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ABSTRACT

A novel methodology, the Functional Interpolation Method
(FIM), has been developed. The FIM allows the calculation of control
rod worth values and power distribution by means of a variational
technique which utilizes a special set of trial functions.

This new methodology has been developed for a general
multirodded region reactor using the one-group neutron diffusion
model .

The FIM algorithm was validated by comparing its predictions
to exact analytical solutions of a one-dimensional model of the Fast
Flux Test Facility (FFTF) reactor. The outcome of this validation
procedure was that given two exact reactor neutronics solutions at
two specified reactor core configurations, the FIM methodology provides
practically exact results for any intermediate reactor configuration.

Hence, the technique developed in this thesis allows the
calculation of control rod worths and power distribution along a
reactor fuel cycle, given the eigenvalues and flux profiles for two
arbitrary picked points in the cycle.

In view of the algebraic simplicity of the algorithm, the FIM
is ideally suitable for on-line computer calculations and hence for

the development of reactivity and power distribution monitor systems.
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CHAPTER I

INTRODUCTION

A reactivity and power distribution monitor [1] (RPDM) is
needed to provide early detection of abnormal conditions within a
reactor core. To this end one must quantify discrepancies between
calculated and measured control rod worths and power distributions as
functions of isotropic compositions (burn-up). This model calibration
approach to a RPDM system was first used to study the reactivity
balance during start-up and operation of the High Flux Isotopes
Reactor (HFIR) [2,3,4] at Oak Ridge National Laboratory (ORNL).
Similar surveillance procedures for anomaly detection have been
developed for Boiling Water Reactors (BWR) [5], Pressurized Water
Reactors (PWR) [6] and Fast Breeder Reactors(FBR) [7,8].

Because of increasing emphasis on the part of the utilities on
the economic operation of nuclear power plants as well as on the main-

tenance of the integrity of reactor components, there is an interest

in using on-line computer systems for monitoring the distribution of
core power and reactor performance in general. To implement the on-
line monitoring of reactivity and power distribution, the core per-
formance must be predicted at frequent intervals to detect anomalies
and update integral performance parameters such as control rod worths
and isotropic fuel compositions. In view of the scope of 3-D
neutronic calculations and even allowing for substantial improvements
in the present computer state-of-the-art, one does not envision the

1



usage of sophisticated 3-D calcuations in economically feasible RPDM

systems. There are though several alternate calculational methods
which have been proposed such as Coarse-Mesh Nodal Technique and
three-dimensional-based Generalized Perturbation Theory (GPT) [1].
Although the nodal method will indeed be even more economical than
direct 3-D calculations, it is not clear at this point in time if
these techniques will be appropriate for frequent on-line calculations.
On the other hand, despite the powerful features exhibited
by the GPT algorithm, this must rely on extensive off-line, 3-D
calculations of the core neutronics along the evaluation of the fuel
cycle, which would increase the on-line computer memory requirements.
A third alternate methodology has been developed at ORNL
Engineering Physics and Mathematics Division by Diffilippo [9]. This
method is based on analytical solutions to judiciously simplified
neutron balance equations. The role of these simplified calculations
is a description of the reactor power distribution in terms of a
parameter set that can be determined by fitting the simplified core
flux distribution to off-line multidimensional-multigroup calculations
of power profiles for various "benchmarking" operating conditions.
Motivated by the crucial role played by accurate on-line
computer algorithms in the development of RPDM systems, this thesis
presents the development of a new calculational algorithm called the
Functional Interpolation Method (FIM). The goal of this method is to
effectively implement sophisticated "off-line" core neutronics calcu-
lations into simpler yet accurate on-line computer algorithms. The

FIM is developed along the following steps:



1. Off-line "exact" (analytical) calculations of the core

flux distributions and control rod worth values are performed for two
selected core configurations along the fuel cycle.

2. The core neutronics is formulated in terms of a Stationary
Funtional (Variational Principle), written for the forward and adjoint
fluxes and the reactivity eigenvalue A = 1/K.

3. Given the pairs of forward and adjoint fluxes (wl, ¢]+)
and (wz, w2+), associated with the respective selected core configura-

tions, one constructs trial functions, ¢ and ¢+, in terms of the

forward and the adjoint fluxes:

o=qu + (1-4a)y, (1-1)

o =’YW]+ + (1 - Y)w2+

...oo<q<oo

; - e<y < (1-3)

where g and y are parameters to be determined.

4. The trial functions ¢ and ¢+ are inserted into the
Variational Principle and the integrals over phase space are performed
to reduce the stationary functional to a function of the parameters
g, v, and the eigenvalue .

5. The stationarity condition yields three coupled algebraic
equations for the determination of the homotopy parameters q, y and
the reactivity eigenvalue X.

6. The forward and adjoint fluxes are reconstructed by the

use of Eqs. (1-1) and (1-2), respectively.
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To validate the FIM algorithm, this method will be illustrated
using a one-group diffusion treatment of a one-dimensional representa-
tion of the Fast Flux Test Facility (FFTF).

The next chapter will provide the basic logic involved in the
Variational Principle Technique and Chapters III and IV will illus-
trate the utilization of this technique to develop the FIM approach
for a two-dimensional reactor core. Chapter V will prove the validity
of the FIM technique and finally Chapters VI and VII will draw the

conclusions and the necessary recommendations.



CHAPTER II

THE VARIATIONAL PRINCIPLE TECHNIQUE

The Variational Principle Technique is a device which utilizes
prior physical information on a particular system under consideration
to obtain approximate analytical solution describing the actual
behavior of the system.

In this chapter we review some features of this technique to

facilitate the understanding of the FIM methodology.

2.1. Calculus of Variations

The calculus of variations is concerned with changes in
functionals. A functional is a correspondence between a function in

some class and the set of real numbers, €.g.,

b

o(y) = J f(x,y,y')dx , (2-1)
d

o(y) = MAXIy(X)l a < x < b. (2-2)

The function f is a known function of its arguments. Once
y(x) is fully specified, the functional ¢(y), which is a real number,
can be calculated.

Having the above argument in mind, we now turn our attention

to a property called stationarity property. A function g(x) is

stationary at x = X when



by Eq.

where

dg( i}

L2 - 0, (2-3)
1im g(;-+ €)€‘ g(;) =0 - (2-4)
e~0

Applying the stationarity property to the functional defined
(2-1):

]13 ¢£y + 52) - ¢(y) (2_5)
[Nl
n=00@0x=a,x=b. (2-6)

The functions which satisfy the above functional are called

extremals. In order to show the conditions which are satisfied by

extremals one can consider the following equation:

b
b(e) = J f(x,y + €n, y'+en') . (2-7)
a

Applying the stationarity property,

yield

b
- of v of v o -
ja dx(n 3L+ 0" ) = 0 (2-8)

Integrating the second term on the right side of Eq. (2-8) will



b
J of _dn 4o - (n

VAR Jdx . (2-9)

of b (04 of
dy'’a dx ‘oy'
a
The first term on the right side of Eq. (2-9) is set to zero
because of the boundary conditions defined in Eq. (2-6). Therefore,
Eq. (2-9) becomes

b

b
of dn 4 = . d 3f -
| E- g o Ja & @ (2-10)

Inserting Eq. (2-10) into Eq. (2-8) will result in

b
do(e) _ J d of d of | _
= x(nes - nao-=7) =0, (2-11)

de =0 3 3y dx ay

d¢(e) - Jb dx n(2E - d3fy - g (2-12)
de =0 a ay  dx ay

b

f a(x) m(x)dx = 0 ,

a

where
_of d of -

m(x) = 5y " I 3y (2-13)

If n(x) vanishes at a and b only, therefore for all other

functions of n(x), m(x) is equal to zero:

m(x) =20 . L3829 (2-14)
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The above relation is called the Euler-Lagrangian Equation for
the extremals of the variational problem and the function in (2-7) is
called the Lagrangian.

It should be noticed that the variations in the Lagrangian
were calculated using a set of boundary conditions (Eq. (2-6)) which
are satisfied by the functional. Any other constraints or arbitrary
boundary conditions can be met by modifying the Lagrangian. This
modification will involve calculations of some terms called Lagrange
Multipliers which are obtained by applying the stationarity constraints

on the Lagrangian.

2.2. Lagrange Multipliers

Variations can be taken subject to constraints which are handled
using Lagrange Multipliers. Considering the problem of making the
functional J stationary subject to the condition that a given

functional K has a prescribed value K], i.e.,

b

)= J F(x,y + enuy' + en')dx » (2-15)
a
b

K = J G(X,y + en,y' + en')dx . (2-16)
d

For an admissible function y(x) one can form the following functional:

* b ] |
J = J dx[F(x,y + en,y' + en') + AG(X,y + en,y' + en')]
a
(2-17)



where X is the Lagrange Multiplier. Applying the stationarity

property, which was discussed in the previous section, to (2-17):

* b
dJ * . aF , 3n aF 3G , 9n 3G 4

(2-18)
Now applying integration by parts to the second and fourth term of

the right side of the above equation:

B 0 0
5J*=J:dx(n%+xn%)+ gy a+x gy'a
-J:d(n%%.—n %g—g—) 0 (2-19)
Rewriting the above equation,
6J*=dex n{?—ﬂ x&—i(i,-+xa—eﬂ]=0. (2-20)
3y 3y  dx 3y 3y

a

Since n can be any arbitrary zero or nonzero number, the following
relation has to apply:
oF | \ 3G d (aF 3G

'gy—.‘*')\‘avr):o. (2-21)

3y 3y dx

A is obtained by introducing into (2-16) the extremals y(r,x), which

is obtained from the above equation, and setting K = K] (prescribed

value at the K-functional).
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The point of the above exercise was to show a Lagrangian such
as (2-15), constrained by any arbitrary condition or functional such
as (2-16), can satisfy the stationarity property by inclusion of a
term called Lagrange Multiplier such as A.
The following chapters will show the specific application of
the variational techniques in calculating the fluxes and the eigen-

values in reactor physics.




CHAPTER III

A VARIATIONAL PRINCIPLE FOR A MULTIREGION REACTOR WITH
PARTIALLY INSERTED RING OF CONTROL RODS

In this chapter a Lagrangian for a multiregion reactor with
partially inserted control rod will be developed. One group diffusion
equation is used in conjunction with the tools which were developed in
the previous chapter. The first section of this chapter will explain
the geometry of the model along with the constraints or boundary
conditions which are applied on the Lagrangian. In the second part
a Lagrangian, which satisfies the stationarity property and the con-
straints introduced in the first part, will be developed. The level
of details was limited to showing the input and output because of the
logic explained in the previous chapter and lengthy calculations

involved in these types of calculations.

3.1. The Geometry Configuration

A cylindrical reactor as depicted in Figure 3-1 with core
height H was considered. In the radial direction there are several

core and blanket regions with interdispersed annular regions contain-
ing control rods. Rodless regions are assumed homogeneous in both
the radial and axial directions. Control rod regions are divided
along the axial direction into two subregions, the lower part con-
taining sodium and the upper part filled with the control rod

material. A ring of neutron detectors is placed at r = o and z = zy.

11
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Rodless regions will be identified by the subindex q (g=1, ... , Q).
Control rod regions carry two subindexes: the y subindex
(v=1, ... , G) which describes the radial location, and the subindex
a (a=1,2), describing the sodium and control material subregions,
respectively.

Using the neutron diffusion approximation, a set of coupled
equations for the rodless region and control rod regions can be
written as follows:

F
2 q _
[Dq v - zq]¢q =0 (3-1)

where

’Q’

K = reactivity eigenvalue,

0
"
—_
-

F = \)qu,
v = average number of neutrons born per fission reaction,
Ifq * macroscopic fission cross section (cm']),
¥ = macroscopic absorption cross section (cm']),
D = diffusion coefficient (cm),
and for the control rod regions the diffusion equation will take the

following form:

. 2 _
[DYav -z a]¢ya = (3-2)
i where
a=1,2,
£ , = macroscopic absorption cross section for sodium (cm']),



macroscopic absorption cross section for the control

z

v2
material (cm']),
DY] = diffusion coefficient for sodium (cm),
DY2 = diffusion coefficient for the control material (cm).

The following boundary conditions apply:

¢Q(rQ3z) = Os (3'3)

Flux continuity across all boundaries, (3-4)
,Z = = , 1= = . -

bq(rsZ = 0) = po(r,2=H) = 0 (3-5)

For adjoining rodless regions the following boundary condition is

applied:
¢ 8¢g
= +-l -
Dq( 8r)r Dq+1( ar )rq ' (3-6)

- At the interface between core and control regions the following

boundary conditions are applicable:

3¢
(—Yy = p (=3

DY] o r q ar)r 0 <27 < Zq, (3-7)
Y Y
o R0}
—¥2y _-p (-4 -
Dy2( = )rY Dq( BP)PY Zq <Z<H. (3-8)

For each rodded-region the following constraints will apply:



15
and

Flux finite at r = 0 . (3-10)

3.2. The Variational Principle

In this section a functional which is stationary with respect
to the trial functions satisfying only the boundary conditions (3-3),
(3-4), (3-5), and (3-10) was developed.

In developing this functional, one should remember that a prior
experience would reduce the number of trials needed to obtain the
proper functional. Nevertheless, the general rule for obtaining a
functional which is stationary is to multiply the diffusion equation‘
by the adjoint flux and integrating over the phase space. The details
of these operations are not shown here, but instead the implementation

of the stationarity property is shown. We then write the following

functional:
Q H F
£= ) r rdr J dz W_(D vz +—3-1 )6
Z
| 2 +| rd L (D_,9%-1.)
i Z J rdr { dz WQ1(D 1Y Zq1)¢q1 { rar J q2 q2v 'Zq2 ¢q2}
q=1{"q 0 q Zq
H 3¢ LI W
-?rjde(( ) (2, ] 0 (g (01 ~¢g)
q=1 q g L qi q ar’r g+1' or rq q' ar’ q'"q+l q rq
JA
Q-1 q 3941 30 AW 1
- I j d2£w (D (=) | -D (=) ] (=25 (o - 0,7)
g=1 9 /g gliql' ar rq q' ar rql ql' ar qg 'ql rq
Q-1 H 3 3 oW
92 _9q 92 .
- Z]rq {Z dz[qu(DqZ( ar )r Dq( ar)r }'+Dq2( ar )(¢q ¢q2)r
g= q q q q,
Q-1 301 L oW )
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where the quantities wq, wq], and qu are the Lagrange Multipliers and
the remaining are the conventional parameters.

To prove the stationarity property of the functional L (i.e.,
sL = 0, for arbitrary variations of the trial functions), one can take

variations on both sides of Eq. (3-11) and utilizing the following

integration by parts.

g] [qrdr fHdz D_W v25¢q= ?1 JHdz Dq[[rq () (g

|
3ad¢
9
r‘q-1 wq(rq-1)( ar )r }
g-1
oW
9
* [ q-16¢q(rq-1)( 3r)r
g-1
W
oy (r) (53, |
q
+ J rdr 8¢ v2y (3-12)
q q "q]’
Z |
38 1 N 1
§ rdr J dz W_,v° 541 2 0, U rdr[w (Z.)(—5%), - 86,7(Z )(JHZ
q=1 [q 0 ql q ql' q’" 3Z Zq ql™q 1eq
Z
q 3¢
_q1
+f0 dz (g gy (rg) (720,
q
369
_q1
“Tg-1 wq1(rq-1)( ar )r )




17

Mar
(=4

* (rq-16¢q1(rq-1 or ’'r

g-1
- rseg(rg) (53, )]

JA
g 2
+ Jq rdr {0 d26¢q]V Nq1 (3-13)

98¢ 2

H Q-1
2 = 3
1/q Zq g=1 q

I .0

q q
Mo

v s005(2) (5P, |
q

q2' q’" 3L

H ad¢ 2
o arftrg wptr) (5,

q q

96 ¢ 2

" Tg-1 qu(rq-l)( ar )rq_])

oW
a2
(rq—16¢q2(rq—1)( ar )r

+

q-1

W
- rgseg (g (50, |

H

2

+ qudr JZ dZd¢q2v qu} (3-14)
q

The boundary conditions (3-3), (3-4), (3-5), and (3-10) were
used in the derivation of the above equations. By imposing the

following boundary conditions on the Lagrange Multipliers:



wq(r,O) = Nq(r,H) =0,

qu(r,o) =0 ; qu(r,H) =0,

one obtains in this manner the following result:

6L=6L]+6L2+SO+S]+52

where
Q H F
sky = ) j rdr [ W [D v+ D
g=1 ‘q 0

H
2
S L T LI P
4=1g 7 21792 q2) "q2
q
H > Fq
sL, = dr | dZsg [(D v + - - £ )W
2T 4 qu r JO ¢q[( S S q]
Z
% [ d f Ydzs [(D 2
+ rdr ¢ Voo~ 1
=1 /q 0 ql{* gl ql
Q H 2
+ Z f rdr { dZd¢q2((Dq2v - zqz)qu
q=1 ‘g A
q
Q-1 H 3
Sy = J J rdr J dz|- r [D —3 .0
0 a=1 q 0 ( gL q ar q+l
rq Dq(%qe1 = tg)y

)

qu,

3.,

ar

18
(3-15)

(3-16)

(3-17)

(3-18)

(3-19)
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oW oW

—athy  _p (=4
* T Dq+1( v )rq Dy ar)rq 38441 (rg)
asW
- +] -
+ rq(wq+] wq)r Dq+](——7£}——)r ] ., (3-20)
q 9
S = ] errf dz-r[o —gﬁ,—-oﬂﬁ—ﬁ e
AW
" Tq Dq(¢q1+1 ) ¢q1)r ()¢
q q
W W
—gi+y oy =t
¥ rq(Dq+1( or )rq Dq( ar )rq 6¢q1+1(rq)
356
] —ql+1 -
¥ rq(wq1+1 wq1)r Dq+1( ar )r ] > (3-21)
q q
Q-1 H 30 3
S, = ) J rdr daz|- r D, =92 _ p (__SZil) SW
2 & gL q or g+l ar 'r q2
9=1 °q Zq q
asW
- - —a2
"q Dq(¢q2+1 ¢q2)( ar )rq
W oW
Q2+ _p (92
" Tq Dq+1( ar )rq Dq( ar )rq <Sq>q2+1("‘q)
LI
- g2t -
+ rq(wq2+] qu)rq Dq+1( = )rq] . (3-22)

Inspection of Egqs. (3-18) through (3-22) reveals that for

arbitrary variations 6¢q, 6¢q], 6¢q2, W _, 5wq1, and équ one obtains

q
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5L = 0, provided that the diffusion equations (3-1) and (3-2) are
satisfied together with the boundary conditions (3-3), (3-4), (3-5),
(3-6), (3-7), (3-8), (3-9), and (3-10) by both the fluxes ¢q, ¢q],

and ¢q2 as well as the Lagrange Multipliers W wq], and W

q° q2°

One should notice that the Lagrange Multipliers are the forward
fluxes because of the self-adjointness of the one-group neutron
diffusion operator. If this operator were to be nonself-adjoint, the

Lagrange Multipliers would be defined as adjoint fluxes.



CHAPTER IV

DEVELOPMENT OF THE FIM FOR A TWO-REGION REACTOR WITH
PARTIALLY INSERTED RING OF CONTROL RODS

In the previous chapter a Lagrangian for a multiregion reactor
core model was developed. As it was shown, the Lagrangian was
stationary (8L = 0) with respect to changes of the flux. A functional
for a two-region reactor core model with a partially inserted control
rod utilizing the Lagrangian obtained in the previous chapter will be
developed. Thereafter, this functional or Lagrangian for the two-
region core will be used with the aid of a set of trial fluxes to

derive the Functional Interpolation Method (FIM) algorithm.

4.1. Lagrangian Development

A cylindrical reactor core with a partially inserted control
rod, as depicted in Figure 4-1, is considered. The void, after the
withdrawal of the control rod for Z] amount, is filled up with liquid
sodium. The radius of the control rod and the outer radius of the
fuel region are * and ros respectively.

In order to make the general variational principle Lagrangian
(3-11) specific to Figure 4-1, the following equivalences and
definitions should be set.

Wi = 995

neutron flux in the sodium region,

W = neutron flux in the control rod region,

21 7 %1¢

21
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Figure 4-1. A two-region cylindrical reactor core with partially
inserted control rod model.
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w2 = ¢ZS(O <1z 5_21) = neutron flux in the core region adjoining
the sodium zone,
NZ = ¢2C(Z1-5 Z < H) = neutron flux in the core region adjoining
the control rod zone,
D]] = DC = diffusion coefficient for the control rod region,
‘ DZ] = DS = diffusion coefficient for the sodium region,
D]2 = 022 = D2 = diffusion coefficient for the core region,
z]] = ZC = macroscopic capture cross section for the control
region,
Iyp = Ig = macroscopic capture cross section for the sodium

region.

Replacing the generic parameter in Eq. (3-11) with the
parameters defined in the above for a two-region reactor core, one
obtains the following Lagrangian, which satisfies the stationarity
property for a two-region reactor core with partially inserted control
rod (Figure 4-1).

8 L )
£/2n = [0 rdr fo ¢1S(DSV ¢1S - ZS ¢1S)

r

1 H 2

+ J rdr f dz ¢]C(DCV d1c - I ¢1C)
0 Z]

VA

r
2 1
+ I rdr j dZ ¢,c [Dzv2¢zs + (F/K = 25)05c]
r 0

1

r
2 H
+ f rdr JZ dz ¢ZC[D2V2¢ZC + (F/K - 22)¢ZC]
r
1 1
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21 %1 %25
- N JO 4Z1o75(ry )0 (=7) = Dpl57)y

H 3 3

1c 2
"N fz dZ{¢]C(r])[DC( ar )r] ) DZ( ar r]]J
1
r
1 % 3
15 1C

- Jo rd"(‘bls[Ds( iz ) - Otz )]]z] ' (4-1)

Most of the above symbols were defined. The remaining ones
possess their usual computational meaning. The above lLagrangian, as
it was mentioned previously, is stationary with respect to changes
in flux. The next step is to introduce a set of trial functions
in the above Lagrangian and using the Variational Technique, an

equation for static eigenvalue will be obtained.

4.2. Implementation of the Variational Technique

In order to obtain the static eigenvalue, a set of trial fluxes

needs to be defined. This set can be defined as follows.

¢]S(F) = qw]SA(?) + (1 - q)w]SB(F) 0<r<r 0<Z<Z (4-2)
¢-|C(?) = q‘”]CA(?) + (1 - q)%CB(?‘) 0 <r«< ™ 0<Z<H (4-3)
055 (F) = aupen (F) + (1= Qupgg(F) vy <r<ry  0<Z<Zy (4-4)

boc(F) = aupea(P) + (1= Qlupeg(F) vy <r<r, Iy <Z<H (4-5)

where wqcns Vicas Yasa> Yocas V1see Y1ce Vospr and ¥pcp are exact,

off-line calculations of the flux corresponding to two material
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compositions of the reactor core. ¢1S’ 10 ¢25, and boc ATe the
wanted flux distribution for an arbitrary material make-up. The
Variational Principle then searches for the value of the parameter g,
which minimizes the Raleigh-Ritz quotient for the static reactivity
eigenvalue.

In order to solve for parameter q, the fluxes in the
Lagrangian defined by Eq. (4-1) will be replaced by the fluxes
defined in Eqs. (4-2) through (4-5).

) Z]
£/2r - JO rar | d2langy + (100510057 vy gy + (-0 gg)

= ES(Q¢]SA + (]’Q)w]SB)]

r
(] H 2
+ JO rdr JZ]dZ[qwch + (]‘Q)w]CB][DCV (qw]CA + (]-q)w]CB)

- ZC(qw]CA + (]'Q)W]CB)]

r Z

2 A
* J rdr Jo AZlavysy + (1-0)upggll0,7 (akpgy + (1-a)¥pgy)
r

1

+ (F/K = Zz)(QWZSA + (]'Q)WZSB)]

r
2 M
+ J rdr Jz dz[qyycp ¥ (1-q)w2CB][DZV2(qw2CA + (1-9)v,05)
r
1 1

+ (F/K - Zz)(QchA + (1'Q)W2CB)]
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Z

1
| dtan gy (n) + (-0hngp(r)IOGTET (g + (-adiggg)]y,

a .
- Dalar (avpsp * (1-0)vpgply )

H
3
[ @tancatry) + (1-00ngglry 1OCLE (aony + (-0l

1

d
= DZ[SF'(quCA + (]_q)wZCB)]r]}

r
1
Jo rdrlquicp * (1-q)w]SB]Z]{DS[§%-(qw1SA * (1-q)w]SB)]Z]}

r
1
(4-6)

+

The above equation, as it was mentioned, needs to be solved for
q. Appendix A shows the operation along with the defined terms.
Because of the generic nature of this algirithm, the trial fluxes will
remain defined in terms of general exact fluxes and their exact fluxes
will not be defined further. Appendix A also shows all of the defined
terms which involve the integration of the exact fluxes. These fluxes
will be obtained upon the determination of a specific core geometry
and composition.

After solving the Lagrangian defined by Eq. (4-6) using the
Variational Principle Technique, as it is shown in Appendix A, a

solution for the static reactivity eigenvalue is obtained.




H.k3

KO+ HK + Hy = 0 (4-7)

2 3

Upon the determination of K using Eq. (4-7), the following

equation is used to solve for parameter g:

KB] + 82

9= - T (4-8)
2KA1 + 2A2

Once the parameter q is known, Eqs. (4-2) through (4-5) are
used to calculate the power distribution, given the exact fluxes on
the right side of the equation for two forms of the core composition
are known. The obtained flux is the desired flux for the specific
core composition which has been calculated through an interpolation
method.

At this point it is appropriate to reiterate the above
Functional Interpolation Method. Given the neutron distribution in
a reactor core for the beginning of the fuel cycle and the end of the
fuel cycle, the fluxes for the core during the life of the fuel can be
obtained on-1ine using the Functional Interpolation Method. This
algorithm requires calculation of the 52 integrals defined in
Appendix A. After the calculation of the integrals, the static eigen-
value can be obtained. After the determination of static reactivity
eigenvalue, the parameter gcan be calculated. Finally, the parameter g
is used to obtain the desired flux. One should again be reminded that
the requirement for this method is provision of two exact analytical

or numerical solutions of the fluxes for the core composition at the
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beginning and the end of the fuel cycle. These solutions can be
obtained off-Tine using the existing computer codes. Once thesé
solutions are obtained,the FIM can be used on-line to provide the
intermediate solution of the power distribution of the reactor core
composition which changes during reactor operation.

In order to verify the FIM, the next chapter provides the
calculation of the reactivity eigenvalue and the flux for a reactor
core utilizing an analytical method. Then, the flux and the eigen-
value were obtained for the same core composition and geometry using
the FIM. The results from both methods were compared. The next
chapter provides the detailed operations and additional parameter

which were chosen for the validity of the FIM.



CHAPTER V

VALIDATION OF THE FIM

In order to verify the Functional Interpolation Method
described in the previous chapter, a reactor core in the form of a
one-dimensional slab geometry was chosen. The reason for selection
of the one-dimensional geometry was the ability to solve the core
model using an analytical method. Since the exact solution of power
distribution and reactivity eigenvalue for a reactor core described
in a higher dimension of geometry requires the utilization of an
existing computer code and there was a budgeting problem, a one-
dimensional slab geometry, which allows the solution for the flux
and the reactivity eigenvalue to be obtained using hand calculations,
was selected. The Fast Flux Test Facility (FFTF) core characteristics
were chosen for the one-dimensional core model descriptions in this
analysis. Appendix B contains the descriptions and characteristics
of the FFTF reactor core. The pertinent information was obtained
from Cabell, 1980. The required cross sections were acquired from
Mann, 1982. This information is also included in Appendix B. Having
all the necessary data, we can now start solving for the flux and
reactivity eigenvalue of the reactor core model which is described

in the following section.

29
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5.1. Analytical Solution

Considering a reactor core depicted in Figure 5-1, one can
write the following equations describing the neutron population using

the one-group neutron diffusion theory.

d2
(D'I ? - Z])d)](x) = 0 s (5'])
X
( & ) (5-2)
D, = + F/K - ¢ 5-
2 de 2

where
D] = neutron diffusion coefficient in the control rod region
(cm),
Ly = macroscopic cross section for the control rod region
(1),
¢1(x) = neutron flux in the control rod region (neutron/cmz-sec), .
D2 = neutron diffusion coefficient in the fuel region (cm),
L, = macroscopic cross section for the fuel region (cm']),
F = Vig = fission source for the fuel region,
v = average number of neutrons generated per fission reaction,
Le = macroscopic fission cross section for the fuel region
(en™h),
¢2(x) = neutron flux in the fuel region (neutron/cmz-sec).

The following boundary conditions are applied to Egs. (5-1) and (5-2)

d¢]
W 0 ) (5-3)

x=0
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Figure 5-1.



¢'|(X]) = ¢2(X'|) s (5'5)
de d¢
L
Dy & D& (5-6)
X X
1 1
where
Xy = 6.3200 cm , (5-7)
_a -

a = extrapolated boundary of the fuel region = 76.56 cm. (5-9)

The control rod region thickness and the fuel region length
were obtained from the FFTF core parameter table in Appendix B. In
addition the following data for the diffusion coefficients and cross
sections and other parameters were obtained from the FFTF design.

A11 of the pertinent data and their sources are explained in Appenix B.

D, = 3.4470 cn , (5-10)
D, = 1.1015 cm , (5-11)
I, = 0.0026 cm , (5-12)
s, = 0.0067 cm , (5-13)
F=0.0082 cm ! . (5-14)
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After obtaining the necessary values one can solve for the

flux. Equations (5-1) and (5-2) can be written as follows:

¢ (x)  oq(x) : 1)
dx? L2 ’
2
d ¢2(X) 5 i
—— + b%%,(x) =0, (5-16)
2 2
X
where
b = Di (F/K - £,) (5-17)
2
D
L2 - 51— . (5-18)
1

The general solution for Eq. (5-15) is:
91(x) = Aje” + Ase . (5-19)
Applying boundary conditions (5-3) to Eq. (5-19) will result in the

solution to one of the above coefficients.

S|
x=0 L

A

2= i

: : (5-20)
Ay = A, . (5-21)

Substituting Eq. (5-21) into (5-19):
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X _X
o(x) = Aj(em+e 1), (5-22)
¢](x) = 2A] cosh % , (5-23)
¢](x) = A cosh %-. (5-24)

The general solution for Eq. (5-16) is:
¢2(x) = C] cos bx + C2 sin bx . (5-25)

If the boundary condition defined by Eq. (5-4) is applied to

Eq. (5-25), a relation for the coefficients in Eq. (5-25) can be

obtained:
sin bxO
G = - s bx, Cy - (5-26)
Inserting Eq. (5-26) into Eq. (5-25) will yield the following:
sin bx
¢2(X) = C2(- oS bx. cos bx + sin bx) . (5-27)
0

Utilizing a trigonometric relationship will result in the following:

C)
sin b(x - xo) . (5-28)

¢2(X) ~ Cos bx0

At this point there are two solutions described by Egs. (5-24) and
(5-28) for both regions in Figure 5-1. These solutions are not com-

plete until a value for A and C2 are obtained. In order to obtain
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such values the boundary conditions defined by Egs. (5-5) and (5-6)
are applied to both Egs. (5-24) and (5-28).

X1 C, .
A cosh (—Eﬁ = EBE_B§6'51n b(x] - xo) , (5-29)
D,C
A .. X1 “2t2b
D] T sinh = EEE—BQE-COS b(x] - xo) . (5-30)

Rewriting the above equations:

)

A sin b(x] - X

2 - o, (5-31)
2 X1
cos beCOSh(TT)
D,bLcos b{xy - xn)
Ci= 2 10 (5-32)
2 x

. 1
D, s1nh(TT)cos bxO

Equating the right side of Egs. (5-31) and (5-32) and eliminating any

common term from both sides:

sin b(x - xo) ) D,L b cos b(x] - xo)

3, D X ' (5-33)
cosh() sinh()
Rewriting the above equation:
D] sin b(x - xO)
= b cot b(x1 - xo) . (5-34)

X
D,L cosh(jrd
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Notice that the static eigenvalue is contained within the parameter b.
Therefore, Eq. (5-34) has to be solved for b. Obtaining the root of
Eq. (5-34) is not a trivial task. The equation can be conformed into
the shape and the form that is solvable. Table 5-1 shows the roots of

an equation defined as the following:
a cot a = -C . (5-35)

This table was obtained from Ref. 14. At this point an attempt
should be made to conform Eq. (5-34) into Eq. (5-35).

D, X
DZ_L tanh(T) = - b cot b(XO - X-l) . (5-36)

If both sides of the above equation are multiplied by Xg = X7 the

following equation can be obtained:

- 5T (x0 - x])tanh(Tj) = b(x0 - x])cot b(x0 - x]) . (5-37)

Equation (5-37) is in the form described by Eq. (5-35), with the

following defined terms:

a = b(x0 - x]) s (5-38)
D X
C = BEE (xO - x])tanh(Tf) . (5-39)

Equation (5-38), which contains the reactivity eigenvalue, is the

unknown term. Equation (5-39), which contains the parameters with



The first six roots,t a,, of

Table 5-1. The Roots of a Transcendental Equation
c
-10

acota+C = 0.

Xy g Oy Oy s g
0 4-4934 7-7253 10-9041 14-0662 17-2208
-0-995 0-1224 4-4945 7-7259 10-9046 14-0666 17-2210
—0-99 0-1730 4-4956 7-7285 10-9050 14-0669 17.2213
—-0-98 0-2445 4-4979 7-7278 10-9060 14-0676 17-2219
-0-97 0-2991 4-5001 7-7291 10-9069 14-0683 17-2225
—0-968 0-3450 4-5023 7-7304 .10-9078 14-0690 17-2231
—0-95 0-3854 45045 7-73117 10-9087 14-0697 17-2237
—0-94 0-4217 4-5068 7-7330 10-9096 14-0705 17-2242
-093 0-4551 4-5090 7-7343 10-9105 14-0712 17-2248
—-0-92 0-4860 4-5112 7-7356 10-9115 14-0719 17-2254
—-0-91 0-5150 4-5134 7-7369 10-9124 14-0728 17-2260
—-0-90 0-5423 4-5157 7-7382 10-9133 14-0733 17-2266
—0-85 0-6609 4-5268 7-7447 10-9179 14-0769 17-2295
-~0-8 0-7593 4-5379 7-7511 10-9223 14-0804 17-2324
-0-7 0-9208 4-5601 7-7641 10-9316 14-0875 17-2382
—-06 1-0528 4-5822 77170 10-9408 14-0948 17-2440
-0-3 11656 4-6042 7-7899 10-9499 14-1017 17-2498
—-0-4 1-2644 4-6261 7-8028 10-9591 14-1088 17-2556
—03 1-3525 46479 7-8156 10-9682 14-1159 17-2614
—0-2 1-4320 4-6696 7-8284 10-9774 14-1230 17-2872
-0-1 1-5044 4-6911 7-8412 10-9865 141301 17-2730
0 1-5708 47124 7-8540 10-9956 14-1372 17-2788
0-1 1-6320 4:7335 7-8667 11-0047 14-1443 17-2845
0-2 - 1-688% 4-7544 7-8794 11-0137 14:1513 17-2903
0-3 1-7414 4-7751 7-8920 11-0228 14-1584 17-2961
0-4 1-7908 4:7956 7-9046 11-0318 14-1654 17-3019
0-5 1-8366 4-8158 7-9171 11-0409 14-1724 17-3076
0-6 1-8798 4-8358 7-9295 11-0498 14-1795 17-3134
0-7 1-9203 4-8556 7-9419 11-0588 14-1865 17-3192
0-8 1-9586 4-8751 7-9542 11-0677 14-1935 17-3249
0-9 1-9947 4-8943 7-96635 11-0767 142005 17-3306
1-0 2-0288 4-9132 7-9787 11-0836 14-2075 17-3364
1-5 2:1746 5-0037 8-0385 11-1296 14-2421 17:3649
2:0 2-2889 5-0870 8-0962 11-1727 14-2764 17-3932
30 2-4557 5-2329 82045 11-2560 14-3434 17-4490
40 2-5704 5-3540 8-3029 11:3349 14-4080 17-5034
5-0 2-6537 5-4544 8-3914 11-4086 14-4699 17-5562
6-0 2-7165 5-6378 8-4703 11-4773 14-5288 17-6072
70 2-7654 5-6078 8:54068 11-5408 14-5847 17-6562
8-0 2-8044 5-6669 8-6031 11-5994 14-6374 17-7032
9-0 2-8363 57172 8-6587 11-6532 14-6870 17-7481
10-0 2-8628 5-7606 8-7083 117027 14-7335 17-7908
15-0 2-9476 5-9080 8-8898 11-8959 14-9251 17-9742
20-0 2.9930 5-9921 9-0019 12-0250 15-0625 18-1136
30-0 3.0408 6-0831 9-1294 12-1807 15-2380 18-3018
40-0 3-0651 6-1311 9-1987 12-2688 15-3417 184180
50-0 3-0801 6-1606 9-2420 12-3247 15-4090 18-4953
60-0 3-0901 6-1805 9-2715 12-3632 15-4559 18-5497
80-0 3-1028 6-2058 9-3089 124124 15-5164 18:6209
100-0 3-1105 6-2211 9-3317 12-4428 15-5537 18-665C
© 3-1416 6-2832 9-4248 12-5664 15-7080 18-8496

‘ "The roots of this equation are all real if C > -1. These
negative values of C arise in connection with the sphere.

Source:

Reference 14.
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the specified values in the previous pages, is the known term.
Therefore, substituting the values specified by Eqs. (5-7) through
(5-14) into Eq. (5-39), one will obtain the following value for

parameter C:
C = 0.4700 . (5-40)

Since the value of parameter C is not one of the exact values listed
in Table 5-1, an interpolation should be performed. In order to
avoid an interpolation for the sake of exactness, the dimension of the

control rod region was changed and a value for parameter C was

obtained.
Xy = 6.8092 , (5-41)
c = 0.5000 . (5-42)

Using Table 5-1, the value for parameter o corresponding to the value
for C can be obtained. Then using formula (5-38) the value for b and

finally using formula (5-17) the value for the static eigenvalue is

derived.
a = 1.8366 , (5-43)
b = 0.0584 (5-44)
K= 0.7846 . (5-45)

Having the value for the static reactivity eigenvalue, the

neutron flux profile in both regions can be obtained. Equations (5-24)
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and (5-28) describe such profile. But, as it was mentioned, the two
constants, C2 and A, needed to be determined. Furthermore, it was
shown that these constants can be found by applying the boundary
conditions to the equations for the flux profile. As a result of this
operation Eqs. (5-31) and (5-32) were obtained. At this point we were
drifted to go to find a value for the static eigenvalue. Going back
to Eq. (5-31) and substituting the equation in the flux profile
defined by Eq. (5-28), one will obtain the following:

X9
cosh(1?0sin b(x - xO)

95(x) = A — Bl %0 (5-46)
1 0
Parameter A in the above equation and in Eq. (5-24) is only a scaling

factor. This scaling factor can be arbitrarily chosen by normalizing

the flux profile.

6,(0) = A cosh 2= 1, (5-47)

A=1. (5-48)

As a result, the static reactivity eigenvalue and the flux
profile for a reactor core as depicted in Figure 5-1 are described

by the following equations:

K = , (5-49)
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_ X _
¢](x) = cosh o 0 < x <X (5-50)
]
'COSh(TT) '
¢2(x) = 5T b(x] - XO) sin b(x - xo) Xy <X <X (5-51)
where
a cot o= -C (5-52)
Dy X1
C = D—ZL' (XO - X-I) tanh (T) . (5-53)

Figure 5-2 describes the flux profile defined by Egs. (5-50)
and (5-51) graphically. The profile was obtained by using the values
given for the parameters at the beginning and a control rod region
Tength of 6.80919 centimeters. The value for corresponding static
eigenvalue is given by Eq. (5-45).

Figure 5-2 depicts the flux profile of the reactor core for
the beginning of the fuel cycle. As mentioned earlier, the analytical
flux profile for two reactor core compositions, beginning of the fuel
cycle and end of the fuel cycle are needed for the FIM approach.

The changes in a reactor core composition during operation
occur as a result of a nuclear chain reaction. The products produced
as a result of this chain reaction change the core composition and
consequently the reactor core criticality. This change of the reactor
core composition can be expressed in terms of the changes in the

neutron diffusion coefficient in the fuel region.
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The neutron diffusion coefficient, which is the average
distance a neutron travels before its first collision, decreases as a
result of the fuel burn-up. This change for the reactor core model
shown in Figure 5-1 is obtained by choosing a value for parameter C
and obtaining the corresponding value for o using Table 5-1. Then,

the following formula is used to obtain the new diffusion coefficient.

(e

X1
(xO - x1) tanh CTT) . (5-54)

N
=
—|—

A11 the other values on the right side of the above equation are
assumed to be unchanged. Table 5-2 shows the different values for 02
and some other parameters such as reactivity eigenvalue corresponding

to different reactor compositions.

Table 5-2. The Reactor Parameter Changes as a Function of the Fuel

Burn-Up
C 02 (cm) K b (cm2)
0.4000 1.3769 0.7349 0.0569
0.5000 1.1015 0.7846 0.0584
0.6000 0.9179 0.8221 0.0597

Another type of analysis which can be used for benchmarking
the Functional Interpolation Method is a rod calibration calculation.
The dimension of the control rod region in Figure 5-1 was varied and

using the following equation the rod calibration was performed:

b= P - ks (5-55)



where
|
|
\
|
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Ap = the negative reactivity associated with the amount of

control rod region present in the core ($),

~
]

the core multiplication factor without the presence of

any control (dimensionless),

K = the core multiplication factor for different amount of
control region (dimensionless).

Table 5-3 shows the parameters which were calculated in order to

perform a rod calibration. Notice that the value of Xy which corres-

ponds to the length of the control rod region is varied for this

analysis. The results are also shown in Figure 5-3 graphically.

At this point we have all the necessary information to show
the validity of the FIM. The later calculations, which includes the
calculation of the control rod worth, will be used for double bench-
marking in order to alleviate any uncertainty about the method.

The next section provides the approach to the FIM utilizing the

analytical solutions which were obtained in this section.

5.2. The FIM Approach

As mentioned earlier, the Functional Interpolation Method is
based on the neutron flux profiles for two core compositions. In this
section the neutron flux profiles which were obtained for the reactor
core model in Figure 5-1 are used to show the FIM technique. The
approach for the FIM, which was shown in Chapter IV for a two-

dimensional reactor core model, starts with two sets of equations
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Table 5-3. Rod Calibration for a One-Dimensional Reactor Core

D2 X3 C a K 0
1.1015 0 0 .5708 0.9585 -
1.1015 1.1415 .1000 .6320 0.9290 -0.0332
1.1015 2.3623 .2000 .6887 0.8977 -0.0707
1.1015 3.6866 .3000 .7414 0.8640 -0.1142
1.1015 5.1490 .4000 .7906 0.8268 -0.1662
1.1015 6.8092 .5000 .8366 0.7846 -0.2313
1.1015 8.7846 .6000 .8798 0.7338 -0.3194
1.1015 11.3121 .7000 .9203 0.6659 -0.4585
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describing the true neutron flux profile for two types of reactor

core compositions. Equations (5-50) and (5-51) can be written for

the beginning and end of the fuel cycle of the reactor core model

(Figure 5-1).
= X
Yqp = cosh (T) >

bop = NA sin[BO(x - xo)]

ip = cosh (%)
bop = NB sin[B](x - xo)]
where
L
cosh (+—
N L

AT sin[BO(x0 x])] ?

x

cosh (T}J

B~ sin[B](x0 x])] ’

Xo = % ’

D] = 3.4470 cm ,

£, = 0.0026 cm” !,
i< 76.5600 cn” |,

0 < x < X1
x] <X < Xgos
0 < x < X1 s

X-|<X<X0,

(5-56)

(5-57)

(5-58)

(5-59)



1 . F
By = 7 (v— - Z,)
070, 4 'Ky T2
F = 0.0082 ,
£, = 0.0067 em’l
Dy o = 13769
Ko = 0.7349 ,
1 . F
B, = —— (- 1)
170, KT
D, ¢ = 0.9179 ,
K, = 0.8221

Having the solution defined by Egs. (5-56) through (5-59), we now

define a set of trial fluxes.

¢2 =q ‘PZA + (] - Q)wZB . (5'6])

The above expressions are similar to the trial fluxes in Chapter IV.
Remember again, the Variational Principle is utilized to search for
the value of parameter q, which minimizes the above equations for the
static eigenvalue.

In order to use the Variational Principle technique, as before,
a functional called Lagrangian needs to be written for the one-
dimensional core geometry shown in Figure 5-1. This Lagrangian, as

explained, has to be stationary with respect to changes in the trial
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fluxes. The following Lagrangian was obtained in regard to the

stationarity property which resulted in inclusion of some Lagrange

Multipliers.
= X¢ —s - I;9 +J X¢ - Ioby t g b
o T gl 1% X]zzdxz 2% T K 2
de, dé, )
P Doty )by - D]‘*’z(x])(a”)x]J (5-62)

The fluxes in the above equation are the trial fluxes described by
Eqs. (5-60) and (5-61) which are composed of the two exact fluxes.
Using these trial fluxes, solutions to the terms in the above

Lagrangian can be obtained.

2

d"¢ X
1 1 . X

—5 = = cosh (¥) , (5-63)
2 D L
f¢_z=_ 8.2, - (1 - q)B,° (5-64)
. G By *2a 978y ¢op o

X

X1

b (x;) = op(x;) = cosh () (5-65)
do,

< = 9 Boh, cos Bylx - xg) + 1 - q)NgBy cos B, (x - xp). (5-66)

Equations (5-63) through (5-66) are inserted into the Lagrangian, and
the terms are multiplied, cancelled, and factored. The following A

equation shows the Lagrangian after these operations.
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+ D251B - D]T] s (5-67)
where
_ 2
LOF = D280 + 22 . (5-68)
_ 2
L]F 0281 + 22 R (5-69)
1
SOA = NABO cos Bo(x] - xo) cosh (7?0 , (5-70)
X1
S1B = NBB1 cos B](x] - xo) cosh CI—) , (5-71)
T, = l-sinh (fl) cosh (il) (5-72)
1 L L L’ 2
X0 2 1.9 sin 2By(xq = Xg)
I = J dx 0pp" = 7 Ny ixg = Xq # 28 > (5-73)
x] 0
X .
N Y $o1bon = w NN sinC(Bo * 8y by - %)
AB 2AT2B 2 "A'B B, + B
Xy 0 1
sin[ (B~ =B ) (X7 = Xa)]
- g -]B ] O , (5_74)
0 ]
Igp = L dx ¢p5- =2 Ng |Xo %7 28 (5-75)
1

One should remember that the goal at this point is to solve for the

eigenvalue or multiplication factor K and the parameter gq. For this,
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K has to be separated from the rest of the parameters on the right

side of Eq. (5-67). Therefore, the terms are multiplied by each

other and parameters q2 and q are factored from the right side of

Eq. (5-67). The implementation of these operations will result in

the following equations.

6
2L 2, 2
A (g, - 2e7 + (q -
s 27X 1
where
0 = (sl 1
2 Ky Ky Igg Ko
= 2 (L 1y e
17K RTR) T,
N B I 2 |- DR
07 Flg F Ty K
L2
6, =2 - T8,
BB
_ g I
il reall sl
BB gB
1 hor
Ko~ F
a1 hE
T

(5-76)

(5-77)

(5-78)

(5-79)

(5-80)

(5-81)

(5-82)

(5-83)

Since we are seeking for values to K and q and there is only one

equation [Eq. (5-76)], we use the stationarity property at this point.
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Setting the inverse eigenvalue equal to x and equating Eq. (5-76) to

zero, the following equation is obtained.

Q2 2 + Q]q - QO

)\:
2
qu

(5-84)
+ G]q -1

The second equation is obtained by taking the variation in the
Lagrangian with respect to parameter g and setting the result equal
to zero. Remember again this is the property of a Lagrangian which

is stationary.

%% -0, (5-85)
Q) - 62
9=-3 q, - 6,0) (5-86)

Solving Egs. (5-84) and (5-86) simultaneously will result in a second

order equation for .

W rbr+c=0, (5-87)
where
[0 4G ¢ 0gsy))
2 b
6,% + 46,
2
G R
R L (5-88)
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Solving the second order linear equation [Eq. (5-78)] will result
in two solutions for A. The larger positive value is the value that
corresponds to the multiplication factor. After finding a value for
K, Eq. (5-86) is used to obtain the parameter q and finally
Eqs. (5-60) and (5-61) are utilized to obtain the compiete flux
profile within the reactor core.

Figure 5-4 shows the flux profile for the reactor model in
Figure 5-1 (p. 31) using the Functional Interpolation Method. This
flux profile is representative of neutron distribution in the core at
a point during the fuel cycle. FFTF parameters were also used for
the core characteristics.

In addition, a control rod worth calculation simulating a
measurement was performed using the FIM approach. Table 5-4 and
Figure 5-5 depict the obtained results. As in the previous case,
Formula (5-55) was used for different lengths of the control rod
region.

At this point it is appropriate to make a comparison between
the results obtained by employing the FIM approach and the solutions
as a result of an analytical approach. The next section provides the

validation of the FIM technique.

5.3. Comparison of the Analytical and the FIM Results

The last two sections provided the neutron distribution and
the control rod worth for a one-dimensional reactor core model using
the analytical and the FIM approaches. As explained earlier, the

intention of this exercise was to validate the FIM technique.
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Table 5-4. Rod Calibration for a One-Dimensional Reactor Core Using
the FIM
D, X K P

1.1015 0 0.9583

1.1015 1 0.9325 -0.0289
1.1015 2 0.9069 -0.0592
1.1015 3 0.8814 -0.0911
1.1015 4 0.8560 -0.1247
1.1015 5 0.8306 -0.1604
1.1015 6 0.8052 -0.1984
1.1015 7 0.7797 -0.2390
1.1015 8 0.7541 -0.2826
1.1015 9 0.7283 -0.3296
1.1015 10 0.7023 -0.3805
1.1015 11 0.6760 -0.4358
1.1015 12 0.6494 -0.4963
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Figures 5-2 through 5-5 (pp. 40,45,53,55) depict the obtained results
using both techniques. If the flux profiles in Figures 5-2 and 5-4
are superimposed on each other, Figure 5-6 can be obtained. The same
type of analogy can be used for the control rod worth (Figure 5-7).
Figures 5-6 and 5-7 reveal a very accurate prediction of the flux
profile and the control rod worth by the FIM technique.

In order to perform such a comparison at all phases of the
fuel depletion, a simple computer program was written to perform
comparisons at the beginning, midway, and the end of the fuel cycle
between the analytical flux and the FIM flux. Appendix C shows the
pertinent subroutine along with the results of the execution. The
percentage of error in all of the cases was negligible. The validity
of the FIM technique was also double checked by observing the value
of q in Egqs. (5-60) and (5-61). When the analysis is performed for
the beginning of the fuel cyclie using the FIM technique, the value
of q should be equal to one in order for the analytical solution at
the end of the fuel cycle to be eliminated and the final solution
be equal to the analytical solution at point A. The same type of
logic but vice versa should be true for obtaining the flux profile
using the FIM technique for the end of the fuel cycle. The latter case
calls for the value of g equal to zero. This way the solution at point
A is eliminated and the flux turns out to be equal to the analytical
flux at the end of the fuel cycle.

Indeed, the value of q was close to one and zero for the above
cases, respectively. This last observation assured the accuracy and

the acceptability of the FIM technique.
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CHAPTER VI

CONCLUSIONS

On-line implementation of a reactivity and power distribution
monitor (RPDM) system requires development of fast and reliable
computational algorithms to calculate the neutron flux and reactivity
eigenvalues. In addition to the reliability and the accuracy con-
ditions set forth on such algorithms, economics of implementing and
operating such a system is also an important and parallel constraint,
which is not satisfied in most of the algorithms developed in the
past. Consequently, there is a need for an algorithm that can predict
the neutron flux and the reactivity eigenvalue accurately and on-Tline
during a reactor operation.

The Functional Interpolation Method offers the ability to
calculate the power distribution and the reactivity eigenvalue within
the perimeter of the above constraints. Chapter IV demonstrated the
FIM development with the use of the Variational Principle Technique
for a two-dimensional reactor core model. This algorithm can be used
to obtain the power distribution and the reactivity eigenvalue upon
the determination of the two analytical flux profiles.

Furthermore, Chapter V proved validity of the FIM approach by
predicting the neutron population and the multiplication factor for a
one-dimensional reactor core model during different core compositions.
The results revealed an excellent agreement between the analytical
and the FIM predictions. This agreement was demonstrated for both the

59
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neutron flux and the worth of neutron absorber region. In all of the
cases the percentage of error did not exceed 2 x 10'3. This type of
results is indicative of an excellent prediction by the FIM approach.

In closing, it should be stressed that the present methodology
should not be considered as a new alternate technique for reactor
calculations, but rather as a novel method for quick and precise com-

puter on-line calculations for nuclear reactor surveillance.




CHAPTER VII

RECOMMENDATIONS

The Functional Interpolation Method has been formulated for
the simultaneous determination of power distributions and reactivity
eigenvalues by using two off-line, detailed and accurate solutions
for two different reactor core compositions. This thesis has proved
the validity of this approach by applying the method to a one-
dimensional reactor core model and, furthermore, deriving a general
formula for the flux profile and the reactivity eigenvalue by applying
the FIM to a two-dimensional reactor core model. There is, however,

a need for more work in order to use this algorithm as a part of the
RPDM systems for the purposes of surveillance. The following outlines
the recommended actions.

1. To perform a detailed numerical neutronics calculation
for the reactor model in Chapter IV.

2. To verify the FIM for the two-dimensional geometry by
utilizing the above results.

3. To benchmark the FIM two-dimensional results for various
fuel compositions during the fuel burn-up cycle.

4. To develop the FIM for a three-dimensional reactor core
model .

5. To repeat steps one through three for the three-dimensional

reactor core model.

61



62

The above actions will insure validation and verification of

the FIM approach in a complete and comprehensive way. Furthermore,
it will show the trade-offs between time and accuracy of the FIM two-

dimensional vs. the FIM three-dimensional.
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APPENDIXES



APPENDIX A



In this appendix the Lagrangian derived in Chapter IV for a
generic two-dimensional cylindrical reactor core will be analyzed.
Utilizing Variational Principle Technique, an equation will be
derived for the static reactivity eigenvalue from the Lagrangian.

Considering the Lagrangian defined by Eq. (4-6), and numbering
each of the integrals on the right side of the equation:

g Z]
o2 = jo rdr | dzla bygy + (1= Quggll0gla vygp *+ (1 - adiggy)

0
- Zs(q w]SA + (1 - Q)W]SB)] (1)

r
1 H
+ rdr | dz[q yieq + (1 = q)yqepllD vz(q Yrepg ¥ (1 = Q)vrpp)
0 1CA 1¢B-LY¢ 1CA 1CB

Z
1
A )
+ f rdr jo dz[q vygn + (1 = Q)upgpllD,77(q wysp + (1 - 4)upgp)

+ (% - Z2)(q Yoop t (1 - Q)wzsg)](3)

r
2 H
+ j rdr J dz[q wZCA + (1 - Q)¢ZCB][D2V2(Q WZCA + (1 - q)WZCB)

+ (% = Z2)(q wZCA + (] = q)¢2CB)](4)
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4
9
r] JO dz[q w1SA(Y‘1) +(1 ‘Q)‘P]SB(Y‘])]{DS[W (q w]SA+(] -q)w]SB)]Y‘]

0

H
Y‘] J dz[q lb-lCA(Y'-I) +(] 'q)q)]CB(r])]{DC[a_ar‘ (q ‘P]CA'}'(] 'Q)]w]CB)]r

Z.l ]

= Dylsx (9 dypp + (1 -avgegly b (6)

r
1
jo rdr(q yyqa * (1 'q)“‘lsB]z1{Ds[5§z‘ CRIYSAY 'Q)‘ﬁss)]z]} (7)

r
1
Jo rdriq v, qp * (1 'q)w1SB]Z1{DC[5§7 (g yyeat (1 'q)wICB)]Z]} (8)(A-1)

+

The above Lagrangian, which is identified by Formula (A-1), is

broken into eight subformulas. Each of these subformulas will be solved

separately.

Starting with subformula (1), one can rewrite (1) as follows:

oA
(1) = [O rar jo 4219 vygp * (1 - Q)vygq]

(05 9 vigy * D1 - Qlvjgg = Tg ¥ygp = Is(1 - a)iyggl  (A-2)
where

Y158 7 V V1sp 0
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2
V1 =V ¥isp - (A-4)

Multiplying the terms inside the brackets by each other and defining

the following terms:

r] Z]
I] = [ rdr J dz V1sp ¥isA (A-5)

0 0

" 2
I2 = f rdr J dz Visa Visp (A-6)

0 0

r] Z] ) ( |
I, = { rdr J dz v , A-7
3 0 0 1SA

s 4
Iy = J rdr J V1sa Y158 (A-8)

0 0

r] Z] ( )
I = [ rdr J Prca Yiep o A-9
5 0 0 1SA "1SB

Y‘-l Y‘-l ( ] )
I_ = f rdr J UK ¥ , A-10
6 0 o 158 "1sB

i R (A-11)
I, = f rdr J P , -
7 0 0 1SB

then
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2

(]) = DS q I] + DS QU = Q)IZ - ZS q I3 - ZZS Q(] = Q)I4

2 2

Multiplying the terms on the right side of the equation further and

factoring q2 and q, one will obtain:

(1) =g

The same type of analogy is applied to subformula (2).

_ 2 2
(2) = D.a” Ig+Dca(l - q)lg - (q” Ig-2a(l -q)ly
# 0. q(1 - )Ly, + D.(1 - q)% I,a - (1 -q)1 (A-14)
C 127 Y 13° ¢ 14 °
where
" H
I8 = J rdr J dz Y1ca Y1cA ° (A-15)
0 Z
" H
1, - f rdr J 4z byep Wep (A-16)
0 Z,
" H "
I]0 = fo rdr JZ dz Vca (A-17)

1

I]] = JO rdr JZ dz V1cA Y1cB (A-18)

]
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" H
Iy, = JO rdr JZ dz 1ep ¥1c (A-19)
1
" "
I3 = Jo rdr Jo Ve YicB (A-20)
" " )
I]4 = IO rdr JO Ve (A-21)
o= gP (A-22)
1CA Y1ea
Y1 pn = v2 (A-23)
1CB Y1c
As before, factoring the parameters q2 and q in Eq. (A-14):
_ 2 _
(2) = q°(Dc Ig - D¢ Ig = 2¢ Iyg = 22¢ Iy = Dp Iyp + Dp Iyz - 3¢ Iyy)
+ q(DC Ig - ZZC Iy + DC Iy, - ch I+ ch 114)
+(Dp Iy3 - 20 Ig) (A-24)

In solving the subformula (3) there are two parameters, q and
K, which are needed to be considered. Since the.objective is to solve
for both unknowns using the "two equations, two unknowns" method,
therefore, in some of the subformulas such as (3), qz, g, and 1/K will
be factored on the right side of these equations.

Rewriting subformula (3):
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l

"2 1
(3) = fr]rdr jo 421av pop * (1 = Q)vpg)

. . F
[0, 6 vpgp + Dol - a)upep + alg - Zp)upgp

+ (1 - q)(%-- Io)¥psp] (A-25)
where

Vasn T T vosp (-26)

V258 = Vzwsz ' (A-27)

Solving the above subformula for q and 1/K will result in the

following equalities:

- D, 1 I + D, I, + 22, 1 I

2 I1g = I3 I17 = Dy I1g + Dy Iog 2 Lig = % Ipy)

+q(Dy I + Dy Iyg - 2D, Ty - 25, Tyg + 225 15)

+ {0y Tpg = Ip Ipy)
+ L (Fq? 1., + 2Fq 1, - 2FQ® Iy + Fl,y + FI,1q° - 2Fq 1,;)
K \r4 117 9 418 9 g 21 21 21/ »
(A-28)
where
ry A
115 = J rdr J dz Vosp Vasp (A-29)
r] 0
ry Z] _
I]6 = J rdr JO dz Yogp Yosp (A-30)
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r JA
2 1 0
117 = [ rdr J dz bosp (A-31)
8 0
oA
Iig = J rdr J dZ Ypop Vosg (A-32)
r 0
ro A ’
I]9 = J rdr f dz Vosp Vosp (A-33)
r 0
2 A,
12] = f rdr J dz Voo (A-34)
r 0

The subformulas (4), (5), (6), (7), and (8) can be solved in

the same fashion.

2
(4) = 97D, T5p = Dy Ip3 = Ty Ipg + 235 1p5 = Dy Iyg _ Dy Iy - 7y Tpg)

+q(Dy Ipg = 21y Iyg + Dy Tpg = 2D, 1oy + 21, Ipg)

+ (D, 1

2 Io7 -2y 1

28)

1

2 2
+ ¢ (Fq

2
2Fl,cq" *+ Flog ¥ Fq-l

I, + 2F1 - 2fFq 1

28)
(A-35)

24 254 - 28

Lyg * 1y Dy I3y = vy Dy Ig5 + 1y Dg Iag

Iy5 * 1y Dy Il

Do I D2 135

tq[-ry Dg I35+ ry Dy I35 = 1y Dg Ig5+ 2ry Do I3, + 1y

+ ZP] D2 136) + - DS 134 o D2 136] (A-36)




Y.
(6) = q7[- ry Dg I35 + 1y Dg Igg + 1y Dy 139 = 1y Dy Iy

t 1y B Igq = vy Dg Igp =1y Dy Iyg + vy Dy Ipyl

tql-ry Dg Ig + 1y Dy Ipg -1y g Iyg +2ry Do Iyp *+ 1y

t2ry D Igpl # [ory Do Igg + vy Dy Tgpl s

I,,-Dc 1

s 147 *+ 20g 1

s lag - Dg I

S "48 °

Y.
(8) = a7(Dg Iyg = D¢ Igg = D¢ Igy + D¢ Igpl

*+q[Dc Igy + De Igy - 2Dg Igol + D¢ Igy s
where
baca T Woch
Yocg = V¥ocB °

"2 H
l22 * f rdr [ 92 Yacn Vaca
noh

2 H
23~ { rdr J 4z ¥aca Y208
ooh

—
[

"2 H )
oq = J rdr J dz vocp
g
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I3

(A-37)

(A-38)

(A-39)

(A-40)

(A-41)

(A-42)

(A-43)

(A-44)




25

26

27

28

29

30

31

32

33

34

1 1

"2 H
J rdr Jz 4z vacg ¥2ch

" 1

4

2 H »
{ rdr J dz VYocg
L

Z

]
] 3
: fo dz(158 3¢ Visalr

4
3
Jo d2(15p 3¢ V158)r

JA

1
_ 2
- fo dz(¥y5p 5r Yosp)r

3
3
Jo dz(v15p 3r ¥258)r

Z

]
= 9
- Jo dz(v15g 3¢ ¥15a)r

z

]
i )
- {0 d2(vy55 37 Y158’

"2 H
J rdr [z 9z ¥acn Y2c8

"2 H
J rdr J 42 Vo Y2cB

1

1

1

1

1

1
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(A-45)

(A-46)

(A-47)

(A-48)

(A-49)

(A-50)

(A-51)

(A-52)

(A-53)

(A-54)
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36

37

38

39

40

4]

42

43 ~

44 -

/A

z

H
Z

H
VA

H
VA

H
Z

H
VA

1

1

1

1

dz(

dz(

dz(

dz(

dz(

Y1cA or

YicA 3r

k]
YicA 3r

Y1cA

Y1c8

- [ ldxtirsp 3 vasal
i fo]dz(‘”]ss 2
d
d
J
d
J

)

——'wZCB)r

o Ve r

3r Y1ce)r

3 Yaca)r

1

L"158%1

lP]CA)r]

w]CB)r]

Yocn)r

1

1

1

1

1

——'wZCB)r]
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(A-55)

(A-56)

(A-57)

(A-58)

(A-59)

(A-60)

(A-70)

(A-71)

(A-72)

(A-73)
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r
1 )
I4s = Jo rdr(vysp 37 Yisalz, (A-74)
i B
Lgg Jo rdrliysy 57 Yisslz, (A-75)
r
] 3
Iy = Jo rdrlvisg 3z Y1salz, (A-76)
r
1 3
Iyg * fo rdrlvysg 37 Y1sslz, > (A-77)
r
! 3
Igg = Jo rarlbysa 57 ¥iealz, (A-78)
r
] J
Igg = [0 rarliysa 5z Yiee)z, (A-79)
r
] 3
Igp = fo rarliisg 5z Viealz, (A-80)
r
! 3
lgp = Jo rdr(visg 57 Y108z, - (A-81)

At this point, the subformulas (1) through (8) are substituted
in the Lagrangian defined by Eq. (A-1), and the parameters qz, g, and
1/K are factored.

| a2 2
£/2n = AQ” # Byg + Gy # (A2q +Byq + C2)1/K , (A-82)



where

A

1

=[D
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I, - DI

sl = Bglp - gl

3 + 22314 - DSI5 + DSI6 -l

+ DCI8 - DCIQ - ZCIlo + ZZCIT1 - DC112 + DC113 - Il

t Dylyg = Dplyg = Zoly7 - Dylyg + Dylyy + 21

t Dylyy - Dylog = Eplog + 215005 = Dplop + Doloy - 2y
- 1yDglyg + rDlsg + ryDylgy = ryDylgn + 7y Dglsg

- DIy - Dylsg * ryDylse

+

r{Dgl3; + riDglsg + riDylsg - 1yDyl44

= r10slgy = ryDIgp - DI, + ryDyly,

= Dglys * Dglgg * Dglgy - Dglyg

- Dclgg = Belsg = Belsy * Delspl s (A-83)

[DSIZ - 22514 + DSIS - ZDSI6 + 22517

+ DCI9 - 22C111 + DCIIZ - ZzCI]3 + ZzCI]4

t Dylyg + Dolyg = 2Dylng - 255149 + 28514

* Dplgg = 2iylog + Dolog - 2Dploy + 22510

- 1Bglsg + 1yBplsp = ryDglsy + 2ryDclsy




Setting Eq.

eigenvalue:

K

+

r1Bplsg * 2ryDyl56

- yDglgg * rDylyg = 1yBglyq + 2ryDglyy
triBylys * 2ryDylyy

- Dglyg - Dglgy * 2051,

* Delg + Delgy - 2DeIg,]

[Dglg - Toly + Dplyg - Ielg + Dolog = Zoly
* Dylyy = Iplyg = 1yDglsgy *+ 1Dylsg

- *1Bslgq * 1Dyl - Dlgg + Delgpl s
(FI,, - 2F1 g + FL,) + Fl,, - 2FL,c + Fl o)
(2F1g - 2L,y + 2F1 g = 2FL,0)

Flpy + Flyg .
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(A-84)

(A-85)

(A-86)

(A-87)

(A-88)

(A-82) equal to zero and solving for the static reactivity

2

_ P Bt G

> .
197+ Ba v G

(A-89)
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Another equation can be obtained by taking the variations of

the Lagrangian with respect to changes in the parameter g and setting

the resultant expression equal to zero.

ol _

-0, (A-90)

3L _

3L - 2na + By + 28,0/K + By/K = 0, (A-91)
KB, + B, '

9% R, TR, (A-92)

Equations (A-89) and (A-92) can be solved simultaneously using "two

equations, two unknowns" to obtain a solution for parameter q. After

the substitution of Eq. (A-92) into Eq. (A-89), a third order equation

is obtained as follows:

where

w

HiKS + oK + Hy = 0, (A-93)
g 2 o2 2 )

Hy = AB,° - 2B.%A, + 4CA.C (A-94)

H. = -2A.B.B. - 2A.B.2 + 8C.A.A. - AB.2 + 2B (A-95)

2 1828, 2B 1hfe - A28 2

H. = 2B.2A. - 4C.A2 - AB.C . (A-96)

3 2 2 272 272

There are three possible sets of solutions associated with the

cubic equation defined by (A-93). These sets are differentiated by

the discriminant:
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3H, - H]Z 3 9H H, - 27H - 2H]3 2
D= =75 * 53 : (A-97)

Upon the calculation of the above discriminant, a specific set of

solutions can be obtained.

There are three different possible values that a discriminant
can have: greater than zero, zero, and less than zero. When the
discriminant is greater than zero, two of the solutions possess an
imaginary part. Since a static reactivity eigenvalue is a positive
real number, the solutions corresponding to the discriminant greater
than zero are eliminated.

If the discriminant is equal zero, the following solutions

are obtained:

3 9H H, - 27H, - 2H]3
Ky =2 - - /3 (A-98)
3 9H.H, - 27H, - 2H]3
Ky = - - - H/3 (A-99)
Ky = Ky - (A-100)

As can be seen, there are three roots, one of which is repeated. The
static reactivity eigenvalue is the smallest positive of any of the
above two values.

The roots of Eq. (A-93) will be different if the discriminant

value is less than zero. In this case the following equations should




be used in obtaining the three roots:

H]Z - 3, . H
K-I =2 ————9-——'— cos (g) - -3— s (A-]O])
le - 3H, 6 120 x PI, M
K2 = 2 9 cos (3 = ———W‘) -3 (A-]OZ)
H123H2 s . 240 x PI, M
K2 =2 ) CosS (§ + —]—80——) - T (A-]03)
where
= - arctan -R + E%-, (A-104)
2
R
1+ R
/ DR
3
9H]H2 - 27H3 - ZH]
R = 0 s (A-105)
M, - H]Z
q = ; , (A-106)
PI = 3.14159 . (A-107)

Again, the static reactivity eigenvalue would be equal to the smallest

positive value determined by Egs. (A-101) through (A-103).



APPENDIX B



The Fast Flux Testing Facility (FFTF) reactor core model was
used for verification of the Functional Interpolation Method. In this
appendix the FFTF is briefly described and the pertinent information
for the core is given. Furthermore, the cross sections needed for
the analysis are also presented.

The FFTF is a 400-MW, sodium-cooled, lTow-pressure, high-
temperature, fast neutron flux, nuclear fission reactor plant designed
and constructed for irradiation testing of breeder reactor fuels and
materials. Since the pertinent information used in this research
are the core parameters, we turn our attention to the core descriptions
and the information utilized in the analysis rather than the other
parts of the FFTF.

Figure B-1 shows the detailed description of the FFTF core and
Figure B-2 depicts the Tisting of the legend for Figure B-1. The

15 2-5 of neutron flux at a power

FFTF core generates up to 7 x 10"~ m/cm
level of 400 MW. The core consists of 199 core assemblies. The design
includes 74 positions for PUOZ-UO2 driver fuel assemblies, which
generate the nuclear flux, nine boran carbide control rod absorber
assemblies, and eight positions that may be used for independently
instrumented test of fuel specimens or reactor core materials.

Figure B-3 shows the core for a typical arrangement. Even though the
geometry used for benchmarking FIM is a slab geometry, nevertheless

the dimensions and materials used are equivalent. Table B-1 provides

the additional data needed for the analysis.
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Figure B-1.

Detailed map of FFTF core.

Reference 11.

Source:
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SECOND DIGIT - ROW NUMBER
RADIALLY FROM
¢ OF CORE
(1 THRU 9)

THIRD & FOURTH DIGIT - POSITION IN
ROW CLOCKWISE
AsouT ¢
(1 THRU MAX. 16)

ASSEMBLY FUNCTION

CL CLOSED LOOPS-4

oT OPEN TEST ASSEMBLIES-4

D DRIVER { 29 INNER (ROWS 1 THRU 4)
POSITIONS 45 OUTER (ROWS 5 & 6)

SR SAFETY RODS-3

CR CONTROL RODS-6

PC POTENTIAL FIXED SHIM OR MOVABLE
PERIPHERAL CONTROL RODS-9

PFS  POTENTIAL FIXED SHIM LOCATIONS-6

R REFLECTORS-93 TO 108 (ROWS 7-9)

REACTOR VESSEL HEAD PENETRATIONS (REF)

A1-A3 SAFETY RODS-3

A4-A9 CONTROL RODS-6

A10-A18 POTENTIAL FIXED SHIM OR MOVABLE
PERIPHERAL CONTROL RODS-9

B-1 OT

B-2 PROXIMITY TEST PLUG
B-3 LOOP2CL

B-4 LOOP4CL

B-5 OT

B-6 LOOP11CL

B-7 LOOP3CL

B8 OT

B9 OT

Figure B-2. Legend for detailed map of FFTF core.

Source:

Reference 11.



(5
22020

oleSote
2202020
20206
o2e0%e
2262626
ele2e2e
080208
90990
03¢ 2020
Q02080
268296
02608

(390-9°¢

O,
.
O,
©,
O,
O
O,
O
O
(=2
()
(=)
©,
Q,

(=0
(3)
(=
©,
(=)
(8)
©,
O,
(=)
©
(=)
©
O,

80
o
026
o020
20
020
o020
o020
220
(-8

0

26
SO
905
(0
ege
026
S
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Table B-1. FFTF Design Parameters
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REACTOR CONTAINMENT VESSEL

Material

Diameter

Overall Height

Depth Below Operating Floor
Wall Thickness Above Grade
Internal Design Pressure

REACTOR VESSEL

Magaterial

Internal Diameter

Height

Wall Thickness

Vessel Liner Internal Diameter

REACTOR GUARD VESSEL

Material

Wall Thickness

Annulus Between Reactor Vessel
and Reactor Guard Vessel

REACTOR VESSEL HEAD

Material
Diameter
Thickness
Weight
GENERAL

Power, Excluding Closed Loops
Closed L.oops Capability

NUCLEAR CONTROLS

Type of Absorber
Boron- 0 per Assembly
Pins per Assembly
Pin Cladding - OD
- Thickness

Pellet Diameter
Duct - Wall Thickness

- Length

- Material
Cladding Material
Wire Wrap Material

Carbon steel
135 ft 0 in.

186 ft 8 in.

77 £t 10-1/2 in,
| to 1-3/8 in.
10 psig

304 stainless steel
243 in. (about 20 ft)
517 in. (about 43 ft)
2-3/8 to 2-3/4 in.
19 ¢ 10-1/2 in.

" 304 stainless steel
! to 2-1/2 in,

8-in.

Low carbon alloy steel
25 ft

about 22 in. (plus
shielding plates)

214 tons

400 MW
4 gt 2.3 MW each

ByC Pellets
1.16 to .28 kg
6l

0.474 in,

0.051 in.

0.362 in.

0.120 in.

(2 ft

316 S5 20% CW
316 SS 20% CW
31655 17% Cw



Table B-1 (continued)
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HEAT REMOVAL - MAIN HEAT TRANSPORT SYSTEM

Circuits

Rating per Circuit

DHX Modules

Rating per DHX Module

Sodium Flow Rate

Reactor Vessel - Inlet Temperature
- Outlet Temperature
- Inlet Pressure

CORE CONFIGURATION

Core Positions - Rows |-6 (Fueled Zone)
- Rows 7-9 (Reflector Zone)
- Total Positions

Core Assembly - Shape
- Dimension Across Load Pads
- Length (for Most)

Active Core - Fueled Height
- Equivalent Diameter
- Volume

Positions for Driver Fuel Assemblies

Primary Contro! Rods (Boron Carbide)

Secondary Control Rods (Boron Carbide)

Fixed Peripheral Absorber Assemblies

Positions for 40-ft Independently Instrumented

Test Assemblies

CORE PHYSICS

Total Fissile Mass
Neutron Flux (Peak)

0.1 MeV
Conversion Ratio
Fuel Cycle, Nominal
Average Discharge Burnup
Limiting Peak Burnup
Power Density
Doppler Coefficient
Delayed Neutron Fraction

DRIVER FUEL

Fuel Assembly Power

Assembly Width at Load Pads

Assembly Length

Fuel Pin Linear Average Power

Driver Fuel Assembly Average Coolant Flow
Initial Core Average Coolant Velocity

Fuel Type

Pu % (of Pu and U) - Rows -4

3

133 MW

12

B3I MW

43,500 gal/min
680°F nominal
980°F nominal
133 psig nominal

9l

108

199
Hexagonal
4.715in.
12 ft

36 in.
47.2 in.
1034 liters
74

3

6

0-15

8

563 kg

7 x 1015 nfem2-s

60 to 65%

0.43

100 Full Power Days
45 MWd/kg

80 MWd/kgq

0.39 MW/liter

-0.005

0.003

Jto 7T MW
4.715 in.

12 ft

7.3 KW/ft

18.7 x 10% Ib/hr
21 ft/s
Pu02-U07
about 22.4%



Table B-1 (continued)
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Pu % (of Pu and U) - Rows 5-6
Pu Fissile Content (239Py + 241Py)

Uranium Type
Duct Wall Thickness
Duct Material
Fuel Pins per Fuel Assembly
Fuel Pin Cladding -0D
- Thickness
- Material
Fuel Pin Wire Wrap - Diameter
- Material
Fuel Pellets per Pin
Fuel Pin - Length
- Fueled Length

about 27.4%
88 wt%
Natural

0.120 in.

316 SS 20% CW
217

0.23 in.

0.015 in.

316 55 20% CW
0.056 in.

316 SS 17% CW
about 150
about 94 in.

36 in.

Source: Reference 11.



92
After obtaining the physical dimensions, the data for cross

12 1his

sections of the FFTF core were obtained from Mann, 1982.
report contains Fast Test Reactor (FTR) set 500 which is a multigroup
cross section set for FTR analysis. FTR set 500 is a 53-neutron
group, 20-photon group, cross section based on ENDF/B-V cross sections
and neutron spectra typical of the FFTF core. The specifications of
FTR set 500 and the processing method can be found in Mann, 1982.]2
The obtained microscopic cross sections are tabulated in Table B-2.
This table contains all of the scattering and absorption cross

section components. This table was used to obtain the macroscopic

cross sections needed in Chapter V.
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APPENDIX C



FROGRAMMER: MERA. RAHIM =
= SUBJECT: MATHEMATICAL ALGORITHM =

OATA 1.1015, . 7345313, 1. 3743747, 7247419, . 7177144, . 8
A=TE . SE

X 1=k, E

XO=A/T

Di=32.447

NEF FNCOSH (X =(EXF OO +EXF (=X ) /2
DEF FNSINH(X)=(EXF(X)-EXF(-X))} /2

DSH (XL /L) ASTNCROR (X1-X0))
HOXL/ZL) /SINCBLE(XI=X0))

NA=FNC
NE=FNIZE

IAA= (NA™ ?)*(X0~X1+E£N(*%BO%(X1—XO))/(Z*BQ))
IBE=<NB“'/x)*(XO—X1+$IN4;*BI*(X1~XD))/(2*81))
IAE=«(NA*NE/2)%(SIN((BO~E1)*(X1~XO))/(HD—Bi)—?IN((E0+51)*(X1—X0))/(BO+81})

SIGMAZ

IGMAL

B (EQ% (X 1=-XQ) Y#FNCOSH(XT/L)
S R=NE#E1 #0000 (B L# (X 1=-X0) ) #FMNOIEH (XL /L)
T1=(FENSINHCX L /L ) =FNCOSH (X1 /L)) /L

EQ=F/LOF

Ci=F/1L1F
=(1/K1+1/K0) #IAR/ IBE—(IAA/ (KO#TRED+1 /K1)

S E1= (1K L+ /EQ) #TAR/ I RR+DZ# (F0A-S1R) / (F# TBR)
+IAKR/ TBER~IAA/ ITBRE-1

i T#TAB/IEBR .

=01 T/ (FrIRE) D245 1R/ (F*IER)+1/81

HE0 B (2#01#G14+4% (GE+00%G2 ) ) / (42GI+GE1ID

SAM Mo T PR ARSI ST e TN
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HEMT= -k -t
e { e e TR (T

FRINT

LPRINT

ERINT'WITH THE DIFFUSION COEFFICIENT OF THE FUEL REGTON=" 2
LERINT*WITH THE DIFFLSTION COEFFICIENT OF THE FUEL REGION=" s DE
FRINTYTHE STATIC EIGHENVALUE I""

LERINTYTHE STATIN SIGHENVALLE T3

FRINT

LERINT
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