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ABSTRACT

The reactivity characteristics of the operating Yankee Core I
are analyzed., Calculations of kinetic parameters, kinetic coefficients,
control rod and boron warth, core lifetime and burnup rate, and fission
product poisoning, are described. A large amount of experimental data
obtained during Core I operation is included and comparisons are made

between prediction and experiments.
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1.0 TINTRODUCTION

‘ The Yankee Core Follow Program, supported Jolntly by the Westinghouse
) Electric Corporation and the Yankee Atomlc Electric Company, was a program to
gather, analyze, and interpret experimental data f{rom the Yankee plant to
ascertain the nuclear behavior of the first core. The information was expected
to be of value to both Westinghouse as the nuclesr designer and to Yankee as

the owner and operator.

This report describes the analytical work which was performed as an
integral part of the Yankee Core Follow Program on the reactivity characteristics
and bechavior of the first core. A companion report—} describes the power dis-
tribution analyses performed under the same program. An attempt has been made
to include a large amount of experimental data whenever comparisons of calculations
and experiments were possible. This report was prepared and edited under the
Yankee Core I Evaluation Program, sponsored by the USAEC. As such it constitutes

the {irst of a series of technical reports on the evaluation of the Yankee Core 1.

The Yankee reactor is of the pressurized light water type, with rod
shaped “uel elements of slightly enriched UO, (3.4 w/o in U-235) contained in
stainless steel, A description of the nuclear core and the associated plant can
be found in reference 2., Core loading was initiated in July 1960 and initial
criticality was achieved in August 1900. This was rollowed by an extensive test
program which terminated in January 1961 when the plant attained the Core I
design thermal output (392 MWt). A description of the exverimental data which
was obtained during this period can be found in rererence 3. A description of
the analytical vohysics wors which supported this series of experiments can be
found in reference 4. The Yankee Core Follow Program was a logical extension
of the initial research and development design programs and the startup

experiment program.

From Jenuary 1961 until June 1961 the Tirst core operated at its design
thermal output of 392 MWt or 110 MWe of net electrical power for a total burnup
of approximately 3500 EFPH* or 2700 MWD/Tonne. In June 1961 an increase in
power level from 392 MWt to 485 Mwt (150 MWe) was authorized. End of core
lifetime at 392 MWt and rated conditions (514°F, 2000 psig) occurred in
January 1962 at an average burnup of 8000 EFPH or 6270 MWD/Tonne. At this

*
. EFPH = equivalent full power hours referenced at 392 MWL, This delinition
of EFPH will be used throughout the context ol this report.

-2 -



time all control rods had been removed from the core. This was followed by a
core lifetime extension period where power and main coolant temperature were
continuously lowered to balance the loss of reactivity due to burnup. Final
shutdown occurred on May 18, 1962 at a power level of 270 MWt, main coolant
temperature 431°F and a total average burnup of 10,680 EFPH or 8360 MWD/Tonne.

As part of its license agreement, Yankee was required to shut down
the reactor at intervals of about 2000 EFPH to perform measurements of the
kinetic coefficients of the core. The purpose of the tests was to obtain inform-
ation on the effect of Pu bulldup on the kinetic characteristics of the core.
In addition to data on kinetic coefficients, Yankee has obtained a large amount
of experimental data on control rod worth, boron worth, Xe-135 poisoning and
fuel depletion rate, in addition to the power distribution data = . This
information, obtained in a large utiiity reactor, under conditions of actual

operation, is felt to be of great value to the industry as a whole.

The excellent operating characteristics of the core have verified
the technical feasibility and economic potential of this type of reactor. The
predicted vmerformance of the core , confirmed by the initial startup experiment
program Li» was further substantiated by actual operation of the core at power
during a period of 17 months. The agreement between calculations and measure-
ments of the core reactivity characteristics was very good. In general the
core behaved as predicted. However anomalies in the detailed reactivity behavior
of the operating core were cbserved which were not predicted by standard
regctivity calculations. These anomalies in no way interfered with the safe
operation of the reactor. Instead they served as a basis for detailed analytical
studies which have led to a better understanding of the physics of pressurized

water, UO2 fueled reactors.

Section 2.0 of this report describes the operation history of the
first core, in terms of power, EFPH, control rod motion and reactivity behavior.
Section 3.0 describes the physics calculations pertaining to the reactivity
characteristics of the first core and compares the calculational results to

experiments.



2.1 Power and EFPH History

2,0 OPERATION HISTORY OF THE YANKEE CORE- I

Figure 2.1 shows the power and EFPH history of Core I in

terms of daily average load in gross MWe and accumilated full power

hours referenced to 392 MWt.

These are listed in Table 2.1.

Date of Shutdown

Table 2.1

Figure 2.1 shows six major shutdowns.

Ma jor Shutdowns in Yankee Core I

2/19/61
L/1/61

5/2/61

6/2k/61

7/10/61

11/3/61

Length of Shutdown

92 hours

185 hours

39 hours

L1 hours

326 hours

109 hours

Purpose of Shutdown

Valve maintenance inside vapor
container

Low power physics testing
(1900 EFPH)

Vapor container inspection,
pressurizer instrument con-
nection repair and turbine

control valve repalrs

Plant protective system changes
and vapor container inspection

Low power physics testing
(4000 EFPH)

Low power physics testing
(6400 EFPH)

The control rods were completely withdrawn from the core on

December 22, 1961.

Reactivity losses due to burnup were then compensated

by decreasing main coolant temperature and power level., Final plant shut-

down occurred on May 18, 1962.
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2.2

2.3

Control Rod Motion History

Figure 2.2 shows the controlling rod group heights as a
function of EFPH for the reference withdrawal sequence (6 4 2 3 5 l).*
A description of the control rod group locations and identification
can be found in reference 4. Anomalous behavior of the data, as evidenced
by motion of rod groups 5 and 1 results either from changes in power level
(see Figure 2.1), from anomalous reactivity variations (see Figure 2.3),

or from scheduled physics testing.

Reactivity History

It is possible to obtain a history of the reactivity behavior
in Yankee by observing the motion of the control rods and the variation
of main coolant pressure, temperature and boron concentration from a
given reference point in time. A continuous record of rod positionm,
and primary coolant pressure and temperature is available at the control
panel. A history of accumulated reactivity change is obtained by using
measured control rod worth, boron worth and pressure and temperature
coefficients. An analytical reactivity model which predicts reactivity
variations with time is based on a calculation of the varlation of the
reactivity tied up in the Doppler effect, the fission products xenon
and samarium, and of the reactivity loss in fuel depletion. ZEach of
these effects can be separately verified by experiments. The adequacy
and completeness of this analytical model can be evaluated by & comparison
of the predicted reactivity behavior with the measured reactivity behavior.
However, any discrepancy between the measured and predicted reactivity
history does not necessarily reflect a fault in the analytical model.
That is, the accuracy of the measured reactivity history depends on the
availability and accuracy of control rod worth, boron worth, and reactivity
coefficient data. In this report the term "anomalous reactivity variation"
will refer to the difference between the measured and predicted reactivity

variation.

¥
The normal control rod withdrawal pattern in Yankee is 6L42351; i.e., group

6 is withdrawn first, followed by the withdrawal of group 4, etc. To obtain
a more uniform distribution of burnup,control rod groups at equivalent radii
were interchanged periodically. At the time of an interchange, groups 1 and
2 and groups 3 and 4 were interchanged.

-7 -
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2.3.1 BReference Conditions for the Analysis of Core Reactivity Behavior

No large anomalous reactivity variation was cobserved
before the LOOO EFPH shutdown. The first occurrence of a signif-
icant anomalous reactivity variation took place during startup
to power after the 4000 EFPH shutdown. The anomalous variation
was based on a comparison of the control rod position at power
before the shutdown with that after steady state conditions were
reached after returning to power. A detailed study of the reactlvity
history was subsequently initiated and carried out to the final
shutdown on May 18, 1962. The reference point chosen was that
for the hot, zero-power core immediately preceding startup at
Lhooo EFPH.

The reference main coolant temperature and pressure
were chosen at S514°F and 2050 psig, respectively. The reference
position for the control rods was 12 in. on group 2, with groups
6 and 4 removed and groups 3, 5, 1 inserted, which is the zero-
power rod position before startup. Based on this rod position,
the rod position at power before shutdown, measured rod worth
data, and the measured power coefficient and Xe-135 poisoning
before the shutdown, a loss in reactivity of 0.14% p is obtained,
with the reactor at zero power. This loss may be explained by the
calculated increase in Sm-149 poisoning (- .18%), the calculated
increase in fission product poisoning (- .05%) and the calculated
increase in reactivity due to Pu-~-239 buildup during the shutdown
(+ .1%)(Section 3.0).

2.3.2 Calculation of Anomalous Reactivity Variations

The measured reactivity variation is obtained from

pmeasured = p(control rods) + (T - 51k4) %%
. (7 - 2050) g% . %p (2.1)

L ;



A record of rod position, temperature and pressure, and boron
concentration with time was obtained from data transmitted to
Westinghouse from the plant, supplemented by the plant log sheets.
The zero power rod worth and boron worth data obtained during the
4000 EFPH shutdown were used in equation (2.1) for the total range
of reactivity history. This was necessitated because a complete
set of rod worth and boron worth data was obtained only during

the 4000 EFPH shutdown. Corrections for moderator temperature

and pressure variations were done by using tempersture and pressure

coefficients measured during the 4000 and 6400 EFPH shutdown.

The calculated reactivity variation is obtained from

calculated = Xe Sm Doppler depletion Sm
o =p +p +0 +p - Patartup (2.2)
The Sm-149 poisoning at time of startup (psm ) was - 0.865%

startup
(section 3.9). Xe-135 and Sm-149 poisoning in equation (2.2) were

calculated by means of the HISTORIAN code (section 3.8). The power
defect was based on the calculated power coefficient shown in
Figure 3.7 (section 3.4). The calculation of reactivity loss in
fuel depletion was based on a calculated burnup coefficient of

0.92 x lO_S/EFPH (section 3.7).

The anomalous reactivity variation is defined as the
difference between the measured reactivity variation and the calc-

ulated reactivity variation as obtained by equations (2.1) and (2.2),

panomalous - pmea.sured _ pcalculated (2.3)
Figure 2.3 shows the anomalous reactivity behavior

between July 23, 1961 (LOOO EFPH) and May 18, 1962 (10,700 EFPH).

A positive anomalous reactivity variation corresponds to a gain

in reactivity while a negative anomalous reactivity corresponds to

a loss in reactivity. Figure 2.3 should be studied together with

the power history of Figure 2.1 and the control rod motion history

of Figure 2.2.

- 10 -
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2.3.3

The initial loss of reactivity which occurred upon
returning to power after the LOOO EFPH shutdown is clearly
evident. The events which took place during the boron test at
power on September 13, 1961 are of importance since the main
purpose of the test was to confirm the feasibility of chemical
shim operation at power. On September 12, 2L hours before the
boron test, an unexplained reactivity gain occurred. Boration
took place on September 13. The reactivity gain (~ 0.4%) con-
tinued until the core was borated to 390 ppm with rod group 1 at
59 in. and all other rod groups withdrawn. The only change in
plant conditions noted on September 12 was an increase in the
coolant pH from 7.0 to 9.2 with an increase in ammonia concentration
to about 3 ppm. After boration a loss in reactivity (~ 0.8%)
occurred Tirst at a fast rate, then at a slower rate after all
rods were completely withdrawn. After dilution there was a gain
in reactivity (~ 0.5%) at a rate roughly similar to the rate of
loss duting the test.

Analysis of Anomalous Reactivity Variations

There are three sources from which it is possible to
draw explanations for the anomslous reactivity behavior of
Figure 2.3. These are:

1. Errors in the calculation of pmeasured' These

include the use of incorrect control rod worth data,
temperature and pressure coefficients, and boron worth.

2. Errors in the calculation of pcalculated. These

may include

a) discrepancy in the models used for Xe
and Sm poisoning, Doppler effect and depletion
rate;

b) the omission of reactivity mechanisms

in the calculation of pcalculated.

- 15 -



The reactivity calculations described in section 3.0
have disclosed reactivity mechanisms in Yankee which can explain
most of the anomalous reactivity behavior of Figure 2.3. It is
difficult to associate a definite explanation to each anomalous
reactivity variation, since the variations are small, of the
order of a few tenths of a percent in reactivity. However, an
attempt has been made to explain the gross reactivity behavior
of Figure 2.3.

1. The initial rapid loss in reactivity (~ .5%)
upon returning to power on July 23, 1961 after the
L4000 EFPH shutdown with the subsequent slow gain (~ .5%)
over a period of about 40 days, is explained in section
3.4.3 as a power coefficient effect resulting from

changes in the pellet-clad gap geometry.

2. The gain in reactivity (~ .4%) which occurred
on September 12, 1961 can be empirically attributed
to chemistry effects. On March 13, 1962 and on
March 27, 1962, hydrazine was purposely added to the
main coolant to raise the ammonia concentration of the
coolant to about 4 ppm. These tests were performed in
an attempt to duplicate the coolant chemistry conditions
of September 12, 1961. Coolant pH increased from about 7
to about 9. A reactivity gain of about 0.3% was noticed
during both of the tests. The reactivity was lost after
the ammonia concentration had been reduced to pre-test
levels. Although it appears possible that a highly
absorbing poison was removed from core surfaces during
the test and subsequently redeposited on the core
surfaces, no definite conclusion on the processes involved

has been reached as of the present time.

- 16 -



3. Approximately 0.8% in reactivity was lost after

boration of the core at power on September 13, 1961 which
includes the gain of O.h% that occurred the previous day,

88 noted below. Although it is not possible to conclude
with certainty that boron plate-out on core surfaces is not
the cause for the anomalous reactivity loss, it is neverthe-
less possible to explain the reactivity loss on the basis of
mechanisms other than boron plate—out*. Based on the calc-
ulations of section 3.0, several possible causes for the
reactivity loss during the boron test at power have been
combined:

Reactivity Variation

Coolant chemistry - Completion of
the transient which was initiated - 0.4
on September 12, 1961

Increase in the statistical welght
factor on the power defect (section 3.4.3) - 0.2%

Redistribution of main coolant temper-

ature in the core (section 3.12) - 0.1%

Error in the worth of control rod

groups 1 and 5 (section 3.5.2) - 0.1%

Boron depletion during test (section 3.6.3) + 0.1%

- 0.T%h

It should also be pointed out that a lO% error in boron worth corresponds
t0 a reactivity of about 0.25%.

*
Examinations of the Yankee spent fuel assemblies after the final
shutdown in May 1962 have revealed minimal levels of crud deposited
on surfaces. However it cannot be concluded that the same conditions

necessarily existed during power operation.

- 17 -



4, The anomalous reactivity behavior which followed
the 6400 EFPH shutdown from November 7 to November 23, 1961
occurred during an extended period of power coefficient
measurements. The power level was raised in small inecre-
ments over a period of 2 weeks. The anomalous reactivity
behavior can be explained on the basis of the use of
incorrect control rod worth data during the Xe-135 transients
which occurred during the tests. As mentioned previously,
the zero power rod worth dats measured during the 4000 EFPH
were used to calculate pmeasured. In section 3.5.2 it is
shown that control rod worth can be significantly different

during Xe-135 transients.

5. The slow reactivity variations (~ 0.3%) which
occurred during October, late November and between December 16
and Januvary 12 all showed the same trend: a loss in
reactivity followed by a slow gain of reactivity at a
rate roughly equivalent to the burnup rate. Two possible
explanations can be suggested. First, it 1s suggested that
the anomalous reactivity variations are not real and result
from the use of incorrect control rod worth data. The
differentisl worth of groups 1 and 5 have been shown to be
significantly affected by burnup and power (section 3.5.2).
However this mechanism does not explain the reactivity gain
which followed the complete withdrawal of control rods from
the core. BSecond, it is suggested that the anomalous
reactivity variations are real and correspond to variations
in the power coefficient. Control rod motion can shift
the power distribution into regions of previowsly low fuel
temperature and therefore relatively large pellet-clad gap
and high power coefficient. This will lead to a reduction
in core reactivity. However, the subsequent expansion,

possible cracking of the pellets, and redistribution of UO2



within the fuel rods will result in a reduction of the
power coefficient and a gain in reactivity. This
explanation is reinforced by the fact that the reactivity
variations mentioned above bear resemblances to the
reactivity variation which followed the startup on

July 23, 1961, when a variation in the power coefficient
was actually measured.
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3.0 CALCULATIONAL AND EXPERIMENTAL PHYSICS RESULTS

Before describing the reactivity calculations, it is important to
point out the definition and concept of reactivity as used in the calculations.
In the calculations the reactor is always maintained in a static condition by
introducing an eigenvalue v/vo which multiplies the total fission source such
that the rate of change of the neutron population with time is zZero 2
(V/Vo = 1 for a critical reactor). The fluxes obtained with this technigue
are the static fluxes and the criticality factor, defined as ks = vo/v, is the
static criticality factor. In calculating the reactivity effect of a perturbation,
such as control rods, Xe-135, etc., it is not always possible to maintain the
reactor critical in the calculations. The technigue used is to calculate the
eigenvalue V/vo which maintains the unperturbed reactor in steady state. The
reactor is then perturbed and a new eigenvalue V‘/VO is obtained. The reactivity

effect of the perturbation is then defined as

g T Ty (3.1)

o, is a static reactivity. Eguation (3.1) is consistent with the definition
of reactivity given by Henry —2. Comparison of calculated results obtained
with equation (3.1) and experiment is made valid by using an effective delayed

neutron fraction in the conversion fror a measured period to reactivity —

3.1 Period-To-Reactivity Conversion

Reactivity determinations in the Yankee Reactor are based on
measurerents of the stable periocds obtained after given changes in a
core parameter which affect the neutron economy of the reactor*. The
reactivity is inferred from the period measurement through the inhour
equation. As was mentioned above, the calculated reactivity is the

static reactivity Py To allow a valid comparison between calculations

*For the sake of simplicity reactivity 1s sometimes determined
indirectly by measuring the cowpensating variation in moderator
temperature which naintains the reactor critical after a change
in a core parareter has been perforned, and waking use of the
directly measured moderator terperature coefficient.
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and experiments, the reactivity inferred from period measurements must
be the static reactivity. This may be accomplished by writing the

inhour equation in terms of effective delayed neutron fractions/~— :

Py
o, = % + ¥ . cff (3.2)
i 1+A, T
i
where A is the neutron generation time, 5i is the effective delayed

neutron fraction of the ith delayed neutrogfgroup, ki is the decay
constant of the ith group precursor, and T is the reactor period. The

neutron generation time in Yankee is of the order of 2 x 1077 see™t such
that, for the range of periocds encountered in measurement, the term A

T
in equation (3.2) may be neglected.

The effective delayed neutron fraction can be defined as

B, = IB (3.3)

where Ei is an average delayed neutron fraction for the core and I is the
importance function of delayed neutrons which accounts for the different
effectiveness of prompt and delayed neutrons in contributing to the neutron
cycle. The approximations are made that the same T applies to all delayed
neutron groups and that I is independent of period. Calculations of T for
different delayed neutron source energy spectra have shown that the first
approximation is valid for the entire core lifetime. The dependence of T
on period is negligible for periods of the order of seconds such as are
encountered in Yankee. Diffusion theory with two energy groups was used

to calculate I and Ei as a function of core lifetime. Ei is calculated from

I,

c [

=y ,d = =y L o T J
n@ vl 1@ 4 a@® i @] el a

B, =

| |
. L j
i = vj J P = vj J =
fV . [¢l( ) 1 fl( ) + ¢2( ) 2 ng( )J av

(3.4)

c. M

where J includes all the fissionable igotopes present in the core.
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-.

T is calculated from

I= " (3.5)

where %P is the eigenvalue obtained with a prompt neutron fission
spectrum and %D is the eigenvalue obtained with a delayed neutron

spectrum and is defined as

L@@ ® vl @) a
-)\D = J = - l = 2 == ry (3'6)
I, z‘;lfl E)viz, () v, @y zgg (7] 87 av

where ¢D (r) is the delayed neutron flux and the v Z? are averages over

the delayed neutron flux spectrum. The definition of B as expressed

i
by equations (3.3) through (3.6) is consistent with the gggeral definition

/5

given by Henry and is consistent with the definition.of reactivity used

in the calcu}ations.

Calculations were performed at beginning-of-life, at 1900,
4000 and 6400 EFPH. and at 10,500 EFPH (final shutdown) with the two-
dimensional PDQ code 7, using experimental critical core configuratious.
At each value of burnup two calculations were performed. The first calc-
ulation used thermal constants [rom SOFOCATE Lé and fast coustants
obtained from MUFT-4 2 with a prompt flssion neutron spectrum. From
this calculation the prompt eigenvalue %P was obtained together with the
prompt fluxes ¢, (r) and % (r) for use in equations (3.4) and (3.6). The
delayed neutron fluxes were obtained from a similar calculation except
for the following changes. The nu-fission cross sections which were input

to the problem were defined as

v.i. (F) = = v (F) g
1r, PR 2
(3.7
e W Jed =y R
VEo (r) = z VeTs (r) B
2 J 2

¥
These values of burnup correspond to shutdowns scheduled for physics
experiments,
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The converged pointwise flux distributions from the prompt calculation
were input to the problem. These flux distributions when conbined with
the nu-fission cross sections defined in equation (3.7) yield the spatial
delayed neutron source distribution. The fast constants (except vlzfl and
v22f2 which were defined as in equation (3.7))were obtained from MUFT-k4
with a delsyed neutron source spectrum. The thermal constants were the
same as for the prompt problem. One outer iteration was specified. The
output fluxes from this problem are the delayed neutron fluxes ¢g(?)

and ¢g(?).

The non-uniform burnup distributions used in the calculations
were obtained from in-core instrumentation datali. The core was
represented in an R-Z model with 16 core regions. GCroup constants were
input to each core reglon to correspond to the average burnup in each
region., The control rods were homogenizedlig in given regions of the core
to represent the critical configurations. The delayed neutron data of
Keepin, Wimett and Zeigler-—-ll were used in the calculations. Fissions in

U-235, U-238, Pu-239, Pu-240 and Pu-2L41 were considered.

- *
The variations of I and Beff with core life are shown in

Figures 3.1 and 3.2. decreases by 18% over the entire core lifetime.

Beff
Most of the decrease is a result of the increasing number of Pu fissions
with their relatively small fractional delayed neutron ylelds. It is
noted that the delayed neutron importance function, T, is less than unity
at all times throughout core lifetime. This is explained by the fact that
although delayed neutrons, being born at lower energies, have a smaller
leakage probability than prompt neutrons, they do not cause fast fissions
in U-238. Since leakage rates are relatively small in a large core such
as Yankee, delayed neutrons are less effective than prompt neutrons in

contributing to the neutron cycle.

=28,

B
eff 4 Tlapr

- 23 -



!
!
N
I
!
§
i
¥
T
-t
!
i
!I
[
i

- L -+ L

1 [ A 1 - 4 44 PRI Ll

O D T . L3 At 1T et P
-4

AL

DeleyedlHdut o (Tmbbitianke [Huakb

{

]

t
1

4

s,
)
4.
L
o

| T
[ )
1 I
| i
T
o %
b
‘é;—-n
- g
e
*,“¢%2
l‘.l T
Lff'f
R
TR
L
B
TS
=
1o}
D e

|

b o

M

e —
AN N
-t

-

4
}os
(W
_ﬁ M* : #f _ f
1 . P [ RO A —t—
SRIHH BT ﬁ f w} SEEssunng Eam
[ IR I SRR S I S G B 10 & i- I8 . L T A
pttiers pinty ey e f e H P




00

] ! 1
N o 1
X 1
! ,
} b ] T
+ w m P! e
]
! W i 3
1 7 : e . de Bl
| 5} i i
B | | |
I
N Gt ) h
11 ! I
= e
_AIA
o ST T
) i 4 i | | ; ; by
! ]
: s ;i O_DW ) i mw ! M_L_r
; : NE .I.mﬂ._ T
T 1 WM e
i |2 I T
1 Lt ! Mm. IBEREEE
I | nd.av_ w i M i
- I & [ [~ g
] S B
| RIS F -k~ M
i
1 : T Efqldaxrmﬂ_ 1
‘ IR b= IR NN St
Lt L) i &
i ool b
y [ i
Ll ¥ u |
1 1 S el
P4 i = E NS
) d ) u <t :
) N N [fsel — -+
et | B! =20
] ; N 1
J 1
: y, T R
] 4 H 1] 1 .
i T ——
! |
; + " it
Sty
P P, i 4 [T 1]
pd ! ! I
4 i i 1
t +
N
! p 4 Tt
! p i
s yd T
Il ».
i 11
N B
= 5 1
| 11
H b2 3 )= = T
| ] N
;
I} ! ]
N 214 i1
Tt FOEIPN i
. I 1 | [N I || N

- 25 -



3.2

The delayed neutron importance function, f, is relatively con-
stant throughout core life. The increase in the value of I at 10,500 EFPH
is due to the fact that the core had operated with all rods withdrawn for
3000 EFPH with a resulting flattening of the burnup and power distributions.
Insertion of rod group 1 in the center of the core to maintain the zero
power core critical at 10,500 EFPH resulted in a relatively large radial
leakage from the core which increased the relative importance of the

delayed neutrons.

The calculations of Seff were performed for critical rodded
cores. In order to ascertain the effects of a change in control rod
position and of a change in thermal absorption rate on the values of E
and f, calculations were performed at 4000 EFPH and 10,500 EFPH with all
control rods removed and with boron added to the coolant to maintain
criticality. There was a negligible change in the value of B while the
value of I decreased slightly. The values of I for the borated core are
plotted in Figure 3.1. It should be noted that both the addition of boron
and the decrease in leakage as the rods are removed tend to reduce 1.
Based on these calculations, it is concluded that, in a depleted core
is relatively insensitive to changes in the method of control and

Beff‘
in the thermal absorption of the core.

Moderator Temperature Coefficient

The moderator tempersture coefficient in Yankee is quite
negative as a result of the rapid rate of change in moderator density
with temperature for pressurized water at elevated temperatures .
Measurements made in the zero power core before power operation of the
plant revealed that the moderator temperature coefficient was a seunsitive
function of the amount of boric acid dissolved in the coolant Lj—, the
effect of the boron being to render the coefficient less negative.
Because Yankee was the first large power reactor to use the combination
of slightly enriched U02, stainless steel and light water together, uno
experimental data was available at the time of the effect of depletion
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and Pu builldup on the moderator temperature coefficient. As a result,

a series of tests was planned at intervals of about 2000 EFPH to measure
the moderator temperature coefficlent in the hot, zero power core. The
measurements showed very little change in the moderator temperature

coefficient throughout the core life.

One-dimensional, two-group diffusion theory calculations of
the moderator temperature coefficient in the hot, zero power, clean
initial core showed excellent agreement with experiment &, as can be
seen in Table 3.1. These calculations a&lso revealed that the moderator
temperature coefficient was a sensitive function of the amount of control
in the form of control rods in the core. A model for the temperature

coefficlent in the depleted core has been defined as a summation of terms:

%=%p;)o+(BxR)+c (3.8)

where BQ/ST)O is the temperature coefficient in the unrodded, undepleted
core, R is the percent reactivity controlled by control rods, B is a
function of temperature, and C is & correction to the coefficient to

account for burnup.

A series of cell calculations with the AIM-5 diffusion theory
code Z}-—2--was performed to calculate the function B. A homogenized
symmetric cell in slab geometry was chosen with a symmetry flux boundary
condition at one boundary and a control rod voundary condition O Zig
(ratio of current to flux at the rod boundary) at the other boundary.
The width of the cell was varied to simulate changes in control rod
worth. For each value of control rod worth, keff was calculated at each
of five different moderator temperatures and the moderstor temperature

coefficient was obtained from a plot of k versus temperature. The

eff
Tunction B was then obtained from the calculated coefficlents for the
unrodded core and the rodded core, and the calculated rod worths. Figure
3.3 shows the results of the calculations. Two calculated curves are

shown. One was obtained by fitting the curve of ke versus temperature

f
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to a second degree equation while the other was obtained by fitting the

curve of ke versus temperature to a fourth degree equation. The calc-

ulated curvgg are compared in Figure 3.3 to a curve cbtained by fitting
experimental data obtained during the first LOOO EFPH to an expression
similar to that of equation (3.8) Zii . The agreement between calculation
and experiment is good in that both predict an effect of control rods on

the moderator coefficlent of about the same magnitude. Since no calculations
were made of the effect of burnup on the function B, it is possible that

burnup may explain some of the difference between calculation and experiment.

A calculation of the effect of burnup on the hot moderator
temperature coefficient was made by calculating the coefficient at various
stages of burnup in an uncontrolled core. The calculation was based on a
uniform burnup model., The calculated change in moderator tempersture
coefficient as a result of burnup is shown in Figure 3.4. The calculations
predict a positive effect of burnup on the coefficient, alithough at high

burnup the effect tends to be in the opposite direction.

Table 3.1 shows a comparison of the measured moderator temperature

coefficient and the coefficient calculated by equation (3.8).
Table 3.1

Measured and Calculated Moderator Temperature

Coefficient in the Hot, Zero Power, Xeunon-Free Core

d0/3r (Calculated) S0/ T (Measured)
EFPH (x 1074/°F) (x 107%/°F)

0 - 3.16 - 3.10 £ .07
1900 - 2.75 -2.91 + .03
4000 - 2.48 -2.91 % .02
6400 - 2.25 - 2.84 £ .05

10700 - 1,91 -2.84 £ .04

The data of Table 3.1 are plotted in Figure 3.5. The calculations predict
a decrease in the absolute magnitude of the coefficient while measurements

shcwed 1little change in the coefficient with burnup. Since the effect of
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3.3

control rods appears to be Tairly well represented (Figure 3.3), it is
believed that the discrepancy between measurements and calculations comes
from the treatment of the effect of burnup on the coefficient. By using
the calculated value of B at 514°F and the measured value of the temperature
coefficient, the effect of burnup on the "measured" coefficient was deduced
and plotted on Figure 3.4. The curve predicts a positive contribution
during the first 3000 EFPH and a negative contribution for higher burnups.
The reasons for the discrepancy between this curve and the calculated curve
are not clear. One reason for the discrepancy is probably the assumption
of wiform burnup in the calculations. However, it i1s felt that the dis-
crepancy can be attributed in large part to the microscopic treatment of
the absorption in plutonium and fission products, since Doppler broadening
and self-shielding effects for plutonium and fission products are not

included in the homogenized MUFT calculations.

Pressure Coefficient

The pressure ccefficieunt in Yankee is a small, positive coefficient
of reactivity which results from the increase in water density with increasing
pressure, Since the core is undermoderated, an increase in moderator density
corresponds to an increase in core reactivity. Consistent with the calculation
of the moderator temperature coefficient, a model for the pressure coefficient
was defined as in equation (3.8) for the temperature coefficient. Table 3.2

shows a comparison of calculated and measured moderator pressure coefficients.

The agreement between calculations and experiment is good. The
effect of burnup on the pressure coefficient was calculated to be very small
(a maximum of about 2% of the beginning-of-life coefficient), with a negative
effect for the first 5000 EFPH and a positive effect afterwards. The decrease
in the coefficient with life is therefore due to the withdrawal of control
rods. Since burnup has little effect on the water density coefficient of
reactivity, it may be argued that the calculated positive effect of burnup on
the moderator temperature coefficient (Figure 3.4) is a spectrum effect. This
corroborates the statement made earlier that the discrepancy between calculated
and measured moderator temperature coefficient in the depleted core can be

attributed to spectrum effects.
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Table 3.2

Measured and Calculated Moderator Pressure

Coefficient in the Hot, Zero-Power, Xenon-Free Core

EFPH dp/d Pr (Calculated) dp/d Pr (Measured)
(x 10/ps1g) (x 107 /psig)
0 3.17 2,98 + .30
8 3.1k4 2,87 £ .03
132 3.11 2.80 £ .02
1900 2.93 2.47 £ (04
4000 2. 77 2.45 + 06
6400 2,62 2.71 + .10
10,700 2.26 2.65 £ ,09

3.4 Power Coefificient

The power coefficient of reactivity relates the change in
reactivity which results from Doppler broadening of U-238 resonances to
a change in power. It is an important parameter for accident analyses
and power capability analyses in a Yankee type reactor since 1t is the
predominant shutdown mechanism in the event of a fast power transient.
However the reactivity loss (or power defect) in going to rated power
constitutes a direct loss in lifetime capability. In Core I, the power
defect amounts to roughly 25% of the total reactivity available for fuel
depletion.

The power coefficient depends primarily on three factors; the
fuel pellet temperature, which determines the extent of the Doppler
broadening of the U-238 resonances; the pellet to coolant heat transfer
coefficient, which determines the variation of pellet temperature with

power; and the power distribution in the core, which determines the
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distribution of fuel temperatures in the core and therefore the statistical

welght factor on the power coefficient. This may be expressed as

: T

3 3 £1

5 = 5 X —— xW (3.9)
eff

where P is the average core power, T is an effective fuel temperature

eff
and W is a statistical weight factor.

3.4.1 Variation of Reactivity with Fuel Temperature - the Doppler Effect

The first term on the right of equation (3.9) is the
Doppler coefficient. The Doppler coefficient for Yankee has been
calculated 4 by application of the Monte Carlo method ZEE . A
parabolic temperature distribution was assumed in the pellets.

An effective fuel temperature is defined as

Topp = Tg + 0.35 (T - Tg) (3.10)
where TS is the pellet surface temperature and Tmax is the center
of pellet temperature. Teff is & single temperature value which

gives the same Doppler effect as the actual parsbolic distribution

of temperatures in the pellet.

The assumption is made that a change in fuel temperature
does not directly affect absorption in the U-235 resonances. That
is, Doppler broadening of U-235 resonances is neglected. However,
because of the competition for absorption in the U-235 and U-238
resonances, a change in fuel temperature and in the resonance
absorption in U-238 will indirectly affect the absorption rate in
U-235 resonances. Consistent with this and the definition of

reactivity glven in Section 3.0 the Doppler coefficient is defined

as
3
do 1+ M%B° 1 “Pog
= ) o = ) (3.11)
T pp nf ep Pog “lerr

- 3% -



3.k4.2

where p is the total resonance escape probability. For Core I the
first factor on the right of equation (3.11) is 1.12 and varies by

only 1% over the total range of power levels.

Figure 3.6 shows the Doppler coefficient as a function of
the effective fuel temperature. Two coolant temperatures are shown
to demonstrate the effect of the coolant temperature. At opersting
temperature and power, the rate of change of the Doppler coefficient
with effective fuel temperature is about .55 x 10-8/°F, or a 3%
change in Doppler coefficient for a 100°F change in effective fuel
temperature. Other things being constant, this would correspond
to a change of about 0.05% in reactivity at power. Since what is
actually measured is a power coefficient, and because of the large
uncertainties in the calculations of the heat transfer characteristics
of the fuel rod and their effect on the power coefficilent, it is
difficult to estimate the accuracy of the Doppler coefficient calc-
ulations. However, a comparison of the method with recent measure-

1

ments by Hellstrand of the U-238 resonance integral temperature

coefficients in oxide fuels has shown agreement to within 5%.

Pellet to Coolant Heat Transfer

Equation (3.9) shows that the power coefficient is
directly proportional to the rate of change of the effective fuel
temperature with power. This is strongly dependent on the pellet-
to-coolant conductance. This is an area where little is known
and where in-pile experimental data on high burnup, high temperature

fuel are not readily available.

During fabrication of the Yankee fuel rods, a pellet-clad
gap is formed. The cold diametral gap is 4 mil. This gap is
reduced to about 3 mil at average operating power because of the
differential expansion of the pellet and clad. Table 3.3 shows
the varistion of the diametrical gap with local power density. These
gaps are based on expansion of an uncracked pellet assuming the gap

to be filled with air at one atmosphere pressure.
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Table 3.3

Variation of the Diametrical Pellet-Clad Gap with

Power Density for an Uncracked Pellet

Power Diametrical

Coolant Temperature Power Density Gap
(°F) (Mw+) (kw/tt) (mil)
68 0 0 4. 00
51k 0 0 4 sh
514 100 0.56 4.15
51k 200 1.13 3.83
514 300 1.69 3.55
51k Loo 2.25 3.29
51k 500 2.82 3.05
51k 600 3.38 2.83
51k 700 3.95 2.62
514 800 L.s51 2.h2

These calculations would indicate that pellet-clad contact occurs
only at very high power densities., However, considerable amount

of pellet cracking may occur, and for pellets which are located in
higher than average power densities, the pellet and clad may come

in contact. The heat transfer characteristics of the Tuel rod are
extremely sensitive to the gap characteristics. Little usable

data are available on gap conductance and contact resistance. Since
the actual conditions of the pellets and the gap during operation

at power are not known, it is difficult to predict the heat transfer
charscteristics of the fuel rod and therefore the power coefficient
to any desired accuracy. Furthermore, these heat transfer character-
istics probably vary during the lifetime of a reactor operation
because of mechanical changes of the fuel pellets, the high
irradiation of the pellet and clad, and the bulldup and release

of gaseous fission products. Prediction of the power coefficient
and its variation in time is therefore, at least for the present,

a difficult area.
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It is nevertheless possible to obtain some idea of the
importance of the fuel rod heat transfer characteristics in deter-
mining the power cocefficient. The following analysis represents
such an attempt. It has been necessary to make simplifying
assumptions and to work with an idealized model. However, the
conclusions deduced from such an analysis and the extent of the
agreement with experimental data are useful in reaching an

understanding of the phenomens involved.

In the following calculations, the pellet has been

assumed uncracked. Average values for the thermal coefficients

of linear expansion for SS and U02 have been used. The calculations
have been performed for an "average" pellet, that is, a pellet in

a location of average core power density. The method consists
essentially in computing the effective fuel temperature Teff at
various power levels P and differentiating the resulting curve to
obtain Breff/BP as a fTunction of P, The effective fuel tempersture
is calculated according to equation (3.10). The temperature rise

in the average pellet is determined from

(Cp = ) = - (3.12)

where qv is the fuel specific power in Btu/hr-f't3

s Ty is the pellet
radius and K 1is the thermal conductivity of UO,. Equation (3.12)
assumes uniform heat generation and negligible flux depression.

The pellet surface temperature is obtained from:

Tq = T, + ATf+ ATC+ ATg (3.13)

where Tb is the coolant bulk temperature, ATf is the coolant film
temperature drop, ATC is the temperature drop in the clad and Amg

is the temperature drop in the gap. If one assumes heat transfer
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by conduction only, equation (3.13) can be written

. 1 ln(ri/ro) ln(ri/ru)

=l e % + % (3.14)
o c g

T, = ST + 3

where g' is the average heat per unit length, r, is the outside
radius of the clad, ry is the inside radius of the clad, hf is

the film conductance, Kc is the thermal conductivity of the clad
and Kg is the thermal conductivity of the gap. Equations (3.10),
(3.12) and (3.14) may be combined to obtain an expression relating
Teff to power., It should be noted that the thermal conductivities
and radii are functions of temperature such that an explicit

expresgion for T as a function of power cannot be written, and

eff
some type of iterative procedure must be used.

Typical values for the temperature drops in a fuel rod
with average power density in equations (3.13) and (3.1L4) at full
£ 15°F; AT, 15°F; ATg, 4L00-500°F; T ox” Tg?
300-400°F. Most of the tempersture drop between pellet and coolant

power are; AT

occurs therefore in the gap, and one would suspect a strong depend-
ence of the power cocefficient on the gap heat transfer characteristics.
The gas content of the gap will exert a strong influence on the gap
conductance. As a result of the methods of fuel rod fabrication,

one would expect that the gap gas content be hydrogen and the com-
ponents of air. However, tests conducted after the fuel rods were
brazed showed that the gap contained mostly hydrogen and argon at

very low pressures [ié. This would indicate that after a relatively
short period of operation, most of the gas content would consist of

Xe and Kr fission gases released from the pellets.

From the above considerations one would expect a depend-
ence of the power coefficient on power level and on time of operation.
In the calculations described below, several gap compositions have

been used -- air, fission gases, hydrogen. Variation of the thermal
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conductivity of these gases with temperature has been taken from
reference 16. Itis of interest to compare the thermal conductivities

of these gases at a given temperature. This is shown in Table 3.k.

Table 3.4

Thermal Conductivity of Various Gases at

One Atmosphere and 800°F

Thermal Conductivity

Gas (Btu/hr-££-°F)

H, 0.20

Air 0.032

Kr 0.012
0.85 Xe + 0.15 Kr 0. 0089

Xe 0. 0079

The thermal conductivity of U02 decreases with temperature
in the range of interest to this study Z&Z . The variation with

temperature was obtained from a flt to experimental data.

Effect of the Heat Transfer Characteristics on the Power Coefficient

The power coefficient was calculated at 392 MWt and 485 MWt
for several gesp gas contents at one atmosphere. Table 3.5 shows the
results in terms of a percent difference, with the power coefficient
based on an air gap as reference. 1In Table 3.5 the positive %
difference means an increase in the absolute magnitude of the power
coefficient. The table indicates the strong dependence of the power

coefficient on gap composition.

In order to estimate the relative effects of the pellet
thermal conductivity and the gap thermal conductivity on the power
coefficient, calculations were performed of the power coefficient at
485 MWt where the thermal conductivities were varied over a range of

20%. The results are given in Table 3.6,
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Table 3.5

Variation of the Power Coefficient with Gap Composition

% Difference

Gap Composition 392 MWt L85 MWt

Alr 0 0

75% Air 25% Xe + b -

Fission gases

(85% Xe, 15% Kr) + 58 + b3

99% Fission gases,

1% Hydrogen - + 23
Table 3.6

Effect of a Change in Thermal Conductivity on the Power Coefficient

% Change in Thermal % % Change in Ap/AP
Conductivity K Condition at 485 MWt
+ 5% in K Fission gases at 1 ATM - L
& in gap
+ 20% in K Fission gases at 1 ATM - 14%
& in gap
+ 20% in K, Air at 1 ATM in gap - T
+ 20% in K, Pellet-clad-contact - 10%

h, = 1000 Btu/in-f£“-°F

+150% in h Pellet-clad contact - 209
g
B, = 1000 Btu/in-ft-°F

*
These calculations assumed uncracked pellets; however, the
results probably also apply qualitatively to cracked pellets.

- 41 -



The calculations indicate that the power coefficient
is quite sensitive to the thermal conductivity of the gap medium
and that it is much less sensitive to the thermal conductivity
of the pellet. However the thermal conductivity of the pellet
becomes more important in the event of pellet-clad contact. With
the pellet and clad in contact; the power coefficient is relatively

insensitive to the contact conductance.

All the calculstions above have used gas conductivities
for a gas pressure of 1 atmosphere., The effect of gap pressure on
the power coefficient is probably very small since the pressure
effect on thermal conductivity is small and diminishes as the
temperature increases. For a temperature of 940°F, the percent
increase in thermal conductivity between 1 atmosphere and 1285 psi

is 8.5% for fission gases and 4.8% for air [ .

From the foregoing analyses it may be concluded that
1) the power coefficient is very sensitive to the gas
composition of the pellet-clad gap,

2) for a given gas composition, the power coefficient
is relatively insensitive to the gap pressure. If it is
assumed that the gap is filled with fission gases after
a relatively short period of power operation, changes in

fission gas release will not affect the power coefficient,

3) with a gap between pellet and clad, the power
coefficient is relatively insensitive to changes in the
pellet thermal conductivity. With pellet and clad in

contact, the sensitivity is increased,

L) with pellet and clad in contact, the power coefficilent

is relatively insensitive to the contact pressure.

These conclusions are somewhat restricted;, since they
are based on analyses which assume no cracking of the pellet. 1In
this case, and if it is assumed that the gas gap composition is
unaltered during operation, the power coefficient at a given power

level should remain constant under extended power operation, except
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for changes in the statistical weight factor and for small changes
due to variations in pellet conductivity. However, in the event of
pellet cracking, significant changes in the power ccefficient may

occur as a result of changes in the gap geometry.

Fission Gases Bulldup and Release

/16

Calculations ~— based on the quantity of fission gases

released and the initial mixture present in the gap indicate that
the pellet-clad gap becomes predominantly fission gases early in
core life. To estimate the relative abundance of the various
fission gases a calculation was made of the total concentration

of fission gases produced in the fuel pellets after 4000 hours

of operation. The calculation consisted in solving the differential
equations describing the production of the isotopes of the fission
products Xe and Kr. Total Xe and Kr concentration after 4000 hours
was calculated as 7.6 x 1018 atoms per cc of core. Of this amount,
87% was Xe and 13% was Kr. The fission gas content is made up
mostly of stable isotopes, except for small amounts of 10.3y half
life Kr85 and 5.22d half life Xe133. Table 3.7 shows the breakdown

of the fission gases.

Table 3.7

Total Fission Gas Content after 4000 Hours at 392 MWt

Isotope % Abundance
Kr:i 1.8
Kr b
KrO? i.o e
Kr86 6.9
Xe13% 8.9
xe13? 4.6
Xe33 1.0 )y 86.9%
Xel3u 27.6
xe'30 3.8
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This calculated fission gas composition agrees well with
the (0.85 Xe, 0.15 Kr) gap mixture which was used in the calculation
of the power coefficient. This assumes that the diffusion and

release rates are similar for Xe and Kr isotopes.

Variation of the Power Coefficient with Power

The power coefficient was calculated as a function of
pover level assuming the pellet-clad-gap to be filled with air
at one atmosphere. The calculation was repeated at high power
assuming pellet and clad contact. In the event of pellet-clad
contact, the third term in parentheses on the right of equation
(3.14) becomes (l/ri hg) where hg is the contact conductance.
A constant value of 1000 Btu/hr-ft2-°F [Eé-was used to calculate
the power coefficient. The results of these calculations are
plotted in Figure 3.7, assuming a unity statistical weight
factor. The calculations are compared to experimental data
obtained during the return to power after the 6400 EFPH shut-
downs. These measurements were performed by compensating for
reactivity variation due to a power change by a change in
moderator temperature maintaining a fixed control rod position.
It should be noted that the errors shown in the flgure do not
reflect any uncertainties in the moderator temperature coefficient.
The calculated variation of the power coefficient with power agrees
very well with experiment. However the agreement in the magnitude
of the power coefficient is probably fortuitous. In the next
section it will be shown that a statistical weight factor
between 1.2 and 1.3 should be applied to the calculated power
coefficient. Furthermore, if it is assumed that the gap com-
position is fission gases and not air, Table 3.5 indicates an
increase of 40 to 60% in the calculated power coefficient, a;:hough

the presence of hydrogen in the gap would limit this increase

*The presence of some hydrogen in the gap may result from
adsorption of water vapor by the U0, during febrication. It
has been found that for 0/U ratios %ess than stoichiometric, Z_g
the water vapor reacts with uranium metal to produce hydrogen.
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Thus it would seem that the calculations, based on uncracked pellets
and a gap composition of fission gases,overestimates the power
coefficients by 50% or more. However any amount of pellet cracking
will reduce the thermal barrier associated with the pellet-clad

gap and therefore the power coefficient. Thus it appears that the
overestimate of the power coefficient in the calculations resulis
from the assumption of uncracked pellets and the uncertainty as

to the actual composition of the gas in the gap.

Figure 3.7 indicates that the variation of the power
coefficient with power is well predicted at low power by a model
which assumes a gap between pellet and clad which decreases as fuel
temperature increases in a manner consistent with the relative
expansion coefficients of UO2 and stainless steel. However; at
high power the experimental dats indicate a trend toward the calculated
coefficient based on pellet-clad contact. This model is applicable
at very high power where contact has occurred for most fuel rods.
The transition between the two models may be explained on the basis
of the distribution of fuel temperatures in the core. There is
a range of local power density and therefore fuel temperatures in
the core such that some pellets are in contact while the others are
not. The transition region between the two calculational models
correspond to a combination of the models which account for the
distribution of pellet temperatures in the core. From Figure 3.7
this transition region for Yankee is probably from 1.96 KW/ft to
3.08 KW/ft. At an average power density of 1.96 KW/ft, the peak
power density in the core may be roughly 5.6 KW/ft. However,

Table 3.3 which gives the variation in diametrical gap as a function

of power assuming uncracked pellets and an air medium, indicates

that there is & definite gap at this high value of power of about

2 mils, For contact to occur at some location in the core at an
average power density of 1.96 KW/ft, considerable pellet cracking

must have occurred, with a resulting decrease in the diametrical

gap between pellet and clad. This in effect corroborates the statement
made above that pellet cracking is the reason for the overestimate

in the calculated power coefficient.
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3.4.3

Statistical Weight Factor on the Power Coefficient

The non-uniform fuel temperature distribution in the
core affects the total power coefficient in that a high fuel temper-
ature in a region of high neutron importance causes a greater
reduction in reactivity than a high fuel temperature in a region
of lesser neutron importance. A familiar technigue is to calculate
the power coefficient assuming a uniform distribution of the averagé
power and to apply statistical weight factors to account for non-

uniform power distributions.

Two-group perturbation theory was used to compute
statistical weight factors on the power defect based on in-core
instrumentation data obtained throughout core life Z£ . In this
context, the statistical weight facgtor is defined as the ratio of
reactivity worth calculated with a non-uniform perturbation in a
non-uniform core, to the reactivity worth calculated with a uniform
perturbation in a uniform core. The perturbation produced in going
to power was assumed to consist of an equivalent change in the zero

power fast energy absorption cross section of the core in the form

5 (r)= |z (v T T T .
aLl() al()+ Zg(r) | a () P (v) (3.15)

where Oi(;) is the value of the power coefficient at the power P at
location r in the core. The unweighted power coefficient og which
was used in the calculation was the calculated power coefficient

based on a pellet-clad gap Tilled with air. The calculated variation

of Ob with power is best given in the form of an exponential:

- CP
o, = C,*+Cpe (3.16)

Since the in-core instrumentation ylelds an activation distribution,

it was necessary to derive correlations between fast and thermal

normal and adjoint fluxes and power, and the wire activation. Those
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Dop _

correlations are functions of burnup and therefore vary throughout
the core. The derivation of the expression for the statistical weight

factor on the power defect can be found in the Appendix.

Only the final egquation is reproduced here. The statistical
welght on the power defect is given by

c c, -C.P IN(?)
/(e 6+ zR(;))(é +Cy P, T(F) - C—zl- e 2 hve )T2(T) av
G, * T c, -
= - (C; + 0y Py _; e 2 AVE) ry (PITF) av
(3.17)
where
I(r) p (r)
(7 = nr) (3.18)
% f lizlfg_izl av
o(r)
T (F) = -I-%f—; (3.19)
a\xr

I(?) is the wire activation in arbitrary units. The parameters B, o,
and M are functions of burnup. The barred parameters correspond to

the value of the parameters at the average burnup of the core.

The parameters Za s ZR’ B, 0, and M were calculated as a
function of burnup and the %esults fitted to polynomials. The
calculations implied by equation (3.17) were then programmed as an

additional option in the YADAR +~ in-core instrumentation data
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reducing code. The calculation requires as prerequisite the calc-
uvlation of the burnup distribution. This burnup distribution is

then used with the wire activation distribution in equation (3.17).

The statistical weight factors on the power defect are
plotted in Figure 3.8 as a function of control rod removal for the
programmed withdrawal sequence, for aun average power level of 392 MWt.
The statistical weight factor varies between a maximum of 1.38 and
a minimum of 1.22 which implies a maximum of 12% variation in the
power coefficient as a result of statistical weight effects. The
flattening effect of the non-uniform burnup distribution on the
power distribution 1s evident in that the variations of the
statistical weight factor with control rod motion are reduced at
high values of burnup. There is almost no change in the statistical
weight factor during the entire withdrawal of group 5 and during
half of group 1 withdrawal. Table 3.8 gives the statistical weight
factors on the power defect during the core lifetime extension period
after complete withdrawal of all control rods. The decrease in the
statistical welght factor is a result of the flattening of the power
distribution due to the non-uniform spatial burnup distribution in
the core

_Table 3.8

Statistical Weight Factor on the Power Defect During Core

Lifetime Extension Period

EFPH P(MWt ) Statistical Weight Factor
7690 392 1.285
8100 392 1.273
8250 392 1.272
8560 392 1.259
8920 392 1.252
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3.h.0

Equation (3.17) reveals that the statistical weight factor
on the power defect is a function of the average core power (PAvg)'
Figure 3.9 shows the variation of the statistical welght factor with
average power level for three control rod configurations. The
statistical weight factor decreases rapldly with power at low average
power levels. However, the sensitivity of the statistical weight

factors to the average power level decreases as the power is increased.

Power Coefficient at Various Times in Core Life

Figure 3.10 shows measurements of the power coefficient at
380 MWt made at various times in core life. There is no change in
the coefficient during withdrawal of rod group 5 and initial with-
drawal of rod group 1. This is consistent with the calculation of
the statistical weight factors and with the statement of section
3.4.2 that the power coefficient should remain constant undetr extended
power operation. However, the measurement made at L4000 EFPH yielded
a coefficient approximately ME% larger in absolute magnitude than
the later measurements. Figure 3.8 shows that about 7% of this
increase can be attributed to statistical weight effects. The
measurement was made upon returning to power after the scheduled
L4000 EFPH shutdown. This shutdown lasted 2 weeks and the plant was
brought to the cold candition. A possible explanation for the large
pover coefficient which was measured after the shutdown is that the
large decrease in the pellet temperature during the shutdown, from
operating temperature to almost room temperature, with the accompanying
contraction of the pellet, resulted in an effective pellet-clad gap
which was larger than during normal power operation. The subsequent
expansion of the pellets upon returning to power and the return to an
equilibrium geometrical configuration resulted in a decrease of the
coefficient back to its equilibrium value. These considerations are
consistent with the apparent loss in reactivity upon returning to
power after the 4000 hour shutdown and the subsequent period of power
operation with no control rod motion for about three weeks (see

section 2.3).
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3.5

Control Rod Worth

During normal operation at power, reactivity changes due to power
changes and fuel depletion are compensated for in Yankee by control rod
motion. In the analysis of the reactivity behavior of the core during
operation at power it is therefore important to know the behavior of con-

trol rod worth.

The differential worth of a control rod depends primarily on
the local flux level in the neighborhood of the control rod, the diffusion
properties of the surrounding medium and the competition for neutron
absorption by other absorbers. One would therefore expect a strong depend-
ence of the differential worth of a control rod on the burnup distribution,
fuel temperature distribution, coolant temperature distribution and fission
product (Xe) distribution in the core and on the control rod configuration

in the core.

One-dimensimal WANDA and two-dimensional RZ PDQ calculations
were performed in an effort to obtain a quantitative evaluation of the
effects discussed above. These include the effects of burnup, fuel termper-
ature and coolant temperature distributions on integral control rod worth.
It is possible to predict by WANDA or PDQ calculations the worth of
individual control rod groups in the undepleted zero power core to within

L3

10% of the measurements Nevertheless the results given below are
more important in terms of the relative change in worth as a result of

non-uniform distribution effects rather than in terms of absolute values.

3.5.1 BEffect of Fuel Depletion on Control Rod Worth

Fuel depletion affects rod worth both because of its
effects on flux distribution and because of the non-uniform
increase in the core absorption cross section. Two-group, two-
dimensional PDQ calculations with non-uniform burnup distributions
were performed to obtain the change in integral rod worth with
depletion. The calculations were done at zero power, and for the

depleted cores with no Xe and peak Sm. These conditions correspond
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3.5.2

to the conditions at the time of the control rod worth measurements.
The results are plotted in Figure 3.11 for groups 1, 5, and 3. The
calculated variation of integral worth with fuel depletion agrees

reasonably well with experiments.

Figures 3.12 through 3.16 show measurements of differential
rod worths at zero power, in the xenon-free, peak samarium core at
various times in life, compared to the measurements at beginning-of-
life., In all cases the differential worth in the lower half of the
core is reduced, and the differential worth in the upper half of the
core increased, as depletion proceeds. This is a consequence of the
fact that depletion in the lower part of the core is greater than in
the upper part of the core. The effect of the non-uniform burnup
distribution on differential worth is quite pronounced and these
nmeasurements illustrate the fallacy of using rod worth data obtained

*
before power operation to obtain reactivity worth data .

Effect of Non-Uniform Fuel and Moderator Temperature and Fisslion

Product Distribution on Control Rod Worth

The zero power measurements described above are performed
under the condition of essentially uniform fuel and coolant temperature
distributions. During operation at power, there are non-uniform
distributions of fuel temperature and coolant density. These distri-
butions depend on the control rod configuration and fuel depletion
distribution in the core. One-dimensional radial WANDA calculations
of the effect on integral rod worth in the programmed withdrawal
sequence were performed by using different fuel and coolant temperatures
in each of several core regions. The temperature distributions were
computed on the basis of the zero power distribution for several control
rod configurations. The calculations were done for the undepleted core.
Table 3.9 shows the results for groups 1, 5, and 3.

*This statement does not imply that differential control rod worth
measurements at zero power are not useful since such measurements
usually serve to verify calcwlations and are useful in determining
such important parameters as excess core reactivity.
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0 Power,

0 Power,

392 MWt,

392 Mwt,

Table 3.9

Effect of Non-Uniform Temperature Distributlions

On Integral Rod Worths

Condition

uniform THEO

non-uniform THEO

unlform.TH 0 and Tfue

o 1

non-uniform THQO and Tfuel

Rod Worth (%)

Group 1 Group 5 Groggii
1.72 1.85 3.22
1.6k -- --
1.73 -- --
1.hk 2.12 2.79

The effect of the non-uniform radial fuel and coolant

temperature distribution is to reduce the worth of group 1 by

worth of group 3 by 13%.

16%, to increase the worth of group 5 by 15% and to reduce the
Table 3.9 also shows that the effect

of the non-uniform radial cooclant density distribution alone is

to reduce group 1 worth by 5%.

A calculation was also performed at an average core

burnup of 5100 EFPH, of the effect of the non-uniform water

density distribution on the worth of group 1 fully inserted with

group 5 at 50 in.

geometry with a non-uniform burnup distribution.

The caglculation used the PDQ code in RZ

The worth was

obtained with a uniform and with a non-uniform water density

distribution.

The results were a total worth of 2.54% with the

uniform distribution and a total worth of 2.43% with the non-

uniform distribution, or s difference of 0.1% Ap.
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It should be noted that the above calculations of rod
worth are based on s comparison of the core reactivity with and
without a given rod group inserted. The resulting rod worth
therefore includes any change in moderator temperature defect and
fuel temperature defect due to statlstical weight effects. However,
this is consistent with the rod worth measurements which do not
differentiate between reactivity changes due to withdrawal of a
rod group and reactivity changes due to changes in statistical

weight factors.

Differential rod worth during operation at power will
differ from that at zero power. The various phenomens involved

may be summarized as follows:

1. The non-uniform fuel depletion will cause a change

in differential rod worth with time.

. 2o The low cooclant temperature in the lower region of
the core and the high coolant temperature in the
upper region of the core will affect the differ-
ential rod worth since the effectiveness of a rod

increases with decreasing water density.

3. Because of the non-uniform Doppler effect in the
core, the flux distribution is different at power
and at zero power. The epithermsal differential
rod worth may also decrease because of competition

with resonance absorption in U-238.

b, The non-uniform distribution of xenon in the core
will affect differential rod worth. This results
both from the effects of xenon on flux distribution
and the non-uniform competition for neutron absorption

by xenon.
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Figures 3.17 through 3.19 show measurements of the
differential rod worth of groups 3, 5, and 1 at power under
equilibrium xenon conditions. Differential control rod worths
at power are obtained by measuring the compensating change in
moderator temperature which maintains the reactor critical after
a given change in control rod position, The measurements at power
are compared to measurements made at zero power. The measurements
at power cover the range from 850 EFPH to 3800 EFPH on group 3,
3800 EFPH to 6000 EFPH on group 5, and 6000 EFPFH to 7600 EFPH on
group 1. The measurements show a decrease in groups 3 and 1
worth at power consistent with the calculations of Table 3.9.

The measured integral worth of group 1 at power is 1.20% AHp. This
same value of rod worth is obtained from Iable 3.9 by including the
calculated variation of integral rod worth with fuel depletion of
Figure 3.11.

Figures 3.20 through 3.22 show measurements of differential
rod worth taken during xenon decay after reactor shutdowns, These
data are compared with measurements obtained at zero power in the
xenon-free core. It is noted that the rod worth data obtained during
xenon decay differ from those at zero power and also from those
obtained during power operation., The effect of the xenon transient
on the differential rod worth is different for the different shutdowns.
This is because the effect of the xenon transient on the differential
rod worth depends on the power distribution and therefore the xenon
distribution in the core prior to the shutdown. The axial power prior
to the shutdown at 350 EFPH followed roughly a cosine distribution,
and the axial power distribution prior to the 4000 EFPH shutdown was
relatively flat, such that the data obtained following these shutdowns
are roughly similar to the zero power data. Prior to the 1900 EFPH
shutdown, the power distribution was peaked in the bottom of the
core, so that more xenon was present in the bottom of the core than
in the top of the core. The differential rod worth curve obtained
during the xenon decay is therefore much distorted from the zero

power curve,
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3.6 Boron Worth

Boron, in the form of boric acid dissolved in the main coolant,
is used by Yankee to provide cold shutdown of the reactor. Concentration
is varied by means of both a bleed and feed system and an ion exchange
system, DBecause the boron is uniformly distributed in the zero power
core, it has proven extremely useful as a reactivity control system

during the zero power physics experiments .

On September 13, 1961 Yankee initiated a boron test at power
with the aim of obtaining information on operation at power with chemical
shim. 400 ppm of boric acid, worth about 2.5% in reactivity, were injected
into the coolant with the reactor operating at 380 MWt. A detailed
description of the purpose of the test, the events, and the experimental
information obtained during the test was submitted to the Atomic Energy
Commission by the Yankee Atomic Electric Company Zlﬁ. A description and
analysis of the reactivity history during the boron test was given in
section 2.3 of this report. The experimental and calculational results

pertaining to the reactivity worth of boron are given below.

3.6.1 Variation of Boron Worth with Burnup

Boron worths were mweasured during the startup experiment
progran. Zéi and during the L0OO0 EFPH shutdown. Figure 3.23 summarizes
these teasurehents%. Figure 3.23 contains three lines, all of which
were fitted by the method of least squares to experimental data.

Boron worth decreases between O and 4000 EFPH. The marked difference
in the slope of the curves between beginning-of-life and 4000 EFPH
measurements is felt to be due to the non-uniform distribution of
both fissionable and absorption material in the core, combined with
the variation in power distribution over the range of boron con-

centration due to the motion of the control rods. From these data

*
A measurement of boron worth was performed in the fully depleted

core (10,700 EFPH) and yielded a value of -(.733 * .026) x lO'h’/ppm
over the range 0-40 ppm.
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3.6.2

it can therefore be inferred that boron woerth depends on boron
concentration, the power distribution in the core, and the fuel

depletion distribution.

A calculation of the boron worth was performed at an
average burnup of 5100 EFPH at 392 MWt operation. The PDQ code
was used in RZ geometry with a non-uniform burnup distribution,
and with all control rods withdrawn. The calculated worth was
- 0.55 x lO-u/ppm at an average boron concentration of 200 ppm.
Based on the data of Figure 3.23, this calculation probably
underestimated boron worth somewhat. This is consistent with
the underestimate in the caleculated boron worth at beginning-of-
life ZjL. The most likely source of the discrepancy is the
assumption, made In the calculations, that the spectrum of neutrons

to which the fuel and moderator are exposed is the same.

Non-Uniform Distribution Effects

The beginning-of-life and the 4000 EFPH measurements
were done at zero power with a uniform coclant density and boron
concentration distribution. This is not the case for operation
at power. A calculation was performed to ascertain the magnitude
of this effect. The worth of L20 ppm boron was calculated in the
unrodded core at 392 MWt, 5100 EFPH. The PDQ code was used in RZ
geometry with a non-uniform burnup distribution. In one calculation
the water density was assumed uniform over the core. In a second
calculation the water density and boron concentration were non-
uniformly distributed over the core. In both calculgtions a
uniform fuel temperature was assumed, The power distribution
from the uniform problem was used to calculate the enthalpy in
each of 16 core regions, and hence the water density in each
region. The worth of the 420 ppm boron was 2.29% Ap with a uniform
density distribution and 2.27% Ap with g non-uniform density dis-
tribution. The non-uniform boron distribution causes less than

1% decrease in boron worth.
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’ 3.6.3 Boron Depletion During the Boron Test at Power

Absorption of neutrons by B-10 at power will cause a
decrease in the coolant boron concentration. The equation which

describes this effect is simply

-10 B-10 B-10
a0 -10
= - (¢laal + B0 ) (3.20)
dt
with solution
B-10 B-10
NB'lO(t) = NB'lO(o)e'(¢1°a1 + %% )t (3.21)

Before using equation (3.21) a correction factor must be applied
to the thermal cross section to account for the peaking of the
thermal flux in the moderator regions. The time constant in
equation (3.21) was found to be 4.78 x 10-8 sec™t corresponding
to a half life of L4030 hours for operation at 392 MWt. For a
7-day period, equation (3.21) predicts a 2.9% decrease in boron
concentration because of neutron absorption. This is equivalent

to a gain of about 0.07% Ap.

3.7 Reactivity Loss Rate

3.7.1 Core Life Estimates

The ability to predict core lifetime depends primarily
on the ability of the method used to calculate the excess reactivity
of the undepleted core, the polsoning effect of the fission products
xenon and samarium, and the reactivity loss rate due to fuel
depletion., This last factor is a function of Pu-239 production
(capture in U-238), capture and fission rates in Pu-239, Pu-2L0O
and Pu-241, and capture rates in lumped fission products (a1l fission
products except Xe-135 and Sm-149, which are treated explicitly).
The measured Yankee core lifetime at 392 MWt and rated conditions

(514°F, 2000 psig) is 8000 hours, or 6270 MWD/Tonne.
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Method
Experiment
CANDLE
TURBO
CANDLE
CANDLE

CANDLE

Table 3.10 lists core lifetimes calculated with one-

2
dimensional (CANDLE) /20 and two-dimensional (TURBO) [21 models,

Table 3.10

Predictions of Core Lifetime

lHardened cross section

FPT
Ua
o8 th g FP Initial Excess
P ( barns ) aepith o(%) Core Life
Y3 \fission’(varns/fissim)at 392 MWt (MWD/T)
- - - 9.85 + .73 6270
. 7587 6L 0 8.52 6840
. 7587 64 0 8.52 6660
.T575 26,4 34 8.78 5700
. 7575 80.2 24,2 8.78 5120
.T575 29.0 23.1 8.78 6240
P.. 28 is the U-238 resonance escape probability in the
3

third group of a four energy group scheme. In both the CANDIE

and the TURBO calculations the group microscopic cross sections were
constant throughout core lifetime. The cross sections corresponded
to the undepleted core energy spectrum. The assumption of
irradistion-independent microscopic cross sections is not a bad
assumption in Yankee as was indicated by MUFT and SOFOCATE calc-
ulations at various irradiation times. The exceptions are Pu-239
and Pu-240 where the increased self-shielding effect causes a

22
reduction in the absorption cross section with irradiation time Z—— .
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The first CANDLE calculation and the TURBO calculation

in Table 3.10 are the design calculations Zgi. A hardened lumped
fission product thermsl cross section of 64 barns with no epithermal
component was used. Core 1life is overestimafed somewhat even though
the initial excess reactivity is underestimated by about 1.3%. The
underestimate in the reactivity loss rate is in large part due to
the use of too low a fission product cross section. The last three
CANDLE calculations in Table 3.10 make use of recently published
values for lumped fission product cross sections. These calculations
differ in another respect from the design calculations in that a
revised Tast group cross sectlon library, consisbtent with recent
MUFT calculations, has been used. This fact accounts for the

different pr28 and the somewhat higher initial excess reactivity.

The 26.k4 bar%s (hardened), 34 barns cross sections were obtained
from calculations at Bettis in 1960 2 . These cross sections were
calculated for fissions in U-235 and correspond to averages over an
irradiation time approximately equivalent to that in Yankee. The
80.2 barns (hardened), 24.2 barns cross sections were taken from the
compilation of fission product capture cross sections by Garrison
and Ross Zgz. These values are for U-235 fissions and neglect the
effect of saturation due to burnout and decay. The 29,0 barns
(hardened), 23.1 barns cross section correspond to the measured
values of lumped fission product cross sections published by Gunst
from Bettis in 1962 Zgé. These cross sections were obtained from
measurement in the Reactivity Measurement Facility (RMF) for
enriched fuel taken to 6L4% U-235 depletion. Excellent agreement

on core life is achieved with the use of the later cross section
set. However the underestimate in initial reactivity (about 1%)
indicates that this set of fission product cross sections probably

underestimates core reactivity loss rate.

Based on end-of-life reaction rates, the last three
sets of lumped fission product cross sections of Table 3.10

are equivalent to effective thermal cross sections of 129 barns,
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3.7.2

153 barns, and 99 barns respectively. As noted above, these three
sets of cross sections correspond to fissions in U-235 only. Because
of the shift In the fission product yleld curve, lumped fission
product cross sections for fissions in Pu-239 are significantly
different than for fissions in U-235. The compilation of Garrison
and Ross yilelds lumped fission product cross sections of 269 barns
(hardened) thermal and 33.9 barns epithermal for fissions in Pu-239.

Burnup Rate

Figure 3.24 shows calculated reactivity loss rates com-
pared to the measured reactivity loss rate for the three sets of
fission product cross sections of Table 3.10. The measured reactivity
loss rate was obtained from measurements of the excess reactivity of
the core at various times in core life., Therefore the data represent
average depletion rate over relatively long periods rather than
instantaneous reactivity loss rates. The calculated rate is
sensitive to the value of the fission product cross section used
in the calculations. The one-dimensional calculations predict the
variation of reactivity loss rate with burnup quite well. This
is encouraging in view of the fact that in the CANDLE calculations
(radial geometry), criticality is maintained throughout core life
by varying a poison homogenized uniformly in the core. The agreement
between the measured varistion of reactivity loss rate with burnup
and the radial CANDLE calculations indicate that the programmed
control rod withdrawal sequence followed in Core I resulted in a
uniform axial burnup. Based on Figure 3.2L4, the Gunst 1962 data
result in an underestimate in depletion rate. It would seem that
the agreement with measured depletion rate would be achieved with
fission product cross sections somewhere 1n between the data of
Garrison and Ross and that of Bettis, 1960; that is, an effective
thermal cross section of about 140 barns. Table 3,11 shows a
comparison between measured and calculated (CANDLE) average reactivity
loss rate in Core I. The averages are taken over the entire core
lifetime.
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Table 3.11

Measured and Calculated Average Reactivity Loss Rates in Core I

Experiment

CANDLE

CANDLE

CANDIE

CANDLE

CANDLE

c

th

(varns)

64
26.h
80.2
29.0

26.4

FpP

Bepith
(varns)

34
2L, 2
23,1

3k

28

Ap/OEFPH)A
((i/lo‘gg}E;%H)

- .83

- 666
- .835
- .930
- .76k
- .678

* .10

The agreement is guite good for the CANDLE prcblem with fission
product cross sectioms of 34 b epiﬁhermal and 26.4 b thermsl.

As was mentioned above, the Garrison and Ross data ylelds an

overestimate in depletion rate while the Gunst data ylelds an

underestimate in depletion rate.

It should be noted however

that the choice of a best value for fission product cross

sections to yleld agreement with the measured reactivity loss

rate is not necesgsarily warranted.

That is, Table 3.11 shows

that a factor of two change in effective thermal fission product

cross section causes about a 20% change in reactivity loss rate,

while only a 5% change in the value of P.. 28 causes a 19% change

in reactivity loss rate.

It should also ée remembered that both

fuel and fission product cross sections are not constant throughout

core life, as is assumed in the CANDIE calculations.
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3.7.3

The burnup distributions cbtained from the in-core
instrumentation during the Core I lifetime extension period after
the removal of all control rods were used in RZ PDQ calculations,
maintaining a constant power of 392 MWt and an average coolant
temperature of 514°F, Reactivity loss rates were cbtained from the
calculated criticality factors at various EFPH. The results are
shown in Table 3.12. An effective thermal fission product cross

section of 90 barns was used in the calculations.
Table 3.12

PDQ Calculated Reactlivity Loss Rates During

Core Lifetime Extension Period

EFPH Ao/LEFPH (x 1073 %/EFPH)
8050 - .70
8300 - 667
8750 - .6Lo
9150 - .635

The calculations predict a decrease in reactivity loss rate of 18%
between 8000 and 9300 EFPH. This decrease in burnup rate is probably
due to the change in power density distribution due to the non-uniform

burnup in the core

Calculations of Critical Configurations

Two-dimensional (RZ PDQ), two-group diffusion theory
calculations of experimental critical configurations were performed
at various times in life. The calculations used a thermal absorption
crogs section of 90 barns for the lumped fission products. The
burnup distributions used in these calculations were obtained from

YADAR and the control rods were represented by fast and thermal
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EFPH

1900
2700
Looo
5100
6300

8000

absorption cross sections homogenized in given regions of the

/10 s . . ;
core . Equilibrium xenon and samarium poisonings were assumed in
the depleted cores. Power effects and xenon poisoning effects were
included on the basis of uniform power density throughout the core.

The results are given in Table 3.13.

Table 3,13

Two-Dimensional Diffusion Theory Calculations

of Critical Core Conflguraticns

Critical Rod 0o X k pp coTTected
Power (MWt) Group Position * Teff for rod position
0 42351 at 0", 5 at 51" . 9886 . 989k
392 51 at 0", 3 at 26" . 99k7 . 9925
392 51 at 0", 3 at LT" - 9999 . 9988
485 1at 0", 5 at 24" 1.0021 1.0001
392 1lat 0", 5at 53" 1.00k1 1.0052
485 1at 0", 5at 90" . 99092 1.0024
392 ouT 1.0088 1.0088

Because of mesh spacing restrictions it was not always possible to
locate the controlling rod group in the calculations exactly at the

critical position. The ke values obtained from PDQ were therefore

f
corrected to the critical controlling rod group height by using a
measured differential control rod worth. The corrected keff values

are also shown in Table 3.13. These values of ke are plotted in

i
Figure 3.25 as a function of MWD/Tonne. The agreement is good over
the entire range of rod removal. The underestimate in the calculated
excess reactivity of the hot, zero power undepleted core is evident.

The underestimate in the calculated reactivity loss rate with burnup,
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which results from the use of a low lumped fission product cross
section, is also seen. The agreement between experiment and calc-
ulations indicates that control rod worths are well predicted by
the model.

3.8 ZXe-135 Poisoning

Poisoning of the core by the fission product ¥Xe-135 gives rise
to a loss of about 2% to 2.5% in reactivity in Yankee. This reactivity loss
accounts for about 25% of the total reactivity loss during operation at power
throughout core life. Accurate prediction of the reactivity tied up in

Xe-135 is therefore of significant importance in attempting to calculate core
lifetime.

Calculations were performed of equililibrium and transient Xe-135
poisoning and compared with experimental data. The effects of fuel depletion
on Xe-135 poisoning were evaluated. An analysis was performed of statistical
weight effects under steady state and transient conditions. ZXenon oscillations

were not predicted and have not occurred during Core I operatlon.

To facilitate the calculation of Xe-135 poisoning with time, a
transient code, called HISTORIAN, was programmed for the IBM-7090 computer.
The program solves the time and flux dependent differential equations for
the concentrations of I1-135 and Xe-135 in the core. A power history con-
sisting of step functions in the power level are input to the code. The
calculational model is based on two-energy group constants. The program
allows for fissions in the isotopes U-235, U-238, Pu-239, Pu-240 and Pu-24l,
The output consists of a tabulation of I-135 and Xe-135 atom concentrations
and the reactivity tied up in Xe-135 as a function of time. The HISTORIAN
program solved the space-independent I-135 and ¥e-135 equations and therefore
it does not take account of non-uniform distribution effects., Provision is
made for a statistical welght factor to be input to HISTORIAN; however, this

statistical weight is assumed constant in time.

- 83 -



In order to evaluate the effect on Xe-135 poisoning of the non-
uniform spatial distribution of I-135, Xe-135 and fluxes, calculatiounsof
Xe-135 transients were also performed with the CANDLE II one-dimensional
depletion code using very short time steps. A perturbation theory analysis
of statistical weight factor based on in-core instrumentation data was also

performed.

3.8.1 Variation of Equilibrium and Peak Xe-135 Poisoning with Burnup

The HISTORIAN code was used to calculate the variation

in equilibrium and peak Xe-135 poisoning with lifetime. The
results are plotted in Figure 3.26. The calculation used a unity
statistical weight factor. The decrease in Xe-135 poisoning with

. . /27,28
burnup is due to the use of a fission yield for Pu-235 fission
which is lower than that for U-235 fissions (0.060 versus 0.063 total
yield), and to the increase in thermal absorption of the core with

burnup.

Due to the high reactivity worth of Xe-135, no direct
measurements of eqguilibrium poisconing are possible. Measurements of
Xe-135 poisoning in Yankee have consisted of differentisl Xe-135 worth
during the Xe-135 transient after a shutdowmn. Power reduction at the
various shutdowns have not occurred rapidly, but have taken place
during periods of up to ome hour. The Tirst data point was usually
obtained one-half to one hour after shutdown. It is therefore
difficult to directly derive an equilibrium poisoning from the data
during the transient. However good experimental values have been
obtained for the peak poisoning after shutdown. These values and their
statistical errors were obtained from a statistical fit to the Xe-135
decay curve from the peak to about 18 hours after the peak. Table
3.14 lists the experimental values of peak Xe-135 poisoning cbtained

in this manner, compared with calculated values.
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EFPH

2000
Looo
6400

10,700

Table 3.14

Calculated and Measured Pesgk Xe-135 Poisoning

Power Before Peak pXe (%)

Shutdown Measured Calculated Calculated
(MWt ) (HISTORIAN) (CANDLE)
392 3.21 + ,08 2.55 -
L85 3.50 £ ,05 2.90 3.40
385 3.00 £ .30 o, bl -
262 2,40 £ .04 1.85 -

It is noted that the point model calculations (HISTORIAN)
underestimate peak xenon poisoning by as much as 20%. However, a
spherical CANDLE calculation performed at 4000 EFPH agrees very well
with experiment. This led to the conclusion that the underestimate
in peak Xe-135 poisoning by HISTORIAN was due to the assumption of
uniform (flat) power and Xe-135 distributions, that is, of a constant
unity statistical weight factor. This is demonstrated in Figure 3.27
which shows a comparison of the measured and calculated (HISTORIAN and
CANDIE) Xe-135 transient after the LOOO EFPH shutdown from 485 MWt.
The HISTORIAN calculation uses a statistical weight factor of 1.00.
The CANDLE calculation was performed with very short time steps.

Both calculations assumed a step decrease in power from 485 to O MWt.
The underestimate in the peak polsoning and the return time by the
point model HISTORTAN calculation is evident. However, the CANDLE
calculation agrees quite well with experiment. It is noted that,
although the HISTORIAN and CANDLE transients are quite different,
both calculations predict about the same equilibrium poisoning. This
means that the statistical weight factor on Xe-135 poisoning is close
to unity at equilibrium and increases durlng the transient after

shutdown. This is Purther examined in the next section. Based on the
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good agreement of the CANDLE calculation with experiment, and the
agreement of CANDLE and HISTORIAN at equilibrium, it can be assumed

that the equilibrium Xe-135 poisoning calculated by HISTORIAN and

shown in Figure 3.26 represent to a good accuracy the actual egquilibrium

poisoning in Yankee.

3.8.2 Statistical Weight Factor on Xe-135 Equilibrium and Transient Poisoning

A two-group perturbation theory analysis of the statistical
factor on equilibrium Xe-135 poisoning was performed based on in-core
instrumentation data. The analysis was similar to that performed on
the power defect and described in section 3.4.3. Equilibrium Xe-135

produces & change in the core thermal absorption in the form

a(7) ¢,(F) + b(F) 8,()

a2 (7) = 5 (3.22)
° =5+ 8,(D)
22
where ) )
a(r) = = zfi () v (3.23)
J
b@) =z zfg @ ¥ (3.25)

and J includes all the fissionable isotopes. The statistical welght
factor on eguilibrium Xe-135 poisoning is given by

¢(_ ® ; ; x3 —
1‘)7\ ( ) + b( ) I (r) av
—-X—-———}E—— + IX(;)
g P
e o e (3.25)
—— - 2
g s+ b - NT) I (F) av

=l
>
®



where
I (x)
*(3) = e (r) _ (3.26)
1 I(r) € (r) av
e (x)

I(;) is the flux wire activation in arbitrary units. The parameters
£, N, ¢, and & are functions of burnup and therefore position in the
core. The derivation of equation (3.25) can be found in the Appendix.
The calculations implied by equation (3.25) were programmed as an
additional option in the YADAR in-core instrumentation data reducing

code.

The statistical weight Tactors on equilibrium Xe-135
poisoning are plotted in Figure 3.28 as a function of control rod
remoVval for the programmed withdrawal sequence for an average power
level of 392 MWt. The calculations predict a statistical weight
factor on equilibrium Xe-135 poisoning which is very close %o unity,
with almost no variation as a result of control rod motion. The effect
of non-uniform burnup is to reduce the statistical weight factor to
unity. This effect may be attributed to the high burnup in regions
of high Tlux and therefore high neutron importance. The reduced
Xe=135 yleld for Pu fissions and the reduced thermal flux relative
to less depleted regions tend to counterbalance the neutron importance.
The spherical CANDLE calculation described in section 3.8.1 predicted
& statistical weight factor of 1.03.

Equation (3.25) reveals that the statistical weight factor
on equilibrium Xe-135 poisoning is a function of the average core
power. Figure 3.29 shows the variation of the statistical weight
factor with average power level for three control rod configurations.
The statistical weight factor is a sensitive Tunction of power at low
power levels. However, because of saturation of the Xe-135 equilibrium
concentration, the effect of power on the statistical weight factors

becomes negligible at high power levels.
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In order to evaluate the time dependence of the statistical
welght factor during non-equilibrium conditions, non-uniform calc-
ulations of Xe-135 transients were performed with the CANDIE II code
using very short time steps. Figure 3.27 showed the Xe-135 transient
after the 4000 EFPH shutdown calculated by CANDLE in spherical
geometry and by HISTORIAN. Figure 3.30 shows the variation in the
statistical welght factor (defined as the ratio of reactivity calc-
ulated with a non-uniform model (CANDLE) to that calculated with a
uniform model (HISTORIAN))with time. For comparison, the ratios of
the measured Xe-135 poisoning to that calculated by HISTORIAN (with
statistical weight unity) are also plotted on Figure 3.30. The
statistical weight factor is seen %o increase with time from a low
value at time zero to a value of about 1.5 at the end of the transient.
The calculated and the measured variation of the statistical weight
factor agree quite well between about 2 hours and 16 hours after the

shutdown.

Axisl and radial CANDIE cslculations with very short time
steps were performed to study the time variation of the statistical
weight factor during buildup of Xe-135 from zerc at an average burnup
of L0OOO EFPH. The power history consifed of a step increase from
0 MWt to 485 MWt. Control in the CANDLE calculation was achieved by
means of a uniform poison. The Xe-135 reactivity worth was obtained
from the variation of the eigenvalue with time. A correction for
Sm-149 buildup and fuel depletion was made by calculating the Sm-149
transient for a uniform power distribution and the resctivity loss
in depletion using a burnup coefficient of - .783 x lO-SAp/EFPH.
(The maximum correction was 0.08% Ap at 50 hours, which is only 3%
of the equilibrium xenon worth). Figure 3.31 shows the statistical
weight factor plotted against time after startup. The statistical
weight factor on Xe is seen to vary with time, but it reaches a
constant value after about 15 to 20 hours from startup. Because

CANDLE carries out a one-dimensional calculation and because the effect
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of control rods on power distribution and Xe distribution were not
accounted for, these magnitudes may be different in a three-dimensional
anglysis. No account has been taken of the local Xe distribution in

a Tuel assembly. However, the variation in time of the statistical
weight factor 1s probably qualitatively represented by the one-
dimensional calculations. In conclusion, it appears that a uniform

or point model for Xe-135 poisoning 1s adequate for the calculation

of equilibrium Xe-135 poisoning, but the model will tend to under-
estimate transient polsoning because of varistions in the statistical

weight factor.

Figure 3.28 showed that rod configuration, or power dis-
tribution, had little effect on the equilibrium Xe-135 poisoning.
However, with Xe-135 initially at equilibrium, a sudden change in
the power distribution may cause a transient change in the Xe-135
reactivity effect until a new Xe-135 equilibrium distribution has
been achieved., A significant removal of control rods from the core
over a short period of time took place during boration at power on
September 13, 1961. Prior to boration, group 1 was fully inserted
and group 5 was at L6 in. Six hours later with 390 ppm boron in
the coolant, group 5 was fully removed and group 1 was at 59 in.
Group 1 was fully removed 36 hours later. Two-dimensional RZ PDQ
calculations were performed in an effort to determine any change in
Xe-135 reactivity worth which might result from the removal of the
control rods from the core. The core was divided into 16 regions
and the average burnup in each region was obtained from in-core
instrumentation data. Two PD@ calculations were first performed
at a zero power with no Xe-135 and no Sm-149. One problem had
group 1 fully inserted and group 5 at 40 in. The other problem had
420 ppm boron with all rods removed. The power distributions obtained
from these problems were subsequently used to determine the dis-
tribution of Xe-135 in the core. Three PDQ calculations at 392 MWt
with non-uniform Xe-135 distributions were then carried out. The
first calculation had group 1 fully inserted and group S5 at 40 in.
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with the corresponding equilibrium Xe-135 distribution. The second
calculation had 420 ppm boron with all rods removed, but with the
Xe-135 distribution corresponding to the power distribution of the
rodded core. This represents the conditions in the core right after

a rapid removal of groups 1 and 5. The third calculation had 420

ppm boron with all rods removed and with the Xe-135 distribution
corresponding to the unrodded power distribution. This represents

the conditions in the core after boration, after Xe-135 has redis-
tributed. Xe-135 was distributed in the core by adding to the thermal
macroscopic cross section of each region a Xe-135 absorption cross

section calculated according to equation (3.22).

Table 3.15 summarizes the results of the calculations.
The variation in Xe-135 poisoning after removal of the control rod
is small. The insensitivity of the equilibrium polisoning to the
control configuration agrees with the perturbation theory calculations
of Figure 3.28.

Table 3.15

Xe-135 Poisoning at 392 MWt Before and After

Boration at Power

Core Condition Xe-135 Poisoning (%)

O ppm, 5 at 50, 1 in,
equilibrium Xe distribution - 2.09

420 ppm, all rods out,
right after removal of the rods - 2.06

L20 ppm, all rods out,
equilibrium Xe distribution - 2.10



..

3.9

3.10

Sm-149 Poisoning

The calculation of Sm-149 transients has been programmed for the
HISTORIAN code described in section 3.8. Because of the relatively long
half 1ife of Pm-149, Sm-149 transients are slow and the variations in
reactivity due to Sm-149 poisoning with time are small. Measurements of
Sm-149 poisoning are therefore very difficult since one cannot readily
differentiate between Sm-149 poisoning and other slow reactivity mechanisms

such as burnup and changes in statistical weight factors.

Figure 3.32 shows the variation in equilibrium and peak Sm-149
poisoning with burnup, calculated by HISTORIAN. The increase in Sm-149
poisoning with burnup is due to the high value of the Pm-149 yield for
Pu-239 fission relative to that for U-235 fission (0.0113 versus O.Ol89)lg§i§2.
An spproximate measured value of peak Sm-149 early in core lifetime, baged
on operating data up to 50% equilibrium, has been published as 0.9% ZQQ.

Figure 3.33 shows the calculated Sm-149 reactivity transient based
on the actual power history between June 28, 1961 and August 22, 1961. On
July 9, the plant was shut down for the scheduled 4000 EFPH shutdown. Reactor
startup was initiated on July 23.

Fission Product Transients

The fission products which are usually considered explicitly in
reactivity variation calculations are Xe-135 and Sm-149. After a prolonged
shutdown Xe-135 eventually decays to zero and Sm-149 builds up to a peak
because of the decay of Pm-149. However, other highly-absorbing fission
products are produced by decay from a parent nuclide and in a high-flux
reactor they may result in a significant poisoning effect. The fission
product chains were studied in order to determine fission products with
gufficiently high absorption cross sections and fission ylelds to cause
significant reactivity variations. Eleven mass chains (mass numbers 83, 99,
103, 105, 113, 131, 143, 147, 151, 155, 157) were chosen for detailed
analysis of their poisoning effect during the 4000 EFPH shutdown. These

chains were chosen on the basis of high neutron absorption cross section,
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significant fission yield, and a half life of the order of one hour to
40 days. The differential equations which describe the time behavior of

the members of the fission product chains given above are, to a good
approximation, similar in form to either the Pm-149 - Sm-149 equations or
the I-135 - Xe-135 equations. The HISTORIAN code described in section 3.8
was therefore used to calculate the poisoning effect of these fission pro-
duct chains by inputting to the code the flssion yields, absorption cross
sections and half lifes appropriate to each chain. Fission yield, absorption
cross section and half life data were taken from references 27, 28, 29, 31,
32 and 25. The calculations were performed for the period between June 28,
1961 and August 28, 1961, Reactor shutdown occurred on July 9 with sub-
sequent startup on July 23. Table 3.16 gives the results in terms of the
poisoning previous to shutdown, the peak poisoning after shutdown, and the
minimum poisoning after the return to power. Of the 11 chalns, only chain
numbers 113, 151, and 157 were in equilibrium at the time of the shutdowmn
g0 that only these chain numbers went through a minimum poisoning upon

returning to pover.

The reactivity variations shown in Table 3.16 are very small.
The total increase during the shutdown in poisoning effect of these 11
chains is 5 x 107 p. This compares to an increase of 18 x lO-h p in

Sm-149 poisoning during the shutdown.

It is observed that the reactivity tied up in Sm-151 is 0.33% Ap
which is almost half the reactivity tied up in Sm-149. Although the
variation of the Sm-151 concentration during a shutdown is negligible,
the initial buildup of Sm-151 at beginning of life should be considered
together with the buildup of Sm-149. The buildup of Sm-151 during a
shutdown may become important at higher power levels, since the increase

in atom concentration 1s directly proportional to the power level.
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Table 3.16

Reactivity Varistions of 11 Fission Product Chains

At the Time of the 4000 EFPH Shutdown

Poisoning Peak Poisoning Minimum Poisoning
Fission Product Before Shutdown After Shutdown After Startup

(% o) (% o) (% o)
KO3 .0112 L0113 eees
7?7 . 0380 L0390 eeeee
Ru 103 .1430 L1521 e
rnt9” 080 emeee e
cattd ¥ .0116 L0117 .0116
xet3t . 0982 L1065 eeeaa
NdllL3 .1530 L1639 eeeea
PmlLLY .2089 2209 eeeae
smiot ¥ 3308 .3363 .3296
Eul”? L0269 emmee e
catT ¥ . 0100 . 0122 . 0098

*
In eguilibrium before shutdown.
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3.11 Np Transient

Pu-239 is formed as a result of neutron absorption in U-238

according to the reaction

U-238 + n —» U-239 (2.35 m) —» Np-239 (2.35 d)~—%» Pu-239
(3.27)

If the short-lived U-239 is neglected, the equations which describe the

reactions in (3.27) are:

au 28 28

ol (¢l Ta,"" + 8, 232 )} - W (3.28)
apP _ L9 k9
= MW- (¢l oa, "’ + g, oa, ) P (3.29)

where N is the Np-239 atom concentration and P is the Pu-239 atom con-
centration. The absorption in Np-239 is very small. In equations (3.28)
and (3.29) resonance absorption in U-238 and in Pu-239 is represented by

equivalent Tast-group absorption cross sections.

0,21

In depletion calculations ZE—L—— one usually neglects the pro-
duction and decay of Np-239 and assumes that Pu-239 is formed directly by
neutron capture in U-238. However, during a reactor shutdown, the Np-239

will decay into Pu-239 with an accompanying increase in core reactivity.

The set of equations (3.28) and (3.29) is similar in form to the
Pm-149 - Sm-149 equations. Their solution was obtained with the HISTORIAN
code for the period following the shutdowns on July 9, 1961 (4000 EFPH)
and November 2, 1961 (6400 EFPH). Figure 3.34 shows the variation in Np-239
and Pu-239 concentration during and after the 4000 EFPH shutdown. The Pu-239
concentration increased by 3.5% during the shutdown. The increase in Pu-239

concentration during the shutdowns results in a higher core reactivity at
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3.12

startup. The increase in Pu-239 concentration during shutdown is
equivalent to a gain in reactivity of sbout 0.1% p at 4000 EFPH and 0.05% p
at 6400 EFPH. This effect balances in part the increased poisoning effect
of Sm-149 and fission products during shutdown.

Effect of the Non-Uniform Moderator Temperature Distribution

on Core Reactivity

Most reactivity calculations assume a uniform moderator temper-
ature distribution. However for operation at power, some core regions may
have moderator temperatures which are significantly different from the
average moderator temperature. Differences of the order of 20-25°F sre
very likely. With a temperature coefficient at power of about 2 x lo_u/iF,
this is equivalent to a 0.4% to 0.5% reactivity difference between these
regions. A change in power distribution as a result of control rod removal
or insertion will cause a redistribution in moderator temperature which may
give rise t0 a change in core reactivity. RZ PDQ calculations of this effect
were performed for the power distribution change which occurred during the
boron test at power as a result of the removal of the control rods. The
tWwo cores analyzed were the core with rod group 1 inserted and rod group 5
at 50", and the core with all rods removed., Both cores were at 392 MWt
at an average burnup of 5100 EFPH and no boron. The burnup was non-uniformly
distributed in the calculation. The first set of problems assumed a uniform
moderator temperature distribution. The power distributions from these
problems were used to calculate the enthalpies and moderator temperatures
for each core region for the two cores. A second set of problems was run
with the calculated moderator temperature distributions. For the rodded
core the core reactlvity obtained with the non-uniform moderator temperature
distribution was 0.03% lower than that obtained with the uniform distribution.
The difference in core reactivity for the unrodded core was 0.14%. These
calculations therefore indicate a drop in core reactivity of 0.11% due to
the change in moderator temperature distribution caused by the removal of
rod groups 5 and 1, This effect may explain in part the loss in reactivity

which occurred during the boron test at power (see section 2.3).
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' 3.13 Plate-0Out on Fuel Rods

It is impossible to know conclusively whether plate-out on the
Yankee fuel rods occurred during Core I operation, causing a reduction in
core reactivity. However, it is instructive to compute the amount of
plating needed to cause a given loss in reactivity. Elements most likely
to plate~out and cause a significant reduction in reactivity are boron,
after the core has been borated, and silver, indium, or cadmium released
from the control rods by corrosion or erosion. A calculation was made of

the amount of these elements needed to cause a 0.5% loss in reactivity.

The assumptions were made that the poison material was wmiformly
plated on the clad of all UO2 rods in the core and that the plating was
thin enough that no self-shielding effect existed. The calculations were
performed for a depleted core with an average burnup of 4000 EFPH. The
boron plating was obtained by two different techniques. The first calc-
ulation used a measured boron worth. A thermal disadvantage factor was
used to account for the different thermal fluxes in the moderator and at
the surfasce of the clad. The second technique was based on a calculated
boron worth. The boron was homogenized in the core and thermal disadvantage
factors were used to account for the dip in the flux in the fuel and the
peak in the flux in the water moderator. This later technigue underestimates
boron worth by about 6% such that it calculates a boron plating somewhat
higher than that obtalned with the filrst technique. The second method of
calculation was also used for Ag, In, and Cd. About 90% of the reactivity
effect of Ag and In is due to the epithermal resonances of these elements.
The epithermal effect on core reactivity of these elements was obtained by
calculating a resonance escape probabllity using the resonance integrals

/33

for dilute solutions. Recent measurements of the resonance integrals
for dilute solutions give values of 841 barns and 3700 barns for Ag and In

respectively. The measured resonance integral for boron is 280 barns.
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. Table 3.17 shows the results of the calculations.
Table 3.17

Calculated Plate-Out on Fuel Rods Required to Cause a 0.5% Drop in Reactivity

Total Volume Total Mass Plating Thickness of Plating
Element (cm3) (gm) (mg/dm?) (10_6 cm)
B (amorphous
state) 98.8 231 1.56 6.7
(crystal
state) 69.4 L.7
Ag 340.6 3576 2,21 23.0
In 120.9 880 5.96 8.2
ca Lo, 7 369 2.50 2.9
Control Rod
(8o% Ag -
15% In -
5% cd) 1889 12,78

The nunbers in Table 3.17 refer to a 0.5% drop in reactivity for
each polison material separately. The plating of conmbtrol rod material assumes
that the silver, indium, and cadmium released from the control rods and plated
on the fuel remained in the ratio 80%-15%-5%. The release of the amount of
boron given in Table 3.17 to the core water volume is equivalent to only
3.2 ppm in the primary loop. No statistical weight factor has been used
in calculating the plating in Table 3.17. A higher concentration of plate-
out on fuel rods located in the center of the core or in regions of high
neutron importance would result in a greater loss in reactivity. A number
of mechanisms of plate-out have been examined, but none have been found
capable of providing plate~out o the extent calculated above, without
improbable assumptions.
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4,0 SUMMARY AND CONCLUSIONS

The reactivity characteristics of the Yankee Reactor Core I have been
measured during operation of the core at power. An extensive analytical physics
program, carried under the joint Yankee-Westinghouse Core I Follow Program, com-
plemented the physics measurements. In addition to allowing s partial evaluation
of the calculational methods through a comparison of calculated results and
measured results, the program has led to a more thorough understanding of the
reactivity characteristics of pressurized water, low enrichment UOE—stainless
steel power reactors. The excellent operating characteristics of the core have
verified the technical feasibility and economic potential of this type of

regctor, in addition to confirming the design predictions.

Although the Yankee plant was designed as a commercial operating plant,
a large amount of valuable experimental data was obtained throughout core life-
time. The agreement between calculations and experiments was generally very good.
In particular, the adequacy and usefulness of the MUFT-SOFOCATE-PDQ (or CANDLE)
scheme for reactivity calculations was apparent. In instances where discrepancies
existed, analyses have led to revisions or improvements of some of the analytical
methods and/or the basic nuclear data. TFurther examination and evaluation of the
spent core under the AEC sponsored Yankee Core Evaluation Program will provide very
useful information that will extend the analyses given in this report and will
provide Turther bases for improvements in the analytical methods of reactor design.
The following conclusions may be drawn from the analyses of Yankee Core I

reactivity characteristics.

1. The moderator temperature coefficient and the power coefficient
were highly negative and experienced very little change in magnitude
during the entire Core I lifetime. The withdrawal of control rods
from the core as burnup proceeds tends to render the moderator temper-
ature coefficient less negative while 1t appears that the net effect
of plutonium and fission product bulildup is to render the coefficient
more negative. The conbination of these two opposite effects results
in a nearly constant coefficient throughout core life. Measurements
have shown that the power coefficient is a sensitive function of power.
Calculations indicate that the varistion with power can be predicted

on the basis of changes in the pellet-clad heat transfer characteristics.
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2. Core lifetime and burnup rate are reasonably well predicted by
one-dimensional diffusion theory calculations. These calculations
however are sensitive to the values of U-238 resonance escape probability

and lumped fission product poisoning.

3. The differential control rod worth is & sensitive Tunction of

burnup, power and fission product distribution in the core. Measurements,
substantiated by calculations, have indicated the fallacy of relying on rod
worth data obtained before power operation to obtain reactivity worth
data.

L, A statistical weight analysis has shown that the variations in the
power coefficient of the order of 15% were experienced in Yankee Core I
as a result of non-uniform power distribution. Non-uniform distribution
effects have been shown to have little influence on Xe-135 equilibrium
polsoning. However, significant statistical welght factor varistions

occur during Xe-135 transients. ZXe-135 oscillations were not predicted

and have not been encountered during power operation.

5. Anomalous reactivity variations (both positive and negative) of

the order of 0.5% Ap have been observed during power operation. These
variations have occurred during relatively long time periods and

were characterized by anomalous control rod motion or temperature
variations with time. These reactivity variations were not predicted

on the basis of conventional reactivity calculations. However, sub-
sequent analyses have shown that such variations can be explained on

the basis of statistical weight factor variations, changes in the power
coefficlent as a result of variation in the heat transfer characteristics
of the fuel, plant chemistry effectsand changes in control rod differential
rod worth.
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APPENDIX

CALCULATION OF STATISTICAL WEIGHT FACTORS BY FERTURBATION THEORY

A statistical weight factor, W, on a reactivity perturbation is defined
as the ratio of reactivity worth calculated with a non-uniform perturbation in a
non-uniform core, to the reactivity worth calculated with a uniform perturbation
in a wniform core, or

(non-uniform)
W o= £

A(uniform) (A1)

A perturbation theory expression for the reactivity p will now be

obtained from the space- and time-dependent two-group diffusion equatlion:

VD, (v, t) Vg, (r, t) -[ZR @) +z, (r) |e.(x, t)

1
% (, t) )
. . . r, t
+ o ;Ei S @ vl @ e | = =t
o J 1 2 1
_ — - — - - L #(r, t)
7D, (r) Vg,l(r, t) - Zag(r> (7, £) + Zo(x) g, (T, t) = v, o (a3)

In equations (A2) and (A3) the cross sections are assumed to be
independent of time, The superscripts j include all the fissionable isotopes

v
of the core. v is an eigenvalue which provides a means of adjusting eguations

o
(A2) and (A3) such that the calculifed time behavior of the fluxes will correspond
5

to the experimental time behavior
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Equations (A2) and (A3) may be written in matrix notation as

Mp = g% (L)

where the flux matrix, &, is defined as

¢ (T, t)
o(r, t) = (A5)
#,(r, t)

and the differential operator matrix M 1s defined as

= = = _ Y s v e d(z
v,V Dl(r) v - ZR(r) + I (r) - Y ; vl I, (r) viy V5 Ig (r)
1 o 3 1 o J e
v . T - T
v, ZR v, [ Dg(r) v Zae(r)}

Separability of time and space will now be assumed in the solution for &. The

following asymptotic solution will be assumed for &.
- -, wt
o(r, t) = g(r)e (A7)

If equation (A7) is substituted into equation (Ak), the following

time-independent diffusion theory equation is obtained

M(T) g (T) = we (T) (A8)
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P(r)

where _
8,(r)

g(r) = (A9)
8, (1)

We now introduce an adjoint function ¢+(;) which 1s orthogonal to ¢(T).

¢ () is a solution of the differential equation

M (@) 0T (@) = w0 (@) (A10)

- *
where M+(r) is the transposed matrix of equation (A6) and w 1is the complex

conjugate of w. The adjoint matrix ¢+(§) is defined as
+ = + = 4+ =
ot () - (¢1 @ o @ (a11)

Assume that the reactor system represented by equation (A8) and which is on a
gtable inverse period w 1is perturbed., A perturbation differential operator

matrix P(7) is defined as

= = = Y Jd g Iz v Js dz
v . - - = y
5 le(r) V-5 vl(ZR(r) + I (r) o z; Vi Z, (r)| ® viy ZVyE. (r
1 o J 1 o J 2
5 [v2 Z‘.R(r)] V.8, D2(r) v - a[ v, zag (r)

where the d refer to changes in the parameters from the unperturbed condition.
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The perturbed flux ¢'(r) is the solution of the diffusion equation
[M(?) + P('E)] p'(r) = w'g'(r) (A13)

where w' 1is the asymptotic inverse period of the perturbed reactor system,

Multiply equation (A13) by ¢ (¥) and equation (A10) by #'(T),

integrate over all space and subtract.

f[¢+(?) WE) 5 () - ' (F) W (3) ¢*<F>] & x [ 5HE) BE) 0 (F) av
(A1)
= J (e -w) @) e (@) av

Since ¢'(r) and ¢(r) satisfies the same boundary conditions, the first

integral on the left side of equation (Alk) is zero.

From equation (Alk) we obtain

* [¢7@) pE) ¢ (x) v
[¢*(@ ¢ (Dav

w' - w

(A15)

*

In equation (Al5) w may be replaced by its real component w. If equations (A9),
(A11) and (Al2) are substituted in equation (Al5) we obtain an expression for the
change in the stable inverse period of a reactor system caused by some perturbation

P of the system.
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w' - = % - BV, [ZR(?) + zal(?)J ¢1(?) p3(r) + 6Vl[¥o >3 Vi ij(-r_)]
#1(x) p1(x) + avg[% £ vz f% >J 81(7) gL(x) + By, 5. (7) g5 (%) (816)
J
SIORNLAENC) #5(x) pa(F) 8y(X) - Vol(T) s [lel(?)] NG
- vgs;(?) 8 [VEDQ(?)] v Qsé(?)} av
where
R = f[¢;<?> #1(7) + 25 (%) ¢é(?)] av (17)

To obtain an expression for the reactivity effect of the perturbation
it will be required that the change in the inverse stable period of the reactor
system as a result of the perturbation P be zero. This may be achieved by intro-
ducing a fictitious change in the eigenvalue v/vo such that the total reactivity
change due to the perturbation P and the fictitious change in the value of V/VO

is zero. The new value of the eigenvalue will be called V'/VO. We can write

- e

v J s Iz = v Jgd J e dzy &(¥
Ry Z.Vl Ze (r) = vl 5[2 vi = c (r):‘ + ;vl Z, (r) a(V ) (A18)
o J 1] 0 J J 1 o ]
- -
Vogylgd - AJ J g d J s I3y s
v |y ZV5E r (r) | v 6[2 Vo Za (r)] + IV Io(n) a(g ) (A19)
o J J o J 2 J 2 o ]

Since the reactor system has been left unchanged by the perturbation and the

fictitious change of the eigenvalue, w' = w. Using equations (A18) and (A19),
. equation (A16) became
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<o) ] [vl @ 510 616 61 + v, € 12,06 616) 6@ a

f[ - BV, [ZR(?) + zal(?)] 71 (%) p:(x) + v, %06 [i Vi ij(?)] #7(T) 8 (7)

<<

+ v

Ye h . zfi(?)] 5T (F) 5 ()

(o]
(A20)

+s [y, 5(0)] 556 515 - o[, MO PORIO

- v;{{(?) ) [lelG)] Vg3 - \7¢2(’£) 5 [vzng(?)] vgi(T) poav

But
v BV VAR

3y ) = 5 = —H5— = o0 (A21)
(o] (o] o]

Equation (A20) can therefore be written

1 J 1

o = %f{ av, [z:R(';) ¥ (?)} %, (7) 81(F) + v, %o a[; vi zfj(a] 81 (%) 8] (¥)

l)_ J = += 1 (-
v o 2 ] zf2<r)] 51 (7) 53(7)
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ro[v, 5,0 | 526 935 - o ve 7, @) 5@ o3

)
(A22)
-V¢1G)a[%pﬁ?4 v-¢ﬁ?)NV¢;G)a[%P§?J 7-¢éG) av
where
F=/ [vl b vi zfi(E) ¢I(?) ¢i(;) + v, B vg zfg(F) ¢I(?) ¢é(?)] av (a23)
J J

o0 is the reactivity associated with the perturbation P.

Equation (A22) for p is equivalent to the definition of p given by
Henry .

The perbturbations P produced by the Doppler effect and equilibrium
Xe-135 poisoning were given by equation (3.15) and equation (3.22). The
assumption will now be made that the fluxes are self-adjoint. This assumption
was checked for Yankee by calculating the normal and adjolint fluxes in the
depleted core with the AIM-5 code ZE& . The Tast and thermal fluxes distributions
to be used in equation (A22) are obtained from in-core instrumentation data. The

activation I(r) which is obtained from the flux wires is that of Mn56 after

absorption of a neutron by Mn55. The following quantities are introduced.
@ = 5, [0, (a2k)
P(r) = B(r) g (v) _ (a25)
I Iz
) 2 JE @
B(T) = =£| — + —% = (A26)
gL o oY k(r)
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P s
. where CY is the number of fissions per watt-sec in isotope

e(r) = B(r) w(¥) (a27)
o Mn-55
o(F) = o M7 4 —-E— (A28)
8y w(r)
e(r) = ofr) & (1) (429)
HOREENGINE (430)
M(;) = 1+ —-'__—-lT_—' (A31)
i s(r) & (r) |
N(T) = |1+ «(T) & () (A32)

If equations (3.15) and (3.22) are substituted in equation (A22) and if the

v quantities given in.ejuation (A24) through equation (A32) are used together with
the definition of equations (3.18), (3.19), and (3.26), an expression for
o(non-uniform) in equation (A1) is obtained. By using core averaged values
for the quantities in equations (A24) through (A32), an expression Tor p(uniform)

is obtained. Equations (3.17) and (3.25) are then readily obtained with equation (A1),
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