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ABSTRACT

Neutron transport and diffusion theory space- and energy-dependent
,

reactor kinetics calculations were performed in the frequency domain to*

determine the sensitivity of an ex-core neutron detector to in-core
vibrations and coolant boiling in a pressurized water reactor (PWR). The

results of these calculations indicate that the ex-core detectors are
sensitive to neutron sources, to vibrations, and to boiling occurring
over large regions of the core.

.

Calculations were also performed to determine the effects of fuel
burnup, boron concentration, and xenon poisoning on the spatial sensi-
tivity of the ex-core detector. These calculated results show that fuel
assembly vibrations would be expected to produce ~60% greater ex-core
detector response at the end of the first fuel cycle at Sequoyah-1 com-

, ,

pared to the beginning of the fuel cycle for a constant amplitude of
vibration.

*

!

! The results were compared with experimental ex-core neutron noise

|
data obtained from Sequoyah-1 during the first fuel cycle. The predicted
increase in ex-core neutron noise was experimentally observed in the 2.5- ;

; to 4.0-Hz frequency range (the range of frequencies associated with fuel
assembly vibration), indicating that the vibrational amplitude of the
fuel assemblies did not increase significantly during the first fuel

cycle.
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; 1. INTRODUCTION

:
.

. Ex-core neutron detector signals contain both steady-state (mean or '

;

> <

de) and stochastic. (random) fluctuating components. These random (noise)*
,

sigraals have been used successfully to identify malfunctions of in-vessel-

componentsLin pressurized water reactors (PWRs).1-7 The main advantage of

| using noise analysis rather than other techniques to detect malfunctions
,

| .is that existing instrumentation can be utilized to observe inherent

!: system fluctuations without disturbing normal plant operation. Therefore,
surveillance of ex-core neutron detector noise provides a simple,

j: continuous, nonperturbative indirect means of monitoring the mechanical

L and thermal-hydraulic performance of reactor internals over the plant's
operating life in an environment where appropriate instrumentation may not

be installed (i.e., in-core accelerometers).i

i

f In order to provide surveillance and diagnosis of malfunctions, j

j analysts must be able to relate changes in the neutron noise signal to*

!
,

! changes in the reactor system. While ex-core detector neutron noise '

resulting from core barrel motion has been studied extensively,1-6,8,9
the methodology for relating changes in the neutron noise caused by in-

1. core perturbations such as fuel assembly vibration or coolant boiling has
4

j not been well developed. Also, in many cases observed changes in the ex-
i

core neutron noise over a fuel cycle are not understood.

4

1 Methodologies for inferring the magnitude of fuel assembly vibra-
:

; tions or core coolant boiling are of great interest to PWR manufac-
,

10,11 and to the U.S. Nuclear Regulatory Commission,12,13 sinceturers

excessive mechanical motion of fuel assemblies has led to fuel rod
cladding -failure in a number of PWRs.14 The loose parts resulting from
such failures increase the possibility of local flow blockages, which

*
; could lead to coolant boiling. Excessive fuel assembly vibration and
|, coolant boiling are therefore potential safety issues, since both condi-

i tions could lead to clad failure and fission product release in the pri-
i

mary coolant system. From a design standpoint, the ability to monitor

i

!' 1 |

,

1

5

.
. _ _ _ _



2

the in-reactor thermal-hydraulic and mechanical performance of fuel

assemblies could lead to improved fuel performance and extended fuel
.

burnup.
.

In Sect. 2 we discuss previous attempts to determine the ex-core

detector response due to in-core perturbations, and in Sect. 3 we present
a methodology for calculating detector responses caused by in-core

coolant boiling and structural vibrations. Section 4 shows an
4

application of the calculated ex-core detector sensitivities for boiling

and vibration to the interpretation of experimental ncise data at the

Sequoyah-1 PWR. A determination of the feasibility of detecting anomal-

ous fuel assembly vibrations and coolant boiling is presented in Sect. 5,

and conclusions and recommendations for future work are contained in
Sect. 6.

.

'I
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2. PREVIOUS STUDIES

~

Previous calculations of the ex-core detector spatial sensitivity to*

in-core neutron sources and fuel assembly vibrations have been based on
.

,

either point kernel and discrete ordinates static shielding techni-
ques,5,9,15-17 or point kinetics.18 Because the introduction of an-
external source into a critical reactor results in.supercriticality,'

static techniques model the core as a fixed source of neutrons and as a
purely attenuating medium (i.e., vrg = 0). Therefore, source propaga-

.

tion through fission processes was not considered, and the known fre-
quency dependence of the space-dependent reactivity-to power transfer
function was neglected. When static shielding techniques are used to
analyze a typical PWR, the ex-core detector spatial sensitivity to in-
core neutron sources varies ~109 from the core edge nearest the detector
to the core center (i.e., the ex-core detector is sensitive only to neu-

tron sources at the core edge near the detector).15 Point kinetics tech-'

niquem assume that the reactor transfer function has no space-dependent.

effects (i.e., neutron detectors respond with equal magnitude regardless
of detector and perturbation locations for equal reactivity inputs), an
assumption which has little validity for large, low-enrichment cores in (

'

PWRs at frequencies above approximately 0.1 Hz. In short, both point
'

kinetics and static shielding techniques are based on poor or unrealistic

assumptions about the kinetic behavior of reactors in the frequency range

i of most internals vibrations.

Finally, it should be noted that the two-group phenomenological
model (" Local" and " Global" noise model) used in boiling water reactors

has been applied to calculation of detector responses to control rod
vibrations in PWRs.19-21 This phenomenological model fails to predict
the observed behavior of neutron noise when a heterogeneous system is

studied (which includes all commercial light water reactors), and the,

results of this model depend explicitly on the number of neutron energy
. .

groups assumed in the calculation.22-24

4

3
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.



3. GENERAL METHODOLOGY FOR DETERMINING NEUTRON DETECTOR
RESPONSE TO IN-CORE PERTURBATIONS

.

'the methodology employed in the present work to determine the ex-
'

core detector spatial sensitivity for in-core perturbations (such as

vibrations or boiling) is a combination of the Langevin source conjec-

25 and first-order perturbation approximations. The Langevin sourceture

technique assumes that these in-core perturbations can be represented by
fluctuating external neutron sources (as opposed to inherent noise
sources resulting from statistical fluctuations in neutron reaction

processes). The Langevin sources are characterized by the product of a

fluctuating macroscopic cross section (due to changes in coolant density
for boiling or fuel / moderator displacement for fuel assembly vibrations)
with the static (time- or frequency-independent) critical flux. In

operator notation, the Langevin source is

.

6S(w) = 6E(w)$ (1)
,

where 6E(w) is a space- and energy-dependent macroscopic cross section
fluctuating at frequency w, and 4 is the static, unperturbed, critical

flux at the perturbation location. (The Langevin sources for fuel
assembly vibrations and boiling are expanded in Sects. 4.2.1 and 4.2.2

respectively.) A fluctuating flux at any detector location resulting

from each Langevin source 6S(E ,E ,6,,w) can be calculated using the9

forward space , energy , and frequency-dependent Boltzmann equation with

26 isdelayed neutrons, which in standard notation

6 . v6$(i,E,6,w) + E(i,E) 6$(2,E,6,w)

'

- [dn'[dE' E,(i,E'U'+E6) 6$(r,E',6',w)
l

1

'[d6'[dE'vE (i,E',6') 6$(i,E',6',w)-

f
1

!

I

l
| 4
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5

(1-8)g(E)+ (E) A 8 - iw 64(E,E,U,w)
33

d '

4w 4x iw + Aj_ l*
.

*

= 6S(r,,E,,3 ,w) (2)

and in operator notationi

'~

L6$ = 6S (3).

For a few detector locations and spatially distributed noise sources it

is more convenient to use the equivalent adjoint formulation 26

- U 7 $+(i,E,U,w) + E(E,E) $+(E,E,6,w)

-fd5'[dE'E,(r,EU+E'U')$+(2,E',U',w).

'

-

[d6'[dE' VE (2,E,6) $+(r,E',U',w)-

f
| .

4

-

X (E') ^j j0
J + ie $+(i,E,6,w)(1-8) (E') +

W j iw + A V(E)
,

!

" -Ed ( d,E ' d} (4)d '

and in equivalent operator notction is represented by

L+$+ = -E (5).
d

Assuming a first-order perturbation approximation, the neutron detector
*

response can be represented by
.

R = <E i>V - < +S> (6)d
D P

_ _ __ .- -__. _ _ - _ - _ - _ - _ - _ - _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ - _ - - _ _ _ _ _ _ _ _ _ - .
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6

which yields.

6R = <E 5 >V = <$+6S>y (7) *

d
D P

.

where 6R is the freqstency-dependent detector response and < > indicates
;

phase space integration over the detector volume (V ) r the perturbationD

volume (V ).p

+26 of the detector adjoint $ (r,E,5,w) is'the'

1 The interpretation
,

; importance of a neutron at position r with energy E and angular direction
6 in produc'ing a detector response at position r , energy E , and angular |d d

| direction 3 . An alternate and equivalent interpretation is that the
d

| detector adjoint $+(r,E,5,w) represents the space , energy , and

; frequency-dependent neutron source-to-detector transfer function. It is

important to note that the detector adjoint does not directly repre- ,

! sent the ex-core' detector sensitivity for pertubations such as vibration
% or boiling, since this sensitivity is determined via the convolution of *

,
.

the Langevin source with the detector adjoint (Eq. 7).
.

It should also be noted that Eqs. 2 and 4 are not defined for the
.

case in which the reactor is critical (k = 1) and a = 0 without feedback,;

j because the insertion of a source for an infinite time period in a criti-

! cal reactor leads to supercriticality. Equations 2 and 4 are, however,
defined for a critical reactor when u * 0. This behavior is due to the

,

decreasing importance of delayed neutrons as w increases in frequency.
,

!

! This frequency-dependent behavior is similar to that predicted by point
kinetics.

] The Langevin source formulation (Eq. 1) and the first-order pertur-

f bation approximation to the detector response (Eq. 7) imply that the
; perturbation does not alter the static, critical flux shape, $. We *

justify these approximations on the basis that only small-amplitude fuel ,

assembly vibrations or coolant density changes (due to boiling) will be
considered.

.

!

. . _ .
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The purpose of the present work is to calculate the ex-core neutron

detector response due to stochastic (random) perturbations such as fuel
.

assembly vibrations or boiling. The stochastic nature of neutron noise

.therefore requires that a statistical description of the signal be-

employed. The statistical properties of a perturbation are accounted for

by an expectation operator E{ }.27 The statistical description of the
detector response is therefore characterized by a statistical description

of the perturbation. For a single perturbation

<$+6S> (8)E 6R =E ,

i PJ

whereE{6R}isthemeansquareofthedetectorresponseanditis2

assumed that the mean response E{6R} = 0.

When multiple perturbations are considered, statistical descriptors.

of the individual perturbations, as well as their statistical relation-
'

ship with each other (joint probability density), must be included.

[[<4+6S>y <$+6S>y (9)E 6R =E .

ki P Pk g
,

In order to determine the detector response to multiple perturbations, it

is therefore necessary to have an a p Mod knowledge of the statisti-
cal relationships between the perturbations. Usually, the detector

response is determined for statistically correlated sources (as might

result from multiple perturbations caused by a common driving force) so

that Eq. 9 becomes

[<$+6S>yE 6R =E I (10)
((k Pk) )

.

or statistically uncorrelated perturbations (as might result from inde-
*

pendent driving forces) yielding

E 6R =[E I<$+65)V (11)uncorr. |k P( k/

_- __-_____ _ - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ __________ _\
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Eq. 11 shows that the mean square of the detector response due to

multiple uncorrelated perturbations is simply the sum of the mean
'

squares for each of the individual perturbations. Expanding Eq. 10, the

mean square detector response for correlated perturbations is .

= E <$+6S>VE 6R +E <$ 6S>V + ...
corr. p p

<$+6S>y <$+6S>y+ 2E <$+6S>y <$+6S>y i + ..., (12).+ 2E

P1 P2h PhI Pg-
3

which is the sum of the individual mean squares and the cross correla-

tions between the perturbations. It can be seen from the above that the

calculated detector response to multiple perturbations depends directly

on the assumed importance of the cross correlation between individual
,

sources.
,

*
The steps for determinitig the detector response due to perturbations

1

were thus: (a) Solve Eq. 4 for each detector location; (b) calculate the

Langevin source for each type of perturbation via Eq. 1; (c) compute the
I detector response by convolving the Langevin source with the detector and

integrating over neutron energy and source volume as indicated in Eq. 7;

! and (d) apply the expectation operator under the assumptions of spatially
correlated or uncorrelated perturbations to yield statistical descriptors

of the resulting neutron detector responses.

!

|

.

O

! .

i

(

_ _ _ _ _ _ _ _ _ - _ _ - _ _ _ - _ _ - _ . _ _ - __ _ -___ _ _ - _ _ _ _ _ _ _ _ - _ - -
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,

i 4. CALCULATION OF THE EX-CORE DETECTOR RESPONSE DUE TO
, COOLANT BOILING AND VIBRATIONS
'

.

. 4.1 DETECTOR ADJOINT CALCULATIONS

4.1.1 One-Dimensional Calculations

Solutions to the multigroup, one-dimensional slab, discrete ordi-

; nates form (as shown in Appendix A) of the detector adjoint equations
(Eq. 4) were obtained using a modified version of the TASK 28 computer

,

code. The TASK code was utilized to perform S angular quadrature,g

detector adjoint calculations for the one-dimensional slab geometry shown
in Fig. 1. The calculations were performed using a P , 3-neutron energy

3

i group cross section set and 6 delayed-neutron groups collapsed from a
27-group library based on the ENDF-B/V cross section library. The
mathods used to generate this cross section set are described in

'
Appendix C. The ex-core detector was assumed to be sensitive only to.

neutrons in the thermal energy group. All calculations were performed at
.

m = 3 Hz, since this has been shown by several studies 11,29,30 to be

j the approximate natural (first mode) frequency for PWR fuel assembly
; vibrations. Static, eigenvalue calculations were performed using the

31ANISN discrete ordinates code with P3 scattering and Sg angular
i quadrature to determine the static flux $. The reactor was made exactly '

critical (k = 1) using ANISN by adjusting the transverse leakage (DB2

) losses) and an equivalent burnable poison concentration (soluble poison
) and burnable posion rods) of ~2100 ppe boron. All calculations were

performed by requiring relative errors of <10~4 for both the eigenvalue
j and fluxes between iterations.
I
!

The following cases were studied:

4

1~

(a) k = 1, equivalent boron concentration 2100 ppa
j_ (b) k = 0.995 (altered transverse leakage)

]* (c) k = 1, equivalent boron concentration 2150 ppa
(d) k = 1, equivalent boron concentration 2100 ppe, pressure vessel

; and concrete biological shield included in the model.-

!
.

0

9
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. 3 2.0
1 4 2.55
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,
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8 2.55

i

|
FJ'011P15

i Fig. 1. One-dimensional slab geometry for transport calculations of
1 cases (a), k = 1, equivalent boron concentration 2100 ppa; (b), k = 0.995

(altered transverse leakage); and (c), k = 1, equivalent boron concentra-
tion 2150 ppa.

In addition to these cases, a one-dimensional diffusion solution to

32 codethe detector adjoint equation was obtained using the JPRKINETICS

| in case (a).
!,

4.1.2 Results of One-Dimensional Detector Adjoint Calculations .

i Figure 2 shows the detector adjoint magnitudes for thermal energy .

! group neutrons for cases (a) and (b) above. The magnitude of the detec-
tor adjoint in the core is seen to be sensitive to the assumed critical-

ity state (k) of the reactor. Unlike the results of static shielding

,

. . _ _ . - - _ _ _ - - - - . _ _ _ _ _ _ _ - - - _ - _ _ _ _ _ - - . _ _ . - - - _ _ _ __--- - _____ -------__&A--__-
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Fig. 2. Thermal group detector-.

adjoint magnitudes at 3 Hz for

k = 1.0 (case (a)] and k = .995
[ case (b)].

calculations,15,16 the detector adjoints shown in Fig. 2 decrease by
less than one order of magnitude from the core edge nearest the detector

to the core centerline since the previous calculations did not account

for source propagation through fission processes. The space-dependent,

nature of the detector adjoint inside the core indicates that, as

expected, point kinetic theory is also a poor approximation of large
PWR cores at a frequency of 3 Hz.

|

The sensitivity of the calculated detector adjoints to small changes

in boron concentration was studied by increasing the equivalent poison
* concentration to 2150 ppm and then readjucting the transverse leakage so

; that the core was again exactly critical [ case (c)]. The results were.

practically indistinguishable from case (a), indicating that the detector

adjoints are not sensitive to small changes in boron concentration.

.
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To study the effect of the steel pressure vessel and concrete biolo-

gical shield on the detector response, the core was modeled as shown in
*

Fig. 1, with the outer 30 cm of water replaced by 10 cm of concrete
behind the detector and 20 cm of steel between the detector and the core. ,

The air gap between the pressure vessel and the biological shield occur-
ring in PWRs was treated as a vacuum, and the detector was located at the
biological shield / pressure vessel interface. Figure 3 compares the
thermal group detector adjoints computed for the two geometric modelings,
cases (a) and (d). For these cases, the relative attenuation of the

detector sensitivity across the core does not change appreciably; how-
,

ever, the difference in the absolute magnitude of the adjoints is approx-

imately one order of magnitude. For each case the magnitudes of the

thermal, epithermal, and fast groups were approximately equal inside the

core but varied significantly outside the core (as will be shown in the

next section). These results indicate that the inclusion of different
.

ex-core materials will probably not markedly affect the relative

sensitivity with which neutron sources can be detected at different in- -

core locations, but the magnitudes of the detector responses predicted by

these calculations will be heavily influenced.

One-dimensional detector adjoints were calculated using both TASK

and JPRKINETICS for case (a). The VENTURE 33 code was utilized to adjust

the critical boron concentration for the diffusion calculations, result-

ing in an equivalent boro, concentration of 2160 ppm. The results of

these calculations are compared in Fig. 4 and show that diffusion theory
is adequate for the model assumed. As expected, it was found that the

calculated detector adjoints were sensitive to the diffusion coefficients

of the ex-core materials.

4.1.3 Two-Dimensional Dif fusion Calculations of the Detector Adjoint
'Two-dimensional diffusion calculations of the ex-core detector

adjoint were performed for an X-Y (radial) plane model of the Sequoyah-1 .

core shown in Fig. 5 using the JPRKINETICS code. Three neutron energy
;

|
|

_ _ _ _ _ _ _ _ _ _. __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _
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Fig. 3. Thermal group detector Fig. 4. Comparison of dho
adjoint magnitudes at 3 Hz for thermal group detector adjoint.

slab geometry with case (a) and magnitudes at 3 Hz calculated with
without case (d) ex-core struc- transport theory (TASK) and dif-
tural materials fusion theory (JPRKINETICS) for

case (a).

groups and six delayed-neutron groups were generated as described in

Appendix C for the following conditions:
.

1. Beginning of Cycle (BOC), no burnable poison rods
'

(NBPR), no xenon, 1950 ppa soluble boron

2. BOC, NBPR, equilibrium xenon, 1580 ppa soluble boron

3. End of Cycle (EOC), NBPR, equilibrium xenon, 120 ppa' soluble
boron

4. BOC, burnable poison rods (BPR), equilibrium xenon, 780 ppa
soluble boron.

.

9

9

!

|
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Fig. 5. X-Y (radial) plane model of the Sequoyah-1 PWR core for
two-dimensional diffusion calculations.

5. EOC, BPR, equilibrium xenon, 100 ppa soluble boron

6. BOC, BPR, no fission (VIf = 0), 780 ppa soluble boron

For these cases, isotopic depletion and buildup were considered over
approximately one fuel cycle, including changes in delayed-neutron param-,

! eters. Boron concentrations were adjusted to achieve a critical core

using the VENTURE static diffusion theory code. For both VENTURE and
| JPRKINETICS calculations, point convergence criteria and point balances *

were held to (10~4 relativa error. .

.

_ _ _ . _ _ _ _ . _ _ _ _ . _ . _ _ _ . _ _ . _ _ _ _ _ . _ _ . . _ _ - _ _ _ _ _ _ _ _ _ _ _ . . _ - _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . . _ _ . _ _ _ _ _ _ _ _ _ . _ .w
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4.1.4 Results of Two-Dimensional Adjoint Calculatior2-

| The detector adjoints for the no menon and equilibrium xenon cases
0

(cases 1 and 2) at the BOC with NBPR are presented in Figs. 6 and 7
t . respectively. A comparison of these two cases shows that xenon poisons

| strongly affect the detector spatial sensitivity for neutron sources due
to its non-uniform spatial concentration. Comparison of the NBPR and RPR

results for both the 50C (cases 2 and 4) and the 30C (cases 3 and 5) in
I Fige. 7 through 10, respectively, shows that burnable poison rods, boron

concentration,'and isotopic changes due to fuel burnup have relatively
little effect on the shape and magnitude of the calculated detector
adjoints. An important outcome of these calculations is that the ex-core

*

detector is nearly equally sensitive to fast, epithermal, and thermal
neutron sources inside the core in contrast to results of previous

I shielding calculations.15-17
|

.
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magnitudes at 3 Hs along the magnitudes at 3 Ha along the sym-
syssnetry axist beginning of metry axist beginning of cycle,

! cycle, no burnable poison no burnable poison rods, and

|
rods, and no xenon (case 1), equilibrium xenon (case 2).

|

_ _ _ _ __ _ _ _ - _ _ _ _ _ - _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ - - _ _



_

,

16

ORNL-DWG 84-8853
-

ORNL-DWG 84-8854
9 *

7g 'g .

\

'O .

S'
\

\, _.s st , , _.
=2,

~he
'

|2,
.. r.

% |h,4 4 M
s, n,. \, .;\1.

n.e
Y hj 8

ff [2' j'[2 1

V L
, ,e, e,

:. _ _ . _mm .=or
., t.si .

ae.rm.s . . . . ~
e....~'

___
e.rm.s ---,

'o ,
a~n so ia iso a m n m a e "o so nao iso m ao a m a no

O!STHNCE FROM DETCOTJR (QJ O!$TfwCC FROM DETECTCR @ l *

Fig. 8. Detector adjoint Fig. 9. Detector adjoint
magnitudes at 3 Hz along the magnitudes at 3 Hz along the

,

symmetry axis: end of cycle, symmetry axis: beginning of
no burnable poison rods, and cycle, burnable poison rods,
equilibrium xenon (case 3). and equilibrium xenon (case 4).

A detector adjoint calculation was performed in which no fission was
assumed (vEf = 0, case 6) as in refs. 6, 9, and 15-17. When no fission
is assumed, the core becomes an attenuating (shielding) material so that
only an exponential-decrease in the detector spatial sensitivity occurs
(Fig. 11) and the detector sensitivity to fast neutrons dominates in all
regions. The fast detector adjoint was normalized to a value of 1.0 at
the core edge nearest the. detector, and the results are presented ini

Fig. 12. The normalized detector adjoint in which no fission was assumed

shows good agreement with the ex-core detector spatial " weighting
function" calculated by Crump and lee.15 This comparison indicates that '

the works in refs. ),S , and 15-17 do not account for neutron propagation
c,

9
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Fig. 10. Detector adjoint Fig. 11. Detector adjoint
magnitudes at 3 Hz along the magnitudes at 3 Hz along the.

symmetry axis: end of cycle, symmetry axis: beginning of
burnable poison rods, and cycle, burnable poison rods,
equilibrium xenon (case 5). equilibrium xenon, and no

fission (vIf = 0) (case 6).

through fission processes in the core and therefore underpredict the ex-

core detector sensitivity to in-core neutron sources by as much as 20

orders of magnitude.

Phase shifts between the source and detector locations presented in

Figs. 13-17 for cases 1 through 5, respectively, are large (as much as
20*) at 3 Hz for sources inside the core. For the no-fission case (6),

phase shifts are always <5' as shown in Fig. 18. The imaginary part of

the detector adjoint (and therefore the phase shift) is determined by the
' iw/V(E) and delayed neutron terms of Eq. 4. Since only the iw/V term is

present in the no-fission case, we conclude that this term is small at.

3 Hz and that the phase shifts are primarily determined by the delayed

i
i

I

I
3
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magnitude with no fission (vIf = 0, axis for case 1 (beginning of
case 6) with the spatial weighting cycle, no burnable poison rods,
function of ref. 15. no xenon),

neutrons. These large phase shifts also indicate that static (time- or

frequency-independent) techniques are not adequate in analyzing the ex-
core spatial sensitivity for neutron sources since no imaginary part of

the detector response (and therefore phase shift) is accounted for.

Changes in the calculated phase shifts are small (<5*) from BOC to

EOC for both the BPR and NBPR cases. These changes are not uniform

I across the core because the different isotopic buildup and depletion

rates occurring with burnup also affect the spatial distribution of

delayed-neutron parameters.

'

4.2 DETECTOR RESPONSE TO FliEL ASSEMBLY VIBRATIONS AND COOLANT BOILING -

! In order to determine the detector response to a specific in-core

perturbation such as fuel assembly vibration or coolant boiling, the

,

!'

. .- -_. -. - _- ..., - --.



. .. .-

19
.

ORNL-DWG 84-8859 ORNL-DWG 84-8860
. .
d d

\ \

7 $ $!

{
*'

_ . .. ;

. u . . -
f T' V

*

. .

Y' Y'

. .

f' T'

9. ".
i Y? ,

si i
gr r

: i
r r

. .

I,

m.n r.,gr ..r..dge j, gg ggy.
Ift gggg

* * ' ' * * ' '. e.,m.s - . . . . , ..._

v - - - 4$ i .

E E
's no non iso as no a no too eso 'e no aco iso ao m no 3so ao ao'

'

O! STANCE FR0rt ETECTOR (CM) O!STRNCE FR0f1 K TECTOR (CM)

}, * Fig. 14. Detector adjoint Fig. 15. Detector adjoint
phase at 3 Hz along the symmetry phase at 3 Hz along the symmetry
axis for case 2 (beginning of axis for case 3 (end of cycle,-

cycle, no burnable poison rods)'. no burnable poison rods).
1

ORNL-DWG 84-8861 ORNL-DWG 84-8862
. .
d dw,

i s
' !

;. ;.
l

. .- L

r L{r'
. .

?' T' se

1 i-
-

.

N.i Ei
Ni i
gr r

i i
r r

!~ $'

. i i
r - -.rr . , , , , , .

'"'
te. ..

g. e...g. ==a-==-----
. . _ i

_,_

. ,,, . .
dn -

ma 'e so nas in ma no no no ao no
*

e m is in me ao no no a
DISTANCE FROM E TCCIOR (CM) O!$TANCE FR0ff CCTCCTOR (CMI

Fig. 16. Detector adjoint Fig. 17. Detector adjoint
phase at 3 Hz along the symmetry phase at 3 Hz along the symmetry
axis for case _4 (beginning of axis for case.5 (end of cycle,
cycle, burnable poison rods). burnable poison rods).

I

-. - - . . . . -, - --- .-. . - .. .. - - , , . - - . - . . -



20

ORNL-DWG 84-8863
,
-s-

- - - - - - - - - _ _.
.f-

" " * * " a = **=, . . .
T .

I

I

2:.
Mr

fh~4

;-

4 : .

4 :. p = .-w
r ..

- .___.,
y i - _ _

it
' . e = is = = = = . m

DISTFINCE FROM DETECTOR (CMJ
.

,

Fig. 18. Detector adjoint
phase at 3 Hz along the symmetry *

'
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vIf = 0),,

r

perturbation is modeled as a fluctuating neutron source (Langevin source)
i

and combined with the detector adjoints presented in the previous sec-
tion. Since the Langevin source varies with each type of perturbation

i considered, detector response and therefore detector spatial sensitivity
for each perturbation also varies.

,

I

4.2.1 Iangevin Source for Fuel Assembly Vibrations

The Langevin source for fuel assembly vibrations is derived by
| assuming that the fuel assembly moves and displaces moderator on one side '

of the assembly while moderator replaces the fuel on the other side of
,

the assembly, as shown in Fig._19. Assuming that the change in composi-
tion occurs on each side of the assembly, a first-order perturbation
approximation to the detector response is '

-. - . - . _ . . . - . . _ . . _. . _ . ~ . , _ _ - . . , _ _ _ , , , - , _ . . _ _ - - _ . ._
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g +g ' g+g' g

dV1
g

g '#g
*

.

DD(r2)-DD(r2)h
8'+g 8'+8 g'+8

+4 (r2 W) V / V$ (r2)
8,
8'#g

- 'g+g' g+g' ' g<

-V DD (r2) - DD,(r2) V$ (r2) dV2 '

C ,

-
.

'

+g g'+g 8' 8'
.

+[< $ (rt,w)[ VE (ri)$ (ri) dVi
8,

_ X f -8 .

(r2W)b,I8'+8 8' 8'+g
-$ [X VE (r2) $ (r2) dV2 (13)f,

8
_

.

e - - -, , - - , , , , , - - . - . . . - - , ~ -,w , .-. vy,.- - , -
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Fig. 19. Langevin source formulation
for a vibrating fuel assembly and for
coolant boiling.

.

'

If a fuel assembly is assumed to be incompressible (i.e., the fuel

assembly does not expand or contract with displacement), then

dVg = dV2 = dV. All calculations presented in this work were performed

using Eq. 13 with dV = dV = dV. Note that the various cross sections
g 2

on each side of a fuel assembly are not necessarily the same because of

differences in the neutron spectra used to collapse the fine-group to

broad-group cross section sets.

Eack of the terns in Eq. 13 represents a contribution to the detec-

tor respbnse from a specific neutronic process. Previous calculations 3 t*

havelshown that none of the terms for fuel assembly vibrations in this
'

,

equatton can be ignored in a critical PWR.

In order to gain a further understanding of the relationship between
'fuel assembly vibrations and neutron detector response, Eq. 13 can be

pimplified by assuming that the material properties w and c are the same .

rit r and r , and dV = lVi (for x-y geometry). Equation 13 can then be
3 2

written in operator notation for fuel assembly vibrations

'

(.r-
-

D
*

, . - , ._ ... -.
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~"

{][\ w ' ~
E',8 8',8 8'G

d(r '"} " }' *+8 c /$ (#1}(#1'"}6R Z, g'd g *
, ,

+g "

8',g g',g g'*

,

E, -I $ (r 2)dV2, h dV (14)-$ (r2,W) e c
.

g',8 8',8

where E, and E contain cross section and V operator terms which
c

lead.to a gain or loss of neutrons in group g. Equation 14 shows that
i

the detector response is due to two Langevin sources, one on either side

of the fuel assembly, that are 180* out of phase with each other.
Furthermore, Eq. 14 shows that even though there might be no net reactiv-

ity insertion due to fuel assembly vibration, that is,

t

/ g',g' g.g' h I g' 8'
I, -E $ (rl)-$ (r2) =0c )

,

.

a detector response is still possible due to the fuel assembly moving.

- through a gradient in the detector spatial sensitivity, i.e.,

+g +g
j $ (ri,w) - $ (r2,w) * 0 .

<

It can be seen that no detector response will occur when the fuel-

assembly moves through symmetric flux and symmetric adjoint gradients,
and possesses identical material properties on each side of the assembly.

It can also be seen from Eq. 14 that lateral (side to side) and frontal

(toward and away) vibrations in reference to the detector location will'

yield detector responses of different magnitudes if there are differences

in flux and adjoint gradients in the frontal and lateral directions.

4.2.2 'Langevin Source for Coolant Boiling
.

The Langevin source for boiling is handled in a manner similar to
*

the fuel assembly vibrations. It is assumed that a change in the

_ _ _ _ . . - _ _ _ _ _ . . ,_ _ _ .. _ , . . . , _ . _ __._ , - - . , _ _ , . . . - - - _ _ _ . , , ,. _ .. _ -
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moderator density occurs from w to w in v lume dV, and therefore the
i 2

Jdetector response is approximated by

G [8 g 8 h +g
6R d(r '"} ~ ~

,

( a( ~ a( #( (#'"/'d
wi w2g

- -

+g [ g '+g 8 '+g ) [3+8' g+8') g
8,+[ $ (r.w)[ i E -E |$ (r) - | E - I j$ (r) dV

g g' ( "w i
s I kW I'1 W2W2

. .

~ '

+g f g '+g s'+gi s' / g'+g s'+gi g
VI - DD V$ (r) - VI DD - DD |V$ (r) dV.+[$ (r,w) [
_ (DDW1 W2 / ( W1 W2 / _

eg g
g'#g (15)

The detector response for moderator boiling differs from the

response to fuel assembly vibrations in that there are no perturbations

in fissile concentration (6vE = 0). In operator notation the detector *

g

response can be written as
,

G N 8 '8 8 '8 8
d(r ,W ) = (r,W) E -E $ (r)dV (16)6R

d W1 W2e< g g

which does not depend on perturbations moving through gradients in the
flux or adjoint. Therefore, unlike fuel assembly vibrations, moderator

boiling inside the reactor system will always produce a detector

response.

4.2.3 Results of Fuel Assembly Vibration Calculations

The ex-core detector response to fuel assembly vibrations was calcu-
,

lated for cases 1-6 of Sect. 4.2.1 assuming driving forces that were
t

| either spatially correlated (as might result from vibrations induced by
!

core barrel motion) or uncorrelated (as might result from flow-induced -

vibrations). All fuel assemblies were assumed to vibrate with equal
,

| amplitude and with random direction. The total detector response result-

ing from the superposition of each fuel assembly vibration was calculated
.s
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and normalized to the steady state (mean) detector response. The normal-
ized root mean square detector response was determined using Eqs. 10 and

*

11 for correlated and uncorrelated driving forces respectively. The

results were then normalized to the assumed vibrational amplitude to,

yield a scale factor in NRMS/cm (Table 1).

These calculations yielded the following results:

- Spatially correlated vibrations yield total scale factors about

one order of magnitude larger than when spatially uncorrelated
vibrations are assumed.

- The detector response for fuel assembly vibrations increases with

burnup even if the amplitude of vibration remains constant. Fuel

assembly vibrations at the EOC produce about twice the ex-core
* detector response compared to the BOC for both BPR and NBPR cores.

- NBPR cores yield noise increases 10-20% larger than BPR cores over
the first fuel cycle.

The ex-core detector response to the vibration of each individual

fuel assembly was calculated for cases 1 through 6, and the fractional
contribution to the total detector response was determined under the

assumptions of spatially correlated and uncorrelated equal amplitude
vibrations. The results for vibrations along the symmetry axis are pre-
sented in Figs. 20-25 for cases 1 through 6 respectively. We made the
following observations:

- For the fission cases (cases 1 through 5) no single fuel assembly
contributes more than ~3.5% to the total detector response when
all fuel assemblies vibrate with equal amplitude.,

*

- Individual correlated vibrations contribute more than uncorrelated
vibrations to the total detector response for all fuel assembly

. _ . - . - - . , . - . .- - ._. .. . - - - - -
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Table 1. Calculated ex-core detector scale factors for fuel
assembly vibrations in a Westinghouse PWR

Total scale factors" -

Beginning of cycle End of cycle % increase -

b U
BPR NBPR BPR NBPR BPR NBPR

correlated 6.0 5.1 9.5 9.0 58 77

uncorrelated 0.7 0.6 1.1 1.0 58 67
,

" Units are NRMS per em of fuel assembly vibration normal-
ized to the mean detector response. All fuel assemblies are
assumed to vibrate with the same amplitude.

b '

Burnable poison rods.

CNo Burnable poison rods.
.

.
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Fig. 20. Fractional contribution to the total
ex-core detector response from fuel assembly vibra-
tions along the symmetry axis for case 1 (beginning
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f

locations except at the edge of the core nearest the detector

(fuel assembly 1). This indicates that both the total response

(Table 1) and the spatial sensitivity of the ex-core neutron
detectors are affected by the spatial correlation of the

vibrations.

- As burnup increases (and soluble boron and burnable poison concen-
trations decrease correspondingly), the ex-core detectors become

more sensitive to vibrations occurring in the central region of

the core for both the BPR (cases 2 and 3) and NBPR (cases 4 and 5)
Cores.

.

- When equilibrium xenon concentration is assumed (cases 2 through
*

5), the ex-core detector becomes more sensitive to vibrations in

._ __, _ . . . _ _ _ _ _ , ,. . _ _ ,. . _ . _ . . . . . . _ _ _ _
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the central region of the core compared to the no xenon case

(case 1).
.

- The nonfission case (case 6) onerpredicts the contribution of fuel .

assembly vibrations on the core periphery and underpredicts the

contribution of vibrations in the central region of the core com-

pared to the fission cases (cases 1-5).

Vibrational characteristics of core internal structures are often
'

inferred from phase relationships between ex-core detectors. The cross
power spectral density (CPSD) magnitude and phase between cross-core

(180* apart) detectors can be determined from a single detector adjoint
calculation by assuming that the detectors and core are symmetric about
the core center. The detector response for detector 1, 6R is identical

g

to Eq. 14.
.

For the cross-core detector, the detector response 6R is *

2
*

d p +8
-

8',8 8',8T g' .

G

-I I6R2 (rds , w) = L ' $ (rla,w) g, I $ (rls)g w c /
- "

-
.

/ g',g g',g g'
_ ,

| +g

] -4 (r2s'") { kE -

# (9s) dV (17)

I
~g' w c ,

.'

'

where r , and r2s are mirr r image spatial locations about the core cen-y

! terline to r and r , re8Pectively (as shown in Fig. 26), and $+(r,w) isg 2

the detector adjoint for the detector position in the detector adjoint
calculation. The CPSD between the two detectors is

G* G
CPSD(w) = 6R1 (r ,w) 6R2 (rds'"d

6R 6R21

.

where * denotes the complex conjugate, and the phase is
.

'(CPSD6R,6,,(w>).e
,,6,,

= tan
6

:
.

._ _ _ _ . _ _ _ _._. _ ._ _ _ _ . _ __ _ ___
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Fig. 26. Method of calculating the CPSD for
two symmetrically located detectors for fuel
assembly vibrations.

.

Typical CPSD magnitudes between cross-core detectors normalized to
,

the mean reaction rate in the detectors (NCPSDs) and phase plots are

shown in Figs. 27 and 28, respectively. As expected, the NCPSD is sym-
metrical about the core centerline and the detectors are more sensitive
to vibrations on the core periphery compared to the center of the core.
The phase shifts indicate that the detectors are from 190* to 180* out
of phase, with a phase of exactly 1180* occurring only for the central
fuel assembly (assembly 8). These large phase shifts can be attributed

to a combination of the phase shifts due to the detector adjoints

(Figs. 13-17), the 180* out-of phase Langevin sources on each side of the
fuel assembly, and the magnitude and gradient of the detector adjoint and

static flux through which the assembly moves.

4.2.4 Results of Coolant Boiling Calculations

.

The ex-core detector response to coolant boiling (moderator density

fluctuations) was determined by utilizing the techniques previously dis--

cussea, and the Langevin source described in Sect. 4.2.2. As in the fuel

- , ~ . , , . --. . . - , - - . - . -
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Fig. 27. CPSD Magnitude normalized to the mean reaction rate
(NCPSD) between two symmetrically located detectors due to fuel assembly
vibrations along the symmetry axis.

assembly vibrations, the total detector response to equal magnitude cool-
ant density fluctuations in all fuel assemblies was calculated for
cases 1 through 6 under the assumptions of spatially correlated or uncor-
related boiling. The results, normalized to the mean detector reaction
rate per fractional density change (6p/p ), are summarized in Table 2.

We made the following observations:

.

- Spatially correlated coolant boiling yields a total scale factor

(detector response per fractional density change) about one order
of magnitude larger than spatially uncorrelated boiling.

I

. .. . . _.
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Fig. 28. Phase between two symmetrically located detectors due to
fuel assembly vibrations along the symmetry axis.

- The detector response to boiling increases with increasing burnup
(and decreasing boron concentration) even if the amount of boiling
remains constant. These increases are about 15% greater for NBPR
cores compared to BPR cores.

- Over a fuel cycle the calculated increases in the scale factors

for boiling are 30 to 50% smaller than the expected increases in
the fuel assembly vibration scale factors.

.

The ex-core detector response to boiling in individual fuel assem-
.

blies was calculated for cases 1 through 5, and the fractional contribu-
tions to the total signal for assemblies lying nn the symmetry axis are

l

|
1

- - _ _ _ _ _ - - _ . - _ _ _ - _ _ - _ _ _ - - _ _ _ - - _ _ - _ - _ _ _ - - - - _ _ _ . _ _ _ _ _ _ _ _ - - - - - _ _ - _ _ _-__ - --___ -__._- __- --_____ _ --_--_- _ _



s - -

,

34

Table 2. Calculated ex-core detector scale factors
for moderator boiling in a Westinghouse PWR

-aTotal scale factors

*

-Beginning of cycle End of cycle % increase

b #
BPR NBPR BPR NBPR BPR NBPR

correlated 1.1 0.90 1.3 1.2 18 33

uncorrelated 0.12 0.099 0.14 0.13 13- 29

# nits are NRMS per % moderator density change normalizedU
the mean detector response. All fuel assemblies assumed to
have the same amount of boiling.

'

bBPR - burnable poison rods.

CNBPR - no burnable poison rods.
.

.

'

presented in Figs. 29-33 respectively. As in the fuel assembly vibra-

tions, we found the following:

- Correlated boiling in individual assemblies contributes more to

the total detector response than does uncorrelated boiling for all

fuel assembly locations except at the edge of the core nearest the

detector.

- As burnup increases and boron concentration decreases, the ex-core

detectors become increasingly sensitive to boiling in the central

region of the core for both the BPR and NBR cases.

- The equilibrium xenon cases (cases 2 and 4) show increased ex-core
detector response to boiling in the central regions compared to

'

the na-xenon case.

.

The CPSD and phase between cross-core. detectors were determined by

assuming that the detectors and core compositions are symmetric about the

< -~
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Fig. 29. Fractional contribution of modera-
tor boiling in fuel assemblies along the symmetry
axis to the total ex-core detector response for

'

case 1 (beginning of cycle, no burnable poison
rods, no xenon).
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.

core center. The detector response for the first detector was calculated

using Eq. 16, and the second detector response was determined from the
original adjoint calculation by

G +g / 8',8 8',8 ) E'
d(r '") '

(#s'") kq - r ' (#s)dV (l8)6R2 d q
8 8

whera r, is the spatial location symmetric about the core center line to
: r ar3 shown in Fig. 34.

Plots of typical NCPSD magnitude and phase for cross-core detectors

are shown in Figs. 35 and 36 respectively. The NCPSD magnitude shows the

expected symmetrical distribution similar to that exhibited by fuel
.

assembly vibrations. The phase, however, is exactly zero only for the
central fuel assembly, with maximum phase shifts of up to 20* occurring*

for assemblies located on the core periphery. The difference in phase
shifts for boiling compared to fuel assembly vibration is the result of
the single Langevin source (as opposed to the two Langevin sources with

_. ,. - - . . -- . - . . . -.
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.

i 180* phase shifts for fuel assembly vibration). The resulting phase ,

shifts depend only on the phase of the detector adjoint since the ex-core

detector responses are not determined by a perturbation moving through
; gradients of the detector adjoint or static flux.

I
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4.3 COMPARISON OF CALCULATED RESULTS WITH SEQUOYAH-1 NEUTRON NOISE
MEASUREMENTS

Measurements of ex-core neutron detector noise were performed at

Sequoyah-1, an 1150-MW(e) Westinghouse PWR, during the first fuel cycle.
The noise data were obtained from an on-line surveillance system and from
periodic FM tape recordings which were analyzed off-line. Details of
these measurements are included in refs. 34-36 and will not be discussed
here.

* A typical power spectral density normalized to the mean detector

reaction rate (NPSD) of the ex-core neutron noise shows a resonance at.

~3.5.Hz as presented in Fig. 37. This resonance has been observed in

|

1

|
|

_ _ _ - _ . - - - _ . _ . - .- _ . - - - - - - - - _ - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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i

many PWRs at approximately the same frequency, and the accepted interpre-

tation is that it results from first-mode (natural frequency) vibrations

of the fuel assemblies.11,29,30

.

The normalized root mean se,aare (NRMS) was obtained from the NPSDs
'

over the 2.5- to 4.0-Hz range and' plotted versus boron concentration in

| Fig. 38. The NRMS versus boron concentration plot is nearly linear, and
j the NRMS increases with decreasing boron concentration. A linear

,

F

. , . . , - - - . . . . - - . , . . . . - , , , , - - . - . - . . - . _ , - , , , - - .
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behavior of neutron noise at low frequencies (<1 Hz) versus boron concen-
_

tration has been predicted for fuel assembly vibrations using point
kinetics by Saxe18 and Meyer.37 Temperature (mode'rator density) fluctua-
tions have been shown to produce a nonlinear noise dependance of neutron
noise on the boron concentration by other workers.38 The increase in the

neu. con noise observed at Sequoyah-1 was ~60% for the range of soluble
boron concentrations presented, which agrees well with the predicted 58%
increase in the scale factor for fuel assembly vibrations over this same

range of boron concentrations presented in Table 1. The increase in the*

neutron noise is much larger than could be accounted for by the ~18%,

increase in the scale factor for coolant boiling (moderator density
fluctuations). We therefore concluded that the increase in the neutro'n
noise in the 2.5- to 4.0-Hz region is completely accounted for by the

1

v.., - _ .-- ,-



42

increased detector response to fuel assembly vibration, and that the

amplitude of the vibrations did not increase over the fuel cycle.
.

Increases in the neutron noise in this frequency range have also .

been observed in other PWRs.10,30.39 These increases in noise have

usually been accompanied by a 1- to 2-Hz shift in the fuel assembly
resonant frequency,10,30 which has been interpreted as an increase in
assembly vibrational amplitude due to relaxation of grid spacer springs.

At Sequoyah-1 the fuel assembly resonant frequency has been observed to

shift <0.5 Hz over the range of boron concentrations presented in

Fig. 38, and we concluded that the increased neutron noise at Sequoyah-1

was not the result of grid spacer spring relaxation.

The amplitude of fuel assembly vibrations (assuming that all fuel

assemblies vibrate with the same amplitude) can be inferred from experi- 1

mental data using the calculated scale factors (S.F.) in Table 1:

6X(cm RMS) = S.F(NRMS/cm)

where 6R is the measured neutron noise NRMS and 6X is the inferred fuel
assembly amplitude RMS. These scale factors were applied to the neutron
noise NRMS at Sequoyah-1 (Fig. 38) for 30C and EOC conditions, and the

results are summarized in Table 3. The inferred fuel assembly vibra-

tional amplitudes of 0.36 x 10~4 to 3.1 x 10-4 cm RMS (~0.014 to

Table 3. Fuel assembly vibrational amplitudes inferred from
measured ex-core detector neutron noise at Sequoyah-1

Inferred amplitudes (10-4 cm RMS)*

Beginning of cycle End of cycle

Correlated 0.37 0.36 '

Uncorrelated 3.1 3.1 *

*All fuel assemblies are assumed to vibrate with the
same amplitude. Scale factors for BPR cases (Table 1) were
utilized.

_ - _ _ _ _ - - _ _ _ _ _ _ - - _ . . _____-_____ _ - _ _ _ - _ ______ -__ _ _ _ _ _ - _ . - _ _ _ - _ _ - _ _ _ - _ _ _ _ _ _ _ . __--- ___--- _-__-_____-_
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0.12 -mils RMS) compares reasonably well with the amplitudes of 2.5 ' x 10-4
!

and 4 x 10-4 cm (0.1 alls and 0.16 mils RMS) reported in refs.10 and 40
I* respectively.

.

4.4 SUMMARY OF RESULTS

The following paragraphs summarize the significant results of the !'

previous sections: t,

,

1. Ex-core neutron detectors are more sensitive to fluctuating neutron
sources at all core locations than previous calculations indicated.
The spatial sensitivity for these sources (detector adjoint) does not
change significantly with burnup and boron concentration.

-

i

; 2. Delayed neutrons cause large (~20*) phase shif ts in the detector
!

adjoint at 3 Hz, indicating that static shielding techniques are not
-

i

appropriate for kinetic analysis of the ex-core detector spatial.

sensitivity to in-core perturbations.

3. Fuel assembly vibrations and boiling in locations other than the
core periphery can contribute significantly to ex-core detector
response. Previous calculations underpredict the scale factor for
fuel assembly vibrations (and therefore overpredict the inferred

r

amplitude ~of vibration) and the contribution of vibrations in loca-
tions other than the core periphery.

4. The neutron noise induced by fuel assembly vibrations or coolant
boiling increases with increasing burnup (and decreasing boron
concentration) without increases in the vibrational amplitudes or the
amount of boiling.

l

! 5. The predicted changes in neutron noise resulting from burnup were
*

observed at Sequoyah-1 during the first fuel cycle. The inferred
i

amplitudes of fuel assembly vibrations did not change over the fuel
cycle and compare well with values reported in the open literature.

|
*

|

|
;

;
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5. F$kSIBILITYOFDETECTINGANOMALOUSFUELASSEMBLYVIBRATIONS

'

AND BOILING USING EX-CORE NEUTRON DETECTORS
~k; y . *

.

. Q Eheabilityofknoiseanalyst to differentiate between normal and ,

abnormal changes in neutron noise is a fundamental requirement in the
,

' diagnosis of.andmalics.* In the previous section, the calculated ex-core
'

detector responses were used to interpret observed changes in neutron

noise as normal (not indicative of an anomalous condition). In many

cases, the analyst needs to know whether noise techniques are suffici-

ent'ly sensihive to detect.a postulated anomaly. For example, can ex-core
neutron noise be used.to detect abnormal fuel assembly vibrations on the

2 - core periphery (such as might be induced by baffle jet flow)?

The feasibility of detecting anomaly depends on the following infor-

mation:
.

|

a. The location of the anomaly and the magnitude of the scale .,

factor relating the perturbation at that location to the

detector reponse.

b. The statistical uncertainty in the analysis technique.

c. Normal changes in the noise signal due to plant operation.

d. The " background" noise level due to instrumentation noise or to

perturbations which are not anomalous.

As an example of a possible application of the calculated detector res-

ponses, we will determine the ex-core detector sensitivity to abnormal
fuel assembly vibratio'w on the core periphery such as might occur due to
baffle jetting. ' .

.

,.

Uwi .m

~x ,
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5.1. FEASIBILITY OF DETECTING BAFFLE JET FLOW-INDUCED VIBRATIONS

B
'

The following' assumptions were made in this analysis:
4

1. The location of the baffle jet-induced fuel assembly vibration

is known (since the location of the baffle joints are known).-

d. 2. Baffle jet flow excites the fundamental mode of fuel assembly
vibration at 3 Hz.*

| 3. The normal fuel assembly vibrations are spatially'uncorrelated
with amplitudes of 0.12 mils RMS.

4. The neutron noise dependence on boron concentration and burnup

is known (from Table 1).
4 .

5. The normal range of fluctuations is 15 x 10-5 NRMS at a given.

boron concentration as shown in Fig. 39.

6. The analysis statistical error is small and therefore can be

.
neglected (this can be controlled through analysis of long-term

records).

For baffle jet flow at fuel assembly location P-13 (see Fig. 5), the

scale factor for case 2 (BOC, BPR) is 3.27 x 10-2 NRMS/cm, and for case 3
(EOC, BPR) is ?.5 x 10-2 NRMS/ca. The increase in noise that this fuel
assembly must. induce to be classified abnormal is a minimum of 1.0 x 10-4
NRMS (2 x 5 x 10-5 from Fig. 39). The predicted increases in vibrational
amplitudes needed in order to produce detectable anomalous noise levels
are summarized in Table 4 and indicate that the fuel assembly must

,

:
i -

i

*Recent measurements 4I*

have indicated that baffle jet flow may
excite fuel assembly vibrations at frequencies other than 3 Hz; It is
not known if these frequencies are vibrations of the fuel assembly as a

j whole cur vibration of individual fuel pins,

i

, ,, , -- . . . . ~ , . _ , . . _ , . _ . . , , . _ , , , . . ...-,.--m_~, ,,-----m., - _ . . - _ . . . - _ , _ _ , , ~ . .
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Fig. 39. Normal range of ex-core detector neutron noise over
4

a fuel cycle for the Sequoyah-1 PWR.

vibrate ~10 times its normal amplitude in order to be detected. The
total amplitude of vibration is the sum of the vibration increase (due to
baffle jet flow) and the norr.a1 amplitude of 3.1 x 10-4 cm (0.12 mils).
These results indicate that since the fuel assembly spacings are 0.10 cm
(~39 mils), baffle jet flow-induced fuel assembly vibrations might be

) detected with ex-core neutron detectors before surrounding assemblies are
damaged. However, normal day-to-day fluctuations and the dependence on

{ boron concentration of the neutron noise must be known. Note that the
application of crest factors 8 could increase the values shown in Table 4 *

by as much as a factor of three (for the 99% confidence level).

t
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Table 4. Minimum amplitude of baffle jet flow-induced
fuel assembly vibration needed to be detected

with ex-core neutron detectors
,

Amplitude Total

increase * amplitude'

(cm x 10-3 RMS) (em x 10-3 RMS)

BOC, BPR 3.0 3.3

EOC, BPR 3.8 4.1

* Fuel assembly location F-13 (from Fig. 5) to produce
an increase in the ex-core neutron noise of 1.0 x 10-4
NRMS.

5.2 COMPARATIVE SENSITIVITY OF TWO NOISE MONITORING SYSTEMS

The previous section described the detection of an anomaly based on
a knowledge of the normal fluctuations in the neutron noise and the

, ,

dependence of the neutron noise on boron concentration and burnup. By
*

utilizing the information a " smart" automated monitoring system could

be developed to differentiate between an anomalous condition and normal

changes in the neutron noise. On the other hand, a simple RMS meter type

device could be developed with a single alarm level to detect. the

anomalous condition. Such a device would require an alarm level high

enough so that normal changes due to plant operation and boron concentra-

tion changes would not produce false alarms.

The problem, then, is to determine how much sensitivity for detect-

ing the anomalous condition is sacrificed by using the simple device.

Using the data of Fig. 39, it is evident that the RMS meter alarm thres-

hold for anomalous fuel assembly vibrations must be set at ~3.5 x 10-4
NRMS. The baffle jet problem discussed in the previous section was

reanalyzed assuming that at BOC the fuel assembly must induce a detector
'

response of 3.5 x 10-4 NRMS and, therefore, a noise increase of4

~2.0 x 10-4 NRMS over normal levels. The minimum amplitudes needed to.

produce an alarm under these assumptions are summarized in Table 5.

i

f

4

|

|

|
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Table 5. Minimum amplitude of baffle jet flow-induced
fuel assembly vibration in order to be detected

using a simple monitoring device
,

Amplitude Total
increase" amplitude

'

(x 10-3 cm RMS) (x 10-3 cm RMS)

bBOC, BPR 6.l 6.4

#EOC, BPR 3.8 4.1

aFuel assembly location P-13 (see Fig. 5).

bRequired to produce an increase of 2.0 x 10-4
NRMS ex-core neutron noise.

CRequired to produce an increase of 1.0 x 10 4
NRMS ex-core neutron noise.

.

The results of this analysis show that the simple device is ~50%
less sensitive than the smart system (i.e., under BOC conditions the -

fuel assembly vibrational amplitude must be larger by a factor of two to
produce an alarm with the simple device). This is because in the simple
device there is no compensation for the normal increases in the ex-core

neutron noise caused by burnup and boron concentration changes.

.
.

9

4



6. SUMMARY AND RECOMMENDATIONS

We accomplished the following tasks in this work:*

.

e Developed a methodology for calculating the ex-core neutron
detector response to in-core perturbations.

.

* Utilized this methodology to predict the detector response to

fuel assembly vibrations and in-core boiling.

* Interpreted changes in experimentally measured neutron noise
data.

* Applied the calculated detector responses to determine the

feasibility of detecting an in-core anomaly.
.

* Utilized the calculated detector responses to show how the.

sensitivity for detecting an anomaly with automated noise'

surveillance and diagnostic systems can be improved.

In the course of this investigation several areas needing additional

research became obvious, and we make the following recommendations

1. Succeeding fuel cycles of Sequoyah-1 should be analyzed to

interpret neutron noise measurements and characterize normal long term

neutron noise behavior.

2. Calculations should be performed at higher frequencies in order'

to interpret neutron noise changes associated with higher fuel assembly

vibrational modes.
.

O

M
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APPENDIX A

ONE-DIMENSIONAL SLAB, FREQUENCY-DEPENnENT DETECTOR ]
ADJOINT EQUATIONS WITH DELAYED NEUTRONS IN A l

MODIFIED VERSION OF THE TASK COMPUTER CODE |.

.

lThe TASK computer code distributed by the Radiation Shielding
Information Center (RSIC) at the Oak Ridge National Laboratory currently
is written only to perform forward source or eigenvalue solutions of the
multi-group, frequency-dependent, discrete ordinates (S ) f rm f then

Boltzmann transport equation. The TASK code was modified to solve the
detector adjoint problems presented in Sect. 4.

The adjoint equations solved in the modified version of TASK are
2derived by applying the method of discrete ordinates to Eq. 4 of

Sect. 3. Scattering anisotropy up to order L is assumed by expanding the
;

scattering components into L + 1 Legendre polynomials. The resulting
,

equations solved in TASK for one-dimensional slab geometry are
*

therefore:

i

BX3X (X,w) + 1 [ [G
t D g d"

[ E + g' d'<

E Vp
d(g'=1 d'=1 . g.

*~
; g 1

(VE )g W'(1 - S ) X , +-

f dT g

,-.

- [ E (g', g) P "}g (p ) Pg (p ' d'
'd ')

'd d
1-0 . .

t
Ed (X ,w) g = 1,..., G

S 'z
for,

p d = 1,..., D
d

*
.

4

|

I
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with

$gd (X,w) = 0 for outgoing angles on the system boundary (vacuum ,

boundary conditions)

where *

le ifA"*6j=0,ifi*m
S d = the detector response function (E detector) for group g,

angular segment d, and at position X 3z

$gd = detector adjoint in group g and angular segment d;

-ud = average x-direction cosine of the velocity vector of the
neutrons;

Wd = weight of the angular segment d;

E = total cross section for group g;g

i = fraction of delayed neutrons of type i decaying intoYg ,

group g;

X = fraction of prompt neutrons born in group g; *

g

(vI )g = number of neutrons per fission times the fission crossf
section for group g;

E,A (g',g) = the i th Legendre component of the scattering cross
section for scattering from group g into group g';

3 - /Ti
w = frequency (rad /s);

g (pd) = 1 th ordinary Legendre polynomial evaluated at pdP i

L = maximum order of scattering anisotropy;

D = total angular segments;

G = total energy groups;

M = total delayed energy groups.
,

TASK employs a combination scattering and transfer matrix methodi

.

with outer (source) iterations to eliminate difficulties arising from
round-off and truncation errors. As such, within group (inner) itera-
tions are eliminated. A complete discussion of the numerical methods
embodied in TASK are contained in ref. 1.

_ . _ . . . _ . _ . . _ _ _ _ _ _ _ _ . _ . _ __ - - . _
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TWO-DIMENSIONAL FREQUENCY-DEPENDENT DIFFUSION THEORY DETECTOR ADJOINT
EQUATIONS WITH DELAYED NEUTRONS IN THE JPRKINETICS COMPUTER CODE

.

4
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APPENDIX B

TWO-DIMENSIONAL FREQUENCY-DEPENDENT DIFFUSION THEORY DETECTOR
'

ADJOINT EQUATIONS WITH DELAYED NEUTRONS IN THE JPRKINETICS
COMPUTER CODE

.

! In this appendix, the adjoint multidimensional frequency-dependent
kinetics equations solved in the JPRKINETICS computer code are derived.1
These equations are based on a P approximation to the Boltzmanng

transport equation (Eq. 4 of Sect. 3).

The adjoint space , time , and neutron-energy dependent P equationsg

2aret
|

l

| +g g +g NFG g+g' +g '.
- V$g (r,t) - E (r,t)$ (r,t) + E, (r,t)$ (r,t)

'

.

g =1 o|
.

0$4(r,t)-

+ "-8 (''t) (8-I)v (r,t) at
8

+8 g +g NFC g+g' +g'
V$, (r,t) + 3 E (r,t) $t (r,t) - 3 [ E,I (r,t)$1 (r,t)g

8'=1

* (#'E)3 -3Sh(r,t) (B-2)-

8v (r,t) Bt

.

! where

+8
$, = isotropic component of the adjoint directional flux for

group g,

.

+8 = anisotropic component of the adjoint directional flux for
*I' group g,

E = isotropic component of the scattering cross section froms
o group g into group g",

|

l
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V = neutron velocity for group g,
.

NFG = total number of fine neutron energy groups. ,

By assuming t. hat the adjoint sources are isotropic, S g(r,t) = 0 and

theisotropicadjointsourceSf(r,t)canbeexpanded:

+g +g +g +g

S ,(r,t) - S ,(r,t) + S ,(r,t) + S ,(r,t) . (B-3)
prompt delayed external

Each of the terms in Eq. B-3 can be further expanded:

~

NFG NFD
~

+g g g' i +g'
S (r,t) = { vE (r,t)x(r,t) (1 g p (r,t) $ (r,t) (B-4)g ,,3 f

prompt

NFG NFD

SU(r,t) = I Y (r,t) d(r,t) C+1(r,t) (B-5)
delayed 8' I i1 y

i

(r,t)=((r,t) (B-6)j S

external

where

v(=numberofneutronsperfissiontimesthefissioncross
section for group g,

E
X = fraction of prompt neutrons born in group g',

I

I
S = fraction of fission neutrons emitted as delayed neutrons of

.

type i,

.

y = fraction of delayed neutrons of type i decaying into group
8 ',

|

._. _. . . _ , _. . . _ . . . . . _ . _ _ . __ . _ _
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A = decay constant for delayed neutrons of type i,

.

Ej=dectectorresponsefunctionforgroupg,

NFD = number of fine delayed groups,.

C = the adjoint' delayed neutron density for type 1.

i
By requiring that C (r,t) and C (r,t) (the " forward" delayed

neutron density) vanish on the external boundaries, the adjoint. equation
for delayed neutrons is

g i i+g ' +g' +1 +1

vE (r,t) 8 (r,t) y (r,t) 4,(r,t) C (r,t) = - 3C (r,t) (B-7)
f at

.

Using a " modified consistent" (inscatter) approximation, the
'

transport cross section I +G(r), is defined by the solution of:G.

G [g G' g+8' +8' \UG+G' G +g +8

Etr(#) [ # (#) " [\ t (#} 'l (#) - [Sg $g (r) (B-8)
1

i g=L g=L 8*"b 'g G G

i

where L and U are the lower and upper fine-energy group boundaries
respectively of broad-energy groups G or G', and $ (r) are obtained

| from a static discrete ordinate cell or zone calculations.

i
4

j .

i

!

:

|
i
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Similarly for other variables,

Ug 94(r) *

b6 EV (r) (B-9)V (r) = g=L -

g
Uc
{ +[(r)

8-Lc

G I
I (r) + (r)

8"'co(r) = (B~10)I
U 4g
g +,(r)
g=La

G g +g

E vEf (r) 4,(r)
g=Lc g,

vEf (r) = U 4 (B-11) *

g

{ $, M
g=L

; c

and x and 6 are defined in Appendix C.

4

By Fourier transforming Eqs. B-1 and B-2 and substituting Eqs. B-3

j and B-11, the broad energy-group detector adjoint equation is obtained:

!

fVDD + ^(r,w) V+ (r,w)-(E
^

(r) - E (r) + 5 k (I'")
*

G
V C#)c'-1

,

No NG [M )g, g, y

+ { I, g(r) +4g(,r.w) + vrg (r) { x (r) ' 1- { 8 (r) ' +4g(,r.w)
f

c'-1 c'-1 \ 1-1 /
c'*c .

NDG NG ,

+ VE b 0 (# (#) bT + r,w) = -E (r,w) (B-12)d
I-1 A (r) + jw c'-1;

.

k
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where . .

DD * (r,w) = 3 E
* "

tr (r) + 6(G-G') (B-13)',
Gy (r).

. -

*

and

j= /-1,

m = frequency (rad /s),
,

NG = number cf broad energy groups,
.

NDG = number of broad delayed energy groups.

,

Iterative Procedure,

i

"

; The adjoint Eq. B-13 was solved with the JPRKINETICS computer code.1

The real and imaginary parts of Eq. (B-13) are solved as coupled energy
groups (i.e., three neutron energy groups yield three real and three
imaginary equations). Iterative techniques such as constraint block

overrelaxation, inner iterations, o sweep ordering, optimized overrelax-g

ation coefficients, and external source scaling are utilized to obtain ant

efficient solution to these equations. A detailed description of the
calculation techniques is available in ref. 2.

.

i
;

l

i

0

0

4
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APPENDIX C

GENERATION OF MULTIGROUP CROSS SECTIONS
'

AND DELAYED NEUTRON PARAMETERS

.

The nuclear analysis package used in this study is based on several
computational modules developed at ORNL. These modules are called in the

lproper sequence by JPCYCLE ~4 to generate:

weighted multigroup cross sections for the fuel rods, water,-

burnable poison rods (BPR), control rods, and structural materi-
als, all as a function of fuel material enrichments, fuel burnup,
soluble boron concentration of the water, and BPR burnup.

neutron spectrum-weighted and zone-dependent delayed neutron-

parameters and neutron group velocities as a function of spatial
'

fuel enrichment, fuel burnup, and soluble boron concentration in

the water.,

few-group multidimensional core calculations of the flux, power-

density, fuel depletion, and BPR depletion, and soluble boron
concentration criticality searches.

Figure C-1 displays an overall block diagram of the JPCYCLE driver.
Note that it shows only those modules which <ere used in this study,
several of which are not the standard released versions (e.g., CSAS2,

I XSDRN, NITAWL, DVENTR, DUTLIN). They have betn extensively modified

within the JPCYCLE modular code system.

1. GENERATION OF THE CROSS SECTIONS

Figure C-2 dispisys the flow diagram for the generation and update.

of the burnup-dependent neutron cross sections and the delayed neutron
.

precursor data.
.

I
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The multigroup cross-section data used in this study were taken from
a 27-neutron-energy-group cross-section library in "AMPX Master Library",

format. This library contains neutron cross sections which have been *

generated by collapsing the CSRL (Criticality Safety Reference Library
,

based on ENDF/B-V data)5.6 27-fine-neutron-energy-group library to a
27-neutron-energy group- structure using a thermalized spectrum. The

CSRL-V lib,rary contains cross sections for application to rea: tor core
and shielding analyses and general criticality safety analyses. The
majority of the isotopes were obtained previously from ENDF/B-V data
using the XLACS-II module of AMPX-II. A few isotopes were processed
through modules of NJ0Y from ENDF/B-V point cross-section data.

The energy structure of the 27-neutron-energy-group library is shown
in Table C-1. It has 13 neutron groups with upscattering in the thermal
range.

.

(

.

Table C-1. Energy boundaries of the
27-neutron group cross-section library

.

Energy Energy
Boundaries Group Boundaries

Group (MeV) (MeV)

1 2.000E+7 15 3.050E+0
2 6.434E+6 16 1.770E+0
3 3.000E+6 17 1.300E+0
4 1.850E+6 18 1.130E+0
5 1.400E+6 19 1.000E+0
6 9.000E+5 20 8.000E-1

; 7 4.000E+5 21 4.000E-1
8 1.000E+5 22 3.250E-1! 9 1.700E+4 23 2.250E-1

10 3.000E+3 24 1.000E-1
11 5.500E+2 25 5.000E-2
12 1.000E+2 26 3.000E-2 -

13 3.000E+1 27 1.000E-2
| 14 1.000E+1 1.000E-5 -

!

I

.
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&

j 1.1 GENERATION OF THE CROSS SECTIONS FOR THE FUEL ROD CELLS

;
.

The following functional sequence of calculations was performed for
each of the three different types of fuel assenP ies (low, medium, and-

high enrichments, called respectively types 3, 2, and 1):
u

a. For a fuel rod cell of each fuel assembly type, the BONAMI-2

module was used to compute multigroup neutron cross sections in the

| unresolved resonance region by using the Bondarenko or shielding

j factor method.7
4

| b. For a fuel rod cell of each fuel assembly type, the NITAWL module was

f used to compute multigroup cross sections in the resolved resonance
region by using the Nordheim Integral Method (NIM).8 Resonance cal-

235 , 238 , and Zr at theculations were performed for the isotopes U U '

.

; beginning of cycle (BOC). In addition, for fuel with burnup a reso-
:

nance correction is normally made for the principal resonance nuclei.j .

! For the core calculations at hot full powar (HFP), the resonance
!

| corrections were performed at an effective fuel pellet temperature of

| 1500*K in order to account for Doppler broadening.
i

!

c. For a fuel rod cell of each of the fuel assembly types, a multigroup|

] one-dimensional S # discrete ordinates transport calculation was83
i performed in cylindrical geometry, inilowed by a spatial weighting of

j the cross sections over the cell. A 27-neutron-group fuel-rod-cell

j weighted cross-section library was thus created. In addition, a

| cell-weighted collapse of the fuel rod cell to three broad energy

! groups (boundaries: 20 MeV, 10 kev, 0.625 eV, 0.0 eV) was per- :

forned.
,

r

!

j
,

A modified version of the discrete ordinates code XSDRN3 was used.-

In addition to the capabilit)es of the standard version of X8 DEN, this
,

! modified version can calculate sone-dependent and spectrum-weighted val- ;

ues for the prompt fission neutron spectrum X , neutron group veloci-j

ties, delayed neutron spectrum [ , and delayed neutron fractions S .I
!
i

e

; '

i
,
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The fuel rod cell had a reflective boundary conditions. The outer dimen-

sion of the cell was chosen such that the H 0/U0 volumetric ratio was2 2
*conserved.

.

The following materials and dimensions were used for the fuel cell calcu-
lations: UO stack density of 95% TD (theoretical density), pellet diam-

2

eter 0.3255 in. OD; diametrical gap 0.0075 in.; Zircalogy clad 0.0225 in.
thick; cell diameter 0.560 in. OD; 110 at 570*F and 2235 psi, containing

2

the appropriate (calculated) content of soluble boron; active fuel height
144 in.

1.2 GENERATION OF TiiE EFFECTIVE DELAYED NEUTRON PARAMETERS

Zone- and isotope-dependent prompt neutron spectra, delayed-neutron

spectra, and delayed-neutron f ractions were used in the calculations of
the multigroup multidimensional frequency-dependent weighting factors.

.

Since stochastic processes introduce small variations of the fluxes

around their respective mean, the broad-group weighted neutron spectra

and delayed-neutron parameters will be derived based on steady-state

fluxes.

Since on the average the delayed neutrons are born at lower energies

than prompt neutrons, two diff2 rent approaches have been used in the
generation of the delayed-neutron parameters:

1. In Appendix B it was shown that the space and energy-dependent trans-
for functions are obtained by the simultaneous solution of prompt and

0delayed-neutron equations. If the prompt-neutron spectra x are used

instead of the delayed neutron spectra y 'O in the delayed-neutron

equations, the delayed neutron fractions and prompt neutron spectra .

have to be adjusted.
.
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The forward, steady-state prompt- and delayed-neutron sources for
'

fine-energy group g, and fissionable isotope z, are given by:
,

.

8,(r) [1- { 8,1 (r) E,(r))|$8, (r) (C-1)
NFDNFG

S(r)8 ={ VI*
X

g '= 1 k i=1 /*
prompt

NFG NFD i+g g' g'
g*(r) $, (r) 8,g(r) (C-2)S(r)8 ={ { y, (r) VI

8 '= 1 i=1delayed

where

8,(r) = delayed-neutron fraction of delayed-neutron group i due
to fission in isotope z,

E'
f (r) = v times fission cross-section of neutron of energy g' for' vI

a
fissionable isotope z,*

i+g
y,(r) = spectrum of delayed neutrons due to fission of isotope 1

E'
$ (r) = forward steady-state flux of neutron energy group g'.

If the prompt-neutron spectra X is used in the delayed-neutron
equations, then the effective broad group, none-dependent delayed-neutron
fractions for cach of the fissionable isotopes a are given by:

C L i'8 8 8 i 3

6,I(sone) = y (r) VIg (r) $ (r) S (r)d r
effective zone g=L i=Lg g

(C-3)
U U,* g g g g, g,

3X (r) VIg (r) $ (r) d r
,

sone g=L g"=L og g

_____-_______-____-_-_-_______________-_--__-_-___________________-_A
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'
where-

G an'd_G' are the broad energy groups, *

.-
'

.
,

g and g',are the fine energy groups,.

z is fissionable isotope z.

The effective broad-group zone-dependent neutron spectrun: is given by:

G G G' 3X (zone) = ,

x (,) g_ g i(r) vI
g

r)$,8(r)d rg

z g=L g"=L , i=1zone G G
,

G '

3

.

6 (r) VI (r) (E(r)d rI-

* E i"Izone G (C-4)
-

2. If the delayed neutron spectra y are used in the delayed neutron
equations, (see, Appendix B) then the broad-group, zone-dependent delayed
neutron fractions for each of the fissionable isotopes z, using forward
flux weighting, are given by:

I I4~ I G i+g 8 g i

8 (zone) * Y 7 Y,(r) vIf (r) (,(r) 8,(r)d r3=

z- z L z,

i" I E" G (C-5)zone

The broad-group zone-dependent prompt neutron spectra, using forward flux
,

weighting; are given by Eq. C-4.
.

Thefine-groupdelayed-neutronparametersY,4(r),8,i(r)andA,i(r)
'

i

for the differant fissionable isotopes (235 , 238 , 239
~

U U Pu, Pu) were241

.
,
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obtained from ENDF/B-V point data files. The point data were transformed
into the 27-neutron-energy-group structure (see Table C-1) using the

*

RSDELAY module of JPLCYCLE.1 The fine-group-dependent delayed-neutron

parameters were then added into the 27-neutron-energy-group AMPX " Master.

Cross-Section File" structure using the CLAROL module of AMPX.2 Since

240Pu and 242Pu were avail-no point data for the delayed parameters of

able in the ENDF/B-V files, they were taken to be the same as the 239Pu
delayed parameters.

I
1

The delayed-neutron parameters were then cell- or zone-weighted (at
the same time as the cross sections) using the revised version of the

XSDRN module of SCALE. The two approaches'were implemented in this
version.

;

!
!

; The broad-group weighted neutron spectrum and delayed parameters of
' '

the second approach were used in all calculations of the space , energy-
and frequency-dependent weighting factors (Eqs. C-5 and C-6). Several'

,

calculations were also performed using the first approach and were com-
pared with the second one. The difference in the weighting factors was
less than 4% at a frequency of 3 cycles /s.

1.3 GENERATION OF THE CROSS SECTIONS FOR THE BPR

Based on the number and on the location of the BPR, the fuel assemb-
lies containing BPRs can be subdivided into five different types: fuel
assemblies of type I containing 10, 12, or 16 BPRs; and fuel assemblies
of type 2 containing 16 or 20 BPRs.

Two different sets of BPR cross sections were generated, one for the
BPRs of type 1 fuel assemblies containing 16 BPRs, and one for the BPRs

.

of type 2 fuel assemblies containing 16 BPRs. The type 1 BPR cross sec-
tions were then used for the BPRs in the type 1 fuel assemblies contain--

ing 10, 12 or 16 BPRs; and the type 2 BPR cross sections were used for
the BPRs and the type 2 fuel assemblies containing 16 or 20 BPRs.t

i

t
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The following calculational sequence was performed to obtain each
set of BPR cross sections:

.

For a BPR cell surrounded by a homogenized type 1 or 2 fuel mixture, .

'
multigroup one-dimensional S P discrete ordinates transport calculations83
were performed in cylindrical geometry, followed by a spatial weighting
of the cross sections over the cell. A 27-neutron-group BPR cell-

weighted cross-section library was thus created. In addition, a cell-

! weighted collapse of the BPR cell to 3 broad-energy-groups was done in
order to generate a 3 broad-energy-group weighted cross-section library
for the BPRs and the surrounding water. The BPRs used in the calcula-
tions were of the " dry" variety. The BPR cell and surrounding homoge-
nized fuel had reflective boundary conditions.

! The following materials and dimensions were used in the generation
'

of the BPR cross sections: vacuum with an OD of 0.1685 in.; SS-304 inner'

tube with an OD of 0.1805 in. and a wall thickness of 0.006 in.; boro- ,

siliate glass (B 0 in glass) in an annualar form, with a boron loading23
of 0.00042 lb B10 per foot of rod; outer SS-304 tube with an OD of
0.381 in., and a wall thickness of 0.0185 in.; H O at 570*F and 2235 psi

2

with soluble boron and an OD of 0.418 in.; Zircaloy-4 guide tube of

0.482 in. OD; H O at 570*F and 2235 psi, containing the appropriate (cal-2

culated) content of soluble boron, and with an outer diameter chosen such

that the H 0/BPR volumetric ratio was conserved; homogenized fuel-clad-
2

water mixture with an outer diameter such that the fuel-rod-c. ell /BPR-cell
volumetric ratio in the fuel assembly was conserved.

,

!
t

The cross sections for the homogenized fuel-clad-water mixtures were

. obtained from the 27-neutron-group fuel-rod-cell spatial-weighted library

for fuel assembly types 1, and 2 (see Sect. C.I.1). The 27-neutron-group
,

cross sections for the other materials (BPR cladding borosilicate glass, .

water and soluble boron) were obtained from the 27-neutron-group ENDF/B-V
.

AMPX master libraries and treatment through the NITAWL module. - The two-

sets of BPR cross sections were merged using the AWL module of AMPX.

,

,

, -- ----e , e o- e -- oyw r- e, e. ,,,mw~,p-m e,-m,, <, y,w-ms-~.e, r e -w---,reme-- n rv--,m-m-n- gen-,--.-,--emm--nw-wee-A we up



. - -- . - _

79
1

!

1.4 GENERATION OF THE CROSS SECTIONS FOR THE WATERHOLES .

'' The following calculational sequence was performed in the generation
of the cross sections for the waterholes of the three different types of,

fuel assemblies:

For a waterhole cell surrounded by homogenized fuel mixture of type
1, 2, or 3, a multigroup one-dimensional S P discrete ordinates trans-83

port calculation was performed in cylindrical geometry, followed by a
spatial weighting of the cross sections over the waterhole cell. . A 27-
neutron-group waterhole cell-weighted cross-section library was thus
created. In addition, a cell-weighted collapse of the BPR cell to three

broad energy groups was also performed in order to generate a three
broad-energy-group weighted cross-section library for the waterholes.

'

The following materials and dimensions were used in the generation

of the waterhole cross sections: H O at 570'F and 2235 psi, containing.

2,

soluble boron and with an OD of 0.450 in.; Zircaloy-4 guide tube,
0.482 in. OD; H O at 570*F and 2235 psi, containing the appropriate

2

(calculated) content of soluble. boron and with an outer diameter of
0.560 in.; homogenized fuel-clad-water mixture of type 1, 2, or 3 with an

outer diameter such that the fuel-rod-cell /waterhole volumetric ratio in
the fuel assembly was conserved (e.g., 25 waterholes per type 1 fuel
assembly). The different sets of waterhole cross sections were merged
using the AWL module of AMPX.

1.5 GENERATION OF THE CROSS SECTIONS FOR THE EX-CORE MATERIALS

The following calculational sequence was performed on the generation
of the zone-dependent and collapsed cross sections for the different ex-

core regions. These ex-core regions were the core liner, water-steel. .

reflector, core barrel, water gap, thermal shield, downconer, reactor
.

vessel, and biological shield.

: i

,

t

W

0

, _ , _ , , . . . ~ . . - . . . . c..-..,.,-. , , , - . .y . , . , , . _. . . . - , - ~ _ . , , , , . . , , _ , . .



80i

A one-dimensional S P discrete ordinates transport eigenvalue cal-83
culation was performed in cylindrical geometry using the cell-weighted

.

27-neutron-group libraries previously created. This was followed by a

zone-weighted collapse of the cross sections and of the neutron veloci- *

ties in the ex-core regions from 27-neutron-energy groups to three broad

groups, using the revised version of XSDRN.

The following materials, dimensions, and cross-section libraries .

'

were used in the generation of the ex-core region cross sections. The

checkerboard pattern of the different types of fuel assemblies in the

core was simuleted with different concentric cylinders containing homoge-

nized fuel assemblies, each with a thickness of 8.466 in. The homoge-

nized number densities (HND) were based on 264 fuel rods per assembly.

! Starting from the center of the core, the HND of the fuel assemblies were

based on: type 3 fuel assembly with 25 waterholes; type 2 with 20 BPR
,

j and 9 waterholes; type 3 with 25 waterholes; type 2 with 16 BPR and 9
waterholes; type 3 with 25 waterholes; type I with 10 BPR and 15 '

waterholes.

For each of the zones, the 27-neutron-energy-group cell-weighted
cross-section libraries for the fuel rod cell, BPR cell and waterhole

;- cell were used. The generation of these weighted libraries was described
in previous sections.

4

The following materials and dimensions were used outside the core:
core liner, 0.75 in. thick; water-steel reflector with 10% steel and

water at 570*F and 2235 pai, with the appropriate amount of soluble boron
and 148 in. OD; core barrel, carbon steel, 2.25 in. thick and 152.5 in.

OD; water gap, 3 in, thick, 158.5 in. OD, containing H O with soIluble2
* boron; thermal shield, 2.75 in. thick, 164 in. OD and carbon steel; down-

.

comer, 4.5 in. thick, 172.5 in. OD, containing H O with soluble boron;2

reactor vessel, 8.375 in. thick, 189.75 in. OD and carbon steel; air gap, -

10 in, thick; biological shield, 11.625 in. thick, 233.0 in. OD and Oak

Ridge concrete. For the ex-core regions, the 27-neutron-energy-group

._ ,._. _ _ __. _ __ - . ~ _ _ . _ . _ _ . _ _ _ - . _ _ _ . . . _ . _ . _ _ _ . _ . . . _ _ - . -



_ _ _

81

AMPX master cross section files were used. The resonance calculations
were performed with the NITAWL module of SCALE.

.

, .A one-dimensional S P discrete ordinates transport eigenvalue cal-83
culation for the core and ex-core regions, using the revised version of
the XSDRN module.of SCALE, was performed in order to-generate 27-neutron-

group fluxes. A zone-weighted collapse of the ex-core material cross
sections and neutron group velocities to three broad-energy-groups was
then performed using this revised XSDRN module.

These zone-weighted collapsed cross sections for the ex-core regions
were merged with the cell-weighted collapsed cross sections for the fuel-

4

rod cells, BPR cells and waterhole cells, using the AWL module of AMPX.
This merged cross-section library was then converted into a CCCC-
compatible (DOE Committee on Computer Code Coordination) nuclide-ordered

* ISOTXS aultigroup cross-section file, using a revised version of the;

CONTAC module of AMPX. This nuclide-ordered cross section file was then,

converted to an energy-group-ordered GRUPXS file using the CROSPROS mod-
ule of BOLDVENTURE.4

The individual energy releases for the various neutronic reactions
(e.g., n-y, n-f) in each isotope were specifically taken into account in

the calculations of the reactor power. Values of 194.0, 198.1, 200.0,
and 202 MeV/ fission were used for 235 , 238U, 239Pu, andU 241Pu
respectively.9

2. MULTI-DIMENSIONAL REACTOR CORE CALCULATIONS AND FUEL DEPLETION

~The reactor core calculations (k,ff, soluble boron concentration
searches) were performed using the. VENTNEUT neutronics module of BOLD-

VENTURE.4 The diffusion calculations were performed in the xy geometry.,

The depletion calculations were performed with the BURNER module of BOLD-
'

VENTURE, using a total of 50 isotopes on the depletion chains. The first
core cycle was subdivided into 7 depletion time steps. At each depletion
time step, a soluble boron concentration search was performed. The cross

.

sections were updated at every other depletion time step.

.

)
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4

Since the generation of the cross sections for the core and ex-core

regions depends on the amount of soluble boron in the water, an iteration
*

was performed at the initial time step. This iteration step included
;

generation of the cross sections and a soluble boron search until the .

change in soluble boron concentration was less than 1%..
.j-

Figure C-3 displays the flow diagram for the multidimensional
'steady-state neutronics, depletion, soluble boron searches, control rod

positioning, and burnup-dependent cross-section calculations.-

1.

In~crder to reduce computer time requirements, the steady-state

i neutronics analyses were performed using a quarter-core geometry with two

i reflective boundaries and two zero boundaries. The reactor fuel region

was surrounded by a reflector approximately 8 in. thick containing water

! at 570*F and 2235 psi, an appropriate amount (calculated through a criti-
,

cality search) of soluble boron, and approximately 10% steel. The fuel

depletion calculations were performed using a 1/8-core geometry. .

The neutronics calculations were performed for a core containing BPRs and

for a core where the BPRs were replaced with waterholes. In all of the

calculations at hot-full power (HFP), all regulating control rods were in
'

'

i a fully withdrawn position.
'

:
!

Figure C-4' displays the results of the soluble boron searches as a,

| function of fuel exposure time in full power-days (FPD), with and without

! BPRs.

!

.

6

!

,
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