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. . ABSTRACT 

This repor t  contains a comprehensive analysis of the nuclear charactel'istics 
of the SM-1 Core I. Comparison of analytical and experimental resul ts  fo r  neutron 
ages and core  reactivities of a variety of cases  investigated shows that the MUFT 
I11 with P-1 slowing down approximation gives the bes t  results.  

At s tar tup  the core  reactivity and rod bank worth under various operating 
conditions a r e  investigated and compajr.ed to experiment. Core  lifetime was 
calculated to be 16.8 MWYR compared to 16.4 MWYR experimental. 

The temperature coefficient has been calculated and compared to experiment 
a s  function of burnup. 

In Appendix A; flux distribution, temperature coefficient, ' effective delayed 
neutron fraction and core  life a r e  analyzed by Dr. R. Lo Murray:by one and two 
group modified theory and s e r i e s  expansion c.alculations. 
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SUMMARY 

P 
A r e f e r e n c e  calculational model  for analysis  of SM-1 Core  I was developed 

by application of P-1 and P-1 S. G. slowing down models  and MUFT-I11 and 
MUFT-V nuc lear  da ta  to a wide var ie ty  of experiments .  The analyses  indicate 
P-1 slowing down model and MUFT-111 nuclear  da ta  yielded the-bes t  agreement  
between calculated and measured-  reactivity.  Calculations indicated that  the 
P-1- MUFT-I11 model gave the b e s t  agreement  with the measured  neutron age in  
water. The the rma l  constants w e r e  calculated by use  of c r o s s  sect ions  evaluated 
to  the effective t empera tu re  f o r  t he  use  of P3 theory. The r e f e rence  model 
gave good ag reemen t  with the f rac t ion  of t h e r m a l  f i s s ions  below cadmium cut- 
off and the worth of the cen t r a l  control  rod in fully poisoned SM-1 cores:?  

- Calculations performed using the re fe rence  model and one-and two- dimen- 
s iona l  diffusion theory indicated good akreement  between themselves  and with 
experimental  reactivity f o r  SM-1 C o r e  I at s ta r tup ,  68OF and 4 4 0 ~ ~ .  Application 
of one -dimensional Windows hade type calculations indicates that  the  re fe rence  
model  can  pred ic t  s t a r tup  bank positions within 1 . 4  inches. 

The use  of the CANDLE-2 depletion code indicated a c o r e  l ifetime of 
16 .8  MWYR compared with a measured  value of 1 6 - 4  MWYR. Reasonable ag ree -  
men t  was  obtained with the burnup distributi~n@f'on'~elemer@ f r o m  SM-1 Core  1, 
Good agreement  was obtained with xenon s teady state and t rans ien t  reactivity. 

A s impli f ied modellfor calculation of the tempera ture  coefficient was developed 
and applied to SM-1 C o r e  I. Per turba t ion  theory was utilized to  pred ic t  c o r e  life, 
s teady  state, t empera tu re  coefficient and flux distribution. Good agreement  was 
found,in the case of c o r e  life prediction. Per turba t ion  theory was utilized to  
pred ic t  an  effective delayed neutron f rac t ion  cf 0.0078. 

. . . xxiii 
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INTRODUCTION 

The analysis in this report was performed under Task 2 of the Program 
fo r  Engineering,Support and Development of Army PWR Power Plant$. * 
The purpg.se of the study is to calculate the initial and burnup nuclear behavior 
of 'the SM- 1 Core I and to compare to measurements. The results  will be used 
to form a basis  for improvement in prediction of .reactor core performance 
and as a basis  for the analysis of replacement cores. 

SM-1 Core I is one of the first.power reactor cores and for that reason ,it 
h a s  been the subject of a fairly comprehensive se t  of physics measurements to 
' establish all important core physics characteristics during core burnout, 

The results  of these measurements a r e  published in a companion report ,  
APAE-96, "Summary of Physics Measurements on SM-1 Core I. '' Par t  of 
this report  is devoted to a review of the calculational models employed to predict 
the reactivity of the SM-1 Core I and various similar types of cores  in order to 
select the most accurate model. The analysis employs modified two group theory, 
Fast  constants a r e  obtained using the MUFT Code and thermal constants obtained 
using P3  theory. The core  nuclear characteristics a r e  subsequently analyzed and 
compared to measured data a t  startup. The CANDLE-2 code was utilized to 
calculate the burnup behavior of the core. Certain special analytical investiga- 
tions were performed by Dr. R. L. Murray, using perturbation techniques 
primarily. 

U , 

It must be recognized that due to the time schedule much of the analysis 
presented in this report was performed simultaneously. This was a difficulty 
which could not have been avoided; however, whenever an analysis was performed 
using core nuclear parameters different from the "reference set'' as given in 
Appendix C, attempts were made to determine the effects upon the calculated 
results.  

* The P rog ram plan was issued as A P  Note-286, 0clober 10, 1960. 



I.. 0 DESCRIPTION OF SM-1 CORE I 

.A- , , 

I, 1 REACTOR CHARACTERISTICS 

The SM-I is a pressurized water reactor which generatks ab.out 1900 ekw 
net ofelectricity from 10 tMW. (I]* SM-1 Core I employed fully enriched . 

uranium a s  fuel in the form of UO2 dispersed in 0.030 in. thick stainless steel  
fuel plates. Boron in the form of B4C is also incorporated in the fuel plates 

-- to act as a-burnable poison, These fuel plates were assembled into elements 
by brazing. The core was composed of 38 fixed elements and 7 control rod fuel 
el.ements of t'he.follower type. The core contains 22. 5 Kg of U-235 and 1: 57 gm 
of B-1 0, The care  is cooled by approximately 4000 gpm of water at '  1200 psi  
pressure and a mean temperature of 440'~. 

Fig. 1. 1 shows a photograph of a fixed element with the end box removed. 
Fig. 1. 2 shows a control rod fuel element, absorber section and cap as well as 

-the control rod tube, Thirty-eight fixed fuel elements and 7 control rod assemblies 
a r e  asse'mbled. to form the reactor core as  shown in Fig. I. 3. The core is 
approximately a 22 in. right cylinder. The core is surrounded by an essentially 
irifinite water r e f l e ~ t o r  in the radial direction and an axial reflector which con- 
. s is ts  of a mixture of stainless steel  and water. The control rods a r e  adjusted. 
s o  that rods I ,  2, . 3 ,  4, and C (see Fig. 1. 3) a r e  positioned as  a bank while con- 
trol  rods A and B a re  essentially fully withdrawn. Neutrons were provided for - initial startup by . a  15 curie Po-Be source. After initial operation, startup 
neutrons a r e  provided by ( , n) reactions on a 3 in. x 3 in. x. 0. 5 in, beryllium 
block attached to the core 

A rep,ort documenting all the physl.cs measurements performed on SM -1 
Core I has been issued a s  APAE-96, "Summary Report of Physics 'Measure- 
ments-ah SM-I Core 1." (2) This report includes measurements on SM-1 Core I 
and .large number of measurements performed on SM-I ZPE Core I at' the Alco 
Critical Facility. That core was made to identical specifications as  SM-1 
Core S. and has been proven through measurements to be essentially j.dentical. 

The most important dimensions and material content of Shl-I Core I a r e  
given in Table I, 1. A comprehensive list of material and geometrical data for 
SM-1 Core I is given in Appendix C, 

* References a re  in the last  subsection of each main section of the report. 

.I -1 
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TABLE 1. 1 
DIMENSIONS AND MATERIAL CONTENT OF CORE 

Dimensi0.n~ of Core 

Active length - . 

. , Equivalent diameter 
Cell s ize  

- .  .. . 

Numbe'fof Cells 
. .. 

Configuration 

Fixed Element 

Number .. 
Number of .plates 

- Plate dimension 

. . Weight of $35 
Weight of UO' 
Weight of BI 8 
Weight of. B4C 

Control Rod Element 
": 

Number 
Number of plates 
Plate dimensions 
Weight of ~ 2 3 5  
Weight of U02 , , 

Weight of Bf 8 
Weight of B4C 

. . .: . . . 

in. 21. 7.5 
22.2 in. . . 

in. 2.9375 x 2.9375 

. . .  

in. 
g 
g m .  
gm: ' ' . 

gm 

7 x 7 with corners missing 

Control Rod Absorber. 

Number of plates (box) 4 
Weight of ~ 1 0  , I  gm 56.4 

Material content of Core 
, . .. . , .  . 

Weight of ~~3~ kg- 22.50 
Weight of Bf 0 gm 15.75 
weight of SS kg 208.9 
Weight of Water ' ( 6 8 0 ~ )  kg 111.08 
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Fig. 1.1 - SM-1 Stationary Fuel Element 



Fig. 1.2 - SM-1 Control Rod Fuel Elerne 



L 

; CORE SUPPQRT STRUCTURE 

Fig. 1.3 - Top View of Reactor Core and Core Support Structure 

1-7 



2.8 CALCULATIONAL MODELS 

The calcdational model employed in this report istyo-group'theory.using 
fundamental nuclear data to determine group constants; . The equations and' codes 
used to determine group constants.and to solve the diffusion equations a re  de- 
scribed in this section. . The accuracy of the equations and codes 'is. assessed.in 
Section. 3. 0 by their appl.ication..to.a wide variety of experiments. 

. . , . .  , 

The SM-1. Cork I has an initial loading of 22; 5 k i :  of U-235 in a .22..2 in. 
diameter cylinder of 21,75 in. height. This results in,.%n average fuel concen- 
tration of 4.1 x 1024atoms/cm3 of U-235 and H/U-235 'ratio of 107 (at 440'~). 
As a result of this U-235 and H con@entrati.on it has an appreciable amount of 
resonance absorption and fission.; . The general. two- group equatfons, including 
resonance fission .and absorption are: 

:+ where the, source terms a r e  defined as, - ~ 

. . 

and the effective removal cross section, R, ' is given by, 
. . . ,  . .  . .  

The remaining parameters a re  defined in Appendix .E. 

Wi%h the selection of this mode4 for the treatment of SM-1 Core I it was 
first  necessary to evaluate the effect of various calcul.ational models for the 
fast and slow coefficients on the agreement of cdculation and measurements 



2.1.1 Fast. Group: Constants 

The fast group const ts 7 ,  Df, Kf, and.P a re  calculated employing the 
8 ( 3 )  which solves the Fourier transform of the MUFT-ID, IBM-650 code( 

slowing down distribution fr0m.a point source. Two approximations P-1 and .t 

P- 1 S. Go were investigated. 

Microscopic cross section data, , atomic concentrations, and, the total buck- 
ling a r e  the only input required for the ca%culation. The 59 group cross sections 
and inelastic scattering matrices used in the MUFT-111 calculations a re  shown in 
qppendix : E. 

In this report, the lower limits of 'the fast group a re  taken. as 0.196 ev at 
6 8 ' ~  and 0.24 v at 440°F. The cutoff energy has been shown to have little 

f4r effect on kefr 

2.1.2 Thermal Properties 

Intercell measurements de in the SM- 1 critical experiment(5) and the 68 zero power. experiment' ZPE- 1 indicate a significant variation of thermal. flux 
within the fuel element cell. An accurate treatment of these flux variations is 
necessary if the thermal utilization is to be calculated accurately. . The varia- 
tion .of innercell flux, both perpendicular and parallel to the fuel plates in the 
f k e d  .elements, was calculated using a one velocity P- 3 approximation to the 
Boltzmann equation. The determination of the velocity to be used is discussed 
in Section 2.1.2.3. The calculational procedure used was basically a super- 
position of two P-3 solutions to the one-dimensional single velocity transport: ~ . 

equation. Murray provides a good description of the one-dimensional problem. (l) 
This theor has been programmed on the IBM-650 machine for APPR- type fuel 
elements. b For the control rod fuel elements, a one-velocity P-3 calculation . . 

in cylindrical geometry was employed. This theory has .a so been programmed 
on the IBM- 65.0 for APPR-,@pe control rod fuel elements. t 8) 

2.1,2.1 Fixed Fuel Elements 

Figure 2.1 is a drawingof a typical SM-1 fixedfuel element. The following 
nomenclature is used for the various regions: 

PLATE: . This includes the meat and clad, but. does not include the dead 
edges. Properties for.this region are calculated.as if the clad .and.meat . 

, a r e  homogeneously mixed. The plate width is Go 
, . 

CHANNEL:  his includes material between. the fuel plates. . The width of 
this region is G, the same as for the fuel plates. Properties for this re- 
gion a r e  calculated on. a homogenized basis. 

ACTIVE: This is a m k e d  region consisting of the fuel. plates. and the 
channel. Its width is G and it is designated as region.#2. 
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FIGURE 2.1 

SUBDIVISION OF A 
STATIONARY FUEL ELEMENT 

. . 



. DEAD: This region includes the fuel plate dead edges, side.plates; and. all 
of the water in the element that is not in the channels. Its total width is 
D-G %lad it is referred to as region .#I, its properties are calculated as if 
dl. materials in the region a re  homogeneously distributed. 

FUEL ELEMENT CELL: This includes all regions. It is made up of the 
active plus the dead regions. 

. The first calculates the thermal. f1ux.distribution.normal to the fuel 
plates. The flux is normalized to one in the active region. . Average cross sec- 
tions. a r e  calculated-for. the active region. . Next the thermal flux.distribution in 
the.active and dead regions is calculated due to a uniform source of 1 nentron..per 
cm3 in the dead region. Then the thermal flux distribution in the two regions is 

3 calculated.due to a uniform source of 1 neutron,per cm in the active region. The 
latter two solutions a re  wefghtedand superimposed to obtain. the overall flux dis-, 
tribution .parallel to the fuel. plates. The relative source strength in each region 
is assumed proportional to' the volume frqction of water. The relative flux. is 
normalized.to one in the entire cell. From the thermal flux distribution norhal  
and perpendicular to the fuel plates, the nuclear parameters for  the whole fuel 
element cell. a r e  calculated. 

2.1.2,2 Control Rod Fuel Elements 

Figure 2.2 is a drawing of a typical SM-1 control rod fuel element. The 
nomenclature for the plate, channel, and active region (region #5) isB the same 
as for the fixed elements, Dead region #3 includes the fuel plate dead edges; 
side plates, portions of the control rod basket, and portions of the water not 
contained in the channels. Its total width is D-G. Dead region #4 includes por- 
tions of the control rod basket and water not contained in the channels. Its total 
is A-H. The element is cylindricalized into an active region surrounded by a 
dead region. The relative sources in the active and dead regions were assumed 
equal, to the volume fraction of water in each region. 

The first calculates the thermal flux.distribution normal to the 
fuel.plates and normalizes it to one in the active region. . Average cross sections 
.'are calculated for the active region. Theproperties of the dead regionare cal- 
culated on a .homogenized basis. The radial flux. distribution through the .active 
and dead regions.are then calculated and normalized to one in the entire element. 

. The nuclear parameters for  the whole element a re  then calculated by flux weighting 
from'%he final thermal f l u  distribution. 1' 

2.1.2.3 Neutron Tem~era tu re  ~ 

The absorption cross section of the SM-1 core is large compared to the 
scattering cross section. 

This is known to harden the spectrum, i. e. shift the spectrum to higher energies 
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as a result of the preferential absorption of low energy neutrons. . This'problem 
has been treated by defining a effective neutron temperature which is higher 
than the physical temperaturerg) by an amount which depends on the ratio of ab- 
sorption to scattering cross  section. in the assembly. . The energy distr.ibu%ion of 
the thermal neutron.flux was assumed to be a Maxwell-Boltzmann distribution A.. 

?bout the effective neutron temperature. 

The effective neutron temperature was calculated by the following equation, 

wh.ere the parameters.are defined in. Appendix: E. 

2.2 CORE GEOMETRY CONSIDERATIONS 

Figure 2.3 presents the fixed and control rod.fue1 elements assembled in 
the SM-1 Core I. SM- 1 Core I was operated with five 'of the rods positioned as 
a bank. . A number of different approximation.s-were applied to obtain a. solution 
of the two-group equations. 

2.2.1 . Equivalent Bare Model 

The solutions of the core .equations,. given in Section 2.1, may .be found 
by proposing that each.flux obeys the wave. equation, i. e. : 

2 where. B , the buckling, i s  assumed to be common to bothfluxes. These 
equations may be substituted into (2.1) and (2.2) to yield two homogeneous 
equations. If these simultaneous equations in flf and .fl a re  to be solved, the 
determinant. formed by the materials dependent coefficients must be zero. 
This implies that: 

where the square of the diffusion length,12, is defined as: 

This equation has.been derived for a critical reactor. . For a non- critical 
reactor, the. multiplication .factor for the system, . keff9 may be expressed .in 
terms of the factors v a n d  )) i2 the neutrons producedper fission and the 
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LOG N CHAMBER SAFETY CHAMBER 2a 

SAFETY 
CHAMBER l 

INLET 

BF 3 
COUNTER 

CONTROL ~ O D  DRIVES 

LINEAR POWER SAFETY CHAMBER 2b  
. CHAMBER 

Figure 2.3 SM-1 Core Layout 



neutrons.produced per fission required.for criticality, respectively. Therefore: 

No distinction is made..in this report b tween calculated static multiplication 
and measured dynamic. multiplication. rzO) The difference of stati d dynamic 
.multiplication has been.found to be less  than 1% in similar cores; f2'r The effect 
of a reflector may be included in the bare reactor calculation by modifying the 
definition .of the buckling. For a finite cylindrical core: 

. . 

where the parameters a r e  defined in Appendix.E. The change in reactivity 
of a core due to a change in keff from (keffll' to (keffl2 is computed by: 

for a critical c p r e p  = 0 and for change from critical I . .  

I 
- 2,2,2 Multi- Region One- Dimensional Calculations \ 

For one dimensional radial calculations the core is appr,oximated by an 
equivalent cylinder having a cross-sectional a rea  equal to the/woss-sectional 
a rea  of the actual. core array. The mvdifed two-group equations were employed . 
to obtain the core reactivity and flux. and power distributions! These one di- 
mensio al calculations were performed by use of VAL PROD('^) and WINDOW- 
SHADG1) two IBM-650 programs which a r e  used to treat the rkdial and axial 
directidns, respectively. 

2: 2 .2, l  VALPROD (10). 

The VALPROD code for the IBM-650 is used for the treatment of the 
radial direction where the height of the cylinder is accounted 3or by a perpen- 
dicular buckling. The code may also be used for axial calculations in which 
case the width o r  radius of the core is accounted for by a radial buckling. 
Input to the code includes group constants in each region, configuration of the 
core, and number of calculational points in each region. Output includes the 
flux distribution for each neutron group, the power distribution, and keff of the 
core. 



The WIND_OWSH&DBc?odbis amhe- re,giop, two- group finite difference cal- 
culation in slab for the IBM- 650 used to perform axial calculations. 

t . A perpendicular buckling must be speczied as well as nuclear properties for 
each neutron grbup in each region. Also included is the addition of a uniform 
thermal poison to one section of the reactor to represent the effect of control 
rods. The program has two options: the placement of the control rod bank , 

may be adjusted until criticality is obtained (the code may be made to iterate 

to k ff 

1) o r  the location of the bank may be specified and the code will cal- 
culaee keff. Output includes the flux distribution for each group, the power 
distribhtion, the bank pmition, and the keff of the core. 

I 

2.2.3 Analytical Two- Region, Two- Group Calculations 

An analytical solutf.on of the two-group, two-region equations for a finite 
cylindrical core has been programmed for the IBM- 650. The FINK-1 code(l3) 
fifst s"0lves the problem radially with an assumed axial savings and then axially 
with the computed radial savings. The process is repeated until satisfactory % 

convergence is obtained, 

2.2.4 . Multiregion, Two-Dimensiorial '.. Calculations 

The PDQ, IBM-704 code, (14)7 (I5), (I6) is a few-group, two dimensional, 
reactor design code. It finds a discrete numerical approximation to the few- 
group, time independent, neutron diffusion equations for a heterogeneous 

.L reactor in a two-dimensional bounded region. It solves for one to four lethgrgy 
groups, with variablesueither x-y, in rectangulqr co-ordinates, o r  r-z, in 
cylindrical coordinates, Input to the code includes nuclhar parameters for each 
neutron group for each region, core configuration, and number of mesh points 
in each region. Output inclutles flux and power distributions and the kef of the 
core. The code provides a much better estimate of the detailed power, d istri- 
bution within the core than can be obtained with the one-dimensional codes. 

2.2. 5 Multiregion, One-.Dimensional. Depletion Calculation 

The CANDLE- 2, IBM- 704 code is a one- dimensional, few- group deplefidi. 
code for rectangular, cylindrical, and spherical'geometry. The following four 1 

type searches a r e  provided askoptions: criticality buckling, criticality poison, 
criticality boundary,. and no criticality search, The output to the code includes 
geometry' (mesh points and regions), isotopic number densities ( c o n s h t  dis- 
tribution within a region), and number of time steps. ~ i e  output provides group 
constants in each region at the initial time step, the eigenvalue and control para- 
meters for each iteration, and the atomic density for each burnable element at 
each. mesh .point. 



2.3 SPECIAL PREPARATION IBM-650 PROGRAM 

To facilitate the calculation of nuclear.parameters for use in:the various 
codes, a special robtine was devised and programmed on the IBM-650; 

2.3.1 Program 50 (PROMPT-I) 

Program 50 (PROMPT-I) prepares input for the MUFT-111 and Plate- 
Type P3 codes fo r  ,APPR-type fixed fuel elements. Input includes element and 
core geometry, material, and loading data. Temperature-dependent input data, 
including microscopic cross sections and densities, a r e  obtained from specially 
prepared files. Output includes loading as a function of fuel burnup, weight and 
volume fractions, metal-water ratios, volumes, etc, 

2.4 NUCLEAR DATA 

2.4.1 . MUFT-111 Cross Section Files 

The MUFT- III microscopic cross section fi les is listed in. Appendix: Do 
The cross  sections have been obtained from .reference (22). Modifications 
have been made and the number of groups increased to 59 so that the lowest 
energy is 0.196 ev. 

2.4.2 MUFT- V Cross Section .Files 

The MUFT-V microscopic cross  section files have been. obtained .f rom 
reference (23). . These have been .modified.for use in the MUFT-HI. 
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3.0 REVIEW OF THE CALCULATIONAL MODELS 

.f. 
3 , l  -. INTRODUCTION 

-. -..- 

The purpose of th is  analysis is t o  determine the accuracy of various cal- 
culational. models - and nuclear data described. in. Section. 2. 0 by comparing cal- . ' 

culated and. measured .parameters for .  a wide. range of rezictor cores,. and there- 
by select the best calculational. model and nuclear data for analysis of SM- 1 
Core 

The following core. parameters  were investigated, using:various f a s t  f i les ,:<,% 

(containing.fast microscopic cross- sections and-slowing-down parameters) and 
slowing-down. models: core reactivity, fast flux .distribution, and fraction -of 
thermal- fissions. .In .order to provide a more: fundamental cheek on. the-.nuclear : 
model and data, the neutron age,f rom Po- Be,and. a fission source was calculated 

'.for both. pure water. and for iron. water. mixtures. This latter calculation is 
presented first. \ 

3.2 ,EFFECT OF CALCULATIONAL MODEL ON NEUTRON. AGE 

The effects of the MUFT-111 and MUFT-V fast files, and the P-1 and . 
P-1 S. Go slowing-down models, on the calculated ages of fission and polonium- 

.c beryllium source-neutrons in pure water and iron-water mixtures, were 
analyzed and compared to experiment. 

3.2.1 . Systems Investigated 

The following two systems were investigated to obtain the effects of the 
fast calculations on calculated ages: 

1 ,. Fission energy neutrons in pure water within. a plant-source geometry, (1) 

2.. Polonium- beryllium. energy - neut ons in various. iron- ya te r  mixtures ti 1 within aplan6;- source geometry. 

In both systems the ages were:measured up to the resonance energy of 
indium (1.46 ev). . . 

Comparison of the calculated ages of fission neutrons in pure water and 
experimental results provides a test of the slowing-down approximation as applied 
to pure water. The Po:Be energy neutrons were investigated for metal-tos-water 

3 

ratios of 0.0, 0. 5,- 1. 0, 2. 0, and 3. 0 in order to test the iron nuclear data. 



3.2,2 Calculational. Approach\' 

The MUFT-111 code, with the MUFT'III andMUFT-V fast files, and :, 
P- 1 and. P- 1 So G. s?owing-down. models, w a s  used to predict neutron ages -r 

..and compare to experiment, Since the resonance energy of. indium (1',46 ev) 
was used to measure ages in both systems, the MUFT-111 and MUFT-V fast 
files were used with 51 lethary groups (eor esponding to a lower energy cut- 5 off of 1.44 ev). The input total buckling, B , u'sedwas 10-6 cm-2? in order to 
simulate aninfinite system as closely a s  possible. (This is the smallest buck- 
ling accepted by the MUFT- 111 code. ) 

(3) The fission energy spectrum used as a source file the calculations 
a r e  given in .  Fig. 3.1. Figure 3& 2 presents the Po-Be energy spectrum a s  used 
in the calculations. The spectrum was determined by eraging several spectra 
collected and reported in graphical form in referenceObJ. Although there is a 
lack.of simi.1arit.y in the detailed structure of these curves, their' overall shape 
and average-.energy compare fai;orably; It has been found t 
spectrum provided a, negligible effect on the calculated age, 

3.2.3 Results 

Table 3 , l  presents the experimental and calculated ages for fission neu- 
trons in pure water, employing the MUFT-I11 and MUFT-V fast files, with the 
P-1 So G. slowing-down models. The experiment 1 age of 27.68 + 0.10 cm2 
was obtained a t  the Argonne National Laboratory,T1) and is reporTed to be the 
latest age determination. Previous published measurements have yielded ages L 

of 30. 5 - + 1. 5 cm2, 

BLE 3 . 1  
IN NEUTRONS IN -PURE WATER NEUTRON AGES OF FE- 

USING FAST FILES AND SLOWING-DOWN MODEL 

Measured Age MUFT- E, MUFT- 111, MUFT-V, MUFT-V, 
C:cm2) P- 1 P-1 S. G, P- 1 P-.1 .S,fG. ., 

As is shown in Table 3 . 1  the calculated age of 26.65 cm2 of fission 
neutrons in pure water, based on the MUFT-111 fast fdes  and.P-lslowing- 
down model, provides the best prediction of the measured age of 27.68 + 0.10 

2 . . . - 
cm . 
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Figure 3.1 Energy Distribution of. Fission Neutrons 





Table. 3.2 reports the .effects of the..fast calculations on the.fast nuclear 
param-eters for  pure-water .with.fission neutrons,. using 51 lethargy groups 
(corresponding to a lower'energy cutoff of 1.44 ev). 

TABLE 3,2 
EFFECTS OF FAST CALCULATIONS ON FAST PROPERTIES OF WATER 
USING FISSION NEUTRONS (FAST FILES AND SLOWENGDOWN MODEL) 

..Nbclear : . . . MUFT-HP, MUFT- In, MUFT-V, MUFT-V, 
. P-1 

.-. 
Parameter  P- 1 . .. :PI -SG.. . . . .. .. .?l:S.G,. 

I 
, b 

..(. 

i * ~ a c r o s c o ~ i c  slowing-down cross  section from fast group,  i. e . ,  [, 1 s / ~  I .1 

: .. 
, 

Table 3.3 presents the experimental and calculated ages for Pe-Be 
neutrons in  various iron-water mixtures, and their dependence on the fast 
calculations, The experimental ages were obtained at the Bettis Atomic 
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Power Division. (2) - 



TABLE 3.3 
NEUTRON. AGES OF PO- Be NEUTRONS IN IRON- WATER MIXTURES 

( USING FAST FILES AND SL07WNG-DOWN MODEL)' 

% 

~ e t a l / ~ a t e r  Measured MUFT- III, MUFT-III, MUFT-V, . MUFT-V, 
..- 

Volume Ratio Age (cm2) P- 1 .PI-SG-.. . . . P-1 . 'P 1 -SG-... 

. . According.to Table 3.3, the MUFT-V fast files with the P- 1 slowing-down 
rriodeP affords the best comparison between calculated and .measured ages of Po- 
~e neu.trons In iron-water. mixtures. 

TABLE 3.4 
EFFECTS OF FAST CALCULATIONS ON'FAST PROPERTIES OF 

IRON- WATER MIXTURES USING Po- Be. NEUTRONS 
k . .  

Nuclear MUFT- EPI, MUFT- PH, MUFT-V, MUFT- V, 
P- 1 P15SG, P-I -P-$,G.,o . '  , Parameter . . . -  

Table 3.4 and 3. 5 list the effects of the fast calculations on the fast pro- 
?; perties for the metd/water volume ratios of 0.0 and 3.O;i. e., pure water and 

highly concentrated iron mixture, respectively, using Po- Be source neutrons. 



~ TABLE. 3. 5. 
EFFECTS OF FAST CALCULATIONS ON FAST PROPERTIES OF 

IRON- WATER MIXTURES USING Pa- Be NEUTRONS 

FAST FILES AND SLOWINGDOWN MODEL 

Nuclear . MUFT-111, MUFT- m, MUFT-V, MUFT- V, 
Parameter . . P- 1. p. I- SG.;:. . P-1 ... P 1:8G i., 

P 0.669467 . 0.'669468 0. 872'718 0.872717 . . .  

* :Macroscopic slowing-down cross  section fromfast  group, i. e . [ ~ ~ / a ~  

J 
A study has been performed(2) to determine the effect of the rather un- 

certain capture and inelastic scattering cross  section f oxygen on the calculat- 
't23 ed age of fission neutrons in pure water. The results are listed in Table 3.6. 

The results for the P;O-B~ spectrum a re  also given. 

TABLE 3.6 
EFFECT ON AGE OF ELWINATING CAPTURE AND 

INELASTIC CROSS SECTIONS OF OXYGEN 

Condition of Oxygen ~ i s s i o n  Spectrum Po-Be .Spectrum 

All.. Cross.Sections Used 25.9 cm2 ' 53:5 cm2 



It can be seen in Table 3. 6 that the effect of suppressing the capture and 
inelastic cross  sections of oxygen on the calculated age of fission neutrons is . . 

reasonably small. The MUFT-111 fast files do not consider inelastic scattering 
fo r  oxygen and have a smal$er effective oxygen capture cross section than the 
MUFT- V fast files (as can be seen from Table 3.6). 

Table 3.2 indicates that the fast water capture cross section is greater fo r  
the MUFT-V fast files than for the MUFT-II1,files. However, according to 
Table 3.6 eliminating the oxygen capture c.rsss.sectiori.consi~e~;;ihlysEt.e~s~thec~l'culat- 
ed age of Po-Be neutrons in pure water. The effect of neglecting oxygen inelastic 
scattering is relatively small. The strong sensitivity of the oxygen capture. cross 
section on the calculated age of Po-Be neutrons in pure water is.due to the rapid 
fall-off of the hydrogen capture-cross section relative to that of oxygen at  higher 
neutron energies. According to Table 3,3, the MUFT- III, P- 1 fast model con- 
siderably overestimates the experimental age of Po-Be neutrons in pure water, 
whereas the MUFT-V, P- 1 fast model slightly underestimates the experimental 
results, It is concluded that the oxygen capture cross section as used in the 
MUFT-IH fast files is too low for high neutron energies near 5 Mev (average 
energy of PO-Be source spectrum). This does not affect the conclusion that 
the MUFT-IH, P - l  fast model is best in predicting the age of fission neutrons 
in pure water, since for  neutrons of 2 Mev (average energy of fission source 
spectrum), capture and inelastic scattering effects of oxygen were observed to 
have re1l.atively sma1.B effect on the calculated age of fission neutrons in pure 
water, according to Table 3. 6. 

As seen in Table 3.5 the iron capture cross section as used in the MUFT-III I 

fast files is considerably greater than that for the MUFT-V fast files, at high 
energies near 5 Mev. According to Table 3.3 the calculated age of Po-Be 
neutrons fo r  M/ W = 3.0, based on the MUFT- 111, P- 1 fast model, considerably 
underestimates the measured result, w.here:as'the:age based on the MUFT-V, 
P-1 fast model is in excellent agreement with experiment. Indeed, this com- 
parison is the same for the low metal-to-water volume rates; i. e. ,  0. 5, 1. 0, 
and 2,O where the concentration of iron in the mixtures is relatively small. 
Therefore, it is concluded that the iron capture 'cross section, as used in the 
MUFT-El fast files, is definitely too large at high energies near 5 Mev. How- 
ever, this does not imply that the MUFT-111 iron fast file is inaccurate at lower 
energies below 2 Mev, at which it is necessary to properly describe the fast 
absorption and slowing-down properties for  reactors. 

3.2.4 Conclusions 

From. the investigation of the effect of calculational model on neutron age 
from fission and .Po- Be sources the following conclusions can be drawn. 

1. The P- 1 model emp1.oying MUFT- 111 nuclear data file (Appendix F) 
gives the best .calculated fission age in water. 
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2. The P - l  model employing MUFT-V nuclear data file gives the best 
cdculated Po-Be ages in water and iron-water mixtures. 

3. The MUFT-III iron data need revision at energies greater than 2 
Mev to improve agreement with Po-Be ages. 

3 . 3  . EFFECT OF FAST 'GROUP CALCULATIONAL MODEL ON CORE 
REACTWZTY 

The reactivity of a number of cores has been cdculated using the P-1 
and P 1 -SG slowing- down models and MUFT- BI and MUFT- V nuclear data. 

The core types chosen for  investigation provide a wide variety of test 
cores, since they range from cores consisting of only uranium and water, to 
cores containing uranium: water, stainless steel. and boron. The cores cal- 
culated vary from those containing little o r  no reactivity to those containing 
as much as 30 dollars with the rods out. The critical cores provide the 
cleanest comparison of calculated to experimental reactivities since there 
a re  uncertainties when dealing with cores with large excess reactivity. These 
uncertainties a re  the method of measurement, the effective delayed neutron 
fraction as a function of control rod position, and the equation used to 
convert experimental reactivities obtained in dollars to reactivities ( P ). 

In this report the experimental excess reactiv"t0es, expressed in dollars 
J a r e  converted to reactivities A ( p )  using the rel.%tion, id 

where, p = reactivity 

I = excess reactivity (dolI.ars) 
. , . . ex: , ! 

: p  eff ='effective delayed neutron f raction 

Previous analyses of the Care I: have been based on a value for the 
effective delayed neutron f eff2 of Qo 0073. Measurements performed 
upon the SPERT-Ids) and cores, indicate a value of 0.0078 f o r p  eff. 
In addition, Peff has been calculated for SM- 1 to be 0.0078 by R. L. Murray 
(SeeAppendix A) using modified one-group theory and P = 0.0065. Therefore, 
the value of 0.0878 will be adopted for the effective de%,ayed neutron fraction, Peff2 throughout this report. 
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3.3.1 Core Types Investigated 

The.following core types were analyzed to obtain the reactivity effect of. 
the MUFT- IIL and .MUFT-V fast files, with the P- 1 and "P 1-SGC, slowing-down 

- . models: 

1,2. WAPD homogeneous critical cores with no B-10 o r  stainless steel, 
6 8 ' ~ ~  (% ,O - 0)(7I 

3. ORNL critical core ("light loading") with no B-10, 68OF, 
(0  3 = 0)W 

4. SPERT-III critical water height core ("A") with no B-10, 80°F 
(% 9 1 0)(5) 

5. SM-1 Core I (1Q fixed plus 7 control fuel elements) with ".as 
fabricated" B- 10 loading, 6 8 ' ~ ~  (% 9" o ) ( ~ )  

6. SM- 1 Core 1,(15 fixed plus 1 control fuel element) with "as 
fabrkatebl  B-10 loading, 68OF, (% p g  0)(1°) 

( 

7. SM-1 Core I critical water height core (38 fixed plus 7 control 
fuel elements) with "as fabricated1: B- 10 loading, 68OF (%p " 0)(11) 

8. 
, 

SM-1 Core I (38 fixed plus 7 control fuel elements,. poisoned with 
boron-stainless teel. strips) with "as fabricated" B- 10 loading, 
6 8 ' ~ ~ .  (% P " 0) 8 1) 

9. SM-1 Core I (38 fixed plus 7 control fuel elements, poisoned with 
stainless teel strips) with "as fabricated" B- 10 loading, 68O,F, . 
(96p' O)fill 

10 , l l .  SM-1 Core 1 (38 fixed plus 7 control fuel elements) with "as fabri- 
cated" B- 10 loadings, 68OF and 440°F, (%p =0)(12)~ (131,041 

12. SM-1 Core I (all 45 fixed fu 1 elements) with "as fabricated" B- 10 
loading, 6 8 ' ~ ~  (%@ >.> o)( 10 , 5 

13. SM- 2 experimental core all 45 fixed fuel elements)' with .no B- 10 
loading, 68OF, ( % ~ > > 0 )  

The first two cores a r e  aqueous homogeneous solutions employing.fully 
enriched uranium. . All the rest of the cores a r e  fully enriched uranium, sh in -  
less  steel, water-moderated cores, with the SM- 1 type cores  containing boron 
as a burnable pois'on; 

Table 3.7 lists the atomicnumber densities of t h e  various cores investigated. 3 
U- 23 8 was included in. the MUFT- V f iles but not in the. MUFT- 111 f iles. The re- 
activity effect of U-238 is approximately 0 . 2 5 % ~  for these cokes. 



TABLE 3.7 
ATOMIC NUMBER DENSITIES (atom-024 OF CORE TYPES INVESTIGATED 

Core Stainless 
, - No. Core Type U-235 U-238 Hydrogen Oxygen Steel * B- 10 H/U-235 Ratio 

1 ,2  WAPD Critical $15 0.0006510 0.0000430 0.0349900 0.0647800 0.034900 99.5 
68OF $21 0.0005443 0.0000359 0.0647700 0.0345600 - - 119.0 

3 O W L  Critical 
6 8 ' ~  

4 SPERT- 111 Critical 
Core "A", 8 0 ° ~  0.0003122 0.0000228 0.0513640 0.0263520 0.0189820 - 164.5 

5 SM- 1 Core I (10 Fixed + 7 
Control Elements ".As Fab- 
ricated Boron", 6 8 O ~  0.0003957 0.00002909 

6 SM- 1 Core 1 (1 5 Fixed 1 
Control Element) "As Fab- 
ricated Boron" 68OF 0.0004240 0.000031177 

7,lO SM- 1 Core I 
6 8 O ~ ,  Clean 

8 SM- 1 Core I Fixed Fuel 
Elements, 68OF, with . 
B-SS Strips 0.0004289 0.000031 6 

9 SM-1 Core I Fixed Fuel 
Elements, 68OF, with . 
SS Strips 0.0004289 0.0000316 

11 SM- 1 Core I 
440°F Clean 

12 SM-1 Core I AllFixed 
Fuel Elements 680F Clean 0.0004291 0.0000316 

13 SM-2 Experimental 68OF 0.0006990 0.0000504 

* Stainless steel is assumed to be composed only of Fe, Ni, ;Cr and Mn. 

0.053408 0.027624 0.014594 0.00000705 124.5 

0.0491484 . 0.0250982 0.0177171 - 70.3 

The Type 304L has a density of 7.9 gm/cm3 and 2.0 wt% Mn, '9.0 wt% C r  and 
balance of Fe. Number densities in this table include all elements. 

W 
I 
I-' 
Cb 



3.3.2 Results 

Cores No. 1 and 2 

The reactivity of co res  No. 1 and 2(homogeneous cores No. 15 and 
'21, respectively) were calculated using an equivalent bare model. The 
measured reactivity was reported to be 0.0 + 0.6% p a n d  0.0 + 0.2% P ,' 

for the critical cores No. 15 and 21, respectTvely. Tables 3.8and 3.9 
contain the group constants and reactivity calculated by several different 
slowing down. models and nuclear data files. The results indicate that 
the. P- 1 slowing down model employing. MUFT-111 dah.fi le yields the 
closest agreement to ,measured reactivities. It is of interest to note that 
the calculated reactivities for both cores a re  within experimental error.  

Core No. 3 

As part of the ORNL critical experiment program for the APPR-1, 
a n  experiment was assembled with no reactivity containing fully enriched 
uranium stainless steel andlight water in-the SM-1 Core I configuration. 
The critical experiment employed uranium metal foils stainless steel 
clad fuel plates, In order to determine the most accurate thermal group 
constants. P- 5 theory has previously been applied. The measured re- 
activity of the critical core was reported to be 0.0 + 0.5% p. The re- 
activity was calculated using the equivalent bare mGdel and several slow- 
ing down-models and nuclear data files, The results a re  given in Table L 

3.10. The table: shows that the MUFT- III. P-  1. files. give the most accurate 
reactivity. The calculated reactivity for this slowing down. model and 
nuclear da taare  within experimental error .  

Core No. 4 

The SPERT- 111 core employs. fuel elements of stainless steel UO2 
dispersion A s  part of the initial experiments on this program several 
clean cores were assembled. One of these was kn.0wn.a~ SPERT-111 

' critical water. height core "A". No estimate of the experimental uncer- 
tainty in  measured reactivity was available. The calculated reactivity 
using the equivalent bare model .in several slowing down models. and 
nuclear data files is shown in Table 3.11. 



TABLE 3b.8 
REACTIVITY ANALYSIS OF WAPD HOMOGENEOUS : CRITICAL 

CORE NO. 1 ('#15) (NO B- 10 0R.STAINLESS STEEL), 68OF 
4- 

. . .  
FAST FILES-AND SLO-WG- DOWN MODEL 

. . .  . . 
Nuclear " .. ., . . MUFT- 111, ' MUFT- 111, 

. . .  
MUFT-V, . MUFT-V, . 

Parameter P - 1  ;-'P:l-SG:.: . P-1 ;::P 1 -SG ..:. 

No't . 

. . 

%p(I$quivalent Bare.) :jO. 56 -4i:1.4:: , 



TABLE 3 . 9  
REACTIVITY ANALYSIS OF WAPD HOMOGENEOUS CRITICAL 

CORE NO. 2 -(#21) (NO B- 10 OR STAINLESS STEEL), 680F 

FAST FILES AND SLOWING-DO-WN MODEL 

Nuclear MUFT- m, MUFT- 111, MUFT-V, MUFT-V, 
Parameter P- 1 LPl-SG- o P- 1 --'P 1 -SG . 

- .  . % p  (Equivalent : : -0.10. -4.'91 . 1..96 .: -2.85 .. 

Bare), 
% P (Measured) 0. 0 - + 0.2 0. 0 - + 0.2 0 + 0.2 - 0. 0 + 0.2 - 



TABLE 3 .10  
REACTIVITY ANALYSIS OF ORNL CRITICAL CORE NO. 3 

, 
.,./' . FAST FILES AND SLOWPNG-DOWN MODEL 

Nuclear 
'Parameter 

MUFT- m, MUFT- IPI, MUFT-V, MUFT.- V, 
P - 1  :-.P 1 -Sf3 ,, .P- 1 ' 'i-Pl-..sG' 

. . ,  

i %p [Equivalent 
Bare) - - 

. . 



TABLE 3.11 
REACTIVITY ANALYSIS OF SPERT-III CRITICAL WATER HEIGHT 

CORE "A" (CORE NQ4) (NO B- lo) ,  800F 

Nuclear . 
Parameter : 

-t 
FAST FILES .AND SLO'WING- DOWN MODEL 

MUFT- III, MUFT-111, MUFT-V, . MUFT- V, 
P - 1 ,  ' ; '.-p:i - s ~ . .  P - 1  . '  .. p 1 - s ~ " .  

0.784109 0.785388 0.864791 0. .865403 



Core No. 5 

The initial critical configuration of SM- 1 ZPE Core I konsisted 
of 10 fixed.elements plus 7 control rod.elements. The corewhich ob- 
tained .criticality was 6 control rod fuel elements fully inserted into the 
core.in. the central control rod fuel element inserted 17 in. ~ e a s u r e d  

calibrations of the central control rod in the 45 and21 element coreJse-e 
Fig. 2.3) were used to estimate the worth.of the central rod in a .17 ele- 
ment core by extrapolation. The worth.of the central rod in the 17 ele- 
ment core from 17 to 22 in.withdi.:awal was estimated to be 113 cents o r  
0 .931P . The experimental uncertainty is probably : large due to the . 

. 

method used.'for obtaining the. ro'd .worth, The reactivity was calculated 
using the PDQ code in.x, y geometry. The control rod elements were 
represented explicitly in the calculation. Table. 3; 12 lists the reactivity 
for this core. The MUFT-111 P-1 So Go nuclear data and.model yield.the 
closest agreement to experiment. 

Core No. 6 

In a special experiment using SM- 1. ZPE Core I fuel elements, 
a 2 

the critical core was assembled employing 16 fixed.elements plus one - .  <' ' . L .  

control rod.fue1 element, Criticality was obtained with the control rod . .' 

withdrawal of 7,92 in. Boron .stainless steel. strips were. added 'unsorm- 
l y - m d  the control rod was calibrated. The- measured excess reactivity 
was 317 cents + 15 cents o r  approximately 2.42 + O.l%'o.  . The results of 
PDQ (x, y) calculations a re  given in Table 3,13. -In this configuration the, ,; g.. ..'$ 
P- I. S. G o .  model using MUFT- 111 data yielded closest agreement to ex- -, ..' 

periment. In this  as well as in the previous case. the smallness of the + .  

core :may be the cause of the discrepancies between, experimental and 
calculated results. 

Core No. 7 

In the course of the SM- 1. zero .experiments the full 45 ele- 
ment. core consisting of 38 fixed elements plus 7 control rodfuel elements 
was.brought critical on water height. The. axial .buckling dete~mined.from 
previous. analysis was utilized; : A PDQ (x, y j calculation was eidployed lo 
determine core reactivity: . The results a re  shown in Table 3,13. 'It is 
of interest to note,that in this case,. the P- 1. slowing down model empl.oy- 
ing: the MUFT- 111 nuclear data yielded best agreement with. experimentO 



TABLE 3.12 
EXCESS REACTIVITY (%B) OF -CRITICAL SM-1 CORE 1 (CORE 5) 6 8 O ~  ., 

(10 FIXED PLUS 7 CONTROL ROD FUEL ELEMENTS) 

FAST FILES AND SLOWING DOWN MODEL 

Measured MUFT- 1.1, MUFT- m, MUFT-V, MUFT-V, 
.Reactivity (%Q) . . P- 1 P- 1 S. G. P- 1 P-1 So Go 

Not Performed 

TABLE 3.13 
EXCESS REACTIVITY (%n) OF SM-1 CORE I 

* Based on 58 fast Lethargy groups (corresponding to a lower energy cut-off of .248 ev), 

** Poisoned with Boron-Stainless Steel strips. 

+ Critical water height core. 

. . 
i. e. 

. ., .. . . 

Core 
No. 

5 
j 6 

Reactivity Core Conditions 

Measured 

.93  
2.42 
0 

. I 8  

. I 7  
16.95 
12,lO 

. Fast Files and. Slowing Down. Approximation 

MUFT- PPI, MUFT- PTP, . MUFT- V, MUFT- V, 
P- 1 P- 1 So Go P- 1 P- 1 So G. 

3.00 -. 09 - - 
5,76 2.76 - - 

- 0 1  -3,22 - - 
1.53 - - 5 6 .  . - - 
1.37 - .25  - - 

16.67 15.00 19.13 17.69 
12.87* 10.87* 16.00 14; 00 

.- 

. Fixed 
Elements 

10 
15 

Control 
i .  Elements 

7 
1 
7 
7"" . . 

7** 
7 

7 

Total No. 
of 

- Elements 

17 
16 
45 
45 
45 
45 
45 

i 7 + j  38 

Core 
Temp. 
OF 

4 ' 

68 . 

68 
68 
68 
'6 8 
-68 

440 

8 
. . 9  
10 
11 

38** 
38** 
38 ' 

3 8. 



Core No. 8 

In the zero power. experiments the. SM- 1 ZPE Core I was fully 
poisoned with boron stainless steel str ips inserted in the water channels 
in order t o  completely remove the control rod bank. . Six of the control 
rods were withdrawn, 20. 5 in. while the central rod was .withdrawn -17.7 
inches. The excess reactivity of the core was estimated to be 25 cents 
or'O. 18% p . Table 3.13 indicates that the calculated reactivity using 
.the P- 1 S. G. slowing down. model and MUFT- 111 nuclear data resulted in 
the best agreement .with experiment. However,it must be pointed out that 
the boron content of the stainless steel strips is not accurately.known. 

Core .No. 9 

In the zero power .experiment the SM- 1. ZPE Core' I was .complete- 
ly poisoned with.stainless steel str ips inserted in .the water channels. 
Six of the control rods were withdrawn 20.5 in. wh.ile the cent rd  rod was 
withdrawn 18,3 inches, The excess reactivity of the core was determined 
as. 21 cents o r  0.17% . . Table 3.13 indicates that: P- 1 .So .Go slowing down 
model using the. MUF f -III nuclear data yielded the best agreement with 
.experiment. From Table 3.7 one can see that this case is an extreme as 
far as the stainless steel content is concerned. 

Cores No. 10 and.11 

The reactivity of SM-1 Core I a t  both 68' (Core No. 10) &d 440'. 
(Core No. 11) was estimated.using'the 5 rod.calibration as reported'in 
reference (16). . This calibration.curve is a result of many different 
measurements under. a variety of conditions and is believed .to be the ' . 

best estimate of 5 rod bank 'calibration. The. measured reactivity in 
dol.lars was converted to reactivity in percent using the formula beta 
effective discusse.d in the. previous section. .The uncertainty, in the jn- 
tegral bank.worth is estimated to be one dollar o r  0.7% . , Table 3.13 
indicates that the P- 1 slowing down .model using the MU f T-IIP nuclear ' 

data gives calculated reactivities within experi mental. error .  



Core No. 12 

The reactivity of SM-1 Core I in the rods out condition with the 
control'rod fuel elements replaced by 7 fixed elements was estimated 
based on limited experimental data. . As reported in reference (16) the 
substitution of fixed.fue1 elements for all 7 of the control rod fuel ele- 
ments results in an increase in core reactivity of 3.15 dollars. The 
measured substitutf.on effect (3.15 do1la.r~) .plus the' measured excess 
reactivity from rod calibrations (23.8 dollars) yields.an estimated excess 
reactivity of the SM-1 .CoPe I with 45 fixed elements of 26.95 dollars o r  
18.93 P . , The reactivity of this configuration was calculated using the 
PDQ code in x, y geometry. . The results a re  shown iq Table 3.14 and 
indicate that the P- 1. slowing down model using MUFT- III nuclear data 
yields the best agreement with the experimental reactivity determined 
by the recipe. previously described. 

Core No. 13 

" .  In the SM-2 critical experiments a core was assembled with no 
burnable poison and the reactivity of the core in the rods out conditions 

' . estimated from control rod bank calibrations. The effect of replacing 
the 7 control rod fuel elements by fixed elements was also estimated. 
The experimental reactivity for this core (45 fixed elements) was estimat- 
ed to be 30.6 + 0.43 dollars o r  2 6 % e .  Table 3.15 gives the results of 
calculated reactivities using the equivalent' bare model. The comparison 
with experiment indicated the P- 1. slowing down model using MUFT- III 
nuclear data yie1.d the best agreement with experiments. 

, . . , .  . . 

3.3.3 Conclusions 

Based on the results presented in the previous section the foliowing con- 
clusions a r e  drawn relative to the accuracy of various nuclear models and 
nuclear.. data. for calculation of fast'loop constants for use in two group 'theory. 

1, In. 13 cores caE@uPated the P- 1. slowing down model using.MUFT-III 
nuclear data yielded standard deviation of measured .and calculated 
reactivities of O.91%P0 

2. In I3 cores the P- 1 So Go slowing down model using MUFT-III nuclear 
data yielded standard deviation of measured .and calculated reactivities . 
of 1.31% p .  

. 3 ,  For 6 experiments cdculated using P-1 slowing down.model and 
MUFT-V nuclear data, the calculated reactivities were on the average 
3 . 3 8  p higher thanmeasured. 



TABLE 3.14 
REACTIVITY ANALYSLS OF SM-1 CORE I, 6 8 ' ~  

(ALL 45 F - W D  FUEL ELEMENTS) 

Nuclear MUFT- III, MUFT- ID, . MUFT-V, . MUFT-V, 
parameter . P-1 1 P.1-S.G .. P- 1 "3 1-SG: . .' 

Not Not 

Performed Performed 

-2 B~ (cm ) 0.007154 0.007154 

%P(Equivalent Bare) 18.21 16.39 

%p(PDQ) 18.26 

* Overall. measured substitution reactivity effect for 7 elements was obtained 
by individual eleluent measurements. 



TABLE 3; 15 
REACTIVITY ANALYSIS OF SM- 2. EXPERIMENTAL CORE 

(ALL 45 FIXED ELEMENTS WITH NO B- 10). 680F 

FAST FILES AND SLOWING-DOWN MODEL 

Nuclear MUFT- III, MUFT- 111, MUFT-V, . MUFT- V, 
Parameter P- 1 ' . P.l<SG'. P- 1 .. Fl-SC '. 
L 

f' 0. 646630 0,647411 '0.750529 0.750986 



4. There a r e  some inconsistencies in comparison .of various nuclear 

. - models- and data with .certain of the experiments; in particular, the 
minimum size, SM- 1. ZPE Core I:experiments, and the fully poisoned 

+- i 
ZPE experiments. The cause of this may be due to the very small 
size.of the cores in the first case and the possible inaccuracies of 
material content of the fully poisoned cores. 

3.4 EFFECT OF FAST GROUP CALCULATIONAL MODEL ON FRACTION 
OF THERMAL FISSIONS 

The effect of the fast calculation .model on the fraction of thermal. fissions 
was. calculated and compared .to experiment. The analysis was performed for 
the. SM-1 Core I at 68OF. . . 

3.4.1 . Experimental. Data 

. . The experimental determination of the fractionof thermal. fissions, Y , 
was.. based upon the irradiation of bare and cadmium covered uranium foils. 
The measurementsivere performed in the SM-1. ZPE Core dl7) which employs 
a core which is a duplicate of SM- 1' Core I. The. initial 5 rod .actual bank .posi- 
tion was -3.7 in. withdrawn from the bottom of the active core which indicates 
18.3 in. of the core was rodded. The experimental. method is described in 
reference- (9). .,The effective cutoff. ener for the .0. 020 in. cadmium covers R used in the measurements is 0.414 ev.'( Bare and cadmium covered uranium 
foils were irradiated in severa1:fuel element cells at 9 in. elevation6 The .re- 
sults. a r e  shown in .Table 3.- 16. 

TABLE 3.16 
I 

FRACTION OF THERMAL F.ESIONS FOR THE SM- I. ZPE CORE I 
. . .  FOR VARIOUS. AXIAL AND RADIAL POSITIONS 

Radial Position..from . .  Axial. Position ,from Fraction of 
Center of Core. (Inches) Bottom of Core (Inches) . Thermal. Fission 

0 9.0 .801 

. . 
5.9 9.0 .840 . 
4.2 . . 11.0 .802 
4.2 . 5.0 -825 

. . 

. .. . Table.3.. 16 indicates that the average fraction of thermal fissions below 
0.:414,.ev.is 0.82 - + 0. 02 for SM-1.ZPE Core I. at 680F. 

. . . . 



3.4.2 Calculationd. Approach 

The following definition o f y w a s  used 

Where'keff is given by equation (2. lo), and the remaining parameters are de- 
fined in Appendix E. 

The effective cutoff energy of 0.414 ev corresponds to the use of 56 fast 
groups with a lower cutoff of 0.400 ev. 

3.4.3 Results . . 

Table. 3.17 presents the measured and calculated values of the fraction .of 
thermal. fission, y , for the clean SM- 1. Core I ZPE- 2, at 68OF, using. various 
fast files and. number of fast groups, with .the P- 1. slowing-down model.. . . ' . 

- 
TABLE 3,17. - - 

COMPARISON OF FRACTION OF THERIAL FISSION, 
SM-1 CORE I ZPE-2 (CLEAN), 68OF 

Calcul.ational Number of Lower: Cutoff 
Method, Fast .  Groups Energy (ev) Calculated .Measured 

. . 

MUFT-V, P- 1 5 4 Q. 625 0. 85 0.82 - + 0.02 

MUFT- HP, P- 1. 54 0.625 0. 85 , 0.82 - + 0.02 

MUFT- IEI,, P- 1 56 0.400 . 0.83 0.82 - + 0; 02 

MUFT- Ill, P- 1 59 0; 196 , 0.78 0.82 - + 0.02 

: According to Table 3.17, the caPcuPatedfraction of thermal $ssion, \Y as 
obtained by the  56 fast group, MUFT-III fast files (approximately corresponding 
to the effective cadmium cutoff energy of 0.414. ev), using the P-1 slowing-down 
model, agrees well, with the measured value. The calculated values for Y , as 
obtained by the MUFT- III and .MUFT-V fast files, using - 54 fast groups '(corres- 

ponding. to a lower .cutoff energy' of 0; 625 ev),. a re  identical. It is not possible to 
decide whether the MUFT-III o r  MUFT-V fast files. are more accurate in. pre- 
dicting\yfor an arbitrary lower cutoff energy. 



3.4.3 Conclusions 

Using MUFT- III nuclear data and the P- 1. slowing down. model the pre- 
-+. dicted fraction of thermal fission was found to be in very gosd.agreement 

with experiment. . At the center of the fuel elements, the calculated and. mea- 
sured-'values a r e  within experimental error .  

3.5 . EFFECT OF FAST CALCULATIONS ON FAST FLUX DISTRIBUTIONS 

An analysis was performed to obtain the effect of the fast group constants 
on the fast flux distributions for the reference SM- 1 Core I (38 fixed plus 7 con- 
trol rod fuel elements), at 68'~. The measurements were performed for  the 
clean SM-1 ZPE Core. (9) The measurements were limited to the center posi- 
tions of one row of elements in the unrodded region of the core. The analytical 
flux distributions were compared to experiment. 

Experimental Data 

The experimental determination of the fast flux distributions was based 
upon the irradiation of bare and cadmium covered gold foils in the clean SM-1 
ZPE core(9) at 68'~. The initial five rod bank position was 3.7 in. withdrawn 
from the bottom of the active core. The bare gold foils provided an indication 
of the total flux, whereas the cadmium covered gold foil readings yielded the 
'fast flux above 0.414 ev (effective cutoff energy of 0.020 in. cadmium). 

* 

A radial traverse through the center of elements 44,45,46 and 47 at 2.5 
in. axially was made with bare and cadmium covered gold foils. 

Figure 3.3 presents measured and calculated fast radial flux distributions, 
.for SM- 1. Core I. ZPE- 1,. at 68OF. The calculated fluxes as based on the MUFT- 
.IT1 and. MUFT-V fast fil,es, with the. P- 1 slowing-down model, were found to be 
undistinguishable. A one-dimensional two region ca4.culation was performed 
.with VALPROD. 

Conclusions 

1. The difference in calculated radial fast flux distribution using P-1 
MUFT-TPI and MUFT-V was undistinguishable for SM- 1 Core 1. 

2. The calculated radial fast flux distribution is in good agreement 
with the fast flux as measured with .cadmium covered gold.foils. 
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3.6 EFFECT OF THERMAL MODEL ON REACTIVITY OF SM-I CORE P 

. 3.6.1 lqtroduction 

The thermal. model currently employed by Alco to calculate thermal flux 
distribution is based on the one velocity, :P3 spherical harmonics approxima- 
tion to the transport equation. Hardened,. Maxwellian averaged cross  sections 
a r e  employed. The thermal neutron .energy spectrum is assumed independent 
of position and is taken.to be that for an infinite homogeneous mixture of the 
materials comprising the core. 

Flux disadvantage factors a r e  obtained from the calculated thermal flux 
distribution and are  used to obtain effective nuclear constants for an infinite 
array of fuel element cells. Kth*, D and L~ fo r  the cell a r e  computed in this 
manner. (19) 

Only one direct comparison between..measured and calculated .(i. e. , by 
the hardened Maxwellian, P3 scheme) microscopic intraplate flux distribution 
has been performed. This -comparison was ,made with data obtained during 

SM-1 Core I mockup (core spectral hardening. 
to 0.35 a t  room, temperature) and yielded reasonable.agree- . ' 

and experimental. flux distributions. (20) 

Measured and calculated gross intracell power distributions for the SM- 1 
have been compared. However, the results of this comparison a r e  not a direct 
measure of the validity of the thermal model since the thermal constants used 
in the calculation (as computed by the hardened Maxwellian, PQ scheme) a re  
subsequently used in a diffusion theory calculation which determined the gross 
intpacell power distribution. 

The rods-out excess reactivity of the SM- 1. Core I is computed for an dl 
fixed element core based on Wigner-Wilkins averaged thermal cross sections 
and compared to the excess reactivity computed using hardened .Max;welli%n 
averaged c r o s s  sections. The same fast model (MUFT- III, P- 1) is used f o r  both 
cases. 

where V , zfth9 Cath a re  defined in Appendix E. ' 

* * B p s  defined as C a (KTm) /.(x ath and 1 are defined in. Appendix :E. 
. , 



3.6.2 Results 
. . 

The thermal. multiplication .constant, Kth9 for the rods-out SM-1 .Core I 
was computed with Wigner-Wilkins averaged thermal cross sections and com- '4 

pared to Kth calculated withMaxwellian averaged thermal cross sections. The 
cutoff energy of the Wigner-Wilkins distribution was 10 KTm while the Max- 
wellian distribution was assumed to extend to infinity. The values of the fast 
and thermal constants used in the calculation a re  given in Table 3.18, The 
equivalent bare model was used. 

TABLE 3.18 
FAST. AND THERMAL CONSTANTS AND REACTIVITY P FOR THE SM- I. 

Method of 
Obtaining 
Thermal I- . . 
Constants :,i;:~ ,.... : qh ~2 B~ . 7 4 p* . ' % p ,  

. .  . .  

Hardened . 1.56093 .6375 .007154 .30.45 1.29555 .749'06 18.21 
- .Maxwellian 

Wigner- 
Wilkins 1.55777 .6796 .007154 30.45 1.29555 .74906 18,06 
Averaged 

* The fast constants were obtained from MUFT-111 using the P- 1 slowing down 
approx,imation. 

3,6.3 Conclusions 

1, Use of Wigner-Wilkins averaging of thermal constants for calculation 
.of thermal group constants lowers reactivity of SM- 1 Core I by a b u t  
002%'0. 

2. Core reactivities a r e  not known for SM-.1 Core I to sufficient accuracy 
to be used as a criteria for thermal selection. 

3. Insufficient thermal flux distributions and no thermal spectra a re  avail- 
able to serve .as. a test  of calculational model. 

3.6.4 Summary 

In this section we have investigated the accuracy of various models and files 
in predicting nuclear constants and reactivity of various assemblies. MUFT- IIT 
files and P-1 slowing down model gave the best results fo r  reactivity, thermal L 

fission fraction and fast flux. 



In the following section. this will be applied in .the investigation of the 
characteristics of SM-1 Core I at startup. . 

-+ 
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4.0 CORE CHARACTERISTICS .AT STARTUP 

. . 

Using the nuclear model (P- I )  and nuclear data.(MUFT-111) selected-in. 
-Secti-on 3.; 0, a number of important -SM-l -Core I--characteristics were calvulated 
and compared to'experiment.' These a r e  a s  follows: . . 

. .. . .  . .  .. . 

Core  Reactivity a t  6 8 ' ~  
. . 

+-.. C o r e  Reactivity at 4 4 0 ' ~  

Core Reactivity a t  4 4 0 ' ~  equilibrium Xe 

Bank Position a t  6 8 ' ~  

Bank Position a t  4 4 0 ' ~  

Bank Position a t  4 4 0 ' ~  equilibrium Xe 

Central control rod worth in poisoned core, 6 8 ' ~  

L+ 4,2  CORE REACTIVITY 

The reactivity of SM-1 Core I a t  68OF, 4 4 0 0 ~  and 4 4 0 ' ~  equilibrium Xe was 
obtained from 5 rod critical positions and a 5 rod bank calibration curve. The 
positions and curves a r e  given in reference (1 ) for SM-1 Core I at startup. 

Table 4.1 presents this experimental data. 

TABLE 4.1  
EXPERIMENTAL NITIAL 2 IVE ROD BANK POS!ITIONS AND EXCESS 

, CORE REACTIVITIES OF  THE SM-1 CORE I, 0 MWYR 
- - 

0pe.rating Initial '5 Rod . . . . 

Condition Bank Position (in. ) 

6 8 ' ~  (no xenon) 3. 7 
4 4 0 ~ ~  (no xenon) 6. 7 
4 4 0 ' ~  .(e.q. xenon) 8 .3  

. ! 

Excess Core. 
Reactivity ($) 

Excess Core 
Reactivity (% Q ) 



4.2.  I, Geometrical Models 

The reactivity of the SM-1.Cose I for the various. core1 operating conditions 
was calculated by both one-and two-dimensional models. 

. . .  . . 

4.2. 1, 1 Two-Dimensional Model PDQ (x, y) 

The reactivity of the SM-1 Core I a t  6 8 ' ~  (clean) and 4 4 0 ' ~  (clean) were 
calculated using the PDQ (x, y) code. The fixed and control sod fuel elements 
were broken down into active and dead regions according to Fig. 2 .1  and 2.2 
respectively. -Tables 4.2 and 4.3 present the region isotopic number densities 
of the SM-1 Core I at 6 8 ' ~  and 4 4 0 ' ~  (clean) respectively. 

Fas t  nuclear constants, required as input to the PDQ code, were calculated 
by the MUFT-I11 code, employing MUFT-111 fast files with the P-1 slowing-down 
model, The MUFT-311 code requires the total core buckling, B2, as  an input 
parameter. The buckling was calculated-employing Eq. (2,11). Reflector savings 
was calculated from the f a s t  flux distributions obtained from cadmium covered 
gold foil measurements a t  68'~.  The savings was also determined by the 
FINK-I, IBM-650 machine code, which employs the equivalent bare model a t .  
68OF and 440°F, The difference between the calculated and measured savings 
at 6 8 ' ~  was used as  a correction to the hot, calculated savings to obtain the 
l 1  measuredw savings at 440'~. Table 4.4 presents the reflector savings and 
bucklings for the SM-1 Core I a t  6 8 ' ~  and 440'~. The axial bucklings, BZ2, that 
a r e  listed, were used a s  input parameters to the PDQ (x, y) calculations. 

Tables 4. 5 and 4.6 present the fast  macroscopic c ross  sections for the 
various regions as used in the PDQ (x,y) code, a t  6 8 ' ~  and 4 4 0 ' ~  (clean), 
resoectively. The cold (68OF) calculations were based on 59 fast  lethargy groups 
(lower energy cutoff of 0. 196 ev), whereas the hot (440°F) calculations were 
based on 58 fast  groups (0.248 ev). 

The' thermal macroscopic c ross  sections were calculated, using an IBM-650, 
two-dimensiopal P-3 superposition code written for the APPR type fuel cell 
geometry. Input parameters to .the code were based upon Maxwell-Boltzmann 
averaged microscopic c ross  sections evaluated a t  hardened neutron temperatures 
according to Eq. (2. 6). Effective neutron temperatures of 0.0331 ev.and 0.0549 ev, 
corresponding to coolant temperatures a t  6 8 ' ~  and 440°F' respec;tively, were 
determined by this relation. Microscopic thermal neutron c ross  section were . 

evaluated (2) a t  these effective temperatures and a r e  tabulated in Tables 4.7 and 4.8 
f o r  coolant temperatures of 68OF and 4 4 0 ' ~  respectively. 

Tables 4.9 and 4.10 present the thermal macroscopic c ross  sections as . . 
, 

obtained by the P-3 code for the various regions as seen by the PDQ (x, y) code, . 
a t  68O~ 'and  4 4 0 ' ~ ~  respectively. Slowing-down sources, required as input to.the 
P-3 code, were taken to-.be the volume fractions of water in any region. 



TABLE 4:2 - 

. . 
NUMBER DENSITIES (ATOMS/CC x 10-24) FOR SM-1 CORE I 

(T = 680F) 

REGIONS 

Fixed 
Atom (Active #2) 

Fixed ' 

(Dead #1) 
Control Control 

(Active #5) , (Dead #4) 
Control 

(Dead k"3) S kipt Reflector 

TABLE 4 . 3  
NUMBER DENSITIES (ATOMS/CC x 10-24) FOR SM -1 CQRE. I 

( T  = 440'~)  

, REGIONS 

Fixed . Fixed Control Control Control 
Atom (Active #2) (Dead . # l )  (Active #5) (Dead #4) (Dead #4) S k i r t  Ref lector  



\ , 
' 'TABLE 4.4 

REFLECTOR SAVINGS AND BUCKLINGS FOR SM-1 CORE I 

Axial Axial Total 
Axial Reflector Radial Ref lector Buckling Buckling 

Buckli39 T e m p ~ r a t u r e  Savings, Sz(cm) Savings, S r(cm) B z2  (cm-2) B r2(cm-2) B2(cm ) 

Cold (68 '~)  5.11 
Hot (440 '~)  6.10 

TABLE 4..5 
FAST MACROSCOPIC CROSS SECTIONS FOR SM-1 CORE I . . 

(T = 68OF, En = 0.0331 . . ev) . . - 

Region Df (cm) Caf(cm-l) Csl(cm -1) . UC (em-') 
... , 

ff , 

Fixed (Active #2) 
Fixed (Dead #I)  
Control (Active #5) 
Control (Dead #4) 
Control (Dead #3) 
Stainless Stl. Skirt 
Water Reflector 

TABLE 4.6  
FAST MACROSCOPIC CROSS SECTIONS FOR SM-1 CORE 1 

-L 

(T  = 440°F, En = 0.0549 ev) 
.. . 

Region 

Fixed (Active #2) 
Fixed (Dead # I  ) 
Control ( ~ c t i ' v e  #5) 

. Coiltrol (Dead #4) 
Control (Dead #3) 
Stain. Stl. sk i r t  
Water Reflector 



TABLE 4 . '7 .  
THERMAL MICROSCOPIC CROSS SECTIONS FOR COOLANT TEMPERATURE, 68OF 

(EFFECTIVE NEUTRON TEMPERATURE. 0.0331 ev) 

. Nuclide . , 

.. . . 

. I .  TABLE 4 . 8  .. 

THERMAL MICROSCOPIC CROSS SECTIONS FOR COOLANT TEMPERATURE, 4 4 0 ' ~  
(EFFECTIVE NEUTRON TEMPERATURE, 0.0549 ev)  

c- 

. . - 
Qa G r  Nuclide . i uZf.  

* Based upon 1 9 . 8  a/o of B-10 in natural boron. 



TABLE '4.9 
THERMAL MACROSCOPIC CROSS SECTIONS FOR SM-1 CORE I . 

( T  : 6 8 O ~ ,  En = 0.0331 ev) 
-+ 

Region 

Fixed (Active #2) 0.164460 0.305872 0,503897 
Fixed (Dead #I )  0.203917 0.078616 0 .' 
Control (Active #5) 0.164460 0.305'872 0,502897 
Control (Dead #4) 0.199329 '0.070964 0 
Control (Dead #3) 0.208201 0.085458 - - - + -  0 
Stainless Steel Skirt 0.311171 0.193228 0 
W a.ter Reflector 0.172020 0.016960 0 

TABLE 4.10 
I THERMAL MACROSCOPIC CROSS SECTIONS FOR SM-1 CORE I 

( T  = 440UF, En = 0.0549 ev) 

Region Dth(cm) I ath(cmm1) 

Fixed (Active #2) 0.240550 0.234431 0.386374 
Fixed (Dead # I )  0'. 283279 0.059642 0 
Control (Active #5) 0.240550 0.234431 0.3 863 74 
Control (Dead #4) 0.280908 0.053607 0 
Control (Dead #3) 0.285432 0.065038 0 
Stainless Steel: Skirt 0.324259 O.'f50037 : 0 
Water Ref lector 0.265246 0. Of 101 4 0 



4.2. 1. 2 One Dimensional Models (VALPROD and WINDOWSHADE) 

The reactivity of the SM-1 Core I was calculated by two one-dimensional 
i. models. The VALPROD code was used to calculate a slab ~ o n f i j ~ r a t i b i l l  in which 

the fixed elements were homogenized. The transverse buckling in the VALPROD 
code was taken a s  

4:2. 1. 3 VALPROD and. WINDOWSHADE 

In addition to the detailed reactivity analysis afforded by the two-dimensional _ 
PDQ (x, y) code, the excess reactivity of the SM-1 Core I,  a t  68OF, clean, was 
calculated by the one-dimensional VALPROD and WINDOWSHADE. IBM- 650 codes. 
A slab VALPROD case was run for a completely homogenized core. The effect 
of the control rod elemen has been accounted for by the addition of a thermal 
absorption c ross  section ? derived a s  it  is described in Section 5.2.1 of this 
report. Fo r  a 2.4% p measured reactivity chan e for the substitution of seven 
control rod elements with fixed elements, as$ was found to be 0.008416 cm- l  
and added to 1 a of the core. The 68OF homogenized and fas t  constants for the 

A 

fixed element can be found in Appendix C. The WINDOWSHADE code was used-to 
calculate the reactivity of the core, using bucklings to account for the x and y 
dimensions. 

B' 4. 2. 2 Results 

The results of the two-dimensional and one-dimensional r e~c t iv i ty  calculations 
for SM-1 Core I rods out is given in Table 4, 11. 

. . 
TABLE 4.1.1 

MEASURED AND CALCULATED REACTIVITY OF SM-1 CORE 1 
(0 MWYR) 

Condition Measured Two-Dimensional One -Dimensional 
VALPROD' WINDOWSHADE, 

6 8 ' ~  . . 16.35 16:.67 16.80 17.04 
4 4 0 ' ~  12.10 , 12. 8.7 - 1 2 . 8 8 '  
4 4 0 ' ~  Eq. Xenon 9. 55 - - lv,, 56 



It is seen that there is very good agreement between the one-dimensional 
, and-two-dimensional reactivity calculations. It is not known how much of this 
agreement may be due to an e r r o r  in the treatment of the control rod substitution 
effect. 

I t  is noted that the hot to cold reactivity is  3. 8% P calculated (two- dimen- 
sional) and 4. 85 % P measured. . ..... 

4.2 .3  Conclusions 
, t L - Y I  

1. The two-dimensional calculations, using the model from Section 3.0, 
yield hot and cold reactivities within 0. 8% P . 

2. The cold to hot reactivity is underestimated by 1% P using two 
dimensional calculation. . .. 

3. There is little difference between one-;and two-dimensional calculations 
of reactivity provided the control rod element substitution effect is 
properly chosen. 

4 .3  BANK POSITIONS 

A comparison of calculated and mdasured initial bank positions (five and 
seven rods) was performed for several  core operating conditions a t  the start.of 
life. 

The analytical results were determined by the WINDOWSHADE code. 

4 .3 .1  Analytical Results 

Axial WINDOWSHADE calculations were performed to predict critical bank 
conditions. for  the SM-f Core 1 a t  various initial operating conditions .. The refererice. . ' 

analytical model w a s  used, employing modified two-group theory. 

sub The equivalent bare model, as given b y  Eq. (2. 7.1, was used to calculate ' , ' ,, 
Za-; and 1 , thermal absorption c ross  sections used to represent the effects of 
the control &d fuel elements and control rods respectively. The substitution c ros s  
section, was added to ath, the thermal absorption c ross  sectioni uniformly 
throughout?he core. The thermal poison c ross  section,x 6 -, was added to 1 

"th uniformly.throughout the rodded region located a t  the,top of the'core. 

The calculated bank positions were obtained by forz/ng the WINDOWSHADE 
code to iterate to a bank position corresponding to keff 1 ,{ kte,, where A k16ff7 
is the difference between the excess core\,reactivities in terms of keff9 as obtained . . 

by experiment and the WINDOWSHADE code (rod' bank fully withdrawn), called a . 

l1rnodel1l correction. Table 4..1 2 presents the excess qeactivity, in terms df Keff, of. 
the SM-1 core  under various operating conditions, as'wtained by measurement and 
the WINDOWSHADE code, with the corresponding values of A ktefp 



TABLE 4.12 
CORE REACTIVITY OF SM-1 CORE I, 0 MWYR 

Core  
Condition 

6b°F, clean 
440°F, clean . 
4 4 0 ° ~ ,  eq. xe. 

Measured Calculated Ak' eff 
Reactivity (keff) Reactivity(kikff) (Calc. -Expo) 

I 

Table 4.13 presents the comparison of initial bank positipns between measure-  
ments  and analysis fo r  the SM-1 Core  I under various operating conditions at the 
start of life. 

Table 4.13a presents  the values of x p  and a f o r  a five a n d  a seven 
rod bank for  various c o r e  conditions. 

. . . . TABLE 4.13 
SM-1 CORE 1-FIVE AND SEVEN ROD BANK POSITION 

FOR VARIOUS CORE CONDITIONS . . 

Rod Bank Position (Inches F r o m  Bottom Of Core)  
Difference between 

Calculated Measured and Calculated 

No Model With Model No Model With Model 
Core  Conditions Measured Correction Correction Correction Correct ion 

Five Rods 
68OF, clean 3 . 7  3 . 0  . - 3.6  . 7 . f 
Seven Rod . .. 

:68OF, clean . 5 .3  4. 6 4 . 9 .  . 7  - 4  
. . . : 

. , F i v e  Rods 
440°F, clean 6. 7 5.2 6. 8 1 . 5  -, f 

Five kods  
4 4 0 ° ~ ,  Eq. Xe. 8 . 3  6.. 9 .8. 0 . 1 . 4  



TABLE 4.13a 
Sub.- . .... 

SM-1 CORE I ED AND 1;a . FORVARIOUS CONDITION 

Bank Type, Core 
Conditions 

Five Rods 
68OF 

Five Rods 
4 4 0 ~ ~  

Seven Rods 
6 8 O ~  

sub C a  ccm-l, 

As seen in Table 4.13, the calculated bank positions a r e  observed to be in 
good agreement with the measured positions, on the basis that the excess core 
reactivities as calculated by the WINDOWSHADE code were corrected to the 
measured' reactivlties. 

4.3.2 Conclusions 
-+ 

1. The five rod bank position can.be predicted within 1.4 in. without any 
model correction and 0.3 in. using a model correction on core reactivity. 

in a one-dimensional 2. The use of a homogeneous xi for rods and a 
axial calculation can give reasonable agreement with experiment. 

4.4 CENTRAL ROD WORTH IN POISONED CORES 

The inte ra l  worth of the central control rod alone was determied experimentally 
in two ways (3f: one, by poisoning the core, using boron stainless steel  s tr ips,  and 
the other, employing pure stainless steel  s tr ips.  The worth of the central rod was 
determined analytically by use of the VALPROD, IBM-650 machine code, and 
compared .to measurement. 

4. 4. 1 Experimental Results 

The calibration of the central control rod, using boron-stainless stekl and 
pure stainless steel s t r ips  to oison the core, was measured during the SM-1 !? ZPE-2 critical experiments ( ) a t  the Alco Products Critical Facility. Fig. 4.1 
presents the results of the calibration. A11 control rods, except for  the central 
rod, were fully withdrawn while the calibration was performed. 



ROD POSITION - INCHES 

Figure  4.1 Rod C Calibration Curves - SM-1 ZPE-2 



ROD POSITION - INCHES 

Figure 4.2 Rod. C Integral Worth - SM-1 ZPE-2 



The integral worth of the central rod obtained from the calibration curves 
in Fig. 4 . 2  indicates that the control rod is worth approximately one dollar * 

greater  fo r  the stainless steel  poisoned core than for the boron-stainless steel  
J. poisoned core. 

4. 4. 2 Analytic-a1 Results 
. . 

: ! . . 

VALPROD calculations were for the following two configurations: 
one containing all poisoned fixed fuel elements, and the other with a control rod 
substituted for the central poisoned fuel element. The reactivity results of the'se 
calculations yield the worth of the central rod relative 'to a poisoned fixed fuel. 
element. The measurements yielded the worth of the central rod relative to a 
clean control rod fuel element. Therefore, the worths of the central rod, a s  
obtained by experiment and analytically, 'are not directly comparable. However, 
the analysis will indicate the dependence of rod worth on the type of poisoning- 
employed, which can be direc 1:ly compared to  experiment. 

Fig. 4. 3 presents the cylindrical representation of the core containing a 
central control rod, a s  seen by the VALPROD code. 

FIGURE '4.3 
SM-1 CORE I AS SEEN BY VALPROD CODE 

- Water  F k e d  Water 
Hole Clad Gap Fuel Elem. . Refl, 

. . 

The a rea  was conserved in all  regions except for the absorber section where, 
instead, the thickness was conserved in order do maintain the thermally , .  black 
absorption properties. of' the region. ., . 

. . 



The absorber section, consisting of a homogeneous mixture of Boron-10 
and stainless steel, was treated a s  a thermally byack region with resonance 
absorption included. The thermal properties were represented by ffeffectiveff. 
diffusion theory constants obtained from blackness theor (4)2 ( 5 )  , :: Resonance 

t'4 ) absorption was calculated, using the same basic theory, except that the 
absorption was treated as  gray in this case. Table 4.14 presents the fast and 
thermal constants of the absorber section, as  used for the VALPROD code. 

TABLE 4.14 
FAST AND THERMAL CONSTANTS OF ABSORBER SECTION 

Constant 

D (cm) 

~ ~ ( c m - ~ )  

Fast  

1.520834* 

0.33 

Thermal 

* Diffusion constant for pure stainless steel. 

Table 4.15 presents the results of the worth of the central control rod, as  
'obtained by measurement and the VALPROD calculations. The calculated C 

worths were obtained from the difference in reactivities (% p ) of the rodded and 
unrodded cores. 

TABLE 4.15 
INTEGRAL WORTH OF CENTRAL CONTROL ROD 

Poison 
., _. _,_. . 

Measured (% P ) Calculated (.% P.) 
 oro on-stainless Steel 4.32 4.80 . . 

Stainless Steel 5. 07 5.34 

4 .4 .3  Conclusion 

1. The worth of a central control rod can be accurately calculated, using . 

P-f slowing down model', MUFT-I11 nuclear data and absorber properties from black- 
ness theory. 



In the p re sen t  sect ion the applicption.of one-land two-dimensional calculations 
a t  s t a r tup  has  predicted reactivity of SM-1 C o r e  I within 0. 8% p . The cold: to 
hot change in reactivity is underest imated by 1% P . 

Use has  been made of substi tution poison c r o s s  sect ion to  r e p r e s e n t  the 
cont ro i  rod  bank and it has  been found that  the control  rod  bank position can  b e  
predicted within 0 . 4  in. a t  6 8 ' ~  a n d . 4 4 0 ~ ~ - .  

In the  following sect ion react ivi ty  and control  rod bank will  b e  investigated . 
as a function of c o r e  burnup. In addition the GpXtfal' dependence of power,  
m a t e r i a l  concentration and the effect  of xenon, s a m a r i u m  and f i s s ion  products in 
react ivi ty  wil l  b e  sought. 
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5. O SM-1 CORE I BURNUP CALCULATIONS 

This section presents 'the results of the SM-1 Core I burnup analysis. A 
review of previous calculations of SM-1. Core I lifetime is also presented.' The 
newcalculations' were'performed.by the use of the CANDLE-2 IBM-704.code, 
described in Section 2-0,  Reference (I) ,  and the results were compared with 
measured data in order to determine the accuracy of the calculational model. 

5.1 REVIEW OF PREVIOUS CALCULATIONS 

The review of previous burnup calculations for SM-1 can be divided into 
four distinct periods. These are :  (1) calculations performed in the conceptual 
design stage by Oak Ridge National Laboratory; (2) calculations performed by 
Alco Products during and following the flexible critical experiments performed 
at Oak Ridge National Laboratory; (3) calculations performed by Alco Products 
following the zero power experiment on SM-1 Core I and initial startup of the 
SM-1 at Fort Belvoir; (4) calculations performed after burnout of the SM-1 
Core I at  Fort Belvoir. 

The calculations reported in this work fall into the latter category. In- 
cluded in the second category of calculations must be those performed by the 
Walter Kidde Nuclear Laboratories as a subcontractor to Alco Products. These 
calculations were performed independent of those at  Alco but-did make use 
of the results of the O W L  flexible critical experiments. Most of the calcula- 
tions performed have employed two-group theory with provisions for resonance 
absorption and fission of U-235. In the conceptual design stage, ORNL per- 
formed certain check calculations using multigroup theory. It is realized that 
in the course of the transition from the conceptual design to  the final design 
of SM-1, there were certain structural changes to the core. However, these 
did not account for a significant change in metal-to-water ratio. 

i TABLE 5.1 
REVIEW OF BURNUP CALCULATIONS FOR SM-1 CORE f 

Predicted 
. Kg Grams Core Life, K~ncrease  

Period Reference Date' of Issue U-235 , B-10 - - MWYR In Core Life 

(1) ORNL-1613 June 1955 "17. 7 34. 0 15 0. 07 
(2) APAE-7 May 1956 22. 5 21.1 . 15 0. 02 
(2) WKNL-57 March 1956 22. 5 (24, 9 9. 4 0. 03 

(31. 0 
(3) APAE-32 July1958 22. 5 19.5 16. 4 0 



Flexible critical experiments were performed from September 1955 to 
February 1956. Once flexible critical experiments information was available 
(Fall 1955) the predictions of APAE-7(2) of the loadings of fuel and boron- were 
markedly improved over those of the conceptual design. The calculations per- A 
formed in 0 ~ ~ ~ - 1 6 1 3 ( 3 )  and APAE-7 were limited to uniform burnout. All 
other calculations included the effect of non-uniform fuel and burnable poison 
burnout with core life. It is noted that the initial design reactivity of the SM-I 
was increased during the course of the core devklopment. This was due to a 
concern of overpoisoning the core with boron. This eliminated to a large ex- 
tent the expected increase in core reactivity with core\burnout. It is of parti- 
cular interest that the calculations of core burnout performed after initial 
startup of SM-1 predicted the core life be 16.2 MWYR. These calculations (4s were performed using the NUB-1 code which employs group constants ob- 
tained from MUFT-I11 (Pl-SG) and f?om plate P-3 theory. 

5.2 CANDLE-2 CALCULATIONS 

The calcplations of SM-1 Core I burnout reported herein involved'the use 
of the CANDLE-2 IBM-704 code. This code is a one-dimensional few group 
depletion code as  described in Section 2. 0. Some of the advantages and dis- 
advantages of CANDLE-2 code compared with NUB-1 code. used in Reference 
(4) a re  given in Table 5. 2. 

TABLE 5.2 
ADVANTAGES .AND DISADVANTAGES OF CANDLE-2 

COMPARED WITH NUB-1 

ADVANTAGES 

1. Computing time reduced by a factor varying from 10 to 100. 
2. Option of using 2 or 4 energy groups. 
3. . Calculation of new flux and power distributions at each time step. 
4. Pointwise variation of flux, power and material composition in core. 
5. , Automatic calculation of transient ,qenon. 

/' , 

DISADVANTAGES 

1. Fast and thermal microscopic cross sections cannot vary with burnup. 
2. The self-shielding factor for the thermal group does not vary accurately 

with burnup. 
3. The coalescing scheme for three groups to one fast group is not di- 

' rectly equivalent to the results of the MUFT-111 code. 
. . xdub 

4. The for .control rod fuel elements cannot vary with burnup. 



A review of the advantages and disadvantages of the CANDLE-2 code com- 
pared with the NUB code indicates it is superior in treating spatial variations - 
but inferior in calculating group constants. Since the CANDLE-2 code is faster 

1. and performs a multistep burnup automatically with the detailed spatial treat- 
ment,it was chosen as the-basis for the SM-1 Core I burnout calculations report- 
ed in the following section. 

5. 2.1 Geometrical Model 

CANDLE-2 is a one-dimensional code which leads to a number of severe 
problems when applied to SM-1 Core I. A review of Fig. 1 .3  in Section 1. 0 in- 
dicates that SM-1 Core I is highly.heterogeneous. The rodded region of the core 
consists of 5 massive hollow absorbers in a region of 38 fixed fuel elements and 
2 control rod fuel elements., In the unrodded region of the core the composition 
.is 38 fixed elements and 7 control rod elements. 'In addition .to the normal comp- 
lications of the moving control rod bank, the control rods employed in SM-1 in- 
troduce the added complication of. moving fuel into the unrodded region as the 
bank :is withdrawn. 

The core in the unrodded region is represented by fixed element properties 
on which is. superimposed a'uniform thermal absorption cross section to account 
for the control rod fuel elements. 

' 

The magnitude of this ross section, referred.to as the control rod sub- 
stitution cross section, 1 F', is found using an estimated reactivity effect 

-4. 

of replacing seven fixed elements by seven control rod fuel elements and the 
equivalent bare reactivity equation .in the following manner:: 

and, since only the Kth te rmki l l  change, we put kerf = Kth H + J, where: 

, . 

  hen the'measured reactivity difference between 7 fixed and 7 cont~ol  rod fuel 
elements is subtracted .from the cold clean reactivity giving: 

F. E. .. 

uCfth. sub 
kveff =:kV th H + J but now qh = 

F. E. sub which yields a 

. . * The superscript F. E. stands for'fixed elements. 



. . . . . .  

sub 
the on1y:unknown parameter. TO obtain 1 a at operating temperature; i: e; 
440°F, it was assumed that z y b v a k i e s  with temperature in the s a  man- 

Y 5  n e r  as t h e  U-235 microsc-opic absorption cross section does, since 1 a ac- 
countsfor most of the thermal absorptions. 

TABLE 5.3 
EQUIVALENT UNIFORM CROSS-SECTION FOR CONTROL 
ROD FUEL ELEMENTS XNFCONTROL ROD ABSORBERS 

The core in.the rodded region is represented by fixed element roperties 2 on which is superimposed a thermal- absorption cross section .Ir0 to ac- 
count for the 5 absorbers and the q:ub to account for the preseRce of the 
control rod elements. This therma absorption cross section is known as the 
conhol rod absorption cross section and is calculated in a similar fashion 
as 1 rb above: h- 

Cross -Section 

sub 

x a  

rods 

I, 

1 keff (rods out) = = Kth H+J keff (rods in) = = q h H + J  
'. -p h. E. 

1 - pll 
VC fth K" = 

th F. E. + C r b +  C;oa at 6O0F it was found that 

C a  

, k e f f  (rods out) = 1.1566 keff (rods in) = .93950 1 rods = 088239 ~ r n - ~  
P 

6 8 ' ~  

.007846 

.088239 

The cold to hot change in bank worth was caqculated by solving the multi- 
group diffusion problem (VALPROD) for a core with a central rod (water, 
absorber shell, core and water regions). The VALPROD7s were run hot and 
cold kith and without the centerline rod inserted. An equivalent Erod riYS calculated for the center rod at. the two temperatures. The ratio of.! zp 
at 6 8 ' ~  to that at 440°F was 1.138 and assumed to be the same for t e 5 rod 
bank. The equivalent thermal cross  sections used to approximate control .rod 
fuel elements a re  summarized in Table 5,3. Due to code limitations the uniform 
cross  sections given in Table 5.3 were taken to be invariant with core burnup. - 

' The core is then reduced to a four region configuration as shown.in Fig. 5.1. 

4 4 0 ' ~  

. 006131 

. 07754. 

J 



RADIAL CALCULATION AX'IAL CALCULATION 

Rc = 28-24 cm Core Height 
55.245 cm 

Reflector Reflector (top, bottom) 
28 cm each 

Figure 5.1. Geometrical Models for CANDLE-2 Calculations 

5.2. 2 Nuclear Constants 

The nuclear data required to perform CANDLE-2 calculations a re  the con- 
centrations of various isotopes in the core and few-group microscopic cross 
sections. As discussed in Section 2. 0 CANDLE-2 calculates group constants 
from stored microscopic data. Table 5.4 lists the number densities of the 
elements in the various regions of the SM-1 Core I. The water number den- 
sities a r e  employed in the reflector regions. The number densities reported 

C in Table 5.4 vary very slightly from the reference set  as given in Appendix C. 
This 'latter set  is based on slightly better estimates of the material content of 
the SM-1 Core I. Check calculations indicated that the difference in number 
densities yielded a negligible effect on core reactivity. 

Table 5. 5 lists the three group fast  cross section library used in the 
CANDLE-2 code. Table 5,6 lists the thermal microscopic cross section used 
in CANDLE-2. Table 5. 7 shows the results of a comparison of the coalescing 
schemes of CANDLE-2 with MUFT-I11 -PI-SG - and P-1 calculations and 
equivalent bare core keff for CANDLE-2, MUFT-111 'PI- SG- and MUFT-I11 
P-1, with P3 thermal model. 

Table 5. 8 shows the results of comparison of coalescing schemes for 
CANDLE-2, MUFT-III Pb - SG,, and MUFT-I11 P-1 for the water reflector 

Water C Reflector + p 

Core + C  

Core 

Water 
Reflector 

a 

region. 



TABLE 5.4 
. NUMBER DENSITIES FOR REGIONS OF SM-1 CORE I AT 4 4 0 ' ~  

Element Homogenized Fixed Element Region Water Pegion 

Hydrogen 

Oxygen 

Stainless Steel 

Natural Boron 

Uranium-235 

Note: To convert BNAT to B-10, multiply former by 0.198. The number den- 
sity of boron.in.the SM-1 Core I reflects a 22. 4% fabrication lbss. 

5.2.3 Results of CANDLE-2 Calculations on SM-1 Core I.. 's 

CANDLE-2 code calculates a detailed point by point variation. in flux, 
power and material composition, which provides information for comparison 
with experim.ent. 

. . 

5. 2 .4 Core Life 

The SM-1 Core I was first burned up using radial geometry. The'calcu- 
lated variation in P from CANDLE-2 with equilibrium xenon at  440°F is shown 
in Fig. 5.3 along with the results of a uniform burnup calculation normglized 
to ihe CANDLE-2 reactivity at the start  of life. The normalization was' neces- 
sary due to different reactivities at the s tar t  of life which resulted from differ- 

-: ence-s- in constants between CANDLE-2 'and MUFT-111 91.-SG . . as shown in 
~ a b i e '  5.7. MUFT -111 -PI.- SG- . was used for the-uniform burnup calculation. 
It is noted that CANDLE-2 calculations yield core reactivity at  1 .4 MWYR 
with equilibrium xenon of 8. 9 percent. This compares with the measured 
reactivity of 9.2 percent. The CANDLE-2 radial burnout has been adjustedto a re- 

' activity of 9% 2 percent at 1 .4  MWYR to correspond to experiment. The results 
are shown in Fig. 5.4. The indicated core life is 18.4 MWYR for the non- + 

uniform radial burnup. 



TABLE 5 . 5  
THREE FAST GROUP DATA FOR CANDLE-2 CODE, SM-1 CORE I AT 440°F 

Element Cross Section (barns) 
No. Element Group d t  r UR d a  df v df 

WAPD (Alco) H 1 0.992507 1.641435 0 0 0 
1 (1) 

2 3.730513 2.192517 0 0 0 



' . TABLE 5.6 
THERMAL MICROSCOPIC CROSS 'SECTIONS 

(T = 440°F;' EN = 0.0549 ev) 
A /  1 - - - 

Atom 6s (1-El da dt r 'mf 
... .. 

* Based upon 19.8 a/o of B-10 in natural boron. 

The effect of using the P-.l :slowing down model rather than PGSG '-.I. on 
core reactivity, and hence on core life,. has been investigated. The core re-  
activity was calculated on a uniform basis using MUFT-111 P-1 and :PI-SG -, 
group constants. The reactivity difference is' shown in Table 5. 7 along with 
the experimental value. As shown in Table 5. 7, MUFT-111, P-1 gives better 
results. 

Fission .product absorption excluding Xe was also expressed simply as 
a thermal abs.orption cross-section. Data on the.variation of the fission product 
absorption was found in. A N L - ~ ~ O O ( ~ ;  and KAPL-2000-12. (6) This data is re-  
produced in. this report in Fig. 5.2. The curve from ANL-5800 was used to 
,determine the average fission product microscopic absorption cross-section . .  

w i t .  core burnup. Asshown in Fig: 5. 2, the curve r ises  very sharply:at:i5;% 
fuel burnup due to the accumulation of Sm-149.. The slope is then fairly con- 
stant for t h e  rest of core burnup. This slope corresponds t o  a fission product 
microscopic thermal absorption cross-section of 11 barns per fraction U-235 

. . 
.depletion, this was calculated a s  follows: 





Figure 5.3 SM-1 Core I Radial Burnup, 4 4 0 ' ~ ~  Equilibrium Xenon 



Figure 5.4  



TABLE 5.7, 
COMPARISONS OF COALESCING S C H E M ~ S  OF CANDLE-2, 

MUFT-111 :PI-SG,. , AND MUFT-III P-1 CODES 
SM-1 Core I At 4400F 

Parameter* Units Homogenized Fixed Element Cell 

P% j (calculated): 8. 63 

p%; (measured) . 12.10 

* See Appendix .E for definition of parameters. 



. . 

. . 
I 

1 TABLE 5 .8  
RESULTS OF COMPARISON OF COALESCING SCHEMES 

FOR PURE WATER REFLECTOR REGION- 4400F 
. . 

.l. . . 

Parameter* Units . CANDLE-2 ,MUFT-111, PI-.SG. , MUFT-111, P-1 

: u q h  . . cm-' (I . .  0 
, . 

' Kth - 0 0 

. . .  

* . See Appendix E for definition of parameters. 
. . .. . 
.. . 

...., .... . 
The equation of the linear of the curve is : 

. . .  

(o) was y s e d a s  a contant t e r m  which was added to  the c o r e  thermal macro- 
afp . ,  

scopic abs'orption cross'-section. By moving the origin up t o ,  1 (o), 'the linear 
: afp 



For the SM-1 core at 4 4 0 ' ~ ~  
. . 

\ 

\ - - 
.0047 

dafp \ 0004286 
1024 = 11 barns per fraction U-235 depletion. 

J 

Xe 
The thermal absorption cross section 1, which acc&nts for the re- 

activity effect of xenon, is calculated as  follows: 

where x = (1 - p  ) + g ' ( ~ )  and tlJferemaining parameters a r e  given in Appendix 
E. At start of life and 440°F, 1 was found to be 0.006975 cm-l. The values a 
of the parameters used a re  listed in.Appendix C. 

Figure 5.5 shows the calculated variation of control rod bank position as  
obtained from the axial CANDLE-2 calculation. With the effect of the non- 
uniform radial burnout included. AMo shown a r e  the experimental measure- 
.merits of bank withdrawal versus energy release. Figure 5.6 shows the re-  
sults of CANDLE-2 including the radial non-uniform burnup coprelation nor- .u 

maiized to the measured reactivity at 1.4 MWYR. It is seen that the CANDLE-2 
axial burnout calculation gives very good prediction of bank position variation 
with energy release but overesti.mates the core life by approximately 0.5 MWYR*. 

5b 2. 5 Fuel and Boron Distribution a s  F'unction of Core Life 

Pol".ntwise distribution of uranium and boron were obtained from the' axial 
and radial CANDLE-2 calculati.ons. Figure 5. 7 indicates the radial variation 
of U-235 and .B-10 burnups at two different megawatt years. At. 16.8 MWYR, 
the1average U-235 burnup is 37.4% compared to  an average B-10 burnGp of 93%. 

Figure 5.8 shows the axial distribution of U-235 and B-10 burnub at two 
different energy releases. Only preliminary results of hot cell examinations 
of SM-1 Core 1 elements a r e  available,for comparison with these calculated U-235 
burnups.. At the end of SM-1 Core I life,1654 MWYR, two elements were sent 
for hot cell examination,' Figure 5. 9 shows a comparison of the axial burnout 
distribution of U-235 in element 79 with that obtained by 0RNL. This element 
was located in posi.tion 45 of SM-1 Core I for 16.4 MWYR. The measured 
burnout corresponds to the average burnout across the width of the fuel plate 

. . 

*At. 10.5 MWYR two new elements were added; it has been calculated thbt the life- 
time is increased by 0.3 MWYR. This correction is shown in Fig. 5.6. 



Figure 5.5 SM-1 Core I Control Rod Bank vs. MWYR - 4 4 0 ' ~ ~  
Equilibrium Xenon 



\ MWYRS - 
Figure 5.6 Excess Reactivity as a Function of Energy Release - 

SM-1 Core I, 4 4 0 ' ~ ~  Equilibrium Xenon 



Figure 5.7 

. DISTANCE FROM CORE CENTER-CM. 

SM-1 U-235 and B-10 Radial Burnup at 9.2 MWYR and 
15. 7 MWYR - All Fixed Elements  with a 



Figure 5.8 SM-1 Core I Axial Variation of Burnup Fraction of B-10 
and U-235 at 9.2 and 15.7 MWYR 



Figure 5; 9 Measured Fuel Burnup in Element 45 of SM-1 Core I 
After 16.4 MWYR oi Energy Release 



and therefore affords a comparison with the CANDL-E-2 one-dimensional results. 
It is noted that element 45 was located only 3 in. from the core centerline and 
hence it should have a burnup 24 percent higher than the average radial burnup 
which is that calculated in the axial CANDLE-2 results presented in Fig. 5. 9. + 

.5.2. 6 Power Distribution 

Results of CANDLE-2 analysis can be used to  gain an insight to the varia- 
tion of gross power distribution with core burnout. Figure 5. &shows the 
variation in radial power distribution. This figure indicates that the radial 
max-to-average is reduced by about 12:percent during core burnout. The 
variation in axial power distribution with core burnout is illustrated in Fig. 
5.11. 

A detailed CANDhE-2 calculation was made tot determine the decrease 
in local power peaking with lifetime. The first two rings of elements (central 
control rod fuel element and a ring of fixed elements) were broken up into 
active and dead regions (Fig. 5.10A). This two-cell core was then burned out 
using CANDLE-2. The results a r e  shown in Fig. 5.10. This figure clearly 
illustrates how the intercell peaking due to the absence of fuel in the side plate 
region rapidly decreases with core burnout. - 

Figure 5.10A. 
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DISTANCE FROM CORE CENTER ( C M )  

Figure  5.10 Radial Power Distribution of Various Periods of Core  Burnup 
UI in SM-1 Core  I - 4 4 0 ' ~  
I 



DISTANCE FROM BOTTOM OF CORE (INCHES) 

Figu re  5.11 SM-1 Axial Power  Distribution - 4 4 0 ' ~  Equilibrium 
Xenon 



Figure 5.12 illustrates ,the overall radial power distribution for 0. MWYR. 
It is seen .that power interface and center peaks a r e  reduced, 

5.2. 7 Change in. 5 Rod Bank Worth 

The measurements(l) made on- the SM-1 Core 1.5 rod bank worth.indicated 
an. increase in worth with core life. In order to determine if  CANDLE-2 would 
predict this increase in rod worth, an  analytical calculation of rod.worth was 
carried out for the core at 12 MWYR energy release. In order to obtain a com- 
plete rod bank worth curve, material compositions of various regions of axial 
CANDLE-2 calculations at 12 MWYR were used. These compositions were 
averaged over six axial core regions. The rod poison cross, section 
(Table 5.3) was assumed to remain constant with core bupnout. A ser ies  of .  
axial VALPROD calculations were run with the x6ods moved into the core on 
2-in. intervals. The resulting reactivity was converted into rod bank worths 
and plotted in Fig. 5. lq.  Also shown, in Fig. 5.13 is the calculated rod workh 
curve for 0 MWYR. The experimental curves for 0 and 12 MWYR a r e  also ' 

shown. 

5. 2. 8 Xenon Reactivitv 

The reactivity associated with equilibrium and maximum xenon was cal- 
culated using CANDLE-2 over the lifetime of SM-l Core I. En addition, a de- 
tailed study of a xenon t~ans ien t  of 12 MWYR was performed. In these cal- 
culati.ons a xenon thermal microscopic absorption cross section of 2.0 - 

d 2. 6 x: 10 barns was used, In addition, a non-uniform special distribution 
factor, a= 1.134, for xenon was used. Figure 5.14 shows the calculated 
and measured variation.in reactivity ,of transient'xenorn with time after reactor 
shoutdown. The calculations are presented for two. values of average xenon 
microscopic cross section. The sensitivity of the reactivity on Xe cross 
section is illustrated in this fi.gure. The analysis of this problem in.Appendix, 
D indicates that- a cross section in the range of 2.34 to 2.60 x 106 barns is 
the best value. 

The CANDLE-2 code was used to compute the equilibrium and maximum 
Xe reactivity as a function of core energy release. A xe-135 cross section 
of 2.6 x lo6 barns and a distribution factor of C(=l was used in this calcu- 
lation. Figure 5.15 shows the calculated and measured xenon reactivities 
as a function of core energy release. 

5.2. 9 Conclusions 

1. The application of CANDLE-2 in the radial and axial directions in the 
SM-1 Core I gave a core life of 16.8 MWYR compared to 16.4 MWYR ex- 
per ime~~ta l .  

2. The spatial change of fuel due to burnup can be predicted with reason- 
able accuracy. 

3. Equilibrium and maximum xenon reactivity were found to have been 
predicted very accurately 'using CANDLE-2 code. 

5-23 



SM-I Radial power Distribution - 440°F, Equilibrium 
Xenon - All Fixed Elements - 
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Figure 5,13 SM-f Five Rod Bank Calibration 
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Figure  5,14 Transient  Xenon Reactivity in SM-1 Core  I at 12 MWYR 



Figure 5.15 SM-1 Core I Xenon Reactivity vs. Lifetime 



5.3 ESTIMATE OF CORE CHANGES AT 10.5 MWYR OF CORE LIFE 

At 10.5 MWYR energy release of SM-1 two fuel elements were removed 
andreplaced by two new fuel elements. (7) In addition the original absorber. 
sections employing boron enriched in the B-10 isotope. were replaced by ab; 
sorbers containing Eu2O3. This latter change had a negligible effect on bank 
positions and therefore no change in core life. The element in position 64 
is a control rod fuel element. The extension of SM-1 Core I life due to sub- 
stitution of a new element into positions 64 and 56 was estimated using the { 
CANDLE-2 code. I 

i 

A geometrical model consisting of a control fuel element surrounded by 
an annulus of fixed elements reflected by water was employed. A CANDLE-2 
burnout calculation was performed in this geometry. The core for an energy\ 
release of 10.5 MWYR was then modified by the adjustment of atomic concen-!\ 
trations of fuel and burnable poison to initial values in the control region, and 'i, 
the core burnout repeated. The reactivity variations were then compared \ 
yielding a 0.5% P increase and a core lifetime increase of 0.45 MWYR. Since 
the two elements substituted were not in the central pskikion~, -the reactivity 
effect was estimated by 5,2 (1 %r) weighing of the value obtained for the 
central element. The difference between fixed and control rod substitution 
were neglected. The result for new elements in positions%iland 56 at 10.5 
MWYR is 0.4% increase i n  core reactivity and a 0.35 MWYR increase in core 
life. The best estimate of the core life of an unperturbed SM-1 Core I is 
then 16.4 - 0.35 or f 6.05 MWYR energy release. 

At the time of the 10.5 MWYR change a reactivity increase of 0.13 per- 
cent was estimated and a lifetime increase estimated of 0.35 MWYR. (7) 

5.3.1 Buildup sf U-236 in SM-1 Core I 

Measurements of U-236 buildup in SM-1 Core 1 a re  now underway at 
ORNL on four e1ement.s removed from SM-1 Core I, two at. 10.5 MWYR and 
two at end of life (16,4 MWYR). Using CANDLE-2, the buildup of U-236 in 
SM-1 Core I has been calculated as  a function of core life. A value of 4 barns 
wa? used for  the thermal absorption cross section of U-236 at 440°F. 

Similar calculatf ons of U-236 buildup a r e  given for pile irradiated U-235 
in Reference (8). From Fig. 8 .1  of Reference (8) and a thermal n d  of 5.2 x 1 020 
neutrons/cm2 (for 10.5 MWYR operation of SM-1) the U-235 remaining per 
initial atom of U-235 is 7'6 percent. This compares with a .CANDLE-2 value 
of 76.6 percent. The number of U-236 atoms per initial U-235 atoms is 4. 2 
pe.rcent from Reference (8) and 4.4 percent from CANDLE-2 at 10.5 MWYR. 



. .  . 
1. The substitution of two elements of SM-1 core .1  at 1.0. 5 MWYR pro- 

4. duced an estimated core life increase of 0.35 W Y R .  Therefore 
the ..core life of an unperturbed SM-1 Core I would have.been 16.05 
MWYR. 

2. A CANDLE-2 calculation has been performed to estimate the U-236 
built up. However lack of experimental m.easurements prevents 
evaluation of the results. 

5.4 SUMMARY 

In the present section CANDLE-2 has been used as the basic tool in 
predicting the core lifetime of SM-1 Core I. 

With a reactivity adjustment at 1. 4 MWYR, to the measured value, the 
core life was found to be 16.8 MWYR compared to  16.4 MWYR measured. 
U-235 and B-10 axial depletion and power distribution at various burnup levels 
have been calculated. The reactivity associated with equilibrium xenon was 
calculated and found in good agreement with experiment. 
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6.0 ' TEMPERATURE' COEFFICIENT 

6.1 BACKGROUND 
. . .  

An analytical expression for the temperature coefficient of reactivity has 
beenobtained by differentiating the modified two group critical equation with 
respect to temperature, assuming that all variables except the number density 
of the moderator a r e  independent of temperature. The justification for this 
assumption is based on the results of. the analysis of SPERT 111 experimental data 
:as reported in IDO-16586. (I) Although this assumption represents a gross 

: : simplification of the physical processes which contribute to the temperature 
coefficient of a water moderated reactor, the values of temperature coefficient 

. . calculated from the equations derived under this assumption- agreewel l  with 
measured values. 

. . 

6.2 DERIVATION OF THE ANALYTICAL EXPRESSION FOR TEMPERATURE 
COEFFICIENT .A 

. \  
The modified two group critical equation is: 

where the symbols a r e  defined in Appendix E. 

Defining the temperature coefficient a s  : 

and using Equation (I) ,  

. . 

dLth . . 

dT' . 
. . 1+ 

where . Kth Lth 

Lf is:  



and 

L t  is: 

and 1 dLth , - B~ dL2 - -- 
- ,2 D T  

2 D - %... 

1 1 
L is: - . .,.: . .  

. . 
3P;W' dthrn. ath ; 'tr Lath 

where .  the supe r sc r ip t ,~w~ ,  . denotes wa te r  and is assumed independent 
o f ' y w  .. "th 

.. ,. ... 
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where  pW is the density of wa te r  as a function of t empera tu re  (a t  constant p re s su re ) .  

.(3) Assuming tpat the neutron age  i n  a heterogeneous medium is given by. 

J d 7  
becomes  - - rvw :7/7 1 d T  

d T  7 ,  7w d T  

w h e r e ' i w  is the volume f rac t ion  of wa te r  in  the c o r e h i  is the neutron age  in p u r e .  1 

water9Tm, is the neutron age  in metal ,  a n d ' v q  i s v o l u m e  f rac t ion  of me ta l  in  t h e .  
co re .  In obtaining Eq. (7) f r o m  Eq. (6), it' is fu r the r  assumed that  rm; is in- 

J I 

dependent of t e m p e r a t u r e . 7 ~  I ,  : is given by: 



1;. 
i l ! .  

dE 1 f Eo d.E 

and i 

where 

Substituting (9) and (7) into (3) yields: 

Substituting (41, (5)'and (I 0) into (2) gives: 

The nudenical value of the first:terrn in brackets is approximately 80 times 
the second for the SM-1: thereforei the sgcond term is neglected and the formula 
for the temperature coefficient becomes: 

6.3 COMPARISON OF 'CALCULATED AND EXPERIMENTAL TEMPERATURE 
COEFFICIENTS 

The 0 MWYR temperature coefficients of the SM-1 and PM-2A as calculated 
by Eq. (12) a-re compared to the'exper-imental values in Table 6.1. 

. .. 



TABLE 6.1 
COMPARISON OF CALCULATED AND EXPERIMENTAL 

TEMPERATURE COEFFICIENTS 

* The opkrating temperature for the SM-1 is 440'~-and 5 1 0 ' ~  for the PM-2A. 

It should be noted that the experimental values recorded in Table 6.1 were 
obtained fromjthe curve resulting from fitting the curve of the bulk coefficient of 
expansion of water at the appropriate pressure  (1000 psi  for  the SM-1 and 2000 
psi  for the PM-2A) to the exp2rrimental d ta. (4)2 (5 These a r e  the solid curves 

& . G c [ ~  J D ]  w h e r e D i s t h e d e n s i t y  
4 

of Fig. 6.1 and 6.2 which a r e  plots of 
of water at constant pressure,  E r p  

% Er ro r ,  Calc. 
to Experimental . 

-7.80% 

{18.8% 

-4.36% 

f l e a  5% 

Since the values of UT at  the low temperature a r e  lower than the experimental 
values (the converse is true a t  the high temperature) and sin2e SPERT I11 data 
indicates that aT is directly proportional to OC , the value of 

Exp. Temp. 
Coef. ?/OF 

0.448 

3.25 

0,550 

4.85 

Core 

SM-1 

PM-2A 

) . 5 . 

at 6 8 ' ~  was used to calculate aT at all temperatures of interest. The results of 
this choice a r e  presented in.Fig. 6.1 for theSM-1 and Fig, 6.2 for the PM-2A. 
  he agreement is seen to be good except fo r  PM-2A at high tempernure .  

B2 fo r  the 6 8 ' ~  calculation of Table 6.. 1 for the SM-1 was obtained from 
experiment (6) and 7 and'&, were calculated by:MMVFT-U19E1:SG*. values obtained 
with the MUFT-111 stainless steel  file as given in APAE-27. (6) 

6 8 ' ~  Cal~ulated 
from Eq. 12 in $ 7 ' ~  

0,413 

0.526 

2 B for the 6 8 ' ~  and 510°F calculation of Table 6 ,1  for the PM-2A was obtained 
from the IBM-650 Code, FINK-I (21), and 7 and&.. were calculated bji:MUFT-.In, 
PIa- SG 7Tc values obtained with the MUFT-I11 stainless steel  files a s  given in 
APAE-27, 

a~ at  Oper. Temp. * 
Calc. f rom Eq. 12 
in $/OF 

3,86 

5.65 



t d P  I dD SOLID CURVE :F i-3740 [- ;ji ] = 1000 THIS EQUATION RESULTS FROM FITTING THE BULK 
COEFFICIENT OF WATER TO THE' 

I BEGINNING OF LIFE,SM-I MEASUREMENTS 

TEMPERATURE O F  

\ 

e 
-5.0 

t- 
Z 
Id - 
U 

Figure 6.1 SM-1 Temperature Coefficient vs. Temperature 
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Figure 6 . 2  PM-2A Temperature Coefficient vs. Temperature 



As a further test  of this model, 7 for the SM-1 was recalculated by MUFT-- 
I-II using the P-1 slowing down approximation and the revised stainless steel  files 
presented in Appendix F of this report. * B~ was calculated at 68OF by FINK-I 

-.. using the fast core and reflector constants obtained from MUFT-111, P-I, revised 
stainless steel  file. The calculated temperature coefficients based on these 
values (with the value of C assumed constant a t  its value at 68OF) a r e  compared 
with experimental results in Table 6.2. The agreement between calculated 
and experimental values ig seen to be even better than the results based on the 
PI- SG ' slowing down approximation and the previously used stainless steel  
files . 

TABLE 6.2 
EXPERIMENTAL AND CALCULATED TEMPERATURE - - - - - - . - - - - 

COEFFICIENTS FOR SM-1 CORE I 

* /Qeff was assumed to be .0078. _L 

6.4 TEMPERATURE COEFFICIENT AS A FUNCTION OF ENERGY RELEASE 

% Error ,  Calculated 
to Experiment 

-4.5% 

-1 .23% 
J 

Temp. OF 

68 

440 

Using values of 7 calculated as  a function of energy release, a for the 
SM-1 Core I was calculated from Eq. (12) of Section 6.1.2, The results a r e  plotted 
in Fig. 6.3 along with experimental values. The calculated age (from MUFT-111, 
P-1) is a linear function of energy release. The reflector savings were assumed 
c,onstant in this calculation. 

6.5 CONCLUSIONS 

UT Calculated from 
Eq, 12 in $/OF* 

0.428 

3,21 

1. A reasonable fit of the .measured temperature coefficient data 
temperature.can be obtained with the equation a / a T = c 
where D is the density of water. .P 

aT from Experiment 
in $/OF . 

0.448 

,3.25 

* This method of calculating 7 is currently considered best since reactivities 

t 
based on this value of agree more closely with experiment. P o r  a discussion 
of this point, refer  to Section 3.0. 



Figure  6.3 

+- -- DETERMINED FROM COMPOSITE TEMPERATURE 
COEFFICIENT VS. TEMPERATURE CURVE AT 440 F 
(FROM APAE 96 ) 

- CALCULATED FROM EQUATION ( 1  2) SECTION 6.1.2 

ENERGY RELEASE MWYR 

0 Tempera ture  Coefficient at 440 F as a Function of Energy 
Release for the SM-1 



2. A s imple  equation has been developed f o r  calculation of tempera ture  
coefficient that ag rees  well  with experiment.  

.% 3.  This  equation indicates only slight variations of tempera ture  
coefficient with burnup. 

. 

6.6 SUMMARY 

A reasonable f i t  of experimental  and calculated tempera ture  coefficient 
vs. energy r e l ease  has been obtained. A slight inc rease  of tempera ture  coef- 
ficient vs. l ifetime is indicated. 
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7 . 0  CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

1. P-1 slowing down theory utilizing MUFT-IIInuclear da t a  as given in 
Ap3endix F yielded the b e s t  ag reemen t  between calculated and 
measu red  react ivi ty  f o r  a wide range  of co re s .  The calculated re- 
act ivi t ies  w e r e  within a s tandard  deviation of 0.91% p .  

2. T h e r e  a r e  inconsistencies in the  agreement  of P-l, MUFT-I11 calculations 
of reactivity and measu remen t s  on minimum s i z e  and fully poisoned 

- SM--1 Z P E  C o r e  I experiments .  

3. The agreement  of P-1 and PI -SG slowing down models  with both 
MUFT-I11 and NIUFT-V files with neutron ages  of Po-Be neutrons 
in i ron  water mix tures  is not good. 

4. The use of Wigner-Wilkins averaged the rma l  c r o s s  sec t ions  r a t h e r  
than hardened Maxwellian c r o s s '  sect ions  r e su l t s . i n  a react ivi ty  . 
i nc rease  f o r  SM-1 C o r e  I of about 0.2% P . 

-- 
5.' T h e r e  is l i t t le  difference between reactivity calculated using one-and 

. two-dimensional diffusion theory,  providedl the substi tution effects are ... 

properly  t reated.  

6. The calculation ofcr i t ical  bank positions at room and operat ing t emper  - 
a t u r e s  can  b e  made utilizing a one-diinensional axial  model and homo- 
genized rod c r o s s  sect ion and give agreement  within 1 . 4  in. 'of 
measurement .  

7. A calculation of the cen t r a l  control  rod wor th  in  both a boron s t a in l e s s  
s t e e l  and a s t a in l e s s  s t e e l  poisoned SM-1 Core  I indicate good ag ree -  
men t  with exper iments  when utilizing the P-1 MUFTqIP f a s t  constants  
and abso rbe r  proper t ies  f r o m  blackness  theory. 

8 .  One-dimensiona'l depletion calculations are applied to SM-f with dif - 
ficulty because of the p re sence  of the control  rod  fuel  e lements  and 
the problems of select ing an  equivalent uniform c r o s s  sect ion fo'r the  
control  rod abso rbe r s .  The r e su l t s  of the application of CANDLE III 
to  the SM-1 is a c o r e  life of f 6. 8 MWYR compared with a measured  
value of 16 .4  MWYR. 

9. Calculations indicate that  the substi tution of two new fuel  e lements  in 
SM-f C o r e  I at 2/3 life increased  the c o r e  life by 0 .3  MWYR. The 
b e s t  e s t ima te  of SM-1 C o r e  I life unmodified is 1 6 . 1  MWYR. 



10. A simplified model f o r  calculation of temperhture coefficient has 
been developed and applied to SM-1 with good agreement with the 
measurements. 

-? 

11. An anlytical model based on perturbation theory was applied to SM-1 - 
Core.1 and yielded a good estimate of core life. These parameters- 
such as  xenon which a r e  highly dependent on flux distribution were 
not accurately treated. 

12. A calculation of effective delayed neutron fraction for SM-1 Core I 
indicated a value of 0.0078 based' on a value of delayed neutron 
fraction of 0.0065. ~a i cu l a t i on  indicated the effective delay in neutron 
fraction was not a sens'itive function of bank position. 

13. Calculations indicated that the xenon cross  section for SM-1 Core I 
is a sensitive function of effective neutron temperature. 

7.2 RECOMMENDATIONS 

1. A concentrated effort should be made to obtain an improved se t  of 
basic nuclear cross  section data for  stainless steel  in the energy re -  
gion from 10 Mev to a few kev. The validity of this s e t  of improved 
data should be checked against available experimental ages from 
Po-Be sources and clean critical experiments with high steel-to-water 
rations. . A .&. 

q. Measurements of the age of fission neutrons in steel-water mixtures 
. I  I 

a r e  needed to provide a check on slowing down models and nuclear . . . I 

data. 

3. Experimental information is needed on the, variation of thermal flux 
1 and neutron spectrum in the SM type cells. This information can 

' then be used a s  a basis for. determining the validity of various models 
for  calculations of thermal group properties. 

4. The inherent difficulties in the application of one-dimensional-burnout 
codes to cores  as  heterogeneous a s  the SM-1 Core I indicate the . .  

desirability of investigating .the applicatioh of at least two-dimensional 
codes such as TURBO to the burnout of SM-1 type cores.   he most 
,preferable calculational model would be a three-dimensional model 

- such.as  DRACO, modified, to account explicitly for the presence of .. 

moving control rod fuel elements.. A computer of the capacity of the 
Philco-2000 is needed to accurately t reat  the geometry. 



5. Consideration should be given to programming the se r ies  burnup 
method (1) calculation of core lifetime accounting for non-uniform 
burnup. The availability of such a code would facilitate parameter 

4 studies on cope life. 

6. A ser ies  of clean critical experiments should be performed utilizing 
actual. SM-2 mockup fuel plates in order to have available configura- 
tions for checking analytical models. . . -- 

7. The development of longer-lived replacement cores with higher metal/ 
water ratios will require an improved treatment(-of-he epithermal 
effects of fission products. 

8. An effort should be made to obtain good agreement between -the con- . 
stants resulting from the fast  group coalescing schemes as  used in the 
MUFT codes:a~d~~o%lescirig-scriemks as used in the burnup codes 
CANDLE and TURBO. 

9. More accurate measurements of the fuel (and poison) burnup in the 
fuel element SM-1 Core I is needed to provide a check of analytical 
predictions. 

( I )  Murray, .R. L. e t  al., "Reactor Fuel Cycle Analysis by Series Method,ll 
~ u c i e a r  Science and Engfnee~ing, July 1.959. 



APPEND= A 
PREDICTION OF SM-1 CORE I BURNUP 

CHARACTERISTICS USING SERIES TECHNIQUE 

INTRODUCTION 

Appendix A consists of analytic studies of the behavior of the SM-1 Core I. 
The reactor physics employed is intended to be of such nature that the maximum 
physical content is included, compatible with a model that admits hand calcula- 
tions. The procedure consists of the following steps: (a) to adapt burnup theory 
to a reactor with control rod bank and to determine the variation of reactivity 
with time, (b) to employ data on successive "states" of the reactor during its 
operating life to predict its flux pattern, the xenon poisoning and the temperature 
coefficient, (c) to develop a theory of the effective delayed neutron fraction that 
is consistent with the burnup model to permit interpretation of experimental 
rod calibration. However the burnup theory, while adaptable to hand calcula- 
tion is quite approximate for higher burnup as the fuel and poison distributions 
constantly depart from the initial and a r e  constantly substituted with equivalent 
states. Although the numbers may not be as accurate as in more sophisticated 
techniques, the physical trends of the core a re  present. 
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A. 1.1 Introduction 
f- 

Analytic approximate methods a r e  used to predict the SM-1 core life. The 
approach is an adaptation of that developed for a reactor controlled by Pa uniform 
adjustable poison. * The generalizations effected a r e  as follows. 

a. Inclusion of effect of epi'therrnal processes on criticality and on fuel 
consumption, 

b. ~ c c o u n t  of the reactivity variation due to discrete control. bank motion. 

c. Distinction between fixed and control fuel elements. 
i 

Several necessary simplifying assumptions a r e  made: 

a. For purposes of computation the core fluxes a r e  as in a two-region 
bare equivalent core. Burnup, is taken to occur however, only in 
the actual physical dimensions of the core and rod region. 

b. Although the flux amplitude is allowed to change with time a s  burnup 
ensues, the initial shape is retained. The total core power i s  main- 
tained constant in time and the reactor is always critical. 

.c. Effects of xenon poisoning and long-lived .fissionproduct poisoning 
a re  superimposed ondhe b a s k  dynamic response. 

d.. A modified one-group diffusion theory that is dominated by fast 
leakage effects is employed. 

A. 1. 2 Initial Criticalitv and Flux Distributions 

Physical arrangement. The essential featuqes of the actual core and 
the equivalent model for analysis a r e  sketched in Figs. l a  and lb. 

The bare equivalent core has dimension H1 - H + 2Sa.and R1 - R + Sr, 
where axial and radial reflector savings a r e  employed. The radial flux dis- 
tributionis automatically a zero order Bessel function ~ , ( j , r L ~ l ) .  The axial 
distribution has two parts <b(z)-and &(z) for the core and rod region respec- 
tively. 

* Murray, Raymond,L., S. A. Hasnain and A.. L.." Mowery,, Jr. llReactor Fuel 

. . .Cycle. Analysis by Series Methods, l1 Nuclear Science and Engineering, 6, 18 
(1 959) . , 



Two Withdrawn .rods 

Fig. A, f a  Physical Core Fig. A .  16  Core Model 

Figure A. 1. Physical Arrangement of Core and ~ o r e . ~ o d e l  

The differential equations of modified two-group theory serve as the s tar t -  
ing point for the solution 

where the thermal and resonance fission sources appear in the fast group equa- 
tion. Since the two-group two-region problem is unduly complicated for a situa- 
:tion .in which rod motion and burnup take place, a simpler group model is pro- 
posed,. It is well known that the thermal leakage for a heavily loaded light water . . 1 



moderated reactor .is small  compared with fast leakage. Thus we may neglect 
the t e rm D2v2d2  with little e r ro r ,  giving 

pdJ1 5 d 2 I 2  

Substitution in the f i rs t  equation yields 

Letting 

. . 

'This. new one group model contains the necessary fast and thermal multiplication 
.factors. The only assumption made is that neutrons diffuse very short distances 
after thermalization. 

By virtue of the assumed radial distributibn, the axial fluxes in the two 
re,gions involve a modified,,buckling and inverse'diffusisn length. Let B2. = 
(K - 1)/7and B? = (Kr - 1)/7. Uee of the method of separation of variables 
with v2 = a 2 / . a r 2  + l/r a/& + a2/a yield$ core and rod equations in 

' .  what is now the axial distribution.. 

and 

where 

The regions a r e  distinguished by the fact that the subtraction of radial buckling 
in the rod region. places the differential equation .in the non-multiplying category. 

I . . 
The solutions, of the equations fpr the two media that satisfy the boundary 

condition &(O) = 0 and ~ z ~ ( H ' )  = 0 a r e  readily seen to  be 



&z) = AsinBz 

dr(z) = C sinh K (H1 - z) 

where the subscript 2 for thermal group has been suppressed, as have the bars 
over B and K . 

Continuity of flux and current at z = h with anassumed common thermal 
diffusion coefficient is invoked, leading to 

A sinBh = C sinh /C (H1 ' -  h) 

BA cosBh = -C K cosh (H1-h) 

from which the critical equation is derived 

tanBh = - B tanh (H1 - h) 
K - 

and the constant C is 

A. 1.3 Perturbation Theory 

Consistent adaptation of one group perturbation theory is made. consider 
the critical core equation in the form 

qr compactly 

where 

M = - g2 and B: - K - 1  
- 7 

A.ssume that changes in fuel or absorption occur to cause a distributed change. in 
buckling 

There must be made a corresponding uniform buckling change 6~~ to accommodate 
this perturbation, giving a new critical equation 



where.M1 = - v:2 + A B ~  
. . 

Multiplying the differ.entia1 equation through. by the original flux 6 and integrating 
over the core, 

jiM1#' dV 
' B2 = 

. '7 :.:. . . , . . . 

The perturbation !approximation B1& d i s  made, and . . 
P . .  . .  . 

,. . , . . 

J b A ~ ~ d d v  ' 2 B2 = Bo + . . . . . .  I #Zdv ,:,' 

. . .  . .. . 

J 

The correlation between 6 B 2  a n d r e a c t i ~ i t ~ p c a n  be made through the 
neutron economy formula 

where % is the constant non-leakage probability 
4 

7 6 B 2  ~ o w e i e r  6 B 2  = 6~ and P= 
- 7 -  6 

K 

Thus ,P = 
,.. .-. / K $ ~ v .  

The relation between a K/K and microscopic changes can be deduced. Let Kt = , 
q f q  and Kf , ' =  (1-p) v r f r  Then 



a Assuming negligible change in p, and going to the differential notation, we find 
for either themal or  fast neutrons 

Further, since the principal absorbers a re  uranium (U) and boron (B), 

with fU and f B  a s  the "utilizations" of the twoepments.  For -either region then 

where 

The "window~hade~~ method of treating the control bank is employed, in which 
the rod region i s  .assumed to have a uniform therma poiso Ep. As the bank . 
is moved, there, is a local change in absorption A ia = - fp ,  giving r i se  to 

Integration over the volume that rod motion affects is to be made. 

A. 1 .4  Burnup Theory 

The rate of consumption of fuel is governed by 

where the absorption rate of thermals is 



where g is a self-shielding factor for the fuel plate and that in the resonance 
region is 

The two absorptions can be expressed entirely in..terms of the thermal flux,, 'if 
w'e invoke the following. relations: . 

Then 
7 1 

Combining terms, and using an effective uranium absorption cross section 

the fuel -burnup equation becomes 

The flux is assumed.to be separable in  space and time 

and letting u .= it .wit  

-&r)de 
N~ (F, t) = d o  e .. a U  

u 

Similarly the boron. atom density is 

. . 
with a n  analogous effective :boron cross section, 



: The con@tion.on constant fission rate or co re  power is invoked to- obtain a r e l a -  
tion between u and time. - Reference is .made to standard.burnup theory* which. 
carries over to yield the expression 

. , .% 

1 - B, (xu) t = 

where c is the initial amplituge of the flux, 6 e )  is the spatial average over the 
core a n 8  rod region, XU = dau u, and the zero order burnup function is 

f 

a ser ies  expansion of which is - - 

A. 1 . 5  Reactvity Due to Rod Motion 

The position dependent reactivity effect or rod motion through a differential 
distance:& when the bank-position is z is 

If one assumes in first approximation that the flux is separable in space and 
time, the time variation caincels out in the expression, thus 

'Kt . . -1 pdz d 2  (2) Kt 1 (2) & d p =  - - - 
. ~Jd2(z)dz C2KI.3 62 

C-I-r . 

The total reactivity dueto removal from initial z = h to any.leve1 z is 

where k = h = S, and m = H + 2 Sa - h a r e  the core and bank lengths, and 
the average square fluxes a re  over the two regions. The reactivity associated 
with fuel and boron consumption is computed from 

* Murray, et al, .ibid. 



J 
Now .for a given .point of the system .. 

In this relation for p , the time amplitude cancels, and integration over the ne- 
gions of length k = h - Sa and m = H +2Sa -h 

i 

w h e r e ,  

depends on the region (c, r) over which the integration is taken and on the nature 
. . .  

of the material being consumed (U, B). 

A s e r i e s  expansion is 

As the formula for p is written, the negative sign in front of a c o r r e l a t e s  with 
fuel removal and the positive sign with boron removal to  increasebmultiplication. 



A. 1. 6 Calculation of System Group Constants 

The basic constants chosen were those regularly employed by Alco Pro-  
ducts. in its nuclear analysis. *. They a r e  tabulated here  for reference. . ' 

~ t o m s / c m ~  of core at 4 4 0 ' ~  
. . 

Fixed Element Control Fuel' Element 

Steel (x 

Microscopic Cross Sections (barns) for 0. 0549 ev Distribution 

Thermal Epithermal 
. . 

Boron 23 98 84.68 

u~~~ absorption 385.5 : 18.98 
. . 

u~~~ fission 326.7 13.34 

Thermal 1 + C( = lb 18, epithermal 1 + 0( = 1.42 

Buckling radial . 0. 004465 
axial 0.002129 

- total 0.006594 

Core dimensions Height 55.88 cm, .extrapolated 68. 08 cm.  . 
Radius 28; 19 cm, extrapolated 35;'99 cm 

f ~ W i n d ~ w s h a d e ~ ~ c r o s s  section xp = 0.07756 ?m-l 

Self-shielding factors - fixed 0. 9443, control ' 0. 9061. . . .  . 

* Williamson, To G., Leibson, M, J . ,  andByrne, B. J . ,  l7Reactor Analysis 
APPR-1 Core 11, l1 APAE No. 32, July 15, 1958, and separate communica- 
tions from Paul E. Bobe. 



Group Cotistants at 4 4 0 ' ~  

Age, 7 43. .02 . - 

Fast Diffusion Coefficient, Dl 
.... 

1.490 

Thermal Diffusion Coefficient, D2 0.2571 

Thermal Multiplication, 7' . . 1.5705 
i ' 

Fast Multiplication, qrf : 1.3014 .' 

Resonance Escape Probability, p 0.. 72.97 

Control 

Fast Product vr Cfr 0. 012-1 9 0. 01003 

Thermal product  UCf 0.3242 0.2523 

Thermal absorption C a 

'(no Xe o r  control poison) 

A. l ; '7  RegionGroupConstants / 

Composite constants for the core and rod bank region. were formed by use 
of importance (d2) weighting. The two regions have the fuel element arrange- 
ment sketehed in Fig. 2. The designation C refers  to  a control fuel element, R 
to a control rod, the remainder a r e  fixed fuel elements. 

BANK 

Figure 2. Fuel, Control Elements, Bank and Rods 
, . 

A-13 



Weighting of the composite multiplication factor 

was-performed with the use of the recipe 

where there appears the appropriate square of the radial Bessel function JQ 
(j0r/RT), the number of elements at a characteristic distance from the origin 
r, and the value of Kfixed or  Kcontrol for those elements. The trkatment of ' 

the bank region with reference to substitution of uniform control ppison of 0.7756 
cm-l  in place of rod effects is somewhat~ambiguous. The procedure adopted 
was to perform the above weightingignoring rods completely, followed by a 
thermal multiplication correction due to insertion of control poison in the rod 

, . region. The results of all these computations a r e  summarized below. 

Core Rod Region 

K thermal 1.1294 0.7811 

K total 1.4679 1.1278 

Fra.ctiona1 absorption 
u~~ 5, thermal 
B1° thermal 
~ 2 3 5 ,  epithermal 
~ 1 0 ,  epithermal 

~ f fec t ive  cross sections for u~~~ (fission and absorption) and B1° for core and 
rod.region were obtained by the relation 

where subscripts i refer to either element, t to thermal and r . t o  resonance. 
Weightings according flux and volume were then applied to form.the composite 
cross sections for fuel and control elements of the core and.bank regions. 
The results a re :  

Fixed Control . Core Bank 



For purposes of establishin average flux f romthef ixed  10 Mw power level, d fission r a t e  F = 3 . 2 4 ~  101 fissions/sec, atom densitiesof uranium were 
computed, using flux and volume weightings. The results a re :  

. . .  . 
- .  

Fixed. ' control .- Core .- Bank 

N O  ( ~ 2 3 5 )  4.826 3.480 ' 4.118 3.611 
(units of 1020) 

Then, the 'amplitude of the flux co, is obtained from 

where k and m a r e  the heights of the core and bank regions, 17.02 cm and 38.86 cm, 
respectively. The core radius is R = 28.19 cm, and averages over initial axial 
fluxes are :  core 0.9057, bank 0.3964. The radial average flux 3, is 0.6174 for 
both regions. The amplitude was found to be 4.276 x 1 0 ~ ~ / c m 2 - s e c .  

A. 1. 8 Initial Criticality and Flux Calculations 

  he basic relations employed were 
- - 
B 

t a n r h  =-= tanh (H1 - h) K 
K 

sinBh sinh (H' - z) = 2 sinh R (:HT - z) zr(Z). = . . . . . . .  A .  sinh 'E (H1.- h) 
r... . . ., With 7 = 43.03 cm2 taken as commonfor both regions, and ( j o / ~ 1 ) 2  = 0.004465, 

one finds . , . . . 

The known critical bank'position without ~e~~~ poisoning was 6. 70 in. (17. 02 cm) 
out.' In order to reproduce this result for the beginning of core life, different 
defle,ctoi" savings .were chosen Sa = .8..60 cm, .at the bottom and,Sg = 3. 60 cm at 
the top. These a re  qualitatively different since the addition of reflector at  the 
top has relatively little effect on criticality. 

, . . .  . 

A. 1.9  . Summary 
. . 

A geometrical model for the representation of SM-1 Core I has been adapt- 
ed.: .to'i'a~count for reactivity changes due to material burnup and rod motion. 
Realizing the smallness of the term D 2 8  2d2 the two group modified theory 
equations reduce to a one group.: Use of perturbation techniques and series 

i 
burnup method lead to the calculation of critical bank position vs energy release. 



A. 2 FLUX: DISTRIBUTION. AND ROD BANK CALlJ3RATION 

A. 2.1 Rod Bank Position . , 

-+- 

The general behavior of the reactor system with time is complex in. that 
rod motion is accompanied by variable local flux changes and accumulated fuel 
consumption, which in turn affects the necessary ra te  of rod withdrawal to. main- 
tain criticality. In order to  estimate these effects', a se r ies  of reactor states 
corresponding to different bank positions was chosen, and criticality and  flux 
calculations performed for each. In lieu of inclusion of fuel pattern chaqges, 
a uniform variation in the number of neutrons per fission, U ,  was made. By 
trail and e r r o r  methods the ratio v/ V was determined for each selected 
bank position. The basic criticality equations were  solved, ' using 

B2 = - U KO - 1  
. C 

Kg -' and B~ = r vo r 
7 7 

and the previously stated equations. The important results a r e  listed blow. 

Bank Position(1n. ) Critical U/Vo 

According t o  perturbation theory the reactivity Pis re la ted to  changes in L' by 

A plot of system reactivity as a function of rod. bank position is shown in Fig.' 
A. .3. . . 

, . 
The detailed axial flux distributions for  these states were obtained, using 

C Zr(z) = - sin (H1 - z) 
A '  

and the constants listed above. ~ i ~ u r e * ' ~ .  4 shows a plot of these  results .  T h e  
shift is in accord with physical expectations., :, 

, . 
I . . . . '  

. ,,,. , . . . , 

A-16 . . 
I ,  



With these: savings, the critical value of h = 17. 02 + S2 = 25. 6 2 c m  was 
obtained, thence the flw di~ t r ibu t~pn ,  as shown.in.-Fig. A. 5. The, peaking in 
the core region and the depreSsion in the bank region a r e  evident. . .. . . . . 

. . . . ... 
. . 

Flux.averages for the two regions a r e  readily obtained by integration.' 
Now the core averages may be translatedinto a form where the tables of$* 
a r e  useful. 

This may be rewritten 
- 

where 6 I = zm, 1-8 . . . . .  - Sa), h2  = (h - gmm) / (h - Sa) and by and ,d; 
. . .  

a re  the tabula$ed,averages corresponding to the given 6 1 and 6 2, for  slabs. 
~ h e ' . . r o d  region average must be performed :in detail 

By a change in variables, this becomes 

b = R ( H '  - h )  = 0.1392 

The recursion integration relation is used 

n 1 n- 1 I s i n h  n-2 xdx In = I sinh x dx = - sinh x coshx - 
n n 

* Raymond L. Murray and Cawrance: A .  Mink, Tables - of &-. - fo r  Reactor Slabs, 
. . .  

Cylinders and spheres n =- 1 - to n = 20. 





F i g u r e  A . 4  Flux  Distribution as a Function of u / U 



REFLECTOR 

Z ( C M )  

Figure A. 5 Initial Flux Distribution 



with starting expressions 

il = coshx 
.+. . . . 1 

.-I2 7 (sinhx coshx - x) 

The average values for  various n, for the axial flux and for the complete flux a r e  
tabulated below. 

A. 2. 2 Variation of Core Reactivity with Fuel Consumption 

2 The burnup theory described in an earlier section was applied to compute 
the core reactivity as a function of operating ti-me. In the evaluation of the bbrnup 
functions for boron, it was n essary to  force a series expansion of the form 

6% 

+ ax2 e 
d2 

. . . .  
;:c. , ,' 

The effect bf.:fission product poisons other than xenon-135 was incorporated by 
inserting a correction of the form . 

.... . . .  
. G ~ F P  , , 

. . .  

-v 
as a.  multiplier of f~ in the coefficient C( . The relation between the reduced 
flux-time variable u and. the number of megawatt years was computed. The 

-, 
i results a re  listed on the following page. 



A plot is given. in Fig. A. 6. 

In the performance of the perturbation theory estimate of rod reactivity, 
proper cognizance should be taken of flux changes during operation. For rod 
motion near the start of the cycle, the end of the bank moves in the initial 
highly distorted flux pattern, while at the end, it moves in a more symmetric 
flux.   valuations of p (z) were performed using the expression 

p (4 = ?i- - 
E a  core 

but with.the two types of fluxes. The use of this relation both at the end of 
the cycle and at the beginning is valid i n  that the reduced factor U /  Uo is 
common. to numerator and denominator. In terms of rod calibration, using 
the initial flux gives. correct p at early times but underestimates the worth 
toward the end. of the cycle. The converse is true for the use of the final . . 
flux. To give an approximate realistic value, the average of the two calcu- 

. . 
lations was taken as listed on:l?age-~-2ik.. , ~ 



Figure A, 6 Burnout Reactivity of U-235, B-10 Fission Products 



Figure A. 7 shows the trend. with rod position. For comparison, the integrated 
rod worth a s  measured.in the SM-1 is shown. Considering the simplicity of 
the theory employed, the agreement is supribingly good. 

A. 2.3 Combined Bank and Burnout Reactivities 

The predicted rod bank removal pattern may be deduced by combining the 
data o n p  (z) for the bank and P for the fuel burnout as a'function of megawatt 
years of operation, Two plots a re  predicted in Fig. A. 8, one for each of the 
two methods or rod calibration calculation, for the case of no xenon poisoning. .\- 

The experimentally measured bank position as  a function of energy release 
for the SM-1 core is also shown for comparison. The agreement is seen to 
be reasonable. 

A. 2.4 Summary 

Application of perturbation techniques in  a stepwise control rod motion, 
combined with series burnup calculation gave good agreement between mea- 
sured and calculated control rod position 'vs lifetime. 

A. 3 TEMPERATURE COEFFICIENT ANALYSIS 

A. 3 , l  ,. Introduction 

A simplified theory of the temperature coefficient of reactivity 0( was 
developed and applied in order to determine the variation of a with control 
rod bank position during reactor life. 'The principal innovation is the specific 
account for the two reative regions. Since the dominant effect is due to fast 
leakage, the modified one-group approach employed in the basic burnup calcu- 
lations is again applicable. I 



BANK POSITION (INCHES) 

Figure A. 7 Bank ~eact iv i ty  vs . Position 





A. 3.2 Theory 

During the course of operation, the system remains essentially critical a 

with rod bank .motion balancing the fuel-boron consumption. The series of 
criticality states characterized by reduced numbers of neutrons per fissionv 
can serve as  points of departure for finding- the temperature coefficient. A 
change in temperature causes a change in moderator-coolant density with 
negligible effect on metal structure. Define the temperature coefficient as 

where the change in V .  is that required to  balance the effect of change in 
.moderator density, retaining a critical state. The  latter is given by 

. . 

- 
B 

tanBh = - - tanhK (H' - h) 
K- 

where 

Differentiating the criticality condition and rearranging gives 

where 
F = K h (1 + tan2Eh) + tanh 

2 - G = ~h (1 - tanh K). ) + tapEh 

with Hv - h = A 1 

Now 

and 



Inserting, 

There  remains the evaluation of the effects on 7 ,  KE and Kg. By invoking the 
assumption that the composiie age- of a heterogeneous f. medium may be written, 

where. subscripts refer  to water and metal, and vl.s a r e  volume -fractions. One 
deduces that 

with water molecule number density Nw. The quantity 

. . 

i s  the temperature coefficient of expansionof water, labaled aT. I t  has the ' 

same absolute value as .d p . Also, using p m -  
K - K  + Kr t 

with Kt - 7 fp and Kr = (1 -p)qr f r ,  the fractional change i n  K for a process  . . 

that is predominantly thermal is 

Here-fw is the llut.ilizationll'of water. Combining we find 

This is. the working formula. . 



A. 3 . 3  Calculations 
. . 

The variation of specific volume and density of saturated water in the J 

4- vicinity of the operating temperature was obtained from the Nuclear Engineer - 
ing Handbook, pages 9-10 as  follows : 

The quantity d p  was found to be 7. 78 x I O - ~ / O F .  ' Other data 
needed are :  

-2- The value of O(/aT was determineG for four states, corresponding to. the bank 
at its initial position, full out, and two intermediate locations. Tabulated re- 
sults a r e  as follows: 

The 1astco1umnis based on the assumption of an effective delayed neutron frac- 
tion of (1.20) (0. 0065) = 0. 0078. It is' notable that there is only a slight :?aria- 
tion of temperatwe coefficient with core life, being a downward trend. The 
theoretical results a r e  compared with.the experimental observations on. SM-1 
in Fig. A. 9. Within.the accuracy of measurement and the limitations' of the 
theory, the agreement is good. 



. - 
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Figure A , 9  Temperature Coefficient at 4 4 0 ' ~  



A. 3.4 : Summary 
.. . 

While it is very difficult to account explicitly ,for all parameters-contribut- 
.+. ing.t.o.the change of .the temperature coefficient vs energy release, -it.is.possible 

to considerably simplify the calculations by disregarding thermal leakage. 
. .  . . . .  

Use of the one groupmodifiedtheory gave a temperature coefficient slightly 
decreasing with energy release. . . 

The difference of the results of Sec. A. 3 .with Sec. 6. 0 is attributed to 
the approximations made. \ 

. A. 4 STEADY STATE XENON- POISONING 

A. 4. 1 Introduction 
. . 

An adaptation .of the burnup theory is made to account for the 'reactivity 
due to xenon-poisoning. It can beassumed .that the cycle life,of the'reactor is 
far greater than the half -life of the isotopes 1135 and Xe135, such that essential 
equilibrium is maintained even. though fuel is being consumed. 

The steady statglocal poisoning due to ~e~~~ is readily written 

Y$ (r, t )  
C,G,t) = 

xe . 4  

The reactivity of the system is of the form 

' where 
K = 

Now for a thermal poison 



Substituting 
- 

D = 

J / . C' Xi d2 (F, t) dV r K 

- I Axe 

Letting the quotient A /dxe be defined by dl, a polynomial expansion can be 
xe . made 

. .. 

1 m 
= (- l)."(dl /8)" + remainder 

1 + d l  n = o  
3- 

To  . three  te rms ,  this is 

with a remainder of 
0 

Now let. 6 (I', t )  = C(t) (F), where C(t) is the time dependent amplitude, with 
initial value Co = dC?the central .. iMtial . flux. Then invoking the burnup function 



the reactivity becomes 

where 
x = dmu. 

Noting that 

the final working formula to three terms for a given region is 

Exponential approximations to the burnup functions may be used. 

Some of the functions a r e  available from previous calculations~of the burnpp. 

An.investigation of the contribution of the correction due to all.other terms 
in.the series was made. Rigorously, the remainder is of the fbrm 



The coefficient of (dl/dC)3 l ies between 0 and 1, and hence the remainder l ies 
between p and (d1/dC)3, which will be negligible i f  d l /dc  is considerably less 
than 1, as it  is (0.249) for the reactor considered. 

The composite reactivity for a two region core is 

which. may be rearranged to  

- . .- 

d t k  + d2m 

. I  ' ... 
The values for P f o r  each region i a r e  weighted by the average square of the 

. . .  
flux and the volume of that region' 

A. 4.3 Constants for ~ e . ~ ~ ~  Calculations 

Basic data used .are  listed.: 

Absorption c:rpss section ,of Xe, ( O x  = 1 .98  x l o 6  barns 
. . .  

Yield of Xe + I, y = 0. 064 

Decay Constant Axe = 2.11 x sec  .' . 
-I..-. 

Fission c ross  section of u~~~ = 411.5 barns (core), 415.3 (bank) 

Initial central flux, Co = dC = 4. 276 x 1 0 ~ ~ / c m ~ - s e c  



.. . . 

Kt = 1.1294 (core), 0.7811 (bank) 

K = 1.4679(core), 1.1278 (bank) 
. . 

1, = 0. 2758 (core), 0. 2809 (bank) 

Region lengths k = 17.02 cm, m = 38.86 cm 
- - 

Average flux squares 6; = 0.3512, 6; = 0.08993 

' , . Flux averages from earlier calculations were employed to determine the 
following variation of equilibrium xenon reactivity with operating time. 

, . 

A. 4.4 Combined Burnup, Fission Product and Xe Reactivity 

. . 
, .. , The total negative .reactivity due to u~~~ consumption, boron burnup, fission 

product poison, and ~e~~~ poison was obtained by addition, The results a re  listed 
in the table below, and plotted in. terms of rod bank position in Fig. A. 10. The 

t rends  developed by theory agree rather.wel1 with the experimentally observed 
results: bn--SM.-.f. :. . 

. . 

W (MWYR) P ~ o t a l  .. . . W (MWYR) , PTota l  



ENERGY (MWYR) 
Figure  A. 10 Cri t ica l  Bank Position During Core  Life Equilibrium 

Xenon 



A. 4.5 Summary 

Using perturbation .techniques. .in conjunction with .the series burnup, - the 
.& reactivity due to equilibrium xenon.has. been evaluated vs energy release of I 

the core. 

This combined with the results of Sec. A. 2 gives an estimate of the control 
rod bank position vs energy release and therefore lifetime. It can be seen that 
the lifetime is 15.8 MWYR vs 16. 05 experimental for the unperturbed core. 

A. 5 .  EFFECTIVE, DELAYED NEUTRON FRACTION AS A FUNCTION 
OF BANK .POSITION 

A. 5.1 Introduction 
--.. 

Calculations of the effective delayed neutron fractionF by two group 
analytic methods a re  very laborious, even for simple geometrical shapes 
such as  the reflected sphere o r  a two-region bare cylinder. A simplemethod 
is developed arid applied to the SM-1, under conditions of operation with banked 
control rods. A modified one-group approach is employed, in which advantage 
is taken of the short thermal diffusion length. 

A. 5.2 Critical Conditions -+ The reactor core is taken to  be a cylinder with side reflector replaced by 
a radial savings R1 = R + Sr, and end reflector replaced by bottom savings Sa 
and top savings Sg. With origin at  the bottom, the core exteqds from z = Sa 
to z = h, at which point the bank begins, extending to z = H1 - S i  where H1 = H 
+ Sa + SL. The two regions a r e  similar except for the differen'ces in f'od follow- 
e r  fuel elements and the equivalent control poison in the rod region. The critical 
conditions and axial flux distributions a r e  

.- Z (z) =. AsiGz' .  2C 

where - 
sinBh -. 

C/A = 
sinh (.H1 - h) 



and 
732 = (Kc - I ) +  (jo/R1) 

2 

A. 5. 3 Effective P ~ n a i ~ s i s  
- 

The general two-group equations for delayed neutron fluxes .in a given. region 
a r e  

where one composite group of neutrons of fraction /B.is assumed to have slowing 
properties Did and XI&, related by 7 = Did/ C id. 

is short  compared with the age, we may write,dl 

2. Insertion and simplification ycelds the inhomogeneous equation. 

:+ 

where the termal flux $2 is known fupctionally. Extraction of the 'radial buckling 
yields 

where 

The complementary functions a r e  sinh Kldz and qinh Kid (H1 -z) for the  
two regions, and the particular integrals readily obtained by operator methods. 
The result is 

ZZdc = E sinh R l d z  + ~ A s i n E z  
. . 

= ~ ~ i n h R ~ ~  (8 '  '2dr - z) + HCsinh R (H1-z) 



where 

with E and F as arbitrary constants. 

Abbreviating, 
. ,  - . . : . . . : .  , 

V = sinhKldz . . 

W = sinh Eld (H1 - z) 

T = si,nEz 

U = s inhK (H' - z) 

ZZdc = E V  + GAT 

ZZdr = FW + HCU 

. The effective$ i s  defined as .,. 

. . 

. nJ 
and similarly .for other terms, . . 

. .  . 

The necessary integrals are 



ry 

v =  / sinh R ~ ~ z ~ z .  = cosh R ldh  - C O S ~  hldSa 
- 

sa Kid 

H' -sg 
C O S ~  Kid (H' -h) - C O S ~  Klds6 

sinh Kld(H' - z ) ~ z  = - 
K 1, 

The arbi t rary  constants a r e  obtained by equating flux and current at z = h. 
The results a r e  listed without proof. 

F = 
HC( [U] v - [U'] ) - GA [TI v - [T'] ) 

where all quantities a r e  evaluated at h, and 

dash Rid (H'-h) 
= Kid ~ 0 t h  R l d ( ~ ' - h )  = = FCld 

sinh nld (H' -h) 

cash r l d h  = K ~ 0 t h  Rldh? Kld I d  
sinh Kldh 

C O S ~  Rldh [ v ] 
For  rod bank positions over most of the range, V* - 

.- - -- 

K l d  K l d  

c o s h R l d ( H f - h ) -  W w- - -  .- . Also, w - v = k 2 R l d a n d  w + v = 0. - Kid K l d  

Thus 

H C  [U'] - GA T '  Eij: + fi" [ 1 
'qd 



- 
[T] = Bcos g h  

4, 5. 4 Calculations 

A set of critical states for .the core hot, with no xenon, at various rod bank 
positions was achieved by varying the effective number of neutrons. per fission v, 
and applying the basic critical conditions;. A summary of the pertinent values 

ke follows : ,.. ... 

Bank. Position* - 
(cm) B 77- I=, K I? "/v, 
25.62 
30 
36 
42 
48 
54 
60 
64. 48 (out) 

* With full in position.at 8. 60 cm. 

Application of t h e  effectivep formulas was then made using these group 
constants : . . 

The results. a r e  listed on the following page, and in Fig. A. 11 on an 
expanded scale in terms\-of ( Peffp ) -1. ~he/3,, values have been obtained 
for delayed neutron fraction = . O065*. B 

* See Keepin, G. R. ,Wimett, T. F . ,  and Ziegler R. K., "Delayed Neutrons 
from .Fissionable. Isotopes of Uranium, Plutonium and Thorium, " 

. Nm. Energy G. , No. 1/2, '1, (1957). 



Bank Position. (In. ) 

It will be noted that the variation is regular, but small  ::over the large 
The minimum appears to be quite real. The average 

has been taken as. 1.200 elsewhere in this report yielding 
examination of the calculations reveals that the 

of Beff a r e  very small,  and that a good 
approximation is 

where 3; and &. a r e  the integrals of the flux over the core and rod region 
respectively, Qualitatively, the approximate relation is a total-flux- 
weighted effective multiplication factor for de!ayed neutrons. Beyond this, 
no detailed physical explanation of the formula has been a t q m t e d .  

A. 5.5 . Summary 

A simplified theory is used.to account for the preferential neutron 
. leakage .and therefore the effective delayed neutron fraction. Advantage : 
is also  taken of the short thermal diffusionlength to simplify the two grp4p 
modified equations. 

Using the results of the previous sections of this Appendix, Beff has 
been.found to  vary between 0. 00783 t o  0.00776, the minimum occurring at 
about 13.5 MWYR. 
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APPENDIX B 

CANDLE-2 INPUT FOR AXIAL SM-1 CORE I - 4 4 0 ' ~  

T o  understand the following CANDLE-2 input listing, i t  is necessary  to  
obtain copies of WAPD-TM-53(1) And WAPD-TM-53 Add. 1. (2) A P  ~ o t e  ,268 (3) 

-will a l so  be  of assis tance.  
.- . ' 

Table B,. l  -shows the numbering sys t em fo r  the elements  as used at Alco. 

. TABLE B. 1 
ALCO ELEMENT NUMBERS FOR THE  CANDLE^^ ./ . I B M - 7 0 4 . ~ 0 ~ ~  ' 

Element  ". - 

Unit (1) 
H 

,0-16 
Z r  

C 

Eat, , f Xafp 
S. S. 
Ni 
Nb 
A 1 
Sn 
C r  I 

Co 
Cd 

Number Element  

F iss ion  Products  
B-1 0 

- Number 

REFERENCES 

1 .  0. J. Marlowe, P. :A. Ombrel laro,  "Candle-A One Dimensional Few-Group 
~ e ~ i e t i o n  Code f o r  the IBM-704, l 1  WAPD-TM-53, May, 1957. 

I 

2. 0. J: Marlowe,  P. A. Ombrellaro,  "Candle-A One ~ i m e n s i o n a l  Few-Group 
Depletion Code fo r  the IBM-704, Addendum 1, Candle-2," WAPD-TM-53 

.. Add. 1 ,  October, 1957. 

3. H. N. Lerman,  "Candle Input and Output Instructions f o r  the Depletion Code - - 
Candle-2, l 1  A P  Note 268, Alco Products ,  Inc. , June 10, 1960. 





\. 534000000000000  S I G M A  LAMDA*POWER*FLUXS*INbtOD2~NODEN G S E L F  
534000001000001  S I G M A  hAMDA*POWER*FLUXS*INMOD*NODEN G S E L F  

\ , 534000004000004  S I G M A  LAMDA*POWER*FLUXS*INMOD*NODEN G S E L F  
534000007000007 S I G M A  LAMDA*POWER+*FLUXS+fiINMOD+Cl\jODEN G S E L F  
534000010000010  S I G M A  t A M D A ~ P O W E R * F L U X S * I N ~ I O D ~ N O D E N  G S E L F  

\ 534000012000012 S I G M A  LAMDA*POWER+FLUXS*II\iP1OD*NODEN G S E L F  

.; , \ 
n 
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.APPENDIX C. 
. . 

REFERENCE PARAMETERS FOR SM-1 CORE I ' '  . 

During the course of the analysis performed under Subtask 2.3 of the PWR 
Support Program, slightly revised estimates of material contents and geometrical 
parameters be a e available; in addition, with the completion-of the BOBCAT, 

tlf" 
\ 

IBM-650 code, ,a niore detailed analysis of the care composition and nuclear 
properties was feasible. Accordingly, the BOBCAT code was utilized to compute 
the atomic composition and nuclear parameters for the SM-1 Core I elements a t  
s t a r t  of life. The fast  parameters were calp-ulated by the MUFT-111 code, using 
the c ross  sectional files listed in Appendix for  both the P-1 and Pl.2-SG 
slowing down approximations. Fo r  the cold (68 '~)  and hot (440°F) operating 
cores, with a system pressure'of 1200 psia, 59 and 58 energy groups were used, 
respectively. The thermal parameters were computed by the PQ theory codes 
( 2 ) 9  (3) presently used for the stationary and control rod fuel elements. The 
microscopic cross  sections needed a s  input to the P3 theory codes have been 
averaged over a hardened Mqe l l -Bo l t zmann  neutron distribution. The 
effective hardened neutron energies for the cold (680F) and hot (4400F) SM-1 
Core I a t  0 MWYR a re  0.0331 ev and 0.0549 ev, respectively. 

 he reference modified two group nuclear parameters, as calculated by 
-- the methods depcribed above, a r e  listed in the tables on the following pages; 

also included a r e  the best estimates of geometrical and material data. Corn- 
-& parison of these parameters to various others reported ear l ier  in this report: 

will reveal minor deviations; however, checks were-made to verify that the 
effects of the revised parameters a r e  negligible upon td analysis reported in 
the. preceding chapters. To be even more accurate, it is recommended that the 

listed in this appendix be utilized for future calculations. 



TABLE C,.*l 
MATERIAL AND GEOMETRICAL DATA FOR SM-1 CORE ELEMENTS 

Geometr ical  - Core  

C o r e  configuration 

Ce l l  s ize ,  in. 

Active c o r e  height, in. 

Equivalent diameter ,  in. 

Number of ce l l s  

Control rod cells 
Stationary 'e lement  ce l l s  

Mater ia l  C o m ~ o s i t i o n  - Core  

Fue l  

Burnable Poison 

' Stainless  Steel 

Cladding and. Side Pla tes  
Fue l  Matr ic  

Absorber  Mater ial  

. . 

Amrox imate  Densities 'of P u r e  Materialg 

Stainless  S tee l  

7 x 7 (Corners  Missing) 

2.9375 x 2.9375 

Highly enriched U02 

Natur a1 boron in B4C 

Originally B C, later 
changed t o  'Z?U?O; 



Geometr ica l  - Elements  

Fixed Element  

38  

1 8  

Control  F u e l  E lemen t  : 
-4 ' 

Number in core 

Number  of fue l  pla tes  

F u e l  Plates 

Active length, in. 
Dead edge,  in. 
Active width, in. 
Clad thickness,  in. 
Active thickness,  in. 

Side Plates 

Thickness,  in. 
Width, in. 
~ r o o v e  depth; in, 

Control  Rod Baske t  

Outer  width,, in. 
Thickness ,  in. 

Ma te r i  a1 Composition 

U02 p e r  fue l  plate, g m  

U p e r  fue l  plate, g m  

U-235.per fue l  plate, g m  

B4C , p e r  fue l  plate, g m  

B p e r  ' fuel  plate, .  g m  

B-10 p e r  fue l  plate,. g m  

w/o U02 in fuel  mat r ix ,  % 

w/o B4C in fuel  matpix, % 

w/o SS in fuel  mat r ix ,  % 
' /  

w/o B in  fue l  matrix, % 



w/o B-10 in fuel matrix, % 

w/o U in fuel matrix, % 

w/o U-235 in fuel matrix, % 'o 

a/o U-235 in fuel matrix, % 

a/o B in fuel matrix, % 

a/o B-10 in fuel matrix, % 

U-235 per  fuel element, gm 

B-10 per fuel element, gm 

Stainless Steel per fuel element, gm 

'Mass of H 0 per  fuel eiement, gm 2 

6 8 ' ~ ~  1200 psia 
440°F, 1200 psia 

Total U-235 in the core, kg 

Total B-10 in the core, gm 

Volumes - Elements 

Total element vo ume, in. d 
3 

Dead region, in 
Active region, in. 3 
Water in active region, in. 3 
SS in active region, in. 3 
Water in dead region, in. 3 
SS in dead region, in. 
Metal to water, volume ratio 



TABLE C:2 
ATOMIC NUMBER DENSITIES * FOR SM-1 CORE I ELEMENTS 

(0 MWYR, 1200 psia) 

Number Densities (atoms/cm3)* 
. . 

U-235# (x 10-22j 
U-23 8# (x lo-22) 
B-lo## (x 1 0 - ~ 0 )  
B natural ## (x 
ss+++ (X 10-24) 
Fe  (x lo-24] 
Ni (x 10-'24) 
C r  (X 10-24) 
Mn (x 10-24) 

Fuel Element 

' iV* * Atomic number densities a r e  given as atoms per cm3 of fuel element. 

Control Rod 

T = 6 8 ' ~  

0,051508 
0.026501 
0.034796 
0,003155 
0.057187 
0.288823 
0.017503 
0.012142 
0.001525 
0.008531 
0.000305 

Stationary Element 

f Based upon 87.63 w/o U in U02 and 93.07 w/o U-235 in U. 

T = 6 8 ' ~  

0.053408 
0.027625 
0.042908 
0.003155 
0.070494 
0.356030 
0.014594 
0.010154 
0.001277 
0.002929 
0.000234 

## Based upon 75.9 w/o B in B4C and 19.8 a/o B-10 in B. 

T - 4 4 0 ' ~  

0.044609 
0.023226 
0.042908 
0.003155 
0.070494 
0.356030 
0.014594 
0.010154 
0.001277 
0.002929 
0.000234 

The boron densities listed reflect a 22.4% average fabrication loss. 

f Stainless steel  assumed to be composed only of Fe, Ni., C r  and Mn, 



- - - 
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TABLE C,<3 
THERMAL PARAMETERS * FOR SM-1 CORE I ELEMENTS 

3 
(0 MWYR, 1200 psia) 

Parameter  

La** 

1 s  

xtr 

uxf 

Kt  

D 

L~ 

1axef 

g' f f  

* Uaculated by the P3 theory codes ( a l p  (3) using microscopic cross saoliull 
averaged over a hardened Maxwell-Boltzmann energy distribution (En). 

** Does not include ce 
f Calculated usin parameters given in this report and methods described in f APAE No. 65, ( ) at  a power level of 10 Mwt for the entire core. 

.f f Average flux in fuel plate divided by average flux in fuel element. 

- 

Units 

cm - I 
cm- I 

cm-1 

cm-I  

---- 

cm 

cm 2 

cm-I 

--- 

Stationary Element Control Rod Fuel Element 

T - 4 4 0 ' ~  
(En=O. 0549 ev) 

0.173456 

1.516377 

1.308841 

0.251908 

1.452290 

0.254678 

1.468261 

-------- --F - 

-------- 

T = 6 8 ' ~  
(En-0.0331 ev) 

0.221898 

2.048670 

1.884407 

0.317678 

1.431640 

0.176890 

0.797170 

-------- 

-------- 

T - 6 8 ' ~  
(En-0.0331 ev) 

0.266078 

2.100701 

1.961792 

0,415949 

1.563258 

0.169913 

0.638581 

------- 

0.910110 

T = 4 4 0 ' ~  
(En-0.0549 ev) 

0.205902 

1.540316 

1.351166 

0.323948 

1.573311 

0.246700 

1.198146 

.006975 

0.942506 



I 

TABLE CZ-4 - 

FAST PARAMETERS* OF COLD 'CLEAN SM-f CORE I ELEMENTS 

. . 

-C (o MWYR, T= 68OF9 1200 psia) 

. (B = 0.0845 cm-1) 

I IP-1 Model f IP-1 SG ' .  . Model f f 1 P-1 Model f IP-1% ..'. Model f f 
I 

parameter1 Units . .  1 Stationary Element 

--r 

'I 

* Computed by the MUFT-I11 code, using files listed in Appendix F ,  for cold - 
clean core (59 energy groups). 

Control Rod Fuel Element , , 

. . 

f Computed by b s e  of P-1 slowing down approximation.' 

f f Computed by use of P-1 SG- slowing 'down approximation. 



TABLE C-.-5 
FAST PARAMETE!F* OF HOT CLEAN SM-1 CORE I ELEMENTS 

(0 MWYR, T = 4 4 0 ° ~ ,  1200 psia) 4- 

( B ~  = .006594 cmm2) 

* computed by the MUFT-111, using files listed in Appendix F for hot clean core 
(58 energy groups) 

Parameter  

7 

1, D/7 

D 

'a 

ux f ' 

Kf 

P 

f computed by use of P-1 slowing down approximation. 

ff Computed by use of P-1 .'SZ;.. slowing down approximation 

Units 

cm 

cm-' 

cm 

cm.-l 

- 1 
cm 

---- 

---- 
. I 

Stationary Element Control Rod Fuel Element 

P-1 Model f 

41.190926 

0.034501 

:I. 421115 

0.009285 

0.012012 

1,293656 

0.730866 

P3- SG '.:. Model f f 

46.021892 

0.034901 

1.606221 

0.009360 

0.012142 

1 .. 29723 8 

0.731819 

P-1 Model f 

41.728927 

0.033428 

1.393915 

0.008413 

0.009902 

1.177021 

0.748323 

P 4 X G  ?, Model f{ 

46.295430 

0.033781 

1.563902 

0.008471 

0; 010000 

1.180550 

0.. 74923 6 7- 



I 

TABLE Cc6 
XENON PARAMETERS FOR SM-1 CORE I*. 0. MWYR 

3- ( T  = 440°F, En = 0.0549 ev) 

Parameter  . Units Desc-ription Value 
- - 

4 sec-I  Decay constant of iodine 2.89 

sec  - 1 
. . Decay constant of xenon 2.09 x 

------ Fractional fission yield of 
iodine 0.060 

X e  
------ Fractional fission yield of 

xenon 0.0029 

6 fission/watt Fissions per watt per second 3.2175 x lo1" 

a ------ Non-uniform distribution 
factor 1.13 

: 
r\ g' - - - m e -  Self -shielding factor .942506 

r' P watts Thermal power 1 x lo7 
- 

V cm Active core volume 1.3999 l o 5  . 
3 

x xe cm 2 Xenon thermal absorption 
a 

c ross  section 2.5 x 10 -1 8 

Zf cm-1 Macroscopic fission c ross  
section of core .I3169 

P .  ------ Fraction of thermal fissions .82439 

* Refer to APAE No. 65, Appendix A. (4) 
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APPENDIX D 
DISCUSSION OF Xe. CROSS-SECTION 

AND NON- UNIFORM Xe. FACTOR 

Since the, calculations in Section 5.0 were.performed, there has been 
evidence.that the Xe cross-section used is rather low.. Following .-Westcott's 
formulation(1) i. e. 

A 
where 6 = do (g + rs) and do <(. 0253 ev) 

-is the laon l/v.factor and rs accounts for the epithermal region. Values of 
have.'been. measured by crystal spec.trometer (Bernstein) and. fast chopper .& 

(Smith)',and. given.,as function of T 0 '  'K Fig. 1. For the SM-1 core at  440°F 
we get: 

barns (Bernstein) 

. . 
i 

= 2.60 x 1 o6 barns (smith) o.= 3.23 

The strong dependence of 3 o n  T implies that the energy distribution of the 
neutron flux in th.e neighborhood of Xe must be accurately known for an ac- 
curate estimate of the Xe cross- section.. Calculated Wigner-Wi.lkins spectra *(3) 
show a.strong decrease ofaupon U-235 content in a homogeneous mixture, a s  
can be seen in Fig. Do 2 for 4 4 0 ~ ~ .  It is therefore necessary to assign an 
l 1  effective1l' U- 23 5 atom content. as well. as geometry. This problem however? 
cannot successfu%ly be solved by diffusion techniques. 

The effect of the n.on-uniform distribution of Xe poison, on reactivity can, 
be expressed in terms of the non-uniform factoradefined in such a way that aBxze, would give the amount of change in uniform absorption that will. result 
in the same change in reactivity. 



Figure D. 1 Effective Xe-135 Cross Section 8 a vs. Effective Neutron 
Temperature T ~ '  OK 



Figure D, 2 

2.5 

2.4 

Average Xe-135 Absorption vs. U-235/H Atom Ratio. 

1.4- 

0 .005 .010 .O 15 .O 20 
U-235 . A t  / H ATOM - 

. 500 "K,VARIABLE U-235 (WAPD - I85 ) 



. ,. 

If we employ :again perturbation techniques fo r  a bare equivalent system: 

[ b ~ a t h ( ~ )  
d2 (x) dV 

where fl is the thermalflux and the local poison is: 

Substituting .above we obtain: 
7 

In the case of the uniform. flux B = 

where . c = 3.121 xlO1° fission/sec watt 

P, V, Cfs core power, volume and fission cross-section respectively. 

1fw6 set  6K = 6 ' ~  we obtain: 
eq 

% + f l  .Iath a =  .. 

Zj fth 



In the case of no burnup 

therefore: 
r 

Numericak.: integration over. the thermal flux distribution a t  0 MWYR 
(obtained from. multiregion. calculation .and close to the experimental) leads 
to the values of arad-= 1.0421 and = 1.088 then the overall 

=O(rad O(ax = 1,134.' 

At an appreciable burnup where Cfth (x) and Lath (x) can no longer 
be considered as constants the former expression for 01 must be used where 

Lath and xfth must be flux and volume weighted. 

Let us now use one group flux distribution to evaluate O(i. e. ,. if 

j r fl (r)  = JO ( 0 ) and 
R~ 

.jd (z) = Asin B z, for the core region .and 

Then we obtain O( = 1.477 

This indicates the-dependence of reactivity due to xenon poisoning upon the 
flux distribution. At high burnup however the representation of the flux as it 
has been done in Section A. 1 is obviously on approximation, then the disagree- 
ment between calculated and experimental values should not b e  surprising. 

SUMMARY 

Perturbation techniques were employed to evaluate the non-uniform dis--- 
. tribution factor for xenon in SM- 1 Core I at 0 MWYR, 

i 

It has been found that the xenon concentration due to an average power 
must be multiplied by 1,134 to give the reactivity effect due to the non-uniform 
distribution of xenon. &I evaluation of the xenon microscopic absorption cross 
section based on the latest data leads to the value of s X e  =2* 34 - 2.60 x 106 
barns. a 

D- 5 
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APPENDIX E. NOMENCLATURE 

c4.. Symbol Definition Units 
- ,  

1 

Tn .= . Effective neutron temperature OK 

T2 To :=. Temperature of the assembly OK 
., 

C . - - Aconstant. =.91 . . 

Macroscopic absorption cross -section 
atC = KT 

0 

Number of elements present 

Macroscopic scattering cross-section' 

Average logarithmic energy d.ecrement for 
element; 

Height of the active core 

Equivalent radius of the active core 

Axial reflector savings, including extrapolation 
distance 

Rad.ial reflector savings ineluding extrapolation 
distance 

Fast  neutron source 

Thermal neutron source 

P - - Fraction of thermal fissions . .- 

P . - -  . .- Resonance escape probability 

7 - . -  cm2 .. 
- Age of fission--neutrons to thermal energy ' 

7w . - -  . . - Age of fission neutrons to thermal energy in 
water . cm 2 



Symbol Definition ' " Units 

Thermal diffusion length cm 

Core buckling 

Fast neutron group diffusion coefficient cm 

Total macroscopic cross-section for the fast 
neutron group ' cm-I 

Macrqscopic absorption cross-section for the 
fast neutron group cm-' 

Number of neutrons per fission 

Slowing down cross-section clVm1 

Macros@opic fission cross-section for the fast 
neutron group cm-I 

 kt neutron group multiplication 

Thermal neutron group diffusion coefficient cm 

Macroscopic absorption cross-section for the 
thermal neuttron group cm-I 

C fth 
Mqcroscopic fission cross-section for the thermal 
nebtron group cm"' 

Thermal neutron group multiplication factor 

Macroscopic absorption cross -section of the 
fission prod.ucts 

Co.re reactivity 

Xenon number density 

atoms /em3 

sec-1 

, sec-,I I 

Iodine number density 

Decay constant of 1-135 

Decay constant of Xe-135 



Units Symbol Definition 

Fission fractional yield of 1-135 

Fission fraction yield of Xe-135 

Thermal neutron flux 

Ratio of thermal fissions to total 
fissions 

Fast neutron flux 

Fast  neutron leakage 

Thermal neutron leakage 

Effective neutron multiplication' 

Temperature coefficient 

Fuel burnup fraction ( B = 0 at  s t a r t  of life) 

Core volume 

Average xenon thermdl absorption cross  -' 
section barns 

Fissions /watt-sec 

Xenon non- uniform distribution factor 

Reactor power in megawatts 

g' (B) = Average flux in fuel plate divided by the .average 
flux in the entire fuel element 
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APPENDIX F 

An evaluation of the agreement between calculated and experimental 
nuclear quantities using MUFF-I11 c ross  section files was made in Section 3.0. 

The inelastic scattering matrix in iron has been determined by using known 
cross  sectionsfor the (n, n t , T )  reaction to various levels from the threshold a t  
0.85 Mev to about 4 Mev. At higher incident neutron energies the slowing down 
distributions have been determined by using more recent values of the llNuclear 

. . temperature; "(1) 

 he. behavior of neutro,ns scattered elastically is described by means of 
the average cosine of the angle between the direction of the. incident and scat- 
tered neutron and (, . the average loss in the logarithmic energy decrement. In 
order to account for  anisotropic scattering events in the center of mass system, 
the elastic slowing down distributions of scattered neutrons have been determined 
by using known angular distributions. 

The total cross  section curve for iron indicates that there a r e  unresolved 
resonances between 0.008 to 10 Mev. These a r e  mainly scattering, since there 
a r e  no sharp peaks. However, the measured resonance integral for iron, 2.1 
b a r n s ,  is higher than the value' 1.26 barns to be' expected if the iron-cross section ::' 

"followed a 1/2 behavior. 

.The MUFT-I11 energy-lethargy group structure is given in references (2) z,. 

and '(3.). 
._- . _ .  
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FILE 
. . 

' ' J  ... 

GROUP 
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42 0666666 
43 0666666 
44 a666666 
45 0666666 
46 a666666 
47 0666666 
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4 9  a666666 
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5 1  . 0666666  
52 0,666666 
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.O 0 0or3000 

- 
G h  

0000 
0000 
a 000  
a000 
e O O O  
0000 
0 000 
0000 
0000  
0000 
e O O O  
0000 
a000 
a000 
e O O O  
0000  
6000 
so00 
0000 
4000 

- 
G+ 

O O O O O O  
e O O O O O  
0 0 0 ~ 0 0  
000900  
o 00000 
000C)'OQ 
000000 
000000 
0 00-000 
000000 
00OOOO 
a00D00 
c O(31200 
000000 
aC00OO 
eoo000 
ooot700 
bO0OCO 
000000 
a O O O O A  

b u  
o 25000 
e25000 
0 25000 
a 25000 
s 25000 
o 25000 
a25000 
0 25000 
a 25000 
0 25000 
o 25380 
o 24620 
a 30000 
o 28840 
022300 
022360 
o 23800 
o 23800 
o 23900 
e O O O O A  



FILE 1\10 02 

GROUP 
1 0718000 
2 0668000 
3 0618000 
4 0569250 
5 0479250 
6 a362503 
7 a275750 
8 a228000 
9 0201000 
10 el76250 
11 o 154000 
12 el33950 
13 011570C 
14 elOO8CO 
15 0088809 
16 0073750 
17 a060000 
18 0047500 
19 a032500 
20 a017500 
21 a007500 
22 a002500 
23 oOCOOOO 
24 oOOOOOO 
25 0000000 
26 e000000 
27 a000000 
28 0000000 
29 00000i)O 
30 0000000 
31 eOOO000 
32 0000000 
33 0000000 
34 0000000 
35 0000000 
36 oOOOOOO 
37 0000orJir 
38 o00C)OOO 
39 000'3000 
40 oO0OOOO 

Ccs 
02750 
e2200 
a1800 
o 1450 
a 0'600 
00000 
eO000 
a0000 
00000 
~0000 
00000 
a0090 
a GOO0 
e 0000 
eOOOO 
00000 
o0C)OO 
00000 
a0000 
00000 
eOOOO 
eOOOO 
so000 
socoo 
eoooo 
eO000 
60000 
00000 
eOOOO 
eOOOO 
00000 
00000 
e 0000 
0OOOO 
80000 
00000 
a0000 
eCOOO 
a0000 
0 @COO 

EL, 
a000 
a000 
a 000 
a000 
0000 
0 000 
eOOO 
0000 
.a000 
0000 
0000 
eO00 
0000 
0000 
0000 
eooo 
QOOO 
0000 
0000 
0000 
a000 
0000 
0000 
0000 
0000 
0000 
0000 
0000 
eooo 
e 000 
0000 
0000 
0000 
eOO0 
a000 
0000 
0000 
0000 
0000 
do00 

OOOOOC 
e00000 
eoooo0 
a00000 
000000 
eOOOOO 
e 00000 
000000 
0 00000 
000000 
eOOCOO 
eOOOOO 
000000 " 

0 00000 
eOOOOO 
000000 
0 00000 
000000 
000000 
oooo(?o 
000000 
000000 
eOOOOO 
000000 
000000 
t,00000 
000000 
eOOOOO 
0OOOOO 
000000 
000000 
000000 
eOOOO0 
000000 
000000 
~00000 
000000 
a00000 
e00000 

r/ 
0 3000 
00003 
00000 
00OOO 
00000 
so000 eOOOO 

a0000 
00000 
00000 
00000 
00000 
00000 
a0000 
eOOOO 
eOOOO 
e 0000 
00000 
0 0000 
0C.000 
~0000 
eOO0O 
a0000 
eOOOO 
00000 
eoooo 
eoooo 
eOOOO 
a0000 
e 0000 
00000 
00000 
00000 
00000 
e 0000 
eOOOO 
eOOO0 
00000 
00000 
a0000 



F I L E  
.. . 

I '  : 

GROUP 
41 oOOOO.00 

OXYGEN 

000000 
000000 
e00000 
a00300 
000300 
000000 
000000 
0 00000 
0 00000 
000000 
~ O G O O O  
000000 
000000 
000000 
000000 
a00000 
a00000 
OOOOOO 
O O O O O A  

V 
00000 
00090 
00000 
00000 
00000 
00000 
a0000 
00000 
00000 
a0000 
00000 
00000 
ooooo 
eOOOO 
00000 
00000 
00000 
a0000 
Boo00 
a 0000 



F I L E  
- ':3 

GROUP p- 
1 a00000C) 
2 0000000 
3 0000000 
4 0 O O O O C O  
5 a000000 
6. 0000000  
7 e000000 
8 e O O O O O O  
9 a000000 

1 0  a000000 
11 eO0OOOG 
12  aOOO0OO 
13 0009000  
1 4  ~ O O O O O O  
15 0000000  
1 6  o0000L10 
1 7 .  a000000 
1 0300000  
1 9  0000000  
20 0L?00000 
2 1  '0000000 
22 a00030C 
23 0000000 
24  a900000 
25 0000000  
26 a000000 
27 0900300  
28 aOOO000 
29  eO0OOOq 

' 3 0  a000000 
3 1  0000000 
32 0000000 
33 0000000 
34 a O O O O O O  
3.5 a000Q00 
36 aOO0OOO 
37  0000000 
38 03CO000 
39  0000000 
40  0000000  

Oo000000 
0000'3000 
O a O O O O O O  
O o @ O O O O O  
O Q O O O O O O  
O a O O O O O O  
Oc300OOC 
0a0000C0 
00000000 
9sOOOCi3C 
00030000 
GeC30000 
0003!!000 
OoG3C?OOO 
OaC.30OOG 
0 ~ 0 3 0 0 0 0  
000~3000C 
O a 0330000 

e000000 
0 a0OOOOG 
00000003  - 
O a C O G O O O  
00000000 
O a C O O O O C  
00000000 
C)oC00000 
ObO0OOO0 
O e O O O O O O  
0.5000000 
O e O O O O O O  
C e O O O O O O  
0 a 00O000 
Oa000900 
OeC)00000 
Oa000003 
Oa300000 
0~000130(? 
Oe0@0C)00 
O a O C l O O O O  

0000 
0000 
0 0 0 0  
0000 
b 000 
0 000 
ooo0 
a 000 
0 000 
e O O O  
0000 
0000 
0000 
e 000 
a.0OO 
0 000 
0.300 
a000 
0 000 
a000 
0 0 0 0  
a000 
0000 
i o o o  
e 000 
.a000 
a 000 
a000 
0000 
0 0 0 0  
0 000 
0000 
e O O O  
0000 
0 000 
6C)OC 

0000 
6000 
a 000 

a00000 
a00000 
000000 
0 00000 
a00000 
a O O O O O  
e O O O O O  
a00000 
a00000 
a00000 
m O O O O O  
a00000 
a00000 
000000 
000000 
000000 
000000 
000000 
e 00000 
e O O O O O  
a00000 
,00000 
D00000 
a00000 
~ 0 0 0 0 0  
800000 
a00000 
000000 
~300000 
a00000 
e00000 
a O O C O O  
000000 
a O O C O O  
000C00 
00@000 
a00000 
000000 
sooooo  

3 
a0000 
a0000 
00000 
a O O G O  
0 0000 
a0600 
e 0000 
a OOOC 
a0000 
0 0000 
a0000 
a9000 
80000 
00000 
0 O O O O  
e 0000 
00000 
00000  
00000 
0 0000 
00000 
00000 
a0000 
00000 
a0000 
00000 
00000  
00000 
0 000.3 
00000 
a 0000 
0 0000 
a0000 
a 0000 
00000 
00000 
a0000 
a0000 
00000 
a0000 



. . F I L E  
I : .  

... ;(-.',=' . 
A>,*:-, ..:. 

. . GROUP 
4 1  o0(!0000 
42 ~ 0 0 0 0 0 0  
4 3  a O O C O O O  
44 aOO9OC)O . 

45  .000000 
46 ~ 0 0 0 0 0 0  
47 0 O O O O G O  

. 48  o O O O O O @  
4 9  oOOCGO0 
5 0  a000000 
5 1  6000030 
'5 2 aOOOOO0 
53. 01)00090 
5 4  oOGC)C30 
55 e000000 
56  0000000  
57 aOO0OOO 
58  0000000  ' 

59  o O O C O O O  
2 c, .000000 

N A T U R A L  
- 
GS 0 

a000000 
000C000 
0000000 
000000C) 
0000000 
0000000 
a O O O O O C  
0000000 
0 0 GO(IO0 
0000000 
eOOO0OO 
0000000 
eOOOO0O 
0000000 
o O O O C G O  
0 0 ~ 0 0 0 0  
e000G00 
a000C'@0 
00  O O C O O  
.000000 

0 000 
0 0 0 0  
a O O Q  
0000 
a000 
0000. 
6 000 
0 0 0 0  
e O O O  
0000  
~ 0 0 0  
e O O O  
0 O G O  
0000 
e O @ O  
a000 
a000 
0 0 0 9  

000  

3 
coo00 
a0000 
e0OOO 
00000 
b 0000 
~80000 
00000 
00090  
00000 
a O O O C  
0 CO.00 
ooooo 
60000 
0 00'00 
00000 
-00000 
090c0 
00000 
0 O O O O  
'. 0000 



F I L E  NO 05 
. .. .. - 

GROUP 
1 0000000 O o  3 00000 
2  a O O G O O O  OaOCOOO0 
3  a O O O O O O  O a O O O O O O  
4  e O O O O O O  00000000 
5  . a O O O O O O  O e O O O O O O  
6  o O O O O O O  O e O C O O O O  
7  0000000 00000000 
8  e O O O O O O  O e O O O O O O  
9  e O O O O O O  O e O O O O O O  

1 0 .  0000003 O a O C G O O O  
11 0000000 00000300 
12 a000000 Oe0@0000 
1 3  a O O O O O O  O o O O O O O O  
1 4  e O O O O O O  Oe000300 
15  .o000O00 Oo000000 
16 eOOO000 O e O O O O O O  
1 7  e O O O O O O  O a O O O O O O  
1 8  0090000 O e O O O O O O  
1 9  a000000 O e O O O O O O  
20 eOOO0OO O a O O O O O O  
2 1 o O O O O O O  0a0Od000 
22 o O O O O O O  OaGOC000 
2  3  oOOO0OO O e O O O O O O  
24 eOOOOO0 O e O O O O O O  
25 0000003 O o O O O O O O  
26 o O O O O O O  O o O O O O O O  
27 e O O O O O O  Oe000000'. 
28 e O O O O O O  O e O O O O O O  
29 0000000, Oa00@000 
30 eOOOO0O O o O O O O O O  
31 e O O O O O O  O s O O O O O O  
32 aOOOO09 C ~ O O O O O O  
33 eCOOC.00 G a G O O O O O  
34 .9000000 00000000 
35 oOOOO0O 00000000 - 

36 a O O O O O O  C e O O O O O O  
37 o O O G O O O  O a O O O O O O  
38 o O O O O O O  O e O O O O O O  
39 0000000 O e O O O O O O  
40 a000000 O a O O O O O O  

BORON 10  
- - - 2 
GSO cCSsr o 

e003000 a 0000 
e0000GO a0022 
e O O O O O O  o 0026 
eOOO000 a 0029 
e O O O O O O  00033 
oooo\Soo 00037 
eOOCOO0 00042 
e O O O O O O  o 0048 
eOOOO00 e0055 
eOOOQ00 80062 
a000000 00070 
*00o"JOC) 00080 
o o o o ~ o ~  00090 
e090000 00102 
0090000 00116 
e O O O C l O O  00132 
r 0  00000 a0149 
e O C O O O O  - 00169 
oOCOO00 00193 
cOC0000 a0217 
a G O O O O O  60261 
0000000 a0335 
e O O O O O O  00430 
a000000 e0553 
a000000 00709 
e O O O O O O  a0917 
e000L100 01178 
a @ 00000 a 1504. 
e O O O O O O  e 1930 
e O O O O O O  e 2475 
e O O O O O C  83181 
0000000 a4086 
e C O C O O O  a4956 
a000000 a5620 
e00C.000 a6372 
eOOOOO0 a7219 
eC0COOO 08177 
eOOOO00 09265 
o O O O O O O  1 a 0498 
e O O O C O O  1 0 1892 

a000 
0000  
0000 
0000  
0 000 
0000  
0000  
a000 
a000 
0000  
a000 
0000  
a000 
a000 
0000 
a 000 
a000 
a o o o  
0000 
a 000 
a000 
0000  
0000  
a C O O  
a000 
a 000 
aooo  
0000  
a000 
0000  
0000 
e 000 
0000 
so00 
a000 
e O O O  
0000 
0000 
0000 

- 
G '\ 

4 ooboo '..*,, 
v 

0 0000 
~ 0 0 0 0  

, e  0000 
'00000 
0°C) 0  0  0  
O ~ O O O  
0 0  c:.o 0  
0 0  0  i2.0 
e O O O ?  
0 0  0  0  d'? 
a 0000 ;.. 
~ 0 0 0 0  
00000 
e O O O O  
aO0QO 
e 0000 
00000 
00000 
l 0000 
a0000 
a 0000 
a0000 
a0000 
e O O O O  
o O O G O  
a0000 
a0000 
00000 
e o o o o  
e O O O O  
00000 
00000 
e O O O O  
0 0000 
00000 
a0000 
00000 
ooooo 
00000 
00000 ' 



F I L E  
.'-9-.. 

GROUP .. 

41 a000000 
4 2  a000000 
43 e O O O O O O  
44 a000600 
4 5  a000000 
46 a000000 
4 7  a000030 
48 a000000 
49 0000000 

. .  50 0000000 
5  1  o o b o o o ~  
5 2  a000009 
5 3  O O O O O O O  
54 e000030 
5 5  a000000 
56 o 0 0 0 ~ 0 0  
5 7  e000000 
5 8  a000000 
5 9  .a000003 . 

00000000 
0 a000000 
O e O O O O O O  
Oa000000 
0 a 000000 
0oOo:)O0O 
0 e 000006 
00000000 
9eOOOOOO 
0000C000 
00000000 
(3e000000 
0a000030 
Oe003000 
O a  000009 
CeOOOG00 
O e O O O O O O  
00000900 

BORON 
- 
Gs o 

00'00000 
e O O O O O O  
'00 00000 
a000000 
a000000 
0900300 
a000000 
e009033 
,000@00 
0000000 
aC00000 
a0OOCOO 
0000000 
e000000 
e000000 
a ~ 0 0 0 0 0  
a O C l O O O O  
o O O i l O O O  
00.00000 

000000 
000000 
a00000 
a00000 
e O O O O O  
so0000 
a00000 
000000 
000000 
000000 
000000 
e O O O O O  
000000 
a00000 
BO0000 
000000 
e 00000 
a00000 



GROUP 
1 

F I L E  NO 2 1  
- -:L $ &y$ . - 
tc 8 r 850000  O e O  5400 

e 822000 Or006400 
e 751000 Oe008900 
a651000 0a016000 
a542000 Oe016000 
0456000 Oa020000 
a380000 Oe022000 
r 220000 0e028000 
r 220000 Or028000 
0230000 Or028000 
o 150000 Oa032000 
a210000 Oo02800C 
e 150000 30030000  
00 94000 0r032COO 
0089000 Or033000 
0068000  Or033000 
0054000  00034000  
0045000  00034000  
0040000  Or034000 
a034000 00035000  
a021000 Or035000 
a017000 Or035000 
aO14%00 00035000  
0 0  13000 Or035000 
~ 0 1 2 0 0 0  Or035000 
r012000  Or035000 
00 12000 00035000  
0 0  12000 00035000  
r012000  0 r035000  
r012000  Or035000 
00 12000 00035000  
00  12000 Or035000 
a0 12000 0e03500G 
00  12000 0.035000 
09  12000 Or035000 
00 12000 Or035000 
a0 12000 Oa035000 
a0 12000 00035000  
a0 12000 Oe03500C 
e012000 Oe03500C 

I R O N  

l o 3 7 0  
le35C) 
1,310 
l a 1 8 0  
l a 0 0 0  

a800 
0 6 2 C  
0470 .  
a200 
a000 
0 0 0 0  
coo0 
a000 
6000 
0 0 0 0  
a000 
0000 
0000 

. a000 
0 0 0 0  
0000 
eooo 
r 0'0 0 
e 000 
6000 
d 000 
0000  

. . 
r 000' 
OOOO. 
0'000 
a000 
a000 
a C O O  
e C O O  
sC100 
acoo 
e C O O  
0 O O O  
a 000 

e O O O O O  
000000 
a00000 
o00000 
~ 0 0 0 0 0  
a00000 
.00000 
r 00000 
e O O O O O  
a00000 
s00000 
000000 
e O O O O O  
000000 
000000 
000000 
eooooo 
000000 
e00000 
000000 
o00000 
.00000 
.00000 
.00000 
,00000 
.00000 
000000 
.00000 
o00000 
a00000 
000000 
a00000 
a00000 
a 00000 
e O O O O O  
000000 
a00000 
a00000 
000000 

3 
a0000 
~ 0 0 0 0  
s0000 
r 0000 

. r oo00  
00000 
a0000 
00000 
a0000 
a0000 
roo00  
eoooo 
r O O O O  
a0000 
r 0000 
roo00  

. r o o 0 0  
roo00  

-00000 
00000, 
.0000 

. a0000 
a0000 
a0000 

' . . r O O O O  
. '  rO000. '  
,. ..oooo 

.''. , r 0000 
aO.OOO 

' .  a0000 
r 0000 
00000 
00000 
00000 

. l 0000 
00000 
00000 
e O O O O  
a0000 
Qoooo 



F I L E  
'., ;s.3'.; - 

GROUP c, 

I RON 
- 
G, 

0OOC 
aOOG 
000O 
0OOC 
eOOC . 

eOOO 
0OOO 
0OOO 
0000 
0000 
oooc 
eOOC 
e OOO 
oooc 
e OOC 
eOOC 
a000 
aOOC 
0000 

eO0OOO 
000000 
OOOOOO 
800000 
€.00000 
a00000 
000000 
eooooo 
0000'00 
eOOOOO 
0 00000 
000000 
000000 
a00000 
.300000 
000000 
00000'0 
eOOOOO 

3 
eOOOO 
a0000 
a0000 
eOOOO 
a0000 
00000 
00000 
50000 
00000 
0 0000 
a0000 
eOOOO 
00000 
00000 
a0000 
c0000 
OOOOO 
00000 
QOOOO 



FILE NO 25 - . . , . - 
GROUP C.- 

1 
E 

e850000 00005400 

S T A I N L E S S  S T E E L  
- 
t;..ld' 

e 156200 
o 184300 
e 204300 
o 207900 
a 192500 
e 199800 
o 199800 
e 197900 
o 184300 
e 235800 
a 217600 
o 281100 
a367200 
o 276500 
a 281100 
a321900 
0 308300 
0312900 
a 3'99000 
a 294600 
0480600 
e421600 
a439700 
8632400 
e 634700 
a553100 
e 534900 
o 575800 
e 648300 
e 752500 
e 824200 
o 948300 
e 985300 
a 983800 
0 993000 
e999100 

l e006400 
e 999700 

1 a000300 
10018900 

- 
"8 a00 00 

000000 
000000 
000000 
~00000 
000000 
eOOOOO 
000000 
eoooo0 
eooooo 
a00000 
a00000 
000000 
000000 
(500000 
eOOOOO 
000000 
0 00000 
000000 
000000 
a00000 
a00000 
e 00000 
000000 
a00000 
eOOOOO 
000000 
a00000 
a 0 0 0.0 0 
eoo0C)o 
000000 
800000 
000000 
eoo000 
eooooo 
oo0000 
a00000 
a00000 
a00000 
000000 

J 
00000, 
a0000 
00000 
00000 
eoooo 
00000 
a0000 
00000 
00000 
eOOOO 
00000 
0 0000 
00000 
e 0000 
00000 
a0000 
0 0000 
Q 0000 
00000 
0 0000 
QOOOO 
a0000 
eOOOO 
00000 
0 0000 
0 0000 
e 0000 
eOOOO 
00000 
eoooo 
eOOOO 
eOOOO 
00000 
eOOOO 
00000 
00000 
eoooo 
eOOOO 
eoooo 
eOOOO 



FILE NO 25 
C 

GROUP t, . 

41 00 120.00 
42 .e012000 
43 e012000 
44 . 0012000 
45 a012000 
46 0012000 
47 a012000 
48 a012000 
49 0012000 
50 0012000 
51 a012000 
.52 e012000 
53 e012000 
54 e.012000 
55 a012000 
56 0312000 
57 0012000 
58 a012000 
.59 0012000 
60. a000000 

STAINLESS 
- - 1  
G S , X d O  

10034600 
.lo023600 
10002400 
0.988500 
e984100' 
la034800 
100 589CO 
1 a0474CO 
100057'00. 
10020900 
lo015700 
1~057400 
1 e03420O 

e 987400 
6987400 
e992100 
e 990800 
3 987400 
9 98740:3 
e 0 00000 

STEEL - 
ccS 

e 1044 
a1184 
r 1340 
el518 
o 1720 
el943 
o 2199 
a 2496 
a2839 
03217 
03648 
04134 
84738 
a 5489 
66237 
a6973 
a7827 
a8821 
a9931 
00000 

- 
G9 
0000 
a000 
a000 
a000 
eOO0 
0000 
e OOO 
0000 
0 0 00 
a OCO 
a 000 
a 000 
0 090 
0000 
so00 
0 000 
0000 
0000 
0000 
0003 

v 
eOOOO 
eOOOO 
00000 
00000 
00000 
eOOOO 
a 0000 
a 0000 
00000 
00000 
00000 
eOOOO . 
00000 
0 0000 
eOOOO 
a0000 
eoooo 
a0000 
e 0000 
00000 



FILE I\)() 
- 

GROUP 
1  a002830 
2  0002830  
3  0 0 0 2 8 3 0  
4  a002830 
5  a002830 
6 0 0 0 2 8 3 0  
7  0002830 
8 0 0 0 2 8 3 0  
9  a002830 

1 0  a002830  
1 1  a002830 
1 2  000283C 
1 3  000283C 
1 4  o00283G 
1 5  6002830 
1 6  0 0 0 2 8 3 0  
17  a002830 
1 8  0 0 0 2 8 3 0  
1 9  0002830 
2 0  0 0 0 2 8 3 0  
2 1  a002830 
22 a002830 
23  0002830 
2 4  00028311 
25 oC02830 
26 a002830 
27 6002839  
2 8  a002833 
29  a002830 
3 0  0 0 0 2 8 3 0  
3 1  a002830 
32 a002830 
33 0 0 0 2 8 3 0  
3 4  0 0 0 2 8 3 0  
35 0002830  
36 boo2830 
37 a002830 
38 0 0 0 2 8 3 0  
39  a002830 
4 0  a002830 
41  a002830 
42 0002830 



- - 1  . 
G,, x J G  

a000 
0 0 0 0  
0000 ; 
a000 
0000 
0000.  

. . 
.. .. ' 0000 

a000 
o o c o  

a000 
0000 
Q O O O  
0 O O O  
000O 
oooc. 
4o00  
'0000 



0000 
0000. 
0000 ' 

e 000 
e QOO 
000'3 
@COO 

l a 2 0 0  
70510 

1 3 0 2 1 0 .  
16  0 240 
'160620 
150430  
1 3 i 0 2 0  
100310  

8 a 160 
h e 0 2 0  
4 0 4 2 0 ,  
5.490 . 
2 770 
1 b 360 

a650' ' 

o 310 
o 150 
0070 
a030 
a020 
0013  
0000 

I 

: 

1 
. 1 

> 

i 
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