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ABSTRACT

A method was dewlcped for inference of core barrel suetion from the
following statistical descriptors: cross-power spectral deasity, auto-
powver spectral deasity, and amplitude probability density. To quantify
the core barrel motion in a typical pressurized water reactor (FiR). a
scale factor was calculated in both me- and two-dimensional geowmetries
using forwvard, variational, and perturbation methods of discrete crdinates
neutron transport. A procedure for selection of the proper frequency band
limits for the statistical descriptors was developad.

We found that although perturbation thcory is adequate for the cal-
culation of the scale factor, two-dimensional geometric effects are impor-
tant enough to rule out the use of a onre-dimensional approximation for all
but the crudest calculations. #e also found that contributions of gasma
rays can be ignored and that the results are relatively insensitive to the
cross-section set employed.

The proper frequency band for the statistical descriptors is con-
veniently determined from the coherence and phase information from two
ex-core pover range neutron monitors positioned diametrically across the
reactor vessel. Corre barrel moticn can then be quantified from the inte-
gral of the band-limited cross-power spectral density of two diametrically
opposed ex-cor» monitors or, if the coherence between the pair is 0.7,
from a properly band-limited amplitude probability Jensity function.
Wide-band amplitude probability density functions were demonstrated to

yield erroneous estimates for the magnitude of core barrel motion.
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1. INTRUDUCTION

The wri'olology of inferring the magnitude of core support barrel
sovement in a pressurized vater reactor (PUR) from statistical descrip-
tors vas developed and systematicaliy amalyzed. Such techriques and
auserical values based on noise analysis of ex-core power range channel
signals are of jreat interest to PUR manufacturers! and to the Muclear
Regulatory Commission (MMC)2 because this methodology enables nonperturba-
tive in-service monitoring for excessive mechanical motion of the reactor
core support barrel, vhich might be indicative of degraded structural
integrity. Bominally, using statistical analvsis techniques, one obtains
either amplitude probability density (APD) functions or normalized power
spectral density (NPSD) functions from the fluctuating component of the
signal from ex-core power range channels. A scale factor is calculated
to convert these statistical descriptors into core barrel motion. How—
ever, there are potential pitfalls that can lead to serious error,
especially underestimation of the core barrel motion, that is, pitfalls
due to one-dimensionsl calculations and insuificient bandlimicing in the
msnner in vhich the APDs or NPSDs are constructed and the manner in which
the scale factor is obtained. For this reason, the authors critically
analyzed both the procedures used in calculating the scale factor and

the selection of the proper band limits of the spectral density data.
4. BACKGROUND OF PROBLEM

This work was done at the specific request of the Division of
Operating Reactors of the U.S. Nuclear Regulatory Commission. Among

other things, this Division (1) establishes "branch positions” regarding
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the manner in vhich ~ertain safety-related cperatiocasl problems will he
handled, and (2) reviews requests from licensees (utilities) who seck te
change the manrer in wvhich they acquire and report certain safety-rei.ted
rlant data and to modify established operating practices. The work
described in this report relates to bot: fum-tions.

Excessive core barrel motion is judged a potential safety probl-m
for Plks. Momitoring the signals frox existing ex-core neutron detecors
is 2 simple and nonperturbative mrans of ensuring continued mechanical
integrity of the pressure vessel intemals. However, if munitoring is %o
be effective, the MR plant operator must not only monitor the signals
for changes in character over the plant’s operating life, but the operator
must also be able to infer the magnitude of the structural movement implied
by the signal received so tha. mechanical engineers can decide whether the
movement is acceptable from a structural fatigue point of view. The scale
factor (SF) is the value that relates structural movement to the signals
procduced by ex-core cetectors; hence, it is important to be able teo place
confidence in this number, which is not readily obtained experimentally
(hence by calculation). This paper describes how to perform such calcu-
lation, including the many pitfalls.

Most attempts to date by reactor vendors to calculate SF values have
neglected important effects, and, ar a result, these values have been in
error in the nonconservative direction, i.e., they underpredicted the
amount of core barrel motion. For this reason, this methodology was de-
veloped and this document was prepared for the NRC to use in reviewing

licensee proposals and to establish their branch position on this matter.
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These issues ¢ very important to the reactor industry and to thae
ARC, bevause the vcvnusics are large: to shul down one plant for one
day as a result of suspected abnormal core barrel awtion would cost a

utility $300-500 thousand for replacement power.

3. CQURE SUPPORT BARREL MOTION IN A FUR

The core in a MR is supported by a core support barrel which is,
in turn, supported bv the reactor pressure vessel (hereafter referred to
as core barrel and pressure wvessel, respectively) at the vess=l head
(Fig. 1). The pressure vessel is supported by pads on the building
foundation. Coolant flow enters the pressure vessel horizontally through

four inlet nozzles (90° separation) at an elevation above the reactor

core. The core barrel turns the coolant fivw downward to the inlet plenum

below the rote. The coolant flows upward through the core and 2xits
through two nozzles that penetrate the core barrel at nominally the same
elevation as the inlet nozzles. (Figure 2 is a cross-sectional view of
the pressure vessel at the flow entrance-exit elevation.)

From consfideration of the way the core barrel is supported and the
hydraul ic forces on the pressure vessel at *he inlet nozzles (Figs. 1
and 2), it is plausible that the core barrel will tend to move as a
pendulum. If the core barrel does execute such 3 motion, then the fnrce
will be transmitted (as pointed out by Oesterle et al.3) to the pressure
vessel which rests on building foundation pads (Fig. 1). Thus, the
pressure vessel could also move as a pendulum. The net effect would be

a double pendulum motfion, as indicated in Fig. 1.
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It has been verified experimentally! that the core barrel does move
at a frequency near its natural resonant frequency, which, typically, is
from 4 to 12 Hz. The specific resonant frequenrcy depends on the barrel
clampirg force and other factors that can vary from wnit to unit.

To monitor core barrel moticn during normal plant operations, one
can statistically analyze (e.g., correlation or spectral density functions)
the fluctuating component of signals from ex-core, power-range ionization
chambers. These chambers are outride the pressure vessel at the inierior
biological shield interface, or are slightly inside the piclogical shield
{Fig. 2).

A notmally c<lamped core barrel will wmove (as will be shown later)

a fev mils. The rrsponse in the ex-core detector signals will be small
relative to the mean response (about 10 ° relative change in detector
response to 1 mil of motion of the core barrel). This relative change
will vary with time at a rate (typically, at a few Hertz) determined by
the motion of the core barrel. Thus, by utilizing two neutron detectors
positioned diametrically across he core from each other and by analyzing
the cross-power spectral data from the detectors, one could extract the
common cowmponent (induced by core motion) from the uncommon components
of the fluctuating signals. With this method of statistical analysis,
it would not be difficult to measure that part of the detector (ioniza-
tion chamber) signal which is due to core barrel motion. The amount

of core barrel motion could then be determined by applying a scale fac-
tor which would cunvert the detector response to mils of motion. For
example, if AD/D represents the fractional detector response induced by

core barrel motion and SF the scale factor In units of fractional detector
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response per mil, then motion (mils) = (1/SF)(AD/D). Furthermore, for
the small wovewments 1<50C mils) considered here, SF car be considered a

constant, i.e., independent of the actual magnitude of the motion.

4. ANALYTICAL DETER.'INATION OF THE SCALE FACTOR

4.1 Scope of the Problem

Iz is assumed at this point (expanded upcn later in this report)
that one can extract that portfion of the detector response induced by
corc barrel motion. Thus, the problem is: Given the fracti:'n of the
detector response to core barrel motion, what is the mntion in mils
(0.00% in.) of the core barrel?

The mean displacement of the core barrcl is zero; rherefore, we are
concerned with an oscillatory tvpe of displacement. The time constant
characterizing core barrel motion is large (milliseconds) relative to
the mean lifetime of the neutrons (microseconds). Hence, even though
the problem is inherently a dynamic one, we can assume a2 quasiequilibrium
state for the flux field, {.e., we can use static (steady-state) calcu-
lational techniques.

The amount of displacement of the core is necessarily small (there
are physical constraints); therefore, the fractional change in detector
response will be small. Hence, we must ensurz adequate convergence of
calculat fonzl techuiques that rely on differences betw2en large numbers
to obtain small numbers.

The power rang: neutrnn detectors are often located in air between
the pressure vessel and the bic logical shield. Hence, tramsport theory

must be used since diffusion theory is not applicable in a low-density



medium. The transport model complexity relative to streaming and tae
geometrical complexity must be verified.

Since the amount of core barrel motion is small, the use vf pertur-
bation theory should be considered; remembering, however, that since the
actual perturbation is localized, the results obtained using perturbation
theory sust be demonstrated to be acceptable.

The perturbation is due to changes of the water gap thickness (shield)
between the source (rvactor core) and the detector. Physically, the wmove-
ment of the core barrel within the pressure vessel causes the water thick-
ness in the downcomer region to change. Basically, the SF calculation can
be treated as a shielding problem, i.e., as a nonmultiplying (no fission)
medium with a source (taken to he the mean power density within the core).
This procedure reluces the calculation difficulties considerably.

The basic guidelines to be followed in the calculations, if possible,

are:

1. use existing transport theory ccdes,
2. use curreant cross-section sets that are widely accepted and have
been demonstrated to be adequate for shielding calculations,

3. avoid excessive complexity in the transport theory calculations.

4.2 Development of Theoretical ifodel
The general steady-stacte neutron transport equation for a critical

systom is
@ ¢ 9 &(r,E,R) + o(r,E) ¢(r,E,0) =
fdﬁ‘/dz‘ a'(?‘.z‘:’z‘»zﬁ) #(T,E*,°)

+ E{_Elfdn’f dz‘ v df(;.!‘,a‘) ’(;,E‘.ﬁ‘),



where the nonmenclature is that used in the literature.® For our problem,
the power distribution is assumed to b¢ known throughout the core, and we
are concemned with finding the flux disctribution throughout phase space

resulting from this powe: dis’ribution. Thus, we introduce a source as
S(r.E,0) = 5{—? fdﬁ‘ faz' v of(?.s’.ﬁ') #(F,E°,20) ,
and then solve the noamultiplying sedium problem deiined by
2 - 7 #(r,e,2) + 9(r,E) ¢(r,E,D) =
fdﬁ‘ de’ o (", ETR°-ED) #(r,E",2°) + S(T,E,D) . §))

Having the solution to Eq. (1), we can express the effect of interest

(reaction rate in the detector) by
D= fd? j:n: fdﬁ 0 4(F.E} 4(F,E,D) . (2)
v
d

For simplicity, we introduce an operator P(;.E.ﬁ) so that

Eq. (1) can be vritten as
Pe=S, (3)

vhere the independent variables have been dropped. We proceed by idernti-
fying the reference (R) state as the core barrel hanging in its normal
position. We Identify the operator defined by this state as Pl; then

the transport equation for the reference state is written as

Ron-s. (4)



10

The reaction rate in the detector at this reference state i.sa
D. = <g d 0‘> . (5)

Next, ve define the perturbed (prime) state to be the core barrel dis-

placed relative to its normal position, and we ideatify the operstor as

P’ for this perturbed state. Then we vriteb

PPe"=s (6)

D’ = S AL (n

At this poinz, it is advantageous to introduce a functional F, an
importance function ¢*, and sn adjoint operator P#. We choose a func-

tional F defined by
F=co, 9>~ <o%, Py -S> . (8

1f the operator P is taken to be P°, and ¢ the ¢  of the perturbed state
[Eq. (7)), then F is the expected reaction rate of the detector at the
perturbed state. The P* is taken to be the operator adjoint to P, i.e.,
P* is defined by"

PR, PP> = <), Phes> (9)

a‘l'hc symbol < > ig used to indicate integration over phase space.

b It is assumed that the source (power distribution within the core)
is the same for both states.
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The importance ¢* is the solution to
Ph g% = a, - (10)
Then an equivalent expression for F is
F=<g S - <¢, Pt ’*-.d) . (11)

Again, if P of Eq. (8) is P°, then P* would be the adjoint operator
corresponding to the perturbed state. Furthermore, ¢* [the solution to
Eg. (10)] would be the importance function for the detector correspond-
ing to the perturbed state. Obviously, F of Eqgs. (8) and (11) are the
same; therefore, for the state at which the operators are defined, we

have
Daf.(od’>.<.ﬁs>, (12)

The scale factor SF Is obtained from

ip, - 0|
s""‘l‘r—L- (1%
R

where Dl is the reaction rate of the detector for a 1-mil displacement
of the core barrel, and Dlt is the reaction rate =t the reference state.
As suggested by Eq. (12), there is more than one way to cospute SF.

In fact, four methods have been pursued herein.

1. forward direct method,
2. adjc'nt direct method,
3. adjoint difference method,

4. adjoint difference approximate method.



12

Tte use of multimethods was coasidered to be necessary to verify various
aszumpt ions vhich had to be made. The assumptions vwill be identified at

the appropriate place wnder the discussion of each method.

6.2.1 Forwerd Direct Method

This is the obvsicus method, namely, solve the forward (ramsport
equation [Eqs. (&) amd (6)) for the reference and perturbed fluxes. From
this, coastruct the corresponding detector reaction rate [Eqs. (5) and

(7)) and then ST, i.e.,
ST~ [, 97> - <o, 0] oo, 0p - (14)

The difficulty arises in obtaining the aumerator im Eq. (13), which
relies oa 2 smsll difference between nearly equal nuwbers to obtain a

3 to 10") for a 1-mil core barrel motion. Accordingly,

scale factor (10
the tramsport equations must be sclved to a high degree of accuracy or
the flux (tight convergence criteria) if the numerator of Eq. (14) is

to be significant. In fact, wve found it impractical to estimate SF from
Eg. (14) for only 1-mil core barrel displacement. The procedure we were
forced to adopt was to solve the transport equation for a larger core
barrel displacement (100 mils was the lower practical limit) and then to
assume that SF (on a per mil basis) is independent of displacement by
dividing the result of Eq. (14) by the core displacement actually used.

To establish confidence in the SF values calculated using the forward
direct method, we must assure convergence of the solution to the transport
equation snd verify the sssumption that S¥ (on s per mil basis) is inde-
pendent of displacesent. Convergence vas assured by (a) changing the

convergence criteris, (b) changing mesh spacing, and (c) cslculating SF
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using alternative formulas (described below). The assumption that the
SF is essentially independent of displacement vp ro 500 mils vas checked

using alternative formulas.

4.2.2 AMjoint Direct Msthod

This method requires solution of the adjoint equations

A a
" %" 5)

| o Y -o‘.

®
vhere ’l is the adjoint operator for the reference state, and P*° fi3 the

adjoint operator for the perturbed state. The SF is constructed from

j<or” 8> - <.: $>|

SF = ’ (16)

A<o s>
R
vhere A is the number of mils the core barrel is displaced in the per-
turbed state relstive to the reference state.

The primary objectives of the adjoint direct method sre (a) to
establish confidence in the adequate conwvergence of the various methods
through redundancy, and (b) to obtain the importance functions for use
in the adjoint difference method and adjoint difference spproximate
methnd.

4.2.3 Mioint Difference Method

We introduce a difference flux §¢ as

UL RN S an
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and a difference operator as
&P =P - P. . (1%)

To obtain the tramsport equation for the 2ifference flux, we postulate
that 0. snd SP are knmown. Then we subtract the reference forward

equation [Eq. (4)] from the perturbed forward equation [Eq. (6)]. The
result is

Prée=0q, (19)
where Q is a source term constructed from

Q=- 8 4 - {(20)
Of courze, SF can then be constructed from

SF = <o, 8>/(A < o ) - (21)

vhere A is the same as in Eq. (16).

Since the source Q in Eq. (20) can be positive and negative, some
difficulty may be experienced in numerically obtaining §¢; therefore,
we consider an alternative calculation. We introduce the functional &F

as
&y ® <o, 8> - <¢n, PSo - Q> . (22)
An equivalent expression for 4F is

§F = <Q ¢*> - <8¢y, P* % - o4 - (23)



If we choose P to be P° and 4¢ to be the solution to Eq. (19), then
3F of Eq. (22) is the numerator of Eq. (21). Correspondingly, we choose

P of Eq. (23) to be P*° and ¢* to be the solution to

PE™ 4" = . )
4 od (24)

Then SF can be obtained from

sf..L‘g_ff_'ll..b_Q_i‘f_’l.. (25)

®
A<od Ql> A<S ..>

Equation (25) is the adjoint difference method for computation of SF.
The adjoint function ¢2° of Eq. (24) is the same function as that used
in the previous methods, i.e., it is the solution to the perturbed state
importance (or adjoint) equation.

The advantage of using the adjoint difference method relative to the
previously discussed methods is that one is not required to take the dif-
ference in computed state variables (¢~ and 0‘). Therefore, the conver-

gence requirements are expected to be somewhat less.

4.2.4 Mjoint Difference Approximate Merhod

For this method, we expand th2 importance function for the pertuibc

state {solution to Eq. (24)] to
'y
"= “wt Sor , (26)

'Y
vhere ’R is the solution io the importance equation at the reference

state, i.e., the solution to

* =N
PR .R'ad . (27)
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We substitute Eq. (26) into Eq. (25) and ignore second-order terms

(Q itself is first order) to obtain

*
[<Q op|

SF = —X _
A<oy &>

. (28)
Equation (28) is equivalent to linear perturbation theory.>d

The varisbles in Eq. (28), that is, the ¢, (in Q) and ¢5. are solu-
tioas to the reference state equations. Since the perturbed state appears
only in the operator Lerm 8P, any size of perturbation can be considered
in the solution to this equatiom. Ia particular, the assumption employed
in the direct methods that the SF is independent of the core barrel dis-
placemeat caa be checked by employing the adjoint difference approximate

method.

4.3 Calculational Model

The problem is to compute the reaction rate in the ex-core foniza-
tion chambers (Fig. 2) for the conditions of the core barrel in both its
reference position and a slightly displaced position. The reactor is
assumed to be operating at comstant power with a known power distribution.
The core barrel will move inside the pressure vessel, varying the thick-
ness of wvater in the annulus between the core barrel and the pressure
vessel and, therefore, the amount of shielding between the core (source)
and the ex-core ionization chamber.

To explicitly model the geometric complexity of the core barre] dis-
placed relative to its center would require excessive computation time;

therefore, ve chose to simulate core barrel displacement by varying the
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dens ity of the water berveen the core barrel and the pressure vessel
(this is mathematically equivalent if the density is varied such that
the number of mean free paths traversed by the aseutrons is the same as
would be the case if the core barrel were actually displaced).

The power distribution (spatial source distribution) used for the
calculations wvas taken to be that of a typical PR (reproduced in the
Appendix, Fig. 12). The energy distribution of the source was assumed
to be the fission spectrum. The solutions to the neutron transport
equations wvere obtained using mulcigroup discrete ordinates" codes, in
particular, ANISN® and DOT’ for one-dimensional and for two-dimensional
calculations, respectively. The reference (standard) cross-section set
used was a P-1, 22-neutron—18-gamma group coupled sec? obtained from
the Radiation Safety Information Center (RSIC) at the Oak Ridge National
Laboratory. An altemative set of cross sections was used for verifica-
tion purposes, the l16-group Hansen and Roach? set originated by the Los
Alamos Scientific Laboratory and distributed by RSIC. The angular quad-
rature set corresponded to an S 4 calculation in both the one-dimensional
(cylindrical) and two-dimensional (R-6) geometries. Calculations were
made to check the adequacy of these quadrature sets: 516 calculations
in the one-dimensional and 56 calculations in the two-dimensional
geometries.

Pigure 3 is a diagram of the one-dimensional (cylindrical geometry)
model. The materials used in each zone, the number densities, and the
mesh spacing are listed in the Appendix, Table 5. The amount of biologi-
cal shield in the model was chosen to be 3~4 neutron migration lengths

because this adequately represents an infinite shield. The source for
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the forward calculations was distributed throughout the core zone. The
source for the adjoint calculation was at the air-biological shield inter-
face. A vacuum boundary condition was employed at the outer edge of the
biological shield.

Figure &4 is a diagram of the two-dimensional model. The materials
in each zone and radial mesh spacing were the same as used in the one-
dimensional model. Sixty equal 30 spacings were used in the half-cylinder
shown in Fig. 4. Vacuum boundary conditions were used at the outer edge
of the biological shield, and symmetric boundary conditions were employed
sbout the diameter.

The core carrel displacement was simulated as follows:

1. In the one-dimensional model, the density of the water in the gap
between the thermal shield and reactor vessel was changed to simu-

late an expansion (or contraction) of the entire core barrel.

2. In the two-dimensional model, the density of the water between the
thermal shield and reactor vessel in each 46 segment was changed
proportionately to simulate a simple displacement of the core barrel
in the X-direction. The source for the two-dimensional adjoint cal-
culation was located at the air-biological shield interface at an

angle 8 of 60°, weasured counterclockwise from the X-direction.
4.5 Results of Analytical Determination of SF

Unless otherwise indicaced, all results presented herein were

obtained using

1. the 22 neutron--18 gamma cross-section set described in rcf. 8,
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i. an S‘ qQuadrature set with P-1 scattering,

3. «ylindrical geometry for the one-dimensional calculations and R-9

geometry for the two-dimensional calculationms.

The result: for the one—dimensional calculations will be presented first,
followed by results from the two-dimensional analysis and, finally, by

conclusions and recommendations relative to the analytical results.

4.4.1 Results from One-Dimensional Analysis

*
The solution to the appropriate transport equation “l' ¢, 0.. or
¢*°) was computed using the discrete ordinates code ARISN® and stored on
tape for further processing. The equation to be solved in each method

is the folloving.

1. Forward Direct Method:

|<od > - <ad Ql>|

SF =
A <ag >

’ (29)

where A is the core barrel displacement in mils used for thz perturbed

state.

2. Adjoint Direct Method:

®
|<¢n” s> - <§R S>|
SF = - - ’ (30)
A 4, S

where S is the source used for the fotward transport equation.
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3. Adjoint Difference Method:

< ®7>

SF = o (31)

vhere Q is defined previously (Eq. 20).

4. Adjoint Difference Approximate Method:

| 'l
< >
l<Q ¢
A <o

SF = 32)

Y
The phase space integrals in the forward direct and adjoint direct
methods are straightforward; hence, a simple program was written to
carry out those fntegrals. The integrals in the adjoint difference and
the adjoint difference approximate methods are somewhat more difficule,

i.e.,
<@ 40| = f<os &P 4] . (3%

Since the integral in Eq. (33) is the same type as carried out by the
SWANLAKE !9 code, this code was used for the adjoint difference and the
adjoint difference approximate calculations.
The results obtained by the fnur methods are listed in Table 1.

The forward direct, adjoint direct, and adjoint difference methods all
were calculated using a core barrel displacement of 500 mils (that is,

by chauging the water gap number density, the outer radius of the thermal
shield was allowed to "expand” 500 mils), with the assumption that the
difference in detector response is linear with the core barrel displace-

ment so that the SF could be expressed on a "per mil” basis. The results
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obtained by the adjoint difference approaimate method were computed for
the same 500 mil displacement. Owing to its formulation as an expansion
about the reference stat:e, an assumption of linearity is inherent in this
method. Froa the close agreement of the results of this latter method
vith the other methods, we conclude that the linear approximation is

valid, at least for one—dimensional analysis.

Table 1. Analytical scale factor
from one-dimensional analysis

Scale Factor, SF

Hathod (2 per wil)
Forward Direct 0.041
Adjoint Direct 0.041
Adjoint Difference 0.040
Adjoinc Diffsrence Approximate 0.038

Many variations were made in the cne-dimensional analysis. The

isportant variaifons and conclusions are:

1. The SF w2s calculated with and without the effects of gasmas, but
there vas no cbservable effect due to gamsas; therefore, gammas can
be ignored in two-dimensional cases {..iis reduces the total number
of groups from 40 to 22).

2. Values of SF were calculated by changing the angular quadrature
from S, to S

4 16°
on the SF, so ve corclude that Sa is adequate.

The higher angular quadrature set had no effect
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3. The core barrel displacement was reduced from 500 to 100 mils. The
convergence requirements on the sclutions to the forward and adjoint
equations were stiffer, but the calculated SFs were essentially the
same as those in Table 1. It was obvious that core barrel displace-
ment mich less than 100 mils would be very expensive to analyze
because of the stringent convergence requirements on the solution
to the transport (forward and adjoint) equations.

4. The Bansen and Roach lé-neutron group, P-1 cross-section set? re-
placed the shielding 22-neutron--18-gamma group coupled set. In
general, the results for the SF uiih the 16-group set were 5 to 102
greater than the results in Table 1. We chose to use the results
from c¢he 22-neutron-—18-gamma group set because (a) the latter is
2 more recent set and was developed specifically for shielding
calculations, and (b) the .owver value of t.ie Sr is more conservative
relative to estimating an upper limit of core barrel motion fro.
spectral density measurements (illustrated in the next section).

S. The amount of boron in the water was varied to simulate core burnup

corditions. This had no significant effect on the SF.

4.4.2 Results from Two-Dimensional Analysis

The methods for this analysis are tiie same four that were used for
one-dimens ional analysis. The values of the SF calculated for an ex-corc
detector at 60° and a maximum displacement of 500 ails are listed in
Table 2. The two-dimernsional (R-0 geometry) transport equations were
solved using DOT:’7 (1) a flux tape was obtained from DOT; (2) a code
was written to evaluate the integrals of Eqs. (29) and (30); and (3) the

numerators of Eqs. (31) and (32) were calculated again using SWANLAKE,
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but an intermediate code VIP!! was required to couple the DOT output with

SUAKLAKE.

The source for the adjoint equation (detector) was arbitrarily chosen

to be at an angle © of 60° celative to the diameter along which the maxi-
mum core barrel displacement occurs (the X—direction). The mil unit used
in computing the SF (i.e., SF in percent per mil) refers to the maximum
displacement of the core barrel in this X-direction. Therefore, the SF
is dependent on the angle 6 at which the detector is located and will be
a maximum at 0°. However, it is to be expected *hat the maximum SF for
the two~dimensional case (0.016X per mil from Table 2) will be less than
that for the one-dimensional case (0.040X per mil from Table 1), since
the total geometrical perturbation induced is not as large in two disen-
sions. This is true because we must allow the entire core barrel to
expand as a cylinder in the one-dimensional analysis, wvhereas the two-
dimensional analysis allows us to simulat: the core barrel displacement
more realistically. In particular, if the water gap thickness between
the reactor core and an ex-core detector at one side of the core is re-
duced, there must realistically be a corr:sponding increase in the water
gsp thickness between the core and an ex-core detector at the opposite
side of the core, and two-dimensional analysis allows this requirement
to be met.

The results in Table 2 also show a larger discrepancy between the
SF calculated by the adjoint difference approximate method and the SFs
calculated in two dim:nsions by the other methods than is shown in
Table 1 for one-dimensional analysis. This suggests that the assumption
of linearity is less valid for two-dimensional analysis than for one-

dimensional analysis, which seems plausible. Of the values in Table 2,

L —
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we have greatest confidence in those calculated by the forward direct
and the adjoint difference approximate methods because they have the
tightest convergence. For small displacements (a few mils), we believe
the 0.0095 (~0.01) value in Table 2 is probably the more correct because
the "per mil™ value from the forward direct method was obtained by zssum-
ing that the SF is independent of displacement up to 500 mils, vhereas
the adjoint difference apprcximate method is constructed as an expansion

about the reference state and thus is inherently most accurate for smail

displacements.

Table 2. Analytical scale factor

from two-dimensiovnal analysis
Scale Factor, SF (2 per mil)

with Ex-Core Detector?!

Method at 0° ac 60°
Forward Direct 0.016 0.0075
Adjoint Direct - 0.0083
Adjoint Difference -- 0.0072
Adjoint Difference Approximate - 0.0095

TThe location of the ex-core detector was measured at an
angle relative to maximum core barrel displacement. Zero
degrees is along cthe direction of maximum displacement. The
detector is taken to be in the air at tne inner boundary of the
biological shield (Fig. 2).



The SF calculated by the forwvard direct method as a function of
i angle relative to the assumed direction of core barrel displacement is
presented in Fig. 5. The shaded area shows the dependence of SF on the
physicasl locatiom of the detector (see also Tig. 4), i.e., a location
slightly inside the biological shield (a design favored by some manu—
facturers) produces a greater SF than ome at the imner air-biclogical
shield interface. From Fig. 5, we can conclude that the SF for a detec-
tor located at 90° relative to the direction of motion is quite small
(approaching, but mot equal to, zero). Thus, once the preferred direc-
tiom of motion (vhich can be established either from ex~core detector
spectral data or from the physical layout of the core barrel, inlet and
exit coolant pipes) is establishe?, it is advantageous to choose ex-cor-
detectors that are as nearly parallel to the preferred direction of wmotion
as possible.

To assure the accuracy of the two-dimensional results, we took con-

siderable care in our calculations. The more significant steps were:

1. The order of the discrete ordinates approximation was verified by

repeating the analysis using an S_ quadrature set generated by

6
Simon'z for R-0 geometry. There was no significant change in

results over the conventional S, set used for the normsl calculations.

&
2. Mesh spacing in both the R and 6 directions was varied around the

detector, but this produced no significant change in the SF.

3. The DOT-VIP-SWANLAKE combination was applied to the one-dimensional
cylindrical problem solved previously with ANISN-SWANLAKE. The SF
values calculated using DOT-VIP-SWANLAKE were the same as those from

ANISH-SWANLAKE for this one-dimensional case. This gsve us further
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confidence in the correctness of our two-dimensional calculational

prncedures.

4.4.3 Conclusions and Recommendations Relative to the Analytical Results

From the results obtained by one- and two-dimensional analysis, we

draw the following general conclusions:

1. The practice of computing the SF using one-dimensional aualysis and
then assuming a "cosine” magnitude variation with the angular rota-
tion of the detectors relative to the preferred direction of dis-
placement is erroneous. The major problem is that the detector in
the air at the air-biological shield interface is affected by radi-
ation streaming out in regions where there is little perturbation;
this radiation is scattered to the detector (the problem is analo-
gous to "skyshine” in shadow shielding a target).

2. The forward direct method is avplicable to the c¢alculation of the
SF. To do this the core barrel must, because of calculational
difficulties, be displaced 100 to 500 mils; the SF¥ is computed by
sssuming that it is essentially independent of displacement. The
resulcs are a:ceptable.

3. The adjoint difference approximate method is acceptable and easily
applied once the forward and adjoint functions characteristic of

the reference state are available.

Our recommendation is to use the forward direct method ss a shield-
ing calculation for a core barrel displacement of 400 or 500 wmils; how-
ever, care should be taken t- assure convergence. Since we have not

explored the use of diffusion theory and the nature of the problem does



not lend itself to the assumptions of diffusion theory, we cannot recom-
wend its use. We conclude that the cross-section set (the P-1, 22-neutron
group—-18-gamma group coupled set obtained from RSIC) used in this work is
adequate; however, we cannot recommend that an angular approximation of

less than S4 be used, because we did not test such.
5. DETERMINATION OF CORE BARREL MOTION

In this section we illustrate the determination of core barrel
mot ion in mils using statistical descriptors and the SF. The reader is
referred to refs. 13-16 for detailed discussions of the various statis-
tical descriptors and tue methods of obtairing them. This section begins
with a2 minisal discussion of these descriptors to clarify their use for
the determination of core barrel motion. After this discussion, the

application is described, using experimental data.

5.1 Statistical Descriptors for Core Barrel Motion Determination
Electric current signals from ex-core fonization chambers with the
reactor at steady state power have been used to determine core barrel
mozion. The signals have a steady state (mean) value ; with a fluctuat-

i{ng component §1 about the mean, i.e.,
I(t) =1 + 8I(e) . (34)

The fluctuating component is produced Ly several driving functions, such
as reactivity fluctuations that cause power fluctuations, statistical
fluctuations of the reaction rate wichin the detector, and neutron trans-
mittance variations between the core and detector due to core barret

mot fon. Because cach fluctuating component is :imall, the system behaves



as a linear cystem, and the principle of superposition is valid. The
objective is to separate a component of interest (the component duc to
core barrel wotion) from the other components or 2lse to demonstrate
that the other components can be safely ignored.

The statistical descriptors for our purpose are the cross- and auto-
pover spectral densities and the amplitude probability density function.
Although, formally, spectral density functions can be defined as the
Fourier transform of the correlation functions,!3 it is convenient for
our purposes to construct the spectral density functions directly in the
frequency domain (the equivalence of two different methods for construc-
tion of the spectral density function i= proved in ref. 13).

We denote the fluctuat ing component of the signal from detector 1l as
5ll(t) = 511c(t) + 511°(t) + élln(t) ’ (35)

vhere Gllc is the component of the detector signal induced by core barrel

mot jon, &1

15 is the component due to reactivity fluctuation, and 5119 is
the fluctuation component due to statistical variations of the reaction

rate vithin the detector. Similarly for detector 2, we write

Glz(t) = Glzc(t) + 5lzp(t) + 51, _(¢) . (36)

2D

We obtain a record (an ensemble) of the fluctuating components of the
signal from each detector for a period of time T, then Fourier transform

®
each ensemble, and form the product” SLAD B1,(6), i.e.,

The superscript * signifies complex conjugate.
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\o

* * *
éll(f) 6!2(f) = JIlc(f) Glzc(f) + éllc(f) 5120(t)

® & x
z A A A H
!+ 1) (6) A1, (0) + 510 (6) AL, () + 817 (D) 1, (f)

E *
+ ul%\) S, () + 815 (F) 8L, _(0)
(IR Y
+ AR () S1. (Ddh 517 (f) 51.(f) (36)
Rl A1, I P -

The p@cedure is to take miav ensembles (sav J records, each of length
° »

1), rier transform eagh, form the conjugate rross product, and then

deternfine the average (ens;rble average) of the cross products. The

result will be the power spectral densitv (PSD) if detectors 1 and 2 are
physically the same detector:
PSD_(f 51* f) & 1t ;
= < A > « A
l( ) l( ) 'll(f) = ’llc(f) 51

lc(f)>

x *®
4 '] > ] £ -
+ <5Ilc(t) nl‘(f) + <€lm(f) lm(f)> an

The result will be the cross-power spectral density (CPSD) if the

detectors are,different:
SPSD S1T(F) <1 (E a¥ (f) 1, (f)
ot = < A =z «§ >
12( l( ) 12( y> 'lc( ) 2c(

$ T (D O, (0>, (38)

where < > repr'!cnts the ensemble average. The cross terms in
Eq. (37) [relative to Eq. (36)] are missing since those terms are

statistically independent and hence their epcombles average to zerce in




the limit. The last term in Eq. {37) is missing in Eq. (38) because the
statistical fluctuations in the reactice rztes of the diffizrent detectors
are uncorrelated.

The terms that make up Eq. (35) were mot intended to be all inclu-
sive. Therefore, there ray be more terms than shown in Eq. (37); however,
even if there were additional terms they would still not appear in
Eq. (38) unless the fluctuzrions appearing in the detector signals origi-
nated from a common source. They would appear in Eq. (37), however,
since the mean square of that fluctuating component would not be zero.

>
On this basis, it is instructive to consider the coherence y (f) given by

|crsnu(f)l2
#sD () PSD,(0) -

v = (39)

-

zero (no correlation between the two detectors) and unity (perfect cor-

From Eqs. (37) and (38), it is obvious that yz(f) is bounded between

relation betveen the fluctuating signals received by the two detectors).
Therefore, if there is a frequency range where most of the signals seen
by the two detectors are induced by a common czuse (barrel motion), the
coherence will be significant over that frequency range. Hence, the
coherence is a key statistical parameter in identifyirg the component
of interest in the detector signal, i.e., the component irduced by core
barrel motion (see Eq. (35)].

In addition to the coherence, the phase $#(f) asso~iated with the
CPSDlz(f) is also useful in identifying that ~omponent of the detector
signal induced by core barrel motion. To establish this, we assume that

the ex-core detectors are located on opposite sides of the reactor core.
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Thus, whenever the reactor core moves toward dete:ter 1, it mrnes awsy

from detector 2. Svebolically, we represent this as

(<3

S() - (T () - i1y

and
S(f) - 5T,(f) AL (f) ,

where S represents the rarying reactor source, and T represents the
varying neutron transmitzance from the cere to the detector output. wWe
write the deviation in transmittance le(f) as

v e 15

':Tl(l) = EA(T) o ; {50)

then ST (f) (which differs only in phase by 7 radians) can be vrittsn as

i7"
ST (f) = 2A(f) o . (+i)
Finally, the component of the CISD due to core barrel motion is

*
CP&DlZ(f) = <6llc(f) “2('“)>

b L -
=85 AT e AT (32)

Hence, the phases of the component of the CPSD (for two detectore josi-
tioned on opposite sides of the core and influenced by movemert orf -he

core barrel in a pendulim-mode motion) will be 180°,° In contrast to

:Highrrmmudc vibriations can lead te components in the C?SD with 0°
phase, but these will occar at higher ir-jucacies than the perdulum-mode
vibrations.



this, reactivity pertarbations will generally lead to components in the
CPSD that are in phase (i.c., the total power will ge cither up or down
simultaneocusly (:ross the entire core).

In summary, we use the coherence and phase of the CPSDlz(f) to
identify that frequency range over which the component of the CPSDlzif)
ateributsdble to core barrel motion is dominant. Once we have separated
out the core barrel motion component, we proceed to gnantifyv the motion,
as discussed below.

It is usetful at this point to consider an alternative formulation
of the cross-spectral density function, i.e., the cross-power spectral
density computed from the Fourier transform of the crosvs-correlation

function C, (1), where

12

T/2
Cl7(r) = Lim;::/ Ml(t + 1) ﬁl,,(t) dt . (43)

= Ly

Thus
oS
CPSD, (f) = C..(1) =2 jft dr (44)
12 12t e :

From Eq. (45,, we note that the variance between detectors 1 and 2 is

given by the cross-cerrelation function at z»ro lag, i.e.,

R
11‘2 = Clz(O) . (l‘s)
Hence,
+lh
2 P f) df (45)
U / cPsb, (1) df ?

-
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from Eq. (43). Horeover, i?! we assume that we have isolated, by careful

selection of the trequency band [l' - l'l over which core barrel mosion

is dominant, that portion of tae CPSD which is induced by core barcei

motion; then the RMS value of core bacre! metion is given by
1/2

U
RMS f CPSD (f) df . (56)
( 12

L

To obtain motion in absolute units, it is convenient to use the

norcalized cross-power spectral density NCPSDI,(f) given by

*
<6 (F) S1,(F)"
NCPSD, (1) = e (47
- I,

. . . -1
which has the dimension of frequency . For the case of the component

of the CPSD produced bv core barrel motion [using Eqs. (40) and (41) ],

<51";(r) ST,(6)>
1(f) = — 'S (48)
T, T,

NCPSD1l

where 6Tl and 8T, are the deviations in transmittance about their

respecltive means Tl and 7',, for detectors | and 2, respectivelv. Thus,

the RMS value of motion (in mils) is obtained from

[ 1/2
10 ¥ .
RMhl L oE e f NCPSD (1) de . (49)
mils .
'l

where SF is expressed in % per mil as described in the preceding section.
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As a final observation, we note that the RMS value given by Eq. (49)
represents one standard deviation of motion if we assu-n"z that the motion
obeys gaussian rtatistics. Making this assumption, we can proceed to
estsblish a priori RMS limits such that the probability that the peak
motion will axceed some specified amount is arbitrarily ssal!. For
example, the probability that the peak motion will exceed :1 standard
deviation (crest factor = 1.0) is ~0.32, while the probability that the
peak motion will exceed :1.96 standavrd deviations is ~0.05. Thus, we
introduce a "crest factor,” by which wve multiply the RIS value to obtain
a peak value; we are confident (at s speciffied confidence level) that
with the given IS value the peak motiun will not exceed thix peak value.
Such crest factors (obtained from probability tables) are presented in
Table 3 (p. 38).

5.2 Application of the Experimental Statistical Descriptors

to Determination of Core Barrel lbtionb

To verify core barrel wotion, we first identify the dominant fre-
quency range in which the motion may b2 occurring and then demonstrate
that we can distinguish the core barrel motion signal from the remaining

fluctuating components of the signal. We have two ex-core fonization

%he statistical distribution function describing the amplitude of
the actual motion can be established from the experimentally observed
amplitude probabiiity density functions (APDs), as will be demonstrated
in Sect. 5.2.

b‘l'he experimental data presented in this section were chosen to be
generally representative of PWRs.
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chambers diametrically opposite cach other. For the fluc:iuating com-
ponents of these detector signals, we construct aomalizid power xpectrai
densivies NPSD(f), i.c.,
<615(0) 51.(0)>
WPSD, (£) = —-tomope e — (50)

I

vhere subscript i refers to the {th detector (Il or 2). The NCPSD(f) is

given by
&
<6ll(f) 6l2(f)>
NC?SDIZ(I) = p— » (51)
L1

and the coherence yz(f) by

2 Incrsnl,(nl2
(f) = = . (52)
Y NPSD (f) NPSD,(f)
and the phase by
_, | mncesp. (D))
0 = tan ! 12 (53)

Re[NCPSDlZ(f)]

In Fig. 6, there is high coherence in the 7- to 12-Hz frequency
range. In Fig. 7, the phase fs -180° in this range of high coherence.
Hence, we conclude that there is pendulum—mode core barrel motion in
this frequency range.

The next step is to determine the amount of core barrel motion, as
follows. We obtain the RMS value for motion in accordance with Eq. (49).
Figure 8 is a plot of the INCPSDlz(f)i for a frequency range of 2 to 20

Hz; this frequency band is actually greater than the 7- to 12-ilz range
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suggested by the coherence and phase for pendulum—mode wmotion, but the
dominant part of the lncrsnlz(f)l largely coincides with the pendulum-
mode motfion frequency. Using Eq. (49), an SF value from Fig. 5 of
0.012 wil™!, and the data in Fig. 8, we calculate an RMS value of 1.5
ails motion. Assuming a crest factor of &, we would not expect any more

than three or so0 "peak motions™ per hour to exceed 6.0 mils (Table 3)

if we have near-gaussian motion.

Table 3. Crest factors assuming gaussian statistics

Expected Number? of Times

Confidence Peak Motion Will Exceed
Level Crest Specified RMS Limit
2) Factor (hr-1)
68.2 1.0 11,400
95 1.96 1,800
99 2.6 360
9.9 3.3 36
99.95 3.4 18
99.99 3.9 3.6
99.999 4.4 0.4
— 5.0 0.02
a

Expected number of times peak motion will exceed RMS
motion is based or an assumed (but typical) nominal fre-
quency of 10 Hz for the core barrel wotion, i.e., a chal-
lenge rate of 3.6 x 104 hr-l |

P
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To explore the hypothesis that the pendulum-mode displacemnt is
described by gaussian statistics, an APD fuaction is coastructed first
for the raw time signal and then for a b limited time zignal.

Before it is comverted from an analog to a digital signal, the raw
time signal is bamd limited for frequercies >0.01 Hz (by the ac amplifier
used in data acquisition) and <25 Hz (by an antialiasing filter). The
APD function of the resultant broad-band (0.01 to 25.0 Hz) signal plotted
in Fig. 9 in oo vay resembles a gaussian distribution function, vhich vas
assumed to obtain the crest factors in Table 3. In fact, if we were to
attribute the abscissa extrema of Fig. 9 to pendulum-mode motion, we
wvould be led to the conclusion that the core barrel sometimes moves as
much as 46 mils, a ridiculous value since it is larger than the clearance
betveen the core barrel and the lower snubbers. Obviously, the time trace
signal from which Fig. 9 vas constructed contains a sinvsoidal component;
since this is not apparent in the |lCPSDlz(f)| data of Fig. 8, its fre-
quency must be less than 2 Hz. An analysis at lower frequencies showed
the presence of a large sinusoidal component at a frequency of 1.178 Hz,
and that it was induced by feedwater controller action. The lesion to
be learned here is that broad-band APD analysis is not always a valid
indicator of core barrel motion.

Since the coherence. phase, and INCI’SDIZ(f)l data show that the
pendulua-mode motion of the core barrel occurs in the 7- to 12-Hz fre-
quency range, we constructed a second APD, using a signal band limited
to approximately this frequency rirge (the actual range was 6.75 to
11.25 Hz) by a 24-dB/octave band-pas: filter. This APD (Fig. 10) is

more like a gaussian distribution, and, i rthermore, its peak motion is
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225-6 mils. which agrees with the earlier value obtained from the RMS
value and a crest factor of 4.

The preceding comparison of the results from the two APDs emphasizes
the importance of isolating the component of the fluctuating signal in-
duced by core barrel motion before one constructs an APD for determina-
tion of core barrel motion. Fortunately, the core barrel motion component
is usually found in a relatively narrow frequency band that can he sepa-
rated from the frequency range of other components of the fluctuating
signal. Therefore, this desired component can be obtained simply by
passing the signal through an aporopriate band-pass filter. Furthermore,

as long as the coherence is large (greater than 0.7 or so), we can infer
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core barrel motion from the signal from a single detector [the NPSD(f) or
the band-limited APD]. We do not contend that the cohercnce will always
be large; hence, in some cases the |NCP$Dlz(f)i data must be used to infer
core barrel motion. The band-iimited APD from a single detector will not
be indicative of core barrel sotion when coherence is small.

To conclude this discussion, the RMS motions inferred using Eg. (49)
for several band-limited frequency bands are tabulated in Table 4. From
these results, we conclude that there is not a2 great dependence on the
statistical descriptor used (NPSD vs NCPSD); this is as would be expected,
since the coherence is fairly high from 4 to 13 Hz. Further, the resul:s
do not require great care in the selection of the bandwidth as long as the
large contribution not attributable to core barrel motion at low frequen-
cies (less than 2.0 Hz) is eliminated. If the bandwidth is ill-chosen,
however (last entry of Table 4), inferred motion can easily b~ in error

by an order of magnitude.

Table 4. Inferred core barrel motion

Frequency RrS

Band Displacement? (mils)

(H2) NPSD |NCPSD|
6.75 - 11.25 1.4 1.7
5.0 - 8.5 1.1 1.3
2.0 ~ 8.5 1.5 1.5
2.0 - 15.0 1.9 2.1
0.2 - 25.0 19.0 22.0

aAn SF of 0.01% mil~] was used.



6. CONCLUSIONS AND RECOMMENDATIONS

A two-dimensional model should be used to ~alculate the scale factor
SF. A transport theory sodel of order Plss is sufficient. The calcula-
tion can be made as a shielding type (nonmuitiplying medium) problem,
using neutTon cross—section sets readily available for shielding calcula-
tions; contributions from gamma rays can be ignored.

The results from four different analytical methods agreed reasonably
vell: forward direct, adjoint direct, adjoint difference, and adjeint
difference spproximate methods. From this variety, we demonsirated that
the calculations had been performed to an acceptable degree of convergence
and that a necessary assumption regarding the invariance of the SF with
core barrel displacement (up to 500 mils) in the forward direct method was
justified.

The SF calculated by the forward direct method for a detector at an
angle 6 (0 to 180°) relative to the assumed direction of motion of tke
core barrel showed that the SF varies approximately as cos & for the
detector at a fixed radial distance. The SF increases slightly with
increasing radial distance into the biological shield (at least to 15 cm
penctration) at a fixed angular location 9.

The application of the SF to the statistical descriptors NCPS.), NPSD,
and APD demonstrated that core barrel motion cannot be inferred frum
broad-band APDy because these functions are seansitive to signal flurcua-
tions from sources other than core barrel motion. The core barrel m.tion
component of the fluctuating signal was identified from the coherence Ind

phase funccions in the frequency domain. The RMS value of the motion wag



then obtained directly from the integral of the NCPSD function owr
the appropriate frequency range. Also, the peak value of the mct ion was
obtained from the extrema of the APD function, constructed from a time
signal that had been properly limited to this same {requency range that
was characteristic of pendulum-mode motion, as identified from the
coherence and phase functions. The RMS and peak values were shown to
be consistent when a crest factor ¢f & was assumed.

A signi;icant result vas the close agreement of the SF obtained from
one—dimensional analysis (“0.042 per mil) with values commonly used in
industry (~0.032 per mil), coupled with the resul: that our "best esti-
mate” for the SF (from two-dimensional analysis: ~0.027 per mil at 0°)
was ~2 times less than the value from one-dimensional anmalvsis and 1.5
times less than the value commonly used in industry. On this basis we
concluded that it is not valid to compute the SF with a one~dimensional
model and then assume a cos 8 distribution to obtain results for two-
diwensional applications, because the 0° value is so much in error.

A good deal of effort, including many cross-checks and determina-
tions of internal consistency, went into this investigation to assure
the accuracy of the resulting SFs. However, the use of a complex calcu-
lational model, plus the necessity of certain basic assumptions and a
crosg~section set, tend to cast some doubt on the results in spite of
our precautions. Accordingly, we recommend that the twi-dimensional c.’
culated results be verified experimentally, following the extensive hot

functional testing normally carried out on a "first-of-a-kind" plant.
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8. APPENDIX: ENGINEERING DATA FOR TRARSPORT THEORY CALCULATION

The engineering 4212 in this section were used to caiculate the SF
for a typical PUR.

One- and rwo-dimensional transport theory codes {ANISN and DOT)
require detailed geometrical descriptions and component number densities.
In the example calculation, a typical PWR with its associated external
components is segmented into ten material zones as shown in Fig. 11. The
number densities and the mesh sizing used in the calculation are given in
Table 5, vhere most of the material number densities are from a typical
PWR final safety analysis report. The mesh sizing in various zones was
selected to ensure an optimum mesh spacing. The detector assumed was
a 10".3 ionjization chamber. The core radial power distribution which
was used for the radial source distribution in the forward direct method

of calculation (one~ and two-dimensional calculations) is shown in

Fig. 12.
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Fig. 11. Material configuration bv zone number.
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Fig. 12. Steady-state reactor vadial pecwer distribution for
1062 full power (symmetric, 1/4 of thoe core {s shown).
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Table 5. Typical PR engineering data
Zone and w. Density Mesh Spacing No. of Mesh
Component Material (atoms/barn-cm) (cm) Points?
1 0 -163.79 30 and 160°
Core R 6.51769-2°
Od 3.25860-2
of 4.55950-2
Zr 4.28770-2
235y 6.72520~4
238y 2.21250-2
2 163.79 - 165.7 7
Core Liner H 2.37670~4
Steel Si 8.891354-4
Cr 1.73856~2
Mn }.51555-3
Fe 5.80720-2
Ni 8.50908-3
3 165.7 - 179.07 15
Water and Hd 5.21367-2
Steel 0 2.60688-2
Spacers wf 6.75340~-5
si 1.77871-4
Cr 3.47712-3
Mn 3.03110-4
Fe 1.16144-2
Ni 1.70182-3
4 179.07 - 184.15 7
Thermal Same as Same as
Shield Zone 2 Zone 2
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Table 5. (continued)
Zone and No. Density Mesh Spacing No. of Mesh
Component Material (atoms /barn-cm) (em) Points
5 184.15 - 186.7 6
Water H 6.51709-2
Gap (4] 3.25860-2
6 186.7 - 191.77 7
Reactor Same as Same as
Vessel Zone ? Zone 2
7 191.77 - 217.17 30
Dovmcomer H 6.51709-2
3.25800-2
8 217.77 - 238.44 15
Core C 8.67070-4
Barrel Al 7.01770-5
Si 4.26414-4
Cr 1.27455-4
Mn 1.12014-3
Fe 2.19792-2
Ni 4.83771-4
Ca 1.11749-4
Mo 2.71371-4
9 238.44 - 350.53 10
Air o 2.93780-5
N 7.34620-5




Table 5. (continued)

Zone and No. Density Mesh Spacing No. of Mesh
Component Material (atoms /barn-cm) (cm) Points
10 350.52 - 380 15

Biological H 8.60386-2
Shield C 4.32885-2
o 1.15340-4
Na 1.23859-4
Mg 1.74103-3
Al 1.66180-2
Si 4.60522-4
K 1.50262-3
Ca 3.45087-4
Fe 9.64031-4
Detector 108 4.2640-5

al-'or one- and two-dimensional analyses evcept where noted.

b

d

Coolant.

el"u:l .

fStul .

For one-dimensional analysi:s: -nly.

®Read these numbers as 6.51769 x 10.2 .

i
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