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XENON OSCILLATIONS IN MARK XIIA-50

INTRODUCTION

Spatial power oscillations can occur in a sufficiently large reactor
even though it is operated at constant total power. Resultant local
increases in temperature can, if uncontrolled, cause local boiling
and even fuel element failure. Fortunately, these oscillations
occur with periods usually of the order of several hours, so that
~Ple time is available in which to damp out these regional pertur-
bations by local control rod movement. The oscillations are caused
by changes in the spatial distribution of Xenon-135 and require a
perturbation of the power distribution to be initiated.
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‘l’hemodal analysis technique developed at SRL
(1,2)

permits calcu-
lation of the threshold flux level at which sustained (i.e.,
constant ~plitude) spatial xenon and flux oscillations can occur,
and calculation of the oscillation period at this threshold level.
The added buckling required to excite the first axial or radial
flux harmonic is computed, taking into account the temperature
coefficient and any degree of central flattening of the fundwental
flux shape. The program also permits evaluation of periods of non-
steady oscillations at ay desired flux levels, whether or nota
threshold flux exists.

During the study of the Mark XIIA-50 lattice, it was necessary to
revise the SOS-I code in order to calculate both the lower and the
upper flux thresholds which appear when the temperature coefficient
is negative. The current code, XENO1747, includes these revisions
and features more flexible problem input.

SUMMARY

It is concluded that:

1.

2.

3.

4.

The Mark XIIA-jO load is susceptible to both axial and
radial xenon oscillations.

Radial oscillations are more likely than axial oscilla-
tions because of the generally lower threshold fluxes
associated with radial oscillations for this load.

Axial oscillations are possible at the start but not the
end of the cycle. At the start of the cycle, whenM2 =
260 cm?, the temperature coefficient@T = -1.63 x 10-17
kjunit flux and flux
lower flux L 5,36 ~ ,of~tten~g = SO%(Possibly),then/cm .sec.; since this i~ lower
than the initial average operating flux 2.05 x 10 4
n/cm2.sec., non-decaying xenon oscillations are p
An u per threshold flux also exists, at 7.84 x 10

$

y~sible.

n/cm sec.; if the actualflux exceeded this value, which
it does not, then any flux tilt perturbations would die
out spontaneously. At the end of the cycle, when M2 =
31? cm2.,@T is unchanged and the flux is virtually un-
flattered, no flux threshold exists, so that sustained
flux tilt oscillations are impossible.

Radial oscillations are possible at both the start and
the end of the cycle. A% the s rt of the cycle, when
M2 = 260 cm2.,dT = -2.50x lo-~~ k/unit flux, and f~~
flat ening

3
= 6~, the lower threshold flux = 5.03 x O 3

n/cm sec. and the upper threshold flux = 5.26x 101
n/cm2.sec. Since the initial average operating flux
lies between these thresholds, growing flux tilt oscilla-
tions are possible. At the end of the cycle, when M2 =
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317 cta2.,and bothot
x

and the flux flattening
the lower flux thres old has risen (i.e., the
become more stable) to 1.07 x 10~4 n/cm2.sec.

DPST-68-206

.

are uncha~ed,
reactor has
agd the upper

flux threshold has”dropped’to 2.87 x’ 1014 n/cm~.sec.
Mean~hile the average operating flux has risen to 3.35 X1014
n/cm sec., just above the upper flux threshold, so that the
reactor is now stable to xenon oscillations at full power
but not during power ascension or reduced power leveis.

5. The calculated oscillation period agreed well with the
observed period for a reported radia
of full power. For~ ~ = -2.50 x 10-170~~~~~~’~?u~tt~~%
calculated period = 2 .2 hours: the observed veriod was
20 hours. -

6. In general,

(a)

(b)

(c)

(d)

(e)

an
so
to

increased M2 raises a single or lower threshold,
that the Mark XIIA-50 load is more vulnerable
xenon oscillations at the start of the cycle;

a negative temperature coefficient produces a pair
(if any) of flux thresholds: if the actual flux
lies between these thresholds, the oscillation will
grow; if it lies above the upper threshold or
below the lower threshold, the oscillation will
decay;

the flux threshold based on a zero temperature
coefficient lies slightly below the lower flux
threshold resulting from a negative temperature
coefficient; the improved stability from.a negative
coefficient is, however, usually too small to
prevent xenon oscillations if they are possible
for a zero temperature coefficient;

a zero or positive temperature coefficient permits
only one threshold flux; a positive temperature
coefficient yields a still lower threshold than
does a zero temperature coefficient;

flux flattening very strongly increases suscepti-
bility to xenon oscillations. both radiallv and
axialiy.

.

Oscillation periods and perturbation damping factors are plotted
in Figures 8-21 vs. arbitrarily-specified flux levels at, above,
and below threshold values.

Raising the input value of either the xenon cross-section or the
fission cross-section/absorption cross-section ratio results in
lower oscillation thresholds.
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A value of the fission cross.section/absorption cross-section rati~
is needed as input for XENO17k7. An improved method of calculating
this ratio was developed to take into account the heterogeneity of
the lattice and the enhancement effect.

DISCUSSION

I. Input Parsm,eters

The following physical constants were

hiodine decay COnStant, I

employed:

2.94 x 10-5 sec.
-1

2.10 x 10-5 sec.-1xenon decay constant AX
xenon microscopic thermal
absorption cross-section ~X 2.60 x 10-18 cm2.

xenon fractional fission yield~x 0.003

iodine fractional fission yieldY-l 0.0586

The iodine cross-section is so small that Todin& burn-outis
ignored in comparison with iodine decay.

UN01747 also includes the reactor height or radius (cm.), the
fraction of this linear dimension over which the fundamental
flux is flattened (dimensionless),the migration areaM2 (cm?),
the ratio of the fission cross-section to the fission + capture
cross-section (dimensionless; FORTRAN mnemonic SIGRAT), and the
power (temperature) coefficient (in units of k/unit flux). For
the Mark XIIA-50A,B,

reactor height H = 381 cm.
reactor radius R = 256 cm.
N2 = 260 cm2.at start of cycle
M2 = 317 cm2.at end of cycle.

flux was allowed toFractional flattening of the fundamental
range from zero (cosine or Jo fundamental) to unit ”(lO~.flat);
a value of 0.50 probably represents actual conditions fairly well.

The reactivity held in xenon is

k~ff - keff
fx .

klff

. f-f
— (assuing no Xe effect on 7$6,p)fl
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where k’ff and keff are the effective multiplication factors
3with an without xenon, respectively, ,andfiand f are the

corresponding values of the thezmal utilization. For a
homogeneous or a uniformly-loaded reactor,

and

where

~aF + >~

~aF=IIlaCrOSCOpiC

~~= macroscopic

Zx = macroscopic

The reactivity is then given by

+ Lx

absorption cross-section of fuel

absorption cross-section of moderator

absorption cross-section of xenon.

,. ~==-
~aF

where P ie the poisoning due
of the xenon poisoning is

-P for

to xenon.

~“~ << ~aF

The equilibrium value

= (’rI+ 7X) k
~aF

for large ~“ (i.e., saturated Xc),

where ~f is the macroscopic fission cross SeCtiOn.

~):~~;:::~:~~
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Hence the reactivity held in saturated Xe is

*x.-
fx,sat =

(VI+ ~x)lf/ZaF

1 + ~fi/ ~aF

Since XENO1747 computes O(x by

DPST-68-206

+x = (TI + TX) (SIGRAT)

the input value of SIGRAT is given by

for a homogeneous or uniformly-loaded reactor.

If, however, the reactor is heterogeneous (mixed lattice),
with separate fuel, moderator, and target regions, the thermal
utilization values are

and f’ =

where the average themal fluxes have been defined as

In the above equations the relative fuel and target flux values have
been assumed to be independent of the xenon poison.
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, The xenon reactivity is then given by

where c1 = T’/VF~F

C2 = VTfi/vF~P

so that the input value of SIGRAT is

rather than &/ ~aF as for the homogeneous or uniformly-loaded

reactor.

Actually the average thermal flux ratios are not constant. Since
xenon is pgoduced-only in the fuel, @F will be depressed and the
ratios yfiF and flT/~Fwill be raised. This enhancement effect may
be forma ly repres.pntedby writing ~

~/@F with no Xe

~T/~FWith no Xe

The thermal utilization in

f=

--

- (l+R)@M/@F with saturated Xe,

--
j (l+R)@T/@F with saturated Xe.

the absence of xenon is still given by

x’aF
~aF+ cl~~ + C2~aT

but now, with saturated xenon,
F

f’ = ~aF

~F + (1 + R)CI~ +(1 + R)C2&T +Xx,~at =
f ‘sat
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Then tx,sat = f(=at- f

-RC1 &’ - RC2 &T - ‘x, sat.

zaF+cl&+c2&T

which of course reduces to the non-enhanced heterogeneous expression

‘~x/~~Fpx .
X* X4

1+c1~+c2&F

as R goes to zero. Including this enhancement effect for the
heterogeneous reactor leads to an input SIGRAT given by

SIGRAT =
*‘ (~)(~)

which reduces to

This enhancement

(zf/Ia )/(1
feffect(3 can

+.~) for small R, as it should.

be closely approxtiated by

()‘f/ZaF ~SIGRAT = 1.5 1+6

Evaluation with the HAMMRR and HERESY codes gives

‘lGRAT=‘05(:~7::$1)=0“6”
for the Mark XIIA-50A lattice.



Power coefficients (in units of k/unit flux) were calculated for
the axial and the radial modes of oscillation as follows:

(a)

(b]

(c)

(d)

the Doppler coefficient of U235 was taken as zero.

from the Mark XIIA-50A Technical Manual (3), the
moderato
-5 x IO-S ~e:Perat~e

coefficient was taken to be
/ C over the whole cycle; assuing that

the moderator temperature rises from 20°C at zero
power to 90”C at 1900 MW, and that at this POy~r the
aver ge flux over the whole cycle is Z.7 x 10

?n/cm sec.,* the moderator power coefficient becomes

( )-5 x 10-5 ~; (’ “c
)(

1900 Mw
m

k 2.7 x 1014 n/cm2.sec.).

= -1.30x 10-17 n,crnzkece

from the Technical Manual, the coolant temperature
coefficient was taken to be -11 x 10-5 k/”C over the
whole cycle; assuming that the coolant temperature
rises from 20”c at zero power to 60”c at 1900 MW, the
coolant power coefficient becomes

= -1.63 X 10-17 n,cm~~sec~

Then for- oscillations, the power coefficient 4?

-17p~~~~~~i~~~~~~~~ “~~~~~nt
was taken as the coolan
axial *T = -1.63 x 10
temperature profile will reflect afiychanges in power
distribution along the length of the fuel assemblies.
But the moderator temperature coefficient must not be
included, because for operation at constant total power,
the coolant inlet and outlet temperatures are unchanged,
so that the bulk moderator temperature will not be
affected by axial power redistribution.

*initial average flux = 2.05 x 10~4 n/cm20sec.,
final average flux = 3.35 x 10 4 n/cm20sec.

~)~m~~~~~
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(e) for radial oscillations, the power coefficient dT
must~ude noc only the,coolant temperature co-

efficient but also some’”fractionof the moderator
temperature coefficient. Radial remixing of the bulk
moderator is not complete, as is demonstrated by the
fact that radial oscillations were indeed detected
(cf. p. 16) by fluctuating differences in observed
moderator temperatures between opposite sectors of
the reactor. To allow for partial remixing, only an
arbitrary 2/3 of the moderator coefficient was added
to the coolant coefficient,:so that the radial tiT =

-1.63 x 10-17 +; (-1.30x 10-17) = -2.50 x 10-17

11. Calculation of Flux Thresholds

Axial Oscillations
~,

Typical values of the threshold flux and corresponding oscilla-
tion periods at threshold are listed in Table I for axial
oscillations. Complete axial threshold results are shown in
Figures 1 and 2.

At the start of the cycle, M2 = 260 cm2. and the axial flux
fundamental is about 80$ flattened, but the flattening can vary
with the way the control system is used, With a ne ative
temperature coefficient, two flux thresho
Table I): a lower threshold at 5 {6x 101~s~:st~::ne 3,0 ~ and
and upper threshold, at 7.84 x 10~ n/cm2.sec.$ which arises
because xenon saturates at high flux while the effect of the
temperature coefficient does not. Below the lower threshold
and above the upper threshold any oscillation caused by some
asymmetric perturbation will decays but between these thresholds
any oscillation will grow (just ~ either threshold, any oscilla-
tion will maintain itself with constant amplitude).
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sbart

start

start

end

end
,/

M2

@

260

260

260

317

317

T

Table I

Flux Thresholds for Axial Oscillations

DPST-68-206

H = 381 Cm.,flx = 2.60 x 10-18 CmZ., SIGRAT -

Fraction
Ftit

o

0.50

0.80

0

0.50

-1,63x10-17 none

-1.63x10-17 none

-I..63x10-175036X1013

-1.63xl~17 none

-1.63xlCi-1~ None

?eriod
w

23.3

If %T <0
Upper$th
n/cm3sec.

none

none

7.$4xlol~

none

nbne

0.611

Period
w

7.1

Sustained
oscillations
Possible?

no

no

yes

no

no

Since the initial operating average flux, 2.05 x 1014 n/cm2.sec.,
lies between these threshold fluxes, this lattice will indeed be
susceptible to axial xenon oscillations at the start of the cycle.

If the temperature coefficient had been zero, the reactor would
have been somewhat morf unstable, as shown by the lower oscillation
threshold of &.88 x 10 3 n/cm~sec. when 80$ flattened.

At the end of the cycle,,M2 has increased to 317 cm2. and the funda-
mental flux is almost unflattered. The reactor is no longer suscep-
tible to axial oscillations (line 4)0

G, The data in Table I and Figures 1 and 2 show that

,“

(a) stability is
coefficient;

(b) stability is
flattening;

slighkly improved by a negative temperature

quite adversely affected by increased flux

(c) stability is markedly improved by a larger value of
the migration area.
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These conclusions are strikingly illustrated in Figures 1 and 2.
Points lying in a region to the left of a particular curve
represent stable flux-flatness combinations; areas to the right
are regions of instability. Figure 1 shows three such curves,
at the start of the cycle: one for the expected negative tempera-
ture coefficient, one for a hypothetical zero temperature coefficient,
and one for a hypothetical positive temperature coefficient of the
same magnitude but opposite sign as the expected value. This latter
case shows the smallest stable region and in fact predicts a thres-
hold flux for all degrees of flattening right down to zero
(where the fundamental flux is cosine-shaped and most resistant to
xenon oscillations). The~T = O curve bounds a larger region of
stability; in this case, no sustained xenon oscillations are ossible

:at any flux level, unless the fundamental flux is more than 3 .4$
flattened. The negativ@~T curve encloses the smallest region of
instability: for greater than 57.5$ flattening two thresholds exist,
so that if the operating flux lies between them, oscillations will
grow; if the operating flux lies below ‘thelower threshold or above
the upper threshold, oscillations will decay; just on the line (for
this or any other Va~Ue ofaT), sustained oscillatfins of constant
amplitude can occur.

Figure 2 shows similar curves at the end of the cycle, but only for
%T equal to zero and to its expected negative value. The increased
migration area has shifted both curves to the right. so that for a
gi~en value of @ , the region of stability has ~nc~eased. Now, for

aine~ oscillations are impossible at any flux level
~~e~s”~h~u~~ndam flux is more than 54.1$ flattened; and for
WT= -1.63 x 10-~~ttj$, no thresholds exist unless the fundamental
is more than 75.1% flat.

~adial Oscillations

Table II lists typical values of the threshold flux
ing periods at threshold for radial oscillations.
thresh~ld results are shown in Figures 3 and b.

and correspond-
Complete radial

2 = 260 cm; and the radial flux funda-At ~he start of the cycle, M
,mentalis about 60% flattened. With a negative temperature coefficient,
t~ flux hresho ds exist (line 3, Table 11): a lower thre old a

1$5.03 x 10 3 n~cm. sec., and an upper threshold at 5
Since the initial operating average flux, 2.05 x 101 n/cm.

$6 x l~f~ n/cm$sec.
sec.,

lies between these threshold fluxes, the lattice is susceptible to
radial xenon oscillations at the start of the cycle. Moreover, it
is slightly more susceptible to radial than t~ axial oscilla~ions,
because the lower radial threshold, 5.03 x 10 3 n/cm~ se~
little smaller than the lo,weraxial threshold, 5.36 x 10 ~’n~~m8. sec.

If the temperature coefficient had been zero, the reactor would have
been somewhat mor
hold of 4.41 X 10~3”;7;:~1e’

as shown by a lower oscillation thres-
. sec. when 6~0 flattened.
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M2
@

260

260

260

317

317

317

,

Table II

Flux Thresholds for Radial Oscillations

R = 256 CM., ~ = 2.60 ~ 10-18 ~m2., SIGRAT = 00611

o

0.50

0.60

0

0.50

0.60

-2.50X10-17

-205OX1O-17

-205OX1O-17

-2.5OX1O-17

-2*5OX1O-17

-2.50x10-17

Single or
Lower @th
~n/cm? see,

none

7033X1013

50O3X1O13

none

none

1eO7X1O14

Perio<
~hours,

20.8

23.8

17.8

Ifd T <0,
Uppzr @t~
n/cmOsec.)

none

3095X1014

5.26x1014

none

none

2.87x1014

Period
hours )

9.8

8.6

1105

Sustained
Oscillation
Possible?

no

yes

yes

no

no

no1

At the end of the cycle, M2 has increased to 317 cm!, but the funda-
mental flux still remains about 6~0 latte ed.

$2
The lower thr~~hold

flux has been raised from 5.03 x 101 n/cm. sec. to 1.07 x 10
n/cm~ sec. and the upp
n/cm~ sec to 2.87 x 10f~ ~>~mq sec.

eshold flux lowered from 5.26 x 1014
(line 6). ~imultaneously the

operating verage flux has risen from 2.05 x 10.4 n/cm~ sec. to
3.35 x 101~ n/cmz sec., so that it now lies above the upper threshold;
the reactor is now stable at full Power. However. oscillations still
could occur during power ascension-from a scram recovery.

If the fundamental flux were flattened to the same extent both axially
and radially~ say 5~., the reactor would be distinctly more,susceptible
to radial than to axial observations. With zero temperature coeffic- ,,
ients, the radial thresho .89 x 1013 n~cm~ sec. is lower than the
axial threshold 1.86 x 10‘~ Z/cm? sec. at the start of the cycle% at
the end of the cycle, sustained axial oscillation

‘~ ;~~rnys~;~e;tillpossible, although a radial threshold, 1.18 x 10
exists. With the respective negative temperature coefficients, sus-
tained axial oscillations are impossible at both the start and the end ~

~?
of the.cycle, al hou h radial oscillations are possible (threshold
flux = 7.33 x 10 3 n cm? sec.) at the start (but not the end) of the
dycle.
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Figures 3 and 4 (analogous to Figures 1 and 2 for the axial case)
map the stable and unstable regions for t,heradial mode, at the start
start and at the end of the cycle, respectively. Here again, the
larger migration area at the end of the cycle has shifted the curves
to the right, decreasing the region of instability. Thus for the
expected negative temperature coefficient, the minimum flattening
for radial oscillation thresholds has been raised from 4003$ at the
start of the cycle to 57.@ at the end of the cycle. If -T = O,
the reactor exhibits an oscillation threshold for all degrees of
flattening at the start of the cycle, but by the end of the cycle,
the flux must be at least 30.5% flattened for oscillation thresholds
to exist.

Note that this does not mean that, if ~T = 0$ the reactor is
subject to radial oscillations for all degrees of flatness at the
start of the cycle, or for all degrees of flatness 730.5% at the
end of the cycle. Thresholds do exist under these conditions, but
it is not until the flux has been flattened to at least 23.7% (start
of cycle) or 38.0% (end of cycle) that the operating average flux
equals or exceeds these thresholds
become possible.
exist at 1.98 x101~n/Zts3 sec.,

, so that radial oscillations
us t the start of the cycle, a threshold does

but because it is higher than the
initial operating flux sustained radial oscillations are impossible.
When ~T = -2.50 x 10-17 k/@, the minimum flattening for radial

f
oscillations are 40 % and 62.9% at initial and
fluxes of 2.05 x 10~ n/cm2. sec. and 3.35 x lol~i~~#p~~ting., respec-
tively. The absolute

.
minimum flattening below which sustained

osci-llationsare impossible at any flux levels is 40.3% at the start
and 57.~. at the end of”the cycle; these minima could be encountered
at flux levels below the operating levels. Similar considerations
aPPIY to the ,axialcases, Figures 1 and 2.

It was reported Chat radial oscillations were observed (cf. p. 10)
with a period of 20 hours at 4~. of full power at the start of the
cycle. Table 111 shows the results of a calculation specifically

:~;~:y;;;:7;=c~:;1::;:.;j::22:z: ‘::e;2a:e38ec:i:G::4!2 :50
x ,. cm.j SIGRAT = 0.611, and flux flatten-

ing = 0.60.

Y, ,, .;
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Table III

Calculated vs. Observed Radial Oscillation Period

Average flux, n/cm~ sec.

Oscillation period, hours

Lower threshold, n/cm~ sec.

Corresponding period, hours

Upper threshold, n/cm$ sec.

Correspondingperiod, hours

*specified equal.

.!

Calculated

$.2 x 1013*

20.2

5.03 x 1013

23.8

5.26 X 1014

8.6

Observed

8.2 x 1013*

20

Clearly xenon oscillations could have been observed, since the
actual average flux lies between the lower and the upper flux
thresholds. The computed oscillation period at this average flux
agrees satisfactorily with the observed period.
zero, the average flux wou ve exceeded even m~~~fh%i~~~
threshold flux = 4.41 x 1019 ~cm~ sec. (corresponding period=
24.8 hours), and the computed oscillation period at this average
flux would have been 21.3 hours (vs. observed ;0), rather than 20.2
hours (vs. observed 20) for~T = -2.50 x 10’1 k/@.

The observed radial oscillation is shown in Figure 5 where the
moderator temperaturedifference between oDDosite sectors of the
reactor is plottea against time. The val~e of the firs; perturba-
tion flux peak can be estimated from the initialAT spike of 2°C
relative to the average moderator temperature of 45”C:

so
or

@/ 2°C._

8.2 x 1013 45°C

that the first @’maximum g L x 1012 n/cm!
the perturbation flux is given (1) by

p! ~ g~le~

where ~“ can now be identified with the first
.

sec. The time behavior

peak, @“ = p’ = 4 x 1012.
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The envelo e of subsequent peaks in the
fthen be ca culated by

DPST-68-206

perturbation flux can

IISt
max. ~’= ~ e =4X 1012 exp(l.93 x 10-5t)

where t is the time in seconds, and s = Re(@ which has been
computed by XENO~J47 to be 1.93 x 10-5 sec.-1
flux Of 8.2 x 10

at the specified
n/cmZ sec.* In terms of temperature difference

across the reactor,

AT at t+At .
AT at t

Taking AT = 2°C initially, the envelope of subsequent AT maxima
is given by

? max. AT = 2.0 exp(1093 x 10 -5 t)

Because the temperature readings are good to only ~l°C, the initial
AT peak might have been as low as 1.5°c or as high as 2.50c. Peak
AT envelopes are plotted as dashed lines in Figure 5 for each of
these.:%~ree initial AT peaks. The agreement between the calculated
and the observed AT maxima 1s fairly good, especially in view of the
fact that attempts were made, at times indicated by the vertical
arrows, to dmp out these oscillations by control rod movement.

XENO17&7 also computes the ratio of any perturbatio~ f~ux maximum
to the subsequent maximum. This amplitude

‘9t~;m~{~1’&~s0025**when the specified average flux is 8.2 x 10
agrees reasonably well with the ratio of’the first to the second
AT peak, namely 2°C/70C = 0.3, despite corrective control rod
action. The third AT peak has been so much suppressed that agree-
ment cannot be expected with amplitudes calculated on the basis of
a freely-oscillating system.

*the imaginary part ofti is 8.63 x 10-5 sec.-l corresponding to a
period ~= 27T/Im(oJ)= 20.2 hours as in Table 111.

**i.e., the oscillation is growing, since each successive perturba-
tion flux amplitude is four times as high as the preceding on.
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* Figure 6 shows a universal plot of threshold flux vs.
oscillation period at threshold, for two values of ~x. It
can be shown (4) that at threshold, the oscillation period
depends only on the physical constants
(~nd of course $th), ‘l’AX’ ‘1’7fi’oY:,cxnot on the reactor parameters
M, fraction flat, dT, and 4X.

The upper curve is based on an averagerx = 2.60 x 10-18 2

obtained from HAWR calculations, and used throughout th~;
study (except for ‘SectionIV), whereas tbe low

sec. value. ~ = j.08 x 10-fE ZSe;s
:::;: :%::::s?;$. ~~

111. Oscillation Periods for Arbitrary Flux Levels

Oscillations can occur at flux levels above and below, as well
as at the threshold (if any) level. Below a lower (~ <0) or

“~single (&T>O) thresholds an asymmetric “powerdistrl ution
will decay in an oscillatory manner, or if the flux level is
sufficiently low, in a steady manner. Above a single threshold,
the asymmetry will grow in an oscillatory fashion, or if the
flux level is sufficiently high, in a steady manner; ultimately
of course this growth will be checked by some non-linear effect
(e.g., burnout) which is not taken into account in any pertur-
bation theory treatment. Below an upper threshold (*T~O),
the asymmetry will grow in an oscillatory fashion, but above
the upper threshold it will again decay in an oscillatory
reamer, or steadily if the flux is sufficiently high.

The perturbation flux amplitude ratio fl~/fll+~is schematically
correlated in Figure 7 with the values of the real and imaginary
parts ofti (i.e.,@ = s f jfl, j = ~1) as functions of average
fluxe For the “no t~eshold” caset $~/fl$$>100 for all C>O:
the maximum amplitude of the n+l~ osc 1 ation is always
smaller than that of the @ oscillations and the oscillation
decays exponentially with a period~= 2 7/0-. The real part
s has a single negative value within the region of oscillation.
Outside of this region, where fl= O, s has two negative values,
so that the perturbation decays steadily, without oscillation..

If dT>O, only a single threshold is possible. Oscillations
can occur wherever fl>O. The threshold for divergent oscilla-
tions, at which the oscillation is sustained at constant
magnitude ($~$n+
s is single ~a~~e~ = 1“0)

, occurs at s = 0. Below the threshold,

(@ti@’+~71.0)o
and negative, so that the oscillations converge

Above the threshold, s is sin le-valued and
‘7 ‘posit~ve, so that the oscillations diverge (@n @n+l<l.O). The

perturbation decays or grows steadily when~= O, according as
the real roots s are both negative or positive.

‘6) list.,s several thermal spectrum values for*a recent compilation.
~e135:

i
3.6~0.4) X 106, (3.21 ~0.10) X 106, (3.2 + 1.0) X 106,

2.4 x 10 , (2.58 z 0.2) x 106, and (2.90 ~ 0.13) x 10~ barns; the
first is the recommended value.

~“..
‘0,o-_ .-..;:
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lftiT<(),a double threshold is generally possible. Below the lower
threshold and above the upper threshold, where6>0 and s is single-
valued and negative, convergent oscillations occur. Between these
two thresholds, where~>O and s is single-valued and positive,
divergent oscillations occur. Outside of the region of oscillation,
where K= O, the perturbation decays or grows steadily according as
the two real roots s are both negative or positive, Under some
conditions*, the two flux thresholds may approach each other until
they coincide (the fl~fl~+lcurve being-just tangent to the horizontal
1.0 line); at this precise point, only decaying or just steady
oscillations are possible.

Control rod movement is clearly needed to suppress axenon perturba-
tion whenever the perturbatation is growing, either steadily or with
oscillation. What is not so apparent is that corrective action may
also be required even if the oscillation is decaying. Suppose that
the flux level and reactor p~rameters were such that, if an oscilla-
tion were started, then $~fln+~ = 2.0. Suppose further that a lqcal,
spatially-unsymmetric drop in reactivity occurred, producing a local
10$ reduction in power. This would not do any damage, but one-half
a period later, the power would increase locally by about 7$** so
that local coolant boiling might result. Only if the reactor is
being operated at such aflux level that any induced erturbation

7would decay steadily (i.e.,r= O and both roots s <0 would control
action always be unnecessary.

Oscillation periods are plotted in Figure 8 for axial oscillations
at the start of the cycle, assuming a zero temperature coefficient.
If the fundamental flux is unflattered, there is no threshold and

for flux values
?~$~~~Z ’~~lXd?~Tb~<?$o?~~i$t~~m?a~~~; above or below
these limits (where the period goes to infinity), the decay will be

at 1.86 x 10i~n~m% sec.,
steady. If n amental flux is 5% flattened, a threshold exists

and five modes of behavior are possible:

(a) steady decay for $<1.7 x 161n cm? “sec.
If(b) oscillatory decay for 1.7 x 10 <@<fith = ~.86 x 1014 n/cm$sec.

(C) steady oscillation at @ = @th = 1.86 x 01 n/cm? sec
i(d) oscillatory growth for $th = 1.86 x 101 .<fi<2.3 x 1015 n/cn2sec

(e) steady growth for $>2.3 x 1015 n/cm~ sec.

*e.g., when the flux is 57.5$ flattened anddT = -1063 x 10-17 k/$,
Figure 1; similar c~nd~tions are apparent in Figures 2, 3, and 4.

Xxif $~ = -f~. when $n/@n+l = 26°P then $; = -5$, and the intermediate
maximum # amplitude =

m = 7%.
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The mathematical solution of the problem requires that very long
Periods be possible to allow transition from oscillatory behavior
(under-damped) to steady decay or growth (over-damped). At two
flux levels the period must go to infinity (critically damped).
However, the damping of the perturbation flux (total flux =
fundamental flux + perturbation flux) becomes so very large
(for @<@th)Or SO very small (for @7@th) as the actual flux
departs from the threshold flux, that long-period oscillations
would soon not be recognized as oscillations at all,

‘~~snfi~?sec.,the above 5~. flattened case, at a flux level of 1 x 10
the ratio of any perturbation flux peak to the next succeeding peak
is already 600! The successive amplitudes of such an oscillation
fall off so rapidly with each oscillation that the oscillation is
quickly s~~merged in the reactor noise. Conversely, at a flux level
Oflxlo n/cm~ sec., the perturbation mplitude ratio is only
0.011, which would so closely simulate steady growth that corrective
control rod action would be undertaken long before recognition of
the oscillatory nature of the perturbation.

The destabilizing effect of flux flattening is illustrated not only
by the appearance of a threshold flux at 5~. flatness, but also by.
the wider range of flux levels over which ~kcillatory behavior can
occur, as compared to the zero-flatness curve.

At the end of the cycle, Figure 9,
f lo~f~iF2~~$2d::$$nz!:!:::::for all flux levels within 3.3

for zero flatness, or 2.1 x 101 <$<1.6 x 10
No flux threshold appears in either case.

Figures 10 and 1
-T = .1.63 x 10-i7s~ ‘~~~’~~~~ed Va~Ue.

periods vs. flux levels when
# The temperature co-

efficient is sufficiently negative so that no thresholds appear,
for either O or 5~. flattening, at either the start or the end of
the cycle. At the start of the cycle, any tilt perturbation on an
unflattered fundamental would decay in a theoretically oscillatory
but virtually steady manner because of the very long period, about
600 hours;,but at the end of the cycle, the zero flatness curve
lies wholly beneath theoperating average flux, so that any flux

.. tilt perturbation would decay exponentially, without oscillation.
On the other hand, if the flux were 50$ flat, such flux tilts would
decay in an oscillatory manner with periods of 13-14 hours at both

{ the start and the end of the cycle.

Actual amplitude ratios ip the vicinity of closest approach to
unity are shown in Figures 12 and 13 for axial oscillations at the
beginning and end of the cycle, respectively, with @T assigned

la its expected negative value. No threshold exists for either zero
or 50$ flux flattening, although 5~0 flattening comes much closer
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to yielding a pair of thresholds; all
the nno threshold! case of Figure 7.
approach shown to threshold occurs at

DPST-68-206

four curves correspond to
In particular, the closest
the start of the cycle:

when the flux is 5~0 flattened, the amplitude ratio becomes as
small as 3.5 at very ‘nearlythe actual flux level. Not shown is
the somewhat more realistic 8~ flat case (not calculated in
sufficient detail), for which the $~/$~+1 curves would cross the
1.0 line twice whey the specified
fluxes = 5.36 x 10 3 and 7.8~ x 10‘~e;/;mZ sec.

a e flux = the threshold
(Table I line 5);

this would correspond to the fldoublethresholdttcase of Figure 7
(Figure 20 shows this situation for radial oscillation).

Figure 14 shows oscillation periods VS. flux levels for radial
oscillations at the start of the cycle, if the temperature co-
efficient were zero. Single threshold fluxes exist for both
unflattered and 50$ flattened fluxes, cf. Figure 30 At the average
operating flux level, any flux tilt perturbation superimposed on a
5W. ,flat’fundamentalwould grow in an oscillatory fashion with a
pehiod of 21.hours; such a flux tilt superimposed on a Jo funda-
mental would decay in an oscillatory manner with a period of 1~
hours. At the end of the cycle, Figure 15, the Jo threshold flux
has vanished and the 5@ flat threshold has moved to a high flux
level, cf. Figure ~. At the operating flux level, any flux tilt
superimposed on a Jo fundamental would decay with a period of 15
hours; a flux tilt superimposed on a 5~0 flat fundamental would
grow with a period of 11 hours.

Amplitude ratio curves for radial oscillation are shown for the
hypothetical~T = O case because they illustrate the !;single
thresholdtqcase of Figure 7. At the start of the cycle, Figure 16;
each $~~~+1 curve crosses the 1.0.line once, corresponding to
single thresholds at zero and 50$ flatness. The 50% flat curve
crosses the 1.0 line below the operating flux, indicating possible
oscillations; the zero flat curve crosses the 1.0 line above the
operating flux, so that divergent oscillations-are impossible at
the actual flux level. Note that the 5@0 flat curve yields an
amplitude ratio of only 0.001 at the operating flux level, so that
the perturbation amplitude for this hypothetical,case would increase
very rapidly if not countered by control rod adjustment.

At the end of the cycle, Figure 17, oscillations are possible when
the flux is 5~ flattened (Ilsinglethreshold! case of Figure 7)
because the amplitude ratio = 1.0 at a flux less than the operating
flux, whereas oscillations are not possible when the flux is un-
flattered (“no threshold’tcase of Figure 7).
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Figures 18 and 19 show similar cu for radial oscillations
except that I’IOW @T = -20,50 ~ 10-~?ei/@, its expected value.
At the start of the cycle, Fi@re 18, the negative temperature
coefficient has ,eliminatedthe JO threshold present when dT = O
(cf.#Figure 14); the S@ flat threshold has now been replaced by

~7~rx0:o~~eSholds
(cf. Figure 3), the lower threshold of which

Ii s somewhat above the single ~T = On/cm~ ‘~~”~/cm~ sec.).
threshold (5.89 x 10 This means that seven modes
of behavior are possible for a 50% flat fundamental:

(a)
(b)

(c)

(d)

(e)

(f)

(g)

steady decay for fl&l.3 x 1011 n/cm? sec.
for 1.3 X 1011<$ <l(3Wer $~h =

;:;;L?EfJ$:! sec.

steady oscillation at @ = lower fl~h= 7.33 x 1013 n/cm~
oscillatory growth fo ~ lower @th = 7.33 X 10134$<
upper flth = 3.95 X 10 4 n/Cm? S@Co

steady oscillation at $ = upper,$th = 3.95 f 1014 n/cm~
oscillat y dec y for upper $th’”=3.95 X 10 4cfi <
8.6 x 10Y~ n/cm2 sec.
steady decay for P > 8.6 x 1014 n/cm~ sec.

sec.

sec.

,
In contrast, only three possibilities exist for the Jo fundamental:

(a) steady decay for @G1.8 x 101lly/cm$
(b) oscillatory decay for 1.8 x
(c) steady decay for @~5.1 x 10E nfc!;<c! x ‘0’4 ‘Icm: ‘eco

At the initial average operating flux, any flux tilt perturbation
superimposed on a Jo fundamental will decay with a period of 16
hours; such a.perturbation imposed on a 50% flat fundamental will
grow with a period of 14 hours.

At the end of the cycle, Figure 19, there is no threshold for either
a Jo fundamental (also the case when~T = O) or for a 5~ flat funda-
mental (where a threshold does exist if~T = O), cf. Figure 4. Thus
all flux tilt perturbations will dies out spontaneously; at the
average operating flux, such a perturbation will decay steadily for
a JO fundamental or with a period of 12 hours for a 5* flat funda-

~. mental.

Amplitude ratio curves for radial oscillations are shown for the
i,) realistic negativ-e~

1
case in Figures 20 and 21. At the start of

the cycle, two thres olds ($&/@~+l = 1.0) bracket the operating flux
when the flux is 5~ flattened, so that divergent oscillations can
occur. At the operating flux level, fl~fl~+l= 0.25 so that each

. successive perturbation peak is four times higher than the prec~ding
ye$~: No threshold exists if the flux is unflattered (all $~/fln+l>
.
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At the end of the cycle, no thresholds exist, so tha~ only
damped oscillations are possible. At the actual flux level,
the amplitude ratio for 50$ flattening is ~.~, so that each
successive perturbation peak is only 12$ as high as the
preceding peak; and if the flux is unflattered.,not even such
convergent oscillations are possible at the operating level,
because the amplitude ratio goes to infinity at a flux level
just less than the operating flux.

Effect of Changes in Input Paramet-ers.

The decay constants ~ 1, Ax and the fractional fission yields
~I,Vx were assigned the values shown on page 4 throughout
this study. There was, however, some question as to what value
to use’for mx (cf. footnote p. 2?) and especially for SIGRAT.

Mode

Axial
.,,

t 11

Q 1*

It

i Radial

1P

11

n

It was decided to use the HAMMER average valuer = 2.60 x 10-18
cm? Some preliminary calculations, listed in Ta$l IV show
that using a higher 2200 m./sec. <x = j~0~ ~ ~()-1~cm? would
have resulted in somewhat lower calculated oscillation thresholds
(compare lines 4 vs. 2,-7 vs. 5, 8 vs. 6), i.e., the reactor
would have appeared to be less stable. Increasing ~x lowers
the threshold flux vs. threshold oscillation period curve, as
shown in Figure 5.

Fraction
Flat

o

0.50

0

0.50

0

0.50

0

0.50

Table IV

Effect of Changes in ~x and SIGRAT

~T= 0, M2= 260cm~

2.60

2.60

3.08

3.08

2.60

2.60

3.08

3.08

Threshold Flux at SIGRAT =
00407

none

none

not run

not run

none

2.05 X 1015

not run

not run

0.611

none

1.$6 X 1014

none

1.57 x 1014

1.98 x 1015

5.98 x 1013

1.67 X 1015

4.98 X 1013

0.737

none

7.66 X 1013

none

6.46 x 1013

1.31 x 1014

3.86 X 1013

1.10 x 1014

3.26 X 1013
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Columns 4, 5, and 6 of Table IV show that larger values of
SIGRAT yield significantly lower calculated oscillation
thresholds. Column lists the too-low threshold fluxes
which would have been predicted if the lattice were regarded
as homogeneous or uniformly loaded, page 60 This simplest
approach would have underestimated the stability of the
reactor. Column ~ lists the too-high thresholds which would
have been predicted if the lattice were regarded as hetero-
geneous (mixed lattice) without taking the enhancement’effect
into account, page 7. This’approach would have been non-
conservative in that, for the conditions tested, no xenon
oscillations at all would have been predicted: the single
flux threshold shown lies above the operating average flux.
Column 5 lists the most realistic thresholds, taking into
account both heterogeneity and enhancement, page 8.
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