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LEGAL NOTICE
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any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or
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provides access to, ony information pursuant to his employment or contract with the Commission,

ot his employment with such contractor,

Q‘;& e

L1

W



-
L]
[
4

€

' &

ii1

CONTENTS

ABSTRACT
' INTRODUCTION
DESCRIPTION OF THE REACTIVITY BAIANCE .

® o e ¢ s+ 6 e 9 8 s e s e e o

The Reference Conditions . . . . . . S T T
The General Reactlvity Balance Equation

Control-Rod Worth
- Excess-Uranium Reactivity Worth .

e s 8 & e 8 & s o o 6 @ 4 e & » & e e o o o

Power Coefficient of Reactivity . . .
Semarium Poisoning . « « + 4 o 4 . o .
Xenon-135 Polsoning . ... . . . ..
Density Effects of Circuleting Bubbles

Isotope Burnout Effects . . . . .
EXPERIENCE WITH THE ON-LINE CALCUIATION
~ Low-Power Calculations . . . . . .
Intermediate Caleulations ., . . .
Complete Calculations

. Iong-Term Residual Reactivity' . e

e * & o o o

) mTERmETATION OF RESUIJTS . 7., e 8 » a e

Prévioﬁs Reports of Results . . .
Utility of Residual Resctivity . .
Effects Not Treated . . . . . . .
Operating Limitations . . . ., . .
VConclusions~ e e .'{7; .?. ..
REFERENCES + o v v o v v o s o v oo

LEGAL NO

o

- Ty

&

\OCD\J'IUOUOUOI—‘I-‘LQ

® % o & & 9 o o o e e+ .

[
et

[
w

® ® 9 & 6 * o @ * e e

w
w

on Resctivity . . . . .

W
w

a o o * e . e o e ¢ e

w
=3

e ® 8 8 e e a2 e e o » L]

.
-
w
ﬂ

o o & ¢ 90 .

« & & & 8 e & & a4 2w
« &« » s & e e e & 9
e e . & & & & 8 & 8
«. e - 8 & &8 & & e & =
& @& & & & @ & & =
MY EE5EESE S

TICE

ount of Governme! :: palf of the Commission:

88, OT US!

i TBCY, €O "‘_ mation, apparatus,

of any info

. ts; or
i tely owned rights; th Tespe
privaely es any ilabilities "‘_ ‘method, or process

B. Assum

- | with the Commission, OF

8 sccess 10,
bis employment

ct to the use m;c\o sed in this report.

with suchgon

oty
L







RN
’
&“{” @

5.

LIST OF FIGURES

‘Title -

Comparison of Control Rod Reactivity from Experimental
curves and from Ieast-Squares Formmla.

First Order Decay Schemes . for Pro&uction of Samarium
Poisons. in the MSRE., '

- Effect of Vblume of Circulating Gas .on Transient Buildup

of 135Xe Reactivity. Step increase in power level from
0 to T.2 Mw; bubble-stripping efficiency, 10%,
MSRE Run Nb. T.

Effect of Bubble-Stripping Efficiency on Transient Buildup
of 1>5Xe Reactivity. Step increase in power level from

0 bo T.2 Mw; volume percent circulating bubbles, 0.10;
MSRE Run No. 7.

Effect of Volume of Circulating Gas on Transient Buildup
of 135Xe Reactivity.: Step increase in power level from O
to 5.7 Mw; bubble-stripping efficiency, 10%;

MSRE Run No. 8.

Effect of Bubble-Stripping Efficiency on Trensient Buildup
of 135Xe Reactivity. Step increase in power level from O
to 5.7 Mw; volume percent circulating bubbles, 0.10;

MSEE Run No. 8.

Effect of Volume of Circulating Gas on Transient Decay of

135%e Reactivity. Step decrease in power level from 5.7 Mw

to 0; bubble-stripping efficiency, 10%; MSRE Run No. 8

Effect of Bubble-Stripping Efficiency on Trensient Decay of

135¥e Reactivity. Step decrease in power level from 5.7 Mw
to 0; volume percent circulating bubbles, 0.10;
MSRE Run No. 8.

Effect of Bubble-Stripping Efficiency on Transient Decay of
135ye Reactivity. Step decrease in power level from 5.7 Mw

~to 03 volume percent circulating bubbles, 0.15;

10,

MSRE Run No. 8.

Effect of Bubble-Stripping:Efficiency on Transient .Decay.
of 135Xe Reactivity. Step decrease in power level from
7.4 Mw to 0; volume percent circulating bubbles, 0.10; -
MSRE Run No. 9. -

;

12

18

20

21

22

23

2k

26

27 .




Fig. No.

1.
12.
13.

1k,
15,
16.

vi -

Title

Effect of Bubble-Stripping Efficiency on Trensient Decay

of 135Xe Resctivity. Step decrease in power level from -
T.4 Mw to 0; volume percent circulating bubbles, 0. 15,
MSRE Run No. 9.

Effect of Bubble-Stripping Efficiency on Transient Decay
of 135Xe Reactivity. Step decrease in power level from

T.4 Mw to O; volume percent circula.ting bubbles, 0.10;

MSRE Run No. 10. :

Effect of B;zbble-St';z:ipping Efficiency ‘on Transient'Decay

of 135Xe Reactivity. Step decreese in power .level from

T.4 Mw to 0; volume percent circulating bubbles » O. 15 3
MSRE Run No. 10. : s

Results of Modified iRea.ctivity ‘Balances in MSRE.
Results of Complete Reactivity Balances. in MSREV.
Long-Term Drift in Residual Reactivity in MSRE.

g

28

30
Lo

41

Ly

.ﬁ
"8 o




ad ( ey

THE. REACTIVITY BAIANCE IN THE MSRE

J. R. Engel . 'B., B, Prince
ABSTRACT

Reactivity balances have been calculated for the MSRE since

the start of power operation. After an initial period of manual

. . calenlations while the computer was being set up, machine calcu-
lations were started which are now routinely performed every
5 minutes while the reactor is in operation. The calculations. - -
ere carried out by an on-line (Bunker-Ramo Model 340) computer
using current values of reactor parameters such as température,
power, and control-rod positions. All the known factors that
have significant reactivity effects are computed and a residusl
reactivity required to keep .the reactor just eritical is evalugted.

- Barly results showed that the 135Xe poisoning in the MSRE
(~ 0.3% 8k/k at 7.2 Mw) was lower than was expected and results
during xenon transients weére used to construct a model to de-

~ scribe the xenon behavior. Subsequent results have been used
to monitor the reactor operation for the appearance of anomalous
reactivity effects. After the equivalent of 95 days' operation
at meximum power, the residual reactivity is + 0.05 + 0.04%
ok/k. - This indicaetes excellent agreement between the predicted
end observed behavior of the reactor. No significant anoma-
lous effects have been observed.-

Prior to the start of reactor operation, & limit of + 0.5%
8k/k was. imposed on the residual reactivity as & criterion for
critical operation of the reactor. This limit has :not been
approached. S ‘ '

- INTRODUCTTON

The availability of an op?line'digital computer-for the purpose of -

data logging and routine computations for the MSRE has made feasible the

continuous monitoring of the important reactivity effects assoclated with
power operation of -the reactor,fmSteadyfpdwer“operation requires that a

"~ balance be maintained between the rate of production of neutrons from

fission and their rate of disappeéranée due to absorption and leakage to

the surroundings. The reactivity'is a quantity introduced to describe

' physical situations in which these rates do not balance. It is convenient




to express this quantity as the algebraic fraction of the production rate
vhich equals the net rete of accumulation (+) or depletion (-) of neutrons

in the entire reactor, i.e.,

Total Production Rate — Total Depletion Rate
Total Production Rate

Reactivity =

-In one sense, therefore, the reactivity mskes its appearance ﬁhysically
only when the reactor power level is changing. At steady power, the reac-
tivity must be zero, and any attempt to ascribe separate reactivity com-
ponentsv(both positive and negative) to the steady state is merely a ;
convenient bookkeeping device. If we use this device to monitor the re-
actor operation and find that the algebraic sum of the calculated components
is not zero, this may mean either that the calculations of the individual
known effects are in error, or that there are unknown, or anomalous changes
occurring in the neutron reaction rates which are not accounted for in the
calculations. Power operation of the reactor is a complex situation.where
many effects are simultaneously influencing the neutnon reaction‘rates.

The device of separating the effects according to & reactivity'scale
allows individual experiments or computations to be used as.an'aidbin»
interpreting the whole process. Thus, continuous monitOring of the com-
ponent reactivities serves both to test our confidence in individual
measurements and, potentially, as & means of detecting and‘interpreting
anomslous changes in the reaction rates during operation. 7 |

As an illustration of these general considerations, we describe in
the following sections the basis and approximations used for the reactivity
balance calculation for the MSRE. We emphasize at the outset that the
methods and quantitative results of analysis of MSRE operation to date are
still subject to possible future modifications. In discussing the fesults,
wherever possible we will attempt to indicate the level of confidence
in present calculations of the individual reactivity effects.

¥
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DESCRIPTION OF THE REACTIVITY BAIANCE

The Reference Conditions ' | o .

I we are to monitor changes in component reactivity effects during
operation, it.is advantageous to choose a starting, or reference condition
which cen be defined by experimental measurement with relatively 1little
error or ambiguity. The reference conditions chosen for the present work -
correspond to the just critical resctor, isothermal at 1200°F, with fuel
circulating and free of fission products, and with all three control rods
withdrewn to -their upper limits (51 inches). The uranium concentration for
these conditions, as well as the increase in uranium concentration required
to compensate for & range .of control-rod insertions and isothermel tempera-
ture changes was established during a program of zero-power nuclear experi-

‘ments cerried out in the summer of 1965 (Ref. 1). In this progrem, inde-..

pendent measurements of#control-rod reactivity worth (period — differential
worth experiments and rod.drop-integral worth experiments) were used to

~ determine reactivity equivalents of uranium concentration changes and

isothermal temperature changes.

The'GeneralfReactivit Balance Equation

The equation describing the general situation when the reactor is
operating at some intermediate steady power level includes terms repre-
senting, relative ‘to the reference state, '

1. ;_the total excess uranium added before increasing ‘the power,
2. "the poisoning effect of the rod insertions, and
3. the _power and time integrated power dependent effects of
| changes in fuel and ‘graphite temperature. levels and spatial
. distributions, uranium burnup,'and fission product buildup‘
- (*35%e, 1493m l5lsm, and non-saturating fission. products)
This list includes the most. important effects of substantial power genera—
tion.r There are, however, other known effects of smaller magnitude arising
from isotopic burnup which must be added to this list. These include- -
1. ‘the burnout of the small amount of 1ithium-6 present in the
clean fuel salt, '




2. burnout of residual boron-10 from the unirradiated graphite

moderator,

3. production of plutonium-239 from absorptions in uranium4238,

- and , -
L. ' Changes in the concentrations of uranium-23h and 236 in the
fuel salt due to neutron absorption. o .
There are, in addition, other known reactivity effects which can be shown
to be insignificant in the MSRE, ‘such as photoneutron reactions in the
beryllium in the fuel salt, and several high-energy neutron reactions. *

This completes the 1ist of component reactivity effects only ‘if we assume
© ‘that the structural configuration of the graphite stringers and the associ-

‘ated matrix of fuel-salt channels undergo no significant chenges during

~‘the power-generatingfhistory of the core. If changes in the fuel-moderator

geometry -are induced, for example ' by nominiform temperature-expansion
effects or cumlative radiation-damege effects on the graphite, this

could appear as an anomelous reactivity effect, not explicitly accounted

| for in ‘the reactivity balence.

There is substantial evidence that another special reactivity effect

is of importance in the operation of the MSRE. This arises. from the en-
traimment of helium-gas bubbles in the circulating fuel salt, through the
action of the xenon-stripping spray ring in the fuel-pump tank. These

minute, circulating helium bubbles would be expected to affect the reac- A
tivity in two ways, by modifying the neutron leakage through an effective

reduction in the density of the fuel salt, and by - providing an additional
- slnk for 135xe, thereby reducing the effective xenon migration to the
graphite pores. (This will be discussed in greater detail in a 1ater
gection. ) _ -

We can summerize the preceding discussion in the form of & general =

equation for the reactivity balence. By using the symbol K(x) to repre-’li

sent the algebraic value of the reactivity change due to component x, and
‘ grouping terms which can be treated similerly in the calculations, one .
obtains' ' e

« %
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0=Kmmﬂ+xmm%s5%)+MRmJ+K@wu)+M&mﬁm)
+ K(Xenon-135) + K(Bubbles)
+ K(Isotope Burnout)
+ K(Residual) : : - . ()

The final term on the right hand side of the above equation includes any
small residual effects known to occur which are not explicitly accounted
for in the calculation (such as long-term effects of gadolinium burnup

on the control-rod reactivity), effects of any anomelous changes in the
graphite-fuel salt configuration, permeation of the graphite by salt, or
changes in fuel-salt composition. If, in addition, we consider each term
in Eq. 1 to represent our best- estimate of the individual effect, rather
than ‘the value we could compute with perfect information, the final term
in Eq. 1 will also contain any ‘residual reactivity corrections due to
errors in calculating the other terms. Tn order to make this report

- reasonably self-sufficient, we will give a brief review of the basis of

calculation of esch term of Eq. 1, in the order given.

Control-Rod Worth

‘Of the terms in Eg. 1, the rod worth, the 235U reactivity worth, and
the temperature-level reactivity effects [K(Temp.)], are based on zero-
power .experimental measurements. Because the uranium and temperature reac-

- tivity effects are inferred from the control-rod calibration experiments,
~ and also because the magnitude of other known power-dependent reactivity

effects are evaluated,according;to the time variation of the:control-rod-
position following a-change inipower level, accurate knowledge of the rod
worth is vital to the successful interpretation of the reactivity balance.

The control rods were calibrated by means of rod bump-period measurements

. ‘made with ‘the reactor at zero power (i. e., with negligible temperature

feedback effects), and with the:fuel circulating pump stopped. These. were
made ‘during a period of uranium- additions sufficient to vary the initial
criticel position of one rod- (the regulating rod) over its entire length
of travel. At three. intermediate 2357 concentrations, banked insertions
of the two shim rod required to balance specified increments of withdrawal
of the regulating rod were measured. In this way, various combinations




of shim- and regulating-rod insertions equivalent in their reactivity
poisoning'effect were obtained, Rod-drop experiments were also performed
at three intermediate 235U concentrations. In these experiments, the
equivalent integral negative reactivity insertion of the rod, falling from
its initial critical position to its scram position wa.s measured.l:
Agreement between the integral of the differential worth measurements and
the integral reactivity obtained- directly from the rod-drop experiments
was found to be within 5% of the total negative reactivity insertion in-
volved in each experiment

_ The reactivity vs position calibration curve for the regulating rod,
and the results of the three experiments measuring equivalent shim- and.
regulating-rod combinations vere next combined with a theoretical formula
for the reactivity worth of an arbitrary shbm-regulating rod configuration.
The theoretical formuls contained several parameters which were adJusted
s0 that the formula provided & least squares fit to the experimental
measurements. Derivation of the formula for the rod worth and discussion _
of its applicationsare given in Ref. 3. The result of this analysis is
shown in Figure 1. Here, the solid sample points are taken from emooth
curves through the experimental data. As Figure 1 indicates, the smoothed
data could be fitted very closely with the theoreticel rod-worth formuls,
except for small errors at the extreme positions of the rods‘(full inser-
tion or withdrawal). No important restrictions in the use of the formula

arise from these errors, since its purpose is primarily forrinterpolatingl'

for the reactivity worth of intermediate shim-regulating rod combinations
not specifically covered in the three groups of experiments described -
above, It provides a convenient'means of rapidly calculating the reac-
tivity equivalent of the rod configuration during reactor operation, by
means of the BR-340 on-line computer. One restriction in the practical
use of the formule on which Figure 1 is based should be noted, however. -
It should only be applied in regions of rod travel and excess reactivity
covered in the zero-power calibration experiments (i.e., magnitude of

reactivity less than or equal to the worth of a single rod, moving. through"

51 inches of travel). Modificaetions of the least-squares formula would be

required to cover a larger reactivity range.
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Excess-Uranium Reactivity Worth

Relative to the reference conditions defined in the preceding part
of this report, the total excess 235U is equal to the smount added during
the zero-power experiments, minus the amount burned'during power operation
of the reactor, plus the amount added to re-enrich the fuel salt when the
burnup becomes sufficient.* Corrections must also be introduced for rela-
tive dilution effects each time the reactor fuel loop is drained and mixed
with the fuel salt "heel" remaining in the drain tenks during operation.

The reactivity equivalent of the excess uranium was determined from
the zero-power experiments by measuring the amount of control-rod insertion
required to balance each addition of 235U then using the 1independenit cali-
bration of reactivity vs position to determine the»incremental reactivity
worth of the 235y, 'Resulte of these measurements,l expressed in terms of a

, : *%
concentration coefficient of reactivity, gave 0.223% increase in reactivity

for a 1% increase in ®5U concentration. This was within epproximately 5%
agreement with the theoretical calculations of this quantity.

Temperature-Ilevel Reectivity Effect

When the core temperature is maintained spatially uniform, avchenge
in this temperature can be related both experimentally and theoretically
to the core reactivity in an unambiguous manner. The method used to
measure the lsothermal temperature coefficient of reactivity during the
zero-power experiments consisted of varying the externel heater inputs and
allowing the just critical reactor to cool slowly and uniformly while
measuring the change in reguleting4rod position'required to maintain 8
constant neutron level. In these experiments, the fuel was circulating
and the system temperature was taken to be the average of a preselected
;set of thermocouples distributed over the circulating system. The‘change

. o
*“At the time of writing of this report, no further capsule additions
beyond those of the zero-power experiments have been made.

In the ensuing sections we will often use the normal symbol, 5k/k,
to represent reactivity.

C
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in rod position corresponding to the temperature change was converted to
reactivity'by again using the rod calibration curVe.* These experiments
measured the combined effect of a uniform change in fuel and graphite
temperature., The: measured total isothermal temperature coefficient of
reactivity was -T7.3 x 10-5 (° F‘l) '
Experiments were also performed to separate the component effect of
fuel and graphite temperatures.l This was done by stopping the fuel circu-
lating pump, raising the temperature of the circulating coolant salt as
well as the stagnant fuel salt in the heat exchanger, then restarting the
fuel pump to pass’fuel salt that was hotter than the graphite through the
core, The reactor was maintained critical with the power level controlled
by the flux servo. The change in control-rod position and the output of a

- _thermocouple in the reactor-vessel outlet was logged digitally at quarter-

second intervels. The value of the fuel coefficient obtained from these
experiments was -4.9 x 1075 (°F~1), about 20% higher in magnitude than the
calculated fuel temperature coefficient. These experiments, however, con-
tained a relatively large band of uncertainty due to the inherent diffi-

'culty in introducing proper time-dependent corrections.

Power Coefficient of Reactivity

-At power levels higher than about 10 kw of heat, nonuniform nuclear
heeting of the core occurs, and produces spatial distributions of tempera-
ture in the graphite and fuel salt characteristic of the power level. The
reactivity change, relative to a fixed uniform temperature level, is no-

| longer simply;related to a single physically measurable temperature (or

even the average of several measured temperatures) in the circulating
system. Rather, the reactivity is a cumulative effect of the entire

'temperature field in the core. ~This temperature-distribution reactivity

Interaction effects, 1i.e. effects of the temperature change on the
total rod worth, were- estimated from theoretical considerations to be

‘quite small.
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effect, or steady-state power coefficient of reactivity,* is somewhat
difficult to estimate reliebly for the MSRE, because it requires accurate
knowledge of the locel heat deposition and temperature distributions in - .
the graphite and salt and the contribution of these local effects. to the .
neutron reaction rates. An approximate way of treating this problem in-
volves the use of & "nuclear average temperature,” as described in Ref. k.
In this method, the local temperature changes are multiplied“by a welght-
ing (importance) function which measures their effect on the net reac-
tivity, then integrated over the reactor core. Even if we assume that the
temperature distributions in the fuel and core graphite can be calculated
accurately, one should note that the weighting procedure described in

Ref, 4 may be intrinsically in error, when applied to a small reactor core
such as the MSRE. Here the principal temperature reactivity effects arise
from changes in the neutron leakage. Although non-uniform temperature_
changes induce expansion in fuel salt-and graphite which do affect the re-
activity according to the welghting procedure described above, they also
influence the thermal neutron spectrum in & more complex, non-local -

manner.

The power coefficient of reactivity for a fixed reactor outlet tempera-

“ture was measured during the approach to power, by holding the reactor
outlet temperature at a preset value with the servo'controller, and measur-
ing the control-rod response to the change in steady-state power level.
Since the reactivity response to the change in temperature distribution is
essentially instentaneous, this effect can be separated from the slower
power-dependent reactivity effects such as xenon-135 and samerium-149. The

The temperature distributions in fuel and graphite are determined by
the total power level and the mode of temperature level control (the reactor
outlet fuel temperature is servo-controlled in the MSRE). Since the power
level is an input variable to the on-line computer, it is convenient to
relate the reactivity effect directly to the power level.

o the suthors' knowledge, the theoretical problem of neutron
thermalization in a moderator with a non-{iniform temperature field has
not yet been completely resolved.

L]




) c »

n

11

measured power'ccefficient ﬁas 40,001% reactivity per Mw compared to &
calculated value of -0.007%. The observed coefficient corrésponds to a
difference of 22°F between the nuclear average temperature of the-gfaphite
and that of the fuel at 7.2 Mw; the calculated température difference was
32°F. This sensitivity of thé power coefficient to changes in core tempera-
tures results from the fact that it represents a small difference between
two larger values (the positive reactivity effect of the fuel average
temperature and the negative effect of the graphite average temperature).
As with the other terms in Eq. 1 in which experimental results can dbe
epplied directly, we emphasize that the measured power coefficientis
used in the overall reactivity balance eguation. N

§amarium‘§oisoning

The direct fission production-decay schemes for the high-cross-section
isotopes 1f98m and 1518m are shown in Figure 2. The numerical values of

effective removal constants due to neutron absorption, Eaé, given in

TFigure 2, are normalized to 1 Mw and corrected for the time the fuel spends
" in the part of the circulating loop external to the reactor core. In

principle, the chains shown in Figure 2 should be connected by neutron
sbsorption in *5%m; other indirect routes for the production of 1*°Sm.can
also be considered.S However, for the relatively low neutron flux and
fraction of uranium burnup engendered in the MSRE, these corrections can be
neglected. For periodic calculation with the BR-340 on-line computer, the
differential equations describing the production and decay schemes in
Figure,a were converted to finite difference form. The form of the eqﬁations
used for computation in bbth déQanyhdins are: [ =

B »Np'(ff,i +'At)"= N (6)(1 - % a8) + clf(‘ti)"At: | @
gy + a%) = Ng(ty) [1 - o, ¢B(t,) At] + M)A (3)

o f?(t’f)s+ P(fjv+At)r‘ _ N
,P(ti)”=: .%>;, 5 '%' — ()

‘wheré;N(ti):is the atomic concentration of the isotope in the fuel salt

at time t;5 At 1s the time interval between calculations of the .concentra-

tions, end P is the average pdwer level during this time interval., The




12

149 Chain | | 151 Chain

Yield: 1.13% S Yield: O.hkg
Pml4® ' A R PmlSl
2(0.0130 hrs~1) e , 2(0.0248 hrs=t) -

Sm4® g 350 | | Sl 152
o0 (8.56x 1075 hrsTi Mel) T o6 (6.30576 hrs=1 Mw~1)
Semarium-149  semartw-151

Figure 2 ,
First Order Decay Schemes for Production
of

Samarium Poisons in the MSRE

coefficient C, is the product of the direct fission yleld and the average
fission rate per unit volume of fuel salt, normalized to 1 Mw. Numerical
velues of C, for the MSRE are 6.32 x 101! and 2.46 x 101! atoms per cm®
salt per Mw for the semarium-149 and samarium 151 cheins, respecﬁively;,
The conversion of the samarium concentrations to & reasctivity "effect
requires knowledge of their average cross sections for absorption in the
MSRE' neutron spectrum and the reactivity coefficient for a unit ebsorber
of this type, uniformly distributed in the MSRE fuel salt. In the MSRE
spectrum, 211 but a small fraction of the absorptions in the samarium
isotopes take place below about 0.9 ev. At 1200°F, the peak of the 'thermal
spectrum.is at approximately 0.09 ev, and 0.876 was chosen-as the effective
cutoff forb the thermal energy group;, for reasons of conveniencé in theo-
retical computations. The absorption cross sections, averaged over the
neutron energy spectrum below and above this cutoff energy cen be esti-
mated with & fair degree of reliebility with presently available computer
codes. Effective absorption cross sections can then be obtained which give
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the correct reaction rate when multiplied by the thermal-group flux.
Theoretical calculations of the coefficients which convert the semarium
absorption rates to reactivity effects must also be employed since a
direct measurement of the reactivity change due to a known amount of-
thermal ebsorber, uniformly distributed.in the MSRE fuel salt, was not
obtained from the zero-power experiments. It may be noted, however, that

-considerable indirect support of the theoretical reactivity coefficient

for thermal ebsorption is given by the. close comparison between the
measured and calculated 235y concentration coefficients of reactivity,

mentioned earlier in this report.

*
Xenon-135 Polsoning

’ Early estimates of the magnitude of xenon-135 polsoning were based

upon the assumption that, at equilibrium, a relatively large fraction of
- the xenon. produced in the reactor would diffuse into the pores of the

graphite moderator and undergo radioactive decay and neutron ‘absorption
there. Continuocus removael of some of the xenon from the fuel salt would
be accemplished by circulation of a small bypass stream of salt through
the spray ring in the fuel-pump tank, which contacts the salt with a
stresm of helium gas. Estimates of the efficiency of removal of fission
gases by*this'stripping apparatus,rand also of the expected mass transfer
of xenon to the gr&phite pores, were based on experiments performed prior
to the nuclear operation of the MSRE.6 Although it was recognized that
the presence of eny circulating voids (undissolved helium gas) would
drastically affect the xenon behavior, this asPect of the problem was |
first . neglected because there was no evidence that circulating v01ds
would be encountered in the operation of the reactor. , , '

During the zero-power operation, several tests were performed to
evaluete,the response of‘the syeten reactivity to changesVinroverpressure.% -

~“Most of the suggestions and ground work to provide an interpretation -
of the xenon behavior in the MBRE are due to R. J. Kedl of the Engineering
Development Group.
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In these tests the system. pressure wes slowly increased by ebout 10 psi
and then repidly reduced to the mormal value. - If circuleting voids had
been present, their expansion when the pressure was reduced would have .-
expelled some salt from the core and reduced the nuclear reactivity. In
eddition, the gas expansion in the entire loop would have raised the salt
level in the fuel-pump tank. There was no evidence of undissolved gas in-
the tests performed with the normel selt level in the pump tark. However,
when the salt level was reduced to an sbnormally low velue, the seme  ex-
periments did indicate 1 to 2 volume percent of undissolved gas. We con-
cluded from these tests that circulating voids would not be a fector in -
the xenon poisoning during normel power operation.

Soon after power operation of the reactor was started, it became
apparent that the magnitude of the xenon-l35 poisoning wes much smaller
then had been predicted on the basis of the sbove considerations. At

this point the attempts at on-line calculation of the xenon poisoning were

suspended and the reactivity-balance results were used to measure the
actual xenon poisoning. Examination of the steady-state results showed
that the low poison level could not be accounted for with,reasonable '
parameter values within the assumption of no circulating voids. In ad—
dition, the system response to small pressure changes now indicated a
small, circulating void fraction at normal salt levels in the pump tank..'
Another set of preSSure—release'tests was then performed which showed
significant pressure effects at normal conditions. If all of the ohserved
effects were attributed to circulating voids (as was done initially),

volumetric void fraction of 1 to 2% was indicated waever, ‘the pressure-

relesse tests do not necessarily indicaete the presence of this amount of
circulating voids prior to the pressure release; they only indicate that
they are present afterwards. That is the observed response could be ex-
plained by a stagnant vold of fixed volume from which expanding gas could

escape to the circulating stream when the system pressure is reduced. .Such

-& vold could be anywhere in the loop so long as its volume is unaffected ,

by pressure (e.g. voids into which salt cennot penetrate because of'surface:

tension). Further analysis of the pressure-release tests showed that most
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~ of the excess gas that was in the loop after the pressure release was.

removed very rapidly; gas- stripping efficiencies of: 80 to 100% ‘were

‘calculated, -

In view of the new evidence for circulating volds, the steady-state
xenon equations were modified:to include bubbles and were reevaluated.
As exﬁected, the'steady—state xenon poisoning was quite sensitive to both -
the volumetric void fraction andzthe'bubble-stripping efficiency. However,
1t was found that the steady—state xenon poisoning as a function: of reactor
power could be described by a variety of combinations of void fraction and
bubble-stripping efficiency. Therefore, the equations were rewritten to

‘include the time ‘dependence which would permit & comparison of calculated

end dbserved,transient”135Xe§poisoning effects (as determined by the

-change In the criticel position of the regulating rod during the 48 hours

following & change in the steady-state reactor power level). The purpose
was to attempt & separation of those parameter effects that could.not be
separated in the stesdy-state'correlations. The methematlical model used
to calculate the time behavior of the 135Xe poisoning .is described in '
References 7 and 8.  In the present section we will give only~a quali-
tative description of the mein aspects and assumptions in the model.
Further refinements of the model: for the xenon behavior may»alsoibe re-
quired~in*future operation. These refinements should not affect the major

‘conclusions  about the overall reactivity behavior.

- Tn the model: chosen, we have assumed that all the iodine-l35 produced
from fission remains in circulation with the salt. After decay to xenon-135,
the xenon migrates to the accessible pores. of the .graphite at. the boundaries
of the fuel channels and: also-to_minute helium bubbles distributed through
the circulating salt stream, -An effective mass-transfer coefficient was.

 used to describe the trensfer of xenon from.solution in the circulating
- salt to the interface ‘between the liquild .and ‘the graphite pores at the -

channel boundaries. Equilibrium HEnry's-law coefficients were used for-
the mass transfer of xenon between the 1iquid phase at. the interface and

’the-gas phase ‘in the graphite pores. ‘The numericel value used for the

mass-transfer coefficient between the circulating salt and the graphite -

L
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-were based on krypton-injection experiments with flush salt circulating in-
the fuel loop, performed prior to nuclear operation of the MSRE.® -. :

.8imilar considerations were assumed to apply\to the mass'transfer‘of :
‘xenon from liquid solution to the gas bubbles. The coefficient of mess
transfer from the liquid to a small gas bubble, of ‘the order of 0.010 in. "
-in diameter, moving through the main part of a fuel channel, was estimated
from theoretical mass-transfer ‘correlations.® The equilibrium 13Sxe
poisoning was shown to be relatively insensitive to the bubble diemeter and
mess-transfer coefficient, over a reasonable range of uncertainty for these
parameters. 1 ' | ' '

Different efficiencies of removal by the external stripping apparatus
of xenon,dissolved in the salt and that contained in the gas bubbles were .
provided for in the computational model. The efficiency of removal:
(fraction of xenon remoﬁed per unit circuleted through the spray ring) of
xenon dissolved in the salt was estimated to be between 10 and 15%, based -
on some early mock-up experiments to evaluate the performance of the xenon
removal epparatus. - ' ’ '

The conversion of the calculated 1SXe concentrations in salt, gas
bubbles, and graphite pores to the corresponding\reactivity poisoning
effect follows from considerations similar to those described in the pre-::-
ceding section for the samarium isotopes. -Here, however, there is_one :
special feature which should be accounted for which is not present in"the’
case of semarium. This is the non-uniformity of the spatial distribution
of the 1>S¥e in the graphite pores. In the graphite .region, the 135Xe
tends to assume & "dished" shape, governed by the butnout of»theﬁxenon‘in-
the neutron flux. The concentration is minimum near the center of. the re-
actor and maximum near the boundaries of the graphite region. This in-
fluences the het reactivity.effect, since these regions assume diffefent/ :
importances in determining reactivity changes. "The céleulation of this .

"shape correction" factor is described in Reference 7. ' R

A computationsl study based.on the theoretical model described sbove
was first performed "off line", with the aid‘of an.IBM TO90 program. - These
theoretical calculations were compared with the date logged by the ER-340..
The epparent transient 135¢e poisoning was determined by subtracting all
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other known power-dependent reactivity effects from the reactivity change
represented'by movement of the regulating rod after a step change in the
power level, This off-line analysis was the most efficient method of making
a first-round analysis of the °®Xe behavior because the many other usage

‘requirements of the data logger limit us to a relatively simple "point" .
[kinetic model for on—line‘computations, and also because a wide parameter

- 'study can best be performed on a larger machine.

In Figures 3 through 13, we have compared some of the transient reac-
tivity curves obtalned from this analysis with some experimental transients,
in the'éhronoldgical order in which~they uererobtained. In each of these
figures, the solid curves represent the-calculated‘behavior and - the plotted
points show the observed response from reactivity-balance results. A
measurement of the 134%Xe/136Xe ratio in & sample of the reactor offgas
taken at T.2 Mwv with the xenon in steady state gave an independent value
for the magnitude of the 135xe poisoning which agreed well with the
reactivity-balance results. At this date, only a. few relatively clean
experimental transients corresponding to step changes in power level (for
which the T090 program vas devised) have been obtained. -However, several
characteristics of ‘the 135%e behavior are indicated from these curves.
These will be discussed by considering the figures in order.

Figure 3 shows the calculated and observed xenon ‘transients for a

.step increase in reactor power from zero to 7.2 Mw. The calculations

(solid curves) were made for a variety of circulating void fractions (o%)
to show the effect of this parameter on the xenon poisoning. A single

‘bubble-stripping efficiency (eb) of 10% was ‘used for this figure. This N

relatively low efficiency is equal to the. efficiency estimated for the

stripping of xenon dissolved in the salt; it was used as a first approxi-

mation because at the time there was no basis for assuming & higher velue
for the bubbles. The effectiveness of the circulating gas inireducing'the

| poison level 1s due to the coﬂbined effects of the large overali'gas-liquid

surface area for mass transfer to the bubbles and of the large xenon-
storage capability of the bubbles (beceuse of the extreme insolubility of
xenon in molten salt). Thus, the bubbles compete effectively with the
graphite for removal of xenon from the liqguid and xenon in the circulating
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stripping efficiency, 10%; MSRE Run No. 7. : ,
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fluid is a less effective poison than that in the graphite because about
two-thirds of the fluid is outside the core at any instant, The plotted

_points represent the observed 13SXe reactivity transient at the beginning

of Reector Run No. T (July 1, 1966). The data indicate that the low
apparent xenon poilsoning at steady state could be explained by & large
void fraction (between 0.5 and 1.0 vol%) and a low bubble-stripping

‘efficiency. However, the transient buildup is not closely fitted by these

perameter values.
“In Figure k4, the curves indicate the calculated effect of increasing

- the bubble-stripping efficiency for a fixed, relatively smell (0.1 vol¥)

circulating void fraction. The plotted points are for the same reactor
xenon transient shown in Fig. 3. A comparison of Figs. 3 and 4 shows
thatrthe steady-state xenon poisoning is described as well by & low void
fraction with a high bubble-stripping efficiency as it is by a high void
fraction with a low Stfipping'effiéiency; However, the shape of the
transient’is described much more closely by the parsmeter values in Fig. k.
Figures 5 and 6 show the calculated and'observed transient buildup
of 35Ye poisoning after a step increase in power £rom zero to 5.7 Mw in
Run No. 8 (October, 1966). 1The$ranges“of values: of ab'and oS used in
these calculations are the same as those used for Figs. 3.and 4. Again,

‘the shape of the observed transient is matched more closely by the calcu-

lations whieh assume & low vold fraction and a high bubble-stripping
efficiency, Thus, it appears that the initisl assumption of a low stripping
efficiency for the bubbles was incorrect The higher stripping efficiency
not only fits the ‘xenon transients better, it is also consistent with the

rates of excess gas removal observed in the pressure-release experiments.

Bince the latter experiments do not define the void fraction unambiguously,

the low void fraction that must be ‘agsociated with a high stripping
efficiency is also in agreement with all the data.
Figures 7 end 8 show the calculated and observed 1°5Y¥e reactivity

trenslents for & power reduction from 5.7 Mw to zero, with the 135Ye

, % , ,
initially et equilibrium. Comparison of the results in this case provides

!

The reactor was made subcritical before the complete xenon transient
could be recorded. :
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Fig. T. Effect of Volume of- Circulating Gas on. Transient Decay of
135%e Reactivity. Step decrease in power level from 5. 7 Mv.to 03 bubble-
strlpplng ‘efficiency, 10%; MSRE Run No. 8. _
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about the same information about the bubble parameters as the earlier
- 'xenon buildup transients. The calculated curves also reveal an important
‘characteristic of the transient xenon behavior which is due to variations

in the ovefall xenon distribution that result from the choice of values for
a%aand eg. I the circulating void fraction is low, most of the poisoning
effect 1s due to xenon in the graphite and only & small amount of xenon is
in the circulating fluid. Xenon that is produced in the fluid from iodine
deoay continues to migrate to the graphite for a period of time after the

'/power has been reduced. This produces a shutdown peak in the xenon

poisoning. Eventually, the stripping:process reduces -the xenon concen-
tration in the fluid so that some of thelxenon in the graphite can escape
end be stripped out. - This results in & more rapid decrease;in’xenon
poisoning than sﬁnple radioactive decay. As the circulating void fraction
1s increased, a larger fraction ‘of the xenon inventory (or poisoning) is
associated with the bubbles &nd there is less ¥enon migration to the
graphite. In this case the shutdown peak tends to disappear. This effect

_makes the shape of the shutdown transients more sensitive to changes . in

the values assumed for the»bubbie parameters and thus facilitates the
process of fitting the observed data to the calculations.

For this same limited.decay,tfansient, Figure 9 shows the effect of
the bubble-stripping efficiency with a slightly larger volume fraction of
circulating gas bubbles (0. 15 vol%). Although the data for this particular
transient are somewhat scattered, the combined results from Figures 3
through 9 suggest that o and & might be bracketed between 0. 1 and 0.15
vol%, and 50 to 100% respectively. ' S SRADRRN

A second 1°5Xe stripping out-decay transient, observed during

'Run No. 9 (November, 1966), following reduction in the powerrlevel from
7.k Mv to zero, is plotted in Figures 10 and 11. Again, the approximate

ranges given above for o%5andieb‘are in agreement with the experimental

observations of the shape of the transient and the data show clearly the

small xenon peak expected for these. parameter values.
~Finally, in Figures 12. and 13, we show the most recent shutdown transi-
ent obtained at the termination of Run No. 10 (January 1k, 1967) In this

case, the apparent 13Sxe reactivity transient was recorded for more than
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4O hours after the reduction in power level. These results indicate
strongly that the tentative conclusions reached from the earlier compari-
sons are essentially correct., -

Although sdbstantial progress has been mede in interpreting the xenon
behavior in the MSRE, the experimental data which have thus far been accumu-
lated for the transient behavior of the °SXe poisoning are as yet insuf-
ficient to provide a rigid test of our model for enalysis. As one example,
it should be noted that, if gas bubbles are continuously being ingested
into the mainlcirculating stream as the evidence indicates, the volume of
gas in circulation is probably not constant, but rather is a slowly varying
quantity depending on the level of the ligquid in the fuel-pump tank and

_the transfer rate of salt to the overflow tank. This dependence is as

yet not well understood, and future operafion is expected to shed further
light in this area. - ]

We should also mention that 1east squares methods can be employed to
determine the unknown parameters in the theoretical model for the 1>5Xe
behavior which provide & closest fit to the experimental transients. :How-
ever, these methods contain several pitfalls (primarily relating to the .

,uniqueness,'and_hence.tp’thefinterpretation of the results) when two or

more paremeters in the differential equations describing the process are
to be determined simultaneously. Their success is best assured if ground-
work is first completed by a broad parameteristudy such as that summarized
here. We are now-at the point where least-squares techniques will be
useful in further. refining the conclusions.

Based on the results of the off-line enalysis with the- IEM-7090,
approgimate equations and,parameters‘were determined forfthe,BR:3h0
on-line calculation of the 135Xe reactivity effect. Similar to the case
of the samarium poisoning calculation, these are finite differeneereqna-

tions,,of,theyformfgivehrbelon§;,

IS(6, 4 4b) = TS(e,) (1 - e t) +aF(t,)A0 (5)




32
XI3S(t, + At) = T*35(t) [1 - agbt - asB(t,) At
+ 8,T25(ty) A +2gX25(t,) + agP(t,) At (6)
xéz‘s(ti + At) = st(ti‘) [1 - azAt - aeﬁgti)At] +asX?S(t) At (T)

X35(ty + At) = ol x135(t + At) ' (8)
- 83y + 312P(t ) : g

Bt g = F X%(8). (9)

» In these equations, I'>S is the concentration of iodine-135 in the
circuleting salt, and X35 is the concentration of xenon-135, with. sub-
scripts s, g, and b representing the'componeqts‘in solution, in the graphite
‘pores, and in the circulating helium bubbles, respectively. The parameters
&0 through &, are determined from the analysis described in the preceding
‘pages, and depend on the fission yields, radioactive decay cons%ahts, ma.ss-
transfer coefficients, bubble characteristics, and external stripping
efficiencies. The factor F is & shape correction factor for the component
of the 135Xe poisoning in the graphite. Although this is actually a time
dependent quantity, in the ER-3L0 program we are presently using & constant
value, equal to the correction calculated under equilibrium conditions
‘(F~08atP 75Mw) "

As further experience is accumulated from operation of the MBRE,
efforts will be made to refine the analysis summarized in this section.

(7




»

a)

33

Density Effects of Circulating Bubbles on Resctivity

In addition to its indirect influence on the reactivity through re-

Aduction of the 135xe poisoning, the entrainment of undissolved helium in
" :the circulating salt also directly affects reactivity by increasing the
‘neutron leakage from the reactor core.l This "fuel-salt density coefficient
-of reactivity" Was estimated earlier as part of the analysis of core physics
‘characteristics summarized in Ref.. k. The value obtained was -O. 18% reac-

tivity for one volume percent of circulating gas bubbles.

MEasurements ‘were made during -the zero-power experiments to evaluate
the reactivity effect due to fuel circulation. At that time. there was no
evidence of circulating voids and the measured reactivity effect was -0. 219,
in good agreement with the calculated decrease due to the loss of delayed
neutrons, This measurement was repeated-in October, 1966, after the
analysis of the 135%e poisoning had indicated a circulating void fraction
of 0.1 to O. 15 vol% Prior to the start of circulation, the fuel salt had
been stored in a drain tank for ll weeks 50 it should have been free of
undissolved gas. The observed reactivity change between no circulation
and circulation at steady state this time was -0. 23 to -0.25%, an increase
of 0.02 - 0.04%. TIf the amount of gas normally in circulation is approxi-

mately 0.1 to 0.15 vol%, this means that the density-reactivity effect

would be in the range of -.02 to.-.03% reactivity. Although this result
does not'prove the eiistence of circulating voids, it is at least con-
sistent with the xenon results. Because the actual amount of gas- in cirecu-

lation appears to vary. somewhat during operation (see also. later section

rdescribing operational experience at the . MSRE), the magnitude of this -
reactivity effect 1s not well enough established to be.included as an
-explicit term in the BR-3ho on-line reactivity balsnce calculations. Hence,
At is. included in the residual reactivity in the experimental results pre-
~sented in the later sections.r

‘Isotope Burnout Effects

" We have already mentioned in ‘an earlier section that changes in the
isotopic concentrations of lithium-6, uranium-23%4, -236, and -238,
plutonium-239, and nonwsaturating;fission products, all in the salt, and




3k

residual boron-10 in the graphite can be lumped together as & single cate- ‘ v
gory in terms of their effect on the reactivity of the core. Most of these
effects manifest themselves as very slowly developing positive reactivity
changes, dependent on the time-integrated power, or energy generated. The
exceptions are 236y (gor which there is & slight increase in concentration
resulting from radiative capture in #25U) and the buildup of non-saturating
fission-product poisons.< .

~ In the MSRE, the 235y consumed per year's operation at 7 5 Mw is
3.56 kg, or epproximately 5 percent of the initial fuel charge. Because
this represents 8 relatively low fractional burnup of the fuel and be-
_cause each of the reactivity effects mentioned above .is a small correction
in the net reactivity balance, we can make convenient first-order appfoxi-
mations in calculating these effects For this purpose, we-have assumed
that the megnitude and energy spectrum of the neutron flux remein’ con-
stant during operation at a given power: level, and have used calculated
effective cross sections for neutron reactions in this spectrum With
these assumptions, it is a straightforward exercise to obtain the solutions
to the differential equations governing the first-order changes in isotopic \,i
concentrations with exposure to the neutron flux. We will omit description
of the slgebraic details of these calculations. For all isotopes but
boron-10, account has to be taken of the "flux dilution" effect of the -
time the fuel spends in the section of the loop that is external to the
core. -Thus the calculated volumefaverage thermal flux. for the entire
fuel loop 15 0.665 x lolayn/cmé sec/Mw, whereas the average thermal flux
over the graphiteemoderated region of the core 1s 2.0 x 10*2 n/en® sec/Mw.
The boron concentration initially in the MSRE graphite was estimated from
Ref. 9 to be about 0.8 ppm. In the calculation of the boron burnout we
have neglected & correction factor accounting for the spatial dependence
of burnout in the graphite region, since the total effect is quite smell.

* : roo. - )
Neutron flux below an effective thermal cutoff energy of 0.876 ev.

~ . ' Py
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Teble 1 lists the effective cross sections used in these calculations.
The effective cross sections, multiplied by the thermal fluxes, give the
total reaction rates per atom for neutrons of all energies in the MSRE
spectrum. '

- Since the formulas for the reactivity changes corresponding to each -
of ‘the above terms are algebraically 51m11ar, it is possible to develop
an approximate fornrula for a. single "pseudo-isotope" to represent the net
reactivity effect of this, group in the ER- 3&0 calculations. .The equation

we use is-

~b, PT ~boPT

K = Ao + A, PT + Age + Ase + Age P3Pt (1)
The parsmeters Ao, through A,, and b, through bs in this' formule depend .
on the croSS sections and initiel isotopic concentrations, and are ob- -

tained from the analysis outlined in this section.

;
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_ Table 1
Effective Cross Sections and Reactivity Effects
Due to Isotopic Changes(a)

Effective Approximate

‘ ' : - Cross Section " Reactivity
: in MSRE Thermel ~EBffect at
k - Spectrum &t 1200°F 104 Mwhrs
Isotope - - — - -(barms) : (% Gk/k)
614 (P) 457.6 .7
Boron®) , 362.4 , . 4007
23475 - 12 - oon(®
=% o 8.5 -.003
238U(e) ' I 22,9 ' _ ~ ,00k B
23Spy (abs.)  1451.3 | e
25%pu (v x fission) ' oho6.7 © .051 (net)
Nonsaturating fission products(f) 43.1 (barns/fission) -.005
Total » | .072

(a)The reactivity effect of burnup of 35U is not included in this 1ist,
since this term 1s treated explicitly in Eq. 1.

(®)cross section for the reaction ®ILi (n, o) >H using the initial
61i concentration.

() jaturel enrichment boron (19.8% 1°g)

(8) Inciudes reactivity incrément due to both depletion of =4y and
(e )production of &5y,

Burnout only.
(f)Estimated from Ref, 5.

~
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'EXPERIENCE WITH THE ON-LINE CAICUIATTION

.Reactivity-balance calculations have been performed for the MSRE since
the start of reactor operation at significent power.- During'theryeryrearly
stages of the operation, many7of‘the calculations were done manually while
the computer progrem was being checked.out. ‘Buch. calculations were feasi-
ble at that time because the terms which depend on integrated power. were
negligibly small}. Subsequently the on-line computer. was used to execute
modified reactivity balances. to provide data for evaluating the xenon-

polsoning term. -At present, the complete reactivity balance is calculated

routinely: by the:ccmpnter"every’s minutes and the results are used without

further modification during normael operation. - However, it is still neces-

sary to mamually calculdate the dilution effects that occur when the fuel .
loop is dreined, Since shutdown Qperations may -involve a variety of fuel
and'flush-salt transfers, each-shutdown must be treated as a special case.
Low-Power Calculations

The first operation of the MSRE after the zero-power experiments and
hence, the first opportunity to apply the reactivity-balance caleulation
occurred in December, 1965, and Jamery - February, 1966, during a series
of low-power experiments. (The intervening period, July - December, 1965,
wesg spent . in completing those parts of the system that were required for

‘power operation ) The reactor was operated at a. variety of powers up to

1 Mw and a total of 36.5 Mvhr of fission energy was produced in these. tests.
During the control-rod calibration, capsules of enriched fuel were

added to the .loop with the sampler enricher, and at the end of the zero-

power experiments, the 235y concentration in the primary loop was about 10%

’rgreater ‘then that in the salt heel which remained in the drain tenks. Thus,

when the reactor was drained in July, 1965, a substantial dilution occurred

r,which had to be accounted for in the reactivity balance.

Since the computer program for the on~line calculation was not ready
for service during the low-power tests, ‘manual calculations were. performed.

:waeVEr, the analytic expression for control-rod poisoning and the various

reactivity coefficients that were heing incorporated in the computer
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-program were applied. Since very 1little integrated power was produced,
the xenon, samarium, burnup, and other- fission-product terms were
neglected. -

‘At low power these calculations provided a test of those terms in the:
' balance-that do not depend directly on power operation, i.e. control-rod
poisoning, variations in operating temperature, and changes in 2355 con-
centration. They also gave some indication of- the inherent\accuracy of
the calculation under the simplest conditions.” These calculations gave a-
residual réactivity of +0.01 * 0.01% 8k/k. This residual was attributed
- to uncertainties in the physiecal inventory in the'system~and,was elimi~ .
nated from gubsequent reactivity balances. That is,.the reference con-
dition for the reactivity belance was established as the system condition
Just before the start of power.operation. In addition to verifying the
"zero-power" reactivity balance, the calculations at.l Mw gave an early -
indication that the power'coefficient of reactivity was less negative than
had been calculated and that the xenon poisoning would be less than.we had-
expected. (See also pp 9 - 11 and 13 - 32. ) As a result of these and
later findings, experiments were performed to evaluate these two terms.

Intermediate Calculations

Operation of the reactor at powers and for times that produced sig-
nificant fission-product terms began in April, 1966. This operation soon
showed that the xenon term was inadequately. treated and that part of the
calculation was temporarily deleted from subsequent computations. The
calculation results from the other terms in the reactivity balance were
then used to aid in the development of an adequate representation of the
xenon poisoning. T

‘ In order to use the reactivity balance to evaluate xenon poisoning, it
was necessary to assume that there were no other unaccounted—for reactivity
effects. This assumption was not completely valid for ‘the early calcu-
‘lations because of long-term effects that were neglected, but it was valid
for the relatively short times 1nvolved in the xenon transients. Since
most of the data for the xenon calculation were developed from the reac-
tivity transients after the reactor power was raised or 1owered

N




39

S-j (see pp 13 - 32) the early errors in the long-term reactivity balances
were of ‘1ittle consequence.

Figure 14 shows the results of reactivity-balance calculations without
xenon for ‘all power operation of the reactor between April and July, 1966.
The reactor power is shown with each reactivity ‘plot. for reference pur-
poses. The reactivity_transients associated with the buildup and removal»
of xenon due to changes in power are clearly displayed. The apparent
steady-state xenon poisoning at meximum power (~ 7.2 Mv) is 0.25 to
0.30% 8k/k.

"~ The large negative-reactivity transient on June 18 - 19 was caused
by the development of a large circulating void fraction in the fuel loop.
It was known that if the fuel-salt level in the pump tank were allowed
to decrease below & given value, the amount qf gas in circulation would
increase significantly, This condition was reached on June 18 and the
accompanying ‘decrease in average - fuel ‘density- produced,the reactivity
decrease, The reactivityirecovered rapldly when the normal'pump—tank
level was restored and the excess gas was stripped out. The response of
the reactivity balance in this event illustrates the semsitivity of this
method for detecting minor anomalies under'otherwise'normal,circumstences.

The reactivity balances calculated for the period shown in Figure 1k

[

were not completely corrected for long-term isotopicfchange effects or
for flush-salt dilutiOn.'_This'is 1llustrated by the.apparent-increase

in the residual reactivity'at'zero-power“when there. was no xenon present.
(Note especially the results on April ll, May 9, June 13, and July 1 and’
21-23.) Corrections for these factors were subsequently applied to . the -
zero-power balances to evaluate as accurately ag possible the- long-term
Sdrift in ‘the residusl reactivity.”~;

Complete Calculations

‘ The complete reactivity balance calculation, including all known
effects, vas first -applied to the period of reac¢tor operation which began
in October, 1966 Figure 15 shows the power history and residual reac-
tivity results on & day-to-day basis for the next three runs (the reac-

- tivity scale in Figure 15 is expanded from that of thevpreceding figure),
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During steady-state operation the results show only minor veristions in
the residuel reactivity. However, in October and November there is still
some indication of a disagreement between the calculated and actual xenon
poisoning, both in the absolute magnitude of the term and in the transient
behavior. The results for December, 1966 and Jamuary, 1967 show better
transient agreement but still some difference in the magnitude of the
xenon term. , , ’

The lerger spikes in residual reactivity can all be accounted for by
‘ebnormal reactor conditions which are not covered in the reactivity balance.
For example, the spikes on October :10 are aésociatedrwith speciai experi-
ments during which gas bubbles were circulating with the salt. Fuel-salt
circulation was interrupted for 2-1/2 hours on October 16 and no xenon
stripping occurred. When circulation and power operation were resumed,
the actual xenoﬁ-poison level was higher than that calculated in the re-
activity balence which assﬁmed continuing-circulation and stripping while
the power was low. On October 23, the salt level in the pump tank was at
an sbnormally high level for a brief period. The xenon stripping,was’much
less effective in this condition and the xenon-poison ievel rapidly built
up to a higher value. When & more normal salt level wes reétored, the
xenon poisoning returned to the normal value. o

The berturbations in residusl reactivity during the November operation
resulted from failure of the caleulation to adequately describe the xenon
trensients. - During this run it was necessary to reduce the power on
several occesions because of conditions imposed by the reactor offgas
system. In each case the observed xenon behavior was about the same, indi-
cating a longer time constant for xenon stripping than wes calculated in
the model. This disparity in the time constants produced the cyclic be-
havior that was observed. ' ’

Considerable difficulty was enccuntered in theroperatiqn of the on-
line computer during the last period of operation shown in Figurerl5.b As
& result, substantisl gaps exist in the complete reactivity-balance re-
sults. However, the gvailable results are in good agreement with the ex-
pected behavior. Again; the spikes on December 23 and 2k and'January 12
reflect abnormal reactor operatiohs which resulted in circulsting voids.

-
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The smaller variations (see, for exsmple, the period from December 30 to
January 5) appear to be related to-variations- in the -fuel-system over-
pressure. They may reflect—chEnges;in the clrculating void fraction or
variations in the net xenon-stripping efficiency. Additional detailed
analyses will be required to identify the cause of:these small variations.

Long-Term Residual Reactivity

The long-term driff in residual reactivity cen best be seen in the
calculation results where there is no xenon present. In order to make
_this comparison, representative results of this kind have been converted
to a’commoanasis using current values for all coefficients.r,The ma.jor
corrections that were applied to earlier results were to compensate for ,
~ long-term isotopic-change effects that had been neglected and for flush-
salt dilution effects. Each time the fuel loop is drained a small heel
of the salt that wes circulating remeins in the loop. This salt then
mixes with the material that is next intro&uced into the loop. . When the
reactor is shut down for meintenance the fuel loop is normally rinsed
with flush salt to remove as much residual radicactivity as possible. _
Then, when the loop is refilled with fuel salt,‘the remaining flush-salt
heel produces a dilution of the fuel. , Some additional’internixing occurs
because & common fill-and-drain line 1s used for the two salts. The extent
of the salt intermixing was determined from the amount of uranium that
has appeared in'theiotherwiséfﬁarren flush salt, Chemical analyses of
the flush sait,indicated,the’amount of fuel salt that was picked up by the
flushmsalt'in‘various—qperaticns;',We then assumed that & similer volume
of flush selt is added to the fuel. The net result of a flush-salt £111
and drain followed by a fuel-salt fill is to reduce the System reactivity
' by about 0.05%.

The corrected reactivity-balance results at zero power with no xenon
present are shown- as a function of integrated power in Figure 16. It
should be noted that,the reactivity scale is greatly expanded.and that the
‘average residual reactivity 1s?¢n1y about +0. 05 8k/k. There’ appears to |
 have been a positive shift of- Ebout +0. Oh to-+0. 05% '8k /k - early in the ,
operation with insignificant changes occurring subsequently. '
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- Through the end of Run No. 10 (January, 1967) the reactor had pro-
quced 16,450 Msr-hrs, equivalent to 95 days' operation at maximum power
and substantial changes,had occurred in many of the reactivity-balance
terms. Table 2 shows typical talues fdr the various terms in the reac-
tivity balance at the start of power operation end at the end of Run 10.
The values given represent zero-power operation‘with no xenon present to
emphasize the long-term effects. The estimated_accuracies of the various
terms are included.in the table for later consideration (see pp L7 - L48).
This table shows. clearly the current value of the residual reactivity.
of 0.05%. : '

INTERPRETATION. OF RESULTS

Previous Reports of Results

The results presented in this report represent our,currentievaluationb
of the reactivity behavior of the MSRE during the first year of power (
operetion. In the course of this year the accumulation of data and experi-
ence has resulted in a number of changes in the calculation of various

terms as well as in the interpretation of the results. Because of ‘the

interest in the performance of the MSRE and the value of the reactivity
balance in assessing that performance, intermediate results have ‘bean
reported from time to time (see especially Reference 10) even though it
was recognized that further analysis was required for an accurate inter-
pretation. "Some of these results suggested the possibility that the posi-

. tive residual reactivity was gradually 1ncreasing. This apparent increase

wes due to an inadequate treatment of long- term changes in minor salt ‘

'fconstituents and to & misinterpretation of conflicting date on the circqla—'

ting void fraction.

Tt is to be expected that ‘additional modifications will be made in
our treatment of the reactivity balance as more operating- experience is
accumulated. However, we feel that -any future refinements will have smell ;
effects and that the current evaluation is reasonably accurate.




i 46

Table 2

Values of Reactivity-Balance Terms in MSRE

R at
Zero Power

Value (% 5k/k)

Start of ’ Estimated

.8
-Effect Power After Change - : Uncertainty

Term . Described Operation . 16,450 Mwhr (% BK/k) (% 8k/x) .
KROD  Control-rod ' ‘ e

poisoning -1.712 -0.911 +0.801 +0.020
KU235 Excess 257 ' : b :

concentration 1.785 . +1.855 -0.430 +0.011
KTEMP Reactor outlet ‘

temperature -0.073 -0.073 o0 -

- KPOW  Temperature c e _
- distribution o~ 0 0 --

KSAM Semarium : ' ' o

poisoning o] -0.534 .=0.53% . +0.027
KXE Xenon P " a a : . - S

poisoning 0 o 0 : - --
KB Circuleting ‘ D

"~ bubbles 7 e ' C-- - -
KFP Isotope o o
: burnout 0 +0.116 +0.116 = *0.006 -

KNET . Residual 0 +0.04T - +0.047 +0.0k4

8. 'Chﬁnge from reference condition.
b. Includes dilution by flush salt.
c. Value at 7.k Mw is +0.007% 8k/k.
d. Value at 7.k Mv is -0.27% 8k/k.
e. Not currently included.
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Utility of Residual Reactivitv

The residual reactivity as determined from the reactivity balance
cannot -be used by itself as an absolute indicator of the reactor per- -
formance. Because of the experimental nature of the MSRE and the variety _
of unknowns associated with the reactivity behavior, particularly in re-
gard to xenon_poisoning, it was necessary to use the reactor behaviorlasv
a tool in'developing the reactivity balance. During this development it
was necessary to assume that no anomalous reactivity effects were present
This assumption was supported by a variety of other observations the '
nuclear stability both at steady power and during transients, a comparison
of predicted and directly observable nuclear characteristics, chemical
analyses of fuel-salt samples, and examination of in-core irradiation and
corrosion specimens. Even after its development ‘the reactivity balance
must be used in congunction with these other observations to insure that
no neglected, but otherwise normal, reactivity-effect is interpreted as
an anomaly.

~ The- reactivity balance. is potentially one of the most sensitive indi-~
cators of changing conditions.in a system like the MSRE. However, there
are certainly 1imitations in both the precision and absolute accuracy of

“such calculations. At steady reactor conditions (constant temperature,

pressure, and power) the variation in consecutive reactivity balences is :
only about 0. Ol% dk/k. This is assoclated. primarily with variations in '
the temperature and control—rod-position readings from . the computer and,
therefore, probably represents the precision limit of the calculation.

b o It is difficult to provide a reliable estimate of the confidence o
limits of the calculations summarized 1in this report.. Tb 8. large extent,

refinements in the analysis to. include effects found to be. significant, '
together with reinterpretations of. measurements, have to be performed

‘ sequentially as reactor operating data are obtained. The measurements
fof reactiVity effects important in. operation are often interwoven, 50
that operational data taken in connection with one particular effect ‘have -
~shed further light on earlier ‘measurements pertaining to other effects.g»—

This - process is expected to continue. i
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Because several of the most importent terms in the reactivity balance

(control-xod worth, excess 35U, temperature levels) are based on measure-
ments made during the zefo-power nucleaf‘experiments, a pough,basis forv )
discussing the accuracy:of these terms is provided by those expefiments.'ﬁ
 As mentioned in an eerlier section, independent messurements of the o
control-rod worth (by means of period-differential worth experiments and
rod . drop-integral worth experiments) were found to be self consistent
within 5%. Also, the interpretation of other reactivity effects =5y
concentration\coefficient,'overali temperature coefficient, and delaYed-;
neutronvlosses) based on'the rod calibration were within 5% of the calcu-
1atedAVa1ues. Thus, reasonable confidence limits are probably 2.5% on
~ terms for which experimental measurements are avallable and * 5% on terms
for which only calculations are availsble. Application of these limits to
the changes in reactivity léads to an uncertainty of % O. Oh% 8k/k in the
residual ‘reactivity at zero power with no xenon present. (See alsor
Teble 2, p 46.) | | |

- The very small uncertainty in the residual reactivity makes this a
\very sensitive monitor of conditions in the MBRE. By comparison, sta-
tistical enalysis of the results of chemical analyses of fuel-salt samples
gave & change in 25U concentration of -0.025 * 0.013 wt% between the
start of power operation and 16,450 Mw-hrs.}l This corresponds to &
reactivity change of -0.36 + 0.18% 8k/k which can be directly'compa:ed ,
with the reactivity-balance value of -0.43 * 0.01% Bk/k in Table 2. - Thus,
while both the reactivity balances and the chemical results indicate normal
behavior the reactivity balances are somewhat more accurate in this par-

ticular -application and are contimuously available during-feactor operation.

Effects: Not Treated _ , T

‘Several effects have been mentioned which have not been explicitly
included in the reactivity-balance calculations, and for which cognizance
should be taken. These include the production of photoneutrons through
(7,n) reactions in the beryllium-and neutron  absorptions in the products
which result from reactions that are evaluated. Since only changes in
reactivity relative to the reference condition are observed in the ré-
activity balance, one may show by approximate calculation that the megnitude

”»
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of these effects should have negligible direct effect on the reactivity
balance in the MSRE. B ‘ R o

of potentially greater'significance'among the effects'known'to be
present but not accounted for'are'(l) the slight changes in the structural

' configuration of the graphite stringers and salt channels due to neutron

irradiation damage to the’ graphite, and (2) the cumulative effects of

“irrediation on the control-rod worth (through burnup of the gadolinium).
Both these effects should appear as slow changes in the residual reactivity,

Radiation demage 1s expected to cause the graphite to shrink, thereby
reducing slightly the axial’dinensions of the core, increasing the ef-
fective graphite density, and causing some bowing of the stringers due to
the radial'gradient in the neutron flux. Tt 1s difficult to provide a
precise estimate of the change in core reactivity associated with this
effect but: a reported estimate which should be on the conservative side
(lerger than the actusl magnitude) is sbout +.07% 8k/k per Mw yr.12
Although this is in the range which might be detected in the residusl re-
activity, no consistent, slowly increasing change of this magnitude has
been observed in the reactivity. ‘ '

~ In the second case, above, ‘rough calculations supported by comparative
observations in the reactor, have indicated that the effect of burnout of
the gadolinium on rod reactivity 1s of negligible significance in the MSRE
operation to date, waever, corrections for this effect should properly
be accounted for as operation continues into a. substantial fraction of the
core life. A thorough analysis of this effect i1s planned in the imnediate

, future.,'

~Operating Idmitations -

In .the MSRE operating euthorization, the USAEC recommended ‘that -

~ "allowable limits on reactivity anomalies should be established and docu- L

mented before- critical tests begin and should be adhered to during all
operations.™> . mmig ‘was, and is being, dome. The operating limits on. the

* MSRE include this;one,~VVAt:no«time,during critical operestion of .the re-
actor will the reactivity anomaly be allowed to exceed 0.5% Bk/k. 1%’
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The 1imit of 0.5% was set in consideration of the coﬁsequences of a
very pessimistic hypothetical incident involving separated urenium. It
was postulated that uranium separated from the circuleting fuel be some
unspecified process and collected in the lower head of the reactor o
vessel. ~ Then something caused part of the uranium.to be. resuspended and
sucked up through the central channels in the core in a single blob. (The
velocity in 22 channels near the center is 2.0 ft/seg,. almost three. times
the velocity in the 940 channels covering the main body of the. core.)

The computations were done as follows.S ih‘e shape ofv‘tlz;e _reactivity
trensient due to movement of & blob of uranium up through a central channel\
‘was computed. Then the transients in power, temperature, a;pdr Vc,'or,e pressure
were computed for various emounts of added reactivity aﬁd _diffé;rent_ inj.tial
power levels. No account was teken of rod scram, only the shutdown pro-
vided by the negative temperature coefficient of reactivity. The computed
power excursions were brief, producing sharp but momentai-y increases in
the temperature of the fuel in the core (but little chenge in graphite
temperature) and pressure surges in the core due to fuel-salt expansion.
A tolersble excursion (one which would not be expected to cause damage)
was defined as one in which the pressure surge wé.s less than 50 psig and
the peak fuel temperature was less than 1800°F. The 1limit was reached by
incidents in which the reactivity addition peeked at 0.7% &k/k. The. o
amount of excess uranium that would give this reactivity was computed to.
~be 0.8 kg (neglecting self-shielding in the blob, which would increase the
amount of uranium required). |

The next step was to decide what fraction of a uranium deposit might
reasonably be pictured as becoming detached and passing through the: core
as postulated. In HRE-2 (an aqueous fluid-fuel reactor where fuél"separa.-
tion could and did occur), deposits could be dispersed by movement of the
loose core-inlet screens in the turbulent flow, or by steam formation, and

§

' - There is no known mechanism by which such e separation could occur
under the conditions maintained in the MSRE. :
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the dispersed material was soluble. Even under these conditions the

-largest sudden recovery of uranium was less than 0.1 of the existing de-

posits. In the MSRE, on the other hand, deposits of uranium as U0z should
be quite stable so the probability of resuspension of any significant
fraction should be quite small;"Therefore, we considered that an assump-'
tion of sudden resuspen51on of 10 percent of the separated uranium was
quite conservative. - : ‘ o

With the foregoing pessimistic assumptions, ‘one computes that the

separation: of 8 kg of uranium is the maximum emount tolereble, If this

“much were to separate from the circulating fuel and collect in a region of

low nuclear importance, the reactivity would decrease by 0.5% Bk/k. This
was set then ‘as the maximum allowable reactivity anomaly.

Conclusions

Several conclusions can be drawn from the experience with ‘the
reactivity-balence calculation during the first year of power operation of
the MSRE. The calculation has provided an invalusble tool for evaluating

“the performance of the reactor system, particularly in connection with the
1 xenon-poisoning problem. The results have been accurate and precise enough

‘to permit a detailed analysis and evaluation of mechanisms which would

otherwise have been largely indeterminate in the reactor. In addition,

they have provided the operating staff with a real-time monitor of the

" condition of the reactor system.

' ‘Possibly the most importent conclusion. is that the reactivity balance

has shown, within very narrow confidence limits, no anomalous reactivity

behavior during this first year of power operation. The long-term change
that has occurred is: lower than: the allowable anomaly by a factor of 10 -
and there have been no unexplained short-term deviations. This experience

, shows with: considerable ‘confidence that the reactor has performed as .ex- -

pected in all respects that could affect the nuclear reactivity
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