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XENON OSCILLATIONS IN MARK XITA-50

INTRODUCTION

Spatlal power oscillations can occur in a suff1c1ently 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 perilods usually of the order of several hours, so that
ample 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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The modal analysis technique develc at SRL ermits calcu-
lation of the threshold flux level at which sustained (i.e.,
constant amplitude) 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 fundamental
flux shape. The program also permits evaluation of periods of non-
steady oscillations at any desired flux levels, whether or not a
threshold flux exists.
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During the study of the Mark XIIA-50 lattice, it was necessary to

revise the S03-1 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
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and features more flexible problem input.
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It is concluded that:

l. The Mark XIIA-50 load is susceptible to both axial and
radial xenon oscillations.

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

3. Axial oscillations are possible at the start but not _t
end of _the cycle. At the start of the cycle, when M=
260 cm?, the temperature coefficient™., = -1,63 x 10-1
k/unit flux, and flux {%attening = 804" (possibly), the
lower flux = 5,36 x 102 n/cm?,sec.; since this i§llower
than_the initial average operating flux 2.05 x 10-%
n/cm?.sec., non-decaying xenon oscillations are piﬁsibleo
An ugper thresheld flux also exists, at 7.84 x 10
n/ecm?.sec.; if the actual flux exceeded this value, which
it does not, then any flux tilt perturbations would die
out spgntaneously., At the end of the cycle, when M< =
317 cm?.,o(p is unchanged and the flux is virtually un-
flattened, no flux threshold exists, so that sustained
flux tilt oscillations are impossible.
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4. Radial oscillations are possible at both the start and
the end of the cycle, At the siart of the cycle, when
M2 = 260 cm<.,o(n = -2,50 x 10717 k/unit flux, and flux
f%atgening = 60%, the lower threshold flux = 5,03 xl&O 3

n/cms.sec. and the upper threshold flux = 5.26 x 10+4
n/cm<.sec. Since the initial average operating flux
lies between these thresholds, growing flux tilt osc%lla—

tions are possible. At the end of the cycle, when M
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317 cmz., and both™q and the flux flattening are unchanged,
the lower flux threshold has risen (i.e., the reactor has
become more stable) to 1.07 x 10L& n/cm21 ec., and the upper
flux threshold has dropped to 2,87 x 10-% n/ecm<.sec. 1
Meanwhile the average operating flux has risen to 3.35 x 10 4
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 levels,

The calculated oscillation period agreed well with the

observed periocd for a reported radia} oscillation at 40%

of full power. For™mp = -2,50 x 10-17 k/unit flux, the

%glﬁulated period = 20,2 hours; the observed period was
ours.,

In general,

(a) an increased M? raises a single or lower threshold,
so that the Mark XIIA-50 load is more vulnerable
to xenon oscillations at the start of the cycle;

(b} 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;
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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;

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

(e} flux flattening very strongly increases suscepti-
bility to xenon oscillations, both radially and
axially.

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
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A value of the fission cross-section/absorption cross~section ratio
1s needed as input for XENO17L7, An improved method of calculating
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this ratio was developed to take into account the heterogeneity of
the lattice and the enhancement effect.

DISCUSSION

I. Input Parameters

The following physical constants were employed:

iodine decay constant }j: 2.94 x 1077 SeCa-l
xenon decay constant Ay 2,10 x 1075 sec.™t
xenon microscopic thermal

absorption cross-section o7y 2,60 x 10-18 cn?2,
xenon fractional fission yield «y 0,003

iodine fractional fission yield“Yy 0,0586

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

XENO1747 also includes the reactor height or radius (cm.), the
fraction of this linear dimension over which the fundamental,
flux is flattened (dimensionless), the migration area M< {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 XITA-50A,B,

reactor height H = 381 cm.,
reactor radius R = 256 cm,

M2 = 260 cm% at start of ecycle
M? = 317 cm<. at end of cyclea

Fractional flattening of the fundamental flux was allowed to

range from zero (cosine or J, fundamental) to unit (100% flat);
a value of 0,50 probably represents actual conditions fairly well.
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The reactivity held in xenon is

_ kipp - kefg
Fx - kl
eff
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where knw' and kpore are the effective mult:.'olication factors
with and without xenon, respectively, and f/and f are the
corresponding values of the thermal utilization. For a
homogeneous or a uniformly-loaded reactor,

[

.»'i,aF

f = _ (no Xe)
JaF * ZaM
/ Znﬁ" PR Y
and f = e (with Xe)

ZaF"’ 5—‘aIV["' Zx

where Zap = macroscopic absorption cross-section of fuel

ZaM = macroscopic absorption cross-section of moderator

™
5
|

= macroscopic absorption cross-section of xenon,

The reactivity is then given by

S

-
g - =X =P for s’ )y
“aM << <aF
LaF
where P is the peoisoning due to xenon, The equilibrium value
of the xenon poisoning is
re . N2 gm _ oY+ )2 . B0
r' E—1 F.. . — A i wh
[+]
S.F (A + 0% 0°) laF
= fop a o~ X Z'-_ - - 4. L o=
VT T T xd T for large P° (l.e., saturated Xe},
aF

where Z—f is the macroscopic fission c¢ross section.
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Hence the reactivity held in saturated Xe is

(T + 7x) E&jLZ;F
L+ 2o/ 2ar

by

= (Y+7,)
I 'x ZAF

x = ~Px,sat =

Since XENOl747 computes <Xy by

the input value of SIGRAT is given by

Zf/zaF ~ Zf
1 +2.y/ Sap ZaF

SIGRAT =

for a homogeneous or uniformly-loaded reactor.

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

fZgF pav 2

bt

£ = - — aF
JCap + 2an +hypev T Wlu S, Vil S

VEdp Vrdr

o J 5 pav _ .p

= €A L
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where the average thermal fluxes have been defined as

sz—; 5(‘; gdv, EM‘“'V—I'J fa‘d‘f, 5T_v’1; J ¢V°
F

r
w

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

= 'Z-/z;F
Rx E:aT

where ¢y = VﬂﬁM/VFﬁF
Cy = Vppr/Vebr

80 that the input value of SIGRAT is

SIGRAT = 2/ Sap Zf{ éag
Z. +C ZaT
T T 2 oy

rather than é? ;E-F as for the homogeneous or uniformly-loaded
reactor.

Actually the average thermal flux ratios are not constant. Since
xenon ig produced_only in the fuel, P will be depressed and the
ratios P and @ /ﬁF will be raised. This enhancement effect may
be forma ly'represented by writing

BM/aF with no Xe 3 (l+R)ﬁM/ﬁF with saturated Xe,
5T/5F with no Xe — (l+R)ﬁT/5F with saturated Xe.

The thermal utilization in the absence of xenon is still given by

Sap
SaF + C1 XaM + C2 Zar

but now, with saturated xenon,
E:aF /

T = f7sat
SaF + (L + R)Cyd gy +(1 + RIC3,7 +2x,sat

f =

£l =

W@MS [FiED
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Then P .sat = T“%a'.'t—-_g
Fmas I'sat

_ =RCy gy - RCy Xy -Zx‘s@
SaF + 01 2am + C2 2a7

which of course redutes to the non-enhanced heterogeneous expression

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

which reduces to (Ezﬂ/i:np)/(l + &) for small R, as it should,
This enhancement effect(37 can be closely approximated by

S/ 2.
SIGRAT = 195(Tfé—?‘3£ o

Evaluation with the HAMMER and HERESY codes gives

AT = 1.5( —t=f
SIGRAT =1 5( 1+ 0.81

0.737 )= 0.611

for the Mark XITA-50A lattice.
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- Power coefficients (in units of k/unit flux) were calculated for
the axial and the radial modes of oscillation as follows:

(a) the Doppler coefficient of U%3° was taken as zero.

(b) from the Mark XIIA-50A Technical Manual (3), the
moderatog temperature coefficient was taken to be
-5 x 107”2 k/°C over the whole cycle; assuming that
the moderator temperature rises from 20°C at zero
power to 90°C at 1900 MW, and that at this poY r the
avergge flux over the whole cycle is 2,7 x 10
n/em<.sec.,* the moderator power coefficient becomes

i -5 _k)/90 - 20 oc)( 1900 MW
( 5 x 10 °C){'l900 MW/ \2.7 x 10*% n/cm?,sec.

-17 k
= "'1030 X 10
H/szosec°

(c) from the Technical Manual, the coolant temperature
coefficient was taken to be -11 x 10-2 k/°C over the
g 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

sk V60-20 °c 1900 My )
(;ll x 107 st A "1900 Mw)(2,? X 101% n/cm?,sec,

= -1.63 x 10”17 g
n/em<.sec.

’ (d) Then for axial oscillations, the power coefficient (g
was taken as the coolani power coefficient only, i.e.,
axial &m = -1.63 x 10-17 k/unit @.. Clearly the coolant
temperature profile will reflect any changes 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,
s0 that the bulk moderator temperature will not be
affected by axial power redistributions.

*initial average flux = 2.05 x 10%4 n/cmzoseco,
final average flux = 3.35 x 10°% n/cm?.sec.
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(e) for radial oscillations, the power coefficient A

- - must include not only the coolant temperature co-
efficient but also some fraction of the moderator
temperature coefficient. Radial remixing of the bulk
moderator i1s 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 HAp =

-1.63 x 10-17 + % (-1.30 x 10~17) = 2,50 x 10-17
k/unit po

Calculation of Flux Thresholds

Axial Oscillatipns

Typical values of the threshold flux and corresponding oscilla-
tion periods at thresheld 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, M~ = 260 cm?. and the axial flux
fundamental is about 80% flattened, but the flattening can vary
with the way the control system is used, With a negative
temperature coefficient, two flux thresholds exigt (line 3,
Table I): a lower threshold at ) 6 x 103 n/cm<.sec., and

and upper threshold, at 7.84 x 1014 n/cm?.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 decay, but between these thresholds,
any oscillation will grow (just at either threshold, any oscilla-

tion will maintain itself with constant amplitude).
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Flux Thresholds for Axial Oscillations
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Table I

DPST-68~206

H = 381 cm., oy = 2,60 x 10720 cm?,, SIGRAT = 0,611

2 _ o Single or | If Xp <0 Sustained
‘ M o, | Fraction T Lower @th | Period Upperﬁ%h Period |Oscillations
Cygle {cm$ Flas (k/¢) {n/cm%sec.{ (hours)| (n/cni%sec . {hours}{ Possible?
start |260 | 0 -1.63x10-17| rone - none - no
start |[260 0.50 | —l°63x10'I7 none - none - no
start |260 | 0.80 |-1.63x10-17[3:36x1013 | 53 5 | 5 g1 9014 | 4.2 yes
end 317 0 —l.63x1047 none - none - no
end 317 0.50 |-1,63x10"17 None - none - no

Since the initial operating average flux, 2.05 x lOlh n/cmzoseco,
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 more unstable, as shown by the lower osc¢illation
threshold of 4.88 x 1013 n/cm%sec. when 80% flattened.

At the end of the cycle, M? has increased to 317 cm<?., and the funda-
mental flux is almost unflattened. The reactor is no longer suscep-
tible to axial oscillations (line 4). :

The data
- {a)

in Table I and Figures 1 and 2 show that

stability is slightly improved by a negative temperature
coefficient;

{b)
{c)

stability is quite adversely affected by increased flux
flattening;

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). TheCX-r = 0 curve bounds a larger region of
stability; in this case; no sustained xenon oscillations are possible
at any flux level, unless the fundamental flux is more than 38.4%
flattened, The negative ¢ 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 the lower threshold or above
the upper threshold, oscillations will decay; Just on the line (for
this or any other value ofcx.r), sustained oscillations of constant
amplitude can occur,

Figure 2 shows similar curves at the end of the cycle, but only for
{1 equal to zero and to its expected negative value. The increased
migration area has shifted both curves to the right, so that for a
given value of A, the region of stability has increased. Now, for
Xm = 0, sustaineg oscillations are impossible at any flux level
un{ess the fundamigtal flux is more than 54.1% flattened; and for

Xm = -1,63 x 107+/ k/P, no thresholds exist unless the fundamental
is more than 75.1% flat.

Radigl Oscillations

Table II lists typical values of the threshold flux and correspond~
ing periods at threshold for radial oscillations. Complete radial
thresheld results are shown in Figures 3 and 4.

At the start of the cycle, M?% = 260 cm? and the radial flux funda-
mental is about 60% flattened. With a negative temperature coefficient,

-two flux igresho ds exist (line 3, Table II): a lower threfzold at

5,03 x 10+7 n/cm% sec., and an upper threshold at 5156 x 18 n/cm$sec.
Since the initial operating average flux, 2.05 x 10*% n/cm% 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? axlal _oscillations,
because the lower radial threshold, 5.03 x 10+3 n/cmg sei s 18 3
little smaller than the lower axial threshold, 5.36 x 10 3 n/cm<, sec.

If the temperature coefficient had been zero, the reactor would have

been somewhat mori unstagle, as shown by a lower oscillation thres-
hold of 4ohl x 1043 n/em<. sec. when 60% flattened.
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Flux Tgresholds for Radial Oscillations

R = 256 cm., Of = 2,60 x 10718 cm2., SIGRAT = 0.611

w2 |Pracei o iiggle or pors Igc‘T£<O, Period oSugiiiggdn

crele [(en?)| it | (/B) | (oot e (hornod |/ omae [(hono] [*peiatates
start 260 0 -2050x10"l7 none - none - no
start | 260 | 0,50 |-2.50x107%7 [7.33x2013 | 20.8 [3.95x10%% | 9.8 yes
start | 260 | 0,60 |-2.50x10717 |5,03x1013 | 23,8 |s5.26x10M% | 8.6 yes

epq : 317 0 -2.50x10'17 none - none - no

end 317 | 0.50 |-2.50x10" 17 none - none - no

end | 317 | 0.60 [-2.50x107%7 {1,07x10M [ 17.8 [2.87x10™ |11.5 no!

At the end of the cycle, M? has increased to 317 cm%, but the funda-
mental flux still remains about 60% glattegedo The lower thriﬂhold
flux has been raised from 5,03 x 10l n/cm4 sec. to 1,07 x 10

n/cm%z sec. and the upper threshold flux lowered from 5.26 x 10-

n/cmg sec to 2.87 x 104 n/cm% sec. {line 6). %imultaneousli the
operatingl&verage flux has risen from 2.05 x 1014 n/cm% sec. to

3.35 x 10*% n/cm® 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 50%, the reactor would be distinctly more susceptible
to radial than to axial observations._  _With gero temperature coeffic- .
ients, the radial threshold 5.89 x 1013 n/cm% sec. is lower than the
axial threshold 1.86 x 10+4 n/cm? sec. at the start of the cyclej at
the end of the cycle, sustained axial oscillatioEE are .no longer
possible, although a radial threshold, 1.18 x 10“* n/cm% sec., still
o exists. With the respective negative temperature coefficients, sus-
tained axial oscillations are impossible at both the start and the end
of the cycle, alihou h radial oscillations are possible (threshold
flu§ = 7.33 x 1043 n%cm% sec,) at the start (but not the end) of the
¢ycle.

pitxs 0
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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 the radial mode, at the start
start and at the end of the cycle, respectively. Here again, the )
larger migration area at the end of the ¢ycle 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 40.3% at the
start of the cycle to 57.0% at the end of the cycle., If =tq = 0,
the reactor exhibits an oscillation threshold for all degreés 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 =<, = 0, the reactor is

subject to radial oscillations for all dégrees of flatness at the
start of the cycle, or for all degrees of flatness >30.5% 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, so that radial oscillations
become possible, I us at_the start of the cycle, a threshold does
exist at 1.98 x 1015 n/em% sec., but because it is higher than the
initial operating flux1 sustained radial oscillations are impossitle,
When =t p = -2,50 x 10"17 k/@, the minimum flattenings for radial
oscillations are 40 2% and_62.9% at initial and £inal gperating
fluxes of 2.05 x lO1 n/cm2° sec, and 3.35 x 101 n/cm% sec., respec-
tively. The absolute minimum flattening, below which sustained
oscillations are impossible at any flux level, is 40.3% at the start
and 57.0% at the end of the cycle; these minima could be encountered
" at flux levels below the operating levels, Similar considerations
apply to the axial cases, Figures 1 and 2.

It was reported that radial oscillations were observed (c¢f. p. 10)
with a period of 20 hours at 40% of full power at the start of the
cycle. Table III shows the results of a calculation specifically
matching tEE?e conditioni3 viz.s specified average flux = (0,40 x

(2:05,% 10-%) = 8.2 x 102 pfems,sec. at M2 = 260 cm%, (g = -2,50
x 10-1 %ﬁ, Ox = 2.60 x10748 cm%, SIGRAT = 0,611, and flix flatten-
ing = Oo o

UNCLASSIF'Tg
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Calculated vs, Observed Radial Oscillation Period

calculated Observed

Average flux, n/cmg sec. 8,2 x 1013* 8,2 x 1013*
Oscillation period, hours 20,2 20
Lower threshold, n/cm?leeco 5,03 x 1013 -
Corresponding period, hours 23.8 -
Upper threshold, n/cm? sec. 5.26 x 1014 -
Coresponding period, hours 8.6

*specified equal.
Clearly xenon oscillations could have been observed, since the

actual average filux lies between the lower and the upper flux

e L

thresholds. The computed oscillation period at this average flux

agrees satisfactorily with the observed period.
zero, the average flux wou}% have exceeded even more
n/cmo sec (correspondlng period =

threshold flux Lo.4l x 10

If of

%hhad been

e single

24.8 hours), and the computed oscillation period at this average

flux would have been 21.3 hours (vs. observed
hours (vs. observed 20) for A p = -2.50 x 10~1

%0), rather than 20,2

The observed radial oscillation is shown in Figure 5 where the
moderator temperzture difference between opposite sectors of the
reactor is plottea against time. The value of the first perturba-
tion flux peak can be estimated from the initial AT spike of 2°C

relative to the average moderator temperature of 45°C:

@’ = 2°C
g.2 x 1013 45°C
s¢ that the first Q’maximum =L ox 1012 1/cm§ S€C.
of the perturbation flux is given (1) by
/ ot
g = ge

where B" can now be identified with the first peak, ¢” =g =4 x 1012

UE‘%@MSS i
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The enveloge of subsequent peaks in the perturbation flux can
hen be calculated

max. ¢ ﬂ” St = ) x 1012 exp{l,93 x 1072t)

where t is the time in seconds, and S5= Reubi which has been
computed by XENO}ZL? to be 1.93 x 107 sec, at the specified
flux of 8.2 x 1043 n/ cm? sec.* In terms of temperature difference
across the reactor,

ﬁ”eS( t + At) s.At

AT at ¢t + At _
AT at t @Y eSt

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

max. AT = 2.0 exp(1l.93 x 1072 t)

Because the temperature readings are good to only +1°C, the initial
AT peak might have been as low as 1.5°C or as high as 2.5°C. Peak
AT envelopes are plotted as dashed lines in Figure 5 for each of
these. three 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 damp out these oscillations by control rod movement.

XENG1747 also computes the ratio of any perturbation flux maximum

to the subsequent maximum. This amplitude £§t10, ﬁ/¢£+l’ is 0.25%%
when the specified average flux is 8.2 x 102 n/cm% sec. This
agrees reasonably well with the ratio of ‘the first to the second

AT peak, namely 2°C/7°C = 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 of ¢/ is 8.63 x 10~ =2 sec, -1 corresponding to a
period 7= 27/Im(e’) = 20.2 hours as in Table III.

*%*1.8., the oscillation is growing, since each successive perturba-
--tion flux amplitude is four times as high as the preceding on.
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IIT,

Figure 6 shows a universal plot of threshold flux vs.
oscillation period at threshold for two values of T xe. It

can be shown \q.) that &t thr cahuld, the GSClllquiuu Per icd

depends only on the physical constants Ny,Ay, 71,7y, and 0
%nd of course @th), not on the reactor parameters ' or R,

, fraction flat, CXT, and Xy,

The upper curve is based on an average 9y = 2, 60 x 10 -18 cm
obtained from HAMMER calculations, and used throughout this
study (except for 'Section IV}, whereas the lowig curve is
based on a 2200 m./sec. Value* dx = 3,08 x 107+° used in
previous studies 5

Oscillation Periods for Arbitrary Flux lLevels

Oscillations can occur at flux levels above and below, as well
as at the threshold \J..L auy; level, Dc:..‘l.vw a lower (Q“ﬁ -{-.O} or
single (oAp3»0)} threshold, an asymmetric power distribution
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 inte account in any pertur-
bation theory treatment. Below an upper threshold (GKT<<0),
the asymmetry will grow in an oscillatory fashion, but above
the upper threshold it will again decay in an oscillatory
manner, or steadily if the flux is sufficiently high.

The perturbation flux amplitude ratio ¢n/¢ o+l is schematically

correlated in Figure 7 with the va1ues of The real and imaginary
parts of w (i.e. ) = 5 + jO, j J l) as functions of average
flux. For the "no threshold" case >1.0 for all ¢ >0:
the maximum amplitude of the n+l th osc }ation is always
smaller than that of the pth osc1llat10n, and the oscillation
decays exponentially with a period T = 2 W/G—e The real part

s has a single negative value within the region of oscillation,
Outside of this region, where ¢ = 0, s has two negative values,
s0 that the perturbation decays steadlly, without oscillation..

If =p 20, only a single threshold is possible. Oscillations
can occur wherever ¢ > 0. The threshold for divergent oscilla-
tions, at Whlch the oscillation is sustained at constant
magnitude (Pn/Phe1 = 1.0), occurs at s = O, Below the threshold,

s is c-lha-'ln 1rg'l11n and nnrrg-l--i-n-a S0 +h-a+- the nen'i'l'l:n't"lnne convaerce
CLE 3wk -8 ’ VA&'V‘&V

(ﬂn/ﬂ + ‘71 0), Above the threshold, s is single-valued and
p051t§ve, so that the oscillations diverge (¢n Pli1 <1.0). The
perturbation decays or grows steadily when ¢ = 0, according as
the real roots s are both negative or positive.

*a recent compilation(6) lists several thermal spectrum values for

xel35: (3. 6 + 0.4) x 106, (3,21 + 0,10) x 105, (3.2 + 1.0) x 106,
) hlgle [ged fonY o 1nh . N N+ Ta T T 2 T - T ‘1n6 [ T a T
46* b4 AWy “G}O T Vel J A LUy, d. I LoV T Vel ) A LWV el LD, LIl

first is the recommended value,
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If %<0, a double threshold is generally possible. Below the lower
threshold and above the upper threshold, where ¢ >0 and s is single-
valued and negative, convergent oscillations occur. Between these
two thresholds, where ¢ >0 and s is single-valued and positive,
divergent oscillations occur, Outside of the region of oscillation,
where 0~ = 0, 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 ¢ﬁ/¢ﬁ+l curve being-just tangent to the horizontal
1.0 line); at this precisé 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 pgrameters were such that, if an oscilla-
tion were started, then #§/@/+] = 2.0. Suppose further that a local,
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 a flux level that any induced perturbation
would decay steadily (i.e., 4 = 0 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 unflattened, there is no threshold and

any asymmetry will deci in an osciliﬂtory manner for flux values

in the range 2.8 x 10 I({5-(208 x 10*% n/cm% sec,; above or below
these limits (where the period goes to infinity), the decay will be
steady. If Eﬁe fungamental flux is 50% flattened, a threshold exists
at 1.86 x 10+% n/em% sec., and five modes of behavior are possible:

steady decay for #<1.7 x 1011%011@ sec. 1 2
oscillatory decay for 1.7 x 10U <@ <@y, = £o86 x,10%4 n/emssec,
steady oscillation at @ = @¢p = 1.86 x.10L% n/cm? secs
oscillatory growth for fyp = 1,86 x 1014 <@ <2.3 x 1015 n/cm?sec
steady growth for @ >2.3 x 1015 n/cm? sec.

—— T Ty P i,
o0 o
s e N St S

*8.8., When the flux is 57.5% flattened anddAp = -1.63 x 10-17 k/@,

Figu;e l; similar conditions are apparegt in Figures 2, 3, and 4.
#Rif P] = -10% when Ph/PBhs1 = 2.0, then P5 = -5%, and the intermediate

. maximum amplitude =
N 8707 = 7.
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The mathematical solution of the problem requires that very lopg
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 <L Pyp)or so very small (for P> Pin) as the actual flux

departs from the threshold flux, that long-period oscillations

would soon not be recognized as oscillations at all. TEgs for

the above 50% flattened case, at a flux level of 1 x 10-° n/cm%sec.,
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 sEEmerged in the reactor noise. Conversely, at a flux level
of 1 x 102 n/cm% sec., the perturbation amplitude ratioc 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 50% flatness, but also by
the wider range of flux levels over which 9®scillatory behavior can
occur, as compared to the zero-flatness curve.,

At the end of the cycle, Figure 9, Eicillatory decay &s observed
for all flux levels within 3.3 ¥ 10 <¢<1,2§g x 10%% n/cmé sec.
for zero flatness, or 2.1 x 10+ <P <1l.6 x 1040 for 50% flatness.
No flux threshold appears in either case. ‘

Figures 10 and l} show oscillation periods vs. flux levels when
Xp = -1,63 x 10™ 7 k/@, its expected value. The temperature co-
ef'ficient is sufficiently negative so that no thresholds appear,
for either 0 or 50% flattening, at either the start or the end of
the cycle, At the start of the cycle, any tilt perturbation on an
unflattened 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 the.operating 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 in 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 % q assigned
its expected negative value. No threshold exists for either zero
or 50% flux flattening, although 50% flattening comes much closer
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to yielding a pair of thresholds; all four curves correspond to
the "no threshold" case of Figure 7. In particular, the closest
approach showm to threshold occurs at the start of the cycle:
when the flux is 50% flattened, the amplitude ratio becomes as
small as 3.5 at very nearly the actual flux level. Not shown is
the somewhat more realistic 80% flat case (not calculated in
sufficient detail), for which the @[ /#f,1 curves would cross the
1.0 line twice wheg the specified ixerage flux = the threshold
fluxes = 5,36 x 1043 and 7.84 x 10 n/cmg sec, (Table I line 5);
this would correspond to the "double threshold" case 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
unflattened and 50% flattened fluxes, c¢f. Figure 3. At the average
operating flux level, any flux tilt perturbation superimposed on a
50% flat fundamental would grow in an oscillatory fashion with a
period 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 50% flat threshold has moved to a high flux
level, c¢f, Figure L. 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 50% flat fundamental would
grow with a period of 11 hours.,

Amplitude ratio curves for radial oscillation are shown for the
hypothetical™p = 0 case because they illustrate the "single
threshold" case of Figure 7. At the start of the cycle, Figure 16,
each @{/Pf+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 50% flat curve yields an
amplitude ratio of only 0.001 at the operating fiux 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 50% flattened ("single threshold" 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-
flattened (™o threshold" case of Figure 7). '
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Figures 18 and 19 show similar cui¥es for radial oscillations
except that now o{p = -2,50 x 10~+/ k/@#, its expected value,

At the start of the cycle, Figure 18, the negative temperature
coefficient has eliminated the Jo threshold present when < = 0
(cf, Figure 14); the 50% flat threshold has now been replaced by
a pair of i resholds (cf. Figure 3), the lower threshold of which
(7.33 x 1013 n/cm? SE§°) lies somewhat above the single (¢ = O
threshold (5.89 x 1042 n/cm#% sec.). This means that seven modes
of behavior are possible for a 50% flat fundamental:

) steady decay for @ < 1.3 x 1011 n/cm% sec.
) oscillatoig decag for 1.3 x loll<1¢ < lower Pip =
7.33 x 10+2 n/em% sec. '

o

steady oscillation at @ = lower ¢th = 7,33 x 1013 n/cm% secCo.
oscillatory growth foihlowerzﬂth £7.,33 x 1013<g <

)

upper @Pih = 3.95 x 104 n/cm% sec.
; steady oscillation at @ = upper @ty = 3.95 x 1014 n/em? sec.
)

——— —— p— —
Lo

H @

oscillatiﬁy dec%y for upper ﬂth”= 3.95 x 1of4-<¢ <
8.6 x 10+ n/cm% sec. 1

(g) steady decay for § » 8.6 x 10 n/em? sec.

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

(a) steady decay for @ 1.8 x lOlllE/cmg SeC, 1 2
(b) oscillatory decay for 1.8 x <P < 5.1 x 10% n/em?% sec.
(c) steady decay for #>5.1 x 10*% n/cm% sec.

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™p = Q) or for a 50% flat funda-
mental (where a threshold does exist ifep = Q), 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 50% flat funda-
mental.

Amplitude ratio curves for radial oscillations are shown for the
realistic negative Ay case in Figures 20 and 21. At the start of
the cycle, two thresholds (@{/@4+1 = 1.0) bracket the operating flux
when the flux is 50% flattened, so that divergent oscillations can
occur. At the operating flux level, ¢£/¢ﬂ+l = 0,25 so that each
successive perturbation peak is four times higher than the preceding
peg?. No threshold exists if the flux is unflattened (all B4/@h+1>
10 L]
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At the end of the cycle, no thresholds exist, so that only
damped oscillations are possible, At the actual flux level,
the amplitude ratio for 50% flattening is 8.4, so that each
successive perturbation peak is only 12% as high as the
preceding peak; and if the flux is unflattened, not even such
convergent osc1llat10ns are possible at the operating level,
because the amplitude ratio goes to 1nfin1ty at a flux level
Just less than the operating flux,

Effect of Changes in Input ParametersA

IV,
The decay constantsx& % and the fractional fission yields
I» ¥ x were assigned the values shown on page 4 throughout
this study, There was, however, some question as to what value
Lo use for gy (cf, footnote p, 22) and especially for SIGRAT.
It _was decided to use the HAMMER average valued”, = 2,60 x 10-18
cm% Some preliminary calculations, listed in Taglg IV show
that using a hlgher 2200 m./sec., o, = 3.08 x 10-1 cm would
have resulted in somewhat lower CalChlatcd oscillation thresholds
(compare lines L Vs, 2, 7 vS. 5, 8 vs. 6}, i.e., the reactor
would have appeared to be less stable. Increasing &% lowers
the threshold flux vs. threshold oscillation period curve, as
shown in Figure 5,
Table IV
Effect of Changes in (Jx and SIGRAT
Xp = 0, M? = 260 cm?
Fraction | 10%807 Threshold Flux at SIGRAT =
Mode Flat (em?) 0,407 0,611 0,737
Axial 0 2.60 none none none
ﬁ " 0,50 2.60 " none 1,86 x 1014 | 7,66 x 1013
" 0 3.08 not run none none
" 0.50 3,08 not run 1.57 x 10 | 6.46 x 1013
Radial 0 2,60 none 1.98 x 1015 | 1.31 x 10t4
" 0.50 2,60 {2.05 x 1015 | 5,98 x 1013 |3.86 x 1013
o 0 3.08 not run 1.67 x 101% | 1,10 x 1014
" 0.50 3.08 not run 4.98 x 1013 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 6 lists the too-low threshold fluxes
which would have been predicted if the lattice were regarded
as homogeneous or uniformly loaded, page 6. This simplest
approach would have underestimated the stability of the
reactor. Column 4 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-
congervative 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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