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Abstract

A method for measuring the fuel temperature coefficlient of reactlvity
in a heterogeneocus nuclear reactor is presented. The method, which
18 used during normal operation, requires that callbrated control
rods be oscillated in a speclal way at & high reactor power level.
The value of the fuel temperature coefficlent of resctivity ie found
from the measured flux responses to these osclllations.

Application of the method in a Savannah Rlver reactor charged with
natural uranium is discussed.
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introduction

Important features in the design and operation of & nuclear reactor
are the ease with which the reactor can be controlled and those
characteristics of its kinetiec behavior which contribute to safe
operation. A strong factor in a reactor's stability is the amount
by which the reactivity changes in response to a temperature change
in the system.

In & heterogeneous reactor, the fuel temperature coefficient of
reactivity {represented by the symbol A ) is especially significant
because of the rapidity with which the fuel temperature can change
after a change in reactor power level. Therefore, the sign and
magnitude of A are important considerations in design and operation.

It is difficult to calculate the magnitude of A, and in some cases
the sign of A may be in doubt. Thus, there is & need for an experi-
mental technique by which A may be measured. Such methods usually
require special equipment or lattice modificetions which change the
known characteristics of the reactor and usuelly interrupt normal
reactor operation. Most experimental methods also require extrap-
olation from measurements on small sasmples tc obtain & value of A
in a full reactor charge. An experimental technigue for measuring

A which does not suffer from these disadvantages was sought.

Summary

A method has been developed to measure A in & nuclear reactor.
It consists of three main steps:

1. At a normal operatlng redctor power level, callbrate a group
of control rods by & special oscillation technique.

2. AV the seme power level, oscillate the calibrated control rods
on & cycle of motion specially chosen for the sensitivity to
fuel temperasture changes of the thermal neutron flux response.

3, Adjust the value of A in a calculation of the neutron flux
responege to these oscillations so that the messured and cal-
culated responses agree.

Steps 1 and 2 may elso be performed at a very low reactor power level
to test the validity of the calculations in the special case where
temperature effects are negligible.

This technique has the advantages listed on the following page.
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® Measurements are made during normal reactor operation.

® Measurement can be made in & short time. Fhis feature makes
feasible a study of the dependence of on

(eg, fuel exposurs).

regetor conditions

® No suxiliary equimment is required.

® The reactor is unchanged by the measurement, and no extrapolation
from a small sample is necessary. The technique provides a value
of A for the full complement of fuel elements in their normal
configuration.

The method gave a value of -1.3 X 10™° Ak/°C for A in & Savannah
River reactor containing a full charge of natural uranium (Mark I)
fuel elements.

Discussion

The method described here for measuring A was first used in a
Savannah River reector contalining a natural uranium (Mark Il) charge.
Although its epplicebility is not limited to that type of reactor,
clarity in exposition will he promoted in this report by restricting
the discussion to thils particular spplication.

A Savannah River resctor containing a natural uranium (Mark I) fuel
charge is described briefly in appendix A. Also described 1s the
differential electrometer, the instrument used for measuring thermal
neutron flux oscillations, which is characterized by variable
sensitivity, short time constant, and provision for subtraction of a
constant component from an oscillaetory signel.

Appendix B presents reference information for understanding the re-
sponse of the reactor to oscillations of & neutron absorber within

the reactor. The technique for calibrating control rods by oscillating
them in a sawtooth pattern, called the "oscillation technique" in

this report, is slso described briefly.

Objective

Measurement of A requires three essential steps performed at normal
reactor operating power level. (The higher the power level at which
the measurements are made, the higher the fuel temperatures and the
greater the precision in the measurement of A.)

1 gee appendix A for description of a Mark I fuel element.




These steps are:
1. Calibrate a group of control rods,

2. Osecillate these control rods on & truncated sawtooth cycle, and
measure the neutron flux reeponse.

3, Find A from the datas obtained in steps 1 and 2. The effective
A 18 that value which, when used in reactor kineties celculations,

produces sgreement between the measured and calculated flux re-
sponse to the oscillations performed in step 2.

Experimental Procedure

Control Rod Strength. Control rod gangs (see appendix A) are cal-
ibrated to within % 10% by oscillating them on an 8-second sawtooth cycle
(see appendix B, page 27 J. This calibration, which yields Akerr/cm

over & l2-cm interval, is performed at the nomal reactor operating
povwer level with whatever control rod configuration obtdins at

the time.

During the (truncated sawtooth) control rod oscilletions discussed
below, the extreme positions of the control rods are recorded from a
meter on the reactor operating console. This informetlon, plus the
Merp/em for the control rods obtained from the 8-second sawtooth
oseillation, provides the total M. ey caused directly by the motion
of the control rods, with a precision of * 10%.

Truncated Sawtcoth Oscillations. The calibrated control reods are
oscillated on the truncated sawtooth cycle shown in figure 1 for

L, the effective macroscopic absorption cross-sectlion for thermal
neutrons. Figure 1 also shows Kgyoang, 8nd the fluxes near and far
Trom the osclllated rods, when I has & truncated sawtooth variatlon.
The change in flux during the motionless part of the control rod

(2,) cycle is referred to es the "period" rise or fall.

Cycles of several different lengths are used to displaey the variation
of flux response with cycle length, A minimum of one second is set
for each distinet part of the oscillation cycle by the practical
limitation of menuel operation of the remotely controlled rods. The
movement of the contrcl rods from their egquilibrium position i
limited to & maximum time interval of two seconds to avold flux
changes of sufficient magnitude to cause thermal strains in the
reactor structure. (Larger intervals offer no advantages, since a
sufficiently large Akgpp 18 introduced in two seconds.} The length
of the motionless part of the rod cycle, corresponding to the "period"
part of the flux rise, is restricted to ten seconds to prevent the
moderator temperature from changing substantially (see appendix B).




-egcillation cycle in figures S and 6, Flgure 5 shows data Wwhen the ~

Examples of the flux response to control rod oscillations of this
type are shown in figures 2 and 3. ‘These are traces obtained from

the differential elevtrometer. Flgure 2 shows the response obtained
in & reactor operating at & very low power (ca 1 mw); and figure 3
shows the response at 450 mw.

The amplitude of the "period" part of the flux response, divided by
the equilibrium flux level, 1s defined as A®*,454. The symbol refers
to both the positive and negatlve halves of the oscillation cycles,
which are the same after initial transients have died out (after
shout l% cycles). Thus for a typical set of ten cycles, seventeen
separate measurements of AP¥,50 are made, and a good average value
can be obtained. However, 1t is better to use N¥,5, defined as the
relative flux change.between an extreme and the point preceding in
time by 75% of the length of the "period" part of the oscillation
eycle. This allows more sabtisfmctory processing of dats, since it
eliminates finding the exact point on the flux response trace where
the "period" part begins. (Since the flux varies rapidly here, an
grror in determining this peint introduces more error in A0¥ than a
gimilar error at 75%.) Figure 4 makes the measurement clear. For
convenience, the subscript 75 will be dropped henceforth, and Ad*
will be understood to be Ad¥*s,

AD¥ 1g independent of the positlon at which it 1s measured, and is
that part of the flux response which is sensitive to pile reacitlivity
changes caused by changes in the temperastures of reactor components
(see appendix B)}. The quentity A@*fAk can then be obtained from the
measured values of A®* and Ak for each type of cycle. AQ*/Ak is
independent of Ak over a wide range, and is therefore a convenlent
quantity for comparisons.

Values of AD*/Ak which have been obtained are shown in tables 1 and

2. Table 1 shows Ad*/Ak measured in a reactor operating at about

1 mw (average fuel temperature ca 8°C); end teble 2 shows A@*/Ak at

450 mv (average fuel temperature ca 170°C). The differences between
the values shown in tables 1 and 2 are an indicatlion of the sensitivity
of Ad*¥/pk to temperature-induced remctivity changes.

In order to display this sensitivity more effectively, Ad¥*/Ak is
rlotted against the length of the motionless pert of the control rod
rods are moved from thelr equllibrium position for one second; figure
6 shows date when this motion lests two seconds. 'The effect of the
temperature-~-dependent reactlvity changes is shown clearly by the
difference between the curve obtailned at 1 mw and the curve obtalned

at 450 mw.

The experimental data (A®*/Ak) are quite reproducible. Figure 7

shows two sets of data teken at times forty-two days (about 25,000 mwd
exposure ) apart. These data, which show good reproducibility, are
from a different type of fuel charge (Mark II core) operating &t a
reactor power level of 585 mw. {Note: The data shown in figure 7

are Ab*,50//k instead of AD¥,s/AkT AD*/Ak. )




interpretation of Data

The technical complexity of the condltions under which the data
were obtained necessltates analysis something less that straight-
forward. The successful procedure 1s to fit a theoretical curve
to the experimentsal data shown In flgures S and 6, using as
adjustable parameters A, the thermal time constant of the fuel
yrs and the thermal time constant of the moderator y,. The nature
of the physlco-mathemstical problem is such that each of these
three parameters haeg a distinet, easily seperable effect, so that
each can be determined uniquely.

Calculations., The calculations provide a detailed description of
the flux as a function of time. They are baged on a set of coupled
differential equations describing the behavior with time of thermal
neutron density, delayed neutron precursor densities, and tempera-
tures of reactor components. A solution to these equations, in

the form of an expansion in sinuscidal functions, is shown in
appendix C. The solution requires the followlng assumptions:

¢ The flux distribution in the reactor is determined by the
equation V34 + B¢ = 0, with B2 constant throughout the reactor,
and remsins unchanged by the osclillations,

¢+ Transient effects die out rapidly, so that varlables can be
expressed in terms of periodic functions of time only. A more
detalled mathematical analysis, performed by H. D. Brown of the
Savannah River Leboratory and currently belng prepared for
publication, shows that the transient contributions are neg-
ligible after about 14 full cycles.

¢+ Second order terms in flux, reactivity, and temperature changes
are zero., The analysils by Brown shows that almost no error is
incurred by making this assumption.

¢ The temperature coefficients of Z,).pr In the reactor are at most
1% of the coefficients of the natural variable kg Z.)err. This
value is an estimated upper limit. However, the completed
calculations show (1) that moderator temperature changes are so
small for the oscillations used (ie, yy/ye << 1) that their
effect on flux response is negligible, and (2) that even 1f the
fuel temperature coefficient of Z, )eff is doubled (ie, 1s 2% of

the reactivity coefficlent), its eff

ligible.

V1w macgrmanos 1o macr

c'i'
]

There remain six essentlial parameters in the calculations, Of
these, the values of three are sought by requiring a fit to the
experimental data., These three are A, 7f and ym. The remaining
three parameters are the moderator temperature coefficlent of
reactivity, and the statistically weighted average temperatures of
the fuel and moderator. The moderator temperature coefficient of
reactivity is measured in an independent test performed at very
low power,
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In this test, the moderator 1s heated by circulation pump power
when the heat-exchanger cooling water flow 1s reduced, and the
reactivity change caused by the moderator temperature change 1s
then measured. (The reactivity measurement ig made using the rod
oscillation technique mentioned above. This measurement has also
been made in a test facility using stable period measurements.)

The moderator temperature is measured directly by thermocouples
distributed throughout the reactor. The fuel temperature and its
distrivution, however, must be calculated from heat transfer and
conductivity coefficients, ccolant flow rates end temperatures,
etc. The flux distribution, which may be calculated or measured
with reasonable accuracy, 1s then used with the calculated tempera-
tures to obtain a weighted average fuel temperature. This quantity
is the major source of uncertainty in the value of A obtalned
from this analysis, since any error Is reflected directly in A .
(The distinct variable appearing in the calculatlions is the product
of A and the average temperature. )

The solutions express the relative flux, ¢/d,, as a function of
(time and) the driving function X,. It can Be shown that

Mk A -L(AZ./Z,.), where Ak and AF, are the driving amplitudes of
k and z,, respectively, and L is the non-leakage probability for
thermal neutrons. Thus; conversions between Ak, the measured
driving funetion, and AZ,, the driving function used in the cal-
culations, can be made.

The accuracy of the calculations was tested in the limiting case
of very low reactor power level, where temperature effects on plle
behavior are negligible. Calculated values of Ad* for thls case
are compared in table 3 with the experimental values obtalned at

a plle power of about 1 mw (listed in table 1). The excellent
agreecment in the values shown in table 3 demonstrates the adequacy
of the mathematical degcriptlon in this limiting case.

Results. In making comparisons of experimental and calculated
values in order to determine A s 7ty and yp, graphs of the type |
shown in figures 5 snd 6 are convenient,

Figure 8 illustrates the effect of yp on the flux response._  In_ _.
-that-figure;—the parameters Have the following values:

curve 1 curve 2 curve 3
A, Ak/ c -1.59 x 1075 -1.59 x 1075 -1,59 x 1073
y5, sec” 0.341 0.341 0.341
Yms S€CTF 0.05 0.028 0
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Comparison of these curves with the experimental curve ineluded
for reference shows that a very small yp, effectively zero for
these calculations, allows the best fit. (The final choice of
parameters and the successful fit bears this out.) Ym = O means
that the "thermal inertia" of the moderator system is very large
in these tests, and that consequently the effect of moderator
temperature coefficients is very small (zero in the caleculations).

Filgure 9 illustrates the effect of yf on the flux response. In
that curve, the parameters have the following wvalues:

curve 1 curve 2 curve 3 curve 4
A, AR/°C -1.59 x 107 -1.59 x 1075 -1,59 x 10”5 -%,59 x 10°°
yps s€C™E 0.341 0.25 0.4 0.35
ym, sec”t 0.028 0.028 0 0

Curves 1 and 2 show that the response is sensitive to yg, and that
the response is affected in a different way than by yp. Curves

3 and 4, which are more compatlble with the experimental data,
show that yp = 0.35 sec™! is too small, and indicate that r£ 1s
about 0.4 sec'l, or slightly larger.

A simple computation using the equilibrium statement of yp, power
and temperatures required by the temperature equation used in

i I e | Y et

these calculations (le, by the boundary conditicn) gives

yf = 0,341 sec™ . The fact that this value of yp does not give

a satisfactory fit shows that the temperature eguation used does
not give a wholly adequate model of fuel temperature behavior,
However, when the avallable equation is used with a value of y¢
determined from comparisons wilth experimental data, the deascription
of temperature behavior 1s adequate so long as no varlable becomes
very different in magnitude.

Figure 10 shows the effect of A on the flux response. In that
figure, the parameters have the values:

curve 1 curve 2 curve 3
A, 8k/°C -1.59 x 1073  -1,22 x 10”5  -0.81l x 107°
yg, seC - 0.341 0.341 0.341
ym, sec”t 0.028 0.028 0.028

These curves indicate that A®%/Ak is quite sensitive to A , and
that 1t is affected by A in a way different from either yy or re.
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Figures 8, 9, and 10 show that y, affects the shape of the re-
sponse curve at long "period" times, predomlnantly; yy affects

the shape of the response curve at short “period" times, pre-
dominantly; and A affects the level of the response curve, pre-
dominantly. When the three parameters were adjusted to the ex-
perimental data simultaneously, it was found that the same set

would not fit the curves with one and two-second rod motlons

(from equilibrium) at the same time. Therefore, two distinct

sets of parameters were obtained, one set fitting the one-second
data and the other set Ffitting the two-second data. The curves

are shown in flgures 1l and 12. Curve 1 uses yy, = 0, yp = 0.475
sec'l, A = =1.22 x 1073 ak/°C, and fits the one-second experi-

mental data shown 1n figure 1ll. Curve 2 uses yp = 0, 7y = 0.4 sec™t,
A = 1.40 x 1075 Ak/°C and fits the two-second experimental data
shown in figure 12. The best value of yp is then 0.438 sec™t with a

precision of t 9%, and the best value of A i1s -1.3 x 1075 ak/°C

with a precision of * 7%,

Conelusions

Synopsis. In order to measure A, osclllate calibrated control
rods on a truncated sawtooth cycle, and measure the temperature-
gensitive part of the flux response. It is then reguired that the
calculations agree with the measurements, which determines p

and the thermal time constants of fuel and moderator lndependently,
because of thelr distinguishable effect on cycles of different
shape and length. The primary source of error 1s in the value of
equilibrium fuel temperature used in the eguations. Error from
this source could be as high as % 15%.

A secondary source of error which has not been examined quantita-
tively is the redlstribution of flux durlng the oscillations.
During the “period" part of the flux response, the hottest fuel
elements have the highest statistical welght. This condition
tends to decrease the amplitude of the effeqgtive temperature
change in the negative half-cycle, and increase it in the positive
half-cycle. Of course; after transients have passed,.the-oscilla-

Tt1dng occur about the equillbria. The error caused by neglecting
thls effect is probably small,

Applicabllity of Technique. The method can be applled to any
reactor which can be analytically homogenized, in which only one
temperature-reactivity parameter is unknown, and in which the

time constants of important components are either known or differ
widely. However, the kinetics of a reactor having two or more
reglons with widely different properties are more complicated.
Interpretation of oscillation data 1In a two-region reactor at
Savannah River by kinetlecs calculations of this type have resulted
in values of A with wide limits of error (perhaps + 50%).
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Ekpe;iment&l

Table 1

P Y T \
(Reactor Power - 1 mw)

A. Rod Motion from equilibrium - 1 sec

Values of AD*/Ak

Motionless Pertod, sec % rk % NO* AO*/ Nk
1 0.00435 0.167 38.4
2 0.00432 0.214¢ 49.5
4 0.00461 0.380 82.4
6 0.00448 0.502 1i2.
8 0.00457 0.619 135.
B. Reod Motion from eguilibrium - 2 sec
Motionless Period, sec % Ak % AD* AP*/AK
1 0.00815 0.155 19.0
2 0.00824  0.370 41.4
4 0.00892 GC.661 74.1
6 0.00898 0.955 106.
8 0.00809 1.15 127.
10 0.00886 1.35 152,
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Table 2

Experimental Values of A®*/Ak
(Remctor Power - 450 mw)

A. FRod Motion from equilibrium - 1 sec

Motionless Perled, sec % Ak 9 AD* AD¥/ Ak
1 0.00508 0.0608 12,0

2 0.00562 0.124 e2.0

4 0.00510 0.163 32.0

6 0.00512 0.223 43.5

8 0.00523 0.296 56.6

10 0.00524 0.324 6l.8

B. Rod Motion from equilibrium - 2 sec

Motionless Period, sec % Ak % Ap* AD*/ Ak
1 0.01054 0.107 10.1
2 0.01087 0.187 17.5
4 0.01081 0.266 24,6
6 0.01072 0.430 40,1
8 0.01080 0.414 38.3
10 0.01103 0.520 47.1




A,

B,

Table 3

Calculated Values of AD*/Ak
(Reactor Power - 1 mw)

Rod Motion from equilibrium - 1 sec

Motlonless AD*/Ak
Period, sec Calculated Experimental
1 27.1 38.4
2 47.5 49.5
4 80C.0 82.4
3] 107. 112,
8 129. 135.

Rod Motion from egquilibrium - 2 sec

Motionless 74@%/@3 7777777777
Period, sec Calculated Experimental
1 24,2 19.0
o 43.4 41 .4
4 74,0 74.1
6 100. 106.
8 124, 127.
10 148, 152,

13
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a This amplitude is strongly dependent on the spatial
relationship between oscillatory L. and the position
of flux measurement.

b Thls amplitude, called the "period” rise or fall, is
usuelly smaller than amplitude a, and is independent
of the relationship between oscillatory I, and the
position of flux measurement.

Figure 1. VARIATION OF REACTOR PARAMETERS WITH TIME
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Rod Motion from equilibrium - 1 second
Motionless Fericd - 4 seconds
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Figure 2. FLUX RESPONSE AT 1 MW

Fod Motion from equilibrium - ) second
Motionless Period - 4 seconds

i | - L 1 ] ] t L

Figure 3. FLUX RESPONSE AT 450 MW
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This is a typlcal cycie in which the eontrol rods are
ralsed for R aseconds, held motionless for P seconds,
lowerad for 2R seconds, held for P seconds, raised for 2R
seconds, ete

Figure 4. MEASUREMENT OF A®*
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Figure 8. EFFECT OF y, ON FLUX RESPONSE
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A. Description of a Savannah River Plant Reactor

Lattice Geometyy. The extrapolated height and radius of this
cylindrical reactor are 460 and 251 centimeters, respectively.

Six hundred quatrefoll fuel elements and 81 septifoil control
elements extend from top to bottom of a cylindrical tank filled
with Do0 mederator-coolant. The lattice geometry, shown in

figure 13, is hexsgonal, with a lattlce spacing of 7 inches. Each
fuel element 1s a guatrefoil contalning four columns of -fuel slugs;
each control element is a septifoll containing two half-length
eontrol rods and five full-length contrcl rods,

Lattice Composition. The fuel slugs (Merk I) are made of natural
uranium and are jacketed wilith aluminum. The five control rods

which may be used in normal operation are made of a lithium-
aluminum alloy, containing 3.5% lithium by weight. Two full-length
cadmium rods in each septifoll are reserved for reactor shutdown.

The quatrefoll and septifoll assemblies are aluminum. The moderator-
coolant is Dp0 whose isotopic purity is about 99.6%.

Cooling System. Heat 1sg removed from the reacior by the clrculat-
ing D50. The D0 is forced down the quatrefolls through annuli
surrounding the fuel slugs, and is then allowed to clrculate
freely within the reactor tank until it leaves via one of six
symmetrically spaced pilpes at the bottom of the ouber periphery of
the tank. After beilng cooled in heat exchangers, the water returns
to the top of the reactor tank., About 180 tons of water are
¢lrculated at a rate of abouf 85,000 gellons per mlnute.

Control System. The rods in the 61 control clusters provide a
flexible system for reactor control and for adjustment of the
neutron flux distribution. The rods, which drive into the control
clusters sequentially, can be individually positioned (vertically)
with an accuracy of 0.1 inch. Thelr positicn Is indicated on the
reactor operating console in units of 0.2 inch. In normal operation,
the two half-length rods remain in the reactor for vertlcal flux
shaping, while the full-length rods are used for control. The 61
clusters are divided into three groups, or gangs, which are con-
trolled as units for radisl flux_shaping.- Plgure 13-shows the™ =~
three-control rod gangs. All control rods are remotely operated
from the reactor control conscle, and normelly move with a speed

of sbout three centimeters per second.

Since Qang I (the central gang) can be worth as much as 7 X 107°
rk/em, reactivity can be changed using Gang I at & maximum rate of

about 2 X 10"% Ak/sec. Withdrawing Gang T from its critical
position for two seconds can put the reactor on a minimum rising
stable pericd of about 260 seconds.
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Neutron Flux Monitor. TFor the measurements described in this
report, the thermal neutron flux is measured with a Westinghouse

compensated ion chamber located at the midplane of the reactor in
the iron-water thermal shield, 25 inches outslde the reactor tank
wall. Current from this chamber is recorded by an instrument pro-
vided with a "bucking"” voltage to cancel out the major, constant
portion of the signal, so that small variations mey be seen easily.
This instrument, called the differential electrometer, is described
in detail by A. C. Lapsley in DP-95.
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B. Response of a Savannch River Reactor to Absorber Oscillations

Step-Function: Uniform Absorber. When a uniformly distributed
thermal neutron abscorber 1s decreased instantaneously, the thermal
neutron flux increases very rapldly for a short time. This rapid
increase is due partly to the presence of the extra neutrons which
are no longer belng absorbed, and pertly to multiplication of the
"orompt" neutrons. Following thils initial change, the number of
neutrong multliplies slowly.

If the reactor power is high enough that incresses in temperature
due to the Increaslng power can cause sensible changes in the
neutron multiplication constant, s stable doubling time is not
reached. Because the flux changes slowly, at a rate determined by
the excess reactivity of the system, and because this reactivity
would otherwise be fixed, the reactlvity changes due to temperature
increases have a distinct, mensurable effect on the flux behavicr.

In a heterogeneous reactor, the temperature of each component may
be different and will, in general, have a different effect on pile
rezctivity. Furthermore, the thermal relaxation times of the
various components may differ wldely. In particular, the thermal
relaxation time may be ten times or more as large for the moderator
as for the fuel. (This is actually the case in a Savannah River
reactor. )

If, in a heterogenecus reactor, the time constants of the tempera-
tures of the reactor components differ widely, temperature effects
on the flux rise will at first be due largely to components wilth
short time constants. The effects due to those components with
longer time constants will increase in magnitude as time goes on.
In a Bavamnah River reactor, the fuel temperature following a

step change in power undergoes about 67% of its total change in
three geconds, while the moderator temperature has experienced
less then 5% of ite total change. Thus, the two effects are
chronometrically separable to a high degree.

Step-Function: Locallzed Absorber. When the absorption in =
small region 1s decreased instantanecusly, the immediste neutron
‘response in the reglon of the absorption chsnge is very nearly the
same a8 In the case of the uniformly distributed abscrber. However,
the neutron population elsevhere is changed only by the appearance
of neutrons leaking out of the region of absorption change. This
diffusion occurs very rapidly, so that the neutron behavior
immediately following the abscorption change can be viewed as a
simple redistribution of the neutron flux concomitant with a small
over-all increase in the power.
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If the flux distribution before the absorption change was uniform,
the new distribution will be like that shown in figure 14. At

least in the first spproximation, the distribution will be a
stable one, determined by the usual equillibrium conditions. The
total increase in reactor power 1s very nearly the same as if s
uniformly distributed absorber of equivalent strength were de-
creased.

Following this rapid redistribution, the neutron population mul-
tiplies slowly, in much the same way as when the absorber change
was uniform throughout the reactor. The new flux distributlon is
maintained as the over-all level increases, so that the fractional
increase is uniform over the reactor, as before.

To summarize, the primary difference in the flux response due €0

a step-change in a localized absorber, compared to that in a
uniformly-distributed absorber, 1s that the slow "period" rise of
the flux is from a dlstorted distribution caused by the nonuniform
poison distribution. Durlng the "period" rise of the flux, the
flux and temperature changes in each component, averasged over the
volume of the reactor, are nearly the same in both cases. Further-
more, the flux and temperature changes during the "period" rise

are fractionally uniform throughout the reactor.

Oscillation of a Tocalized Absorber - Applications.

1. Bawtooth Osclllation Cycle - For an 8-second sawtooth cycle,
the flux response in a Savannsh River reactor to an osecillating
localized absorber is (a) approximately independent of reactor
power level, (b) approximately proportional to the reactivity
change caused by the oscillating absorber, and (c) a strong
function of the geometrical positlon of the absorber and the
position at which the flux response 1s measured.

The independence of reactor power level results from two facts.
First, the moderator temperature changes are small (because

of the long temperature time-constant), so that power-dependent
reactivity effects are small (the moderator temperature is
otherwise & major contributor). Secondly, throughout the cycle,
koy Of the system is changing (a direct consequence of the
absorber motion) with an amplitude large compared to possible
temperature-~reactivity effects.

The proportionality of the flux response to the amplitude of
the oscillating k., is due to the smallness of the changes.

The dependence of the fiux response on position reiative to
the absorber 1is a result of the redistributlion of the neutron
flux concomitant with the general rise and fall of power

(see "Step-FPunction: Localized Absorber” page 26). Figure 1
shows 2., Koy, and 4 as a function of time for a sawtooth
cycle.
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A reliable "oscillation technique” has been developed by means
of which the worth of control rods at any positlon, at any
power level, may be determined from (1) a set of empirical
calibration curves, and (2) the flux oscilletion amplitude
resulting from oscillation of the subject control rods on an
8-second sawtooth ecycle.

The callibration curves are obtained experimentally at zero
reactor power from stable period measurements and representative
control rod osclllatlons. These curves are, of course, approx-
imately independent of power level, oscillatory Ak amplitude,
and fuel or control rod burnout. They show the ratio of flux
response amplitude to oscillatory Ak smplitude, for control rod
tips at varying positions with respect to the flux monitor.

The curves are greatly simplifled by the fact that, to a first
approximation, the ratio (A4/¢)/rk depends only on the distance
between control rod tip and flux monitor, and not on the
geometry of the system.

Truncated Sawtooth Oscillation Cyele - This cycle is the prac-
tical form of a square wave, which ls s series of alternating
step-functions of the type discussed above {(page 26). The

same characteristics as the step-function are shown by oscilla-
tions of this type. Figure 1 shows I, Ko,, 8nd ¢ as & function
of time for a truncated sawtooth cycle. 2
Thus, when & localized absorber is oscillated in this way any-
where in the reactor, the "period" rise or fall of the neutron
flux will be independent of the position of the absorber, and
will be sensitlve to reactivity changes caused by changes in

the temperatures of the reactor components. PMurthermore, 1if

the cycle length 1s restricted to a few seconds, these reactivity
changes will be due predominantly to fuel temperature changes.
Therefore, 1f fuel temperature behavior 1s known, proper in-
terpretation of the measured flux response to oscillations of
this type in a reactor operating at a relatively high power
level will provide a wvalue of A
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C. Calculations*

For thermal neutrons, delayed neutron precursors, and reactor
component temperatures, we write the following equations . *¥

2 2 .
, , -8 -+3 &
DV - 2.8 + 2.4 (1 - Bk e rpe Iye, = (9
. Keo
cy = fi B0 .8 - Agcy
P
65= Myp - 730

vhere £, = B /B

7y = themmal relaxation constant (sec™t)
of the jth component

Mj = a constant of proportionality

g = the temperature above zero-power temperature

In

For convenience, define k, = &b, where b = Z,./Z,.

Then divide variables by their steady state value and subtract 1:

o = {(#/d,)-1, C = (c/co) -1, T =(6/8,) -1, V = (v/vg) - 1
Thus the eguations become:
$.=A®+B>§ﬁ01 +A+B
Ct =» (ad -C + (a - 1)}

ri"j =7J (‘b—T“])

: =1-B8.5.- apay (V+1) . ¥
where ! A= 5 aB - (1 + DBLEB=) 70 )
B=p (1+1282) L1
Lo

(4= 1/vI,, the thermal neutron lifetime in a
resctor without leskage)

* Assumptions are listed on page 5 of the text.
** See reference 2, page 9.
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The temperature coefficients of the variables a and b are
and w4, respectively. With the assumption that the temperature
variations are sufficiently small that a linear approximation is

= Pt oo

adegquate, ay and py appear as follows:

a 1+ 20Ty

J
1-F-EiuJTJ

i

]

b
(Here F is the impressed driving function in 2,,/Z,)
It can be shown that, to a very good approximation,
1 2 2

where Ay is the temperature coefficient of reactivity (ak/°C)
of the jth reactor component.

The neutron velccity is proportional to the square root of the
moderator temperature, so that

1
V+21={1+ Tpoa/K} 2~ 1+ Tpog/2K
Vo Thog /2K

where K =1 + 1/8¢) moa , @and h is the zero-power temperature of
all reactor components.

Now expand the variables as Tollows:

(]
- ©n
| i
bV w1
"o Th
o
" ?*

Cta
I
™M
a
L=
w
o]

I



Substitute these expansions into the modified equations, drop
terms of order >1, and apply the conditlons of orthogonality:

1 - ] .
lakys,e, = e Bfiby + ——E—Q Ty Oy - Vo - ¥BwOpe * eknVe,
fakby = My (e - By + Zdg)
1
Ty = 5% Imk

(Bere ¥ = B™* (1 + LZB2)™* and subseript m refers to moderator. )

these equations can be solved simultaneously to obtaln ¢ In terms
of B :
Qg7 2 fi}\.ia
-1
~ =1 - (1 +Z Z
Vou i ( 37 wzke) 102 + wPk2
f, A a7 b7 §
2 1™1 AR J
+ w%& Z P ————— & YL e
Y f + okt 3 78 + kP Wj 3+ oPk®
1-p, BN 22Y¥ 7m
B i 75 + S 2K 7§ + w2
a,r? T. A
J°d iy
+ iak + {1 + 2 Z
(¥ko + (1 + 1 7:§+a)2k2) i A oPE
2
+ I ——y I " VI T
J 7y~ + 0%k 1 AT+ Wk 1 + Wk
1-8 g7y ¥lo Tn?
Al o S PR
-1 .
Define - %kck = Wk + iXk
. 2 2
so that e, =BV (wk - 1xk)/(wk + X, )
and then define finally
- BV Wy B ¥Xy

W, + 1 = cC = | ———————
gt ixy i ( [Wka N ngl +1 {W])

1kt
Noting that e, = w, - 1x, and recalling that ¢ =2 c¢e kw
k

o
d =22 {w, cos kat -~ x, sin kast)
=1
In the computation performed on the IBM-650 computer, using this
solution, the sum is carried to k = 19, The coefficients vy and
x; are computed in 4-1/2 minutes, Thereafter, ®(t) is computed
in 25 seconds for each t.
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