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IDO-16668

REACTOR PHYSICS STUDIES
, FOR THE , .
FINAL CONCEPTUAL DESIGN OF THE ADVANCED. TEST REACTOR

SUMMARY

This report presents a detailed account of the reactor physics
studies for the final conceptual design of the Advanced Test Reactor
which is described in ID0-1666T7L1. It is not the purpose of the present
report to draw conclusions as these are discussed in the report on the
final conceptual design.

The diffusion theory methods used for calculations of flux distribu-
tions and reactivity effects are described and compared with measurements
and with higher order approximations to transport theory. These comparisons
show diffusion theory to be adequate for the ATR conceptual design.

Two-dimensional flux distributions for a number of shim control
conditions and experimental loadings are determined by PDQ-3 and TRANSAC-
PDQ. The worths and effects on flux distributions of chemical and of
blade type mechenical shim controls are compared. The effects of heavy
water and of beryllium reflectors on reactivity end flux pattern are
calculated. i

The time-dependent behavior of the reactor 1s investigated by use of
TURBO and CANDLE. The changes in shim control poison and test and core
flux distributions with fuel burnup are calculated and the full-power
cycle time estimated. An investigation is made of the xenon transient
after a full-power shutdown and recovery. Results of one- and two-
dimensional fuel depletion studies are compared.

The results of a number of time independént one-dimensional calcula-
tions and parametric studies are presented. Some comparisons are made of
the results for one-dimensional and two-dimensional models of the ATR.

The vold coefficient of reactivity is found for the core, reflector,
experiment and flux trap regions of the reactor. Calculations of the
temperature coefficient for the entire reactor and for individual regions
are determined for one- and two-dimensional models.

Xenon instability is studied for oscillations around one lobe,
between lobes and along the vertical axis. TURBO and CANDLE calculations
are used to determine the effects of perturbations on the axial stability.
An analytic method for determining axial stability is derived and applied
to a single lobe model of the ATR.

1. D. R. deBoisblanc et al., "The Advanced Test Reactor - ATR Final
Conceptual Design," Phillips Petroleum Company, Idsho Falls, Idaho
ID0-16667, November 1, 1960.
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A perturbation technique .is used to find the effects of reflector
type and poisoning on the average core neutron lifetime. Calculations
of the approximate lifetime of the delayed group from the reflector
are made for a number of reflector conditions.

Plots and tables of the gamma heat distribution in the ATR as
determined by an IBM-T7O4 program are presented.
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. 1.0 INTRODUCTION

The Advanced Test Reactor, ATR, has a unique design with & very
high power dernsity in the core and with provisions for a considersble
degree of adjustment of the flux levels inithe individual test facilities.
This report contains the reactor physics studies made to establish the
feasibility of the final conceptual design. Two previous reports describe
the conceptual design and the work leading to its selection. 12 To pro-
vide the necessary information the work has covered the following general
areas:

" 1l. Establishment of the control requirements.

2. Determination of the feasibility of control throughout an
operating cycle.

3. Evaluation of alternate systems of reactivity control and of
neutron reflectors.

4, Calculation of flux and power distributions throughout a cycle.
5. BStudy of instability problems including xenon oscillatiéns.
6. Determination of temperature and void coefficients of reactivity. :

7. -Investigation of the effects of reflector conditions upon neutron
lifetime.

A schematic layout of the ATR core, reflector and control regions .
is shown for orientation in Figure 1.0-1. The characteristics of the N ¢
conceptual design are summarized in Table 1.0-A. Detailed drawings are
included in the previously mentioned conceptual design reports. It should
be noted that although the ATR core can be described as having a four- '
lobe arrangement it is best represented for reactor physics purposes as
having five fuel regions, one around each of the experimental facilities
interior to the core. The center fuel region is sometimes referred to
as the center lobe and to prevent confusion the other fuel regions are
designated the cuter core lobes or the outer lobes. The test or experi-
mental regions located outside of the core are labeled exterior. The
reflector shim control is sometimes ,called the inner reflector when a
chemical control system is used. :

wi

1. D. R. deBoisblanc et al., "Proposal for an Advanced Engineering Test
* " Reactor - ETR II," Phillips Petroleum Company, Idaho Falls, Idaho
ID0-16666, March 17, 1960.

2. D. R. deBoisblanc et al., "The Advanced Test Reactor - ATR
Finsl Conceptual Design," Phillips Petroleum Company, Idaho Falls,
Idaho, IDO-16667, November 1, 1960.



" TABLE 1.0-A

ATR. SPECIFICATIONS

Core height

Core Lhickuess

Core volume

Core metal-to-water ratio (volume)

Core structural material and cladding

Fuel

Fuel‘loaQing

| Burnable poiéon in core

"A-5 experiment fast flux - avg midplane value
A-5 experiment thermel flux - avg midplane value
A-3 experiment fast flux - avg midplane value

A-3aexperiment thermal flux - avg midplane value

'Control requirements
Satety blades
‘Neck- shims
Refiectof shims
. Burnable poison
CQ&é power
Maximum power density
Vertical maximum-to-average pover ratio
Cycle time at full power

48 in.
2.5 in.

262 liters
0.8
AJuminum

93% enriched U-235

33 kg U-235

128 g natural boron
1.0 x 1012 n/cm2 sec
0.32 x 1015 n/cm2 sec
1.5 x lO15 n/cm2 sec
Q.u8 x lOls_n/cm? sec

10.0% Ak/k
2.9% Ak/k
6.5% Ak/k
4.8% Ak/k

250 Mw '
2.5 Mw/liter
1.4 or less

17 days-




The flux plots and power distributions for the ATR have in general
been obtained by two-neutron-group diffusion theory calculations using
the PDQ-3 program for the IBM-TO4 computer. The calculational methods
have been compared with measurements and with higher order approximations
to diffusion theory and found to be satisfactory for purposes of a conceptual
design. The behavior with burnup during operation has been found by use
of the CANDLE-2 and TURBO depletion programs. Calculations of axial flux
patterns have been made in (r,z) geometry with the PDQ-2 program. Supple-
mentary and parametric studies have been made on one-dimensional models
and the results compared with two-dimensional calculations.

Most of the calculations have been for a reactor with a Do0 outer
reflector, three-inch thick poisoned DoO annuli adjacent to the core
for reflector shim control and poisoned HoO regions for neck shim control.
In the final conceptual design the poisoned DoO annuli were replaced with
one-half inch poisoned HoO annuli as being essentially equal for control
purposes while easing processing problems. Solid reflectors and blade
type controls were investigated as alternates to the liquid reflector
and chemical controls of the conceptual design.

It is not possible to predict all of the requirements that will be
imposed upon the ATR during its operating history. Therefore, the
experimental loadings assumed for the calculations have been selected
to be typical of those now anticipated while requiring test fluxes and
core power distributions that demend rather full utilization of the
reactors capabilities. These flux requirements and the various types
of experiments and facilities are described in Appendix 12.3.



NORTH REFLECTOR SHIM CONTROL REGION
NORTH MODERATOR  ANNULUS

OUTER LOBE TEST

NORTH FUEL LOBE

REFLECTOR

\\/—NORTH NECK SHIM CONTROL
N

BLADE SAFETY CONTROL

\ >

CENTER MODERATOR ANNULUS —

EXTERIOR TEST

— EXTERIOR TEST REFLECTOR

CENTER FUEL REGION OR LOBE

PP CO.-B=3167

FIG: 1.0=1]
SCHEMATIC LAYOUT OF ATR

- 10 -



L]

2.0 CALCULATIONAL METHODS

2.1 Computational Programs

The majority of the calculations of reactivity and flux distributions
for this study have relied on two-group diffusion theory. Four-group
diffusion theory and higher order approximations to transport theory have
been used to check the validity of the two-group calculations.

Machine methods have been used to obtain all the necessary constants.
In particular the thermal constants have been obtained by averaging over
a M&xwel%ian energy spectrum with an IBM-650 program. The Maxwellian
temperature for the machine calculation of the thermel constants is 2l7°F
with the atom densities computed for 200°F except for the experiments.
The experiments are considered as having an average Maxwellian temperature
of 4OOCF, with the atom densities computed for 600°F to meke the cross
sections consistent with the neutron sources from regions of two different
temperatures. The two-dimensional temperature coefficlent studies used
the same Maxwellian temperature as the temperature being considered for
that particular region. The thermal cross section data are the same as
used in the IBM-TO4 SOFQCATE! code. The fast constants have been obtained
by utilizing the MUFT-42 program using the self-consistent B-1 approximation
on the IBM-TO4. The MUFT-4 program used has input date for nonhydrogenous

‘moderators which refine the slowing down calculation over whet can be

obtained with MUFT-3. This Goertzel-Grueling3 approximation to nonhydro-
genous slowing down processes has been found to give a significant improve-
ment in the calculation of fast group constants. The MUFT buckling is

B = 0.01 in all cases. An extensive listing of fast and thermal group
constants for the ATR is shown in Section 12.4 of the Appendix.

The two-dimensionalucalculations of the ATR in (x,y) geometry have
been made with the PDQ-3" program on the IBM-704 except for one calculation
to check the effect of mesh spacing which uses the TRANSAC PDQ. The three-
dimensional ATR geometry is reduced to two dimensions by adding an appropriate
reflector saving in the axial direction and thus making an equivalent bare
reactor in this direction. Axial flux distortions caused by solid reflector

1. Harvey Amster, "Cross Sections in the SOFOCATE Code: Second Deck, "
WAPD-TM-67, June 1957. ~

2. H. Boyl, Jr., E. M. Gelbard, G. H. Ryan, "MUFT-IV Fast Neutron Spectrum
Code for the IBM-TOL, " WAPD-TM-T2, July 1957.

3. PF. Clark, E. Grueling, G. Goertzel, "A Multigroup Approximation to the
Boltzmann Equation for Critical Reactors,'" NDA-10-96, 1953.

4. W. R. Cadwell et al., "PDQ-3 - A Program for the Solution of the
Neutron-Diffusion Equations in Two-Dimensions on the IBM-TOk,"
WAPD-TM-179, March 1960.
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shim control are studied by using the PDQ—El code in (r,z) geometry.
This code is used in lieu of PDQ-3 because PDQ-3 does not handle (r,z)
geometry.

One-dimensional few group reactor calculations use the DMM2 code
on the IBM-650 and the WANDAS code on the IBM-704. One-dimensional
studies have been utilized whenever information has been needed to guide
the direction that the two-dimensional studies should take. Also when
fine convergence has been required on the fission eigenvalue such as for
lifetime studies, the one-dimensional program has been used. Higher order
approximations to t ansport theory use Carlson's S, program as modified
and extended by NDA A detailed discussion of S, versus diffusion theory
comparison is given in Appendix 12.1.

The effect of mesh coarseness and the test region homogenization on
reaction rates and t'luxes on both a one-dimensional and a two-dimensional
basis is described in Appendix 12.2. Both the S, studies and mesh coarse-
ness studies verify the adequacy of using diffusion theory in studjes of
thie type.

2.2 Comparison of Two-and Four-Group PDQ Calculations

Two PDQ calculations (Problems 1017 and 1034) have been run to
evaluate the difference between two-group and four-group calculations.
These calculations had 36 kg U-235 in the core and A-1 experiments in all
outer lobes.

The results from these problems are given in Table 2.0-A and
Figures 2.0-1 through 2.0-3. These data show that within the fuel (core)
regions the two- and four-group problems yield essentially the same results
for power densities and thermal neutron flux values. However within the
experiment region the four-group problem gives values 3 to 6% higher than
the two-group problem, and in the moderator regions peak thermal flux
values are obtained which are 8 to 15% higher in the four-group problem
than in the two-group problem. The absolute difference in kK.pr between
the f'our-group and two-group problems is 0.009 with the two-group problem
yielding the higher wvalue.

1. G. G. Bilodeau et al., "PDQ.- An IBM-70% Code to Solve the Two-
Dimensional Few-Group Neutron-Diffusion Equations," WAPD-TM-TO,
August 1957.

2. J. Franklin and E. J. Leshan, "A Multigroup, Maltiregion, One-Space
Dimensional Program Using Neutron Diffusion Theory, ' ASAE-l4,
December 1956.

3. 0. J. Marlovwe et al., "WANDA - A One-Dimensional Few Group Diffusion
Equation Code for the IBM-T70k4, " WAPD-TM-28, November 1956.

4. B. H. Duane, "Neutron and Photon Transport Plane-Cylinder - Sphere
GE-ANPD Program S Variational Optimum Formulation," XDC-59-9-118
January 9, 1959.
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TABLE 2.0-A

COMPARISON OF TWO-GROUP AND FOUR-GROUP PDQ PROBLEMS

Four-Group (Prob. 1017) K pp = 1.3368
Two-Group (Prob. 1034) K pp = 1.3459
Average Midplane Maximum—to-Average Mldplane
Therm%l Neutron F% Thermal Neutron Fl
Power (Mw) (n/em® sec x 1077 ) (n/cm2 sec X 10-14)
L Group 2 Group| 4 Group 2 Group 4 Group 2 Group
E-W lobe fuel | 97.55 97.86 . 2.45 2.45 2.772 2.722
Center lobe ) :
fuel 53.62 s5L.6L 2.62 2.67 2.713 2.685 -
N-S lobe fuel | 98.83 97.50 2.48 2.4 2.770 2,724
E-W lobe
A-1 exp. 0.683 0.646 5.54 5.23
N-S lobe
A-1 exp. 0.694 0.643 5.63 5.20
Center lobe
A~3 exp. 0.710 0.688 5.15 5.00 -
Outer lobe
A-5 exp. 3.033 2.844 3.98 3.73
NOTE: Energy groups Range .

1l of 3 fast
2 of 3 fast
3 of 3 fast

1 of 1 fast
Thermal

0.021 mev < E < 10 mev
5.53 kev < E < 0.821 mev
0.625 ev < E < 5.53 kev

0.625 ev < E < 10 mev
0<E<0.625 ev

- 13-
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It must be emphasized here that the more accurate four-group
calculations give calculated thermal fluxes that are about 5% higher
than the two-group thermal fluxes in the experiments.

Reactor burnout studies use the one-dimensional burnout code
CANDLEL. These problems study the variation of keps with time and the
effects of burnable poison in the fuel. The two-dimensional burnout code
TURBOZ is used in studies of the actual reactor behavior as required
flux levels are maintained in experiments by appropriate reflector and
neck shim poisoning. The TURBO studies confirm the expected versatility
of the ATR reactor. ‘

2.3 Reflector Savings

For most diffusion theory type calculations the axial buckling has

. been calculated Lfor an equivalent corc reactor with g height egual to

the actual core height plus 30 ecm. For a core height of 4 ft or 121.92 cm
this gives an equivalent height of 151.92 cm. The axial buckling B,< is
determined from the equation below to have a value nf 0.00043 am™<.

2 12 9.869% _

-2
B,” = ZE = 53,000 - 0.00043 cm

L=H+ 25
L is the actual core height.
& is the reflector savings.
20 is the total reflector savings.
The value of 15 c¢m for the axial reflector savings, or 30 cm for
the total axial reflector savings represents a somewhat arbitrary seleclluu.

Internuclear Company in studies on DoO moderated or reflected reactors
has used a value of 23 cm for the reflector savings.-” For H,O moderated

1. O. J. Marlowe, P. A. Ombrellaro, "CANDLE - A One-Dimensional Few-Group
Depletion Code for the IBM-TO4," WAPD-TM-53, May 1957.

2. J. B. Callaghan et al., "TURBO - A Two-Dimensional Few-Group Dépletion
Code for the IBM-TO4," WAPD-TM-95, November 1957.

3. 0. J. Elgert, C. F. Leyse, D. G. Ott, "Preliminary Investigations for
an Advanced Engineering Test Reactor," AECU-3427, February 22, 1957

4. C. F. Leyse et al., "An Advanced Engineering Test Reactor, " AECU-3775,
March 1958.

- 14 -
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reactors iuch as the MIR, a reflector savings of about 8.5'cm has been

measured.

The ATR with a D.O reflector is considered intermédiate between these
two systems and on this basis 15 cm reflector savings is selected. With
a 4 ft core height for most purposes the results are not significantly
influenced by any reasonable choice of reflector savings. Calculations
to determine axial stability are an exception as the occurrence of xenon
oscillations is strongly dependent on the equivalent core height.

For an actual core height of 4 ft the use of 30 cm total reflector
savings and the assumption of a sinusoidal flux pattern over the-length
of the core plus reflector savings gives an axial maximum-to-average )
flux ratio over the core of 1.33. This agrees quite well with the value
ol 1.35 obtained from a PDQ-2 calculation of the axial flux distribution
in the core. This agreement confirms the selection of 15 cm for the
reflector savings.

A few PDQ-3 cases have been run where the entire reflector is
beryllium plus water and for these cases a reflector savings of 7.5 cm
is used. This gives a total of 15 cm reflector savings which is close
to the MIR. A BZ2 = 0.00053 is calculated from this reflector savings
for a 4 ft core height. ' '

1. M. L. Batt, J. W. Webster, H. L. McMurry, "Reflector Savings Due
to the MIR Water Blanket, " IDO-16075, 1953.
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3.0 ETR CRITICAL FACILITY MOCKUP OF THE ATR

The unusual geometry of the ATR with its thin eore annulus and with
its many boundaries between highly and lightly absorbing regions makes
it desirable to have some experimental Jjustification for the calculational
methods. It was recognized that the ETRC, Engineering Test Reactor
Critical Facility, could be used to approximate the geometry of the ATR
with a 3 in. core thickness and a beryllium reflector. The mockup of the
ATR consisted of four 6 in. x 6 in. experimental spaces, surrounded with
ETR fuel elements or control rods placed in the corners of the ETRC core
and coupled with eight more fuel elements, making a fifth 6 in. x 6 in.
experimental space. After preliminary reactivity measurements in the
ETRC showed that an approximate loading could be made critical with two
additional fuel elements, it was decided that critical experiments would
be performed. These critical experiments were then used to evaluate the
ATR calculational procedures and results agalnst actual measured values.

Because Lhe program being carried out in support of ETR by the ETRC
is quite pressing, only one week of ETRC time was allotted for the measure-
ments reported herein. Therefore, it was not possible to make all the
studies desired. Also, because time was limited, no modifications were
made to the ETRC. With the exception of two experiment mockups, all
materials used, e.g., fuel elements and control rods, were standard
ETR or ETRC components.

3.1 Description of the Facility and Components

T'he ETRC is a low power, highly enriched, water-cooled and moderated,
beryllium-beryllium oxide reflected reactor. It is a full-scale nuclear
mockup of the core and reflector of its parent reactor, the ETR. In fact
it is more than just a mockup because most of the in-pile components
(fuel elements and control rods) are identical to those in the parent
reactor. For reasons of economy there arc, however, slight modifications
in the reflector. Over a period of several years, experiments have dis-
placed enough 3 in. square beryllium pieces from the MIR to provide a
complete reflector for the ETRC. These, however, make up only a 3 in.
reflector as compared to 4-1/2 in. in the ETR. The remeining 1-1/2 in.
are made up of canned beryllium oxide. Around the beryllium-beryllium
oxide reflector is an aluminum reflector. The arrangement of the standard
ETRC core and reflector is shown in Figure 3.0-1. A perspective drawing
of the core, its support structure, control bridge, etc., is shown in
Figure 3.0-2. A more detailed description of the facility can be found
in IDO-1A337L.

With the exception of the experiment mockup, the core components
(fuel elements, control rod fuel sections and guide tubes, and aluminum
filler pieces) are standard ETR or ETRC components. The ETRC filler
pieces are made of aluminum and have machined slots. These slots simulate

1. D. R. deBoisblanc et al., "The Engineering Test Reactor Critical
Facility Hazards Summary Report," IDO-16332, March 27, 1957.
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the coolant passages in ETR filler pieces. . The water volume associated
with these pieces is 20% of the total volume (metal-to-water ratio = 4).
In all loadings studied an aluminum filler piece was also desired .in grid
position I-9 where a control rod guide tube is located: : Aluminum plates
were inserted in this guide tube to displace enough water to, duplicate
the metal to-water ratio of the standard filler pieces. ' .-

The fuel elements which were used in these measurements contalned 320 g
U-235 and on the average 1.7 g natural boron. In addition, six elements
with the same U-235 content but which contained no boron were used to
shim the reactor by loading them with boron impregnated polyethylene tapes.
The control rod fuel sections used contained 130 g U-235 and on the average
0.68 .g natural boron. Drawings of the fuel element, and control rod fuel
section and its guide tube are shown in Figures 3.0-3 and 3.0-4.

. The experiment mockups were made from .stock aluminum fod (2.5 in.
diemeter) and schedule 40 stainless steel pipe-(3.068 in. i.d. and 3.5 in. o.d).

3.2 Loading Configurations for ATR Mockups

Inasmuch as no control rods are currently planned in the fuel region
for the ATR it would have been desirable to mockup the core of the ATR
completely with fuel elements in the .arrangement shown in Figure 3.0-5
(Core 1). This was impossible in these critical experiments however
because the safety rods were necessary for shutdown and because time did
not permit removing the control rod guide tubes to permit insertion of
fuel elements in those control rod positions which d4id not contain safety
rods. The fuel arrangement desired, intersected ten control rod positions.
Fortunately, all four safety rod positions (H-7, K-9, G-11, M-11) and a
driven shim (gray) rod position (H-13) were located in fueled regions.

The remaining five positions contained fixed control rod fuel sections.
As wes mentioned previously, the other six guide tubes remained in the
core but were water filled. These six tubes are not shown in the figures.

Because of these considerations, plus the boron built into the ETR
elements, it was not possible to achieve criticality with the desired
loading configuration as shown in Figure 3.0-5 (Core 1). As a result,
two extra elements had to be added. Because adding these elements
produces flux distributions different from those in the desired loading,
two loadings in which the two elements were placed in different locations
were studied to determine the effects of these elements. In one loading
the elements were located in the center experimental space so that almost
symmetrical neutron flux distributions would be produced. In the second,
the elements were located in the experimental space in dismetrically
opposite lobes. These loading arrangements are shown as Core 2 and Core 3
respectively in Figure 3.0-5. The effects on the calculated neutron flux
of different PDQ mesh descriptions were studied for Core 4 of Figure 3.0-5.
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3.3 Experimental Procedures and Treatment of Data

Thermal neutron flux distributions were measured to determine
1) the flux gradients that could be expected from narrow fueled regions,
and 2) the effects of the reflector on the flux in an experiment located
within a lobe. Most of the detailed measurements were made in and
around the NE quadrant, or lobe, which contained no control rod fuel
sections. In those fuel elements where detailed measurements were not
made, the one measurement was made at the midplane in the center of the
element. As is seen in the detailed flux plots, this is approximately
the minimum flux within the element at the horizontal midplane.

The thermal neutron flux distributions were determined from the
activity of irradiated gold foils, and bare and cadmium covered -gold
wires. The foils were 5/32 in. diameter by 0.005 in. thick. The cadmium
ratios were determined trom U.040 in. diameter gold wires 3 in. long, the
centers of which were covered with a cadmium sleeve (0.020 in: wall and 1 in.
long). After irradiation the wires were cut into 1/4 in. sections and
the average activity of the bare and covered sections was used to calculate
the cadmium ratios. The cadmium ratios from sleeves were normalized against
standard cadmium covered foils.

The foils and wires, with cadmium sleeves, were taped with plastic 
electricians tape to either lucite strips, aluminum strips, or directly
on an experiment. The lucite strips were used where measurements were
made within a fuel element. These strips were inserted in the fuel
element coolant channels and were designed to position the neutron
detectors within + 0.03 in. of the desired location. The aluminum strips
were used where measurements were desired in a water space. These strips,
containing the detectors, were taped on some object, usually a fuel
element, such that they protruded into the desired region.

The activity of all the foils was converted to retative thermal
flux by use of the cadmium ratios. A more complete discussion of the
experimental measurements can be found in IDO-166672.

3.4 PDQ Calculations .

Two dimensional calculations were made for the three experimental
loadings (Cores 2, 3, and U4) using the IBM-TO4 code PDQ-3 and utilizing
almost the entire number of mesh points allowed in the PDQ code.- All
three loadings went critical with the shim rod in position H-13 partially
inserted and all other rods fully withdrawn. However, for the two-
dimensional calculations, the rod in position H-13 was assumed to be
fully withdrawn and the position filled with the 130 g shim fuel section.

A two-group problem was run for each core using a "standard"
mesh overlay. A four-group problem was run for Core 3 using this
standard mesh and a two-group problem was run for Core 4 using a

1. D. R. deBoisblanc et al., "The Advanced Test Reactor - ATR Final
Conceptual Design," IDO-16667, November 1, 1960.
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"special" mesh wherein the experiment in the NE lobe was better represented
than in the standard mesh.

The fuel elements in the standard mesh and ‘in the NE quadrant of the
special mesh were divided into five regions as sHown -in Figure 3.0-6.
Region 1 is the fuel zone with narrow channelﬁspacing (0.105 in), regions 2
are the fuel zones with theé wide channel spacing, and regions 3- are the
side plate zones which include the nonfuel bearing edges of the fuel:
plates and associated water channels. All material within each’ reglon
was assumed to be homogenized unlformly throughout the region.

Because the number of mesh points in PDQ is limited, it was necessary
to use the same size of regions to homogenize the shim rods and -shim rod
guide tubes (positions J-5, J-T, E-9, G-9, and M-9) as was used for the
fuel elements. Thus, the fuel of each shim rod was homogenized into
region 1 (Figure 3.0-6) by keeping the metal-to-water ratio in this
region the same as in the fueled portion of the actual shim rod. A1l
remaining metal and water was homogenized uniformly into regions 2 and 3.
The guide tubes were homogenized by putting pure water in region 1 and
uniformly homogenizing the guide tube and the necessary amount of water
into regions 2 and 3.

The experiments in the standard mesh were each homogenized ‘into two
regions as shown in Figure 3.0-7. The area of the inner region is equal
to that of the aluminum rod. The stainless steel tube and water in the
annulus are homogenized into the outer region.

In the special mesh, the fuel elements, shim rods, and guide tubes
in all but the northeast quadrant were homogenized uniformly over their
respective 3.0t in. square cells.

The aluminum, stainless steel and water of the experiment in the SW
lobe of the special mesh were homogenized over the entire 3.1018 in.
square cell. The mesh lines that were made available by this "coarse"
homogenization were then utilized in the NE lobe to obtain a better
representation of the experiment. The representation of the experiment
in this special mesh is shown in Figure 3.0-8. The stainless steel
pipe, the water annulus and the aluminum rod are each represented
separately.

The fast group constants for these problems were obtained from the
MUFT-4 progrem and the thermal constants are Maxwellian averaged. All
constants were obtained from the same cross.section date and by the same
methods as discussed in Section 2.0.

3.5 Results

The measured relative thermal flux values were normalized to the
PDQ values of thermal flux. This was done by summing the thermal flux
values at the center of each fuel element and then multipiying the
measured values by the ratio of the PDQ sum to the measured sum.



The following measurements were made in addition to the flux
measurements at the fuel element center. In Core 2, flux measurements
were made in the N-S direction through the center of position L-8, and
in the E-W direction through the center of positions I-10, J-10 and K-10.
In Core 3, thermal flux measurements were made in the E-W direction,
completely across the core, along the center of the 8 row. In Core b,
thermal flux measurements were made in the NE lobe in the E-W direction
in channel 18 of the 6 row, and at the center of the 8 row. Thermal flux
measurements were also made circumferentially around the experiment in
the NE lobe in Core 4. These measured traverses normalized to the PDQ
values, are shown in Figures 3.0-9 through 3.0-14 along with the calculated
values. Figure 3.0-15 shows the comparison over the core of the PDQ
and measured values of thermal flux at the center of each fuel element for
Core 2. As can be seen, there is in general good agreement between the
measured and calculated thermal flux values. The error in H-14 is believed
to result from the partial withdrawal of the rod in H-13 for criticality.
Table 3.0-A gives a comparison of calculated and measured fuel element
maximum-to-average thermal flux ratios in the E-W direction of the 8 row
of load 3. This table aleso brings out the good agreement between
measured and calculated distributions within a fuel elemenl.

TABLE 3.0-A

MAXIMUM-TO-AVERAGE THERMAL FLUX VALUES

ALONG THE CENTER OF ROW 8 OF ATR MOCKUP - CORE 3

Position 2-Group 4-Group Measured

B8 1.3 1.4%0 1.22
#-8 1.19 1.19 . 1.18
a8 1.20 1.17 1.19
H-8 1.1k 1.14 1.18
1-8 1.28 1.26 ©1.28
J-8 1.27 1.28 1.31
K-8 ' 1.26 1.25 1.30
L-8 1.31 ' 1.32 o 1.42
M-8 1.32 1.3h 1.33
N-8 1.3k 1.46 1.31

NOTE: Values apply to fuel containing region only, i.e., to
region 1 of Figure 3.0-6. :
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The two-group and four-group thermal flux distributions along the
8 row of Core 3 are shown in Figure 3.0-16. 1In this figure, the four-
group flux was power normalized over the core to the two-group flux.

The flux obtained from the special mesh PDQ problem (Core U4) was
power normalized over the .NE lobe to the standard mesh flux. Since
each fuel element was homogenized into one region in three lobes of this
special mesh case there is no thermal flux peaking between fuel elements
in these three lobes. This effect may be seen in Figure 3.0-13 where the
special mesh flux is plotted with the standard meshflux along row 8. On
the right half of this figure the traverse is through the NE lobe and the
two flux distributions are nearly the same. The greater peaking in the
special mesh case between elements L-8 and M-8 is due to the proximity of
the experiment in the NE lobe and the better representation of the experi-
ment in the special mesh. The shape of the circumferential flux around
the experiment (Figure 3.0-14) is given quite well by the special mesh PDQ
case. However, the measured values are about lO% higher than the PDQ values.

Table 3.0-B lists the measured and the calculated values of kgpe for
the 3 cores. The two-group standard mesh PDQ values are all about 5-1/2%
high, the four-group value is about 3% high, and the special mesh value
is T% high. .

Thus, the use of the PDQ program with Maxwellian averaged thermal
constants gives good agreement to the measured thermal flux values but
the .calculated values of k.pp are in rather poor agreement with the
measured values. The four-group problem yields better agreement in the
value of k.pr and a somewhat different (but no better) flux distribution
from the two-group problem. In the special mesh problem the flux distri-
bution in the homogenized elements follows the general trend of the
standard mesh flux distribution but does not give the thermal flux
peaking between fucl elements. ’

TABLE 3.0-B

MEASURED k_pp AND PDQ EIGENVALUES

FOR THREE ATR MOCKUP CORES

- PDQ Eigenvalues
2-Group
Core Measured Keff Standard Mesh 4-Group Special Mesh
2 1.0016 1.058 - Co-
3 1.0017 1.052 1.034 -
L 1.0022 1.058 - 1.070
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4.0 TWO-DIMENSIONAL CALCULATIONS

The flux and power distributions and effective multiplication
factors or eigenvalues for two-dimensional models of the ATR ‘as deter-
mined by PDQ-3 calculations are presented in this section. Burnup
effects and time dependent behavior are presented in Section 6.0. Each
PDQ problem has been assigned a case number to facilitate reference to
the original data. The case numbers are grouped into series for problems
on similar models of the reactor.

4.1 PDQ-3 Problem Summary

Each of the 1000 series problems has a 3 in. Dp0 reflector
shim control region and an explicit representation of the pressure tubes
separate from the experiment. This series uses a quarter core fine mesh
representation for all problems as shown in Figure 4.0-1. As the 1000
series problems progressed changes in metal-to-water ratio, fuel densi-
ties, and reflector and neck shim poisoning were made as seemed appropri-
ate to be more reaslistic toward the final selected design.

The 3000 series problems also have a 3 in. D20 reflector shim
control region but the pressure tubes are homogenized into the experi -
ments and there are no aluminum separator rings. These problems were
principally to examine the power shifting from various combinations of
neck and reflector shim control poisoning and also the effects produced
by adding an absorber to the fueled region. The PDQ temperature co-
efficient studies are a part of this series. The quarter core coarse
mesh with 1764 mesh points shown in Figure 4.0-2 givesconsiderable savings
in machine time as well as good results for the purposes for which it is
used.

The 4000 series problems are of the coarse mesh type similar
to the 3000 series mesh and are also described by Figure 4.0-2. These
problems differ from 3000 series problems in that they have a half core
description instead of a quarter core as the 1000 and 3000 series have.
The half core description enables poisoning of one lobe or one neck
region and observing the power shifting effect produced by this pertur-
bation. Also, lobe fuel and center fueled regions can be poisocned
further or the burnable poison removed to observe the power shifting
effect.

The 5000 series problems use the fine mesh description of
Figure 4.0-3 which differs from the 1000 series problems in that a
solid reflector shim control region is described. Various combinations
of reflector blades in and out and neck poisoned with safety blades in
and out are studied. The principal purpose here is to get the total
control worth (both shutdown and shim) and power shifting effects of
this type of control. ‘
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The 6000 series problems are similar to the 5000 series- prob-
lems in having a fine mesh description but this series has a 1/2 in.
light or heavy water reflector shim control region rather than the l/h in.
solid blade control as shown in Figure 4.0-4. Various combinations of
light or heavy water poisoning and outer reflector materials have been
used to evaluate this type of system.

A representative sample of each series is shown in Table 4.0-A.
The 2000 series problems are concerned with the PDQ calculations on the
ETRC and are not included in the table. The effects of the mesh descrip-
tion on the calculations and the results from a TRANSAC problem using
20,000 mesh points are discussed in Appendix 12.2.

k.2 Results of Two-Dimensional Calculations

The conditions' existing at the start of the cycle for a typi-
cal experimental loading in the reactor with reflector shim control by
poisoning of D0 regions are summarized in Table 4.0-B. The same data
are given for a system with poisoned HoO reflector shim control but
with a somewhat different array of experiments in Table 4.0-C. If the
two shim control systems are adjusted to produce the same core power
distribution the effects on the reactor are essentially equivalent.
The power distribution of Table 4.0-B is adjusted to be near optimum
for meeting or exceeding the flux requirements given in that table.
The power division of Table 4.0-C represents a typical amount of power
shifting but produces different fluxes in the same type experiment and
no requirements are stated.

Tables 4.0-B and 4.0-C show that the A-3 and A-5 test flux
requirements can be substantially exceeded at a reactor power of 250 Mw
and a peak power density in the core of 2.5 Mw/liter. No requirements
have been set for the experimental facilities exterior to the core but
the flux levels there are quite satisfactory. However, it should be
recognized that these fluxes cannot be controlled independently of those
in the cige It is difficult to meet the thermal flux specification of
1.0 x 10 n/cm sec for an A-1 experiment when a stainless steel pres-
sure tube is used. In this case, it 1s necessary to place the experiment
in the center facility and use some power flattening technique to keep
the maximum power density from being excessive. Replacement of the
stainless with a material having the properties of zirconium increases
the thermal flux by a factor of about two so that there is no problem
in meeting the thermal flux requirements.

Detailed thermal flux plots along the north, east, and
dlagonal directions for the three mesh descriptilons dlscussed in
Appendix 12.2 are shown in Figures 4.0-5, 4.0-6 and 4.0-7, respectively.
Corresponding fast fluxes are shown in Figures 4.0-8 and 4.0-9 for the
east and diagonal directions. Combined fast and thermal flux plots for
a fine mesh representation are shown in Figures 4.0-10, 4.0-11 and
4.0-12. These plots are typical for the ATR with the exception that a
zirconium tube is used instead of stainless steel for the A-1 tests and
therefore the fluxes in these tests are too high.
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TABLE 4.0-A
TYPICAL PDQ-3 PROBLEMS

Problem # 1035 3601 4008~ s0c2 60072
Mesh 84 x 84 (7056) L2 x 42 (17€4) 43 x 85 (3698) 87 x 87 (7569 87 x 87 (7569)
Kepr 1.c96 1.2265 1.2075 1.1k44%9 1.1636

(Z) Outer reflector (D20) L0 - % (1) Octer reflector(DO) D0
(2) E. refl. shim control — - (2) E. inner refl.(Be+l0% HX0) D0
Dx0 +3.8 g/liter D3BO3 L0 D20 + 3 g/liter DzBO3 (3) Octer loor -efl(Be+l0%Ho0) D0
(3) Outer loop reflector -- -- (6) E=st lobe fiel --
Be + 1C% Hx0 -- - (8) E. lobe flux trap mod. --
(4) N. refl. saim control -- -- L# H0 + AL -
B § DO + 1.9 g/litsr DaBO3 D>0 D0 (9) Exp. pressu-z vessel --
e {5) Separation ring (Al) Noae None SS + void -
=) (6) E. lobe fuel region* - - -- 1C) E. lobe exper. (A-5) —-
@ o (7) E. lobe sed. ring (Al) None (7) W. refl.shim con. (D) [11) Ext. exp. f_ux trap mod. —-
) (8) E. love flux trap nod.(H20) - (8) E.&W. lobe flux tr.mcd. LOF HoO + A7 --
o L 19) Exper. press. ves.(8S & vold -- L0% H0 + AL 12) Ext. Exper. LA-5) -
= E (I0) E. lode exper. (A-1) A-1, Zr, void homog. (10) A-5, SS, void nomog. [1€) Neck fillerl 20%H-0+A1) --
5 11) Ext.Exp.flux trap mod. -- -- 17) Ceater Exp=rx. (A-3) -
R L40% Ho0 + Al -- -- 18) E. 1lobe safety —-
12) Ext. Exper. (A-5) A-%, SS, voic homog. (12) N.E.ext. exp(A-5,88) 30% HO + Al --
13) N. lobe sep. ring Nore (13) W. lobe fuel i9) E iobe neck shim(H0) -
LO% H20 + AL Nore (1) N. lobe flux trap mod.[26) Ceater lobe fuel -
(1L) N. lobe flux trap mod. -- 40% Ho( + Al 30) Saety blade guide reg. -
Lo% HoO + A1 - (15) N. lobe exper. 509 HoO + Al —-
15) N. lobe exper.{A-5) A-5, SS, voié homsog. A-5, S5, void homog. 31) E. refl. cortrol blades None
16) Neck filler(20% HoO+Al) —— (16) Necx £i1l.(20%H-0+Al) 3095 Ho0 + al Nane
17) Center Exper. (A-3) A-3, S3, voié homecg. (17) Center Experiment 53) E. lobe sep. ring (Zr) 34) E. refl. liq. shim con.
18) E. lobe safety(30%Ho-0+A1) -- A-3, SS, void homog. H0
19) E.lobe neck shim control Nore (18) E.&W. safety(30%Ho0+A1)

{more )




TABLE 4.0-A (Cont.)

TYPICAL PDQ-3 PROBLEMS

'LE"

Problem 74 1035 3001 Loo8A : 50028 60072
(20) N.lobe cafety(30%Hp0+A1) .- (21) N.lobe neck shim(H0)
Q (21} N.lobe nmeck shim control -- (22) Center Exp.flux trap mod.

2 3 H0+25 g/liter H3BO3 20 20% Ho0 + AL

=0 (22) Center Exp.flux trap mod. -- (23) E.lobe neck shim(H50)

g 20% HoO + Al -- (2h) W. lobe exper.

e (23) E.lobe meck shim control . == A-5, S8, void homog.

55 Ho0+25 g/liter H3BO3 HoO (26) Center lobe fuel

T = (24} N.lobe neck shim control None (27) N. lobe fuel

E% Ho0425 g/liter H3BO3 None [{(29) N.W. Ext. Experiment

=0 (25) Outer reflector(D0) None ’ A-5,8S, void homog.
(26) -- {30) W.lobe neck shim(H-0)
(27) N. lobe fuel region* -- + -
(28) None None
(29) E.exper.pres.ves.(Zr+void) _ None

* 25 kg cf U-235 in core ) ’ -
*%t A dash (--) indicates same as previous column )

A  "Run with diagonal symmetry .

f Composition numbers omitted are not used in calculation




TABIE L4.0-B
TYPICAL START OF CYCLE CONDI

TTONS

FOR REACTOR WITH POISONED Do0 REFLECTOR

' SHIM CONTROL

PDQ Case:

Mesh Description

Core Fuel Content

Core Burnable Poison Content

1035 !

Figure 4.0-1

25.2 Kg U-235

128 g natural boron

Reflector Control Region Grams D3BO3/liter of D50
East 3.8
West 3.8
North L.q
South 4.9
‘Neck Control Region . Grams H3BO3/liter of Hg0
EBast 25
West 25
North 25
South 25
Core Region Fraction of Core Poﬁer
Center 25,4
East 20.1
West 20.1
North - 17.2
South 17.2
Reactor Power 250 Mw

Peak Power Density 2.56 Mw/liter

Lxperiment Fast Flux(u/um2 sec) Ther.FluA(u/s;Lu2 sel)
Location Type | Loop Calc. . Required Calc. Required
Center A-3 | sS 2.1x1015 1.5 0.61x1015 0.48
East Lobe | A-1 | zr | 1.3x101%° 1.0 {1.k x1015 1.0
West Lobe | A-1 | zr | 1.3x10%3 1.0 [1.k x101> 1.0
North Lobe| A-5 | SS 1.3x1012 1.0 0.45x1015 0.32
South Lobe| A-5 | 85 ‘| 1.3x1015 1.0 | 0.k5x1015 0.32
Exterior A-5 | ss 1.6x1015 - 0.55x1015 -
Eest Lobe*| A-1 | SS 1.3x1012 1.0 0.66x1015 1.0
West Lobe*| A-1 | SS | 1.3x10%° 1.0 | 0.66x1015 1.0

~ Safety Blades** Eigenvalue
Withdrawn - 1 1.096 :
Inserted 1.015 (Case 1037, flux and power

distributions not applicable for
comparison with other calcula-
tions)

*

*¥%* Narrow type blades.

Flux values adjusted

See Figure 4.0-1
- 38 =




TABLE 4.0-C

TYPICAL START OF CYCLE CONDITIONS

FOR REACTOR WITH POISONED HoO REFLECTOR SHIM CONTROL

PDQ Case

Mesh Description

Core Fuel Content
For PDQ Calculations -
After Adjustment for

Structural Mat'l in Refl.

Core Burnable Poison Content

6014
Figure 4.0-k4

25.2 Kg U-235

33 Kg U-235
128 g natural boron

Peak Power Density

Eigenvalue 1.086

Reflector Control Region Grams H3Boq/liter.of H-0

~ East 22.8

West 22.8
North 29.4
South 29.4

Neck Control Region. " Grams H3BO3/liter of H0
East 25
West 25
North 25
South 25

Core Region ) Fraction of Core Power
Center 27.8
East 19.1
West. 19.1
North . 17.0
South 17.0

" Reactor Power 250 Mw

2.51 Mw/liter

Experiment Fast Flux Thermal Flux
Location | Type |Loop n/cm< sec n/cm© sec
Center A-3 | ss 2.1 x 1015 0.55 x 101>
East Lobe | A-5 | ss 1.4 x 102 0.76 x 1015
West Lobe A-5 | ss 1.4k x 1045 0.76 x 1015
North Lobe| A-5 | 8S - 1.2 x 1085 0.39 x 1015

" South Lobe| A-5 | sS 1.2 x 1045 0.39 x 1015
Exterior A-5 | 8s 1.3 x 1015 0.56 x 101>
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A number of reactivity effects as found by two-dimensional cal-
culations are tabulated in Tables 4.0-D to 4.0-J. One-dimensional results
are discussed in Section T7.0. ’ '

The maximum power density depends4upon the experimental loading,
the core power distribution, the composition in the flux traps and the
detailed design of the core and adjacent regions. Therefore, the results
are given for situations expected to be typical in operation of the ATR
but not necessarily representing the extreme conditions that may be
desired. The maximum power densities as given in Tables 4.0-B and 4.0-C
are for uniform distribution of fuel and burnable poison in the core and
can be reduced if necessary by appropriate power flattening measures.
Calculation of the peak power density is subject to a number of un-
certainties and the following procedure has been used to provide a con-
sistent approach. The maximum value of the pointwise flux as calculated
by PDQ for the homogenized core region is found and the maximum-to-
average thermal flux ratio determined for the PDQ plane and multiplied
by 1.4, the axial maximum-to-average ratio. The average power density
is then multiplied by this ratio and several corrections applied as
described below to obtain the estimate of the peak power density. The
fast flux is flatter than the thermal flux and from examination of a
number of cases a correction factor which reduces the peak by 8% has been
determined. The homogenization of the core eliminates the peaking along
the core annulus near the sideplates of the elements. Supplementary one-
dimensional WANDA and S, calculations show that this effect increases the
peaking by about 10 to 15%. The actual value will depend on the design
of the element and can be reduced if necessary by inclusion of some of
the burnable poison in the sideplates. It is necessary to represent the
core as homogenized into rectangular regions for the PDQ calculations.

As a result the core is described as having corners jutting out into the
adjacent reflector or flux trap moderator and this produces a calculated
flux peaking somewhat greater than if the boundary is a smooth curve. 1In
addition, this representation makes it difficult to assign the point at
which the fuel should be considered as ending in the homogenized core
region which extends somewhat beyond this point. From examination of
several two-dimensional flux maps a correction which decreases the peaking
by 15% is estimated for these two effects. Taking all corrections into
account the maximum-to-average ratio as determined for the thermal flux
at the highest point in the core region and at tuae midpoint from top %o
bottom of the core is multiplied by 0.9 before it is applied to the
average power density to obtain the peak when a fine mesh description

of the core is used. When a coarse mesh 1s used an additional correction
is made as described in Appendix 12.2 Calculations have heen made using
two different widths of blades for the followers for the safety controls
as shown in Figures 4.0-1 and 4.0-4. The results shown in Table 4.0-B
are for the wide blade and those of Table L4.0-C for the narrow blade and
for these two cases, the blade width does not seem to be important.
However, direct comparison shows that in some instances going from the
narrow to the wide blade can increase the peak power density by 30%.
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The effect probably depends on the core power distribution and as con-
siderable adjustment of this distribution must be available, care must
be taken to keep the safety rod structure from increasing the flux peaking.

In evaluating reactivity calculations, it is necessary to decide
what calculated eigenvalue corresponds to a keff of unity for the actual
system. The comparisons of measurements and calculations in Section 3.0
indicate that a beryllium reflected reactor is just critical when the
calculated eigenvalue is approximately 1.06. It is assumed that the same
difference exists with a D20 reflector. 1In the calculations it was con-
venient to use a square reflector to permit use of diagonal symmetry when
desired. This further increases the discrepancy. In addition, engineer-
ing details of structural materials in the core and reflector were not
available for the calculations. As a result of these factors it is
estimated that the system would be just critical with a calculated eigen-
value of 1.09. The PDQ convergence procedure causes the test fluxes to
be low with respect to the core fluxes when the eigenvalue is above unity
and so the procedure is conservative in this respect. The fuel loadings
may be somewhat high and should be re-evaluated when a more accurate
description is available.

The loose coupling between lobes in ATR introduces the property
that a perturbation in the operating conditions of one lobe can cause a
shift of power from lobe to lobe. The control system must be capable of
holding deviations from the desired lobe power levels within acceptable
limits. In addition, the control system must be capable of producing
the initial power unbalance among the core lobes to give the desired
test fluxes. The effects on the core power distribution of changes in
the absorption cross section of individual core lobes and of the controls
individually and in groups are listed in Table 4.0-K.

The addition of 0.02 cm™* poison in the east lobe fueled region
causes a power reduction in the east lobe of approximately 66%. In order
Lo restore this power to its value before the addition of the polson it
is necessary to pull poison out of the east reflector. If, originally,
there were 3 g/liter of boric acid in the east reflector and this is
pulled out, the power in the east fueled region will be restored to or
slightly above what it was before the introduction of the 0.02 cm"l poison
in the fueled region.

Poison in a single neck region has a minor effect on power
shifting when compared to the poisoning in a reflector region.

Conclusions are that the combination of reflector and neck
poison certainly gives adequate control for power restoration from
disturbances while operating.

Under more realistic operating conditions, poison will be found
in all necks and reflectors. As can be seen a great deal of power shift-
ing can be accomplished by a combination of removing poison from one
reflector and adding it to another.
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"“TABLE, 4.0-D
SHUTDOWN CAPABILITY OF SAFETY BLADES

Blade Blade Control Condition
PDQ No. Type Position Reflector Neck Eigenvalue
1031 Narrow | Withdrawn Clean Clean ‘ 1.215
- 1036 Narrow | Inserted Clean Clean 1.1k2
100k Narrow | Withdrawn 200 g/1 1.298%
1025 Narrow | Inserted 200 g/1 1.254*
1035 Narrow |Withdrawn (Startup conditions) 1.096
. (Soc Table L.0=T ) 1.015
500k | Wide |Withdrawn ‘ Clean 1.149
5008 | Wide Inserted Clean 1.072
5005 Wide Withdrawn ~ 200 g/1 1.095
5006 Wide Inserted | 200 g/1 1.057

* Contains 36 Kg of U-235, all other cases contain 25.2 Kg of 1I-235,

Notes: Blades are black when inserted, and T0% Al-30% H20 when
withdrawn. Epithermal constants for 20 mil cadmium are
described in WAPD-170, "Experimental and Theureblesal
Study of Critical Slabs - Effect of Absorbing Membranes
of Cadmium, Gold, and Boron," A. D. Voorhis et al

Narrow blades - see Figure 4.0-1

Wide blades - see Figure L4.0-4
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TABLE 4.0-E
REACTIVITY EFFECT OF POISON

IN THREE-INCH THICK DpO- REFLECTOR SHIM CONTROLS

Yy

e e v

G

‘

e of D20 Eigenvalue
3002 Clean 1.225
3012 3 1.151
> 10 1.119
3006 L ' 22 1.108

Note: Mesh is described by Figure 4.0-2.

TABLE 4.0-F
REACTIVITY EFFECT OF POISON

IN ONE-HALF INCH THICK Ho0 REFLECTOR SHIM CONTROLS

Grams H3BO3/liter Exterior Loop
PDQ No. of H-0 Reflector Region | Eigenvalue
6007 Clean D20 1.164
6008 ‘ 50 D0 1.093
6009 Clean 90% Be - 10% H/0 1.151
) 6010 50 90% Be - 10% Ho0 1.090

Note: Mesh is described by Figure 4.0-4.
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TABLE L4.0-G

REACTIVITY EFFECT OF POISON
IN NECK SHIM CONTROLS

Grams H3BO3/liter
- PDQ No. of HsO . Eigenvalue
3002 Clean 1.225
3007 ' 10 1.208
3008 50 1.180
3009 ' 200 1.169

Note: Mesh is described by Figure 4.0-2.

TABLE 4.0-H

REACTIVITY RFFECT OF BLADE
REFLECTOR SHIM CONTROL

' Rlade Blade Outer
__PDQ No. I'vpe Posillion ~Refleetor Figenvalue
5002 Black | Withdrawn | 90% Be - 10% Hx0 |  1.145
5001 Black |, Inserted Q0% Be - 10% Hz0 1.052
500k Black | Withdrawn D20 1.149
5003 Black Inserted DO 1.051
. 5004 Gray Withdrawn. D50 T 1.1kg
5007 Gray Inserted D0 ' 1.072

Notes: Mesh is described by Figure 4.0-3.
Black blades are 30% HpO - 70% Al when withdrawn and
equivalent to box of 20 mil cadmium when inserted,
constants are consistent with WAPD-170.

Gray blades Fp; = 0.244.
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TABLE L.0-I
REACTIVITY EFFECT OF FUEL LOADING

Fuel Content -

PDQ No. Eigenvalue
102 L5 kg U-235 1.400
1019 36 kg U-235 1.357
1009 27 kg U-235 1.302%

% Corrected for mesh error

Notes: Mesh described by Figure 4.0-1.
Core contains no burnable poison.
TABLE 4.0-J
) REACTIVITY EFFECT OF BURNABLE POISON IN CORE
Contribution of Region to
Poison (22%) Which Poison

PDQ No. to Tog(cm-1) is Added Eigenvalue
3003 0 Entire Core 1.335
3002 0.015 Entire Core 1.225
3004 0.035 Entire Core 1.105
3010 0 Center Fuel Reglon 1.252%
3002 0.015 Center Fuel Region 1.225%
3010 0.035 Center Fuel Region 1.200%
Lool 0 East Core Lobe 1.254%
4007 0.015 East Core Lobe 1.224*
Loo2 0.035 East Core Lobe 1.207*

* Zgp = 0.015 in‘all other core reglons.

i
Note: Meshes are described by Figure 4.0-2.
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TABLE 4.0-K

EFFECIS OF CONTROZS AND CORE POISONING ON ATR POWER DZSTRIBUT_ON

(+ increase)

T ] Y
Half Core Cases Kepr Power - Mw % 5Shift (- decrease)
PDQ No. Core _obe B W N&S C E W N & S C
Loot Refersnce Czse rP = .015 all lobes ~.22h | 50.6|49.9 | 50.2 | 49.1 SN —_— )
ool 5P = 0 in east lobe —.254h 1 75.6[38.1 | 45.0 46,4 +49.47-23.6 [-10.4 [-5.5
. koo2 P = .035 in east lobe 1.207 =3.2] 56.4 53.9 50.7 -34 W l+17.0 B 7.4 +3.3
4008 3 g/liter horic acid in east i
reflector shim 1.208 | 32.5]58.3 | 53.5 52.3 -35.&| +16.8| + 6.6 | +6.5
L005" 10 g/liter Zoric acid ir east
reflector shim 1.202 | 24.9 | 62.6 | 5k.6 53.4 -50.8] +25.5| + 8.8 | +8.8
L006 22 g/liter boric acid ir. east .
reflector shim 1.200 | 22.4 | 64.1 | 5k4.9 £3.7 -55.7 ] +28.5 | + 9.4 | 49.4
003 10 g/liter boric acii in east '
neck shir 1.220 49.5 | 50.5 50.8 8.5 - 2.2 +1.2(+ 1.2 -1.2
4OOk 50 g/liter boric acid ir east
reck shim 1.213 | 46.1|53.1 | 52.6 L46.9 - 3.5 +6L4]|+3.6]-kb.5
Pparter Core Cases " | Same | Same Same | Same
as E [ as E as E| as E
3002 Reference Case zP = .0l5 all lobes 1.225 | 50.2 L9.= — . - -
3010 P = O in center lobe i1.252 | 48.2 57.2 - Lo +16.3
3011 sP = .035 in center lobe 1.200 | 52.1 b1.c - 3.8 +15.7
3012 . 3 g/liter :oric acid in all :
reflector shims. £1.151 | 45.8 66.9 - 8.8 +36.0
3005 10 g/liter boric acid in all ;
*  reflector shims 1.119 | 43.1 77.7 -14 1 +57.9
3006 22 g/liter boric acid in all
reflector shims 1.108 | k1.9 82.3 -15.5 +67.3
3007 1C g/liter boric acid Zn all neck
shims 1.208 | 51.0 b6.2 + 1.6 - 6.1
3008 50 g/liter boric acid in all nack
shims 1.180[ 52.6 39.8 + 4.8 -19.1
3009 200 g/liter boric acid in all ]
nack shims 1.169 § 53.5 35.S + 6.6 -27.0
Note: g/liter boric acid = grams of boric acid contairing natural boror. per liter
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‘ 60l ] ! 60l
I. OUTER REFLECTOR 10. CENTER EXPERIMENT
2. INNER REFLECTOR Il. CENTER FUEL REGION

(REFLECTOR SHIM CONTROL) l2. CENTER EXPERIMENT

3. OUTER LOOP REFLECTOR FLUX-TRAP MODERATOR
4. LOBE FUEL REGION I3. NECK FILLER REGION
5. SEPARATOR RING 14. NECK SHIM CONTROL REGION
6. LOBE FLUX-TRAP MODERATOR I5. NECK SHIM CONTROL REGION
7. EXPERIMENT PRESSURE VESSEL 16. SAFETY BLADE
8. LOBE EXPERIMENT I7. EXTERIOR EXPERIMENT
9. EXTERIOR EXPERIMENT FLUX -TRAP MODERATOR

THIS MESH IS USED IN 1000 SERIES PROBLEMS WITH 7225 INTERIOR MESH POINTS IN ONE QUADRANT
ADDITIONAL COMPOSITIONS ARE USED AS REQUIRED WHEN CONTENTS OF SIMILAR REGIONS DIFFER

FIG. 4.0-1

FINE MESH PDQ MODEL OF ATR WITH THREE INCH REFLECTOR SHIM CONTROL
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NOTES:

OUTER REFLECTOR 8

INNER REFLECTOR (SHIM CONTROL) 9
OUTER LOOP REFLECTOR 10
LOBE FUEL 1
LOBE FLUX TRAP MODERATOR 12
LOBE EXPERIMENT AND PRESSURE VESSEL I3
NECK FILLER REGION 14

=

EAST NECK SHIM CONTROL REGION

SAFETY BLADE

EXTERIOR EXPERIMENT FLUX TRAP MODERATOR
EXTFRIOR FXPFRIMFNT

CENTER FUEL REGION

CENTER EXPERIMFNT FLUX TRAP MODERATOR
CENTER EXPERIMENT

THIS MESH IS USED FOR 3000 SERIES PROBLEMS WITH 1764 INTERIOR MESH POINTS IN ONE QUADRANT,

AND FOR 4000 SERIES PROBLEMS WITH 3570 INTERIOR MESH POINTS IN TWO QUADRANTS,

ADDITIONAL COMPOSITIONS ARE USED AS REQUIRED WHEN LUNIENIS OF SIMILAR REGIONS DIFFER

FIG. 4.0-2

PP Co-E-378

COARSE MESH PDQ MODEL OF ATR WITH THREE INCH REFLECTOR SHIM CONTROL
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5.0 EFFECTS OF SHIM CONTROL BLADES ON AXIAL
FLUX AND POWER DISTRIBUTIONS

In considering possible shim control schemes for the ATR, it is
recognized that one of the principal problems introduced by a conventional
mechanical blade-type control is the shift in axisl power and thermal
flux distributions caused by blade withdrawal or insertion during the
course of the operating cycle. The magnitude of the axial perturbations
due to shim blade movement is dependent on the control requirements. As
the amount of burnable poison is increased in the reactor to handle fuel
burnup, the shim control requirements are correspondingly decreased. In
the ATR, the minimum control requirements are established by the amount
of interlobe power balancing needed. :

In order to obtain some information about the axial perturbations
caused by shim blades, two-dimensional calculations in (r,z) geometry
were performed on a one-lobe model of the ATR with PDQ-2. The experiment
described was an A-5 type with a k0% HoO - 60% Al flux trap moderator
annulus surrounding it. Four problems were run-- one with no control
blade, one with a black control blade inserted SO%, one-with a black
control blade inserted 75%, and one with a gray control blade inserted 50%.

In utilizing the results of these calculations, it is assumed that
the axial perturbations caused by a shim blade (of given blackness)
surrounding the outer portion of one lobe of the ATR are approximately
equivalent to the effects of the blade surrounding completely the one-
lobe model. This assumption is considered reasonable in considering
the maximum local axial distortions in the fueled core, and to a lesser
extent, in the experiment.

The thermal and fast group neutron fluxes along the experimental
axis are shown in Figures 5.0-1 and 5.0-2, respectively, for each of the
four cases calculated. The axial power distribution along the experimental
axis, the inside edge of the core, the middle of the core, and the outside
edge of the core, is shown in Figures 5.0-3, 5.0-4, 5.0-5 and 5.0-6 for
each of the cases. The average and maximum-to-average radial power as
a function of core height are shown in Figures 5.0-7, 5.0-8, 5.0-9
and 5.0-10. Figures 5.0-11 and 5.0-12 relate the eigenvalue and .
maximum-to-average axial core power density to rod position for the
four cases.

The nonuniformity, which is the percentage by which the maximum
(or minimum) power varies from the numerical average of the maximum
and minimum power density over a certain length of the experiment, is
presented in Table 5.0-A for two section lengths-- 3 ft and 4 ft.

In order to estimate the gpproximate rod position (or blackness)
required for the ATR, the following assumptions and data are utilized:

1. The case considered is consistent with the TURBO burnout
study. From this study, the initial excess k, excluding that controlled
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by burnable poison, is approximately 12%, of which 8.6% must be
achieved in the reflector for power balancing.

2. The proportionality between reflector control worths for
the one and multi-lobe situations is given in Table 5.0-B.

3. These values were obtained from comparisons of DMM and PDQ-3
calculations. Using the average value of (one-dimensional worth)/(two-
dimensional worth) of 3.35 gives a one-dimensional equivalence of 29%
that must be achieved for power balancing in the reflector.

TABLE 5.0-A

NONUNIFORMITY OF POWER DISTRIBUTION

IN 3 AND 4 FT LONG EXPERIMENTAL SECTIONS

NOTE: Nonuniformity = 100

Nonuniformity, % _
Case 3 ft long Section L4 ft long Section
No rod 34.8 59
Black rod inserted 50% 99.5 99.9
Black rod inserted 75% 82.1 91.3
Gray rod inserted 50% 81.3 ’ 92.2
(Ppax or

min) - IPmax = ijn{
: 2

per cent

2

‘Pmax - Pminl
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TABLE 5.0-B

COMPARISON OF CONTROL WORTH FROM

ONE- AND TWO-DIMENSTONAL CALCULATIONS

‘ keff Ak One-Dimensional
Case Code Clean Poisoned* JAN'< Ak Two-Dimensional
1/2 in. H,0 DMM |1.0417 0.7858 0.2559 -
Annulus PDQ [1.1616 1.0902 0.071k 3.59
3 in. D0 DMM [1.1170 . 0.7524 0.3646 -
Annulus PDQ [1.2129 1.0953 0.1176 3.11
¥50 g/liter of boric acid, §a2 = 0.28756

From Figure 5.0-11 it is estimated that about 85% insertion of
the black rod or 95% insertion of the gray rod is required initially
for control. Using Figure 5.0-12 it is also estimated that the maximum-
to-average axial power density is increased from a "ng rod" value
of 1.35 to approximately 2.1 to 2.5 for the above insertions. During
the initial ten hours of operation the rods must be withdrawn a considerable
amount to compensate for the buildup of xenon. Therefore, it 1is somewhat
difficult to estimate the axial maximum-to-average power density at the
beginning of the cycle. For 50% black rod insertiom, the maximum-to-
average axial power density is reduced from 2.5 to 2.3. As the cycle
progresses, however, the burnup effects will tend to decrease the
maximum-to-average power density, as shown in the TURBO burnout studies.
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6.0 REACTOR BEHAVIOR DURING OPERATION

Several studies were made to determine the reactor behavior during
operation and to establish the feasibility of maintaining the .desired
test fluxes throughout an operating cycle. A two-dimensional TURBO
problem was run to investigate the cycle time and behavior of the
reactor during burnup or depletion of fuel and a second TURBO problem
was run to investigate the reactor behavior after a midcycle shutdown
and subsequent return to full power operation. Previous to the TURBO
problems, several one-dimensional CANDLE problems were run to obtain
estimates of the control requirements for the TURBO problems. CANDLE
problems were also used to investigate the effects during burnup of
having burnable poison in the core and to investigate the core behavior
as a function of power level.

6.1 TURBO Calculations

The two TURBO problems, the burnup TURBO and the midcycle shutdown
and recovery TURBO, were calculated in X,y geometry using quarter core
symmetry. The experimental loading consisted of an A-1 experiment in
the east lobe, an A-5 experiment in the north lobe, an A-3 experiment
in the center lobe, and an A-5 experiment in the northeast outer experi-
ment position. The A-1 experiment had zirconium pressure tubes and all
other experiments had stainless steel pressure tubes. The configuration
used in these TURBO problems is similar to that used in PDQ problem 3001
listed in Table 4.0-A.

At each time step in the problems the eigenvalue and core power
distribution were adjusted by regulating the poison in the various
controls. The required core power distribution given in Table 6.0-A
was chosen so that the approximate flux requirements in the experiments
would be obtained, and a calculated eigenvalue of 1.09 was assumed to
represent a just critical reactor to allow for the variations in eigen-
value due to the various computational expedients which were used. To
save computing time the calculations were made with the coarse mesh
description of the ATR shown in Figure 4.0-2. The TURBO results were
then assumed to show the changes in reaclur behavior during the cycle
and were corrected to those which would have been obtained with the
fine mesh description by means of the PDQ cases comparing the fine mesh
and coarse mesh descriptions. After the TURBO problems were completed
a final adjustment was made on the control poison at each time step.
This final adjustment was made to correct to the required values;,
the power distribution end eigenvalue obtained by TURBO.

6.11 Burnup TURBO

The power distribution in the ATR core can be adjusted to
very nearly the required values by varying the neck control poison as
a whole and the reflector control poison as a whole. Therefore this
method, as outlined in Appendix 12.61, was used in the burnout TURBO
problem in order to eliminate the computer time necessary to obtain
the fine adjustment of power level among the outer lobes.

- 61 -



TABLE 6.0-A

REQUIRED CORE POWER DISTRIBUTION FOR TURBO PROBLEMS

Core Lobe Fraction of Total Core Power
North 0.17
South ‘ 0.17
East 0.21
Weat 0.21
Center 0.24

The pertinent results as determined by the burnup TURBO
problems are given in Table 6.0-B. The final adjusted values are
shown in Figures 6.0-1 through 6.0-8. The eigenvalue which would
have resulted at each time step if all control poisons were removed
was estimated as shown in Section 6.2. Figure 6.0-9 of eigenvalue
versus time was then made after subtracting 0.09 from the values
given in Table 6.0-G of Section 6.2. The results show the feasibility
of adequately controlling the core power distribution for 17 days of
operatior.

At this time all of the neck control had been used and the
power distribution in the outer lobes was regulated such that the
fractional error in power from that desired was identical in. all
outer lobes. At about 26 days all control in the east-west reflector
cystem had been used and omly the eigenveluc could be adjusted by
means of the control . left in the north-south reflector system. All
control was finally used up at about 31 days of operation.

The model used for the TURBO calculations has considerable
excess reactivity remaining after 17 days when control of the core
power distribution is lost. PRy modification of the shim control
designs the initial excess reactivity required for a 17 day full power
cycle can be reduced somewhat below the value of 1.12 used in these
computations- '
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TABLE 6.

0-B

RESULTS FROM BURNUP TURBO-CALCULATION

Eigen- Fraction of Total Core Power

Time Time value Generated in Lobe
Step (days) A Center North Bast

0 0 1.0885 | 0.241k5 | 0.17546 | 0.20382

1 0.417 1.0883 0.23728 0.17732 0. 2040k

2 2.5. 11.0887 0.24177 0.17692 0.20218

3 8.33 1.0937 0.24060 0.17842 0.20128

4 16.713 1.0939 0.23185 0.18332 0.20076

5 - 25.0 1.0908 0.19598 0.19542 0.20660

6 33.33 1.0766 0.16758 0.205636 0.20986

Average Neutron Flux Within %xperiments gt a Core Power of
250 Mw (n/cm® sec x 1071?)

Time Fast Thermal

Step Center North East Center North East
0 1.3348 | 0.8977 0.8350 0.3521 0.2831 1.0724
1 1.3183 | 0.8994 0.8291 0.3491 0.2821 1.0619
2 1.3382 | 0.8971L 0.8170 0.3617 0.2831 1.0594
3 1.3268 | 0.8964 0.7951 0.3767 0.2910 1.0736
4 1.2855 | 0.9126 0.7737 - 0.3924 0.3090 1.0997
5 1.1160 | 0.9526 0.7718 0.3631 0.3353 1.1445
6 0.9909 | 1.0021 0.7742 0.3420 0.3680 |.1.1929.
Time Poison in Necks Poison in Reflectors

Step Ty (cm-1) S (em™1)

0 0.1565 0.0258

1 0.095 0.018

2 0.04k62 0.0163

3 0.0235 . 0.0138

L 0 0.0100

5 0 0.0035

6 0 0
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6.12 Midcycle Recovery TURBO ’ -

+ The operation of the ATR with the core power distribution
determined by the shim contriols introduces the problem of maintaining
this power distribution, after recovery from a power reduction, in
spite of the transient xenon effects. The behavior following recovery
to full power from a shutdown lasting one-half hour after attainment "
of equilibrium xenon was investigated by a TURBO calculation.

The power distribution and subsequent xenon concentration
in this shutdown and recovery TURBO problem is of more importance than
- in the burnout TURBO problem; therefore, for the shutdown and recovery
problem, after the eigenvalue and center power adjustments were made,
the power distribution in the outer lobes was adjusted by varying the
amount of poison in the individual reflector control regionas. The
pertinent results from thic TURBO probiem are lioted in Table 6.0-C and
the finul adjusted values are shown in Figures 6.0-10 through 6.0-1k.
The eigenvalue which would have resulted at each time step if all con-
trol poisons were removed was estimated ag chown in Se¢tion 6.2.
Tlgure 6.0-15 of eigenvalue versus time was then made after subtracting
0.09 from the values given in Table 6.0-H..

The difference in the power densities of the lobes causes
the loss of reactivity from nonequilibrium xenon formation after shutdown
and subsequent return to full power to tend to decrease the power in the
lobe where the highest power is desired (the center lobe) and to increase
it where the lower powers are wanted. .Thus after return to full power it
is necessary to exert all available shim control in the reflector in order
to shift the power as far as possible from the outer lobes into the center
lobe. Then, as the burnup of the nonequilibrium xenon proceeds, more -
control becomes available and it again becomes possible to obtain the
desired power balance between lobes by use of all control regions. The
desired power balance 1s obtained within one-half hour after return to
full power. Immediately after startup the worst power deviation occurs
with the center lobe power being 14% lower than desired and each of the
outer lobe pnwerc being h% Llgher than desired. After burnup of the
nonequilibrium xenon is complete, the xenon concentration will be at a
lower value than when the reactor was shut down and more excess reactivity
is available than at shutdown until equilibrium is again reached.

6.13 Constants and Procedure

The reactor constants used in the TURBO code can be determined
by two general methods: 1) the conctants are reéad In region-wise and
then not varied throughout the calculation (however an additional thermal

with specified epithermal fraction can be read in at each time step
for each region), or 2) the constauts are determined for each mesh
rectangle within specified regions by means of the isotopic densities
within those regions. The first method is used for those regions whose -
constants are unaffected (time independent constants) by neutron irradiation .
and the second method is used for the regions that have fuel or poison burnup
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TABLE 6.0-C »

+ 3
H

RESULTS FROM MIDCYCLE RECOVERY TURBO CALCULATION

Eigen- Fraction of Total Core Power | .
Time Time value Generated in Lobe
B Step | (hours) (N) Center North | East
0 0 1.0889 0.24069 | 0.17042 | 0.20923
- 1 200 - 1.0934 0.24012 | 0.17256 | 0.20738
2 200.5 | 1.0899 0.20689 | 0.18034 | 0.21622
3 200.67| 1.0902 . | 0.22605 | 0.17h405 | 0.21292
I 201 1.0887 0.24371L | 0.16830 | 0.20984
5 201.5 | 1.0894 0.24089 | 0.17080 | 0.20874
6 203 1.0918 0.23677 | 0.17528 | 0.20634
T Lo2,22| 1.089 0.23682 | 0.17102 | 0.21058
. Core Average Neutron Flux within Experiments (n/ cm2 sec X 10—15),
- Time Power Fast . Thermal
Step (Mw) Center North East Center North East
) 0 250 1.3300 0.8756 0.8535 0.3509 0.2761 1.0963
1 2:5 | 0.013247 | 0.008730 | 0.008145 | 0.003752| 0.002831 | 0.011013
2 250 1.1695 0.8939 0.8279 0.326h4 0.2850 1.0851
3 250 1.2612 0.8742 0.8277 0.3554 | 0.2809 1.1104
i 250 1.3459 0.8585 0.8280 0.3818 0.2778 1.1192
5 250 1.3318 0.8702 0.8225 0.3766 0.2818 1.1124
6 250 1.3104 0.8832 0.8124 0.3701 0.2864 1.0994
7 250 1.3123 0.8677 0.8099 0.3995 0.2936 1.1535
Poison in North Poison in East
Time Poison in Necks Reflectgr Reflectgr
Step T, (em-1) Iy (em™) Z, (em™)
0 0.1565 0.029 0.02283
1 0.0235 0.0165 0.0116
2 0 0.0067 0.0022
3 0 0.0115 0.00617
- 4 0.011 0.01885 0.01155
5 0.03k4 0.0183 0.0122
. 6 0.041 0.0152 0.0126
7 0 0.0162 0.0084




AN

or formation (time dependent constants) during irradiation. The time
independent constants are in general the same as those used in the PDQ
studies and are included in Appendix 12.4. However, for the reflector
and neck control regions the constants for pure DoO and pure Hs0 were
used as input and then a thermal Zb was added to these regions at each
time step to adjust the eigenvalue and to regulate the power distribution.

The input for the time dependent constants consists in the
initial atom densities for each region and, if desired, the four-group
microscopic cross sections for each element (if not specified as input,
the code uses built-in four-group microscopic cross sections). The code
then computes the reactor constants for each mesh rectangle within the
time dependent regions as 'specified in the TURBO manual. The input
atom densities and four-group microscopic cross sections along with the
resulting two-group reactor constants as calculated by the TURBO code
at time step zero, are given in Appendix 1°2.5.

For the purpose of the TURBO calculations, it was assumed that
the just critical core should yield a calculated eigenvalue of 1.09, as
discussed in Section 4.2. The amount of poison in the neck and reflector
control regions was adjusted at each time step to achieve the eigenvalue
of 1.09 + 0.005 and the approximate required core power distribution.

The required core power distribution given in Table 6.0-A was calculated
from previously completed PDQ problems by assuming the flux in the cxperi-
ment in each lobe to be directly proportional to the power generated in
“the lobe and then finding the power distribution which would satisfy the
experimental requirements.

After the TURBO problems had been run, it was realized that
the results of some of the PDQ problems could have been used more effectively
to adjust the eigenvalue and power distribution at each time step. Therefore,
‘when the test flux values as obtained from the TURBO results were adjusted
by the coarse to fine mesh corrections given in Table 6.0-D, additional
corrections were also applied. Thus the neck and reflector poison con-
centrations were adjusted such that an eigenvalue of 1.090 and the power
levels given in Table 6.0-A would have been obtained as long as sufficient
neck and reflector control remained. The test flux values were then
corrected for the resulting lobe power level changes by assuming the flux
to be directly proportional to the power in the surrounding lobe. The
method of making this poison adjustment is shown in Appendix 12.62.

1. J. E. Callaghan et al., "TURBO - A Two-Dimensional Few-Group
Depletion Code for the IBM-T7OL4, " WAPD-TM-95, November 1957.
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TABLE 6.0-D

CORRECTION FACTORS TO ADJUST THE

COARSE MESH EXPERIMENT FLUXES TO THE FINE MESH

Fast Flux Factors Thermal Flux Factors
Center North East Center North East

1.130 1.062 1.097 1.238 1.139 0.944y

6.2 Comparison of CANDLE and TURBO Calculations of Keff

Several CANDLEl studies were made to more effectively estimate
the control requirements for the TURBO problems.

The ATR may be considered to consist of two A-l, one A-3, and
two A-5 one-dimensional configurations. CANDLE calculations were
therefore made with each of the three loop types at its respective
local power level. The estimated values of k. pe for a synthesized two-
dimensional model were then determined by weighting the A-1, A-3, and
A-5 values by factors of 2/5, 1/5, and 2/5, respectively. Table 6.0-E
lists these values for comparison with the burnout TURBO problem and
Table 6.0-F 1lists them for comparison with the midcycle shutdown and
recovery TURBO problem.

In running the TURBO problems the k pp Was adjusted to approximately
1.09 by manipulation of the neck and reflector control poison and the no-
control k pp was not determined explicitly. A close estimate was made,
however, by adding to the calculated k.ey, the Akerr associated with
the neck, the north-south reflector, and the east-west reflector
systems. This information is teken from curves obtained from the
PDQ studies. Table 6.0-G contains the tabulation of this estimated
Kepf from the burnup TURBO problem and Table 6.0-H contains this
information from the midcycle shutdown and recovery TURBO problem.
Because of the different poison levels in the two reflector systems
of the midcycle shutdown and recovery TURBO problem it was necessary
to compute in two steps the Akgre due to reflector poison. Thus,
first the Ak gp due to poison in all reflectors was found for the
poison concentration in the east-west reflector system (since these
reflectors had the lower poison concentration) then the Ak pp due to

1. O. J. Marlowe, P. A. Ombrellaro et al., "CANDLE - A One-Dimensional
Few Group Depletion Code for the IBM-T70L" WAPD-PM-53, May 1957.
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TABLE £.0-L

BEHAVIOR OF ONE-DIMENSIONAL AND SYNTHESIZED

TWO-DIMENSIONAL REACTOR MODELS FOR COMPARISON WITH BURNUP TURBO

Estimate of kerpr
. for Synthesized
: CANDLE keff Two-Dimensional Model
Time Time A-1 A-3 A-5 . (Compare with Results
Step|Hours| Days|Power = 52.5 Mw| Power = 60 Mw|Power = 42.5 Mw| From Burnup TURBO)
0 ‘0] o0 . 1.1323 1.1101 1.1134 1.1203
1 10 2 1:1046 L.0831 1.0867 - |, 1.0931
2 60 | 2.5 1.0883 . 1.0676 1.0710 ’ 1.0772
3 200 | R.33 1.0801 ‘ 1.0601 1.0667 1.0715
N Loo | 16.67 1.06L5 1.0355 . 1.056& _ 1.0555
5 | 600 |25 1.0319 0.991k 1.0359 1.0254
6 800 | 33.33 0.9836 - 1.0047 -
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BEHAVIOR OF ONE-DIMENSICNAL AND

TABLE 6.0-F

SYNTHESIZED TWO-DIMENSIONAL REACTOR MODELS

FOR COMPARISON WITH MIDCYCLE RECOVERY TURBO

Estimate of kerf
For Synthesized

CANDLE ke Two-Dimensional Model
Timg Time ACY A-3 A5 (Compare with Results
Step Hours |[Power = 52.5 Mw|Power = 60 Mw [Power = 42.5 Mw| From Recovery TURBO)
o| © 1.1323 1.1101 1.1134 1.1203
1| 10 1.1046 1.0831 1.0867 1.0931
2| 60 1.0883 1.0676 1.0710 1.0772
3 | 200 1.0821 1.0601 1.0667 1.0715
~ 4| 200.5 1.0328 1.0058 1.029_1‘- 1.0259
5 | 200.67 1.0546 1.0324 1.0429 1.0455
6 | 200.83 1.0673 1.0467 1.0520 1.0571
7201 1.0749 1.0546 1.0580 1.06L41
8 | 203 . 1.0865 1.0648 1.0703 1.0757
9 | 400 1.0646 1.0357 1.0565 1.0556
10 4 600 1.0320 0.9915 1.0360 1.0255
11 | 800 0.9837 - 1.0048 -

- 69 -




k. pe VERSUS TIME FROM THE BURNUP TURBO PROBLEM

. TABLE 6.0-G

Time Time Poison in Necks [Poison in Reflectors
Step | Hours | Days 5 (cm-1) % (em™1)
0 o | o 0.1565 0.0258
1 10 Ao 0.095 0.0180"
2 60 2.5 0.0462 Q.0163'
3 | 200 R.33 0.0035 0.0138
b | h0L.11 | 16.71 .0 ~ 0.0100
5 | 600 25.00 0 0.0035
§ 18w  |43.33 0 o i
. Dkerg
Time | Calculated Due to Due to No-Control
Step Keff Neck Poison |Reflector Poison | ~ keff Kerp -~ 0.0964
0 1.0885 0.0339 0.0862 1.2086 1.1122
1 1.0883 . 0.0247 0.0755 1.18685 1.0021
2 1.0887 0.0139 o.o729. 1.1745 1.0781
3 1.0937 0.0077 0.0665 1.1679 1.0715
i 1.0939 0 0.0558 1.1k97 1.0533
5 1.0908 0 0.0283 1.1191 1.0227
6 1.0766 0 0 1.0766 0.9802
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TABLE 6.0-H

kers VERSUS TIME FROM THE MIDCYCLE RECOVERY TURBO PROBLEM

. Poison in Poison in
Time Time Calculated | Poison in Necks | E-W Reflectors | N-S Reflectors
Step | Hours keff S (em=1) S (cm™1) Tp (em~1)
0 0 1.0889 0.1565 0.02283 0.029
1 200 1.0934 0.0235 0.0116 0.0165
2 |200.5 | 1.0899 v 0.0022 0.0067
3 200.67 1.0902 0 0.00617 0.0115
L 2oi.o 1.0887 ~0.011 0.01155 0.01885
5 201.5 1.0894 0.034 0.0122 0.0183
6 203 1.0918 0.041 0.0126 0.0152
T 402,22 1.0896 0 0.0084 0.6162
Akerp
Due to poison Due to
Time Due to Level of E-W | Additional Poison | No-Control
Step |Neck Poison | Reflectors in N-S Reflectors’ Keff Kepp - 0.0962
0 0.0339 0.0826 0.0037 1.2091 1.1129
1 0.00765 0.0605 0.0061 1.1677 1.0715
2 0 0.0200 0.0131 1.1230 1.0268
3 0 0.0415 0.0095 1.1412 1.0450
4 0.0038 0.0605 0.0087 1.1617 1.0655
5 0.01065 0.0623 0.0072 1.1696 1.0734
.6 0.01255 0.0634 0.0033 1.1711 '1.o7u9
7 0 0.0505 0.0111 i.1512 1.0550
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the additional poison in the north-south reflector system was added on.
A comparison of the TURBO results with the predicted effects from the
CANDLE problems is made by subtracting a constant from the TURBO keff

to make kerr = 1.0715 at 200 hours for both the TURBO and for the CANDLE
cases. Figures 6.0-16 and 6.0-17 show these comparisons for the two
problems.

6.3 CANDLE Problems to Investigate-the Effects of Burnable Poison
and Core Power Level '

Several one-dimensional CANDLE problems were run to examine the
burnup or depletion of fuel in a one-lobe model of the ATR. Using the
problem identification numbers these cases were as follows: cases
numbered 3,4,5, and 6 were run to investigate the effects of uniformly
distributed poison, cases 3,7,8, and 9 were used to investigate the
effects of burnable polson placed in the inside two and outside two
fuel places (case 3 was the reference case with no burnable poison),
and cases 2,10,11,12,13, and 14 to investigate the behavior as a function
of power level and after a mideycle power redunction. Problem 15 determiued
the ef'fect on calculated values of using large time steps. The input
parameters for these CANDLE problems are summarized in Teble 6.0-I and
the results summarized in Table 6.0-J.

In each of the CANDLE problems with burnable poison in the core,
the reactor was maintained critical by automatic regulation of the poison
content in the 3 in. reflector control region. The other CANDLE problems
were run with no reflector control, i.e., with an unpoisoned reflector.
The values of kepe, glven in Table 6.0-J and on Figures 6.0-18, 16.0-19
and 6.0-20 are ‘the values which would have been obtained at each time
step if the reflector control poison had been removed at that time step.
Figure 6.0-18 is a plot of kerr versus operating time for the core with
no burnable poison and shows the effect of reflector control on kefr-

The values of k.rr obtained from problem 15 are also plotted on Flgure
6.0-18. This figure shows 1) that the change in burnup dictribution due
to reflector poison has little effect on kepy and 2) that large time
steps may be used to good advantage in some types of problems.

The effect of core power on keps is shown in Figure 6.0-21. In
this figure a separate scale for the operating time was used for each
of the CANDLE problems so that the curves could be compared at equal
values of burnup. This figure indicates that for a change of a factor
of two in core power the variation in Kkefr at equal amounts of total
burnup is negligible.

Plots of keff versus operating time for various amounts of burnable
poison in the core are given in Figures 6.0-19 and 6.0-20, and the
variation of kegpr produced by xenon formation after a midéycle power
reduction is shown in Figure 6.0-22.

The neutron leakage into the reflector of the one-lobe model of
the ATR is greater than into the reflector of the full core model,
therefore the reflector control scheme used in the CANDLE problems
cannot be compared to that of the full core ATR on the basis of
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TABLE 6.0-I

SUMMARY OF INPUT PARAMETERS FOR "CANDLE" PROBLEMS

Blo Concentration ggs:r Reggzi:iiiééni;ially U235 Concentration
Problem (atoms/cm3 x 10-24) (Mw) Burnable Poison (atoms/cm3 x 1024y | Ratio N10/n25

2+ 0 65 0 0.00035136 0

3 0 65 0 0.00035136 0

Ly 0.00000339 65 0.0530 0.00035136 0.00965
5 0.00000678 65 0.1013 0.00035136 0.01930
6 0.00001017 65 0.1k457 0.00035136 0.02895
7 0.00001 44 26% 65 0.0693 0.00035136 0.04106%
8 0.000028852% 65 0.1292 0.00035136 0.08212%
9 0.000043278% 65 0.1815 0.00035136 0.12319%

10+ 0 32.5 0 0.00035136 0-

11+ 0 0.65 0 0.00035136 0

12+ 0 0.325 0 0.00035136 0

13+ 0 48.75 0’ 0400035136 0

1h+ 0 24h.375 0 - 0.00035136 0

15+ 0 65 0 0.00035136 0

* BLO in inner two and outer two fuel plates only.

+ No reflector control used in these problems.




'TABIE 6.0-J

RESULTS OF "CANDLE" PROBLEMS

Operating Control
Time Time Poison Inside Outside
Problem Step (Hours ) Keff (em-1) Power® | Power*
2 0 0 1.2197 0 1.59). 1.901
1 3.5 | 1.2028 0
2 10 1.1839 0 1.60L 1.916
3 20 1.1701 0
L 60 1.1545 0 1.588 1.887
5 120 1.1422 0
6 200 1.1283 0 1.512 1.762
7 300 1.1120 0
8 10O 1.095k 0 1.5400 1.583
9 500 1.0776 0
10 A 1.0583 0 1.290 1.408
11 700 1.0375 0 -
12 800 [ 1.01h47 0 1.183 1.240
13 900 0.9899 0
14 1000 0.9625 0 1.087 1.130
3 0 0 1.2197 0.02047 2.008 1.254
1 3.5 | 1.2025 0.01806 :
2 10 1.1833 0.01567 1.953 1.370 -
3 20 1.1694 | 0.01L00
4 60 1.1538 0.01219 1.865 1.450 .
5 120 1.1h18 0.01080 ’ R
6 200 1.1283 0.0093% 1.700 1.466
7 300 1.1125 0.00777
8 ) 1.0963 0.00632 1389 1457
9 500 1 1.0790 0.00k92
10 600 1.0602 0.0035k 1.296 1.L08
il 700 1.0397 0.00001
12 800 1.0172 0.00091 1.120 1.352
13 900 0.9924 0 -
L 0 0 1.1667 0.01368 1.941 - 1.432
1 10 1.1346 0.01040 1.893 1.538
2 60 1.1121 0.00819 1.817 1.592
3 200 1.0980 0.00675 1.674 1.554
n 400 1.0(75 0.00491 1.483 1.484
9 a0 ] 1.0k99 0.00292 1.302 1.413
6 800 1.0133 0.00074 1.131 1.339

* The power is relative to the

average radial core power,

) " -



TABLE 6.0-J (Cont.)

Operating Control

. Time Time Poison Inside Outside
Problem Step (Hours ) Kerr (cm:ll Power* | Power¥*
5 0 0 1.1184 0.00877 1.879 1.605
1 10 1.0900 0.00637 1.836 1.703
2 60 1.0736 0.00500 1.771 1.730

3 200 1.0701 0.00457 1.649 1.635 .
N 1,00 1.0599 0.00371 1.476 1.509
5 600 1.0391 0.00219 1.303 1.408
6 800 1.0068 0.00039 1.139 1.312
6 0 0 1.0740 0.00580 1.821 1.775
1 10 1.0489 0.00321 1.783 1.864
2 60 1.0379 0.00241 1.728 1.865
3 200 1.0437 0.00273 1.623 1.713
) 10O 1.0428 0.00254 1.L67 1.537
5 600 1.0283 0.00158 1.305 1.400
6 800 1.0002 0 1.14% 1.288
7 0 0 1.1504 0.01260 1.877 1.430
1 10 1.1194 0.00950 1.836 1.534
2 60 1.1009 0.00756 1.775 1.584
3 200 1.0945 0.00667 - 1.658 1.535
N 4C0O 1.0795 0.00517 1.485 1.464
5 600 1.0535 0.00318 1.309 1.401
6 800 1.0167 0.00093 1.1%40 1.336
8 0 0 1.0905 0.00715 1.768 1.592
1 10 1.0639 0.00478 1.732 1.695
2 60 1.0542 0.00387 1.692 1.713
3 200 1.064L 0.00LLL 1.616 1.597
N 400 1.0643 0.00407 1.476 1.475
5 600 1.0465 0.0027k4 1.318 1.384
6 800 1.0136 0.00075 - 1.156 1.307
9 0 0 1.0382 0.00285 1.671 1.754
1 10 1.0152 0.00109 1.642 1.852
2 60 1.0127 0.00085 1.615 1.841
3 200 1.0368 0.00245 1.571 1.661
L 400 1.0500 0.00313 1.465 1.48L
5 600 1.0397 0.00228 1.324 1.369
6 800 1.0106 0.00058 1.170 1.280
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TABLE 6.0-J (Cont.)

Operating Control
Time Time Poison Inside Outside
Problem Step (Hours) Kere (em=1) Power* Power*
10 0 0 1.2197 0 1.591 1.901
Tl 3.5 1.2053 0
2 10 1.1867 0 1.606 1.919
3 20 1.1737 0
N 60 1.1617 0 1.603 1.912
5 120 1.1537 0
6 200 1.1454 0 1.567 1.852
7 300 1.1370 0
8 Leo ©1.1293 0 1.511 1.760
9 500 1.1216 0
10 600 1.1136 0 1.454 1.669
11 700 1.105k 0
12 1 800 1.0960 0 1.398 1.579
13 " 7900 1.0879 0
14 1000 1.0786 0 1.342 1.491
11 0 120 1.1422 0 1.556 1.834
1 122 0.9902 0 1.645 1.913
2 124 0.9158 0 1.698 1.96L
3 126 0.8792 0 1.727 1.993
L 128 0.8637 0 1.741 2.008
5 130 0.8612 0 1.743 2.013
6 132 0.8672 0 1.739 2.010
12 0 120 1.1537 0 1.588 1.887
1 122 1.0736 0 1.633 1.925
2 124 1.0286 0 1.661 1.950
3 126 1.0042 0 1.676 1.964
N 128 0.9929 0 1.684 1.971
5 130 0.9902 0 1.6086 - 1.973
A 132 0.9935 0 L1.684 1.971
13 0 120 1.1k22 0 1.556 1.83k4
1 121 1.1322 0 1.561 1.840
2 122 1.131% 0 1.561 1.840
3 123 1.1320 0 1.560 1.839
L 124 1.1327 0 1.559 1.838
5 125 1.1335 0 1.558 1.836
6 126 1.134%1 0 1.557 | 1.835
14 0 120 1.1537 0 1.588 1.887
1 121 1.1463 0 1.592 1.890
2 122 1.1443 0 1.593 1.892
3 123 1.1440 0 1.593 1.892
N 124 1.1440 0 1.592 1.892
5 125 1.1451 0 1.592 1.891
6 126 '1.1457 0 1.591 1.890
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"TABLE 6.0-J (Cont.) . :

" Operating Control | ‘
I Time- Time ' ‘Poison Inside. | Outside
Problem Step |- (Hours) Kepp - | “(emm1) Power* | Power*
15, 0 e 1.2197 - 0.02047 2.008 1.254 -
1 200 1.1276 0.00929 1.692 1.549L
2 600 . 1.0620 0.00365 1.293 1.L60

¥ The power is relative to the average radial core power.
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absolute poison concentration. Therefore to.obtain a meaningful appraisal
of the power flattening effects of the burnable poison, the shifting
effects of the reflector control poison must be factored out. However,
the power peaking at the edges of the core is & function of both the
poison in the reflector control and the burnout distribution, and from
the information available in these CANDLE problems, these two effects
-cannot be satlsfactorlly separated. Therefore, problem to problem
comparison of the peak power values given in Table 6.0-J cannot be made.’
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7.0 ONE-DIMENSIONAL CALCULATIONS

A number of one-dimensional calculations were made to provide
initial estimates for the two-dimensional calculations. In addition,
parametric studies and supplementary calculations were made with one-
space dimension to reduce computational time. These results are interpreted
by comparison with appropriate two-dimensional cases.

The one-dimensional diffusion theory problems were run with the IBM-650
DMM, a multiregion, multigroup diffusion theory code; and with a similar
code, WANDA for the IBM-TO4. The output of these codes consists of the
eigenvalue for the problem and, if requested, the pointwise flux for each
energy group. Most of the problems made use of a cylindrical model, and
in general, two neutron energy groups were used. In addition to those in
this section, one-dimensional studies are also described in other appropriate
sections. :

7.1 Comparison of Various Methods of Reflector Control

Several different reflector control systems were studied in one-
dimensional cylindrical geometry to compare reactivity worths using
‘various compositions. The DMM models used in this study are shown in
Figure 7.0-1. The compositions of Models A and D are fully described
in Table T.0-A; and, referring to Figure 7.0-1, Models B and C are
identical to Model A with the exception of the geometrical description
of the inner reflector. Model A was used to compare the control worth
of various homogenized beryllium-water-boric acid control systems with
the D20-D3BO3 system. The beryllium systems studied contained either 10%
or 20% water, and the poison in the inner reflector was given in grams
of boric acid per liter of water. Inner reflector thicknesses of 3 in.,
4.5 in. and 6 in. were used in the beryllium plus 10% water study to see
how much more control worth could be obtained by going to a larger control
region.

In an actual system a beryllium-water reflector is not homogeneous.
The water flows through small holes bored through a beryllium block.
Models B and C were set up to try to see what effect this nonhomogeneity
would have on the control worth of a beryllium-water-boric acid system.
Model B was set up with a single coolant annulus halfway through the
inner reflector having a volume equal to 10% of the total inner reflector
volume. Model C was set up with two coolant annuli, one one-third the
way through the inner reflector and the other two-thirds through. The
two annuli had equal volume and the sum of their volumes was 10% of the
total inner reflector volume. Both Model B and Model C were run with
an inner reflector composition (excluding the coolant annulus) of pure
beryllium and of beryllium plus 10% water. The results of the studies
made using Models A, B and C are shown in Table 7.0-B.
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TABLE 7.0-A

DMM CORE DESCRiPTIONS'OF SINGLE-LOBE ATR MODELS

Model A Model D
) ’ Outer v -Outer
Region Composition Radius " Composition "Radius
1 A-1 Exp. 2.54 . A-5 Exp. 2.54
2’ Zr 3.41376 ss + Void 3.4036
3 Void 3.56616 40% Hp0, 60% Al 7.60
ok Zr 3.9116° 0.09% g/cc fuel
‘ © + 0.015 poison 14.00
5 HLO . 7.5997 Al tenk wall 14,3175
6 0.137 g/cc ' : A o
fuel 1. 000 Inner .Refl. 15.5875
T Iuner Refl. Variable Uuter Refl. 100.00
8 DEO 100.00 - -

- 86 -




-Lg_

TABLE. 7.0-B

EFFECT OF REFLECTOR ON keff, MODELS A, B and C

Model A

Models are described in Table 7.0-A and Figure T7.0-1.

Model B Model C
Grams Inner Refl. 3 in. Be|4t.5 in. Be|6 in. Be|3 in. Be|3 in. |3 in. Be|3 in. |3 in. Be
Boric Aci Composition plus plus plus plus Pure | plus Pure | plus
per Liter 3 in. D20 | 10% HoO | 10% HoO 10% HoO| 20% HpO| Be | 10% HpO| Be [L0% HoO
0 1.2877 1.2265 - - - 1.2416 1.1866 - -
1 1.1901 - - - - - - - -
3 1.0917 1.2137 - - - - 1.1657 - -
10 0.9872 1.1787 - - - - 1.1306 - -
15 0.9629 - - - - - - - -
50 0.9213 1.0761 | 1.0699 1.0692 - 1.0865| 1.054%0 - -
200 - 1.0031 - 1.0058 | 0.9491 |1.0365| 1.0092|1.0366f1.0072
NOTE:




If we define the reactivity change introduced by adding poison to
the inner reflector as

A p Kclean - Kpois
(kclean) (kpois)

then the 3 in. D20-D3BO3 system would have a 31% change in reactivity in
going from clean D20 to 50 g boric acid per liter, whereas the 3 in.
beryllium plus 10% water system (homogenized) would only have an 18%
change in reactivity going from clean to 200 g of boric acid per liter
of water. :

It can be seen also from the studies using Models B and C that
the heterogeneity of the beryllium-water system would result in even
less reactivity worth.

It should be remembered here that the one-dimensional case exaggerates
the control worth because only one lobe of the reactor is considered, and
in the actusl ATR;s; the leakage into the inner reflector is much smaller
than predicted by the one-dimensional model. An example of the difference
is the reactivity change in going from O to 50 g boric acid per liter. 1In
the two-dimensional case AP~ 9% whereas the one-dimensional case indicates
31%. It may be concluded from this study that Be + 10% HoO or even Be + 20%
HoO chemical control cannot provide adeguate control of reactivity.

Using the same problem setup as in Model A, five more problems were
run to see the effect of poisoning both the outer and inner reflectors.
Table 7.0-C shows the results of this study. It can be seen that the
total reactivity change in going from O to 50 g of H3BO3 per liter is
very nearly the same as only poisoning the 3 in. inner reflector, i.e., about 30%.
These results are shown graphically in Figure 7.0-2.

Table 7.0-D gives the results of Model D, in which various combinations .
of inner reflector widths and composition were studied. These results are
shown in Figure 7.0-3. The eigenvalues obtained here cannot be compared
directly with those using Model A; however, it may be noted that in the
case with 1/2 in.~H20+H3BO3 inner reflector, Do0 outer reflector, the
reactivity change going from O - 50 grams H3BO3 per liter is:

rp (0 - 50) = 31%

(-2 Effect of Hp0 Contamination of a DoO Reflector

Several problems were run to determine the effect of varying the HoO
contaminant in Dp0 on the reactivity and on neutron lifetime. The
procedure for computing neutron lifetime is discussed in Section 10.0.

In these cases;, ng = 0.0001 and le = 0.000002. The DMM model used
was Model D.discussed in 7.1, with an A-3 experiment. The results of
this study are given in Table T7.0-E.
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TABLE 7.0-C

Keff VS. H3BO3 CONCENTRATION IN BOTH INNER AND OUTER REFLECTOR

Grams/Liter

H3BO3 Keff
0 1.2877
1 . . 1.1003
3 1.0284
10 0.9677
15 0.9522
50 0.9189

NOTE: Calculations-are for Model A of Table 7.0-A and Figure T7.0-1.

g TABLE 7.0-D

EFFECT OF REFLECTOR ON Keff, MODEL D

Inner Reflector Outer Reflector

Poison Poison
Concentration Concentration| Inner Reflector Thickness
Composition|g/liter H3BOz|Composition |g/liter H3BO3|{1/2 in.] 1-1/2 in.] 3 in. | 6 in.

Ho0 0 D20 : o] 1.0417 1 0.9324 0.8625 -
Hx0 1 D20 0] 1.0267 | 0.9028 - -
H-0 3 D20 0 1.0001 | 0.8594 - -
H20 10 D20 0 0.9308 | 0.7825 0.7355| -
Ha0 50 D20 0 0.7858 | 0.6950 -1 -
HoO 200 D20 0 0.7106 | 0.6567 - -
Ho0 -0 HoO 0 - - 0.8414 -
D20 0 D20 0 -. - 1.1170 -
D20 ' 50 D20 o] - .- 0.7524 -

Be + 10% Hx0 0 HoO 0 - - - |1.0479
Be + 10% H20 50 HoO 0 - - - | 0.9005
Hp0 50 Dp0 50 0.7367 - - -

H20 50 Do0 200 0.7239 - - -

NOTE: Model is described in Table 7.0-A and Figure T7.0-1.
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TABLE 7.0-E

EFFECTS OF HpoO CONTAMINATION OF D0

Inner Reflector

Poison Percent HxO
Concentration in D0 Lifetime
Composition|g/liter H3BO3|Outer Reflector| A Clean{A Poison P (1 sec)
Hp0 0 .'25% 1.0420k4|1.03303 |0.00872 317
Ho0 0 1% 1.03512|1.02694 {0.00797 290
H0 0 3% 1.01933{1.01279 |[0.00646 235
Ho0 0 5% 1.00674|1.00128 |0.00545 198
Hpo0 25 .25% 0.84851]0.84542 |0.00365 133
H20 25 1% 0.8L530] 0. 842L5 [0.00338 123
Ho0 25 3% 0.837540.83515 [0.00286 10k
Hp0 25 5% 0.830940.82887 |0.00256 T 91

" This study indicates that even in the one-dimensional model, the
effect of increasing H20 contamination in the D0 does not have a large
effect on either the neutron lifetime or the reactivity.

case the effect would . be much smaller because the leakage into the reflector

In the actual

is smaller in the actual case than in the one-dimensional model.

7;3 Separating Tank Thnickness

Since most of the PDQ problems were run without a separate region
to describe the tank wall separating the inner reflector from the outer
a one-dimensional study was set up to determine the effect of

reflector,

putting an aluminum tank in.

These problems were run using the same reflector

setup as Model D described in 7.1.

Table 7.0-F shows that Ap (due to the addition of 25 g/liter H9B03)

could go down by as much as 20% due to a 1 in. aluminum tank wall. separating

the inner reflector from the outer reflector; or about 10% due to a 1/2 in.
aluminum tank wall.

It should be remembered here that thecse results are for the one-

dimcnsional case.

The effect of a 1/2 in.

aluminum tank wall on Ap due

to the addition of 25 g/llter H3BO3 to the inner reflector would be about

half that indicated in the one-dimensional study.
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TABLE 7.0-F.

EFFECT OF INNER REFLECTOR TANK WALL ON REACTIVITY

Inner Reflector
Poison
Thickness of Concentration
Tank Wall Composition g/liter H3BOR Kerf JaVe]
0 Hy0 0 1.0420 0.219
o H0 25 0.8485
1/4 in. Hx0 0 1.0235 0.206
1/4 in. H0 25 0.8450
1/2 in. Ho0 -0 { 1.0076 0.156
1/2 in. H,0 25 0.8417
4 | ' o
3/4 in. . H0 0 0.9932 0.185
3/4 in. - HYO 25 0.8387 .
1 in. H;0 0 0.9803 0.176
1 in. H-0 25 0.8358 :

7.4 Determination of.Be-HpO Reflector Thickness

A series of thirty-five problems on a model of one lobe of the ATK
was run to determine the thickness of the beryllium reflector for two-
dimensional calculations. It is somewhat difficult to properly account
for the neutrons produced by the (n, 2n) reaction in beryllium so comperisons
were made of two and four neutron group calculations and ‘several schemes
tried for representing the (n,2n) neutrons in order to provide a basis
for comparison with two-group two-dimensional calculations.

The calculations are made for varying thickness of beryllium plus
HoO as coolant around a cylindrical fuel annulus with 0.137 g U-235
per cc. The experimental facility interior to the core contained an A-1
experiment in a stainless steel pressure tube. In all cases the inner
beryllium reflector was surrounded by an essentially infinite light
water outer reflector.

Table T.0-G shows the problem description with the corresponding
eigenvalue. These results are plotted in Figure 7.0-4. From these
studies, the Be-Ho0 inner reflector thickness was chosen to be 6 in.
with a Ho0 volume fraction of 10% which is as iow as heat transfer
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TABLE 7.0-G

ONE-DIMENSIONAL STUDIES OF BERYLLIUM REFLECTORS

Problem Materials No. of Thickness

No. Region 5 Region 6 Groups Region 5 A
1 D0 D50 L - 1.238
2 Be, Be L - 1.304
3 Be + 5% Ho0 Be + 5% Ho0 L - 1.260
L Be + 10% H0 | Be + 10% HpO n - 1.225
5 Be + 20% HpO Be + 20% HoO L - 1.172
6 HoO HpO L - 0.905
T Be + 20% Hp0 | HyO Y 2 in. 1.05k4
8 Be + 20% Hp0 H0 L 3 in. 1.099
9 Be + 20% HpO | HpU 4 4 in. 1.128
10 Be + 20% H,0 | HxO 4 5 in. 1.146
11 Be + 20% Ho0 H0 in 6 in. 1.156
12 Be + 20% 1,0 ' | 120 L 7 in. 1.162
13 Be + 20% HZ0 | H0 4 8 in. 1.166
1k Be + 20% Hp0 150 2 2 in. 1.134
15 Be + 20% HoO | HoO 2 3 in. 1.175
19 Be + 20% HoO | Ho0 2 7 in. 1.235
20 Be + 20% Ho0 Ho0 -2 8 in. 1.238
21 D00 D20 2 - 1.259
22 Be + 10% Hp0 Ho0 L 2 in. 1.070
23 Be + 10% H0 | Ho0 L 3 in. 1.130
2k Be + 10% H-0 | H0 b 4 in. 1.156
25 Be + 10% H-0 HoO L 5 in. 1 1.180
6 Be + 10% H0 | HoO 4 6 in. 1.1%
27 Be + 10% HoO | Hx0 4 7 in. - 1.207
28 Be + 10% HpoN HoN 4 8 in. 1.213
29 Be + 5% Ho0 | H0 L 2 in. 1.076
30 Be + 5% HoO | Ho0 b 3 in. 1.128
31 | Be + 5% H;0 | Hp0 4 4 in. 1.167
32 Be + 5% H0 | Hp0 L 5 in. 1.195
33 Be + 5% Hp0 | HpO L 6 in. 1.215
3k Be + 5% H0 | HpO 4 T in. 1.229
35 Be + 5% Ho0 | Ho0 L 8 in. 1.238
36 Be + 205 Hy0 | H0 | 2 (80V5)| 2 in. | 1.073

, . :
37 Be + 20% Ho0 | Ho0 2 (egfin,g 2 in. 1.106
38 Be + 20% H0 HQO : ' 2 (Z in &ﬁ 2 in. 1.095
v in

NOTE: Models'are described in Table 7.0-A and Figure 7.0-1.
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would permit. It was decided that the proper way to take the (n, 2n)
reaction into account in the four-group scheme was to subtract the value.
of vIjp (calculated by MUFT) from the absorption cross section for the
first fast group, and add it to the removal cross section for that group
To determine the best way to handle beryllium in two-group problems,
three different methods were tried in problems 36, 37 and 38 to compare
with problem 7 (Table 7.0-G). From this comparison it was decided that
it was best simply to ignore the value of vZj¢ calculated by the MUFT
program and use the D, Zj5, Zj,. just as they come from MUFT.

1

7.5 One-Dimensional Calculations of Fluxes in. Experiments

T.51 Effect of Reflector Composition 6n Experiment Fluxes

Two modcls, described in Table 7.0-4A, with different reflector
compositions but with roughly the same eigenvalue were used to observe
the effect of the reflector on the test fluxes. The first case had a
3 in. thick inner D20 reflector with 3 g of boric¢ acid per liter and an
eigenvalue of 1.0917, and the second case ‘had a 90% Be + 10% HoO reflector
with 50 g of boric acid per liter of H2O and an eigenvalue of 1.0761.
Table 7.0-H gives the results of this comparison, where the fluxes are
normalized to the same core power in both cases.

TABLE 7.0-H

EXPERIMENT FLUXES VS. REFLECTOR: COMPOSITION

D0, + 3 g/liter Be + Ho0 + 50 g/liter
By ' 1.803 | 1.782
o 2.194 . 2.290
pi/po 0.822 0.778

The change in both the fast and thermal fluxes is small and
there is about a 5% change in the fast-to-thermal flux ratio in going
from DO to beryllium in the reflectors. It should be noted that the
experiment is in the center of the core and thus the effect should be
even more than in the actual case.

T. 52 Effect of Moderator Composition on Fast-to-Thermal Flux
Ratioc in Experiment

A series of problems was run using the same problem sétup
as listed in Table T7.0-A, Model A with region 5 varied from pure HoO

1. Personal communication with Glen E. Putnam of Internuclear Company.
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to 10% Ho0, 90% Al. Both inner and outer reflector regions contained
pure DoO (0.25% Ho0). The results of this study are given in Table
T7.0-I. This information was used to help determine an optimum metal-to-
water-ratio to use in the two-dimensional cases to obtain a ¢f/¢s ratio
of one in the A-1 experiment with the zirconium tube.

TABLE 7.0-I

EFFECT OF HoO CONTENT OF MODERATOR ANNULUS

ON FAST-TO-THERMAL FLUX RATIO IN EXPERIMENT

Aluﬁigﬁg-;zter ¢f/¢s
Moderator Annulus Experiment
10 3.8195
20 2.8298
70 1.1260
90 : : 0.8962
100 ‘ _ ' 0.8145

Figure 7.0-5 shows the curves of the fastefo0-thermal-flux
ratio versus the percent water in the moderator annulus for A-1 experi-
ment with stainless steel pressure tube, A-1 experiment with zirconium
pressure tube, and A-3 experiment with stainless steel pressure tube.

Also, sevcral problems with different setups were run to
delermine how to get a desired fast flux or the fast-to-thermal fiux
ratio in an experiment. These problems were run prior to any two-
dimensional studies and were exploratory in nature. Table T7.0-J gives
a description of each problem and the results are listed in Table 7.0-K.

7.6 TFlux Peaking Due to Safety Blade

A one-dimensional problem was set up to obtain a flux'plot across a
fuel element located next to a safety blade of one proposed design. This
problem was run in slab geometry as & cell problem, with x = o located
at the center of the safety blade (poison section withdrawn) and the
outer boundary located approximately in the center of the fuecl element.
Figure 7.0-6 shows the results of this study along with the dimensions
and composition of each region. This study shows that the maximum-to-
average thermal flux due only to the safety blade follower is about 1.25.
Therefore, the final detailed design should be such that most of this '
peaking is eliminated.
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TABLE 7.0-J

PROBLEM DESCRIPTION FOR ONE-DIMENSIONAL FLUX CALCULATIONS

. Region 6| Region 7 I\R,egion 8
[Probl Region 1 |Region 2|Region 3]|Region 4| Region 5 Fuel “Inner Outer |
No. Experiment| Metal Void .Metal | Moderator In. Reflector| Reflecton
1001 A1 ss | Void 55 |H 2-1/2 | Hx0 HL0
1002 A-1 Zr " Zr |E0 2-1/2 | B0  HO
1003 A-1 Zr " Zr | Be+l0% Hy0| 2-1/2 |H,0 H,0
1004 A-3 86 " ss |60% Al,L40% o
HxO 2-1/2 | HxO Hy0
1005 A-3 ss " 58 " 2 H0 HnO
1006 A-1 SS " ss Hp0 2 Hp0 H0
1007 A-3- ss " S8 60% Al, 40% Ho0+3 g/l
Hx0 2-1/2 | H3BO3 H0
1008 A-3 58S " ss " 2 " H;0
1009 A-1 §s " ss Hx0 2 " HA0
TABLE 7.0-K
EXPERIMENT FLUXES IN ONE-DIMENSIONAL MODELS
Average Experiment
’ Flux Normalized to kepr X Maximum
?iﬁi;‘:;lg’éizs 100 g‘/’cggr:eiower Average Flux to
Prﬁsfem ket [ e s |B:/Ps Pz x 10710 |fs x 1070 ¢§ fo§f§f pi §o§f§f cﬁiirﬁfix
1001 |[1.241| 711.0| 451.5{1.575| 1.164 0.739° 1.445 0.917 ‘2.23
1002 {1.280| 757.1(1027.3/0.737| 1.215 1.649 1.555 2.111 - 2.17
1003 (1.328 936.0| 574.0]1.631] 1.426 0.874 1.89h '1.161 2.32
100k |1.276] 939.7| 306.9(3.062| 1.u89 0.486 1.900 0.620 2.36
1005 [1.215[1087.2| 356.1{3.053| 1.832 0.800 2,206 0.729 2.15
1006 |1.182| 815.4| 518.0(1.574| 1.421 0.903 1.680 1.067 2.00
1007 |1.033{1013.1| 328.1|3.088| 2.054 0.665 2.122 0.687 1.71
11008 10.952]1158.4 374.6[3.092| 2.575 0.833 2.451 0.793 1.59
1009 |0.943| '868.8] 546.8|1.589| 1.957 1.232 1.845 1.162 2.08

\C
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8.0 VOID AND TEMPERATURE COEFFICIENTS OF REACTIVITY

8.1 Void Coefficients

The temperature coefficient of reactivity is determined by the net
balance of a number of positive and negative effects but in ATR is pri-
marily due to changes in the density of the coolant and moderator fluids
in the reactor, i.e., by the void coefficient.

Moreover, the possibility of boiling at various locations and the
introduction of cooler and more dense water into the different regions
of the reactor place additional emphasis on a knowledge of the void
coefficient of reactivity. The variation of the void coefficient of
reactivity with position (mainly radial position) allows the further
possibility that the reactivity change can be different in sign as well
as magnitude if boiling in a region takes place uniformly rather than
near some hot spot near the surface of the region.

The void coefficient as a function of radial position in single
lobe models of ATR has been determined with a series of one-dimensional
diffusion theory studies performed using the WANDA-L code. Two models,
as described in Table 8.0-A, have been considered; the first has an A-1
test with a zirconium pressure tube and the second has an A-5 test with
a stainless steel pressure tube. The studies are based on the simpli-
fying assumption that initial study of void coefficients in a single
detached lobe can be directly related to those of the complete reactor
by the effect of reactivity change in one lobe upon net reactivity of
the complete reactor. The reactivity changes for the single lobe model
as listed in Tables 8.0-B and 8.0-C are about three times the corres-
ponding values for ATR. '

All void coefficients were calculaotcd from the difference in the k
value (calculated by the WANDA-4 code) of the "reference" reactor and
the reactor with a small-finite change in the Hpo0 and D0 density in
some radial annulus. In the test region, the fillcr and the cuie, Lhe
change in reactivity (k) was observed for a change in the density
throughout the region, in only the inner l/h in. of the region, and in
only the outer l/h in. of the region. A complete 1ist nf all of the
cases run is given in Tables 8.0-B and 8.0-C, together with the Ak
values which reaulted. Also listed in these tables are the values
Nk/AV and Ak/v for each case.

The void coefficient of reactivity is assumed to be simply Ak/AV,
where Ak is the observed difference in k equal to k-kg (ko is the k of
the reference case), and AV is the effective void which results from
the change in HpO or D20 density. For example, if the Ak results from
chahging the H20 density in a regilon fronlﬂo to 0.75 FB’ the AV is
simply 0.25. Hence, AV is the fraction of the Ho0 which is replaced by
void.
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In order to obtain a meaningful measure of the radial position
dependence of the void coefficient, a set of numbers termed Ak/v was
also computed. These numbers represent the change in k produced by
adding one cm3 of void per cm of reactor length at each of the respec-
tive positions. Hence Ak/v = Ak/(AV x Volume of region perturbed).

Whether the lobe contains the A-1 or the A-5 test, the positive void
coefficient in the test 1s reassuringly small and relatively constant
with radial position. Cases 1k and 35, respectively, refer to the
entirely dry test region for the A-1 and A-5; and in both of these cases
the Ak is less than that needed for prompt neutron reactivity. The A-1
test has the higher void coefficient by about a factor of 3.5 as compared
with the A-5 test, but when even the A-1 is dry the reactivity increase
is more than a factor of 3.0 away from that needed for prompt criticality
of the single lobe model. )

In the 40 per cent H20-6O per cent aluminum filler which is used with
the A-5 test, the void coefficient is small and it is positive only at the
extreme inside boundary (near the test). The void coefficient for voids
distributed uniformly is negative and it apparently becomes more and more
negative toward the core. However, in the 100 per cent Ho0 filler used
with the A-1 test the void coefficient is rather large and positive
throughout the region with the highest value at the boundary near the
test.

The indication is that a uniform distribution of about 16 per cent
void in the A-1 filler region represents enough Ak to meet the usual
criterion for prompt criticality (about .72 per cent Ak/k) in a single
lobe model. There is considerable reassurance, however, in the fact that
such a reactivity rise would have to occur relatively rapidly and in all
lobes simultaneously in order to be hazardous and considerable bulk boil-
ing would have to occur in order to attain this void fraction. In
addition, the possibility of nucleate boiling in the region adjacent to
the core or the test does not appear to represent a hazard even should
it occur, for the results indicate that about a 100 per cent void fraction
is necessary in the 1/b4 in. layer near the core or near the test in all
lobes at the same time in order to meet the usual conditions for prompt
criticality.

Two kinds of dependence are indicated for the void coefficient in
the core. First, the coefficient becomes much more negative in the center
of the core annulus than at the edges; and, second, the coefficient be-
comes more negative as poison is added to the control region outside the
core. The void coefficient for uniform distribution of voids in the core
is over twice as large as the value near the edges, and the average core
void coefficicent with 8 g/liter of H3BO3 in the control region is about
-twice as large as the value obtained with the control region clean.

In the control region, the void coefficient near the core is nega-
tive whether or not the reflector control is poisoned and it is only
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slightly more negative when it is unpoisoned. In the unpoisoned case,
the void coefficient remains negative throughout the control region, ‘but
it becomes positive enough in the poisoned case to cause the void
coefficient for uniform control region void to be a small positive -value.
It is evident that decreasing the density of poisoned reflector control
(uniformly) causes as large an increase in neutron leakage losses as a
decrease in thermal neutron absorption.

In assessing the results of Tables 8.0-B and 8.0-C it should be
kept in mind that they apply to a single annulus model. The change of
reactivity for the same change in void in one annulus of ATR is roughly
one-third that of the corresponding value in these tables. The delayed
group of neutrons from the reflector makes reactivity. insertion' for
prompt criticality considerably greater than the usual value of .72
per cent Ak/k.
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TABLE 8.0-B

VOID COEFFICIENTS FOR SINGLE-LOBE MODEL
WITH A-1 TEST AND ZTRCONIUM LOOP

- €0T -

‘IPerturbation, Ay Volume o
Case Perturbed =Void Fraction Water Region AK 102 K x10t
No. Region of H0 Fraction| (cm3/cm K £gx102 A HQO
0 Reference Case .91573148
1 Inner 1/L4" of Test 0.25 0.515 1.2668 | .9157802L|+.004876 [.01950k | +2.9897
2 Entire test 0.25 0.515 20.2683 | .91653108|+.079960 |.31984 +3.0641
3 Outer 1/4" of test 0.25 0.515 8.867h | .9160965 |+.036502 [.14601 +3.1973
I Inner 1/4" of filler 0.10 1.0 ik.2527 | .9165L06 | +.080907 |.80907 hS56.766
5 Entire Filler 0.10 1.0 105.46 .92034215| +. 461067 14.61067 H43.720
6 Outer 1/4" of Filler 0.10 1.0 26.6021 | .91667063|+.093915|.93915 |35.30h
7 Inner 1/4" of Core 0.10 0.556 31.6692 | .91519423] -.05372k |-.53724 | -3.0510
8 Entire Core 0.10 0.556 |L30.7012 | .891ks217|-.24k27933-24.2793 |F10.1388"
9  |Outer 1/4" of Core 0.10 0.556 5h.4710 | .91432276| -.140872 [-1.40872 | -4.651k
10 Inner 1/4" of Control 0.10 1.0 59.5381 | .91523149|-.05000 |-.5000 -.83978
Region
11 Entire Control Region 0.10 1.0 881.6705 | .91597369( +.024221 |+.2k221" | +.02747
12 D50 Reflector 0.10 1.0 31,693. .912186411 -.354507 |-3.54507 | -.01119
13 Control Region and 0.10 1.0 32,575. .91164447| - . 408701 |-4.08701 | -.01255 °
D20 Reflector :
14 Entire Test 1.00 515 20.2683 | .9179775 |+.22460 [+.22460 | +2.1517
15 Middle 2" of Core 0.10 556 3hh.§§50 .89354987| -2.218161-22.18161] -11.5784
%16 Reference Case . 220170k
17 Middle 2" of Core 0.10 0.556 |344.5610 [L.2091922 {-1.09782 |-10.9782 | -5.7304
18 |Entire Core 0.10 0.556 |430.701 fL.210k61k |-.9709 [|-9.709 -4.0543
19 Inner 1/4" of Control 0.10 1.0 59.538L 1.2193461 [-.082k2 |[-.8243 -1.3845
Region .
20 Entire Control Region 0.10 1.0 881.6705 [L.2106277 {-.95427 [-9.5Lk27 | -1.0823
21 D0 Reflector 0.10 1.0 31,693. [1.1981379 |-2.20325 [-22.0325 | -.069518
22 Control Region and 0.10 1.0 32,575. .1877533 | -3.24171 |-32.4171 | -.099515
Do0 Reflector

* In cases O through 15, there are 8 grams of H,BO /llter in the control region;
In cases 16 through 22 there is no H3BO3 in tge control region.
VEXO = AV x Water Fraction
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TABLE 8.0-C
VOID COEFFICIENTS FOR SINGLE-LOEE MCIEL

~ WITH A-5 TEST AND STAINLESS LOOF

Perturtation,Ay Volume of

Case Perturbed = Void Fraction| Water Region DK 1D JAV'S N
No. Region of Hx0 Fraction| (cm3/cm) K DKx102 ZS\—IX 10 VH,0 X107
23  Reference Case .8732584

24 Inner 1/4" of Test 0.25 0.515 1.26677| .8732615 .00031 | .0012k4 .1903

25 Entire Test 0.25 0.515 20.2683 | .8734875 .02291 | .09162 BT177

26  Outer 1/4" of Test 0.25 0.515 8.8674 | .8734006 .01hk217] 05687 | 1.2452

27 Ianer 1/4" of Filler 0.3575 1.0 25.6779 | .8732750 .001655| .004629 | .01803

28 Eatire Filler 0.3575 1.0 116.8853 | .8729031 | -.035537|-.09940 | -.0850L

29  Outer 1/4" of Filler 0.3575 1.0 26.6021 |.8731346 | -.012384{-.034641 | -.1302

30  Inner 1/4" of Core 0.10 0.556 31.6692 |.8718496 | -.14088 |-1.4088 | -8.0011

31 Entire Cors 0.10 0.556 430.7012 |.8443828 {-2.88756 |-28.8756 |-12.0581

32 Outer 1/4" of Core 0.10 0.556 54,5710 |.8716190 | -.16395 |-1.6395 | -5.4133

33 Inner 1/4" of Control 0.10 1.0 59.5381 |.8727535 | -.05050 |-.5050 -.84813

Region
34  Entire Control Region 0.10 * 1.0 881.6705 | .8733043 .05459 | .5459 .06191.
35 Entire Test 1.0 0.515 20.2683 | .8738670 .060857| .060857 | .5830

Note:

Tn ceses 23 through 35 (inclusive) there

VHEO = AV x Water Fraction.

are 8 grams of H3BOg/liter in

control region.
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TABLE 8.0-A

SINGLE-LOBE MODELS FOR THE VOID COEFFICIENT CALCULATIONS

A-1 Test and Zirconium Loop

A-5 Test ané¢ Stainless Steel Loop

Outer Outer
Radius Radius
Fegion No.. (in) Composition (in) Composition
1 1.0 A-1 Test 1.0 A-5 Test
2 1.536 Zircalloy 2 -(+ homogenized void) 1.34 Stainless steel (+
homogenized void)
3 2.75 Filler of H20 2.75 Filler of 40% H 0 and 60% Al
L 3.00 Aluminum | 3.00 Aluminum
5 5.50 Core 5.50 Core
6 5.75 Aluminum 5.75 Aluminum
7 8.75 DO Control region 8.75 D0 Control region .-
8 40.50 DO Reflector . 40.50 D0 Reflector
9 43.50 Stainless Steel 43,50 Stainless Steel




8.2 The Components of the Temperature Coefficient -

Estimates of the major components of the temperature coefficient in
the core of one lobe of the ATR have been made. The results, together
with the calculated or assumed constants, are shown in Table 8.0-D. The
lobe contains the A-1 test, zircalloy pressure tubing, the normal fuel
loading, and 3 grams/liter of D3BO3 in the 3 in. D20 control region.
Keff of this reactor-is 1.0127; the model is similar to that of Table

0-A.
MAJOR COMPONENTS OF THE TEMPERATURE COEFFICIENT
(in the Core of a Single-Lobe Model of the ATR)
Effect . %% x th(ﬁg) , Formule for %%
Thermal : ‘
——— . AGy o5
U-235 Abs. + h.32k4 ( ) (N5 ) (—3=2)
0.874 Ay o
U-235 Fiss. - 5.198 £25
. (A_—)(N25)(——ZT_)
U-238 Abs. + 0.011 ( )(N28)( a28)
AL,
. Ag ,
Hp0 Abs. + 0.277 (& =) (Mg )( 25)
. - Ao
%A1
Al Avs. + 0,139 (%KE;)(N,Q( )
Boron Abs. + 0.34k9 . ( )(z ) A"thl&)
(Spl4 -015)
Xe-135 Abs. + 0.164 ‘ )( Xe)( a X
+0.147 ,
. , AT S
55-149 Abs. - 0.017 (%)(Nsm)(—gT—SE
(more):
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" Table 8.0-D (Cont.)

Effect s % x 101‘(%) .+ Formula for %
[Resonance :
| AK : - 1 aUa.
U-235 Abs. - 0.255 (Zg)3(N25)(°a25)(BE )
+0.05k4 :
o | S AK .1 9%
U-235 Fiss. . | + 0.309 (@)3(1\125)(,%25) (= 52)
a
‘ o
U-238 Abs. | - 0.010 (%Kz"_)3(N28)(°a28)3('°§ ;Ta)
a -
n 6 | 2heE y P,
uminum - 0.165 - =
Expansion 3 Theal or
*® dpy
H,0 Expansion | - 0.752 (ﬁKp )( arzo)
. Hp0
Total Thermal + 0.049
Total Resonance + O.OLh
Total Expansion - 0.917
GRAND TOTAL - 0.82k4
* gHQO = (fv{oid)( ) }Ji?o), where MNoia is the void coefficier_xt, and
PHO = 0.9633.
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The total temperatpre coefficient of -O. 8eh x 1074 &K/OF includes
the effect (0.349 x 107" AK/OF) of an amount of burnable poison (boron)
in the core such that Zj), of boron equals 0.015 cm -1, Otherwise, the
temperature coefficient excluding Al and H20 expansion effects would be
negative. - . .

It is to be noted that the expansion effect is the most significant
part of the temperature coefficient and that the results of previous
studies show that this part of the coefficient can vary from about one-
half the present value (when that is no D3BO3 in the control region) to
about twice the present value (when the control region is fully poisoned).

8.2.1 Methods and Assumptions

To obtain the "thermal" and "resonance" effects; i.e., the
effect of changes in microscopic cross sections due to temperature, four
WANDA-4 cases were run in which Zglk, vZ&A, Zg3s and vLgy Were changed,
one by one, and compared with the case in whlch noé chanée veewred. The
results are tabulated in Table 8.0-E. Also, in this table is the result
of a WANDA-U4 case in which the HO density was reduced to 9/10 of the
usual value; the resulting void coefficient is the basis of the "expan-
sion" components of the temperature coefficient.

TABLE 8.0-E

WANDA-L PERTURBATION RESULTS
FOR TEMPERATURE COEFFICIENT CALCULATIONS

Case No. - Perturbation K NK %5 or -ZQE———
: void

iho None 1.01273 - --

11 - -9p H0 in core 0.9941Y | -0.01854 - 0.10%54

- (void coeff.)

12 AZg) = -0.01437 | 1.09822 | +0.08549 - 5.9492

143 O%p) = -0.01101 | 0.92219 | -0.090539 + 8,202

i AZy3 = -0.001271 1.02006 | +0.007334 - 2:771

145 AZp3 = -0.00071k | 1.00503 | -0.007696 +10.778
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It is assumed that all changesvih'diffusion constants are
small compared with those which result from the expansion of HpO, hence,
all leakage effects are neglected except those which are directly
related to the void coefficient. The 2/3 factor in the aluminum expan-
sion component derives from the fact that expansion of aluminum in the
axial direction causes no HpO displacement, so that 1/3 of the expansion’
coefficient of aluminum is omitted. ‘ ‘ T L

AMlteration of the neutron leakage due to axial core expansion
is neglected because the cori éi 100 long for the effect'tgibe signifi-
cant (1B is about'0.03 and —gf for aluminpm is 4.3 x 1077/OF71). The
B® change might represent about +0.03 x 107' Ak/CF. . .

The Doppler coefficient used is 190 _ +4.0 x lO-u/OF, and is
the upper limit (in absolute value) of the ~ measured volume absorp-
tion values for U-238 metal. This value represents, therefore, only a
conservative guess in an attempt to obtain an "order of magnitude" upper
limit for this effect in the present core. 'The values of 0g3 and 0e3
for U-235 and U-238 were taken from MUFT-IV data. The valueS are: )
0g3(U-235) = 4L.9 barns, of3(U-235) = 29.2 barns, and oae(U5238) = 25.0
barns. :

The changes in microscopic absorption and fiésion cross
sections with regard to temperature were derived from WAPD-185 data
(SOFOCATE results) and for each element AJ/AT is simply the observed

chenge in ¢ for a change from 68°F to 260°F divided by 260 - 68 = 192°F.

‘Table 8.0-F lists the basic data (and computed values of

AG/AT) from WAPD-185 and opposite each element is the atomic density
used in the formula for AK/AT.
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TABLE 8.0-F o
DATA FOR COMPUTING AY/AT (THERMAL)
}(Am'= 192°F, Values for Nps/Ny = 0.005)

. Element Value at Value at | | ag(b) lO'QuN
Cross Section| 68°F (b) 260CF(b) Ao (b) | ATOF (atoms /cm3)

0azs - | 481.8 uok.9 . |-56.9- | -0.295k 0.000246

orps A 4311.5 362.0 - [Okk.5 -0.2570 0.0010177 -
0228 : -0.001084 0.0000177

Values computed from ‘ - .
IuH .data of unit 1/v. : -0.00013 0.03577
- - — absorpllon cruss section -
OaAl : : -0.00009 0.026

; : AL »
25 boron | AT A -
' 5.87x10- 1

0a xe | 2-280x10° | 2.1hkx105| -0.1k5x106 é 3.67x1077
s sm | 65,510.0 | 67,910.0 |2,400.0 | 12.46 2.29x10-8
og(unit 1/v) | 0.7355 | 0.6611 -0.0754 -o.oooo3u%5 --

(Yoot Y7)( Zeuoe,)(1.16)

Nye was computed from

(%xe+0xe®th)

b _ 0kc _ o -5 nd o e
with: Y.+ Y= .069, Zp), = 0.108, A = 2:9 %1077, and o =
. o 17 .

2.2 X 10—10 em”. JNCE computed from(SO(zw{ég?éax%?v ijglss)
: 4/ core
with V = 5.25 x lO6 em3; hence o, = 2.37 x lOlu n/cm2—sec.
‘ core . ’ ’ th -
Y S, (1.16)
sm“fh~th .
NSm was. computed from o with Ysm = 0.014 and Osm
20 2

= 6.6 x 10°°° cm“.
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8.3 Two-Dimensional Calculations of Temperature Coefficients in the ATR

The temperature coefficient of reactivity was studied using the
PDQR-3 code with a quarter-core model of the ATR. This study was made to
supplement and confirm the one-dimensional studies of the vold coeffi-
cient of reactivity as well as the temperature coefficient calculation
by the component technique. By using a coarse mesh description and
symmetry about the diagonal, it was found that convergence could be
obtained in a reasonable length of time even with the small convergence
criteria required. 1In addition to an overall temperature variation in
the entire reactor, the temperature was varied in selected regions so as
to get the position dependence of the temperature coefficient.

Two-group constants were determined for each region for lOOOF, léOOF,
and 200°F. The MUFT-IV code was used to determine fast group constants
by using the atom densities appropriate to each temperature. All solid
materisl atom densities were assumed not to change with temperature.
Average Maxwellian constants were determined for the thermal group by
averaging over the appropriate spectrum. The outer reflector control
region had 5 grams per liter of D;BOz. The other regions were all clean
except the core which had some burnable poison.

The PDQ model selected for this study is the same as in Figure 4.0-2.
A-5 Experiments with stainless steel were considered to be in the north
and east lobes, an A-5 experiment in the outer lobe and an A-3 experiment
in the center. The fuel density was the same as in the one-dimensional
model with a, total U-235 mass of 25.2 kg. The reference temperature was
taken as 160 F because this was thought to be near the operating tempera-
ture of the ATR. When selected regions were studied all other regions
were held at 160°F except the region being perturbed.

These studies give an overall overall negat1vi temperature coef-
ficient in going from 100°F to 200°F of -.34% x 10~% Ak/OF. Case 3023
had the reflector shim control region and the entire outer reflector
perturbed by increasing the temperature to 200°F giving a Ak of
.063 x 10-2 while, when the temperature of the reflector shim control
region alone was increased as in Case 3031, the Ak increased to
.081 x 10~2. This means that the reflector shim control region has a
positive temperature coefficient while the outer reflector has a nega-
tive temperature coefficient. This same result was found in the one-
dimensional void coefficient study. The fueled region had a negative
temperature coefficient while the flux traps and neck regions had a
positive temperature coefficient.

The atom density change of hydrogen and oxygen in going from 160°F
to 200°F corresponds to a AV of .01k or this is the fraction of the Hp0
that would be replaced by void if the temperature effect was considered
as only redueing the water density. Now, 1f wc compute V which is the
total volume of void in each region and divide this into Ak, we get the
change in k produced by adding one cm3 of void per cm of reactor length
at each of the respective positions. In Table 8.0-G we have three com-
puted values for three different regions. <The problem in which the
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TABLE 8.0-G

TWO-DIMENSIONAL TEMPERATURE COEFFICIENT CALCULATIONS

1

100

Casé v e Temp. Ared of HpO

No. Perturbed Region cy K p102 |AFx102/AT | AKx10%/v | in Reglon om
| 3020 | Reference case 160 |1.13935

3029 |Entire Reactor 200 }1.13770 |-.165 - | -.00k1

3030 |Entire Reactor 100 |1.14117 |+.182 -.0030

3023 | Reflector Contrcl & Outer Refl. | 200 |1.13998 +;063 #.0016

f302u Reflector Control &'Outer_Refl, 100 |1.13827 |-.108 +.0018

3031 | Reflector Control | 200 |1.1k016 |+.081 +.0020 . ;i0277 502.0

3032 Refiector Control 100 1.13805 -.130 +.OQEE

3025 | Fueled Region 200 |1.13331 | -.604 -.0151 | -.3408 307.6

3026 | Fueled Region 100 |1.14781 | +.846 -.01h41 .

3027 | Flux Traps & All Neck 200 |1.14141 | +.206 +.0052 +.3972 90.9

3028 | Flux Traps & All Neck , 1713632 -.303 +.0051




reflector control region was- perturbed -agrees very well both in sign
and magnitude with what was obtained in the one-dimensional studies,
while for the core and inner reflector and flux trap regions we get

agreement in sign but tng.magnitudes‘aiffer considerably.

In conclusion, we can state that we have agreement in sign in all
cases in which we compare the one-dimensional studies with the two-
dimensional studies. We would not expect the magnitudes to agree too
closely because of geometry, and the general approach that was taken
in the two studies. In the one-dimensional studies, quite severe
perturbations were introduced; i.e., voids of 10 and 25%, while the
two-dimensional studies were involved with temperature changes from
}OOOF to 200°F. 1In this temperature range, the water density does not
change radically with temperature. :

In the study on the components of the temperature coefficient for
. the ATR core regionuonly6 an overall temperature coefficient for the
core of -.82k % 1077 Ak/"¥ was obtained. These twp-dimensional studies
gave a core temperature coefficient of -1.45 x 107 Ak/CF which is in
good agreement. It was pointed out in that section that the expansion
effect is the most important component of the coefficient and it would
be increased; i.e., made more negative, if the reflector shim control
regions were poisoned. These two-dimensional studies had 5 grams per
liter of D3BO3 in reflector control regions which is a significant
amount of poison. Thus, we would expect the temperature coefficient
of the core computed by the component technique to be very close to
the PDQ-3 core temperature coefficient.
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9.0 XENON INSTABILITY

When the core of a high flux reactor exceeds a certain size
xenon instability can cause the power distribution to oscillate. 1In .
large power and production reactors this problem has been recognized for
some time and a number of references to previous work on xenon instability
are listed at the end of this section. In previous test reactors the
neutron flux levels and core sizes have been such that xenon instability
has not been a problem. However, in the ATR the high thermal flux level
in the core, the loosely coupled lobes and the 4 ft core height make it
necessary to investigate the possibility of xenon oscillations.

These oscillations can occur under some conditions because of the
delay between a change in the thermal neutron flux and the resulting
change in the production of xenon-135 with its very high absorption
cross section. When an incréase in the thermal flux occurs in a region
of a core the Xe-135 concentration promptly decreases because of the
increased burnup while at the same time the rate of formation of iodine-135,
the precursor of Xe-135, is increased. Since nearly all of the xenon is
produced by radioactive decay of ilodine with a 6.7 hour half life there
is a delay between the increase in the flux and the increase in the xenon
production. In a reactor with fixed fuel both Lhe prompt change in burnup
and the delayed change in production of Xe-135 at any location in thc
reactor are related to the flux change in the same region.

In a slab reactor sufficiently long that xenon oscillationsg occur
the core can be considered, for purposes of explanation, as divided into
two halves, say top and bottom. The total power is held constant but no
control is exerted over the power in the individual halves. Assume that
a small increase in flux occurs in the top half. This increase has the
prompt effect of decreasing the xenon concéntration in this puarl ol the -
reactor while increasing the amount that will appear later. The decreased
Xxenon concentration lowers the neutron absorption and thus ilncreases the
flux which in turn further decreases the amount of xenon. The condition
of constant total power requires that an increase in flux in the top
be accompanied by a decrease in the bottom. The flux continues to
increase in the top and decrease 1ln Lhe bobltom until the delayed xenon
production causes the process to reverse. The result is that the power
oscillates between the top and the bottom of the core.

If the power can be measured and controlled in the individual halves
then the onset of instability can be detected and the uscillation suppressed
before its amplitude becomes objectionable. The time constants are such
that the period of the ouscillations is a number of hours and a relatively
slow acting control is adequate. Since the reactivity change from the
shift in the flux distribution can be kept small by a prompt compensation
from the control system the required worlh to suppress the oscillations
is small.

The xenon oscillation causes the same power to be concentrated in
a smaller volume then when the reactor is stable and thus increases the -
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maximum-to-average power ratio and consequently the pesk power density.
In the ATR the heat removal from the core is limited by the point of
maximum power density and only a small increase in the maximum-to-
average power ratio can be permitted.

Three types of poténtial xenon oscillations in the ATR have been
considered as follows:

1. 1Interlobe oscillations in which the power shifts from lobe
to lobe. '

2. Horizontal oscillations in which the power shifts around an
individual lobe.

3. Axial oscillations in which the power shifts between the top
and bottom.

The reactor is probably unstable with respect to interlobe oscillations.
However, the power in the individual lobes can be measured and controlled
and interlobe oscillations can be effectively suppressed. Therefore, this
type of oscillation has not been investigated.

The behavior of the second tyEe of oscillation is adequately
described by the treatment of Wick The requirement for stability is
that G be greater than G'. Neglecting the stabilizing effect of the
temperature coefficient and selecting the most unstable mode G is given

by the relation
2n 2
G=CD T P

C 1is a correction factor to account for fast coupling.

D 1s equal to Dg[} + T?é%'
~ 2

where

Do is the thermal diffusion coefficient of the core.
T 1is the Fermi age for the core.

L, is the thermal diffusion length in the core.

"L is equal to 2xR.
R is the mean radius of a core lobe.

The value of C is found to be 0.2 from Figure 6 of Wicks report.
The values of the other constants are listed in Appendix 12.7.
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For a L ft long core and using conditions applying to the start
of a cycle the value of G is 0.12. . From Figure 2 of the reference the
value of G' for an average core flux of 4 x 101k n/cm2 sec is 0.065.
Thus there is an ample margin of stability. With the ‘inclusion of the
correction factor C for fast coupling the stability criterion is essentislly
that for a two-group model.

The design and operating conditions of the ATR core are such that
with respect to axial oscillations it is near the boundary between the
stable and unstable regimes, and it is difficult to definitely determine
whether or not the reactor is stable. The ATR control system must include
provisions for individual measurement and control of the power in the top
and bottom halves of the core only if the reactor is axially unstable.
These provisions increase the complexity of the control system and, there-
fore it is desirable to settle the question of axial stability before the
final design of the control system. ‘

) The axial stability has been investigated by analytlc methods and
by use-of the CANDLE and TURBO depletion programs. The analytic methods
determine stability criteria based upon linear system theory for two-
neutron-group, single-region, one-dimensional models. Two approximations
have been considered; the first assumes a uniform initial xenon distribution,
while the second allows for spatial variation of the initial xenon. The
detailed derivation of the stability criterion assuming the initial Xeénon
distribution is uniform as developed by G. E. Putnam and R. J. Neuhold

of Internuclear Company, is carried out in Appendix 12.7. The derivation
for the case of nonuniform initial xenon follows in essentially the same
manner but is considerably longer and more complicated. The essential
steps in establishing the conditions for stability are outlined below.

The two-group neutron balance equations and the kinetic équations 4
for I-135 and Xe-135 describing the model to which the results apply
are:

32 .
D, g;g - Zefy + vigofp = O
52
D2 S;g - (25 42 X) ¢2 + Zs¢l =0
oI
5= - MI+7rrirefo

Ox _ s
5t = MI*+ 7y Zeo P2 - MK - b
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where

D, and D, are the fast and thermal diffusion coeficients respectively.

l_g’]

‘o 2
_DlBl +Zal+ZR-szl

™
1

_ 2
S ZR + fDlBl
Zfl and Zf2 are the fast and thermal fission cross sections.

ZX is the thermal absorption cross section of Xe-135.

2 ' :
By is the horizontal component of the buckling

| p1 = # (xt), P = B (x,t) are the fast and thermal neutron fluxes.

t is the time variable.
X ie the space variable.
I= I(x,t) is the concentration of I-135 atoms.
Xe =Xe(x,t) is the concentration of Xei35 atoms.

ZR' is the cross section for transfer from the fast to the
thermal group.

- T is the fraction of the neutrons leaving the core in the radial

direction by fast leakage that are returned to the core as
thermal neutrons.

Zal and Y, ~re the fast and thermal absorption cross sections
of the core.

v is the number of neutrons produced per fission.

71 and 7_ are the total fission yields of iodine and xenon
respectively. '

7\I and Ax are the decay constants for iodine and xenon.

It is seen that the neutron balance equations apply to a single

region one-dimensional reactor. The effect of the reflector in a
direction perpendicular to the axis is taken into account by including
in the source term for the thermal group a fraction of the fast neutron
leakage from the core into the reflector. Boundary conditions are
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applied requiring that the flux go to zero at the ends of the core in the
axial direction. Thus the length used is that of the actual core height
plus the total axial reflector savings. y

The neutron balance and the kinetic equations are linearized by
expressing each variable as an inital function at time zero plus a small
perturbation, subtracting the unperturbed terms whose sum is zero and
neglecting second order terms. The equations are then combined to eliminate
all variables except the perturbation of the thermal flux. Solutions are
assumed with the space and time dependent variables separated and with the
space solution expressed as a Fourier series. Then the characteristic
equation is obtained and examined for stability. The results are expressed
in a form such that the system will be stable if;

G > G

The rather lengthy complete expressions for G and Ge in terms of the
reactor constants and dimensions are presented in Appendix 12.7. The
value of Gp depends only upon microscopic cross sections and fission
yields, which can be assumed to remain comstant; and upon the average
core thermal flux and the 1nitial macroscopic xenon and fission cross
sections. For conditions corresponding to the ATR operating at 250 Mw

Gc has a value of 0.0588. The values of G for several modes of oscillation
designated by n and core heights L using the assumption of uniform initial
xenon are given in Table 9.0A and the data presented graphically in
Figure 9.0-1. The fundamental mode, n equal to one, is controlled by the
provisions for maintaining constant power and need not be considered. It
is evident that the stabllity 1s determined by the second harmonic, n
equal to two. As previously explained L is for an equivalent bare core
and is equal to the active core height plus the total axial reflector
savings. From Figure 9.0-1 the maximum value of L for stability after
attainment of xenon equilibrium at the start of the cycle is 146 cm. The
stability criterion derived so that the spatial variation of the initial
xenon is considered gives a critical height of 145 cm for the same condi-
tions. Thus, including the refinement of a space dependent initial xenon
distribution does not significantly change the results.

' At the start of the cycle the reflector region next to the core is
rather heavily poisoned and the total axial reflector savings should be
about the same as the MIR value of 17 cm rather than the 30 cm used for
Do0 reflected systems as discussed in Section 2.0. Thus the appropriate
value of L is 139 cm, 122 cm plus l7 cm, and the condition for stability

is met.

In evaluating the effects of changes upon the stability the method
requires that the conditions imposed by the neutron balance equations
must be satisfied. Thus, any change in a parameter must be compensated
so that the system is kept just critical. The conditions near the end
of a cycle are determined by assuming that 25% ot the fuel and all of
the burnable poison is burned up and adjusting the fraction of neutrons
returned from the reflector and the fast-to-thermal flux ratio so that
the balance equations are satisfied. For the same value of L the reactor
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TABLE 9.0-A

STABILITY PARAMETER G FOR THE ATR

(For Stability G > 0.059)

n L (cm)_,| 91.k4 122 152 183 213 oLl 27h
2 0.14 | 0.083 0.055 0.039 0.029 0.022 0.018
3 0.31| 0.20 0.14 0.099 | 0.07k 0.058 | 0.046 {
h 0.49 | .0.33 0.23 0.17 0.13 | o.10 0.084
5 0.65 | 0.47 0.34 0.2% 0.20 0.16 0.013

NOTE: L = Active core height plus total axial reflector savings.

becomes somewhat more stable with operation. TFor the second harmonic,

n equal to 2, and L equal to 152 cm the value of G increases from 0.046
at the start of the cycle to 0.048 at the end of the cycle while the
value of G' does not change significantly. However, the improvement

in the reflector because of removal of poison and the axial flux
flattening from nonuniform fuel burnup may increase the effective axial
reflector savings and hence L. However, only with a DO reflector should
the total reflector savings be significantly larger than 17 cm. In this
case the large thermal diffusion length in the reflector produces &
coupling between top and bottom that exerts a stabilizing influence.

The model of the ATR used to study stability by considering small
perturbations to a linearized system thus satisfies the criterion for
stability. However, in order to keep the calculations tractable it is
necessary to use a rather simplified model of the reactor. Although some
of the effects neglected such as the negative temperature coefficient would
make the system more stable if included, the results are not completely
conclusive for the actual reactor.

The neutron depletion codes CANDLE-2 for the IBM-650 and TURBO
for the IBM-TO4 have been used to investigate the stability of more
realistic models of the ATR than is feasible by the analytic procedure.
These codes take into account the effects of burnup and formation of
Xe-135 including the delay between a flux change and the resulting
change in xenon production at the flux and power levels existing in
the reactor. Thus, the stability of the reactor can be determined by
observing the variation with time of the power distribution in the core
after the introduction of a perturbation.
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The CANDLE-2 program has been used to obtain preliminary estimates
for the variables in the TURBO program and to observe the effect of
core length upon stability. This program permits the use of only one
space dimension and the axial configuration of the reactor is represented
in slab geometry through the.fueled core. The principal shortcoming of
the one-dimensional model is the failure to properly account for the effects
of the radial reflector. The radial leakages are represented in the two-
group diffusion equations as positive removal terms of magnitudes D;B
and D2B2 in the fast and thermal groups respectively. The fast leakage
term is fairly representative of the physical process. But in the ATR
the thermal leakage is from the reflector into the core and thus has
the opposite sign of the one-dimensional model required by the CANDLE-2
program. However, the thermal leakage term is sufficiently small to
make the slab representation adequate for the exploratory purposes for
which it has been used.

The geometry of the slab model is shown in Figure 9.0-2. The fuel
and burnable poison concentrations are chosen to represent the normal
core loading of the ATR. The reflector regions at the top and bottom
consist of 40O% aluminum and 60% water. Criticality is maintained by
varying the radial buckling. A power level of 52.5 Mw is used for a L rt
long core to give approximately the same average power density as for
the ATR operating at .250 Mw. The program is used to determine the core
composition and the flux distribution after 110 hrs of full power operation
so that the reactor conditions after attainment of xenon equilibrium are
simulated. The assumption of symmetry about the axial midplane forces
the power distribution to also be symmetrical since the computations are
idealized in that they do not introduce small perturbations such as are
unavoidable in an operating reactor. To reveal any tendency  for Xenon
oscillations to occur, a large perturbation is introduced at this time
by adding a l/v poison to only the lower half of the core. Since the
perturbation changes the system the calculations branch at 118 hours to
determine the behavior both with the perturbing absorber remaining in
the core and with it removed at this time. The variations with time of
the powers in end regions of the core are shown in Figure 9.0-3. The
power scale is normalized so that the value Jjust before the perturbation
is ten and the value in the end to which the poison is added ic five
just after the perturbation is made. This normalization is made to
facilitate comparison with calculations on other models. It is seen
that when the absorber is added to the lower end the power in this end
immediately drops while the condition of constant total power forces
the power in the upper end to rise. The prompt chunges in xenon hburnup
then cause the power to become further unbalanced for a time, the effect
Jbecoming a maximum at 118 hours. Continuation with the poison in place
causes the powers to approach. constant values as equilibrium is attained.
The response for this type of excitation is shown only for the CANDLE
calculations on a 4 ft core. When the perturbing absorber is removed
at 118 hours the properties of the.system return to those before the
perturbation. This method of excitation is roughly analagous to inserting
a resistor into an electrical circuit-and then removing it. In this case
the power distributions in each end rapidly return towards the value
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before the disturbance. However the effects of xenon cause the power
density at any point to overshoot beyond the equilibrium value and then
return towards it asymptotically. There is no tendency to oscillate

either with the perturber retained or removed.  If the system is considered
analagous to a simple linear system the amount of overshoot is inversely
related to the stability and it appears that the system is slightly
underdamped. : '

The power distributions have been determined for a one-dimensional
model with a 6 ft core operating at the same average power density as
previously. The perturbation is introduced and removed as before but
in order to obtain convergence 1t is necessary to reduce the amount of
absorber added. The results are shown in Figure 9.0-U4 with the power
densities normalized as described previously to remove the effects of
the difference in the disturbances. The overshoot is considerably larger:
than in the 4 ft core but there is still no indication of oscill-~tions.

The TURBO calculations are made for a cylindrical model representing
"one lobe of the ATR with a 4 ft high core. The geometry of the model is
" shown in Figure 9.0-5. This two-dimensional representation permits a
reasonably correct description of the radial reflector in contrast to
the one-dimensional studies in which the descriptions of this region are
rather crude. In particular the TURBO studies consider the coupling of
top and bottom through the reflector, and control of reactivity by a
thermal poison in a water annulus around the core. Also with this model
it is not necessary to assume an axial reflector savings and the effect
of the radial reflector on end leakage is taken into account. The main
deficiency in the representation arises from the overemphasis on the
reflector properties because of the larger fractional radial leakage in
the single lobe model as compared to the ATR. Thus, the model used is
more representative of the fuel regions adjacent to the reflector than the
center fuel region.

The procedure is essentially the same as for the CANDLE problems
except that criticality is maintained by varying the boron content of
the water annulus next to the core. The effects of the perturbation
are shown in Figure 9.0-6 which has the same normalization as before.
It is evident that the amount of overshoot is considerably less than
for the CANDLE case with a 4 ft core which had the same amount of
absorber added and removed. This decrease may indicate that reflector
effects which only the two-dimensional model adequately considers have
a stabilizing effect.

" The CANDLE and TURBO codes compute the changes in the isotopic
concentrations assuming a constant flux distribution from time step
to time step. When the perturbation is introduced and the flux dis-
tribution is changing rapidly this assumption underestimates the changes
in concentratione and thus may exert a slzbllizing influence.

Direct comparison of the various methods is difficult but it appears
reasonable to order them so that TURBO calculations, which most accurately
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represent the reactor, the CANDLE results and the analytic determinstions
using linear system theory show decreasing degrees of stability from

the former to the latter. The effects of temperature or power coefficients
of reactivity are not considered by any of the methods. These effects
while probably- small should be stabilizing in the ATR. All of the cal-
culations suffer in varying degrees because a three-dimensional model

is needed to describe the ATR for this purpose.

The reactor while designated as having a four-lobe core can best
be represented by considering it to be made up of five cylindrical fuel
regions, one around each of the loops interior to the core. 'If reflector
coupling is important in stabilizing the system it is conceivable that
axial oscillations can occur in the center fuel region while the other
regions are stable. It may also be necessary to measure and control
the radisl power distributions in the five individual core regions. in
order to prevent interlobe oscillations.

The results of the calculations indicate that with a 4 £t nigh
active core the reactor is stable. However, the consequences of uncontrolled
oscillations are so great that stebility must be established beyond question
if the control system is not to include provisions for suppression of
oscillations. 'Thus, further investigations are required. These should
include studies on the effects of the reflector with particular respect
. to the conditions epplying t6 the cenler fuel rcgion.. Alse the effects
of the numerical procedures used in the depletion codes should be determined.
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10.0 NEUTRON LIFETIME

In the ATR a significant fraction of the neutrons producing fissions
spend a major portion of their life in the reflector which contributes
what may be considered as an additional group of delayed neutrons. The
flux levels required in the ATR experimental facilities can be obtained-
at reasonable power levels only by designs which have positive void
and temperature coefficients in some regions and the delayed neutrons
from the reflector are important to the safe operation of the ATR. The
effects of several types of reflector shim control and of reflector
properties upon the average lifetime of the neutrons and upon the
additional delayed group have been calculated for a one-dimensional model
of one lobe of the ATR. The influence of the eftra group upon the
kinetic behaviour has been reported previously.

The average prompt neulrou lifetime is obtained by perturpation
theory from the change in reactivity produced by additiom of a l/v
absorber to all regions of the reactor. © This method assumes all neutrons
are produced at the instant of ti1ssion aud glve the importance averaged
lifetime. That is, the lifetime of a neutron is weighted by the ultimatc
increase in the total neutron populatiomn produced by insertion of one
neutron having the same history. Thus, in evalunating the lifetime of a
neutron its importance in sustaining the chain reaction is.considered.

The effects of secondary production such as photo-neutronsare neglected.

The change in reactivity, p, as given by two-neutron group diffusion
theory using DMM or WANDA is

k - kp
D='k— ’
Y

where
k is the effeclive multiplication factor of the unperturbed reactor,

k is the effective multiplication factor after addition of the
1/v poison.

The addition of the poison is represented by adding le = 0.000002 and
Yo, = 0.0001 to the fast and thermal absorption coefflcients of the
unperturbed system. The average lifetime 1s lhen found from the relation

e

L= —=—
VE ZEP

2

where - 5
V2 = 2,75 x 107 cm per sec is the average neutron velocity of
a Maxwellian distribution at 200F.

1. D. R. deBoisblanc et al., "Proposal for an Advanced Bngineering Test
Reuctor," ID0-16666 (March 17, 1960).

2. D. G. Ott, "Calculation of Prompt Neutron Generation Time from
Reactivity of 1/v Absorber;" Internuclear company Report INT-DGO-56-1
(1956).

- 126 -



The neutrons .leaking into the reflector &8 -fast' neutrons and
returned to the core as fast neutrons-constitute a group of delayed.
neutrons in addition to the six groups delayed in the fission process
that are usually considered in kinetic analyses of thermal reactors.
The delayed group of neutrons from thé reflector -can be chardcterized
by the fraction of &ll fissions that it produces and by its-average
lifetimé. This lifetime is estimated'using the-following assumption5°

1. All neutrons producing fissions can be con51dered as having
spent almost all of their life in éither the reflector’ (reflector
neutrons) or in the core (core neutrons)

2. Any change in reactivity produced by reflector ‘shim -control
results only from a change in the number of neutrons returned from the
reflector. C ' : o : '

) 3. Poisoning the core changes only the thermal utilization and
_not the relative number of core and reflector neutrons. .

b, Changes in -one region do not effect the lifetime of neutrons
from the other regions. : - :

The fraction of fissione produced by neutrons returned from a clean
DoO reflector in a single lobe model is estimated by a two-group-neutron
balance and by extrapolating of a plot of k eff Versus poisdn ‘in the’
reflector to be 35%. The lifetime of the core without burnable poison
is estimated to be 35 microseconds from infinite region theory and also
from extrapolation of the curve relating average lifetime of all neutrons
versus poison in the reflector. The calculation of the lifetime of
the reflector group is not greatly effected by the value assumed for
the lifetime of the core neutrons.

The results for a number of methods of controlling the reactivity
of a single lobe model of the ATR are given in Table 10.0A. The effect
on the average neutron lifetime of H,0 contamination of a Dy0 reflector
is shown in Table 7.0F. The lifetimes listed in Table 1Q.0-Aare quite
consistent with the assumptions given above. The variation of the
average life of all neutrons in a single-lobe model with pcison in a
1/2" water annulus around the core is shown in Figure 10.0-1l. The
models are similar to those of T7.0-1.

The fraction of reflector neutrons and their lifetime and the
average lifetime of all neutrons are shortest when the reflector shim
control is producing the largest reduction in reactivity, which corre-
sponds to conditions at the start of the cycle. For reflector control
of a given amount of reactivity, blades or polsoning of a narrow annulus
produces the smallest decrease in the neutron lifetimes of the reactor
and the reflebtor. Poisoning of the entire reflecbor reduces the
probability of a neutron having many scattering collisions and escaping
absorption before returning to the core and thus discriminates against
long-lived members in the population returning to the core. On the
other hand, poisoulng a narrow region of the reflector near the core
does not have a severe selective effect on the neutrons returning from
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the core and thus produces a much smaller effect on the llfetlme of the
reflector neutrons than does poisonlng the entire reflector

It is seen that controlling the reactivity by poisoning the core
has only a slight effect on the reactor and reflector lifetimes. This
result is consistent with the assumptions ‘that this method of control
changes only the thermal utilization and that a change in the core has
no large effect on the reflector neutrons. Reactors with most of the
reflection from heavy water have an inherently longer lifetime than
beryllium reflected reactors. It is evident from the effect on the
lifetime of poisoning the entire reflector that extraneous absorbers
in this region must be limited if the maximum benefit is to be
realized from the reflector neutrons.

In the ATR the fraction of reflector neutrons will be considerably
smaller than for the one lobe model to which the reésults of Table 10.0A
apply. Consequently, the average lifetime of all neutrons will be
appreciably shorter in the ATR than in the single lobe case -because
this lifetime is largely determined by the reflector neutrons. However
the lifetime of the reflector group will be somewhat longer in the ATR
because not all of the neutrons return through the controél regilon.

From comparison of single lobe and ATR calculations of reflector worth
it is estimated that at startup, which is the most unfavorable condition
for neutron lifetime, at lLeast 10% uf the ueutrens will be reflectnr
neutrons with an average lifetime of approx1mately 800 microseconds

for the reactor with 'a DpO outer reflector. The average lifetime for‘
the reactor is then about 110 microseconds.
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TABLE 10.0-A

+ EFFECTS OF REACTIVITY CONTROL ON NEUTRON LIFETIMES
IN SINGLE-LOBE MODEL OF ATR
Method of * Change Average Average - Average Per Per
Reactivity Control in keep lifetime lifetime lifetime cent cent
producel all reflector core reflector core
by neutrons neutrons n=utrons neutrons neutrong
control usec usec usec
Clean reference case 0 370 990 35 65 35
Poison in entire refl. -.03 270 770 35 68 32
Poison in entire refl. -.13 120 390 35 76 24
Poison in entire refl. -.24 5k 160 35 85 15
‘ |Blades in reflector -.03 340 990 35 68 32
Blades in reflector -.13 260 970 35 76 2k
Blades in reflector -.24 180 1000 35 85 15
Poison in core -.03 370 990 32 65 35
Poison in core -.13 360 960 28 65 35
[Poison in core -.2h 350 930 25 65 35
Poison in 1/2" Ho0 annulus -.03 96 230 35 68 32
Poison in 1/2" HpO annulus -.13 55 120 35 76 24
Poison in 1/2" H,yO annulus -.2h 3k b7 35 85 15
Poiscn in 6" Be + 10% H,0 -.03 320 930 " 35 68 32
reflector . :
Poison in 6" Be + 10% H 0 -.13 230 850 35 76 2L
reflector N
Poison in 6" Be + 10% H,0 -.24 130 670 35 85 15
reflector : :

*NOTE:

All cases have D
in Be + 10% H,0.

2

0 outer reflector except cases with reactivity control by poison
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11.0 GAMMA HEATING IN THE. ATR

Gamma heating rates in various regions of the ATR were calculated
on the basis of a specific operatlng power: level of 1.0 Mw/llter which
corresponds to a reactor power just slightly higher than 250 MW. In
order to approximate the system geometry in the calculational model, it
was necessary to consider various regions separately and then sum their
contributions to the total heating at any given point. Two general
geometric source regions were found necessary to describe the system.
The outer lobes were described as individual one-lobe models, and the
inner lobe was separated into four quarter-lobe sections. These are
shown in Figures 11.0-1 and 11.0-2, and the regions of the resulting
geometry approx1mat1ng the ATR conflguratlon is shown in..Figure 11.0-3.

The radiation attenuation utilized a program Wthh performs a point
to point numerical integration over the source volume. Differential
volume sources are treated as point sources and attenuated as:

s,(E) - 142, E) v (E) -[1+a5(B)] b(E)
P(E) = R Ay (E)e [ +aq ] | +A2(E)e 2 ] )

where ¢(E) = radiation flux at the detector point arising from
‘source, Sy(E), Mev/cm2-sec

Sy(E) = radiation source strength of energy group E created
in differential volume under consideration, Mev/cc-sec

R = distance between differential volume source and
detector, cm

A1(E), Ap(E), a1(E) and as(E) = curve fitting parameters for
the NDA gamma bulldup factors
for energy

. |
b(E) = 3 ui(E) ty
O

pl(E) = cross sections of the ith shield material for energy
group E, cm™t (absorption coefficiént for gammas and
removal cross sections for neutrons)

t; = distance traveled through the ith shield material, cm.

The program allows for a non-uniform source distribution and muiti—
energy groups.

The core gamma energy spectrum and magnitude was calculated con-

sidering prompt fission gammas, fission product decay gammas, fission
product decay gammas plus capture gammas in U-235, Al and H2O.

- 131 -



The energy spectrum of. the prompt fission and Ffission product
gammas were obtained from nEmerlcal integration of recent Oak Ridge data
presented by Peele, et al. . Gamma. energy - spectEa for all other system
materials were obtained from the work of Deloume and Bartholomew and
Higgs. .

- The relative neutron absorption .in the various core materials is -
shown in Table 11.0-A and the contribution per fission of each core
material to the .core gamma source is presented in Table 11.0-B.

TABLE 11. O A
.RELATIVE NEUTRON ABSORPTION FOR GAMMA HEATING CALCULATIONS

Material ‘Relative Absorption
Al | 0.028 -
H-0 _ . 0.16
U-235, Fission Absorption 1.0
U-235, Radiative Capture v 0.22

1. R. W. Peele, W. Zobel, T. A. Love, "Measurement of the Spectrum of
Short-Lived Fission ProduLL Decay Gamma Rays Emlttcd from a
Rotating Belt," ORNL-2081, 1956. :

R. W. Peele, W. Zobel, 1. A. Love, ¥. C. Marensheln, "Receul Results
for the Energy Spectra of Fission A sociated Radlatlon," Oak Ridge
‘National Laboratory, 1958,

2. F. E. Deloume, "Gamma Ray Energy Spectra from Thermal Neutron
Capture,” General Electric Report GEANP-DC-58-1030, 1958.

3. G. A. Bartholomew, L. A. Higgs, "Compilation of Thermal Neutron
Capture Gamma Rays," Chalk River Report No., CRGP-78L4, 1958.
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TABIE 11.0-B
CORE GAMMA SOURCE PER FISSION

Energy _Mev per Fission * 4 ‘Fission
Range Al H 0 Non-Fiss.U-235 Prompt | Product | Total
6 -1 0.552 2.82 1.52 4.89
1-2 ok | 2.27 | 177 L4148
2 - 3 3.56 0.229 | 117 | 1.00 2.75
3-5 |o.072 |- ©0.148 - 0.758 | 0.495 1.47
5 -7 0.079 K 0.033 0.167 0.022 0.30
13.89

The energy distribution and magnitude of the calculated core gamma
sources, evaluated at a specific power of 1 Mw/liter is given in
Table  11.0-C. - ‘

TABLE 11.0-C
ENERGY DISTRIBUTION OF CORE GAMMA SOURCE

Energy Range )

Mev _ Mev/cc-sec Watt/cc

6 -1 15.1x10+3 24,16
1-2 13.89x1013 20.22

2 -3 8.52x1013 13.63
3-5 4,56x1013 ‘ 7.30
5.7 0.93x1013 1.49
68.80

The gamma source from capture in the Be and DpO reflectors is
insignificant and was neglected. ’



. Thermal neutron fluxes through the pressure vessel and thermal
shields were not available at the time the program was run and, there-
fore, the capture gamma source in these components could not be calcu-
lated. This source of radiation is expected to contribute to the
heating in the components themselves; however, the calculated radiation
heating in regions adjacent to the core will not be .affected by omitting
this radiation component. ' -

As noted in the previous paragraphs, gemma ray buildup is included
in the program solution. The buildup factors used + are specifically
valid only for homogeneous regions. In this particular case, this
factor is not troublesome since, with only slight exception, the
materials of the system are closely related with regard to atomic number
and all exhibit similar buildup characteristics. Therefore, energy
absorption buildup factors for water were applied to the entire system.

Gamma absorptian coefficients for the elements were taken from the
work of Grodstein. 2 The composite linear absorption coefficients for
each region of the system were evaluated at the average energy of each
of the five energy groups.

A flat power distribution both radially and axially was assumed.
The gamma relaxation length for the fuel region ranges between 3 - 5
inches depending on the energy considered. In terms of gamma relaxa-
tion lengths, the core is both long and thin. The significance of this
with respect to the gamma heating is that the effect of the radial power
distribution on the gamma heating is minimized since self-absorption
along the radius of the fuel region is relatively low.

The converse is true with regard to the effect of the axial power
distribution. Ninety per cent of the gamma heating at a point is due
to the fraction of the source which lies within the first two relaxation
lengths within the source measured from the detector. This means that
for detector points close to the fuel region, axial source points located
more than approximately 6 - 10 inches away contribute very little to the
heating at the detector under consideration. With a L8-inch core, a
cosine power distribution varies essentially linearly over a 12 -~ 20
inch increment and it is thus sufficiently accurate to use a flat axial
power distribution to calculate the average heating and to assume that
the axial profile of the gamma heating distribution will coincide with
the cosine powér distribution. These arguments are of course not valid
if the power distribution is not a smoothly varying function.

1. H. Goldstein, J. E. Wilkine, Jr., "Calculations of the Penetration
of Gamma Rays, " NYO-3075, TTS, 195h4.

2. Gladys W. Grodstein, "X-Ray Attenuation Coefficients From 10 Kev
to 100 Mev, " NBS Circular 583, 1957.
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Profiles of the gamma- heating -along sections O-M and O-N of the
reactor are presented in Flgures 11. O-h -and 11.0-5, respectively. A
more detailed breakdown with regard "to the location of the important
source regions for a given detector point-is-afforded by Tables-11l.0-D
and 11.0-E. All values presented .are .average axial figures. -.Center’
line values are obtalned by multlplylng by the- axial max1mum-to-average
power. ratio. . : :

Approximate average gamma heating rates in various components of
the reactor system are presented in Table 11.0-F. Also presented in
.this table is the calculated percentage of the available gamma source
"absorbed by each component.

The effect of replacing the Do0 reflectors with Be + H,0 is also
shown in Figure 11.0-4. From this figure, it is seen that %he heating-
at the exterior of the reflector region is about 25% lower if Be + H0
" is used.
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TABLE 11.0-D
GAMMA HEATING ALONG SECTION O-~M

Detector | Contribution from Region, Watts/gram'
Radius, g
Inches A B C D E F G H Total
0 .5 {0.5 0.5 |0.5 |2.0 2. 2.0 |=2.0 10.0
1.75 .9 lo.4 lo.2 |o.k 1.2 1. 3.2 |3.2 10.7
6.0 4ok lo.r lo.n |o0.28] 0.28 | 5.4 |5.8 |12.6
9. 11.0 |0.4% (0.1 |O.k4 1.3 13.1
10.25 11.0 |0.4 |0.1 {O.k 0.9 12.7-
10.5 y.0 [0.2 0.2 0.4 9.8
12.25 10.2 {0.18] 0.18 0.37 10.9
13.5 9.0 0.3 9.3
13.75 12.5 0.15 . 12.7
15.0 12.5 0.1 16.0(Core)
12.6( A)
Center
of Fuel 17.0 . 17.0
17.5 9.5(A1) 9.5(A1)
' 12.0(Core) 12.0(Core)
17.75 8.3 8.3
20.75 3.0 {0.05 0.05 3.1
28.0 0.28|0.03 - 10.03 0.34
40.5 .035 | .009 .009 0.053
42.0 (A,IB, D = .01f) 0.015

Notes: Average core power density =1 Mw/litcr

See Figure 11.0-3.
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| TABLE 11.0-E
GAMMA “HEATING ALONG SECTION O-N

D;Zggzgf antfibgtiogvfromuRggipn,~Wét??/gfam ‘ o

Inches | A B . |-C ..D .E P G. H .. Total

o | o.5]0.5 0.5 0.5] 20 )20 ]|20]20 po.o

1.75 0.7 0.7 {o.25| 0.25) 1.0 | 2.0 | 2.0 | 3.9 ho.L.

2.75 1.2 |1.2 |0.2 | 0.2 | 0.67{1.6 | 1.6 | 6.0  p2.67(AL) .

16.5(Fuel)

h.5- 1.8 (1.8 |0.16] 0.16] 0.45] 2.0 | 2.0 [13.5 1.8

5.75 2.0 2.0 k0.1 [«0.1 | 0.2 [1.3 |1.3 [10.0 6.7(Ai)

' , : o . ~8(Fuel) -
6.75 2.5 |2.5 k0.1 |<0.1 [<0.1 | 1.0 | 1.0 | 8.3 []5.3 '
7.0 A o 9.2
8.5. 2.5 2.5 " 1o0.7 0.7 | 2.5 |8.9

10.0 R ’ f 8.5
10.25 | ' o
11.25 : , L i .
11.50 2.1 (2.1 o.4 | 0.4 | 0.25(Lobe)

S o : : 1.06 (6.1
14.0 '1.5 1.5 -] 0.2 ]0.2}10.41 3.8
20.75. | 0.36/0.36 | 0.0k 0.0k} 0.15 [0.95
Lo.s 0.021} 0.021 0.002}0.002{0.0004 | 0.046

Notes: Average core power density = 1 Mw/liter

See Figure 11.0-3.
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TABLE 11.0-F
GAMMA ABSORPTION

~Ave. Gamma Heating Rate % of Est. -
y Source| Volume
Component gm/Cm3 watts/cm3 watts/gm| Absorbed 'cm3/cm
Experiment (V;id) 0 0 0 0 559
SS Press. Vessels 7.86 .88.0 11.2 8.8 148
Inner HoO Refl. 0.96 |13.0 13.5 7.2 820
Inner Al Separator é.? 10.0 3.7 1.0 146
Ring ‘ .
Fuel Region- 1.79 30.0 16.7 h3.6 | 215h:
Quter Al Separator ‘2.7 10.0 3.7 1.9 285
Ring
Inner DpO Refl. 1.05 5.8 5.5 15.2 3886
Be & D20 Refl. 1.588 | 8.0 5.0k 3.1 576
Inner Al & H0 2.178 | 26.4 | 12.1 6.5 365
Outer DO Refl. 1.05 1.0 0.95 11.3 24307
Pressure Vessel 7.86 0.08 0.01 1.4 2007
i~ 100 35753
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12.0 APPENDIX

12.1 Sy and Diffusion Theory Comparlson ' -

12.11 Introduction

In the reactor physics analysis of the ATR, diffusion theory
type calculations were utilized extensively. Because of the general core
configuration a valid scheme for homogenization was difficult to achieve.
Consequently heterogenity was retained for most of the core structure
insofar as was allowable by the limitations on mesh point number of the
IBM-T04, PDQ-3 code. Many relatively small regions were retained and the
question of the validity of diffusion theory type calculations arose.
Diffusion theory can be assumed to give good results if one is far from
boundaries of dissimilar media and if the absorption cross section is
much less than the scattering cross sections. Neither of these conditions
are very well satisfied in most of the ATR. Therefore, as & check on the
validity of diffusion theory, transport theory in the form of the S approxi-
metion was used. Carlson's Sp(n = U4) program supplemented by Duane’ Tl
modification and extension (S-V,.n = 4) of this program.was used on the
IBM-TOk.
' It is concluded, that for the purposes of a conceptual design
of the ATR, diffusion theory gives sufficiently accurate results to be
relied on for nuclear and engineering design of this core. As expected
diffusion theory is deficient in following local peaks and dips for regions
with small dimensions compared to a mean free path. BSome differences are
also noted in the fast fluxes of the four-group scheme. Nevertheless
diffusion theory gives adequate results even when applied to a reactor
as complex as the ATR. : ‘

12.12 Calculation Model

The transport codes used for this study are limited to the
three basic geometries: plane, sphere and cylinder. A cylindrical
reactor model was chosen as the best representation of one lobe of the
ATR. " Fach different material up to the water gap between the third and
fourth fuel plate was taken as a separate region. Thereafter the fuel
plates and water gaps were homogenized to the water gap between the
sixteenth and seventeenth fuel plates and from there on each different
material was a different region until the reactor was terminated after
a total radius of 90 cm. The diffusion theory calculations (WANDA code)
had the stainless steel pressure tubes homogenized with the void which
separates the pressure tube from the gas annulus tube. - The total number
of mesh points was 224 in every case with the assignment of mesh points
the same. The A-1 test was in the center with light water in the moderator
flux trap snnulus. The initial case had no poison in any region. An
axial DB< was added only in the D20 reflector region to take same account
of axial leakage.

1. B. H. Duane, "Neutron and Photon Transport Plane-Cylinder-Sphere

GE-ANPD Progrem SVariational Optimum Formulation," XDC 59- 9—118
January 1959.
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12.13 Convergence Difficulties

This first clean case was run using Carlson's S, code for
about 170 power iterations. In studying the flux shape it was clear
that the problem would take a few hundred more iterations to converge.
The DoO thermal flux was rising very slowly and almost linearly with
each iteration.

This same problem was then run with B. Dugne's 5-V program
with the hope that convergence would be faster by virtue of the accelera-
tion routine, even though each iteration takes about three times longer
with this routine. Again the D0 reflector fluxes continued to rise too
slowly to justify running to reasonable convergence. The S-V program
provides output in considerable abundance and detail and was used in all
later studies after the initial study.

Because of the extremely slow convergence of S-V when
converging on the critical number ot neutrons per fission Ko, it was
decided to run S-V converging on Kg. This type of convergence is known
to be more rapid than the K, convergence. With Kg convergence the number
of fissions and all isotropic scatteringsare divided by a constant Kg.
Achieving a solution in this manner adds uniform absorber, in effect, in
each region and group in proportion to the total isotepic cross section
of the region when Kg is greater than unity. When Kg is less than unity,
neutron production scatterings are added in the same menner.

12.14% Results

The initial clean case was run with Kg convergence and
converged in about 20 iterations. The fission eigenvalue was 1.2867 and
being different than unity the Kg convergence caused uniform absorber to
be added in each region. The WANDA kefr for this case was 1.2867. With
Kg convergence the HpO absorption cross section became almost twice the
actual value while the D50 absorption cross section was up by a factor of
almost seven. .

Because the fission eigenvalue of these first cases was far
from unity with the resulting adding of absorber with Kz convergence there
is some question as to the validity of the fluxes in comparing them with
diffusion theory fluxes. In order to obtain a good case for comparison
study with the fission eigenvalue Ko close to unity, the S-V and WANDA
clean case were changed by adding 6.9 g/liter of D3BO3 to the 3 in.
reflector shim control region. This amount of poison should be fairly
representative of what would be required for a typical startup core of
the ATR. The WANDA k.ry for this case was 1.0005. The equivalent S-V
case was run for about 60 power iterations with convergence scccleration
on the Kg eigenvalue. Good convergence was obtained for this case.
Thereafter, 24t power iterations with no acceleration were run on the Kp
eigenvalue to obtain flux distributions that could be compared with WANDA
results. The Ko of this S-V problem was 1.029.
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The combined WANDA and S-V flux plots from the center of the
A-1 experiment well out into the outer reflector are shown in Figures 12.0-1,
12.0-2, and 12.0-3 and 12.0-4, for the four flux groups. ' The flux plots
for the region from about 7 cm to 10 cm, which is through one side of the
fuel region where plate, cladding, and moderator were kept :separate are
shown in Figures 12.0-5, 12.0-6, 12.0-7 and 12.0-8. The celculated fast
flux (¢ ) peaks at the boundary of the plate and cledding. Physically
the fast flux would peak at the center of the plate and the cause.of this
discrepancy has not been determined.

. The average fluxes in the test and other general data are
shown in Table 12.0-A.

A study of the flux plots.(with regard to core and test
region results) shows that the greatest differences occur in the fast
neutron fluxes where diffusion theory overestimates the S-V result from 9
"to 17% in the test region. Diffusion theory does not show as much of a
dip in the first and second group fluxes in the HoO moderator annulus, and
it evidently fails to predict the amount of attenuation fast neutrons
suffer in reaching the test region.

Thermal fluxes are well predicted by the diffusion theory
result except in the thin, highly aebsorbing regions such as the stainless
steel and the fuel meat. The absorptions in the stainless around the
test are 6 to 8% higher in the diffusion theory result.

Besides showing the anomolous peeks in the meat regions in
the first and second group fluxes, there is a slight difference in the
shape of the fast fluxes .in the core. The S, results show fast fluxes
which aré relastively greater toward the inside of the core region, and
the first group flux is about 30% higher for the S-V case in most of the
core region although it almost equals the diffusion theory result at the
_core edges.

The thermal fluxes in the contfol region are almost identical,
but the fast fluxes show a few percent of difference as the S-V fluxes
fall off slightly faster.

In the large Do0O reflector, the S-V fast fluxes attenuate
more slowly than the diffusion theory results end finally become equal to
the diffusion theory fluxes. -The .thermal fluxes in this unpoisoned DgO
differ as much as 20% in some places but this is probably due primarily
to the fact that in this one region the S-V flux is insufficiently con-
verged to the Ko eigenvalue. Having converged well on K§ (with the D,O
poisoned to obtain convergence), 24 iterations is undoubtedly insufficient
to obtain good convergence in this D20 region after the poison is removed
for Ko convergence. :

Another significant difference (in addition to the fact that
the S, case predicts a higher K by 2. 9% for the given amount of D3BO3
in the control region) is that the S-V radial power distribution in the
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TABLE 12.0-A

COMPARISON OF DIFFUSION AND.TRANSPORT THEORY AVERAGE

FLUX VALUES IN THE A-1 TEST REGION AND POWER PRODUCTION IN.THE CORE

% Difference,

WANDA S-V (WANDA Value - S-V Value)
‘Case 130 " Case 1.130 S-V Value
K value (Kp) 1.000483 1.0290 + 0.0001 -'2.77
¢l (average) 2.64824 2.27217 16.55
fo (average) 3.02437 2.77502 9.166
p3 (average) 3.0337h 2.787h3 8.836
), (average) 5.33580 5.14721 3.664
(fL + P2+ #3 , o
(average) | 8.T71135 7.83462 11.19

py + gﬁ + 3 1.63261 1.52211 7.260
Total power of . ’

A-1 test 0.029595 0.028494 3.864
Total power of

1st inner fuel

plate 0.249783 0.23621733 5.743
Total power of

2nd fuel plate | 0.214747 0.20476817 4.873
Total power of , ) _
3rd fuel plate |0.18900k 0.18249107 3.569
Total power of

homogenized

center region 1.992697 2.031629 - 1.9163
Total power of :

17th fuel plate | 0.181629 0.17965728 1.097
Total powér of

18th fuel plate |0.1953129 0.19271867 1.346
Total power of ’

19th fuel plate {0.2122011 0.20894351 1.559




core is flatter. The maximum power in the insid¢ fuel plate is 5.7%
less by the S-V result so that the predicted ratio of the radial value
of maximum-to-average power will be correspondingly less.

12.15 Conclusions

Insofar as can be determined from this comparison of diffusion
theory to S, transport solutions in flux trap reactors, the only observable
failings of the diffusion theory are:

1. Inability to follow the small peeks and dips which occur
in the water geps and fuel plates. (In this instance, the error is small
because the diffusion theory solution tends to the mean of the flux in each
small region.)

2. Overestimation of the fast fluxes in the Hy0 filler,
especially near the test region. (The S, solutions show a dlp and a
recovery that is not detectable in the WANDA solutions. -Here, again,
the difference is not serious unless one becomes interested in the
fast fluxes in the filler itself.)

) 3. Overestimation of the thermal flux in the stainless

steel or some other strong absorber surrounding the test region. (This
fault, though it may represent & small difference reactivity, is evidently
due to the familiar lack of ability to follow peaks and valleys. The Sp
solution makes the dip in the stainless steel and then quickly recovers

in the test region.)

All things considered, diffusion theory is quite adequate
for all but the finest detail in studying flux trap reactors as well as
reactors composed of large regions.

The Sp fluxes are velid for comparison with diffusion
theory only when the S, fission eigenvalue is near unity with the
controlling reactor poisons in their proper position. This is principally
due to convergence difficulties connected with the Ko fission eigenvalue.
This study demonstrates the difficulties of using the Sy transport code
for thermal reactor systems.
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12.2 The Effects of Mesh Description and of Test Region Homogenization

12.21 One-Dimensional Studies -

12.211 Iatroduction

In order to calculate, with two-dlmensional codes,
the characterlstics of the ATR it is highly desirable to homogenize
discrete regions ‘of the reactor and specify as few mesh p01nts ‘as poss1ble
for the numerical solutions accomplished by codes. In the ATR, the flux
levels in the test loop are of the greatest importance, for lobe power
level must be ‘ad justed to maintain the specified neutron flux levels in
the test.

With one-dimensional ‘diffusion theory the effects of
homogenization of the stainless steel pressure tubes and the A-5 test has
“been studied and further exemination has been made of the effertn nf mqu
size on the ‘numerical solution for elgenvalues and fluxes.

12.212 The Effect of Homogenization

The composition of the reactor model used in the
homogenization is shown in Table 12.0-B, together with the number of mech
points in each region. The k.pr values obtained from the WANDA-4 results,
the descriptlon of each case run, and the effect of the respective degrees

of homogenlzatlon are summarlzed in Table 12.0-C. .

In Case 3001 , the void was treated as a discrete
region with a diffusion constant of ten and a macroscopic absorption
cross section of 1x 10'5 in all four neutron 'groups. ‘The perpendicular
buckllng value used was 0.00043 in all regions except l, 2, 3, and 4 ’
where it was set equal to zero.

‘ Table 12.0-D shows the effects of homogenization on
the neutron group flux levels in each of the four regions which were
subjected to homogenization. The most variation is noted in the thermal
flux levels, but it must be kept in mind that the real criterion for valid
homogenization is that the total ebsorptions in a material should remain
constant.

. In accomplishing the homogenization, all macroscopic
cross sections including Ity (from which D is computed as 1 )

3Ty
were simply weighted by the volumes of the respective regions. For
exemple, 7 Vizal where Z is the absorption cross section of}a

& v
1

*Case numbers identify WANDA calculations and do not apply to PDQ
numbers used elsewhere in this report.
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TABLE 12.0-B

REACTOR ' COMPOSITIONS OF THE HOMOGENIZATION STUDY MODELS

Outer Radius Number of N
Region of Region Mesh Intervals
No. (in.) *Composition of Region in Region

1 1.00 A-S'test 10
2 1.20 Stainless steel 10
3 1.2 Void 2
.4 I.3h‘ Stainless steel i
5 2.75 L0% H50-60% Aluminum 10
6 3.00 Aluminum 2
T 5.50 Core (nominal fuel lqading) 20
8 5.75 Aluminum- 2
9 8.75 Dg0 + 3 g/liter of D3BO3 20
10 9.75 D0 N
11 40.50 D0 30
12 43.50 Stainless steel 10

*Regions 1, 2, 3, and 4 are the regions subject to homogenization.
In WANDA case 3001 there is no homogenization, the stainless steel and
the void of region 3 are homogenized in case 3002, and in case 3003
the A-5 test, the stainless steel and the void are homogenized.

- 1y -



TABLE 12.0-C

DESCRIPTION OF CASES AND SUMMARY OF RESULTS

OF HOMOGENIZATION '

% Error in
WANDA | Regions Combined Total Neutron Absorptions
_Case ' by K %Ak T A-5 Stainless Steel
No. Homogenization eff k ''est Absorption| Absorptions
3001 | None 0.980060| 0 0 o]
3002 | 2, 3, and 4 - 10.980052{-0.00083 0.1202 0.03761
3003 | 1, 2, 3 and 4 |0.981650| 0.1587 -4.816 -5.132
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TABLE 12.0-D

EFFECT OF HOMOGENIZATION ON THE AVERAGE GROUP FLUX

LEVELS IN THE REéIONS OCCUPIED BY THE A-5 TEST AND STAINLESS STEEL

Case . Region No.
Neutron-Group Flux No. 1 2 3 L

g1 (0.821 mev < E 5'10 mev) [3001 | 1.0430 |.1.0359 | 1.0353 | 1.0357
3002 | 1.0431 | 1.0362 | 1.035k4 1.0358
3003 | 1.02k1 | 1.0297 | 1.0316 1.0327]

o (5.53 kev < E < 0.821mey|3001 | 1.3443 | 1.3379 | 1.3331 | 1.330M
' 3002 | 1.3439 | 1.3384 | 1.3337 1.3300
3003 | 1.3468 | 1.3338 | 1.3281 1.3246

¢3 (0.625 ev < E < 5.53 kev 3001' 1.2484 | 1.2454 | 1.2451 1.2455
: 3002 | 1.2483 | 1.2454 | 1.2451 1.2455
3003 | 1.2409 | 1.242h | 1.2431 | 1.2436

@), (thermal)
0< E< 0.625 ev 3001 1.0#88 1.0302 | 1.0641 1.090T7]

3002 | 1.0502 | 1.0261 | 1.0585 1.0946
3003 | 0.9152 | 1.0523 | 1.1137 1.1525

NOTE: Flux values are normalized to arbitrary units for each
neutron-group and comparisons are velid only within a

group.
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homogenized set of regions of respective volume, Vj. Hence, even though the
thermal flux in region 1 is seen to vary by about 13%, the average flux to
which a homogenlzed,materlaJ is exposed does not vary nearly so much.

The absorptions in stainless steel and in the A-5
according to each degree of homogenization are shown for each group in
Table 12.0-E. It is clear that the only significant variation occurs
in the thermal absorption values where there occurs.about a 5.5% reduction
in absorption due to the homogenization. :

It is notable that this reduction takes place in both
the A-5 absorptions and the stainless steel absorptions; therefore the error
is not due to the fact that the homogenization neglected the fact that the
average flux in the stainless steel is different from the average flux in the
A-5 test. To correct for the error, one would have to multiply the thermal
cross sections by a factor greater than one in order to have the homogenizmod
region absorptions remain the game; aund to have the Tlux in the homogenized
reglons remuin the same one would have to multiply the thermal cross sections
by & number less than one.

12.013 The BErtecl of Mesh Description.

The single-lobe model used in the mesh cnarsencsso atudy
was chosen to conform as nearly &as possible to the cases which have been
run using the PDQ code. The one-dimensional model is described in Table 12.0-F,
together with the mesh internal width used in the case w1th the most coarse
mesh.

The coarse mesh size shown in Teble 12.0-F was used

in WANDA cacc 3004. 1In cases 3005, 3006, and 3007 the mesh spacing wos

reduced in each region hy a factor ulf 2, L4, and 8, respectlvely, hence,
case 3007 has a quite fine mesh spacing.

The results in terms ot the flux Jdlutributions are
shown on Figure 12.0-Y where the neutron grovp flwies Tium case 3007 are
plotted and the pululs trom case 3004 are shown. The results in terms
of avcrage fluxes in each reginom and the h.pp VAlues obtained are shown
in Table 12.0-G.

The largest variation in the value of keff is 0.033%
(vetween cases 3004 and 3007); that is, the largest variation in mesh
spacing has little effect on the ncutron balance obtained.

The greatest difference in regional average fluxes
occurs in the Do0 reflector where there is over 11% diffcrunce In the lst
and ~nd group fluweu. With regard to the test region, the largest
variation in the average flux occurs for the thermal neutron group where
the coarse mesh results in an average flux about 5% higher than that of
the fine mesh case.

Hinally, it is noted that the error caused by too
coarse a mesh spacing is about the seme size and in the opposite direction
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TABLE 12.0-E

COMPARISON OF GROUP ABSORPTIONS IN THE A-5 AND THE
STAINLESS STEEL (ABSORPTION FOR THE ith GRouP
EQUALS VOLUME x FLUX x Sgy = V §; ZTgy

Absorption Rate

. . | Case - Group & | . Total
_ Material No. | Group 1 | Group 2 [ Group 3 | (thermal) | Absorptiorl
A-5 ' 3001 |1.0316 0.5640 ;Q.9§i3 98.4111 110.9980
A-5 : 3002 | 1.0317 |0.5639 |10.9908 | 98.5450 111.131k
A-S ' 3003 [1.0160 [-0.5621 |10.9332 93.1&07.,,'£95.6520'

Stainless Steel | 3001 | 0.07510 | 0.07542 | 15.4638 | 255.0609 270.6752
Stainless Steel | 3002 | 0.07517 | 0.07536 | 15.4638 | 255.1629 270.7770

Stainless Steel | 3003 | 0.07439 | 0.0756 |15.4180 :2u1.216h_ 256 . 7844

T A . 4
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" TABLE 12.0-F

THE . SINGLE- LOBE REACTOR MODEL USED IN THE

MESH COARSENESS STUDY

/

_ | Outer Radius | Interval Width in
Region| o or Region | Mnst Coarse Mech
No. | " Region Composition ~ (in.) - (cm)
"1 Homogenized A-5 test, stainless L .
\ steel and void ; 4 1.3 1.7018
2 . Filler of 40% H,0 and 60% Al . 3.00 . | 2.1082.
-3 Core (nominal fuel loading) 5.50 . | .  1.5875
b Control Ijegiorl, D0 + 3g/liter o .
e of HyBO; - S 8.50 1.9050°
5 - | Reflector, D0 + 0.25% H0 10.50 2.5400
6 Reflector, DsO + 0.25% HpO . ko.50 12.7000
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EFFECT OF MESH SPACING ON THE AVERAGE GROUP:-FLUX AND ON EIGENVALUE

TABLE 12.0-G

1 po
Fegion . . Case No. Case No.
No. Compcsition 3007 3006 3005 3004 % Error* [~ . 3007 3006 3005 3005 % Error?|
1 A-5, ss, void homogenized 0.0097h 0.00975 0.00979 0.00990 1.6 0.01255 0.01256 0.01258 001266 0.9
2 Lo% HxO + Al 0.01048 0.01049 0.01054 0.01069 2.0 0.01252 . | 0.01253 0.01258 0.01271 1.5
3 Core (Nominal fuel loading)| 0.01067 o._oioﬁ7 0_.01069 0.01076 0.8 0.01251 *0.01252 0.01255 0.01264 . 1.0
b D0 + 3 g/liter of D3BO3 0.003615 0.003614 0.003612 0.003604 -0.3 0.007712 0.007707 0.00768k4 0.007605 S1.h
5 2 in. Dp0 reflector " 0.000839 0.000832 0.000808 0.000747 -11.0 0.003490 0.003468 0.003384 0.003103 -11.1
6 40 in. DyO reflector 1.35 x 1079 [ 1.34% x 10" 1.29 x 10-2| 1.19 x 10-> 211.9 | 1.06 x 10°%]1.05 x 10°% | 1.02 x 10-%| 0.93 x 10-}4 -12.2
. Py f, (thermal)
Begion Case No. Case No. ’
No. Compcsition 3007 3006 3005 300k %_Error* 3007 3006 3005 300k % Error¥
1 A-5, 8s, voié homogenized | 0.01181 0.01182 0.01185 0.01195 1.2 0.01047 0.01050 0.01059 0.01097 4.8
2 40% H-0 + AL . 0.01183 -1 0.0118% 0.01:87 -0.01195 1.0 0.01354 0.01352 0.01348 0.01337 -1.3
3 Core (Nominal fuel loading)| 0.01109 2.01110 0.01111 0.0111k4 ‘0.4 | 0.00757° 0.00757 0.00757 0.00756 -0.1
b D20 + 3 gfliter of 'D31303 0.00871 2.00870 0.00866 0.00848 -2.6 0.01L218 0.01219 0.01223 0.01229 0.9
5 2 in. D0 reflector 0.00568 - 2.00566 0.00558 0.00522 -8.1 0.01642 0.01645 0.01659 0.01695 3.2
6 40 in. Dp0 reflector 3.12 x 10°% | 3.11 x 10-% 3.05 x 10-%| 2.83 x 10-4 -9.3 | 0.005%% | 0.00594 0.00592 0.00581 -2.2
Case No. Kepr ‘ j
3067 0.99959 : :
3006 0-99%k4 .
3005 0.99980 RN

300k 0.99992



to the error caused by homogenization of the stainless steel pressure tube
with the A-5 test.. The net result is that PDQ cases run with the coarse
mesh and homogenized test region and pressure tubes are probably only about
a couple of percent in error compared to the more accurate diffusion theory
solutions with regard to average neutron flux velues in the test region.
The indications are that the k. pp value obtained is
good to within a small fraction of a percent regardless of the larger mesh
spacing and/or homogenization.

12.22 Two-Dimensional Studies

12.221 Introduction

To study the two-dimensional effect of mesh size and
homogenization on maximum-to-average power ratios, average experiment fluxes
and detailed fluxes along north, east, and diagonal axes from core center
line for a typical core of the ATR, three PDQ problems were run. Two of
these problems were run on the IBM-7O4 at NYU. The coarse mesh problem had
a mesh of 42 x 42 (1764 internal points) while the fine mesh problem had
an 84 x 84 (7056 internal points ) mesh. The TRANSAC mesh problem with
a mesh of 140 x 140 (19600 internal points) was beyond the capabilities
of the IBM-TOL. This problem was run by Internuclear Company using the
PHILCO-2000 machine. There were some slight differences in fueled ares
and the pressure tubes were homogenized into the experiments in the coarse
mesh problem. These differences would account for the change in eigenvalue
between the three problems. All three problems used exactly the same two-
group reactor constants except for the coarse mesh problem in the regions
where pressure tubes were pomogenized into the experiments.

12.222 Results

The fine mesh PDQ-3 problem gave essentially the
same results as the TRANSAC mesh PDQ-4 problem as can be seen on Teble 12.0-H
and Figures 4.0-1 through 4.0-8. The coarse mesh problem did give some
significant deviations-- in particular the overall core maximum-to-average
power density increased by about 18%. The maximum-to-average value quoted
in the table does not include the vertical component. -Also the average
experimental thermal flux dropped significantly for the center experiment
and to a lesser extent in the north experiment. In the east and northeast
experiment the thermal flux increased somewhat. The east experiment had
a zirconium pressure vessel instead of stainless steel. All fluxes have
been normalized to a core power of 250 Mw.

. The fine mesh was used in most problems for the
study of the ATR. When coarse mesh was used for particular studies
appropriate corrections were made to obtain effectively fine mesh results.
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TABLE 12.0-H

TEE EFFECT OF MESH SIZE AND HOMOGENIZATION ON

FLUX AND EIGENVALUE - RESULTS FROM TWO-DIMENSIONAL STUDIES

Experiment Fluxes n/cm@ sec x 10715
A-1 (East) A-3 (Center) A-5 (North A-5 (Northeast)

Coarse Fine | TRANSAC| Coarse Finel TRANSAC Coarse Fine | TRANSAC| Coarse Fine | TRANSAQ
e 1.093 |1.228 | 1.251 | 2.184% | 2.324| 2.315 |{1.195 |1.329 | 1.308 | 1.518 | 1.716| 1.688
b h 1.413 | 1.367 | 1.308 | 0.602 | 0.702| 0.685 | 0.384 |0.407 | 0.397 | 0.641 | 0.578| 0.561
pr/Pen 10.77% |0.898 | 0.956 | 3.628 | 3.310] 3.380 ! 3.112 |3.265 | 3.295 | 2.368 | 2.969 |" -3.009

Average Core Thermal

Max/Avg Power Density |Fluxes n/cm2 sec x 10~ 2 Reactor Values

Coars= Fine |TRANSAC| Coarse Fine | TRANSAC Coarse Fine | TRANSAQ
Zast Fuel 2,775 |2.282 | 2.320 | 0.326 | 0.335 | 0.334 Max/Avg | 2.594 | 2.192 | 2.213
Center Fuel |1.470 |1.482 | 1.49+ | 0.525 | 0.525 | 0.522 Kerf 1.1325 | 1.1144} 1.1168
North Fuel |{2.52C {2.492 | 2.583 | 0.281 | 0.291 | 0.287 — '




12.3 ATR Experiment Specifications and Test Facility Structure

The -specifications for the A-1, A-3, and A-5 experiments are given
in Table 12.0-J and the structure assumed for the ATR loops is shown in
Figure 12.0-10.

TABLE 12.0-J
ATR EXPERIMENT SPECIFICATIONS

Experiment
A=1 . A-3 A-5

Kw/foot 200 200 200
Kw/gram 30 15 10
‘Metal/water ratio 1.0 1.0 1.0
Metal , . Zirconium Zirconium Zirconium
Atoms U23%/cm3 2.768x1019 5.536x1019 | 8.304x1019
Neutron flux gbove

.625 ev (n/cm®-sec) | 1.0x10%5 1.5x105 | 1.0x1012
??iim?§/2§5f§§§> 9.6x10t" h.8x101% | 3.2x10MH

12.4 Reactor Constants

The constants used in the ATR calculations are given in Tables
12.0-K and 12.0-L. The bulk of the ATR calculations (including the
TURBO calculations) used constants given in Table 12.0-K; however,
for the temperature coefticient calculations, the constants given in
Table 12.0-L were used. Whenever the composition description in

- these tables is listed in per cent the reference is to volume per cent.
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TABLE 12.0-K .
. NUCLEAR CONSTANTS FOR ATR CALCULATIONS,

1l Fast
'3‘Fast Group Group’
Composition 1 of 3 2o0f 3 30f3| 1lofl Thermal

1.43 Normal Fuel D 2.4551 [1.2376 [0.9489 |1.5432 '0.27ou

Zg | 0.00138L4{0.000966 [0.017162(0.006286 | 0.1969

. |0.066727|0.081588(0.072758(0.023284 -

vZp [ 0.001293}0.001672(0.024591(0.008883 | 0.380k
Normal Fuel D 1.54355 | 0.2807

Ta 0.00476 | 0.142

Iy 0.02442 --

vIp 0.00644 | 0.267
304 Stainless D 1.563 0.943 0.390 0.735 0.3188
Steel L, | 0.0003 |0.000039 [0.00945 |0.00k0k |0.1851

Zr | 0.0375 |0.005 0.00038 |0.0001 --
8.45% 304 SS + D 1.925 1.11 0.463 0.845 0.391k4
18.55% Void fa | 0.000045(0.000035|0.0077 |0.0033 0.1507
(Homog. Press. %, | 0.033015[0.003092 [0.000174| 0.000066 --
Tubes and Void)
87.979% Zircalloy- D 2.099 1.395 -
2 +12.021% Void 1, 0.000085 | 0.00476
(Homog. Press. I 0.0 --
Tubes and Void)
Aluminum D 2.720 1.600 2.250 2.150 3.595

5y | 0.0002 [0.000225]0.001775|0.000785 | 0.01083

Zr | 0.016868]0.00202 |0.00006 |0.000035 --
Beryllium D 1.7262 |0.5805 |0.4659 |0.6820 0.4155

(Pure) Z, |0.01258 [0.000002{0.000054f0.001709 | 0.0009676

. | 0.04828 |0.92764 |0.01690 |0.009067 --

vZe | 0.016732(0.0 0.0 0.0 0.0
Water (Pure) D 2.3376 |1.1354 |0.6110 [1.3886 0.1788 .

Iy | 0.001373]0.000012|0.000917[0.000781 | 0.0167k4

Zr |0.1012 ]0.1451 |0.1Lk62 |[0.04T09 --
99.75% DO + D »1.98L1' 1.2514% {1.2387 |1.3206 0.9052
0.25% Ho0 Z, |0.001802/0.0 0.000002{0.00019 | 0.00006988

Ir | 0.07788 |0.03227 }0.01931 [0.01079 -

(more)
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Table 12.0-K (Cont.)

- 160 -

3 Fast Group 1 Fast
Group
Composition 1l of 3 2 of 3 3 of 3 1 of 1 Thermal
99% DO + 1% HoO D 1.3138 | 0.8697
Iq 0.00020 | 0.0001986
< 0.011195 --
97% D20 + 3% HO D 1.3009 0.8029
b3 0.000227 | 0.000538k4
I 0.012242 --
95% DgQ + 5% Hx0 D 1.2897 0.7h60
z 0.000253 | 0.0008782
T -10.013257 --
97% Beryllium + D 1.7262 [0.5907 Adlu885 0.7094 0.3959 '
3% HZ0 S, | 0.01256k4[0.000002|0.00008 {0.001928 | 0.001kk41
%, | 0.050037/0.031045{0.02075 |0.01054 --
vZe| 0.016834(0.0 0.0 0.0 0.0
90% Beryllium + D 1.7289 |0.6153 [0.4ohk7 [0.7625 0.3587
10% HL0 To | 0.012465]0.000003|0.000141|0.002338 | 0.002544
S | 0.054135|0.039027|0.029776|0.013774 --
© vZp| 0.016948]0.0 0.0 - 0.0 - 0.0
80% Beryllium + D 1.7398 |[0.6522 0.5040 |0.8257 0.3187
2 % H0 Z, | 0.012139|0.000004|0.000227{0.002733 | 0.00k121
Z. | 0.05995 {0.05049 [0.04270 |0.018056 --
vZp| 0.016789/0.0 0.0 0.0 0.0
95% Aluminum + D 2.6966 [1.8471 [3.0985 [2.5402 1.795
5% Hg0 L, | 0.000262/0.0002230.00162 |0,000867 | 0.01113
£, | 0.02194 10.01001 |0.00683 |0.003125 --
1 80% Aluminum 4 D 1.860 0.7h0
20% H 0 Z, 0.00077 | 0.012025
z. 0.0110 --
70% Aluminum 4+ D 2.5816 |1.3700 |1.4615 |[1.7379 0.5294
30% Ho0 2, | 0.000568]0.000153 [0.001528|.0.000747 | 0.0126
Z. | 0.0LL476 |0.0L4552 |0.04354 |0.01581 --
60% Aluminum + D 2.542 ]1.312  {1.200 1.635 0.405
Lo% H0 I, | 0.000684|0.000132]0.0014k45|0.00076 | 0.0132
Z. | 0.0533 |0.0600 [0.0582 |0.0206 -
(more)




Table 12.0-K (Cont.)

3 Fast Group lGiii;
Composition 1lof 3] 20f3 [ 30f3 | 1ofl ‘Thermal
97% Beryllium + D 1.7238 10.5893 [0.4950 0.6901 0.4222 _
3% D50 I, | 0.01237 {0.000002}0.000052{0.001679 | 0.0009407
5. | 0.04862 |0.02777 [0.01698 {0.00910 |O --
vZp | 0.016508{0.0 0.0 0.0 0.0
95% Beryllium + D 1.7217 |0.5954 [0.5012 |0.6948 0.4267
5% D50 Z, | 0.012229|0.000001 0.000051[0.001656 | 0.0009227
z, 0.04895 {0.02786 |0.01702 [0.009140 -
vZe | 0.016359(0.0 0.0 0.0 0.0
90% Beryllium 4 D 1.7162 |[0.6111 |{0.5174 |0.7065 0.4387
10% D0 5, | 0.01186 |0.000001 [0.000049[0.001591 | 0.0008779"
5. |0.05000 |0.02809 [0.01715 |0.009222 .-
vre | 0.01597 (0.0 “10.0 0.0 0.0
80% Beryllium + D 1.7092 |0.6457 ]0.5532 0.7323. |O.4éhT
20% D20 %, |0-01105 |0.000001 0.000043]{0.001443 | 0.0007861
0.05264 [0.028535{0.017387{0.009396 --
ﬁif 0.015049(0.0 0.0 0.0 0.0
Water + 1 g/liter D 2.3375 {1.1354 [0.6109 |1.3887 |0.1783
H3BO3 £, | 0.001374|0.000017}0.001251|0.000891 |0.02249
L | 0.1012 |0.1451 |0.1459 |0.0L699L -
Water + 3 g/liter D 2.3374 |1.1353 |0.6107 |1.3889 0.1774
H3BO3 L, | 0.001375]0.000026(0.001918|0.001109 |0.03399
* |0.10119 |0.1451 |0.145L9 |0.04680 --
Water + 10 g/liter D 2.3368 [1.1350 [0.6098 [1.3897 0.17k2
H3BO3 T | 0.001381{0.000057|0.004231|0.001861 |0.07425
S | 0.10120 |0.14508 |0.14392 {0.04613 --
Water + 50 g/liter D 2.3337 [1.1336 |0.6053 [1.3938 0.1579
HBO, Ty | 0.001416(0.000236]0.016864(0.005883 [0.3043
. |0.10122 |0.14500 {0.13543 |0.0k258 --
D0 + 1 g/liter D 1.9830 [1.2517 |1.2374 |1.3201 0.8879
D3BO3 I | 0.001803(0.000006(0.00034% [0.00038 |0.0059
Sr | 0.077875(0.032315{0.019115(0.010686 --
DO + 3 gfliter D 1.9829 [1.2516 [1.2344 {1.3188 0.863Y
D3B03 %, | 0.001805{0.000017|0.001002{0.000753 |0.01756
I | 0.077876(0.032309{0.018635]0.010374 --
(more)

- 161 -




Table 12.0-K (Cont.)
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_ 1l Fast |.
3 Fast Group Group
Composition lof 3] 20f 3] 30£3| 1of1l Thermal
DO + 10 g/liter D [1.9825 |[1.2511 [1.2245 [1.31%7 ~ {0.7895
D3BO4 I, | 0.001812|0.000058|0.003189}0.001963 | 0.05836
. | 0.077879|0.032288(0.017072} 0.009368 --
D0 + 50 g/liter D |[1.9802 [1.2485 [1.1853 |1.3012 [0.5318
D3BO3 Lo | 0.001851(0.000288(0.012763|0.006841 | 0.2916
Zr | 0.077899(0.032168|0.010733|0.005482 --
80% Be + 20% H,0 D 1.7398 |0.6521 |0.5039 |0.8258 0.3177
W/3 g/liter H3BO3 g | 0.012140(0.000007|0.000429|0.002821 | 0.007572
Z. |0.05995 |0.05049 |0.0k255 |0.017981 -
80% Be + 20% H,0 D 1.7397 |0.6521 10,5037 |0.8261 0.3155
WAO g/liter Za | 0.012141(0.00001k4{0.000897| 0.003025 | 0.01562
H3BO3 Z. | 0.059955/0.050483(0.0k2217(0.01781 | --
80% Be + 20% Héo D 1.7383 |0.652 0.5024 |[0.8279 | 0.3036
W/50 g/liter %, |0.012149(0.000053(0.003495| 0.0041k2 | 0.06163
H3BO3 Z. | 0.05996 |0.05046 [0.04037 |0.0185 --
' A-1 Experiment D |2.6172 |1.2418 |0.9967 [1.5459 = |0.4408
4L00°F Spectrum %y | 0.000408|0.000072|0.001807| 0.000783 | 0.02049
£. |0.0509% [0.05335 [0.0527 |[0.01863 --
VZp | 0.000099|0.000132(0.002105/ 0.000822 | 0.026059
A-3 Experiment D |2.613% [1.2405 0.9957 |1.5461 |0.4576
L4OO®F Spectrum Z, | 0.000448|0.000140]0.003091}0.001266 | 0.0305
Ir | 0.050995(|0.05333 |0.05189 [0.01826 -
Ve | 0.000198(0.000263(0.00416 |0.001616 | 0.0521k
A-5 _Experiment D 2.6096 ]1.2393 |0.9946 [1.5462 0.4511
40O F Spectrum Ja | 0.000488(0.000207|0.004345(0.001734 | 0.04303
Zr |0.05105 |0.05331 |0.05122 |0.01790 --
vze | 0.000297|0.000395{0.006171] 0.002385 | 0.0782
A-1 Loop W/SS D 2.4342 11.1781 10.6087 [1.2556 0.4120
Pressure Tube To | 0.000227|0.000055|0.004722(0.001838 | 0.07820
400°F Spectrum Z. |0.040065/0.03104 [0.028082|0.010489 | --
vZg | 0.000054[0.000072|0.000955| 0.000398 | 0.0145
A-3 Loop W/SS D |2.4336 {1.1778 (0.60853 |1.2566 |0.4102
Pressure Tube Iy | 0.000240]0.000077|0.005035| 0.001961 | 0.08234
LOO9F Cpectrum Z | 0.04006k4 [0.031031 [0.027929| 0.0L10397 --
VZ¢ | 0.000086(0.000116(0.001519|0.000631 | 0.02311
(more)




. Table-12.0-K (Cont.)

1l Fast

3 Fast Group
e R A Group .
Composition *1l-of 3 2of 3 3 0of 3 lofl Thermal
A-5 Loop W/SS D 2.4328 |1.1775 |0.6083 [1.2580 0.4078
Pressure Tube Za | 0.000258(0.000107 [0.005452|0.002123 | 0.08789
LOOOF Spectrum I | 0.040063{0.031018|0.027727|0.010277 --
VI | 0.000129(0.00017h |0.002273|0.000942 0.03465
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TABLE 12.0-L

NUCLEAR CONSTANTS FOR ATR TEMPERATURE

COEFFICIENT CALCULATIONS

100°F 160°F -, ... 200°F*
, 1 Fast | Thermal | 1 Fast Thermal | 1 Fast | Thermal
Composition Group Group Group " Group Group.:| Group
Normal Fuel D |1.5165 [0.2499 [:5322 0.2659 [1.5465 0.2773
Burneble Poison I, [0.005043{0.17467 [0.005032 |0.16471 [0.005023(0.15883
I, |0.02523 -- 0.02480 -- 0.024k42 -]
Ve |0.006449{0.29750 [0.006L45 |0.28051 - 0.006440 [0. 27054
D20 D |1.2756 |0.8419 [1.3015 0.8763 [.3207 |0.9001
Zg |0.000196 |0.00007940.000193 |0.0000741j0.000190 |0.0000708
Zr |0.01117 = 0.01095 - 0.01079 -
90% Be D |o.7621 |0.3492 [0.7623 0.3545 l0.7625 [0.3580
10% Water £, 10.002359{0.001908 |0.002348 |0.001785 |0.002338|0.001705
%. |0.0139k -- 0.013852 .- 0.013773 -—
60% AL D |1.6136 [0.3690 [1.6271 [0.3920 [1.635 |0.4086
Lo% Water Ty |0.000768(0.01474 0.000763 [0.013898 |0.000760 |0.01337
‘T, [0.02107 .- 0.02075 -- 0.02050 -
T0% Al D [1.6857 |[0.4728 [1.7128 " lo.s021 h.7379  {0.5234
30% Water T |0.00079110.01430 [0.000778 [0.01337 [0.000767 (0.0127T -
. 0.01630 -- 0.016043 - 0.01581 --
i
80% Al D [1.8745 ]0.6639 |1.8858 0.7015 [1.860 0.7282
20% Water - T |0.00079.10.01333 |0.000788 10.01261 [0.00077 |0.012175
£, 10.01131 - 0.01115 -- 0.0110 -
Pure Water D [1.3469 [0.1583 [1.3686 0,1689 |1.3886 |[0:1765
(H20) Ta |0.000806 [0.01898 |0.000793 |0.01775 {0.00078110.01696
L. 10.04855 -- 0.04778 - 10.04709 -— .
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12.5 Time Dependent Turbo Constants

The microscopic constants that were used in the TURBO problems to
compute the time dependent reactor constants are given in Table 12.0-M and
12-0-N. The fast group constants given in Table 12.0-M were obtained from
MUFT-L4 calculations and from the TURBO manual.: The MUFT-4 program yields
three fast group values of D, %, T Zp, end 7Ze. " Thére are also edits
available which will give the portions.of the absorption and fission cross
sections due to U-235 and U-238. The -microscopic values of absorption
and fission cross sections of U-235 and U-238 given in Table 12.0-M were
calculated from a MUFT-4 problem run for the core of the ATR with no B0
in the core. The microscopic transport and removal cross sections were
taken from the TURBO manual. Then for the TURBO calculations each of the
. time dependent compositions was divided into three elements, U-235, U—238

“and a sp§c1al nondepleting element with an atomic density of 0.1 x 102
atoms/cm The microscopic constants for the special elements were. calculated
from the previously determined values for U-235 and U-238 and the macroscopic
constants from the pertinent MUFT-4 problem.

The thermal constants given in Tables 12.0-M and L2.0-N are Maxwellian
averaged constants at the core temperature. Since the experiments were at
a higher temperature then the core a self-shielding factor of 0.8696 was
used in the TURBO calculation to correct the thermal U-235 absorption and
fission cross sections to the temperature of the experlments.

The initial atom densities used in the TURBO calculations are given
in Table 12.0-0 and the I-135 fission ylelds are given in Table 12.0-P.
Sufficient B0 was added to the core composition to give a thermal absorption
cross section due to BLO of 0.015 cm 1, The imitial two- group time dependent
reactor constants as calculated by TURBO are given 'in Table 12.0- Q.

12.6 Power Balancing for TURBO Problems

Af. each time step in the TURBO problems the power distribution and
eigenvalue were adjusted by regulating the thermal neutron poison in the
control regions. It was usually necessary to iterate, at each time
step, on the poison distribution to obtain the power distribution and
eigenvalue within acceptable limits of the desired values. Figure 12.0-11
was constructed as outlined below to aid in the iterations to obtain the
correct power balance between center lobe and outer lobes. After the
TURBO problems had been run, two other charts (Figure 12.0-12) were
constructed to obtain a final adjustment in the neck and reflector
poisons so that not only the correct eigenvalue and center power fraction
would be obtained but the power distribution between outer lobes would
be correct.

12.61 Center Lobe to Outer Lobe (In-Out) Power Balancing

Several symmetrical PDQ problems were run (problems 3002,
3005 through 3009 and 3012) to investigate the effect of neck poison

1. J. B. Callaghan et al., "TURBO-A Two-Dimensional Few-Group Depletion
Codc tor the IBM-T0Ok," WAPD-TM-9%, November 1957.
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TABLE 12.0-M

FOUR-GROUP MICROSCOPIC CROSS SECTIONS FOR TURBO PROBLEMS |

Cross Section

Thermal

3 Fast Groups
Type of - Group 1 | Group 2 Group 3 ‘Group’
Element Cross Section| (barns) (barns)_ (barns) (barns
Fuel Jg 1 0.00868 | 0.000975 | 0.01406 | 0.1433
Regions " oog 10.6645- [ 0.8168 0.7502 -
Special Element Oty 1.340 2.666 3.LL6 10.572
A-). Experiment O, ‘0.002569 -0.000023 o.ooz@fs 0.0656
Region ' og 0.2278 0.3029 0.2977 -
Special Element Opp 1 0.8155 2.719 3.881 - b.52k
A—3'Experimept_ Og 0.002048| 0.000169 | 0.039A? 0.7127
Region oR 0.4006 0.3103 0.2793 -
Special Element Oty 1.368 2.828 ~,§'h72 7.996
A-5 Experiment g 0.002052| 0.000169 | 0.038l43 0.7128
Regions oR 0.4006 0.3102 .|. 0.2773 -
Special Element Oir 1.368 | 2.828 | 5.471 7.979
U-235 Oy 4.935 7.981 © | e2.62. . | 528.92
o, 1.436 2,447 43,73 518.95
OR 0.1472 o 0 -
Vop 3.599 L.757 69.99 1082.6
of '1.299 1.918 28.47 "438.3 -
U-238 Oip _ 5.805 - 8.946 8.990 12.127
S, 0.480k. | 0.3167 | 23.65 2.155
ox 2,306 0.0400 0 -
Vo, 1.159 0 0 -0
op 0.4292 0 o 0

- 166 -



THERMAL. MICROSCOPIC CROSS SECTIONS FOR TURBO PROBLEMS

PABLE '12.0-N

Element <b§¥£s> (ba¥ns) .(bzgns) vt
U-236 15.54 5.57 0 0
Pu-239° 948.1 938.5 | 657 1960
Pu-2L40 255 245 0 0
Pu-2h41 1213.1 1203.5 880 2698
Pm-149 0 0 0 0
I-135 0 0 0 0
Sm-149 60520 60520 0 0
Xe-135 2640000 2640000 0 o
Fen-Pr 60 60 0 0
B-10 2950 2950 0 0

*Low cross section fission products.
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TABLE 12.0-0

INITIAL ATOM DENSITIES OF TIME DEPENDENT COMPOSITIONS

IN TURBO PROBLEMS (Units of 102% atoms/cmd)

Special
Composition Flement U-235 U-238 B-10
Fuel . 0.1 0.00024595 0.00001766 0.000005085
A-1 Experiment -.| 0.1 0.0000154 | O . 1o
A-3 Experiment 0.1 0.00002454 0 0
A-5 Experiment 0.1 0.0000368 0 0
TABLE 12.0-P
FISSTON YTRLD 0¥ I-135 FON TURDO PROBLEMS
Element Fission Yield
| u-235 0.061 -
U-238 0.055
Pu-239 0.070
Pu-241 0.055
TABLE 12.0-Q
" INITTAL I'WO-GROUP TIME- DEPENDENT
REACTOR CONSTANLS AS DETERMINED BY TURBO
D 5, VZp T
Composition Group (cm) (cm-1) (em~1) (cm~1)
Fuel 1 1.5442 0.005007 0.006276 0.02428
2 0.277° 0.1570 0.2%63 -
A-1 Experiment 1 2.0609 0.0004237 0.0003986 0.009819
2 0.7238 0.01351 0.01450 -
A-3 Experiment 1 1.2565 0.001961 0.0007051 0.01040
o 0.4102 0.08234 0.02310 -
A-5 Experiment 1 1.2579 0.002123 0.001055 0.01028
2 0.4078 0(08789 0.03464 -
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and reflector poison on the eigenvalue and power distribution between
inner lobe and outer lobes. Table 12.0-R lists the results from these
problems. These results were plotted to facilitate interpolation between
points. Figure 12.0-11 was then constructed from the plots by assuming
the effects of the neck and reflector poisons to be independent.

The K values on this chart are the computed differences
in eigenvalue from the core with no poison in the controls to the core
with poisoned controls, and the P values are quantities determined in
a8 similar manner from the fraction of the total power generated in the
center lobe.

The results from one iteration on the poison distribution
for a given time step in the TURBO problems were used to obtain the input
poison distribution for the next iteration by using Figure 12.0-11. For
instance, from the burnout TURBO, for time step 1 (see Table 6.0-B) an
eigenvalue of 1.0883 was obtained, and the fraction of the total power
generated in the center lobe was 0.2373. ' Therefore, the eigenvalue ‘
should be increased by 0.0017 and the power fraction increased by 0.0027.
For this time step the thermal poison in the reflector controls was 0.0180 cm
and the thermal poison in the neck controls was 0.095 em-1. Plotting the
point determined by these two poison values on Figure 12.0-11, a K value
of (-0.1000) and a P value of (+0.0562) is plotted on Figure 12.0-11 and
the poison values of 0.0185 for the reflector controls and O. 0830 for ‘the
neck controls is read from the plot. These are then the amounts of thermal
poison Whlch would be used in the next iteration for time step 1. -

-1

12.62 Outer Lobe Power Balancing

’ Besides the PDQ problems mentioned in Section 12. 61, three
other PDQ problems (3017 through 3019) were run to investigate the effect
of placing a thermal neutron poison in only the east-west reflector regions
and leaving the neck control regions and north-south reflector regions .
clean. The results of these problems. are listed in Table 12.0-R. For
these problems, A-5 experiments were placed in all four outer lobes. '
Therefore, it was unimportant whether the east-west reflector regions
or the north-south reflector regions were poisoned; hence, the results
can be used to estimate the effect of placing poison in either set of
reflector regions.

Chart A of Figure 12.0-12 was then constructed from these
three PDQ problems and the PDQ problem with no control poison by assuming
the effect on eigenvalue and power fraction in each lobe due to poison
in either the east-west or north-south reflector control regions to be
independent of the poison concentration in the other reflector control
regions. The K values on this chart are the computed differences in
eigenvalue from the core with no control poison to the core with poisoned
controls, the Pporth and Peggt values are quantities determined in a
similar manner from the fraction of the total power generated in the
north lobe and east lobe, respectively.

Chart B of Figure 12.0-12 was constructed from the PDQ
problenms (Table 12.0-R) where only neck control poison was present.
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TABLE 12.0-R -

PDQ TWO-DIMENSIONAL PROBLEMS TO INVESTIGATE THE EFFECT

WER DISTRIBUTION

OF CONTROL POISON ON EIGENVALUE AND PO

’

PDQ

Poison (cm=1)

Power Distribution

Fraction of

. BE-W N-S l'otal Core Power
Problem ' . Reflector | Reflector| Center Fast North
No. Eigenvalue| Necks System System Lobe Lobe " Lobé
3002 l.azkg | o 0 0 0.1966| 0.2008 | 0.2008
3005 1.1193 0 0.05829 0.05829 | 0.3108| 0.1723 | 0.1723
3066 1.1075 0 0.12824 0.12824 | 0.3291| 0.1677 | 0.1677]
3007 1.2082 0.05751 | 0 0 0.1848| 0.2038 0.2038
3008 1.1799 0.28756 | O 0 0.1592|( 0.2102 { 0.2103
3009 1.1691 - | 1.1502% | O . 0 0.1438} 0.2141 | 0.2141]
3012 | 1.1505 | O 0.01749 | 0.01749 | 0.2678| 0.1830 { 0.1830
3017 1.2074 |0 0.00493 | 0 0.2109 | 0.1805 | 0.2140
3018 1,1904 0 0.01493 0 0.2056 | 0.1580 | 0.2292
3019 1.1756 0 0.03993 0 0.2394 | 0.1366 | 0.2438
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This chart was corstructed on transparent paper since it was to be used’
on top of Chart A to-determine the third variable in the computation.
The ‘K values and Ppypth values on Chart B were computed in & manner
similar to those for Chart A and the scales are 1dent1cal to. those‘
used on Chart A

These charts were used, after the TURBO problems had been
run, to obtain the final adjustment in the neck and reflector poisons at
each time step. TFor an example, the burnout TURBO problem at time step 1
is again used. The amount of poison (0.018 cm™ ) in both reflector
systems determines a point.on Chart A (marked initial.point time step 1).

At this point: K = -0.0758,
Poopth = -0-0157, and -
Peast = -0.0157T.

To achieve the desired values, K must be changed by (+0.0017),
Phorth by (-0.0073), and Peggqt by (+0.0060)(see Tables 6.0-A and 6.0-B),:
resulting in a K value of (-0-07k1), and P orth Of (-0.0230) and & P
of (—0.0097). These changes are accomplished by changing the poison
concentrations in both reflector control systems and in the neck control
regions. Now, under the assumption that the effects of a change in one
control region are independent of the poison concentrations in the other
control regions, any change in the neck control poison will change the
fraction of the total power generated in the east lobe and in the north
lobe by the same amount.

east

Thus, some unknown amount of the power fraction change and
the eigenvalue change will be made up by a change in the neck control
poison. By assuming different amounts of the power fraction change to
be made up by the neck control poison, a curve (AP curve) can be plotted
on Chart A using Ppoptp and Peggt as coordinates. Three points on this

curve for time step 1 are as follows: Prorth Peast
-0.0230 -0.0097
-0.0227 -0.0094
-0.0223 -0.0090

Values of the reflector poison concentrations determined
by points on this curve will then result in the power fraction developed
in the east-west reflector system and the north-south reflector system
to differ from the required amounts by the same quantity. Now the neck
control poison which will take us from this curve to the "Final Value"
at X of -0.0741 and a Prorth of -0.0230 must be found. With Chart B
drawn on transparent paper this is done as follows. The point deter-
mined by the neck control poison (O. 095 cm” ) is plotted on Chart B,
this chart is then placed on top of Chart A with the K axes parallel and
the point on Chart B lying on top of the AP curve previously plotted on
Chart A. Chart B is then moved while keeﬁing this orientation until the
poison curve of Chart B intersects the "Final Value" previously plotted
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on Chart A. The point on the poison curve over the "Final Value'" then
gives the neck poison, and the point at which the poison curve intersects
the curve on Chart A gives the values of- the reflector poisons. :-Thus, -
for time step 1 of the burnout TURBO problem values of 0.081 em~1 for the
neck control poison, 0.0222 em™L for the north-south reflector control
poison, and 0.0156 em~1 for the east-west reflector control poison were
obtained. .

The charts in Sections 12.61 and 12.62 were constructed
for the clean core by assuming the independence of .effects from the .
control regions involved. Although this assumption.is not exact, the ..
charts so constructed will still yield good values throughout the charge
life when the poison corrections are not too large.
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12.7 Derivation of Xenon Instabllity Criterlon e g"‘

The two-group crlterlon for ax1al ‘xenon 1nstab111ty using the assump-
tion of a spacially uniform initial xenon distribution is derived below.
The two-group neutron balance equatlons for the s1ngle region, one-
dimensional model investigated are:

(1) DIVR0) - (ZR + DyBi2 = vEel + 5,1) @1 + vEpplp = O
(2) D3/ 02 - (Zap + Zx) @0 + (Sg + £ D3B12) & = O
1
Iy = Xe cross section
f =

fraction of fast group neutron leakage whlch returns
to the core as slow neutrons .

~Linearize the equations by substituting 1nto \l) and . (2) the following:

$rlx, 1) = Pi(x, o) +W(x, 1)

Bolx, 8) = Palx, 0) +Yolx, 1) w—
- 2X(X; t) = zx X) O) +Sz (S ) = ZXO +§Z(<_
" zag(x, t)_ = Za(x,. o) +§Za(x, t) = ';.é_o +§za<'

Perturbations

(3) DAL - Zf‘f’l_ +sz2¢2' + oK -2 e
0 oAk oadh - Fao Ta)Bo - B2, 48T, ¢,
- Rao +zxo) WQ - (gza +82() ‘\Pe +Zs ¢l +251Pl = 0 , where

5,
3

s .

¢

ZR + DlB12 -V Pl +§:a1

zR + £ D1B12

¢1(X; 0)«‘ a»nd- ¢2 = (}Sg(x; o)
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If the reactor is critical at t = 0 and second ordered terms ‘neglected,

(3) and (4) become: since X,t) <<1
%%x,oi : R

(5) Dlvﬁ‘ll/l D JRT/REY SRV R
(6) DoV, - (Zao + L)W+ S Y - 35, ¢, - 92, ¢
The Laplac;an'of equation (6) is | ;
(7) DV Y, - (3, + zxo>v wg 43 vgw -¢, Sv 5,
- STV, -Szav2¢2' -0

where D2, E:ao’ z‘xo’ anddiza are constant with respect to x.

Rewrite (5) and (6):
2 %3
8) V?Wl_,f Dl_fwl " lez Vo
D2 Tao F2xo A :
(9) ¢1.=-—%—S—W2+(ﬁs—lwg+§:¢z T¢2

Substitute (9) into (8):

o 3 S5 4T )y, z Sz
(20) vewl T T DT, <=V ¢’2 - D2 ‘Vh ¢2 .

. Zs. Za¢ i V2 £2 )
B s, Pe T T e

Substitute (8) into (7):

(13) Devhwe - (2t 2 0) VEL/JE - ¢, Svezx - 83 xv2¢2
5.5, o
D

- OZV %, wl_-z_sﬁlzgf_ng =0
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Substitute (9) into (11):

total flssionsxper thermal fission.

(12) D, - (S, +5 VY, - 6,875, - 82V,
Dp2 ¢ ' <zab‘* 2%
“gzav2¢2 T D] v 2\02 i D, 1’De
ngxzf gzazf ZSVZEEw
+ — ———
D) D, 2 D, 2
Rewrite (12): ' .
(13) D1D2 VLL ' Dl(zao + ZXO)
RS b & 5 4V |
‘ s ey, D
* l:(zao +zxo) f :\ [ Z'f' P2 SZX
p$, OV, [ 2V ¢> . o
2 ¢2 Ef -
The equations relating 8 2 < to LPE are derived as foilows:
() T - - AT+ Y X0,
as) M1, S0P, - A x -0, x P,

?’ and 7 are iodine yields and xenon yleld each multiplied by
(ol = microscopic xenon cross

section.

(16)

X
Differentiate (15) - -
a°x aI 72 >\ ax ax
w2 T3t " £2 dt x dt > qt
o Xd¢2
x at
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Rewrite (15):
' A .y .
(17) .>\I =% = yxz‘f2‘¢2 + >\va + O-XX¢2
Substitute (17) into (1l+)
a1 ' v.
(18) at - + 7, zf2¢ Oy Xy ¥ 7sz2¢2
Substitute (18) into (16):

(19) 22_)2( = )\Igi;( + lexzfed’a - '>\I>\x X '>\103<X¢é

dt
A %2009, R 3\ x4 Yd'?sz’
+ fﬁ _[-2 klt % abL -CrY o AT -o;{_dT
Collect terméz . . .
2 .
@) e gt A gl E o Okt MGy g, 02 1y
+ A (Y +'y)§.: ?5 7 s d¢2
1 I x’Tf2r2 2 "at
Multiply by (o
2s . . dz 4
a2 ' ' % 562
(el : d't2x+ ()\l+(>\.x+(_'f;c ?)“cﬁ_ ! (>\\ I>\O_¢ Oy x

, a
= >\I\(‘>/I+ 7x)zf2¢2o§< + Y Zep 0y dﬁe

Linearize equation (21) and eliminate second order and unperturbed terms:

T =3(x,0) +0Z (x,t) = I+ 8T

X X X0

b, = Po(x,0) + Yix,t)

and neglect second ordered terms.
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a" x +_(g>\I . >\X.__*; O—X¢2)@_§+(>\I>\x + XIO;{<P2) 8};(

(22) 5 It

dt

+ zexo 3:2 >\ CT z w = >\IC);c()/I + yx) zf 2w2
. T
+ y 02f2 ;fQ
| (¢ 3]
The Leplace Transform of (22) is: L{£(t)} = [ e Ste(t)at

(23) 87 8T (x,8) +s(hp + Ay + 0y Pp) ST, (x,5)
A A+ Ag) 82 (x,8) + (% AD 0y Z, Wylx,e)

COADVOIENA TSI ACH
oy S e - {VaZee mTa)oy Aoy EVImzfg;o]}%s
. 8%+ SQ\I+ >\_X+O-X¢2(x,o)] [}\I>\x>\IO;< (x o)

Define bracket expression as z Bb X,0),8 i.e., transfer function
then the Laplace transform of equation ( 13)2becomes after elimination of -

unperturbed term:
(25) zig{_zl_fﬁv“we(x,s) _|:-l ozf o +D2]V2¢2(x,s)
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1 D12

' | - l(zao zxo .
(26) P“zf—g'z" [ *D]V

+ Ezao +zxo) - :]
Dy o2 /
Q = [¢2(x,o) - 7 \V/ ¢2(s,oﬂ ng(x,o)s:l = g(x,s)

Equation (25) becomes:

Dy 2
(27) Pw2<x 2) + Qlx 8 Jg(e) Z_ (8) - 5= Polx,0)V

| ': x s)\lj (x, G)J
(28)  v2 @x,s}\u(x,s)} - aa [agg"’s"’wx,s) +§%j"—s)g<x,sﬂ

- Wa) V2 ale) 2 Bme) BWEue) o o), e)

5 .

From (24) o . L
04 LB L0 - 35,0
e Dheifinol] + Do)

og(x,s) { (7 ZXO/Zf2 +)\Io;( [ +}’) zxo/zf;]} (SOJ_(+>\IO')B¢ (x,0)

(30) {

x { +s [)\ B\, +O—X(P X o] E\_.L)\X+)\Io—¢? X o):]}

(29) a(x,8)

Where

(1) nsg) = st [x DY +G¢2x o>J [xlxxo\@ex o>]
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oQ,(x,0)
(32) 2 -g(X;S)(SO’X+>\IO‘X) 2g(x, S)O‘ (s+>\I) ii(—)
32 v g f(’s')g:,» T B(s,P) - o [u(s, $) )2

(33)°  As) = s(Vm Lo/ 2pp)oy + AL O EVI + Y- Zxo/zfé]
1(s) =-as + d |
m(s) :—o’x(s + >\I)

Then

(%) &(xe) - %
 da(x,s) _ -1(s)m(s) 8(P2xo) :
x h(s,¢)2 3 .
XO
: 1(s)m(s)V2P L(x,0) 2 1(s)m(s) {T}
(36) v %e(x,8) = v $aboo ¥ "

[n(s, )] © [, 9] 3

(35)

(37)- \72 [g(x‘;s)w(x,s):] _ Ls) v2 (x,8) - 2 1(s)m(s)
h(s,iﬁ)) / H(JE {h(s,¢)}2

o 2
Bw(x 5) 1(s )m(s) V7 \,Uz(x,o)
ox - y (X;S)
{n(s,4))° v

R 2
o X,
+ 2 1(s)m(s)? _%((_O)

[h(s,¢)] 3 .\V'E(X;S)

From equation (27)

: 5 hs,‘ 3 ' 2
) .Qsza(z)sz( ¢ )] - Y (08 [ ?5)13 (002 20) [, ¢

D
- Ylingg(x,o){:l(s) EICH DR vARVREHY
30 (x,0) 2 o ,,(X s)
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(38_) (Cont )

(39) .

(40)

(1)

(k2)

(43)

(Lk)

1(s)[m(s)] 2

+ V‘}%(x o)\/‘J’.x s):l +21(s ' {a%(s O)} ‘J)(xs)D

[ r]? - ot w&f@%@ﬂ * Pudyagatne]”

253 Q\I+>¥(+é:¢2(x,o)] + 25° [}Y(AX+Qc¢2(‘).(’O)]
SR ool |, v 000

Let b = Ap 1 A, | 0y Palx0)
c = >\ + O‘x¢2(x,'o) . | :
no- [ ¢)] 5 +b82+~c?+2bs3+2c52+2b<.:s

= s' + Zbs +(b +2c) se+.:2bc's+c2

[O' S +2o’ )\Is+g- )\ ]( as+d)

1(s)[ m(s) ] ®

2 2 2 2 2
(o-x >\I - 20y >\Id>s f’o_x >\I d]

[30'5 +(2ao')\ O‘d)S

We now consider solutions:

\Pz(x,t) = 3 hn(t) [An sin @ X + Bﬁ cos a x]

n=1
=L
Boundary conditions for any mode: D ,
X0 .
lpg = Oforx =0and x =L L = equivalent bare
core height
An sin Cl,n (0) -+ G -cos an(O) = .0 . . . Bn:’ = 0
A oin QL + B cos gL = 0 nll tegral
o 8in O mn;c.‘c‘?g a‘n = G,n =T n is an integra



(45) Let hn(t) A = H (t)

' e nTrx
- (46) Yoix,t) = 2 H (¢) sin 20

"

R Y, )
AT Y (%)

Equation (38) then becomes:

(k) P Ews,qs)}‘ + RA(s) n(s,¢>>]2 b + menenis, §) $ 2
- M (s [m(s)] ¢3 =

P - 1 D1D27r nh +[Dl(zao+zxo) + D}Tfen2
2 e Tt D 42

- ORI vASVRCRY

CONR vt XERY

- A ‘ zs szg:]}
. + [(Zao +3 ) - —3
o [1 _13177'2 l'r'rn ] [ D7r (n +l)
R =. | +j zf | L 1+ S——
_DL[ 2 _ 21 _Dlvrz(n'l)
T—waszzé]—z" 1?
/._L_ Dl 277'2
= 2
2.1 S | N
(50) - Ph(s,qﬁ)[s + ()\X+o;<¢(x,0)] +R[s + ()\X+O’x¢(x,o;J a(s)aP(x,0)
TN 2 3
om0 (x,o»] ETXW"O)] e Mq(s)[cr}gﬁ(xm)] .
. B where g(s) = - (zxo/Zf—»Yx)s + >\I E}&*’ 7;) -Zxo/ ng

als) < - ve -y
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let z = >\3( + O'x'¢(x;°) ’ S
2
v = X0 - ’y
('zf—2 )
w o= ZXO/ZfE - (yI + ')/—X) '
b o= Apte :
s |
S U YSI
o, p o) = F |

+

(SVl) P [sz + (>\I z)s + XI z] (s + z)2 + R[-;/s:— ‘)\I ij|(S+Z)2F
b (v - Ay W (e42)E2 - fh(ovs - AP < 0

(52) (P)su + [P()\I + 2z3) - RFv]"s3 +_"[:P3( )\Iz +2°) - RF(2zv+ )\Iw) -TFEV:] e il

-’
b

o [FONEI S e ek - T peean) + e | o
+ [P>\IZ3 - RF)\IZEW - TF° >\Izw + /-LF3 )\Ix,] = o ‘

which can be put in the form '

(53) ASh+B53+Cs2‘+Ds +E = O

Examination of the numerical values of the coefficients shows that in
the characteristic equation (53) all coefficients will be positive if D,
the coefficient of S, is positive. 'fhus, from eguation :(52) the stability
- criterion can be writtén: ) . : '

: - | Fy
(5k) DX = ] R ) , >0
R(1+27I7 + %,\% +1) - H_FE 3 + Ay +G§c¢(X,O)

RZ
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This can then be put in the form

(55) ° G 2> G where
G = - E ,
LAY +TF(>\I 1y - UES
72NN AN g2

FV

_—
C 37(& + XXT+ Ty ¢)2

D, D, T n“l . [ (Z,0+3.) .
P -Zf—z{ + Dl—T—-—-

. [(‘za&zxo»), 2 ”zﬂ}

DT 2(n241)
R o= |1+ =0
ZfL
T - p.T2 (2n-1)
. l E:L
D, 27T
U = % -
oL
Fo= Jx¢2
zXO
W o= -zf—g - (yI + YX)
250
S A R
72 = Ao+ O‘X¢2
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(55) (Cont.)

2

X0

2

f

f2

(Y. + Y b,
Wy + OxPo) '
ZR + DlBl2 - Uzﬂ + 2 X

al.

Thermal fission cross section

zﬂsgl + 2., $2' :

Azf2¢2

Fraction of fast neutrons leaking“into the reflector
that return to the core as thermal neutrons.
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v

TABLE 12.0-S

CONSTANTS FOR XENON STABILITY CALCULATIONS

* Values not listed are the same as at start of cycle.
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Start of Cycle End of Cycle*
Dy .. 1.5436 cm
Dp S 0.2807 cm ]
3.1 .  0.00476 oY 0.00348
2 ?’zae E 0.157 cm — 0.1109
VI, ,, 0.006M4 cm™t 0:00L83
v, | 0.267 cm * o 0.2003
D1B12 0.03679 em ™
£ ” o0.2547 o'.é8§2
2. 0.02k42 o1
Oy '2.5 pYe 10—18cm2
>\X 2.1 x lO_5 sec_l
‘>\I 2.9 x 1072 sec™t
}’X 0.003 8
pA  0.06 s
5/2 ¢l 0.2208 - 03023
931 1.16 x 10%2 n-co %-sec™t  1.06 x 10%°
b, 2.56 x 107" n-em Z-sec™t  3.20 x 10%*
3. 0.00778 cm™t : 0.0057
S 1.10 1.08
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