
management is still frequently performed by trial and error, using liberal
dashes of physical intuition, there is now more of a tendency to attempt
to implement more direct optimization methods (e.g., linear programming)
for in-core fuel management. L

However, a very big headache with aay elaborate fuel management
scheme is the fluxibility which is frequently required of a refueling
program. For example, an unexpected alteration of a refueling pattern
may be required to remove a fuel assembly leaking fission products.
Hence a capability is required to allow the rapid evaluation of new
loading pattern to insure that various thermal-hydraulic-mechanical-

nuclear limitations are not exceeded during the subsequent core operation.
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D. Fuel Element Performance

- to be added later -

IV. TAIL END FUEL MANAGEMENT

A. Removal and Storage of Spent Fuel Elements
At the end of each reactor cycle, a certain fraction of the

irradiated fuel in the core will be removed. Since this fuel still con-
tains an appreciable concentration of fissile material (for a typical LWR,
the spent fuel contains approximately 1% U235 and 1% Puzsg), it is still
of considerable value if properly reprocessed. However, the spent fuel
is also very highly radicactive due to the large concentration of radio-
active fission products contained in it. Such radioactivity represents
a formidable problem in both shielding and removal of the associated decay
heat of the spent fuel.

The spent fuel elements are removed from the core and transferred
to water filled storage pools where they are kept for a period of roughly
three months to let the shorter lived fission products decay out. A

rough sketch of fission product activity vs. time after discharge is

given below:
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The underwater storage not only serves as a shield against the spent fuel
radioactivity, but also as a means to remove the considerable amount of
decay heat produced in such assemblies. A very useful estimate of the
magnitude of the decay heat generated by spent fuel assemblies is given

by the Way-Wigner formula
-4
P = 0.02 P, ¢

where Py is the operating power generated by the fuel element, while the
time t is measured in seconds. For longer times, the decay heat load
of the spent fuel levels out at about 0.1% of the fuel operating power.
It is this residual decay heat which must be contended with when shipping
the spent fuel assemblies to reprocessing facilities.

B. Transportation of Spent Fuel Elements

The spent fuel is allowed to cool in the onsite storage pools

for about three months. It is then loaded into heavily shielded and
cooled casks for shipping to reprocessing facilities by either truck or
rail. Throughout the handling, storage, and shipping the fuel must ai-
ways be kept in configurations such that inadvertant criticality can be
avoided. In fact, the number of fuel assemblies in a shipping container
is usually limited by criticality considerations.

The shipping containers must be carefully designed to insure their
integrity in the event of any shipping accident. The shielding, cooling,
and safety demands placed upon shipping containers leads to enormous

weights (150,000 pounds) and sizes (see Figure 16- 16).
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C. Spent Fuel Reprocessing

The spent fuel is shipped to reprocessing plants where the
fissile material and valuable isotopes in the fuel can be separated out,
and the remaining fission product waste can be concentrated for final
deposition. The prjncipa] scheme used for commercial recovery of uranium,
plutonium, and neptunium from low enrichment, U0, type, LWR fuels is
the hybrid aqueous-f]uokination process. The spent fuel is received at
the reprocessing plant, unloaded from its shipping cask, and stored under
water until processing. It is then mechanically disassemblied, sheared
into short segments, and the U0, fuel is leached from the cladding. The
leached cladding hulls are then rinsed and removed as waste.

The dissolver solution is then treated and sent to a solvent extrac-
tion step which results in the separation of more than 99.9% of the
fission product wastes activity from the uranium, plutonium, and neptunium
products. The aqueous stream from this extraction step is then concen-
trated. Chemical adjustments are made, and the stream is then passed
through a semi-continuous anion exchange unit where the plutonium is ex-
tracted from the uranium-neptinium solution and purified. Subsequent
chemical adjustments are then made to the valence of the neptunium, and
the solution passed through a second anion exchange unit.

The acqueous uranium nitrate is concentrated and calcined to UO3
in a fluid bed calciner. It then passes to the fluid bed fluorinator
where it is fluorinated using elemental fluorine. The UF6 1s then passed
through a series of purification steps and loaded directly into UF6

cylinders for storage until shipment.
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The spent fuel shipping and reprocessing industry is in a period
of transition from a developmental basis to full commercial operation to
meet the expected demand of the growing nuclear power industry. Only
within the past few years have the large (1,000 MWe) commercial reactors

begun to discharge fuel. The anticipated spent fuel recovery load 1s

shown below:

METRIC TONS URANIUM METAL

REPROCESSING CHARGE INCLUDING TRANSPORTATION (MILLIONS OF DOLLARS)

1970 1972 1874 ) 1976 1978 1880
YEAR OF REPROCESSING

Annual Spent Fuel Recovery Volume

BUT THERS onLY
ONE MORE CHAPTER
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D. Burnup Evaluation
It is very important to the economics of the nuclear fuel cycle

to accurately evaluate the burnup and composition of the spent fuel. A
small error in this evaluation can lead to a sizeable error in depletion
charges. The composition of the fuel will consist of a number of valuable
heavy isotopes--notably U-235, U-236, U-238, Pu-239, Pu-240, Pu-241, and
Np-237. (There will be other radicactive isotopes of some value, and we
will return to discuss these later.)

A1l procedures used in determining the fuel composition involved
mass spectrometry and usually consist of comparing the spectrometric analy-
sis of the fuel sample of interest with a similar sample which has been
spiked with a known amount of the isotope to be evaluated. Once these
compositions have been determined, one can then evaluate the fuel burnup.

0f course, if the entire core of the reactor had been removed
during refueling, one could merely divide the core thermal output by the
fuel mass. But the complexities of variable enrichment and partial re-
fueling require more elaborate methods for burnup evaluation. The composi-
tion data can be used to estimate the fission ratio of each of the fission-

able 1sotopés, i.e.,

F. = fissions in isotope i
i = 1nitial heavy atoms

Then the bu%nup is given by

B = Kiﬁ‘ﬁ
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where Kl is the MeV/fission in isotope i, while K is a conversion factor
from MeV/initial heavy atom to MWD/MTU.

One can also evaluate burnuﬁ by medsuring the decay of radioactive

137 or Srgo. Another alternative is to measure

48 -

fission products such as Cs
the production of a stable fisston product such as Nd1

E. Radioisotope Production in Nuclear Power Reactors

During core operation, a large number of exotic isotopes, both
radiocactive and stable, are produced either directly as fission products
or by subsequent decay or neutron capture. A number of these isotopes
have value in other applications, such as energy sources (e.g., for space
power supplies, nuclear pacemakers, etc.), radiopharmaceutical applications,
and so on. Hence there is strong motivation to separate out such iso-
topes for commerical sale,

Unfortunately, virtually all of the design features of modern power
reactors that contribute to efficient production of power are in direct
contradiction to the practical requirements of commercial-production and
marketing of all but a few radioisotopes. For example, most power reac-
tors are designed to operate with a relatively low neutron flux--which
immediately rules out the production of a number of isotopes used in
medical and biological applications, since these usually require activi-
ties achievable only in flux Tevels well above 10]4/cm25ec. The annual
refueling cycle is also very inefficient for the production of short-lived
isotopes.

Hence any potential isotope production must involve isotopes that
are relatively long-lived, which can be efficiently produced by long irradi-

ations at low neutron flux, and whose production capacity in power reactors
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is not grossly disproportionate to reasonably anticipated future market

demand.
The primary isotopes which fit these requirements are Pu-238, tri-

tium, carbon-14, and cobalt-60. Fission products of interest include
desjum-137, strontium-90, and promethium-147. A1l of these materials
have current or developing applications that could result in significant

future market demands.
V.- NUCLEAR FUEL ECONOMICS

The economic analysis of nuclear fuel costs is quite different from
that of conventional fossil fuels. Whereas the economics of conventional
fuels hinge almost exclusively upon their purchase price, nuclear fuel
costs are spread out over a considerable period before, during, and after
irradiation. For example, the value of a typical PWR fuel batch is

sketched below as a function of time
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The nuclear engineer can have a considerable impact on nuclear fuel costs

both in the manner in which he manages the nuciear fuel cycle, and in the

choice of the core design itself.

To better understand the considerations

involved in determining nuclear fuel economics, we will study in detail

the fuel costs associated with a batch of fuel irradiated in a typical

PUR.

In such a PWR, roughly 1/3 of the fuel is replaced each year.* The

fuel in the PWR core is divided into five regions, and we will concentrate

on one such region in our economic analysis which is characterized by the

parameters below:
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Region power

Region loading
Enrichment

Burnup

Discharge loading
Discharge plutonium
Capacity factor
Region Tifetime

Total energy produced

1,000 Mw thermal
29,500 kg-U

33% (weight) UZ%°
31,500 MWD/MTU
28,000 kg-U
180 kg

85%

36 months

7.6 x 1013 BTU

*Nuclear Fuel Economics", Westinghouse Electric Corporation, 1970
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Qur cost assumptions will be:
Yellowcake
Conversion
Enrichment
Design & Fabrication
Ship spent fuel
Reprocessing

Plutonium value

$7.50/1b of U308
$2.52/kg of U

$26/unit of work

$80/kg of U loaded
$5/kg of U discharged
$37/kg of U discharged
$8,000/kg of fissile Pu

These cost assumptions result in an "investment timetable" showing the

investments and credits at each step of the nuclear fuel cycle:

Investment Timetable (typical of 1000 MWe Plant)

Fuel Cycle Step

Buy yellowcake
Purify & convert to UF6
Enrich U235

Design & fabricate fuel
assemblies

Start operation
End operation

Net residual value after discharge
Ship spent fuel

Reprocess spent fuel

*Total pre-operation investment

Month 3
-13 $3,508,000
-10 451,000
-7 3,810,000
-1
through -2 2,360,000
$10,129,000*
0 0
36 0
1,284,000
43 140,000
45 1,036,000
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(1,020,000)
(1,440,000)

Uranium credit 46

Plutonium credit 46

Hence the nuclear fuel cycle is characterized by large investments
before operation, the long duration of preparation and operation, and
the high residual vaiue of the fuel after operation.

One can use this data to construct an "investment time diagram" for

the enriched uranium in the region as shown

Step Month $
U308 -13 3,508,000
conv -10 451,000
Tt enri -7 3,810,000
$8,005000 | 7,769,000
I :
' U credit 46 (1,020,000}
f
6,970 | i
!
l
4o | | |
I |
o00,000 |
I
preosain |
o

-3 - -2
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There are two components to the cost of each of the investment items:
(1) depreciation: the difference between the initial and final
investment or the capital consumed during operation
(i1} carrying charge: the fuel carrying charge rate applies to
the remaining investment in the fuel

A table of typical rates is shown on the next page.

Nuclear Fuel Nuclear Plant
Carrying Charge Fixed Charge
Rate Rate
Return to
Investors 6.50% 6.50%
Depreciation - 2.58%
Federal
Income Taxes 4.10% 2.57%
Local & State
Taxes 1.40% 1.40%
12.00% 13.05%

These two fuel cost components can be isolated in the investment-
time diagram. Depreciation can be calculated as just the difference between
initial and final investment (in this case, $6,740,000). At 12% interest,

the carrying charges amount to $9,201,000.

¥ WY DoN'T
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U $7,679,000

b
$ 10 T U credit 1,020,000
Uy
e b —_——— . dep 6,749,000
ol c.C. 2,452,000
$9,201,000
4} r;rJ
21 . '
a”)’%‘_ _L___.____
oz 73 //////// Iy =—
“B-Pp-7 O e = 46

A similar investment time diagram can be developed for the plutonium

content of the fuel:

Pu credit (1,440,000)
c.cC 403,000

(1,037,000)

(‘yry? c}ll:’ff
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One can develop similar investment-time diagrams for other components
of nuclear fuel costs, such as fuel design and fabrication, spent fuel

shipping, and reprocessing. Typical diagrams for these components are

shown below

of |
L} bbb fr
dep $2,360,000

6} "
ccC 578,000
Y
& 2,938,000
\

Mﬂﬁm dep $140,000
ér cc (35,000)
sl . 105,000
al
2% 43
T J—
Fof $
Roprocessing Compomnt
[~}
dep $1,036,000
ér cc (280,000)
4l 756,000




The total fuel costs are arrived at by combining these diagrams:

St
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%

2 --7-2 8

Component

Uranium &
Plutonium

Design &
Fabrication

Spent Fuel
Shipping

Reprocessing

4

Fuel Cost Summary (¢/Million BTU)

Depreciation

6.98

3.10

0.19
1.36
11.63

Carrying
Charges

3.75
0.76

(0.05)

(0.37)
4.09

Total
10.73
3.86

0.14
0.99
15.72
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We must remember again that these costs apply only to one of the five
regions of the core. We can combine similar investment-time diagrams for

each of these five regions, noting the period of irradiation overlap

|

~
&
~ Py N @

as shown below
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It should be noted that as the core approaches an equilibrium core cycle,

the annual fuel costs will decrease

bt

Yonrs

It is important to "levelize" these costs in order to arrive at a true

e nou) (AN YOU EVER

measure of fuel costs for the reactor.
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CHAPTER 17: NUCLEAR POWER PLANTS

I. AN OVERVIEW OF CENTRAL STATION NUCLEAR POWER PLANTS

A. System Layout

The trend in our development of topics in nuclear reactor
analysis has been more from the study of individual components, such
as the nuclear reactor fuel element design, to more complex systems,
such as the nuclear reactor core or the nuclear steam supply system.
We will now turn our attention to a consideration of the totality of
systems which comprise a modern, central station nuclear power plant.
Although many of the components contained in such plants are nonnuclear
in nature, their design is frequently affected by the fact that a
nuclear reactor rather than a fossil-fueled boiler is being used to
generate the steam driving the turbine-generator. Furthermore, such
nonnuclear systems frequently will affect the reactor design itself.
Hence the nuclear engineer should be familiar with the various systems
comprising a modern nuclear plant.

The overall arrangement of a typical plant--in this case, a PWR
system--is shown in Figure 17-1. The nuclear steam supply system is
located within a steel-lined concrete containment structure designed
to withstand and contain the contents of the primary reactor coolant
system in the unlikely event of a loss-of-coolant accident. The con-
tainment bui]ding houses the reactor itself, the primary coolant system
including the primary pumps, steam generators, pressurizer, piping,

and the safety injection equipment.
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The reactor vessel is adjacent to and below a fuel transfer canal
to permit the underwater transfer of spent fuel to the underwater storage
pool, the latter being external to reactor containment.

The main steam system is primarily contained in the turbine hall
which houses the entire turbine-generator unit, the moisture separator-
reheaters, the condensers, and piping.

We will give a brief discussion of each of the systems which com-
prise a nuclear power plant. These can be conveniently grouped into
three classes: (i) major systems, such as the nuclear reactor or
reactor coolant system, (ii) auxiliary systems such as the chemical
shim control system, and (ii1) engineered safeguards systems such as
the high and Tow pressure injection systems.

B. Major Systems

1. Nuclear Reactor

Obviously the key major system is the nuclear reactor itself,
with associated control and instrumentation systems. Since our emphasis
for the past 1000 pages has been concerned with this system, we will
not give a rehash of the description of a nuclear power reactor here.

2. Reactor Coolant System (RCS)}

a.) Pressure vessel

The pressure vessel itself is a major component in the reactor

coolant system since it contains the nuclear reactor core, control mech-

anisms, instrumentation, (recirculation pumps and steam separators in a

BWR, helium circulators and steam generators in an HTGR).
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b.} Primary loop piping and pumps
We have already given a brief discussion of the primary pumps
characteristic of a PR in Chapter 15, and hence we will not repeat
this discussion here. It should be remembered, however, that in general
the NSSS will have more than one primary loop and set of pumps, arranged
in paraliel to provide steam generation and cool the reactor core.
c.) Steam generators
With the exception of the BWR, most reactor systems utilize
large heat exchangers to transfer the heat drawn off of the reactor core
by the primary coolant to the working fluid, water/steam,in the secon-
dary loop containing the turbine.
d.} Pressurizers
In a PWR NSSS, a pressurizer tank is used to maintain system
pressure and to compensate for coolant volume changes. In the BWR, the
pressure vessel itself performs this function since there is appreciable
void formation within the vessel. In an HTGR, coolant volume changes
are accomodated by the circulators and the helium charging system. 1In
the LMFBR, this function is assumed by the primary sodium pumps and the
cover gas atmosphere above the coolant.
2. Reactor Containment Structure
The containment building completely encloses the entire reactor
and reactor coolant system and ensures that an acceptable upper 1limit
for leakage of radioactive materials to the environment would not occur
even if gross failure of the reactor coolant system were to occur. The
containment encloses the reactor, steam generators, reactor coolant

loops, and portions of the auxiliary and engineered safeguards systems.
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It is designed for all credible conditions of loading, including normal
loads, loads during loss-of-coolant accident, test loads, and loads

due to adverse environmental conditions (e.g., earthquakes or tornados)}.
Typical containment structures have concrete walls up to 3 1/2 feet
thick with a steel liner.

Of primary concern in the design of the containment structure is
that it will able to safely withstand the overpressure and temperature
resulting from any rupture of the RCS up to and including the severance
of a reactor coolant pipe. Transients resulting from the design basis
accident analysis and other, lesser accidents serve as the basis for a
containment design pressure of 60 psig. Such an overpressure can be
reduced by a factor of four by using an ice condensor system in which
the steam released in a rupture of the primary coolant system is con-
densed on an ice bed (the ice condenser) located within the containment
structure. Such a passive engineered safeguard system has very high
reliability.

Yet another engineered safeguard system within containment is a
spray system designed to 1imit the pressure of the contajnment atmos-
phere to below containment design pressure and to remove jodine from the
containment atmosphere to 1imit the off-site and site boundary doses.

3. Power Extraction System (The "Secondary" Loop or "Steam
System"

The main steam system carries the steam produced by the steam
generators out of the containment building and to the various system
components in the turbine building. Although the principal utilization
of the steam produced by the NSSS is to drive the turbine-generator,

it is also used for a variety of other purposes, including turbine
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drives for the main and auxiliary feedwater pumps, and steam jet air
ejectors, shaft steam seals, and systems associated with steam gener-
ator pressure relief such as the steam dump values. The principai
components of the power extraction system include:
a.) Steam generators
Of course, the source of the steam in the secondary loop is
the steam generators of the NSSS. Since we have already given a brief
description of these components in Chapter 15, we will avoid a further
discussion here.
b.} Main steam turbine
A typical multistage steam turbine is shown in Figure 17-4.
This particular turbine consists of one double-flow high pressure stage
in tandem with three double-flow low-pressure stages. Between the high
and low pressure stages, combination moisture-separator steam reheater
systems are used to dry and superheat the steam.

Steam inlet to the high pressure stage is controlled by governor
valves with quick acting stop valves ahead of them for rapid isolation
in an emergency. The pressure after the first expansion stage is moni-
tored as a load index for the reactor control system.

c.) Moisture separators and reheaters
Upon leaving the high pressure, the steam has an appreciable
moisture content of approximately 10%. Not only is such a high moisture
content undesirable from the point of view of turbine efficiency, but
it as well could lead to appreciable cavitation damage on the blades of
the low pressure turbines. Hence upon leaving the high pressure stage,

the steam is passed through a moisture separator and reheater to remove
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about 10% of the exhaust steam as moisture. The remaining 90% of the
steam flow receives about 100°F as super heat from the reheaters.

A typical moisture-separator reheater system is shown in Figure
17-5. In such a system, the wet steam from the high pressure turbine
enters the moisture removal section and rises through chevron-type
moisture-separators where the water is removed and drained to the feed-
water heater system. The dried steam then passes through the reheater
section where it {s reheated by a portion of the main steam which is
withdrawn before the turbine throttle values and passed through the
tuhe bundles where it condenses in the tubes and is drained to the feed-
water heater. The reheated steam goes to the low-pressure turbines and
to the main feedwater pump turbines.

d.) Condensing equipment
The main condenser is actually just a large heat exchanger con-
nected to the low pressure turbine exhaust. Cooling water passes through
tubes in the condenser unit with the condensing steam flowing over the
outside of the tubing. Condensate is then collected in a chamber called
a hotwell. The main condenser also handles the exhaust from the feed-
water pump turbines.
e.) Feedwater heaters and pumps
We have seen in Chapter 15 that steam is bled off of the turbines
and used to heat the condensate feedwater in feedwater heaters in order
to achieve a more nearly isothermal steam generation process. The steam
condensate is pumped through several stages of low pressure feedwater
heaters, before passing through the main feedwater pumps. The water
discharge from the feedwater pumps is then passed through one stage of

high-pressure heaters and then into the steam generators.
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The main feedwater pumps are turbine driven with hot reheat steam,
although usually one feedwater pump is motor driven to be used in startup
or for reserve pumping capability.

f.) Electrical generator

The electrical generator for a modern nuclear power plant is a

mammoth device. The ratings on a typical generator are tabulated below:

Type - Hydrogen inner-cooled synchronous
generator with a water-cooled stator

Raiing - 1220 mva
Power Factor - 0.9
Hydrogen Pressﬁre - 75 psig

Oﬁtput Vgltage - 22,000 to 25,000 volts,
three-phase, 60 Hz.

Excitation - Shaft-driven, air-cooled brush-
less exciter

A shetch of such a generator is given in Figure 17-6.
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4, Auxiliary Systems
a.) Chemical and volume control systems (CVCS)

It 1s necessary to provide a system for injecting chemical
shim (boric acid), as well as for purifying the coolant water, and
providing new makeup water. These functions are performed by the chem-
ical and volume control system which maintains a continuous feed-and-
bleed stream of coolant water to the reactor coolant system (at flow

rates of roughly 100 gpm).
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The more specific functions of the CVCS include
(i) Filling the reactor coolant system.
(i1) Providing a source of high pressure water for pressurizing
the primary system when cold.
(111) Maintains the water level in the pressurizer when the pri-
mary system is hot.
(iv) Reduces the concentration of corrosion and fission products
in the coolant by purification.
(v) Adjusts the boric acid concentration of the reactor coclant

for chemical shim control.
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(vi) Provides high pressure seal water for the reactor coolant
pump seals.
A rough diagram of the CVCS is shown in Figure 15-8. In this system,
the Tetdown water bled off of the primary coolant loop is passed through
the shell side of the regenerative heat exchanger where 1t gives up its
heat to makeup water being returned to the primafy loop. It then flows
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through orifices to reduce its pressure, followed by a letdown heat
exchanger, and a purification system, and finally a volume control tank
(VCT). This tank serves as an additional reservoir of water to use to
back up the pressurizer. Connected onto this system are also the boric
acid tank (BAT) and the refueling water storage tank (RWST).

Makeup to the CVCS comes from several sources including a deminer-
alized and deaerated water supply, the boric acid tank, a blend of de-
mineralized and deaerated water and concentrated boric acid to match
the reactor coolant boron concentration for normal plant makeup.

b.} Residual heat removal system {RHRS)

The primary function of a residual heat removal system is to
transfer heat energy from the core and primary coolant system during
plant shutdown and refueling operations. However, the RHRS also is
utilized in conjunction with the safety injection system for emergency
core cooling during LOCA. The RHRS consists of dual heat exchangers and
circulating pumps plus associated piping.

c.) Component cooling water systems

A variety of auxiliary cooling water systems are used to supply
cooling functions to the many types of equipment in the plant. For
example, the service water system supplies all the equipment cooling
water for the plant. The component cooling system removes heat from
the heat exchangers, pumps, and waste disposal systems. The spent fuel
pit cooling systems provides cooling to remove the decay heat generated

by spent fuel elements during on-site storage.
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d.) Circulating water system
The condenser and component cooling water is supplied by the
circulating water system which serves as the major heat sink for the
plant by providing large amounts of cooling water. This system encom-
passes the various cooling devices (cooling towers, ponds, spray ponds)
utilized as heat dumps for the plant.
e.) Radioactive waste processing system
A modern nuclear power plant is designed such that under normal
operating conditions, no radioactive effluents are released from the
plant. Hence provision has to be made for processing 1iquid and gaseous
radioactive wastes generated within the plant. The Tiquid waste handiing
system processes both potentially tritiated and non-tritiated effluents.
The gas handling protion of the rad waste system is capable of retaining
radioactive gases within the gas decay tanks or slightly above atmos-
phere pressure for the life of the plant. The tritium produced in the
primary coolant is retained within the plant for extended periods with-
out undue operational restrictions.
5. Engineered Safeguards Systems
a.) Safety injection system
The safety injection system is designed to provide emergency
core cooling in the event of a rupture of the primary coolant system. It
consists of several independent subsystems characterized by equipment
and flow redundancy.
(i) Accumulator tanks: In Chapter 15, we saw that PWR systems
contained large tanks of borated water which could be used to flood the

core in the event of a LOCA. These tanks are typically maintained at
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pressures of 650 psig (using a nitrogen cover atmosphere), and when
the NSSS pressure drops below this level, check values automatically
open, providing rapid cooling of the core. Such accumulator tanks
are an example of a passive ECCS.

(ii) Active safety injection: Both low pressure and high pres-
sure pumps are also utilized to compensate for loss of coolant by injec-
ting borated water into the primary system in the event of a rupture.

b.) Auxiliary feedwater system
The function of the auxiliary feedwater system is to provide
adequate cooling water to the steam generators in the event of turbine
trip coupled with a loss of offsite power. Auxiliary feedwater pumps
are used to provide enough feedwater to safely cool the unit down
to the temperature at which the residual heat removal system can be

utilized.
II. NUCLEAR POWER PLANT CONSTRUCTION AND SITING

A. Plant Siting and Environmental Considerations
A great deal of evaluation and study goes into the choice of a
suitable power plant site. Not only must one be concerned with the tech-
nical requirements of the plant, such as adequate cooling water, suita-
bility as an electrical transmission point, etc., but one must also con-
sider very carefully the environmental impact of the plant, as well as
evaluate the site characteristics with a mind towards plant safety. We

will give only a brief discussion of each of these types of site criteria:
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