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REACTOR PEYSICS STUDIES -. . 

FOR THE ' , . . . 

FINAL CONCEPTUAL DESIGN OF TEE ADVANCED. TEST REACTOR 

This report presents a detai led account of the reactor physics 
studies for  the  f i n a l  conceptual design of the Advanced Test Reactor 
which i s  described i n  IDO-16667l. It is not the purpose of the present 
report t o  draw conclusions as these are discussed in  the report on the  
f i n a l  conceptual design. 

The diffusion theory methods used for  calculations of f lux distribu- 
t ions and reac t iv i ty  effects  are described and compared with measurements 
and with higher order approximations t o  transport theory. These comparisons 
show diffusion theory t o  be adequate for  the ATR conceptual design. 

Two-dimensional f lux  distributions fo r  a number of s h h  control 
conditions and experimental loadings are determined by PDQ-3 and TRANSAC- 
PDQ. The worth6 and effects  on f lux distributions of chemical and of 
blade type mechanical shim controls are compared. The effects  of heavy 
water and of beryllium ref lectors  on reac t iv i ty  and flux pattern are 
calculated. 

The time-dependent behavior of the  reactor is  investigated by use of 
TURBO and CANDLE. The changes. i n  shim control poison and t e s t  and core 
f lux distributions with fuel  burnup are calculated and the full-power 
cycle time estimated. An investigation is  made of the  xenon.transient 
a f t e r  a full-power shutdown and recovery. Results of one- and two- 
dimensional fue l  depletion studies are  compared. 

The resul t s  of a number of time independent one-dimensional calcula- 
t ions and parametric studies a re  presented. Some comparisons are made of 
the  r e su l t s  for  one-dimensional and two-dimensional models of the ATR. 

The void coefficient of reac t iv i ty  is  found fo r  the  core, reflector,  
experiment and f lux t r ap  regions of the reactor. Calculations of the 
temperature coefficient for  the ent i re  reactor and for  individual regions 
are determined for  one- and two-dimensional models. 

Xenon ins t ab i l i ty  i s  studied for  osci l la t ions around one lobe, 
between lobes and along the ver t ica l  axis. TURBO and CANDLE calculations 
are used t o  determine the effects  of perturbations on the axial  s t ab i l i ty .  
An analytic method f o r  determining axial  s t a b i l i t y  is  derived and applied 
t o  a single lobe model of the ATR. 

1. D. R. deBoisblanc e t  al., "The Advanced Test Reactor - ATR Final 
Conceptual Design," Phi l l ips  Petroleum Company, Idaho Falls, Idaho 
IDO- 16667, November 1, 1960. 



A perturbation technique .is used t o  f ind the e f fec ts  of re f lec tor  
type and poisoning on the average core neutron lifetime. Calculations 
of the  approximate l i fe t ime of the delayed group from the ref lector  
a re  made f o r  a number of re f lec tor  conditions. 

Plots  and tables  of the gamma heat dis t r ibut ion i n  the ATR as 
determined by an DM-704 program are  presented. 
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INTRODUCTION 

The Advanced Test Reactor, ATR, has a unique design with a very 
high power density i n  the'core and with provisions for  a considerable 
degree of adjustment of the f lux  levels  in i the  individual t e s t  f a c i l i t i e s .  
This report contains the reactor physics studies made t o  establ ish the 
f e a s i b i l i t y  of the f i n a l  conceptual design. Two previous r e  o r t s  describe 
the  conceptual design and the work leading t o  i ts  selection. % j 2  To pro- 
vide the  necessary information the work has covered the following general 
areas : 

1. Establishment of the control requirements. 

2. Determination of the f e a s i b i l i t y  of control throughout an 
opera'bing cycle. 

3. Evaluation of a l ternate  systems of reac t iv i ty  control and of 
neutron ref lectors .  

4. Calculation of f lux  and power dis t r ibut ions throughout a cycle. 

5 .  Study of in s t ab i l i t y  problems including xenon osc i l la t ibns  . 
* .  

6. Determination of temperature and void coefficients of react ivi ty .  ' 

7. .Investigation of the  e f fec ts  of re f lec tor  conditions upon neutron 
lifetime. 

A schematic layout of the ATR core, re f lec tor  and control regions 
i s  shown f o r  orientation i n  Figure 1.0-1. The character is t ics  of the 1 

conceptual design are  summarized i n  Table 1 . 0 - A .  Detailed drawings are  
- t  

included i n  the previously mentioned conceptual design reports. It should 
be noted tha t  although the ATR core can be described as having a four- , 
lobe arrangement it i s  best represented for  reactor physics purposes as 
having f ive  fue l  regions, one around each of the experimental f a c i l i t i e s  
in te f ior  t o  the core. The center fue l  region is sometimes referred t o  
as the center lobe and t o  prevent confusion the  other fue l  regions are 
designated the outer core lobes or the outer lobes. The t e s t  or  experi- 
mental regions located outside of the core a re  labeled exterior.  The 
ref lec tor  shim control is sometimes ,called the inner re f lec tor  when a 
chemical control system is used. 

1. D. R. deBoisblanc e t  al., "Proposal fo r  an Advanced Ehgineering Test 
' ' Reactor - ETR 11, " Phi l l ips  Petroleum Company, Idaho Falls, Idaho 

IDO-16666, w c h  17, 1g60. 
2. D. R. deBoisblanc e t  al., "The Advanced Test Reactor - ATR 

Final Conceptual Design, I' Phi l l ipc Petroleum Company, Idaho Falls, 
Idaho, IDO- 16667, November 1, 1960. 



TABLE 1.0-A 

ATR SPEC lFICATIONS 

Core height . . 48 in. 

Cure  Lllichsless 2.5 in.  
. . 

Core volume ' 262 l i t e r s  

Core metal- to-water r a t i o  (volume) 0.8 

Core. s t ruc t ina l  mat t r ia l  and cladding Alumillum 

Fuel. . . . 93% enriched U-235 

Fuel loading 33 kg U-235 

Burnable poison i n  core 128 g natural boron 

: A-5 ' experiment fast f lux  - avg midplane value 1.0 x 1G5 n/cm2 sec 

A-5 experiment thermal f lux  - avg midplane value 0.32 x 1015 n/cm2 sec 

A-3 experiment fast f lux  - avg midplane value 
2 1 . 5  x 1015 n/cm sec 
2 

A-3 . ,experiment . thermal f lux  - avg midplane value 0.48 x 1015 n/cm sec 
' ,  

Control requirements 

. SaYety blades , . 10. U$ Ak/k 

.'Neck- shFms ~ ~ 9 %  &/k 

, ~ e f l e c t o r '  shims 6.5% ak/k 

4.8% m / k  ' . Burnable poison 

cq& power 250 MW 

Maximum power density 2.5 Mw/liter 

Vertical maximum- to-average power r a t i o  1.4 or l e s s  

Cycle time a t  f u l l  power 17. h y s  - 
. . 



The flux plots  and parer distributions for  the ATR have i n  general 
been obtained by two-neutron-group diffusion theory calculations using 
the PDQ-3 program for  the IBM-704 computer. The calculational methods 
have been compared with measurements and with higher order approximations 
t o  diffusion theory and found t o  be satisfactory for  purposes of a conceptual 
design. The behavior with burnup during operation has been found by use 
of the CANDLE-2 and TURBO depletion programs. Calculations of axial flux 
patterns have been made in (r, z) geometry with the PDQ- 2 program. Supple- 
mentary and parametric studies have been made on one-dimensional models 
and the results  compared with two-dimensional calculations. 

&st of the calculations have been for  a reactor with a D$ outer 
reflector, three-inch thick poisoned D$ annuli adjacent t o  the core 
fo r  reflector shim control and poisoned H$ regions for  neck shim control. 
In the f i na l  conceptual design the poisoned D20 annuli were replaced with 
one-half inch poisoned H20 annuli as being essentially equal fo r  control 
purposes while easing processi-ng problems. Solid reflectors and blade 
type controls were investigated as alternates t o  the liquid reflector 
and chemical controls of the conceptual design. 

It is not possible t o  predict a l l  of the requirements that w i l l  be 
imposed upon the ATR during its operating history. Therefore, the 

' I  experimental loadings assumed for  the calculations have been selected 
" .  t o b e t y p i c a l o f  thosenowanticipatedwhilerequiringtest fluxes and 

core power distributions that demand rather full ut i l izat ion of the 
reactors capabilities. These flux requirements and the various types 
of experiments and f ac i l i t i e s  are described i n  Appendix 12.3. 

nm:, I , . .  - 





2.0 CALCULATIONAL METHODS . , . . 
i . 

2.1 Computational Programs 
. . .  

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

Machine methods have been used to obtain all the necessary constants. 
In particular the thermal constants have been obtained by averaging over 
a Maxwelliian energy spectrum with an IBM-650 program. The Maxwellian 
temperature for the machine calculation of the thermal constants is 21T°F 
with the atom densities computed for 200'~ except for the experiments. 
The experiments are considered as having an average Maxwellian temperature 
of 400°F, with the atom densities computed for- 600'~ to make the cross 
sections consistent with the neutron sources from regions of two different 
temperatures. The two-dimensional temperature coefficient studies used 
the same Maxwellian temperature as the temperature being considered for 
that particular region. The thermal cross section data are the same as 
used in the IBM-704 S O F O C A ~  code. The fast constants have been obtained 
by utilizing the program using the self-consistent E l  approximation 
on the DM-704. The MUFT-4 program used has input data for nonhydrogenous 
'moderators which refine the slowing down calculation over what can be 
obtained with MUl?T-3. This ~oertzel-~ruelin~3 approximation to nonhydr6- 
genous slowing down processes has been found to give a significant improve- 
ment in the calculation of fast group constants. The MUFT buckling is 
B = 0.01 in all cases. An extensive listing of fast and thermal group 
constants for the ATR is shown in Section 12.4 of the Appendix. 

\ 

The two-dimensional calculations of the ATR in (xjy) geometry have 4 been made with the PDQ-3 program on the IBM-704 except for one calculation 
to check .the effect of mesh spacing which uses the TRANSAC PDQ. The three- 
dimensional ATR geometry is reduced to two dimensions by adding an appropriate 
reflector saving in the axial direction and thus making an equivalent bare 
reactor in this direction. Axial flux distortions caused by solid reflector 

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

2. H. Boyl, Jr., E. M. Gelbard, G. H. Ryan, "MUFT- IV Fast Neutron Spectrum 
Code for the 1BM-704, " WAPJZTM-72, July 1957. 

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

4. W. R. Cadwell et al., "PDQ-3 - A Program for the Solution of the 
Neutron- Dif fusion Equations in Two- Dimens ions on the IBM- 704, " 
WAPD-TM-179, m c h  1960. 



shim cont ro l  a r e  s tudied by using t he  PDQ-2' code i n  (r, z )  geometry. 
'This' code i s  used i n  l i e u  of PDQ-3 because PDQ-3 does not handle ( r , z )  
geometry. 

2 One-dimensional few group reactor  calcula t ions  use t he  DMM code 
on t h e  DM-650 and t h e  WANDA~ code on t he  IBM-704. One-dimensional 
s tud ies  have been u t i l i z e d  whenever information has been needed t o  g l ide  
t h e  d i rec t ion  t h a t  t h e  two-dimensional s tudies  should take.  Also when 
f i n e  convergence has been required on the  f i s s i o n  eigenvalue such as  f o r  
l i f e t ime  studies,  t he  one-dimensional program has been used. Higher order 
approximations t o  t ansport theory use Carlson's  Sn program a s  modified t and extended by NDA . A de ta i l ed  discussion of Sn versus  di f fus ion theory 
comparison i s  given i n  Appendix 12.1. 

The e f f ec t  of mesh coarseness and the  t e s t  region homogenization on 
reac t lon  r a t e s  and f luxes  on both a one-dimensional and a two-dtmen.sional 
ba s i s  i s  described i n  Appendix 12.2. Both t he  Sn s tudies  and mesh coarse- 
ness s tud ies  ve r i fy  t he  adequacy of using d i f fus ion  theory i n  s tudies  of 
t h i c  typo. 

2.2 Comparison of Two- and Four-Group PDQ Calculations 

Two PDQ calcula t ions  (Problems 1017 and 1034) have been run t o  
evaluate t h e  di f ference between two-group and four-group calcula t ions .  
These calcula t ions  had 36 kg U-235 i n  t he  core and A - 1  experiments i n  a l l  
outer  lobes. 

The r e s u l t s  from these  problems are given in Table 2.0-A and 
Figures 2.0-1 through 2.0-3. These data show t,ha.t, w i  t.hj.n the f u e l  ( c o r e )  
regions t h e  two- and four-group problems y i e ld  e s sen t i a l l y  t he  same r e s u l t s  
f o r  power dens i t i e s  and thermal neutron f l ux  vallies. However within the  
experiment region t he  four-group problem gives vahies 3 t o  6% higher than 
t h e  two-group problem, and in  the  moderator regions peak thermal f l u x  
values a r e  obtained which a r e  8 t o  15% higher i n  t he  four-group problem 
than i n  t he  two-group problem. The absolute di f ference i n  kcff between 
t h e  four-group and two-group problems i s  0.009 with the  two-group problem 
y ie ld ing  t h e  higher value. 

1. G. G. Bilodea.11 et al., "PDQ - An IBM-70)l Code t o  Solve t h e  Two- 
Uimens ional  Few-Group Neutron- Dif fus  ion Equations, " WAPD-TM-70, 
August 1957. 

2. J. Franklin and E. J. Leshan,, "A MuJ.t,i grmlp, M I I ~  t , i r ~ g i o n ~  One-Spa~e 
Dimensional Program Using Neutron Diffusion Theory," AsAE-4, 

. December 1956. 

3. 0. J. Marlowe e t  al.,  "WANDA - A One-Di.mensiana1 Few Group Diffusion 
Equation Code f o r  t he  IBM-704," WAPD-TM-28, November 1956. 

4. B. H. Duane, "Neutron and Photon Transport Plane-CylS.nd.er - Sphere 
GE-ANPD Program S Variat ional  Optimum Formulation, I' XDC-59-9-118 
January 9, 1959. 



TABLE 2.0-A , --. . . F 1 - , 

COMPARISON OF TWO- GROUP AND FOUR- GROUP PDQ PROBLEMS 

Four-Group (Prob. 1017) kerf = 1.3368 
I- 

Two-Group (Prob. 1034) keff = 1*3459 

E-W lobe fue l  

Center lobe 
fue l  

N-S lobe fue l  

E-W lobe 
A - 1  exp.. 

N-S lobe 
A-1  exp. 

Center lobe 
A-3 exp. 

Outer lobe 
A-5 exp. 

Power (MW) 
4 Group 2 Group 

Average Midplane 
Thermal Neutron F ~ I X  
(n/cm2 sec x 10-14) 
4 Group 2 Grou~ 

Maximum- to- Average Midpltuie 
Thermal Neutron F1 

(n/cm2 sec x 10 -I? 
4 Group 2 Group 

2. 772 2.722 

NOTE: Energy groups Range 
1 of 3 f a s t  0 .821mev<I;<<Omev - - 
2 of 3 f a s t  5.53 kev < - E < - 0.821 mev For four-group calculations 

3 of 3 f a s t  0.625 ev - < E - < 5.53 kev 

1 of 1 f a s t  0.625 e v <  - E < - 10 mev 
For two- group calculations 

Thermal 0 < E < - 0.625 ev 



It must be emphasized here tha t  the more accurate four-group 
calculations give calculated thermal fluxes tha t  are  about 5% higher 
than the two-group thermal fluxes i n  the experiments. 

Reactor burnout studies use the one-dimensional burnout code 
 CANDLE^. These problems study the variation of kerf with time and the 
e f fec ts  of burnable poison i n  the fuel .  The two-dimensional durnout code 
TURBO* i s  used i n  studies of the actual reactor behavior as required 
f lux  leve ls  are maintained i n  experiments by appropriate re f lec tor  and 
neck shim poisoning. The TURBO studies confirm the expected ve r sa t i l i t y  
of the ATR reactor. 

2.3 Ref lec tor  Savings 

For most diffusion theory type calculations the ax ia l  buckling has 
, bcen ca l cv l  ~ f - e r l  fos. an equivalent core reactor. .wi'Lh a height ,+c.~l.~n.:l t o  

the  actual  core height plus 30 cm. For a core height of 4 f t  or la. 
t h i s '  gives an equivalent height of 151.92 cm. The axia l  hucklin 
determined from the equation below to ,  have a m . 1  I I P  nf 0- 0004.3 om-$. BZ 

L i s  the actual  core height. 

6 i s  the  re f lec tor  savings. 

26 is  the t o t a l  r e f l ec to r  savings. 

The value of 15 cm for  the axia l  re f lec tor  cavings, or 30 cm for  
the  t o t a l  ax ia l  r e f l e c t ~ r  savings r e p r ~ ~ ~ n ~ s  R some~rhat asbi t rery s t l tc l lul l .  
Internuclear Company i n  studies on D20 moderated or  r e  lected re.actors 
has used a value of 23 cm fo r  the ref lector  savings. 3, ' For H20 moderated . 

1. 0. J b  Marlowe, P. A. Ombrel .l.aro, "CANDLE - A One-Dimensional Few-Group 
Depletion Code f o r  the  IBM-704, " WAPD-TM-53, May 1957. 

2. J. B. Callaghan e t  al.,  "TURBO - A Two-Dimensional Few-Group Depletion 
Code f o r  the IBM-704, I' WAPD-TM-95, November 1957. 

3. 0. J. Elgert, C. F. Leyse, D. G. O t t ,  "Preliminary Investigations f o r  
an Advarlceil Engineering Test Reactor, " AECU-3427, February 22, 1957 

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



reactors  fuch a s  t he  MTR, a r e f l e c t o r  savings of about 8.5 cm has been 
measured. 

The ATR with a D 0  r e f l ec to r  i s  considered intermediate between these  
2 two systems and on t h l s  bas is  1 5  cm r e f l e c t o r  sairings i s '  se lected.  With 

a 4 f t  core height f o r  most purposes t he  r e s u l t s  a r e  not s i gn i f i c an t l y  
influenced by 'any reasonable choice of r e f l ec to r  savings. Calculations 
t o  determine ax i a l  s t a b i l i t y  a r e  an exception as the  occurrence of xenon 
o sc i l l a t i ons  i s  strongly dependent on t he  equivalent core height. 

For an ac tua l  core height of 4 f t  t h e  use of 3 0  cm t o t a l  r e f l e c to r  
savings and t h e  assumption of a s inusoidal  f l u  pa t t e rn  over the- length 
of t he  core plus  r e f l ec to r  savings gives an a x i a l  maximum-to-average 
f l u x  r a t i o  over t he  core of 1.33. This agrees qu i te  well  with t h e  value 
of 1.35 obtained from a  PDQ-2 calc~~l la . t ion of the  a x i a l  f l u x  d i s t r i bu t i on  
i n  the  core. This agreement confirms t he  se lec t ion  of 15  cm f o r  the  
r e f l ec to r  savings. 

A few PDQ-3 cases have been run where t h e  e n t i r e  r e f l ec to r  i s  
beryllium plus  water and f o r  these  cases a r e f l ec to r  savings of 7.5 cm 
is  used. This gives a t o t a l  of 15  cm r e f l e c t o r  s'avings which i c  close 
t o  the  MTR. A B , ~  = 0.00053 i s  calculated from t h i s  r e f l ec to r  savings 
f o r  a 4 f t  core height. 

I. M, L. Batt, J. W. Webster, H. L. McMurry, "Reflector Savings Due 
t o  t he  MTR Water Blanket, " IDO-16075, 1953. 
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3.0 ETR CRITICAL FACILITY MOCKLTP OF THE ATR 

The unusual geometry of the ATR with i t s  th in  e.ore annulus and with 
i t s  many boundaries between highly and l igh t ly  absorbing regions makes 
it desirable t o  have some experimental just i f icat ion fo r  the calculational 
methods. It w a s  recognized tha t  the ETRC, Engineering Test Reactor 
Cr i t i ca l  Facili ty,  could be used t o  approximate the geometry of the ATR 
with a 3 in. core thickness and a beryllium ref lector .  The mockup of the 
ATR consisted of four 6 in.  x 6 in.  experimental spaces, surrounded with 
ETR fue l  elements or control rods placed i n  the corners of the ETRC core 
and coupled with eight more fue l  elements, making a f i f t h  6 in.  x 6 in.  
experimental space. After preliminary reac t iv i ty  measurements i n  the 
ETRC showed tha t  an approximate loading could be made c r i t i c a l  with two 
additional fue l  elements, it was decided tha t  c r i t i c a l  experiments wo~dd 
bc performed. These c r i t i c a l  experiments were then used t o  evaluate the 
ATR calculational procedures and r e su l t s  against actual measured values. 

Because .Lhe program being c ~ r r i e d  out i n  support of ETR by the ETRC 
i s  qui te  pressing, only one week of ETRC time was a l lo t ted  f o r  the measure- 
ments reported herein. Therefore, it was not possible t o  make a l l  the 
studies desired. Also, because time was limited, no mod,ifications were 
made t o  the ETRC. With the exception of two experiment mockups, all 
materials used, e.g., f u e l  elements and control rods, w e r e  standard 
E1IX or  ETRC components. 

3.1 Description of the  Fac i l i ty  and Components 

IYhe ETRC i s  a low power, highly enriched, water-cooled and moderat.ed, 
beryllium-beryllium oxide ref lected reactor. It i s  a fu l l - sca le  nuclear 
mockup of the core and ref lec tor  of i t s  parent reactor, the ETR. In f ac t  
it i s  more than just  a mockup because most of the in-pile components 
( f u e l  elements and control rods) a re  ident ical  t o  those i n  the parent 
reactor.  For reasons of economy there arc, however, s l igh t  modifications 
i n  the ref lector .  Over a period of several years, experiments have dis-  
placed enough 3 in.  square beryllium pieces from the MTR t o  provide a 
complete re f lec tor  f o r  the ETRC. These, however, make up only a 3 in. 
re f lec tor  a s  compared t o  4-112 i,n. i n  the ETR. The remaining 1-112 in.  
a r e  made up of canned beryllium oxide. Around the beryllium-beryllium 
oxide re f lec tor  i s  an aluminum ref lector .  The arrangement of the ctandard 
ETRC core and ref lec tor  i s  shown i n  Figure 3.0-1. Aperspective drawing 
of the core, i ts  support structure, control bridge, etc., i s  shown i n  
Figure 3.0-2. A more detai led description of the f a c i l i t y  can be found 
in IDO-1 6339.  

With the exception of the  experiment mockup, the core components 
( f u e l  elements, control rod fue l  sections and guide tubes, and duminum 
f i l l e r  pieces) a re  standard ETR or ETRC components. The ETRC f i l l e r  
pieces a re  made of aluminum and have machined s lo t s .  These s l o t s  simulate 

1. D. R. deBoisblanc e t  al.,  "The Engineering Test Reactor Cr i t ica l  
Fac i l i ty  Hazards Summary Report, " IDO-16332, March 27, 1957. 



the coolant passages i n  ETR f i l l e r  pieces. The water volume associated 
with these pieces i s  20% of the t o t a l  volume (met&-to-water r a t i o  = 4).  
In a l l  loadings studied an aluminum f i l l e r  piece was also des5red.i.n grid 
posit ion 1-9 where a control rod guide tube i s  located. :Aluminum pla tes  
were inserted i n  t h i s  guide tube t o  displace enough water t o  duplicate 
the metal-to-water r a t i o  of the standard f i l l e r  pieces. '  

The fue l  elements which were used i n  these measurements contained 320 g 
U-235 and on the average 1.7 g natural boron. In  addition, s i x  elements 
with the same U-235 content but which contained no boron were used t o  
shim the reactor by loading them with boron impregnated polyethylene tapes. 
The control rod fue l  sections used contained 130 g U-235 and on the average 
0.68 g natural boron. Drawings of the fue l  element, and control rod fue l  
section and i ts  guide tube are  shown i n  Figures 3.0-3 and 3.0-4. 

The experiment mockups were made from stock aluminum rod (2.5 in.  
diameter) and schedule 40 s ta in less  s t e e l  pipe- (3.068 in.  i.d. and 3.5 in.  0.13). 

.3.2 Loading Configurations fo r  ATR Mockups 

Inasmuch as no control rods a re  currently planned i n  the fue l  region 
fo r  the ATR it would have been desirable t o  mockup the core of the  ATR 
completely with fue l  elements i n  the.arrangement shown i n  Figure 3.0-5 
(core 1). This was impossible i n  these c r i t i c a l  experiments however 
because the safety rods were necessary fo r  shutdown and because time did 
not permit removing the control rod guide tubes t o  permit insertion of 
fue l  elements i n  those control rod posit ions which did not contain safety 
rods. The fue l  arrangement desired, intersected ten control rod positions. 
Fortunately, a l l  four safety rod positions (H-7, K-9, Gll,. M-11) and a 
driven shim (gray) rod posit ion (H-13) were located i n  fueled regions. 
The remaining f ive  positions contained fixed control rod fue l  sections. 
A s  was mentioned previously, the other s i x  guide tubes remained i n  the 
core but were water f i l l e d .  These s i x  tubes are not shown i n  the  figures. 

Because of these considerations, plus the boron b u i l t  into the ETR 
elements, it was not possible t o  achieve c r i t i c a l i t y  with the desired 
loading configuration as shown i n  Figure 3.0-5 (core 1). A s  a resul t ,  
two extra  elements had t o  be added. Because adding these elements 
produces f l u  dis t r ibut ions d i f fe rent  from those i n  the desired loading, 
two loadings i n  which the  two elements were placed i n  different  locations 
were studied t o  determine the e f fec ts  of these elements. In one loading 
the elements were located i n  the center experimental space so tha t  almost 
symmetrical neutron f l u  dis t r ibut ions would be produced. In the second, 
the elements were located i n  the experimental space i n  diametrically 
opposite lobes. These loading arrangements are  shown as Core 2 and Core 3 
respectively i n  Figure 3.0-5. The ef fec ts  on the calculated neutron f l u  
of d i f fe rent  PDQ mesh descriptions were studied for  Core 4 of Figure 3.0-5. 



3.3 Experimental Procedures and Treatment of Data 

Thermal neutron f lux  dis t r ibut ions were measured t o  determine 
1) the f lux  gradients tha t  could be expected from narrow fueled regions, 
and 2) the  e f fec ts  of the re f lec tor  on the f lux i n  an experiment located 
within a lobe. Most of the detailed measurements were made i n  and 
around the NE quadrant, o r  lobe, which contained no control rod fue l  
sections. In those f u e l  elements where detailed measurements were not 
made, the  one measurement was made a t  the midplane i n  the center of the 
element. A s  is  seen i n  the detailed f lux plots, t h i s  is  approximately 
the  minimum f lux  within the  element a t  the horizontal midplane. 

The thermal neutron f lux  dis t r ibut ions were determined from the 
a c t i v i t y  of i r radiated gold fo i l s ,  and base and cadmium covered gold 
wires. The f o i l s  were 5/32 in.  diameter by 0.005 in.  thick. The cadmium 
r a t i o s  were determined from 0 . ~ 4 ~  in.  diameter gold wires 3 i n .  long, the 
centersof which were covered with a cadmium sleeve (0.020 in.  w a l l  and 1 in. 
long). After i r rad ia t ion  the wires were cut in to  114 in. sections and 
the  average ac t iv i ty  of the bare and covered sections was used t o  calculate 
the  cadmium ra t ios .  The cadmium ra t ios  from sleeves were normalized against 
standasd cadmium covered f o i l s .  

- 
The f o i l s  and wires, with cadmium sleeves, were taped with p l a s t i c  . 

e lec t r ic ians  tape t o  e i ther  l u c i t e  s t r ips ,  aluminum str ips ,  or d i rec t ly  
on an experiment. The l u c i t e  s t r i p s  were used where measurements were 
made within a f u e l  element. These s t r i p s  were inserted i n  the fue l  
element coolant channels and were designed t o  posit ion the neutron 
detectors within + 0.03 in.  of the desired location. The aluminum s t r i p s  
were used where measurements were desired i n  a water space. These s t r ips ,  
containing the detectors, were tape& on some object, usually a fue l  
element, such tha t  they protruded in to  the desired region. 

The ac t iv i ty  of all the f o i l s  was converted t o  refat ive thermal 
f lux  by use of the cadmium rat ios .  A more. complete discussion of the 
experimental measurements can be found i n  IDO-16667~. 

3.4 PDQ Calculations. 

Two dimensional calculations were made fo r  the three experimental 
loadings (cores.  2, 3, and 4) using the IM-704 code PDQ-3 and u t i l i z ing  
almost the en t i re  number of mesh points allowed i n  the PDQ code.. A l l  
three loadings went c r i t i c a l  with the shim rod i n  posit ion H-13 p a r t i a l l y  
inserted and all other rods f u l l y  withdrawn. However, fo r  the two- 
dimensional calculations, the rod i n  posit ion H-13 was assumed t o  be 
f u l l y  withdrawn and the posit ion f i l l e d  with the 130 g shim fue l  section. 

A two-group problem w a s  run fo r  each core using a "standard" 
mesh overlay.' A four-group problem w a s  run fo r  Core 3 using t h i s  
standard .mesh and a two-group problem was run for  Core 4 using a 

1. D. R. debisb lanc  e t  al., "The Advanced Test Reactor - ATR Final 
Conceptual Des lgn, " IDO- 16667, November 1.) 1960. 



"special" mesh wherein the experiment i n  the NE lobe was be t te r  represented 
than i n  the standard mesh. 

The fue l  elements i n - t h e  standard mesh and i n  the NE quadrant of the 
special  mesh were divided in to  five regions as s ~ o b  - in  Figur& 3.0-6. 
Region 1 is  the fue l  zone with narrow channel spac'ing (0.105 in.), regions 2 
a re  the fue l  zones with the wide channel spacing, and regions 3 are  the  
side p la te  zones which include the nonfuel bearing edges of the fue l  
p la tes  and associated water channels. All  material within each region 
was assumed t o  be homogenized uniformly throughout the region. 

Because the number of mesh points i n  PDQ i s  limited, it was necessary 
t o  use the same'size of regions t o  homogenize the shim rods and.shim rod 
guide tubes (positions J-5, 5-7, E-9, G-9, and M-9) as  was used for  the 
fue l  elements. Thus, the fue l  of each shim rod was homogenized into * 

region 1 ( ~ i g u r e  3.0-6) by keeping the metal-to-water r a t i o  i n  t h i s  
region the same as i n  the fueled portion of the actual shim rod. A l l  
remaining metal and water was homogenized uniformly into regions' 2 and 3. 
The guide tubes were homogenized by put t ing pure water i n  region 1 and 
uniformly homogenizing the guide tube and the necessary amount of water 
into regions 2 and 3. 

The experiments i n  the standard mesh were each homogenized'into two 
regions as shown i n  Figure 3..0-7. The area of the inner region i s  equal 
t o  tha t  of the aluminum rod. The s ta in less  s t e e l  tube and water i n  the 
annulus are homogenized in to  the outer region. 

In the special'mesh, the fue l  elements, shim rods, and guide tubes 
i n  all but the northeast quadrant were homogenized uniformly over the i r  
respective 3.04 in. square ce l l s .  

The aluminum, s tainless  s t e e l  and water of the experiment i n  the  SW 
lobe of the special  mesh were homogenized over the en t i re  3.1018 in.  
square ce l l .  Th.e mesh l ines  tha t  were made available by t h i s  "coarse" 
homogenization were then u t i l ized  i n  the NE lobe t o  obtain a be t te r  
representation of the experiment. The representation of the  experiment 
i n  t h i s  special  mesh i s  shown i n  Figure 3.0-8. The s ta in less  s t e e l  
pipe, the water annulus and the aluminum rod are  each represented 
separately. 

The f a s t  group constants fo r  these problems were obtained from the 
M U F T - ~  program and the thermal constants a re  Maxwellian averaged. All 
constants were obtained from the same cross section data and by the same 
methods as discussed i n  Section 2.0. 

3.5 Results 

The measured re la t ive  thermal f lux  values were normalized t o  the 
PDQ values of thermal flux. This was done by summing the thermal f lux  
values at the center of each fue l  element and then multiplying the 
measured values by the r a t i o  of the PDQ sum t o  the measured sum. 



The following measurements were made i n  addi t ion t o  the  f l ux  
measurements a t  t he  f u e l  element center .  In  Core 2, f l u x  measurements 
were made i n  t h e  N-S d i rec t ion  through the  center  of pos i t ion  L-8, and 
i n  t h e  E-W d i r ec t i on  through t h e  center of posi t ions  1-10, J-10 and K-10. 
I n  Core 3, thermal f l u x  measurements were made i n  the  E-W direction,  ' 

completely across t he  core, along the  center  of t he  8 row. In  Core 4, 
thermal f l u x  measurements were made i n  the  NE lobe i n  t h e  E-W di rec t ion  
i n  channel 18 of t h e  6 row, and a t  the  center  of the  8 row. Thermal f l ux  
measurements were a l s o  made circumferential ly around t he  experiment i n  
t h e  NE lobe i n  Core 4. These measured t raverses  normalized t o  the  PDQ 
values, a r e  shown i n  Figures 3.0-9 through 3.0-14 along with t h e  calcula ted 
values. Figure 3.0-15 shows t he  comparison over the  core of t h e  PDQ 
and measured values of thermal f l u x  a t  the  center of each f u e l  element fo r  
Core 2. As can be seen, the re  i s  i n  general good agreement between t h e  
measured and calcula ted thermal f l u x  values. The e r ro r  i n  H-14 i s  believed 
t o  r e s u l t  from the  p m t l a l  withdrawal of t he  rod i n  H-13 f o r  c r i t i c a l i t y *  
Table 3.0-A gives a comparison of calcula ted and measured f u e l  element 
maximum-to-average thermal f l u x  r a t i o s  i n  t h e  E-W di rec t ion  of t he  8 row 
of load 3.  This t a b l e  a l ~ o  brings out the  good agreement .between 
measured and calcula ted d i s t r i bu t i ons  within a f u e l  elernen.1. 

TABLE 3.0-A 

MAXIMUM-TO-AVERAGE THERMAL FLUX VALUES 

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

Posi t ion 2- Group b - ~ r o q  Measured 

E- 8 1-34  1.40 1.22 
y- a 1.19 1.19 1 4  18 

0- 8 1.20 1.17 a : l g  
H- 8 1.14 1.14 1.18 

1-8 1.28 1.26 1.28 

J- 8 1.27 1.28 1 .31 

K- 8 1.26 1.25 1.30 

L- 8 1.31 1.32 . , 1.42 

M- 8 1.32 1.34 1.33 
N- 8 1.34 1.46 1.31 

NOTE: Values apply t o  f u e l  containing region only, i. e., t o  
region 1 of Figure 3.0-6. 



The two-group and four-group thermal f l ux  d i s t r i bu t i ons  along t he  
8 row of Core 3 a r e  shown i n  Figure 3.0-16. In  t h i s  f igure,  the  four- 
group f l u x  was power normalized over t he  core t o  t he  two-group f lux.  

The f l u x  obtained from t h e  spec ia l  mesh PDQ problem (core 4 )  was 
power normalized over the.NE lobe t o  t he  standard mesh f lux.  Since 
each f u e l  element w a s  homogenized i n t o  one region i n  th ree  lobes of t h i s  
spec ia l  mesh case there  i s  no thermal f l u x  peaking between f u e l  elements 
i n  these  th ree  lobes. This e f f ec t  may be seen i n  Figure 3.0-13 where t he  
spec ia l  mesh f l ux  i s  p lo t ted  with t h e  standard meshflux along row 8. On 
t he  r i g h t  hal f  of t h i s  f i gu re  t he  t raverse  i s  through the  NE lobe and t he  
two f lwr  d i s t r ibu t ions  a r e  near ly  t h e  same. The greater  peaking i n  the  
specia l  mesh case between elements L-8 and M-8 is due t o  the  proximity of 
t he  experiment i n  t h e  NE lobe and the  b e t t e r  representa t ion of t he  experi- 
ment i n  t he  specia l  mesh. The shape of the  circumferential  f l ux  around 
t he  experiment ( ~ i g u r e  3.0-14) i s  given qu i te  well  by the  spec ia l  mesh PDQ 
case. However, t he  measured values a r e  about 10% higher than t h e  PDQ values. 

Table 3.0-B l i s t s  the  measured and the  calcula ted values of keff f o r  
t h e  3 cores. The two-group standard mesh PDQ values a r e  all about 5-11% 
high, t he  four-group value i s  about 3% high, and t he  spec ia l  mesh value 
i s  7% high. 

Thus, t he  use of t he  PDQ program with Maxwellian averaged thermal 
constants gives good agreement t o  t he  measured thermal f l ux  values but  
the .ca lcu la ted  values of keff a r e  i n  ra ther  poor 'agreement with t he  
measured values. The four-group problem y ie lds  b e t t e r  agreement i n  the  
value of keff and a somewhat d i f f e r en t  (but  no b e t t e r )  f l u x  d i s t r i bu t i on  
from the  two-group problem. In  t he  specia l  mesh problem the  f l ux  d i s t r i -  
bution i n  t he  homogenized elements follows t h e  general t r end  of t he  
standard mesh f l ux  d i s t r i bu t i on  but does not give t he  thermal f l u x  
peaking between f u e l  elements. 

TABLE 3.O'B 

MEASURED k-,, AND PDQ. EIGENVALUES 

FOR THREE ATR MOCKUP CORES 

PDQ Eigenvalues 
2- Group 

Standard Mesh 4- ~ r o u p  Special  Mesh 

1.058 - - 
1.052 1.034 - 
1.058 ' - 1.070 

Core 

2 

3 
4 

Measured keff 

1.0016 

1.0017 

1.0022 
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GRID POSITION 

FIG. 3.0-1 1 
THERMAL FLUX IN ROW 8 OF ATR MOCKUP-CORE 3 

rlc. 3.0-12 
THERMAL FLUX IN ROW 6 OF ATR MOCKUP- CORE 4 



FIG. 3.0-13 , 
THERMAL FLUX IN .ROW 8 OF .ATR MOCKUP-CORE 4 
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4.0 TWO-DIMENSIONAL CALCULATIONS 

The f lux  and power d i s t r i bu t i ons  and e f f ec t i ve  mul t ip l ica t ion 
f ac to r s  o r  eigenvalues f o r  two-dimensional models of the  ATR'as de te r -  
mined by PDQ-3 ca lcu la t ions  a re  presented i n  t h i s  sect ion.  Burnup 
e f f e c t s  and time dependent behavior a r e  presented i n  Section 6.0. Each 
PDQ problem has been assigned a case number t o  f a c i l i t a t e  reference t o  
t h e  o r i g i n a l  da ta .  The case numbers a r e  grouped i n t o  s e r i e s  f o r  problems 
on s imi la r  models of t he  reac to r .  

4 . 1  PDQ-3 Problem Summary 

Each of the  1000 s e r i e s  problems has a 3 i n .  D20 r e f l e c to r  
shim con t ro l  region and an e x p l i c i t  representat ion of the  pressure tubes 
separate  from the  experiment. This s e r i e s  uses a quar ter  core f i ne  mesh 
representa t ion f o r  a l l  problems as shown i n  Fi. ,gre 4.0-1. As the  1000 
s e r i e s  pro.blems progressed changes i n  metal-to-wa+,er r a t i o ,  f u e l  densi- 
t i e s ,  and r e f l e c t o r  and neck shim poisoning were made as seemed appropri- 
a t e  t o  be more r e a l i s t i c  toward f i n a l  se lected design. 

The 3000 s e r i e s  problems a l s o  have a 3 i n .  D20 r e f l e c to r  shim 
con t ro l  region but  the  pressure tubes a re  homogenized i n to  the  experi-  
ments and there  a r e  no aluminum separator r i ngs .  These problems were 
p r i nc ipa l l y  t o  examine the  power s h i f t i n g  from various combinations of 
neck and r e f l e c t o r  shim con t ro l  poisoning and a l so  the  e f f ec t s  produced 
by adding an absorber t o  the fueled region.  The PDQ temperature co- 
e f f i c i e n t  s tud ies  a re  a pa r t  of t h i s  s e r i e s .  The quar ter  core coarse 
mesh with 1764 mesh points  shown i n  Figure 4.0-2 gi~resconsiderable savings 
i n  machine time as  wel l  as good r e su l t s  f o r  t he  purposes f o r  which it i s  
used. 

The 4000 s e r i e s  problems a r e  of the  coarse mesh type s imi la r  
t o  the  3000 s e r i e s  mesh and a r e  a l s o  described by Figure 4.0-2. These 
problems d i f f e r  from 3000 s e r i e s  problems i n  t h a t  they have a ha l f  core 
descr ip t ion ins tead of a quar ter  core as the  1000 and 3000 s e r i e s  have. 
The ha l f  core descr ip t ion enables poisoning of one lobe o r  one neck 
region and observing the  power s h i f t i n g  e f f e c t  produced by t h i s  per tur-  
bat ion.  Also, lobe f u e l  and center  fueled regions c m  be poisoned 
fu r t he r  o r  the  burnable poison removed to observe the  power s h i f t i n g  
e f f e c t .  

The 5000 s e r i e s  problems use the f i ne  mesh descr ip t ion of 
Figure 4.0-3 which d i fyers  from the  1000 s e r i e s  problems i n  t h a t  a 
s o l i d  r e f l e c to r   him control regicrn i s  ilescr.ibed. VsriOuE combinations 
of r e f l e c t o r  blades i n  and out  and neck poisoned with s a f e ty  blades i n  
arid out a r e  s tudied.  The p r inc ipa l  purpose here i s  t o  get  the t o t a l  
con t ro l  worth (both shutdown and shim) and power s h i f t i n g  e f f ec t s  of 
t h i s  type of '  control .  



The 6000 s e r i e s  problems a re  s imi la r  t o  the  5000 se r ies .  prob- 
lems i n  having a f ine  mesh descr ipt ion but t h i s  s e r i e s  has a 112 i n .  
l i g h t  o r  heavy water r e f l ec to r  shim control  region ra ther  than the  114 i n .  
s o l i d  blade control  as shown i n  Figure 4.0-4. Various combinations of 
l i g h t  o r  heavy water poisoning and outer  r e f l ec to r  materials  have been 
used t o  evaluate t h i s  type of system. 

A representative sample of each s e r i e s  i s  shown i n  Table 4.0-A. 
The 2000 s e r i e s  problems a re  concerned'with the  PDQ calculations on the  
ETRC and a re  not included i n  the  t ab l e .  The e f f ec t s  of the  mesh descrip- 
t i o n  on the  calcula t ions  and the  r e su l t s  from a TRANSAC problem using 
20,000 mesh points a re  discussed i n  Appendix 12.2. 

4.2 Results of Two-Dimensional Calculations 

The conditions' ex i s t i ng  at  the  s t a r t  of the  cycle fo r  a typ i -  
c a l  experimentalbad-inginthe reactor  with r e f l ec to r  shim control  by 
poisoning of D20 regions are  summarized i n  Table 4.0-B. The same data  
a re  given fo r  a system with poisoned Hz0 r e f l ec to r  shim control  but 
with a somewhat d i f f e r en t  a r ray  of experiments i n  Table 4.0-C. I f  the  
two shim control  systems a re  adjusted t o  produce the  same core power 
d i s t r ibu t ion  the  e f f ec t s  on the  reactor  a re  e s sen t i a l l y  equivalent .  
The power d i s t r i bu t i on  of Table 4.0-B i s  adjusted t o  be near optimum 
f o r  meeting o r  exceeding the  f lux  requirements given i n  t h a t  t ab le .  
The power division of Table 4.0-C represents a t yp i ca l  amount of power 
s h i f t i n g  but produces d i f f e r en t  fluxes i n  the same type experiment and 
no requirements a re  s t a t ed .  

Tables 4.0-B and b.0-C show t h a t  the  A-3  and A-5 t e s t  f l u  
requirements can be subs tan t ia l ly  exceeded a t  a reactor  power of 250 Mw 
and a peak power densi ty  i n  the  core of 2.5 ~ w l l i t e r .  N o  requirements 
have been s e t  f o r  the  experimental f a c i l i t i e s  ex t e r i o r  t o  the  core but  
the  f lux  leve l s  there  are  quite sa t i s fac tory .  However, it should be 
recognized t ha t  these f luxes cannot be controlled irldependently of those 
i n  the  c It i s  d i f f i c u l t  t o  meet the  thermal f lux  spec i f ica t ion  of 
1.0 x 10q5e~/cm2 sec  fo r  an A - 1  experiment when a s t a in l e s s  s t e e l  pres- 
sure tube i s  used. I n  t h i s  case, it i s  necessary t o  place the  experiment 
i n  the  center f a c i l i t y  and use some power f l a t t en ing  technique t o  keep 
the  m a x i m t u n  power density from being excessive. Replacement of the  
s t a in l e s s  with a mater ia l  having the  propert ies of zirconium increases 
the  thermal f lux by a fac tor  of about two so t h a t  there  i s  no problem 
i n  meeting the  thermal f l u  requirements. 

Detailed thermal f lux p lo t s  along the  north, e a s t ,  and 
diagonal d i rect ions  fo r  the  three  mesh descriptions discussed i n  
Appendix 12.2 are  shown i n  Figures 4.0-5, 4.0-6 and 4.0-7, respect ively .  
Corresponding f a s t  fluxes are  shown i n  Figures 4.0-0 and 4.0-9 for, the  
ea s t  and diagonal d i rec t ions .  Combined f a s t  and thermal f lux p lo t s  f o r  
a f ine  mesh representation are  shown i n  Figures 4.0-10, 4.0-11 and 
4,O-12. These p lo t s  are  .ty,pical f o r  the  ATR with the  exception t h a t  a 
zirconium tube i s  used instead of s t a in l e s s  s t e e l  f o r  the  A - l  t e s t s  and 
therefore  the f luxes i n  these t e s t s  are  too high. 



TABLe 4 . 0 - A  

TYPICAL PDQ-3 PROBLLW 

(more) 



TAEIX 4.06 (~ont.) 

TYPICAL PDQ-3 PROBLENS 

* 25 kg cf U-235 in core 
A dash ( - - )  indicates same as previous column ' 

A Run wit.h diagonal symmetry 
& Composition numbezs omitted are not used in calculaticm 



TABLE 4.0-B 

TYPICAL START OF CYCLE CONDITIONS 
FOR REACTOR WITH'POISONED D9O REFLECTOR SHIM CONTROL 

* Flux values adjusted 
** Narrow type blades .  See Figure '4.0-1 

- .38 - 

- - - 
PDQ' c a s e  1035 
Mesh Description Figure 4.0-1 
Core Fuel Content 25.2 K g  U-235 
Core Burnable Poison Content 128 g na tura l  boron 

Reflector Control Region Grams D3BO31liter of D20 

East  3 -8 
West . 3  -8 
Nnrt,h 4 . 9  
South . . 4.9 

Neck Control Region , Grams ~ 3 ~ 0 3 / l i t e r  of H20 

East  25 
West 25 
North ' 25 

25 South 

Core Region Fraction of Core Power 

Center 25.4 
I East  20.1 

West - 20.1 
North 17.2  
South 17.2 

Reactor Power 250 .MW 

Peak Power Density 2.56 . ~ w / l i t e r  

Expel-iment 

Safety  Blades- E i ge nv.alue 
. . 

Withdrawn . 1.096 
Inser ted 1.015 (case 1037, f lux  and power 

. - dis t r ibu t ions  not applicable f o r  
comparison with other calc,ula- 
t ions  ) 

Faa 1 ~ l ~ ( l i / c l l l ~  r e c )  
Loop 

SS 
Z r  
Z r  
SS 
SS . 

SS 
SS 
SS 

Location 

Center 
East  Lobe 
West Lobe 
North Lobe 
South Lobe 
Exter ior  
East  Lobe* 
West Lobe* 

Calc. 

2 . 1 ~ 1 0 ~ 5  
1 . 3 ~ 1 0 ~ ~  
- 1 . 3 ~ 1 0 ~ 5  
1 .3x1015 
1 . 3 ~ 1 0 ~ 5  
1.6~1015 
1.3&1o15 
1.3~10'5 

' Type 

A-3 
A - 1  
A T 1  
A-5 
A-5  
A-5 
A - 1  
A-1  

2 ~ l l e r  . ~ l u ( u / q u -  aec )  , 

. Required 

.1. 5 
1 .0  
1 .0  
1 .0  
1 . 0  
- 

1 . 0  
1 .0  

Calc . ' 

0.61~1015 
1 . 4  x1015 
1.4 x1015 
0.45~1015 
0.45~1015 
0.5 5x10~5 
0.66xl0l5 
0.66~1015 

Required 

0.48 
1 .O 
1.0 
0.32 
0.32 
- 

1 .O 
1 .0  



. . TABU 4 -0-c 

TYPICAL STARC OF C Y C U  CONDITIONS 
FOR REACTOR WITH POISONED HpO REFLECTOR SHIM CONTROL 

PDQ Case 6014 
Mesh Description Figure 4.0-4 
Core Fuel Content 

For PDQ Calculations - 25.2 Kg U-235 
After Adjustment fo r  

S t ruc tura l  M a t l l  i n  Refl.  33 Kg U-235 
Core Burnable Poison Content 128 g na tura l  boron 
E i genvalue 1.086 - 

Reflector Control Region Grams H ? ~ ~ ? / l i t e r  of H20 

Eas -1; 22.8 
West 22.8 
North 29.4 
South 29.4 

Neck Control Region ' Grams H3B03/liter of Hz0 

East 25 
West 2 5 
North 25 
South 25 

Core Region Fraction of Core Power 

Center 27.8 
East . 19.1 
West 19.1 
North 17.0 
south 17 .o 

Reactor Power 250 Mw 
Peak Power Density 2.51 Mw/liter 

Experiment Fast Flux 
n/cmc sec 

2.1 x 1015 
1 . 4  x 1 0 ~ 5 .  
1 . 4  x 1015 
1 . 2  lo15 
1 . 2  x 1015 
1 .3  x lo15 

Thermal Flux 
n cmd sec 

0.55 x lo1? 
0 .76 x lo15 
0.76 x lo15 
0.39 x lo15 ' 

0.39 x 1015 . 
0.56 x 1015 

Loop 

SS 
SS 
SS 
SS 
SS 
SS 

Location 

Center 
East Lobe 
West- Lobe 
North Lobe 
South Lobe 
Exterior 

Type 

A-3 
A-5 
A-5 
A-5 
A-5 
A - 5  



A number of r e a c t i v i t y  e f f e c t s  as  found by two-dimensional c a l -  
cu la t ions  a r e  t abu la ted  i n  Tables 4.0-D t o  4.0-J. One-dimensional r e s u l t s  
a r e  discussed i n  Section 7 .0 .  

The maximum power de'nsity depends' upon the  experimental loading, 
t h e  core power d i s t r i b u t i o n ,  the.composition i n  the  f lux  traps and the  
d e t a i l e d  design of t h e  core and adjacent  regions.  Therefore, t h e  r e s u l t s  
a r e  given f o r  s i t u a t i o n s  expected t o  be t y p i c a l  i n  operat ion of the  ATR 
bu t  not  necessa r i ly  represent ing t h e  extreme conditions t h a t  may be 
des i red .  The maximum power d e n s i t i e s  as  given i n  Tables 4.0-B and 4.0-c 
a r e  f o r  uniform d i s t r i b u t i o n  of f u e l  and burnable poison i n  the  core and 
can be reduced i f  necessary by appropriate power f l a t t e n i n g  measures. 
Calculat ion of t h e  peak power dens i ty  i s  subject  t o  a number of un- 
c e r t a i n t i e s  and t h e  fol lowing procedure has been used t o  provide a con- 
s i s t e n t  approach. The maximum value of the  pointwise f l u x  as  ca lcula ted  
by  PDQ f o r  the  homogenized core region i~ found and the  maximum-to- 
average thermal f lux  r a t i o  determined f o r  t h e  PDQ plane and mul t ip l ied  
by 1.4,  t h e  a x i a l  maximum-to-average r a t i o .  The average power densi ty  
i s  then mul t ip l ied  by t h i s  r a t i o  and severa l  correc t ions  applied as  
described below t o  obta in  t h e  est imate of t h e  peak power densi ty .  The 
f a s t  f l u x  i s  f l a t t e r  than t h e  thermal f lux  and from examination of a  
number of cases a cor rec t ion  f a c t o r  which reduces t h e  peak by 8% has been 
determined. The homogenization of the  core el iminates t h e  peaking along 
t h e  core annulus near the  s idep la tes  of t h e  elements. ,Supplementary one- 
dimensional WANDA and Sn ca lcu la t ions  show t h a t  t h i s  e f f e c t  increases the  
peaking by about 10 t o  15%. The a c t u a l  value w i l l  depenti on t h e  design 
of  the  element and can be reduced i f  necessary by inclus ion of some of 
t h e  burnable poison i n  t h e  s i d e p l a t e s .  It i s  necessary t o  represent  t h e  
core a s  homogenized i n t o  rec tangular  regions f o r  t h e  PDQ ca lcu la t ions .  
As a  r e s u l t  the  core i s  described a s  having corners j u t t i n g  out  i n t o  the  
adjacent  r e f l e c t o r  o r  f l u  t r a p  moderator and t h i s  produces a ca lcu la ted  
f l u x  peaking somewhat g rea te r  than i f  t h e  boundary i s  a  smooth curve. I n  
add i t ion ,  t h i s  r epresen ta t ion  makes it d i f f i c u l t  t o  ass ign t h e  point  a t  
which t h e  f u e l  should be considered as  ending i n  the  homogenized core 
region which extends somewhat beyond t h i s  po in t .  From examination of 
s e v e r a l  two-dimensional f l u x  maps a correc t ion which decreases t h e  peaking 
by 15$ i s  est imated f o r  these  two e f f e c t s .  Taking a l l  correc t ions  i n t o  
account t h e  maximum-to-average r a t i o  a s  determined f o r  t h e  thermal f lux  
a t  the  h ighes t  point  i n  t h e  core region and a t  '~-1e mtdpoint f g ~ m  t , ~ p  t o  
bottom of the  core i s  mul t ip l ied  by 0 .9  before it i s  applied t o  t h e  
average power dens i ty  t o  obta in  the  peak when a f i n e  mesh descr ip t ion 
of t h e  core i s  used. When a coarse mesh i s  used an add i t iona l  correc t ion 
i s  made, a s  described i n  Appendix 12.2 Calcu3.a.tions have been made using 
two d i f f e r e n t  widths of blades f o r  the  followers f o r  the  s a f e t y  controls  
a s  shown i n  Figures 4.0-1 and 4.0-4. The r e s u l t s  shown i n  Table 4.0-B 
a r e  f o r  t h e  wide blade and those of Table 4.0-c f o r  t h e  narrow blade.and 
f o r  these  two cases,  t h e  blade width does not  seem t o  be important.. 
However, d i r e c t  comparison shows t h a t  i n  some instances going from t h e  

. narrow t o  t h e  wide blade can increase t h e  peak power densi ty  by 30%. 



The e f f ec t  probably depends on the  core power d i s t r i bu t i on  and as  con- 
s iderable  adjustment of t h i s  d i s t r ibu t ion  must be avai lable ,  care must 
be taken t o  keep the  sa fe ty  rod s t ruc ture  from increasing the' f lux  peaking. 

In evaluating r e a c t i v i t y  calcula t ions ,  it i s  necessary t o  decide 
what calculated eigenvalue corresponds t o  a keff of un i ty  fo r  the  ac tua l  
system. The comparisons of measurements and calculations i n  Section 3.0 
indicate  t h a t  a beryllium re f lec ted  reactor  i s  j u s t  c r i t i c a l  when the  
calculated eigenvalue i s  approximately 1.06. It i s  assumed t h a t  the  same 
difference e x i s t s  with a D20 r e f l ec to r .  I n  the  calcula t ions  it was con- 
venient t o  use a square r e f l ec to r  t o  permit use of diagonal symmetry when 
desi red.  This fu r ther  increases the  discrepancy. In  addit ion,  engineer- 
ing  d e t a i l s  of s t r u c t u r a l  materials  i n  the  core and r e f l ec to r  were not 
avai lable  f o r  the  calcula t ions .  As a r e s u l t  of these fac tors  it i s  
estimated t h a t  the  system would be jus t  c r i t i c a l  with a calcula ted eigen- 
value of 1.09. The PDQ convergence procedure causes the  t e s t  f luxes t o  
be low with respect  t o  the core f luxes when the  eigenvalue i s  above un i ty  
and so the  procedure i s  conservative i n  t h i s  respect .  The f u e l  loadings 
may be somewhat high and should be re-evaluated when a more accurate 
descr ipt ion i s  avai lable .  

The loose coupling between lobes i n  ATR introduces the  property 
t h a t  a perturbation i n  the  operating conditions of one lobe can cause a 
s h i f t  of power from lobe t o  lobe. The control  system must be capable of 
holding deviations from the  desired lobe power l eve l s  within acceptable 
l imits . .  I n  addit ion,  the  control  system must be capable of producing 
the  i n i t i a l  power unbalance among the  core lobes t o  give the  desired 
t e s t  f luxes .  .The e f f ec t s  on the  core power d i s t r i bu t i on  of changes i n  
the  absorption cross sect ion of individual  core lobes and of the controls 
individual ly  and i n  groups a re  l i s t e d  i n  Table 4.0-K. 

The addit ion of 0.02 cm-l poison i n  the  ea s t  lobe fueled'  region 
causes a power reduction i n  the  e a s t  lobe of approximately 66%. In order 
.Lo res to re  t h i s  power t o  i t s  value before the  addition of the poison it 
i s  necessary t o  p u l l  poison out of the  e a s t  r e f l e c t o r .  I f ,  o r ig ina l ly ,  
there  were 3 g / l i t e r  of boric acid  i n  the  ea s t  r e f l e c to r  and t h i s  i s  
pulled out, the  power i n  the  e a s t  fueled region w i l l  be res tored t o  or  
s l i g h t l y  above what it was before the  introduction of the  0.02 cm-l poison 
i n  the  fueled region. 

Poison i n  a s ingle  neck region has a minor e f f e c t  on power 
s h i f t i n g  when compared'to the  poisoning i n  a r e f l e c t o r  region. 

Conclusions are  t h a t  the  combination of r e f l ec to r  and neck 
poison ce r t a in ly  give.6. adequate con t ro l  f o r  power res to ra t ion  from 
disturbances while operating. 

Under more r e a l i s t i c  operating conditions, poison w i l l  be found 
i n  a l l  necks and r e f l ec to r s .  As can be seen a great  deal  of power s h i f t -  
ing can be accomplished by a combination of removing poison from one 
r e f l ec to r  and adding it t o  another. 



TABLE 4.0-D 

SHUTDOWN CAPABILITY OF SAFETY BLADES 

* Contains 36 K g  of  U-235, a l l  o t h e r  cases  con ta in  25.2 K g  of ~ 1 2 3 5 .  

PDQ No. 

~ 0 3 1  
1036 

i 0 0 4  
1025 

1035 

, 5004 
5008 ' 

5005 
5006 

Notes: Blades a r e  b l ack  when i n s e r t e d ,  and 70% Al-30% H20 when 
withdrawn. Epi thermal  cons t an t s  f o r  20 m i l  cadmium a r e  
descri.hed i n  WAPD-170, "Experimental and T h e u r - e L . 1 ~ ~ 1  
Study o f  Criticad. S labs  - E f f e c t  OF Absorbing Membranes 
of  Cadmium, Gold, and Boron," A.  D.  Voorhis e t  a 1  

Narrow blades  - s e e  Figure 4 .0-1  

Blade 
Type 

Narrow 
Narrow 

Narrow 
Narrow 

Narrow 

Wide 
Wide 

Wide 
Wide 

Wide b,ladec - s e e  Figure 4.0-4 

Blade 
P o s i t i o n  

Withdrawn 
I n s e r t e d  

Withdrawn 
I n s e r t e d  

Withdrawn 

Withdrawn 
I n s e r t e d  

Withdrawn 
I n s e r t e d  

E i ge nvalue 

1.215 
.1.142 

1.2983~ 
1.2543~ 

1 .og6 
1.915 

1.149 
1 .072  

1.095 
1.057 

Cont ro l  Condition 
Ref l ec to r  

Clean 
Clean 

Neck 

Clean 
Clean 

200 g / l  
200 g / l  

( s t a r t u p  condi t ions  ) 
( S O C T ~ I ~ I C  4.0-17 

Clean 
Clean 

200 g/l 
200 g / l  

i '  



TABLE 4.0-E 

REACTIVITY EFFECT OF POISON. - 

I N  TWE-INCH THICK Ds.REFLECTOR SHIM CONTROLS 

Note: Mesh i s  described by Figure 4.0-2. 

, - - - .  I 
PDQ No : Eigenvalue ' 

TABLE 4.0-F 

3002 

3012 

3005 

3006 

REACTIVITY EFFECT OF POISON 
I N  ONE-HALF INCH THICK Hz0 mFLECTOR SHIM CONTROLS 

Clean 

3 
10 

t 22 

Note: Mesh i s  described by Figure 4.0-4. 

1.225 

1.151 
1.119 

1.108 

PDQ No. 

6007 

6008 

6009 

601.0 

Grams ~ ? ~ 0 ? / l i t e r  
of - H$ 

Clean 

50 

Clean 

50 

Exterior Loop 
Reflector Region 

D20 

D20 

go$ Be - 10% H20 

90% Be - 10% H20 

Eigenvalue 

1.164 

1.093 

1.151. 

1 .OgO 



TABLE: 4.0-G 

REACTIVITY EFFECT OF POISON . .  
I N  NECK SHIM CONTROLS 

. . "  . . 

Clean 

10 

50 ' 

200 

PDQ No. 

Note: Mesh i s  descr-i.l~ed by F igu re  4.0-2. 

TABLE 4.0-H 
, 

EFFECT OF BLADE 
REFLECTOR SHIM CONTROL 

Grams H3~03 / l i t e r  
of H2O . E i genva.1 .ue 

Notes: Mesh i s  descri'bed by Figure 4.0-3. 

Black blades are  30% H20 - 7076 Al when withdrawn and 
equivale11.1; t o  box of 20 m i l  cadmium when inser ted,  
constants are  consistent  with WAPD-170. 

X i  c~nva.l.ue - _ 

1.145 
1.052 

1.149 
1 . 0 5 1  

1.149 
1.072 

-. 

G r a y ,  blades Cza = 0.2)44. 

Outer 
Rcflcctor 

90% Be - 10$ Hz0 
90% Be - 10% H20 

D2° 
D20 

D2° 
D2° 

Blade 
PUS L L iou 

Withdrawn 
, Inser ted 

Withdrawn 
Inser ted 

Withdrawn 
Inser ted 

PDQ go. 

5002 
5001 

5004 
5003 

L 5004 
5007 

H Lade 
'l'y-pe 

Black 
Black 

Black 
Black 

Gray 
Gray 

j I 



, REACTIVITY EFFECT OF FUEL LOADING 

* Corrected f o r  mesh e r ro r  

Notes: Mesh described by Figure 4.0-1. 

Core contains no burnable poison. 

Ei genvalue 

1.400 

. - 1.357 

1.302" 

PDQ No. 

1°7 ' 1019 

1009 

TABU 4.0-5 

-- 
Fuel Content 

45 kg U-235 

36 kg U-'235 

8 kg U-235 

mACTIVITY EFFECT OF BURNABLF: POISON I N  CORE 

* C@ = 0.015 i n  a l l  other core regions. 

I 
Note: Meshes a re  described by Figure 4.0-2. 

PDQ No. 

3003 
3002 
3004 

3010 
3002 
3010 

4001 
4007 
4002 

Contribution of 

t o  ~ ~ , , ( c m  

0 
0 .0l5 
0.035 

0 
0.015 
9.035 

0 
0.015 
0.035 

Region t o  
Which Poison 

i s  Added 

Ent i re  Core 
Ent i re  Core 
Ent i re  Core 

Center Fuel Region 
Center Fuel Region 
Center Fuel Region 

East Core Lobe 
East Core Lobe 
East  Core Lobe 

Ei  genvalue 

1 335 
1.225 
1.105 

1 . 2 5 ~  
1.225" 
1.200* 

1.254* 
1.224" 
1.207" 



CABLE 4.0-K 

EFFECTS OF CO!!lTROIS AND CORE POISONING ON AIPR POWER DISTR1SUTIC)N 

Note: g / l i t e r  boric  acid = gram o l  boric acid containing natural  boror: per l i t e r  

I 
3alf Core Cases + increase) 

$ shin I- decrease) ,kerf 
PDQ No. E Core lobe 

4007 
4001 

. 4002 

1.224 
1.254 

1.207 

R e f e r ~ n c e C e s e ~ P = . 0 1 5 a l l l o k s  
@ = 0 i n  eas t  lobe 
P = .035 i n  eas t  lobe 

Power - Mw 
C E W ' N & s  

p . 6  
75.6 

z3.2 

C W 

--- 
-5.5 

+3.3 

--- 
-23.6 

+17.0 

N & S  

--- 
-10.4 

+ 7.4 

49.9 
38.1 

58.4 

50.2 
45.0 

53.9 

49.1 
46.4 

50.7 

--- 
+49.4 

-34.4 



I. OUTER REFLECTOR 
2. INNER REFLECTOR 

(REFLECTOR SHlM CONTROL) 
3. OUTER LOOP REFLECTOR 
4. LQBE FUEL REGION 
5. SEPARATOR RING 
6. LOBE FLUX -TRAP MODERATOR 
7. EXPERIMENT PRESSURE VESSEL 
8. LOBE EXPERIMENT 
9. EXTERIOR EXPERIMENT 

10. 
I I .  
12. 

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

FIG. 4.0-1 

.FINE MESH PDQ MODEL OF ATR WITH THREE INCH REFLECTOR SHlM CONTROL 

CENTER EXPERIMENT 
CENTER FUEL REGION 
CENTER EXPERIMENT 

FLUX -TRAP MODERATOR 
NECK FILLER REGION 
NECK SHlM CONTROL REGION 
NECK SHlM CONTROL REGION 
SAFETY BLADE 
EXTERIOR EXPERIMENT 

FLUX -TRAP MODERATOR 



I OUTER REFLECTOR 8 EAST NECK SHIM CONTROL REGION 

2 INNER REFLECTOR (SHIM CONTROL) 9 SAFETY BLADE 
3 OUTER LOOP REFLECTOR 10 EXTERIOR EXPERIMENT FLUX TRAP MODERATOR 

4 LOBE FUEL I I EXTFRIOR FXPFRIMFNT 
5 LOBE FLUX TRAP MODERATOR I 2  CENTER FUEL REGION 
6 LOBE EXPERIMENT AND PRESSURE VESSEL 13 CENTER EXPERIMENT FLUX TRAP MODERATOR 
7 NECK FILLER REGION 14 CENTER EXPERIMENT 

N~TES: THIS MESH IS USED FOR 3000 SERIES PROBLEMS WITH 1764 INTERIOR MESH POINTS IN ONE OUADRANT, 
AND FOR 4 0 0 0  SERIES PROBLEMS WITH 3 5 7 0  INTERIOR MESH POINTS IN TWO QUAORANTS. 

ADDITIONAL COMfOSITION3 ARE USED A3 REQUIRED W R t N  LUNl t N  I S  Ul- SIMILAR REGIONS DIFFER 

I. c. -I-.l" 

FIG. 4.0 - 2 
COARSE MESH PDQ MODEL OF ATR WITH THREE INCH REFLECTOR SHlM CONTROL 

- 4 8 -  



I I  I I I  II ' I  I I l l  II11111111111111 1 1 1 1  1 I I I I  I I I I I I I IIII I l l  I IIII I I I I I  II1111IIIIII111111 I I I 
0 40 45 50 58 60 65 70 75 80 87 

I. OUTER REFLECTOR 
2 LOBE INNER REFLECTOR 
3. OUTER LOOP REFLECTOR 
4. ZIRCONIUM LINER FOR LDBE FLEL 
5. REFLECTOR CONTROL BLADE 
6. LOBE FUEL 
7. LOBE FLUX TRAP MODERATOR 
a SAFETY BLADE 
9. EXPERIMENT PRESSURE VESSEL 

10. LOBE EXPERIMENT 
I 1  EXTERIOR EXPERIMENT FLUX TRAP MODERATOR 
12. EXTERIOR EXPERIMENT 
13. CENTER FUEL REGION 
14. SAFETY BLADE GUIDE SECTION 
15. NECK SHlM CONTROL REGION 
16. NECK FILLER REGION 
17 CENTER EXPERIMENT 

NOTES: THIS MESH IS USED IN 5000  SERIES PROBLEMS WITH 7396 INTERIOR MESH POINTS IN ONE QUADRANT 
ADDITIONAL COMPOSITIONS ARE USED AS REQUIRED WHEN CONTENTS OF SIMILAR REGIONS DIFFER 

FIG. 4.0-3 WSL-E-307. 

PDQ MODEL OF ATR WITH BLADE REFLECTOR SHlM CONTROL 



I I  I l l  II I I I l l  llIIl11111I111111111 I l l  I I  I I I I I I I IIII I l l  I I I II I I I I I  IIIl1lIIIIII111111 I I I 
0 5 40 45 50 50 BQ 69 70 75 89 67 

I OUTER REFLECTOR 
2 INNER REFLECTOR (SHIM CONTROL) 
3 OUTER LOOP REFLECTOR 

4. ZIHCUNIUM LINER FOR LOBE FUEL 
5. LOBE FUEL 

6. LOBE FLUX TRAP MODERATOR 
1 EXPERIMENT PRESSURE TUBE 

8 LOBE EXPERIMENT 

9 FXTFRlOR EXPERIMENT 

la EXTERIOR EXPERIMENT FLUX TRAP MODERATOR 

II. SAFETY BLADE 
12. SAFETY BLADE GUIDE SECTION 

13. NECK SHlM CPNTRQL REGION 
14. CENTER FUEL REGION 

15. NECK FILLER REGION 

16. CENTER EXPERIMENT 

NOTES: THIS MESH IS USED FOR 6 0 0 0  SERIES PROBLEMS WlTH 7 3 9 6  INTERIOR MESH POINTS IN ONE QUADRANT 
ADDITIONAL COMPOSITIONS ARE USED AS REQUIRED WHEN CONTENTS OF SIMILAR REGIONS DIFFER 

FIG. 4.0-4 P P  sa-T ,,a0 

PDQ MODEL OF ATR WlTH ONE-HALF INCH REFLECTOR SHlM CONTROL 





2.5 

LCCCND 
I CFNTFR FXPFRIMFNT (A-31  
d EXP. PRESSURE VESSEL (S. STL.+ VOID1 
1 CFNTFR FXP. F I  I I X - T R A P  MDDERATOR fMIW.41 

2.0 4 NECK F I L L E R  REGION I M I W -  41 

5 NECK SHIM CONTROL REGION ( H 2 0 1  
6 S A F E T Y  BLADE ( M I W  - 2.331 
t dLrwn"numt ~uli16 f A ~ _ l  
8 EAST LOBE F L U X - T R I P  MODERATOR (H2D1 - " 9 EXP. PRESSURE VESSEL (ZR.+VOIDl - 

'0 @ I0 EAST LOBE EXPERIMENT ( A - I )  
I /  E A S T  LOBE F U E L  REGION . 
.OR CAQT n c r L C r r Q n  2!3mna cnuronl 

lu  U + l u g .  U p Y u 3 1 ~ I T E R l  
I I ,  "ji t H  H L k L t C I U H  ,U2U, "1 . - 

X 

COPRSE MESH.  PDQ Nu. 1 0 3 6 .  FIO. 4.0-2 
CINC MESH. PUO NO. 1040.  FIG. 4.0-1 

3 0 TRANSAC 
Y 

1.0 . .. .. . - - - 
a LL 

: FLUX VALUES ARE FOR M I D - P L A N E  AT 
I o o n c  r o w c n  o r  c s o  M. 

FAST FLUX. F L U X  ABOVE 0 .625s"  

0 
I I I I I I I I I I 

0 10 2 0  i 0  ' 4'0 50 60 70 8 0  90 
DISTANCE FROM CORE E (cm) P P CO.-0- 3082 

FIG. 4.0-8 
ATR FAST FLUX PLOTS - E A S T  TRAVERSE 

2.5 

2.0 

- 
- 
- 
- 

- 

LEGEND 

I. CENTER EXPERIMENT ( A - 3 1  
2. CENTER EXP. FLUX-TRAP MODERATOR ( M I W ' 4 I  
3. CENTER FUEL REGION 
4. SEPARATOR RING ( A U  
5. EXTERIOR EXP. FLUX-TRAP MODERATOR (H201 
6. EXP. PRESSURE VESSEL IS. STL. t VOID1 
7. EXTERIOR EXPERIMENT (A-51  
8. OUTER LOOP REFLECTOR ( M I W  32.31 
9. OUTER REFLECTOR ( 0 2 0 1  

- COARSE MESH ' 

-- FINE MESH. PDO NO. 3 0 3 6 .  FIG. 4.0-2 

0 . o TRANSAC 

- NOTE: F L U X  VALUES ARE FOR MID-PLANE AT 
A CORE POWER OF 2 3 0  M r  

X - 
J Y - 
2 1.0 
z 

- 

0 
I I . ,  ; - I  

- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 

0 
I I. I 

10 2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  100 110 120 130 140 150 
DISTANCE FROM CORE E Icm) 

FIG. 4.0-7 
ATR THERMAL FLUX PLOTS -NORTH EAST DIAGONAL TRAVERSE 



DISTANCE FROM CORE c lcrnl 

FIG. 4.0-9 
ATR FAST FLUX PLOTS - NORTH-EAST DIAGONAL TRAVERSE 

DISTANCE FROM CORE $ (cm) 

FIG. 4.0-10 
TRANSAC PDO FLUX PLOTS ALONG NORTH TRAVERSE OF. ATR 

- 53 - 



FIG. 4.0-1 1 
TRANSAC PDQ F L U X  PLOTS ALONG E A S T  TRAVERSE OF ATR 

FIG. 4.0- 12 
TRANSAC PDQ FLUX PLOTS ALONG N O R T H . E A S T  DIAGONAL TRAVERSE O F  ATR 

- 54 - 



5.0 EFFECTS OF SHIM CONTROL BLADES ON AXIAL 
FLUX AND POWER DISTRIBUTIONS 

In  considering possible shim control schemes fo r  the ATR, it i s  
recognized tha t  one of the principal problems introduced by a conventional 
mechanical blade-type control is  the s h i f t  i n  ax ia l  power and thermal 
f lux  dis t r ibut ions caused by blade withdrawal or insertion during the 
course of the operating cycle. The magnitude of the ax ia l  perturbations 
due t o  shim blade movement is  dependent on the control requirements. A s  
the amount of burnable poison i s  increased i n  the reactor t o  handle fue l  . 
burnup, the shim control requirements are correspondingly decreased. In 
th'e ATR, the minimum control requirements are  established by the amount 
of interlobe power balancing needed. 

In order t o  obtain some information about the ax ia l  perturbations 
caused by shim blades, two-dimensional calculations i n  (r, z ) geometry 
were performed on a one-lobe model of the ATR with PDQ-2. The experiment 
described was an A-5 type with a 40% H20 - 6046 Al f lux  t rap  moderator 
annulus surrounding it. Four problems were run-- one with no control , 

blade, one with a black control blade inserted 5076, one-with a black 
control blade inserted 75$, and one with a gray control blade inserted 5046. 

In u t i l i z ing  the r e su l t s  of these calculations, it i s  assumed tha t  
the ax ia l  perturbations caused by a shim blade (of given blackness) 
surrounding the outer portion of one lobe of the ATR are  approximately' 
equivalent t o  the effects  of the blade surrounding completely the one- 
lobe model. Thts assumption i s  considered reasonable i n  considering 
the m a x b  loca l  ax ia l  dis tor t ions i n  the fueled core, and t o  a lesser  
extent, i n -  the experiment. 

The thermal and f a s t  group neutron fluxes along the experimental 
axis a re  shown i n  Figures 5.0-1 and 5.0-2, respectively, f o r  each of the 
four cases calculated. The axia l  power dis t r ibut ion along the experimental 
axis, the inside edge of the core, the middle of the core, and the outside 
edge of the core, i s  shown i n  Figures 5.0-3, 5.0-4, 5 .O-5 and 5.0-6 fo r  
each of the cases. The average and maximum-to-average rad ia l  power as 
a function of core heightare shown i n  Figures 5.0-7, 5.0-8, 5.0-9 
and 5.0-10. Figures 5.0-11 and 5.0-12 r e l a t e  the eigenvalue and 
maximum-to-average axial  core power density t o  rod posit ion fo r  the 
four cases. 

The nonuniformity, which i s  the percentage by which the maximum 
(or minimum) power varies from the numerical average of the maximum 
and minimum power density over a cer tain length of the experiment, i s  
presented i n  Table 5.0-A f o r  two section lengths-- 3 f t  and 4 f-L. 

In order t o  estimate the gpproximate rod posit ion (or  blackness) 
required for  the ATR, the following assumptions and data  are  ut i l ized:  

1. The case considered is  c o n s i ~ t e n t  with the TURBO burnout 
study. From t h i s  study, the i n i t i a l  excess k, excluding tha t  controlled 



by burnable poison, is  approximately la, of ,  which 8.6% must be 
achieved i n  t h e  r e f l e c t o r  f o r  balancing. 

. . 

2. The propor t iona l i ty  between r e f l e c t o r  control  worths f o r  
t h e  one and multi-lobe s i t ua t i ons  is given i n  Table 5.0-B. 

3. These values were obtained from comparisons of DMM and PDQ-3 
ca lcu la t ions  . Using t h e  average value of (one-dimens ional  worth)/ ( two- 
dimensional worth) of 3.35 gives a one-dimensional equivalence of 29% 
t h a t  must be achieved f o r  power balancing i n  the  r e f l ec to r .  

TABLE 5.0-A - 
XVONuNIFORMITY OF POWER DISTRIBUTION 

I N  3 AND 4 FT LONG EXPERIMENTAL SECTIONS 

Nonunif ormitfi $ 
Case 

I I No rod 34.8 

I 1 Black rod inse r ted  50% 1 99.5 99- 9 - 

I Black rod inser ted 75% 1 82.1 91.3 I 
Gray rod inse r ted  50% 81.3 

, 
92.2 . - 

( p m ~  o r  min) 

NOTE: Nonuniformity = 100 - I p m n x  2 per  cent -p-'j I : ;  . 



TABLE 5.0-B 

COMPARISON OF CONTROL WORTH FROM 

ONE- AND TWO-DIMENSIONAL CALCULAT.IONS 

- 
*50 g / l i t e r  of bor ic  acid, Za2 = 0.28756 

From Figure 5.0-11 it is  estimated t h a t  about 85% inser t ion  of 
t h e  black rod o r  9546 inser t ion  of the  gray rod is  required i n i t i a l l y  
f o r  control .  Using Figure 5.0-12 it i s  a l so  estimated t h a t  t h e  maximum- 
to-average a x i a l  power densi ty  i s  increased from a "no rod" value 
of 1.35 t o  approximately 2 . 1 t o  2.5 f o r  t he  above inser t ions .  During 
t he  i n i t i a l  t en  hours of operation t he  rods must be withdrawn a considerable 
amount t o  compensate f o r  t h e  buildup of xenon. Therefore, it i s  somewhat 
d i f f i c u l t  t o  estimate the  a x i a l  maximum-to-average power densi ty  a t  t he  
beginning of t he  cycle. For 5@ black rod insert ion,  t he  maximum-to- 
average a x i a l  power densi ty  is  reduced from 2.5 t o  2.3. A s  t he  cycle 
progresses, however, t he  burnup e f f ec t s  w i l l  tend t o  decrease t h e  
maximum-to-average power density, as shown i n  t he  TURBO burnout s tudies .  

Ak One- Dimens ional  
Ak Two- Dimens iona l  

- 
3-59 

- 
3.11 

keff  
Clean Poisoned* Ak 

1.0417 0.7858 0.2559 

1.1616 1.0902 0.0714 

1.1170. 0.7524 0.3646 

1.2129 1.0953 0.1176 

9 

Case Code 

112 in.  ~~0 DMM 

Annulus PDQ 

3 in.  D20 DMM 

Annulus PDQ 



HEltiHI (cm.1 

FIG. 5.0 - I 
SLOW GROUP FLUXES ALONG EXPERIMENTAL 

AXlS - 

FIG. 5.0 - 3 
AXIAL POWER DISTRIBUTION - NO ROD 

CORE REGION 2000 

HEIGHT (crnJ 

FIG. 5.0 - 2 
FAST GROUP FLUXES ALONG EXPERIMENTAL 

AXlS 

FIG. 5 .0  - 4 
AXIAL POWER DISTRIBUTION 
GRAY ROD INSERTED 50% 



. . , F IG. .  5 . 0 - 5  
AXIAL POWER DISTRIBUTION 
BLACK ROD INSERTED 5 0 %  

2.0 I I I I I ' I I I  10 
I I 0 MAX. FLUX AT OUTER I 

I l l 1  I I I I  
5 0  100 150 
AXIAL DISTANCE (Em.) 

F I G .  5.0 - 7 
A X I A L  POWER AND POWER RATIO DISTRIBUTIONS 

NO ROD 

F I G .  5.0 - 6 
AXIAL POWER DISTRIBUTION 
BLACK ROD INSERTED 75% 

t K =  1.!32 I M4X. FLUX AT INNER 
SURFACE OF CORE 

I 1 
2 .o 

1.6 -MAXIMUM POWER I AVERAGE RADIAL POWER 8 

W 
$ 1.2 
C 
W > . - AVERAGE HAOIAL POWER- 
c IN  CORE 
w 
3 

4 0.8 

S 
z 
2 - 

0.4 

- 

< ( 1 1 1 1  

- 

0 1 1  I I I I  
5 0  100 150 

I l l  

AXIAL DISTANCE ( c d  P P  c0.-~-3t86 

F I G .  5.0 - 8 
A X I A L  POWER AND POWER RATIO DISTRIBUTIONS 

GRAY ROD INSERTED 5 0 %  

I I I I I  10 
I 1 0 MAX! FLUX AT  OUTER I 

SURFACE OF CORE 



I C 0 MAX. FLUX AT OUTER 
SURFACE OF CORE 

AXIAL DISTANCE ( c d  

FIG. 5 .0 -9  
AXIAL POWER AND POWER RATIO DISTRIBUTIONS 

BLACK ROD INSERTED 5 0 %  

FIG. 5.0 - I I 
ke f f  VERSUS ROD INSERTION 

FIG. 5.0 - 10 
AXIAL  POWER AND POWER RATIO DISTRIBUTIONS 

BLACK ROD INSERTED 75% 

2 . 0  

FRACTION ROO INSERTED 
PPC0.-0-3387 

FIG. 5.0 - 12 
AXIAL MAXIMUM /AVERAGE POWER DENSITY 

V E R S S  ROD INSERTION 

- O MAX. FLUX AT OUTER 
SURFACE O F  CORE 

- 
MAX. FLUX AT INNER - 

SURFACE O F  CORE 
20 ' 



6.0 REACTOR BEBAVIOR DURING OPERATION 

Several s tudies  were made t o  determine t he  reac tor  behavior during 
operation and t o  e s t ab l i sh  t h e  f e a s i b i l i t y  of maintaining t he  d e s i r e d  
t e s t  f luxes  throughout an operating cycle. A two-dimensional TURBO 
problem was run t o  invest igate  t h e  cycle time and behavior of t he  
reac tor  during burnup o r  depletion of f u e l  and a second TURBO problem 
was run t o  invest igate  t he  reac tor  behavior a f t e r  a midcycle shutdown 
and subsequent re tu rn  t o  f u l l  power operation. Previous t o  t he  TURBO 
problems, several  one-dimensional CANDLE problems were run t o  obtain 
estimates of t h e  control  requirements f o r  t he  TURBO problems. CmLE 
problems were a l so  used- to  invest igate  the  e f f ec t s  during burnup of 
having burnable poison i n  the  core and t o  invest igate  the  core behavior 
as a function of power level .  

6.1 TURBO Calculations - 

The two TURBO problems, t he  burnup TURBO and t h e  midcycle shutdown 
and recovery TURBO, were calcula ted i n  x,y geometry using quar ter  core 
symmetry. The experimental loading consisted of an A - 1  experiment i n  
t h e  ea s t  lobe, an A-5 experiment i n  t he  north lobe, an A-3 experiment 
i n  t he  center lobe, and an A-5 experiment i n  t he  northeast  outer  experi- 
ment posi t ion.  The A - 1  experiment had zirconium pressure tubes and all 
other experiments had s t a i n l e s s  s t e e l  pressure tubes. The configuration 
used i n  these  TURBO problems i s  s imilar  t o  t h a t  used i n  PDQ problem 3001 
l i s t e d  i n  Table 4.0-A. 

A t  each time s tep  i n  the  problems t he  eigenvalue and core power 
d i s t r i bu t i on  were adjusted by regulat ing the  poison i r i  t he  various 
controls .  The required core power d i s t r i bu t i on  given i n  Table 6.0-A 
was chosen so t h a t  t he  approximate f l ux  requirements i n  the  experiments 
would. be obtained, and a calcula ted eigenvalue of 1.09 w a s  assumed t o  
represent a jus t  c r i t i c a l  reactor  t o  allow f o r  t he  var ia t ions  i n  eigen- 
value due t o  t he  various computational expedients which were used. To 
save computing time t he  calcula t ions  were made with the  coarse mesh . 

descript,ion o f  t he  ATR shown i n  Figure 4.0-2. The TURBO r e s u l t s  were 
then assumed t o  show the  changes i n  reaclur behavior during the cycle 
and were corrected t o  those which would have been obtained with the,  
f i n e  mesh descr ipt ion by means of the  PDQ cases comparing t he  f i n e  mesh 
and coarse mesh descr ipt ions .  After t he  TURBO problems were completed 
a f i n a l  adjustment was made on t he  control  poison a t  each time step.  
This f i n a l  adjustment w a s  made t o  cor rec t  t o  the  required values, 
t he  power d1:stribution and eigenvalue obtained by TURBO. 

6 .  u Burnup TURBO - 

The power d i s t r i bu t i on  i n  t he  ATR core can be adjusted t o  
very nearly t he  required values by varying the  neck control  poison as  
a whole and t he  r e f l e c t o r  control  poison as  a whole. Therefore t h i s  
method, a s  outl ined i n  ~ ~ ~ e n d i x  12.61, was used i n  the  burnout TURBO 
problem i n  order t o  el iminate t he  computer time necessary t o  obtain 
t he  f ine ,  adjustment of power l e v e l  among the  outer lobes. 



TABLE ~ . o - A  

REQUIRED CORE P O m  DISTRIBUTION FOR TURBO PROBLEMS 

Core Lobe .Fraction of Total  Core Power 

North 0.17 

south 0.17 

East 0.21 

Wes-t; 0.21 

Center 0.24 

The per t inen t  r e s u l t s  a s  determined by t h e  burnup TURBO 
problems a r e  given i n  Table 6.0-B. The f i n a l  adjusted values a r e  
shown i n  Figures 6.0-1 through 6.0-8. The eigenvalue which would 
have resu l ted  a t  each time s t ep  i f  al l  control  poisons were removed 
w a s  estimated a s  sh.own i n  Section 6.2. Figure 6.0-9 of eigenvalue 
versus time was then made a f t e r  subtract ing 0.09 from the  values 
given i n  Table 6.0-G of Section 6.2. The r e s u l t s  show the  f e a s i b i l i t y  
of adequately con t ro l l ing  t he  core power d i ~ t r i b ~ ~ t i o n  f o r  17 days of 
operation. 

A t  t h i s  time a l l  of t he  neck control  had been used and t he  
power d i s t r i bu t i on  i n  t h e  outer  lobes was regulated such t h a t  t he  
f r a c t i o n a l  e r ro r  i n  power from t h a t  des i red w a s  i den t i ca l  i n  a l l  
ou te r  lobes. A t  about 26 days all control  i n  t h e  east-west r e f l ec to r  
system had been used and only the eigonvaluc could be aaJusted by 
means of Lhe con t ro1 , l e f t  i n  t he  north-south reflector.  system. A l l  
con t ro l  w a s  f i n a l l y  used up a t  about 31 days of operati  on. 

The model used f o r  t h e  TURBO calcula t ions  has considerable 
excess r e a c t i v i t y  remaining a f t e r  17 days when control  of the  core 
power d i s t r i bu t i on  i s  l o s t ,  F$! modifiontion of the  shim control  
designs t h e  i n i t i a l  excess r e a c t i v i t y  required f o r  a 17 day f u l l  power 
cycle can bc reduced somewhat below the  value of 1.12 used i n  these  
computat ions - 



TABLE 6.0-B . . 

RESULTS FROM BURNUP TURBO-CALCULATION 

Time 
Step 

o 
1 
2 
3 
4 
5 
6 

Time 
Step 

O 
1 
2 
3 
4 
5 
6 

Time 
(days) 

o 
0.417 
2.5. 
8.33 

16.713 
25.0 
33 33 

Average Neutron Flux Within xperiments t a Core Power of 
250 Mw (n/cm8 sec x 10- 1.9) 

Poison i n  Reflectors 
zP (cm-l) 
0.0258 
0.018 
0.0163 
0.0138 
0.0100 
0.0035 

o 

Time 
Step 
o 
1 
2 
3 
4 
5 
.6 

Eigen- 
value 

h , 

1.0885 
1.0883 
1.0887 
1.0937 
1.0939 
1.0908 
1.0766 

Poison i n  Necks 
&, (cm-1) 

0.1565 
0 095 
0.0462 
090235 . 

0 
o 
o 

Fast Thermal 

1 
Fraction of Total Core Power 

Generated i n  Lobe 

East 

0.8350 
0.8291 
0.8170 
0.7951 
0.7737 
0.7718 
0.7742 

Center 

1.3348 
1.3183 
1.3382 
1.3268 
1: 2855 
1.1160 
0.9909 

Center 

0.24145 
0.23728 
0.24177 
0.24060 
0.23185 
0.19598 
0'. 16758 

E a s t  

1.0724 

Center 

0*35= 

North ' 

0.8977 
0.8994 
0.8971 
0.8964 
0.9126 
0.9526 
1.0021 

North 

0.2831 

North 

0.17546 
0.17732 
0.17692 
0.17842 
0.18332 
0.19542 
0.20536 

I 

0.3491 
0.3617 
0. 3767 
0.3924 
0.3631 
0. 311.20 

East 

0.2038? 
0.20404 
0.20218' 
0.20128 
0.20076 
0.20660 
0.20986 

0.2821 1.0619 
0.2831 1.0594 
0.2910 1.0736 
0.3090 
0.3353 
0.3680 

1.0997 
1 1445 

. 1.1929. 



6.12 Midcycle Recovery TURBO 

\ The operation of t he  ATR with t he  core power d i s t r i bu t i on  
determi'ned by t h e  shim contliols introduces the  problem of maintaining 
t h i s  power d i s t r ibu t ion ,  a f t e r  recovery from a power reduction, i n  
s p i t e  of t he  t r ans i en t  xenon e f fec t s .  The behavior following recovery 
t o  f u l l  power from a shutdown l a s t i n g  one-half hour a f t e r  attainment 
of equilibrium xenon was invest igated by a TURBO calcula t ion.  

The power d i s t r i bu t i on  and subsequent xenon concentration 
i n  t h i s  shutdown and recovery TURBO problem i s  of more importance than 
i n  t h e  burnout TUR.BO problem; therefore, f o r  t he  shutdown and recovery 
problem,. a f t e r  t h e  eigenvalue and center power adjustments were made, 
t h e  power d i s t r i bu t i on  i n  t h e  outer  lobes w a s  adjusted by varying t he  
amount of poison i n  t h e  individual  r e f l ec to r  control  regiono. Tho 
pe r t i nen t  rcsi~l t.s from t h i o  TUTU30 ~ro i ' ,  l ~ m .  are i i ~ t e d  i n  Table 6. U-C and 
the  f i l l s1  adjusted values a r e  shown i n  Figures 6.0-10 through 6.0-14. 
The eigenvalue which would have resu l ted  a t  each time s tep  i f  all con- 
t r o l  poisons were removed was es t lMa ted  aa ohiiwii 111 Section 6.2. 
Figure 6.O-15 of eigenvalue versus time was then made a f t e r  subtract ing 
0.09 from t h e  values giver1 i n  Table 6.  0-H. . 

The dif ference i n  t h e  power dens i t i es  of t he  lobes causes 
t h e  l o s s  of r e a c t i v i t y  from nonequilibrium xenon formation a f t e r  shutdown 
and subsequent r e tu rn  t o  f u l l  power t o  tend t o  decrease t he  power i n  the  
lobe where t he  highest  power i s  desired ( t he  center lobe)  and t o  increase 
it where t he  lower powers a r e  wanted. Thus a f t e r  re tu rn  t o  f u l l  power it 
i s  necessary t o  exer t  a l l  ava i lab le  shim control  i n  t he  r e f l ec to r  i n  order 
t o  s h i f t  t he  power as f a r  a s  poss ible  from t h e  outer lobes 'nto t he  center 
lobe. Then, as t he  burnup of t he  nonequilibrium xenon proceeds, more 
con t ro l  becomes avai lable  and it again becomes poss ible  t o  obtain the  
desi red power balance between lobes by use of a l l  control  regions. The 
desi red power balance Is obtained within one-half hour a f t e r  re tu rn  t o  
f u l l  power. Immediately a f t e r  s t a r t up  t he  worst power deviation occurs 
with t h e  center 1 obe power being 14% lower than desired. and each of t he  
outer  l o h ~  pmrerc being 4s  IllgheY than desired.  After  burnup of t he  
nonequilibrium xenon i s  complete, t he  xenon concentration w i l l  be a t  a 
lower value than when t he  reac tor  wac shut down and more excess r e a c t i v i t y  
Is ava i lab le  than a t  shutdown u n t i l  equilibrium is again reached. 

6.13 Con~ tan t s  alCi Procedure 

The reactor  constants used i n  t he  TURBO code can be detemi.ned 
by two general  methods: 1.) thca aonotmts  w e  read i n  region-wise and 
then not varied throughout t he  ca lcu la t ion  (however an addi t ional  theimal 
3 with specif ied epithermal f r ac t i on  can be read i n  a t  each time s tep  
f o r  each region), o r  2 )  the  constan-l;s a r e  determined f o r  each mesh 

- 
rectangle  within specif ied regions by means of the  isotopic  dens i t i e s  
within those regions. The f i r s t  method i s  used f o r  those regions whose - 
constants a r e  .unaffected (time independent constants ) by neutron i r r ad i a t i on  

- 
+ 

and t h e  second method is  used f o r  t he  regions t h a t  have f u e l  or  poison burnup 



RESULTS FROM MIDCYCLE RECOVERY .'TURBO C ~ C U L A T I O N  

Time 
Step 
0 
1 
2 
3 
4 
5 
6 
7. 

Time 
Step 
o 
1 
2 
3 
4 
5 

I " ,  

Time 
(hours) 

0 
200 . 
200.5 
200.67 
201 
201.5 
203 
402.22 

Core 
Power 

(Mw ) 

250 
2.5 

250 
25 0 
250 
25 o 
250 
250 

Average Neutron Flux within Experiments (n/cm2 sec x 10-l5) 

Poison i n  East 
Reflect r 
$ (cm -?) 

0.02283 
0.0116 
0.0022 
0.00617 
0.01155 
U. (5122 
0.0126 
0.0084 

Time 
step - 
o 
1 
2 
3 

. 4  
5 
6 
7 

Eigen- 
value 
(A) 

1.0889 
1.0934 
1.0899 
1.0902 . 

1.0887 
1.0894 
1.0918 
1.0896 

Fraction of Total Core Power' 
Generated i n  Lobe 

Center 
0.2469 
0.24012 
0.20689' 
0.2605 
0.24371 
0.24089 
0.23677 
0.23682 

Fast 

Poison i n  Necks 
+, (cm-l) 

0.1565 
0.0235 
o 
o 
0.011 
0.034 
0.041 
o 

Center 
1.3300 
0.013247 
1.1695 
1.2612 
1.3459 
1.3318 
1.3104 
1.3123 

Thermal 

Poison i n  North . 

Reflect r 
(cm-'1 

0.029 
0.0165 
0.0067 
0.0115 
0.01885 
0.0183' 
0.0152 
0.0162 

North 
0.17042 
0.17256 
0.18034 
0.17405 
0.16830 
0.17080 
0.17528 
0.17102 

Center 

0.3509 
0.003752 
0.3264 
0.3554 
0.3818 
0.3766 
0.3701 
0.3995 

' E a s t  . 

0.20923' 
0.20738 
0.216 22 
0.21292 
0,20984 
0.20874 
0.20634 
0.21058 

North 

0.8756 
0.008730 
0.8939 
0.8742 
0.8585 
0.8702 
0.8832 
0.8677 

E a s t  

0.8535 
0.008145 
0.8279 
0.8277 
0.8280 
0.8225 
0.8124 
0.8099 

North 
0.2761 
0.002831 
0.2850 
0.2809 
0.2778 
0.2818 
0.2864 
0.2936 

East 
1.0963 
0.011013 
1.0851 
1.1104 
1.1192 
1.1124 
1.0994' 
1.1535 



o r  formation (time dependent constants)  during i r rad ia t ion .  The time 
independent constants a r e  i n  general t h e  same a s  those used i n  t h e  PDQ 
s tud ies  and a re  included i n  Appendix 12.4. However, f o r  the  r e f l e c t o r  
and neck control  regions t he  constants f o r  pure D20 and pure H20 were 

, '\ used as  input and then a thermal was added t o  these  regions a t  each 
\ 

time s t ep  t o  ad jus t  t h e  eigenvalue and t o  regulate  t h e  power d i s t r ibu t ion .  

The input  f o r  t he  time dependent constants consis ts  i n  t h e  
i n i t i a l  atom dens i t i e s  f o r  each region and, i f  desired, t he  four-group 
microscopic cross  sect ions  f o r  each element ( i f  not specif ied a s  input, 
t h e  code uses b u i l t - i n  four-group microscopic cross  sect ions) .  The code 
then computes t he  reac tor  constants f o r  each mesh rectan l e  within t h e  
time dependent regions as s p e c i f i e d  i n  t h e  TURBO manual.' The input 
atom dens i t i e s  and four-group microscopic cross  sect ions  along with t he  
r e s u l t i n g  two-group reac tor  constants a s  calcula ted by t he  TURBO code 
a t  time s t ep  zcro, a re  given I n  Agge11d.i.x 1 P.9- 

For t h e  purpose of t he  TURBO calculations,  it was assumed t h a t  
t h e  jus t  c r i t i c a l  core should y i e ld  a. calculatecl. eigenvalue of 1.09, a s  
discussed i n  Section 4.2. The amount of poison i n  the  neck and r e f l ec to r  
con t ro l  regions was adjusted a t  each time s tep  t o  achieve the eigenvalue 
of 1 -09  + 0.005 and t he  approximate required core power d i s t r ibu t ion .  
The requTred core power d i s t r i bu t i on  given i n  Table 6 .O-A was calculated 
from previously completed PDQ problems by assuming t he  f l ux  i n  the  cxperi- 
men% i n  each lobe t o  be d i r e c t l y  proportional  t o  t he  power generated i n  
' the  lobe and then f inding the  power d i s t r i bu t i on  which would s a t i s f y  the  
experimental requirements. 

After  t h e  TURBO problems had been run, it was rea l ized  t h a t  
t h e  r e s u l t s  of some of t h e  PDQ problems could have been used more e f fec t ive ly  
t o  ad jus t  t h e  eigenvalue and power d i s t r i bu t i on  a t  each tj.me s tep.  Therefore, 
when t h e  t e s t  f l u x  values a s  obtained from the  TURBO r e s u l t s  wers adjusted 
by the  coarse t o  f i n e  mesh correct ions  giver1 i n  Table 6.0-D, addi t ional  
correct ions  were a l so  applied.. Thus the  neck and r e f l ec to r  poison con- 
cen t ra t ions  were adjusted such t h a t  an eigenvalue of 1.090 and the  power 
l e v e l s  givcn i n  Table 6.0-A would have been obtained as  long a s  su f f i c i en t  
neck and r e f l e c t o r  con t ro l  remained. The t e s t  f l ux  values were then 
corrected f o r  the  r e su l t i ng  lobe power l e v e l  changes by assuming t he  f l ux  
t o  be d i r e c t l y  proportional  t o  t he  power i n  t h e  surrounding lobe. The 
method of makirig th f  s poison adjustment i s  shown i n  Appendix 12.62. 

- 

1. J. E. Callaghan e t  al . ,  "TURBO - A Two-Dimensional Few-Group 
Depletion Codc f o r  t he  IBM-704, " WAPD-TM-95, November 1957. 



TABLE 6. 0-D 

CORRECTION FACTORS TO ADJUST TIE 

COARSE MESH EXPERIMENT nms TO m F ~ E  MESH 

6.2 Comparison of CANDLE and TURBO Calculations of keff 

Fast Flux Factors 
Center North East 

1 130 1.062 1.097 

- - 

1 
Several CANDLE studies  were made t o  more e f fec t ive ly  estimate 

t he  control  requirements f o r  the  TURBO problems. 

Thermal Flux Factors 
Center North East 

1.238 1.139 0.9444 

The ATR may be considered to' consis t  of two A-1, one A-3, and 
two A-5 one-dimensional configurations. CANDLE calcula t ions  were 
therefore  made with each of t h e  th ree  loop- types  at i t s  respect ive  
l o c a l  power l eve l .  The estimated values of keff. f o r  a synthesized two- 
dimensional model were then determined by weighting t he  A-1, A-3, and 
A-5 values by f ac to r s  of 215, 115, and 215, respectively.  Table 6.0-E 
l is ts  these  values f o r  comparison with t he  burnout TURBO problem and 
Table 6. 0-F l is ts  them f o r  comparison with t he  midcycle shutdown and 
recovery TURBO problem. 

I n  running t he  TURBO problems t he  keff was adjusted t o  approximately 
1.09 by manipulation of the  neck and r e f l ec to r  control  poison and t he  no- 
control  keff was not determined exp l ic i t ly .  A c lose  estimate was made, 
however, by adding t o  t he  calcula ted kerf, t h e  Akeff associated with 
t he  neck, t he  north-south re f lec to r ,  and t h e  east-west r e f l e c t o r  
systems. This information i s  taken from curves obtained from the  
PDQ studies .  Table 6.0-G contains t he  tabula t ion of t h i s  estimated 
keff from the  burnup TUKBO problem arid Table 6.0-H contains thi.s 
information from the  midcycle shutdown and recovery TLTRBO problem. 
Because of t he  d i f f e r en t  poison l eve l s  i n  t he  two r e f l ec to r  systems 
of t he  midcycle shutdown and recovery TURBO problem it w a s  necessary 
t o  compute i n  two s teps  the  Akeff due t o  r e f l ec to r  poison. Thus, 
f i r s t  t he  Akeff due t o  poison i n  all r e f l ec to r s  w a s  found f o r  t h e  
poison concentration i n  t h e  east-west r e f l e c t o r  system (s ince  these  
r e f l ec to r s  had t he  lower poison concentratlo11) then the  4keff due t o  

1. 0. J. Marlowe,. P. A. Ombrellaro e t  al., "CANDLE - A One-Dimensional 
Few Group Depletion Code f o r  t h e  IBM-70v WAPD-PM-53, May 1957. 



BEHAVIOR OF ONE-DIMENSIONAL ANTI SYNTHESIZED - 

TWO-DIMENSIONAL REACTOR MODELS FOR COMPARISON WITH BURNUP TURBO 

- 

T h e  
Step 

o 

1 

2 

Time 
Hours 

o 

10 

60 

Estimate of keff - 
f o r  Synthesized 

Two- Dimensional Model 
(compare w i t h  Results 

From Burnup TURBO) 

1.1203 

1.0931 

1 -0772 

. CANDLE k,ff 

Days 

o 

I 

2.5 

1.0715 

1.0555 

1.0254 

- 

A- 1 
Power = 52.5 Mw 

1.1323 

1.104-6 

1.0883 

, 200 R - 3 3 1  1-08X 

400 16.67 l.oh45 

600 22 1.0319 

800 33.33 0.3836 

A- 3 
Power = 60 Mw 

1.1101 

1. u831 

1.0676 

1.0601 

1.0355 

0.9914 

- 

A- 5 
Power = 42.5 MW' 

1 . ~ ~ 1 3 4  

1.0867 , 

1.0710 

1.0667 

1.0564 

1.0359 

1.0047 



TABLE 6.0- F 

BEHAVIOR OF ONE-DIMENSIONAZ, AND 

SYNTHESIZED TWO-DIMENSIONAL REACTOR MODELS 

FOR COMPARISON WITH MIDCYCLF: RECOVERY TURBO 

Estimate of keff 
For Synthesized 

Two-Dimensional Model 
(compare with Results 
From F ~ ~ Y W Y Y  TURBO) 

1.1203 

1.0931 

1 0772 

1 0715 

1.0259 

1.0455 

1.0571 

1.0641 

1.0757 

1.0556 

1.0255 

- 

Time 
Step 

0 

1 

2 

3 

. 4  

5 

6 

7 

8 

9 

lo 

11 

Time 
Hours 

0 

10 

60 

200 

200.5 

200.67 

200.83 

201 

203 

400 

600 

800 

A- 5 
Power = 42.5 Mw' 

1.1134 

1.0867 

1.0710 

1.0667 

1.0291 

1.0429 

1.0520 

1.0580 

1.0703 

I.. 0565 

1.0360 

1.0048 

A- 1 
Power = 52.5 Mw 

1.1323 

1.1046 

1.0883 

1.08~ 

1.0328 

1.056 

1.0673 

1.0749 

1.0865 

1.0646 

1.0320 

0 9837 

CANDLF: kerf 
A- 3 r 

Power = 60 Mw 

1.1101 

1.0831 

1.0676 

1.0601 

1.0058 

1.0324 

1.0467 

1.0546 

1.0648 

1.0357 

0 9915 

- 



, TABLE 6. 0-G 

& VERSUS TIME FROM TKE BURNUP TURBO PROBLED4 

Time 
,s tep 

o 

1 

2 

3 

T h e  
Step 

Time 

Calculated 
kef f 

Poison i n  Necks 
G, (cm-1) 

0.1565 

0.095 - 

0.0462 

0.0235 

 ours 

o 

10 

6 o 

200 

4 4 0 1 . 1 1  

5 11 GOO 

Poison i n  Reflectors 
G, (cm-l) 

0.0258 

0.0180 

0.0163 

0.0138 

0 

0 

0 

DK 
o 

.42 

2.5 

8.33 

16.71 

25.00 

f i~rf 
"'---Uueto m e  zo No-:on~-ol 

0.0100 

0.0035 . . 

0 - !  6 1 8 0 ~  L 133.33 

Neck Poison Reflector Poison -- 



TABLE 6.0- H 

keff' VERSUS TIME FROM Tm MIDCYCLE RECOVERY TURBO PROBLEM 

Poison i n  
E-W Reflectors 

c;, (cm-l) 

0.02283 

0. 3116 

0.0022 

0.00617 

0.01155 

0.0122 

0.0126 

0.0084 

Poison i n  Necks 
Gp (cm'l) 

0.1565 

0.0235 

o 

o 

0.011 

0.034 

0.041 

O 

Time 
Step 

o 

1 

2 

3 

4 

5 

6 

- 7 

. 

Po'ison i n  
N - S  Reflectors 

(cm-l) 

0.029 

0.0165 

0.0067 

0.0115 

0.01885 

0.0183 

0.0152 

0.0162 

I k e f f  

I 

Time 
Hours 

o 

200 

200.5 

200.67 

201.0 

201.5 

203 

4 0 2 . 2 2 , .  

1 

No-Control 
keff 

1.2091 

1.1677 
~, 

1.1230 

1.1412 

1.1617 

1.1696 

1.1711 

1 1.1512 

Calculated 
kef f 

1.0889 

1.0934 

1.0899 

1.0902 

1.0887 

1.0894 ' 

1.0918 

1.0896 

keff - 0.0962 

1.1129 

1.0715 

1.0268 

1 .'oh50 

1.0655 

1.0734 

1.0749 

1.0550 

r 

Time I Due t o  
Step / ~ e c k  Poison 

Due t o  poison 
Level of E-W 
Reflectors 

0.0826 

0.0605 

0.0200 

0.0415 

0 .605  

0.0623 

0.0634 

0.0505 

o 

1 

2 

Due t o  
Additional Poison 
i n  N- S Reflectors 

0.0037 

0.0061 

0.0131 

0.0095 

0.0087 

0.0072 

0.0033 

0.0111 

0 0339 

0.00765 

o 

0.0038 

0.01065 

0.01255 

7 0 



the additional poison i n  the north-south re f lec tor  system was added on. 
A comparison of the TURBO r e s u l t s  with the predicted ef fec ts  from the 
CANDLE problems i s  made by subtracting a constant from the TURBO keff 
t o  make keff = 1.0715 a t  200 hours fo r  both the  TURBO and fo r  the CANDLE 
cases. Figures 6.0-16 and 6.0-17 show these comparisons fo r  the two 
problems. 

6.3 CANDLE Problems t o  Inves t iga te~ the  Effects of Burnable Poison 
and Core Power Level 

Several one-dimensional CANDLE problems were run t o  examine the 
burnup or depletion of fue l  i n  a one-lobe model of the ATR. Using the 
problem ident i f icat ion numbers these cases were as follows: cases 
numbered 3,4,5, and 6 were run t o  investigate the e f fec ts  of uniformly 
d is t r ibuted  poison, cases 3,7,8, and 9 were used t o  investigate the 
e f f ec t s  of burnable pol.son placed i n  the inside two and o ~ i t ~ s j d c  two 
f u e l  places (case 3 was the reference case with no burnable poison), 
and cases 2,10,11,12,13, and 14 t o  investigate the behavior as a function 
of power leve l  and a f t e r  a midcycle power rerl11r.t.ion. Problem 15 det,ei-~uP~~ed 
the  effect; on calculated values of using large time steps. The input 
parameters for  these CANDLE problems are  summarized i n  Table 6 . O - I  and 
the  r e s u l t s  summarized i n  Table 6.0- 5. 

In each of the CANDLE problems with burnable poison i n  the core, 
the  reactor  was maintained c r i t i c a l  by automatic regulation of the poison 
content i n  the 3 in. re f lec tor  control region. The other CANDLE problems 
were run with no ref lec tor  control, i.e., with an unpoisoned ref lector .  
The values of keff, given i n  Table 6.0- J and on Figures 6.0-18, 16.0-19 
and 6.0-20 =e Lhe values which would have been obtained a t  each time 
s tep i f  the ref lector  control poison had been removed a t  tha t  time step. 
Figure 6.0-18 i s  a p lo t  of keff versus operating time for  the core with 
no burnable poison and shows the ef fec t  of re f lec tor  control on keff. 
The values of k,ff obtained from prnblem 15 are  aloo plot ted 011 F l g ~ l ' f ~  
6.0-18. 'This f igure shows 1) tha t  t h ~  rhmge i n  burnup d i ~ t ~ i b u t i o ~ l  due 
t o  r e f l ec to r  poj-son has l i t t l e  effect  on kefy and 2) tha t  large time 
s teps may be used t o  good advantage i n  some types of problems. 

The effect  of core power on keff i s  shown i n  Figure 6.0-21.. In 
t h i s  f igure a separate scal..a f n r  the operating time was used fur. each 
of the CANULE problems so tha t  the curves could be compared a t  equa.l 
values of burnup. This figure indicates tha t  for  a change of a factor  
of two in core power the variation i n  keff a t  equal amounts of t o t a l  
burnup i s  negligible. 

Plots  of keff versus operating time for  various amounts of burnable 
poison i n  the core are  given i n  Figures 6.0-19 and 6.0-20, and the 
variat ion of keff pro6.uced by xenon ,formation a f t e r  a midcycle power 
reduction i s  shown i n  Figure 6.0-22.. 

The neutron leakage in to  the re f lec tor  of the one-lobe model of 
the  ATR i s  greater than into the re f lec tor  of the f u l l  core model, 
therefore the  re f lec tor  control scheme used i n  the CANDLE problems 
cannot be compqred t o  tha t  of the f u l l  core ATF? on the basis  of 



SUIvlMARY OF IEJPUT PARAMETERS FOR "CANDLE1' PROBLEMS 

* B~~ i n  inner two and outer two fue l  p la tes  only. 

+ No re f l ec to r  control  used i n  these problems. 

u235 Concentration 
(atoms/cm3 x 

0.00035136 

0.00035136 

0.00035136 

o .00035136 

0.00035136 

0.00035136 

0.00035136 

0.00035136 

0.00035136 

0.00035136 

0 .00035136 

0 .!00035136 

0.00035136 

0.00035136 
8 

Problem 

2+ 

3 
4 

5 
6 - 
7 
8 

9 
lo+ 

11-t 

12+ 

13+ 
14+ 

15+ 

Ratio N ' O / N ~ ~  

o 
o 
0.00965 

0.01930 

o ,02895 

0 .04106* 

0 . 0 8 ~ 2 3 ~  

0.12319* 

o - 

o 
o 
o 
0 

o 

B~~ Concentration 

(atoms/cm3 x 

o 
o 
0 . o o o o o ~ ~ g  

0.  ooooo678 

0.00001017 

0.000014426* 

0.0000288523~ 

0 .oooo k3278n 

o 
o 
o 
0 

0 

o 

Core 
Power 
(Mw) 

6 5 

6 5 

6 5 

65 

6 5 

65 

65 

6 5 

32.5 
o .65 

0 325 

48 75 
24.375 

65 

Reactivity I n i t i a l l y  
Controlled by 

Burnable Poison 

o 
o 
0.0530 
0.1013 

0.1457 
0.0693 

0.1292 

0.1815 

o 
o 
o 
o ' 
0 

o 



* The power is  r e l a t i v e  t o  the average radia l  core power. 





TABU 6.0-5 (Cont.) 



* The power i s  r e l a t i ve  t o  the  average r a d i a l  core power. 

Problem 

15 

Time 
Step 

0 , 

1 
2 

' Operating 
Time 

(Hours ) 

0 
200 
600 

keff 

1. a 9 7  
1.1276 
1.0620 

Control 
Poison 
(cm-l) 

0.02047 
0.00929 
0. 00365 

Inside 
Power? 

2.008 
1.692 
1.293 

Outside 
Power* 

1.254 
1.494 - 
1.460 



absolute poison concentration. Therefore to.;obtain a meaningful appraisal 
of the  power f la t tening,  e f fec ts  of ' the burnable, poison, .the sh i f t ing  . 

ef fec ts  of the' r e f l ec to r  control poison must be factdred out. However, 
t he  power peaking at the edges of the c o r e . i s  a function of  both the 
poison i n  'the. r e f l ec to r  control and t h e  burnout distribution, and. from 

, 

the  information available in. these CANDLE problems, -these 'two effec.ts . 

-cannot be sa t i s f ac to r i ly  separated. Therefore, problem t o  problem 
comparison . of . t he  .,peak 'power values given i n  Table ,6.0- J cannot be made. ' 
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ONE- DIMENSIONAL CALCULATIONS 

A number of one-dimensional calcula t ions  were made t o  provide 
i n i t i a l  estimates f o r  the  two-dimensional calcula t ions .  In  addition, 
parametric s tudies  and supplementary calcula t ions  were made with one- 
space dimension t o  reduce computational time. These r e s u l t s  a r e  in terpreted 
by comparison with appropriate two-dimensional cases. 

The one-dimensional d i f fus ion theory problems were run with t he  IBM-650 
DMMj a multiregion, multigroup d i f fus ion  theory code; and with a s i m i l a r  
code, WANDA f o r  t he  IBM-704. The output of these  codes cons i s t s  of t he  
eigenvalue f o r  t he  problem and, i f  requested, t h e  pointwise f l u x  f o r  each 
energy group. Most of the  problems m'ade use of a cy l indr ica l  model, and 
i n  general, two neutron energy groups were used. I n  addit ion t o  those i n  
t h i s  section, one-dimensional s tudies  a r e  a l so  described i n  other appropriate 
sections . 
7.1 Comparison of Various Methods of Reflector Control 

Several d i f f e r en t  r e f l ec to r  control  systems were s tudied i n  one- 
dimensional cy l indr ica l  geometry t o  compare r e a c t i v i t y  worths using 

va r ious  compositions. The DMM models used i n  t h i s  study a re  shown i n  
Figure 7.0-1. The compositions of Models A and D a r e  f u l l y  described 
i n  Table 7.0-A; and, r e f e r r i ng  t o  Figure 7.0-1, Models B and C a r e  
iden t ica l  t o  Model A with t h e  exception of t he  geometrical descr ipt ion 
of the  inner r e f l ec to r .  Model A was used t o  compare the  control  worth 
of various homogenized beryllium-water-boric acid  control  systems with 
the  D20-D3B03 system. The beryllium systems studied contained e i t h e r  10% 
o r  20% water, and t h e  poison i n  t he  inner r e f l e c t o r  was given i n  grams 
of boric acid  per  l i t e r  of water. Inner r e f l ec to r  thicknesses of 3 in. ,  
4.5 in .  and 6 in.  were used i n  t he  beryllium p lus  10% water study t o  see 
how much more control  worth could be obtained by going t o  a l a r g e r  control  
region. 

In  an ac tua l  system a beryllium-water r e f l ec to r  i s  not homogeneous. 
The water flows through small holes bored through a beryllium block. 
Models B and C were s e t  up t o  try t o  see what e f f ec t  t h i s  nonhomogeneity 
would have on the  control  worth of a beryllium-water-boric acid system. 
Model B w a s  s e t  up with a, s ing le  coolant annulus half'way through the  
inner r e f l ec to r  having a volume equal t o  10% of the  t o t a l  inner r e f l ec to r  
volume. Model C was s e t  up with two coolant annuli, one one-third t he  
way through t he  inner r e f l ec to r  and the  other two-thirds through. The 
two annuli  had equal volume and the  sum of t h e i r  volumes was 10% of the  
t o t a l  inner r e f l e c t o r  volume. Both Model B and Model C were run with 
an inner r e f l ec to r  composition (excluding the  coolant annulus) of pure 
beryllium and of beryllium plus  10% water. The r e s u l t s  of t he  s tudies  
made using Models A, B and C a re  shown i n  Table '(.(I-B. 



TABLE 7 . 0 - A  

DMM CORF, DESCRIPTIONS OF SINGLE-LOBE ATR MODELS 

Model D 
Outer 

Composition ' Radius 

. A-5 E x p o  2.54, 

ss + Void' 3 ,4036 

40% H ~ O ,  60% ~l ' 7.60 

0.0% p/Cc fue l  
+ 0.015 poison 14.00 

Al tank w a l l  14.3175 

Inner . R e f  1. 

- -. 

Region 

1 

2 

3 , .  
4 : 

,5 
- 6 

1 ~ 1 1 ~ ~ -  Ref1 . Variable Ltuter Refl. 

100.00 

Model A 
I Outer 

Composition Radius 

A-1 Exp. 2.54 

Z r  3 41376 

void 3.56616' 

~r 3.9116, 
. . 

H20 . 7.5997 

r 1 . ~ 3 ~ 7  g / ~ ~ .  . 



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

NOTE: Models are  described i n  Table 7.0-A and Figure 7.0-1. 

r Model C Model B 
1. 

3 in.  
Pure 
Be 

- 

- 
- 
- 
- 

- 

1.0366 

3 in. 
Pure 

Be 

1.2416 

- 
- 

- 

- 

1.0865 

1.0365 

3 in. Be 
plus 

lo$ H20 

- 
- 
- 
- 

- 

- 

1.0072 

Model A 

Be4.5 in. B e 6  
plus 

lo$ H20 

- 
- 
- 
- 
- 

1.0699 

- 

3 in.  Be 
plus  

10% Hz0  

1.1.866 

- 

1.1657 

1 . 1 3 6  

- 

1.0540 

1.0092 

3 in. 
plus 

10% H z 0  

1 . 2 6 5  

- 
1.2137 

1.1787 

- 

1.0761 

1.003i 

Inner Refl. 

3 in. D20 

o 

1 

3 

10 

15 

50 

a o  
1 

i n .  Be 
plus 

10% Hz0 

- 
- 
- 
- 
- 

1.0692 

1.0058 

1.2877 

1.1901 

1.0917 

0.9872 

0.9629 

0.9213 

- 

3 in. Be 
plus 

20% Hz0 

- 
- 
- 
- 
- 
- 

0.9491 



I f  we define t he  r e a c t i v i t y  change introduced by adding poison t o  
t h e  inner  r e f l e c t o r  as 

then t he  3 in .  D20-D3B03 system would have a 31% change i n  r e a c t i v i t y  in  
going from clean D20 t o  50 g bor ic  acid  per  l i t e r ,  whereas t h e  3 in .  
beryllium p lus  10% water system (homogenized) would only have an 18% 
change i n  r e a c t i v i t y  going from clean t o  200 g of boric acid  per  l i t e r  
of water. 

It can be seen a l s o  from the  s tud ies  using Models B and C t h a t  
t h e  heterogeneity of t he  beryllium-water system would r e s u l t  i n  even 
l e s s  r e a c t i v i t y  worth. 

It should be remembered here t h a t  the  one-dimensional case exaggerates 
t h e  con t ro l  worth because only one lobe of t he  reac tor  i s  considered, and 
i n  t h e  ac tua l  ATRs t h e  leakage i n t o  t h e  inner r e f l e c t o r  i s  much smaller 
than predicted by t he  one-dimensional model. An example of the  di f ference 
i s  t h e  r e a c t i v i t y  change i n  going from 0 t o  50 g bor ic  ac id -pe r  l i t e r .  In  
t h e  two-dimensional case Ap Y 9% whereas t he  one-dimensional ' case indicates  
31%. It may be concluded, from' t h i s  study t h a t  Be + lo$ H20 o r  even Be + 20% 
Hz0 chemical control  canna% >rovide adequate control  of reac t iv i ty .  

Using the  same problem setup as  i n  Model A, f i v e  more problems were 
run t o  see t he  e f f e c t  of poisoning both the  outer and inner r e f l ec to r s .  - 
Table 7.0-C shows t h e  r e s u l t s  of t h i s  study. It can be seen t h a t  t h e  
t o t a l  r e a c t i v i t y  change i n  going from 0 t o  50 g of H3B03 per  l i t e r  i s  
very near ly  the  same as only poisoning the  3 in .  inner reflector,i .e.,  about 30%. 
These r e s u l t s  a r e  shown graphically i n  Figure 7.0-2. 

Table 7.0-D gives t he  r e s u l t s  of Model D, i n  which various combinations 
of inner r e f l e c t o r  widths and composition were studied. These r e s u l t s  a re  
shown i n  Figure 7.0-3. The eigenvalues obtained here cannot be compared ' 

a i r e c t l y  with those using Model A; however, it may be noted t h a t  i n  the  
case  with 112 i n .  H20+H3B03 inner re f lec to r ,  D20 outer  re f lec to r ,  t he  
r e a c t i v i t y  change going from 0 - 50 grams H3B03 per  l i t e r  i s :  

7.2 Effect  of Hz0 Contamination of a D20 Reflector 

Several problems were run t o  determine the  e f f ec t  of varying t he  H20 
contaminant i n  D20 on t he  r e a c t i v i t y  and on neutron l i fe t ime .  The 
procedure f o r  computing neutron l i f e t ime  i s  discussed i n  Section 10.0. 
I n  these  cases, C?p = 0.0001 and Clp = 0.000002. The DMM model used 
w a s  Model D.discussed i n  7.1, with m A-3 experiment. The r e s u l t s  of 
t h i s  study a r e  given i n  Table 7.0-E. 



Gff VS. H?BO? CONCENTRATION IN BOTH INNER AND OUTER REFLECTOR 

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

TABLE 7.0-D . \ .  a I 

, . "' 
EFFECT OF RIPLECTOR ON Keff, MODEL D 

NOTE: Model is described in Table 7.0-A and Figure 7.0-1. 

Inner Reflector 

Composition 

H20 
H20 
H20 
H2O 
H20 
H20 
H20 
D20 
D20 

Be + lo$ Hz0 
Be + 10% H20 

H20 
H20 

Poison 
Concentration 
g/liter H3BO3 

0 
1 
3 
10 
50 
200 
0 
0 
50 
0 
50 
50 
50 

Outer Reflector 

Composition 

D20 
D20 
D20 
D20 
"20 
D20 
H20 
'9 
D20 
H20 
H2O 
D20 
D2° 

Inner Reflector Thickness 
Poison 

Concentration 
g/liter H 3 3  

0 
0 
0 
0 
0 
o 
0 
0 
0 
0 
0 

200 50 

112 in. 

1.0417 
1.0~6~ 
1.0001 
0.9308 
0.7858 
0.7106 

- 
- 
- 
- 
- 

0. '(367 
0.7239 

1-112 in. 

0.9324 
0. 9028 
0.8594 
0.7825 
0.6950 
0.6567 

- 
- 
- 
- 
- 
- 
- 

3 in. 

0.8625 
- 
- 

0.7355 - 
- 

0.8414 
1.1170 
0.7524 - 

- 
- 
- 

6 in. 
- 
- 
- 
- 
- 
- 
- 
- 
- 

1.0479 
0. 9005 - 

- 



TABLE 7.0-E - 

EFFECTS OF HpO CONTAMINATION OF D90 

' This study indicates  t h a t  even i n  the  one-dimensional model, t h e  
e f f ec t  of increasing Hz0 contamination i n  the  D20 does not have a ' l a r g e  
e f f e c t  on e i t he r  the  neutron l i f e t ime  o r  t he  reac t iv i ty .  I n  t he  ac tua l  
case t h e  e f f ec t  would.bemuch smaller because t he  leakage i n to  the  r e f l e c t o r  
i s  smaller i n  t h e  ac tua l  case than i n  t he  one-dimensional model. 

7 .3  Separating Tank Tfiickness 

Since most of t h e  PDQ problems were run'without a separate region 
t o  describe the  tank w a l l  separating the  inner r e f l ec to r  from the  outer  
r e f l ec to r ,  a one-dimensional study was s e t  up t o  determine t he  e f f ec t  of 
putting m aluminum tank i n .  These problems were run using the same r e f l ec to r  
setup as Model U d e ~ c r i b e d  i n  7.1. 

h Poisor: 

1.03303 

1.02694 

1.01279 

1.00128 

0.84542 

0,84245 

0.83515 

0.82887 

h Clean 

1.04204 

1.03512 

1.01933 

1.00674 

0.84851 

0.84530 

0.83754 

0.83034 -.-- 

Table 7.0-F shows t h a t  Ap (due t o  the  addit ion of 25 g/l i . ter  H ~ B O ~ )  
could. go down by as  much as 20% due t o  a 1 in.  aluminum tank w a l l .  separating 
the  inner r e f l e c t o r  from the  outer re f lec to r ;  o r  about 10% due t o  a 112 in .  
aluminum tank wall.  

Percent H20 
i n  D20 

Outer Reflector 

, ~ 2 5 %  

1% 

3% 

5% 

.25% 

1$ 

3% 

5 1 

L 

Inner Reflector 

It should be remembered here t h a t  thcse  r e ~ u l t ~  a r e  f o r  the  one- 
dimensional case. The e f f e c t  of a 112 in .  e.l,i~minum tank wall  on Ap due 
t o  t h e  addit ion of 25 g / l i t e r  H3B03 to Ihe inner r e f l ec to r  would be about 
hal f  t h a t  indicated i n  t he  one-dimensional study. 

P 

0.00872 

0.00797 

0.00646 

0.00545 

0.00365 

0.00338 

0.00286 

0.00256 - --..-....- 

Composition 

H20 

H2° 

H2° 

H20 

H2O 

H.20 

H2O 

H2° 

Lifetime 

.- (P set) 
317 

290 

235 

198 
133 

1.23 

104 

91 
.... " ......... 

Poison 
Concentrat ion 
g / l i t e r  H3BO? 

O 

0 

0 

O 

25 

25 

25 

25 



EFFECT OF INNER REFLECTOR TANK WALL ON REACTIVITY 

7.4 Determination of.Be-Hz0 Reflector Thickness 

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

Thickness of 
Tank Wall 

0 

0 

114 in. 
114 in. 

112 in. 

112 in. 

314 in. 

314 in* 

1 in. 

1 in. 

The calculations are made for varying thickness of beryllium plus 
Hz0 as coolant around a cylindrical fuel annulus with 0.137 g U-235 
per cc. The experimental facility interior to the core contained an A-1 
experiment in a stainless steel pressure tube. In all cases the inner 
beryllium reflector was surrounded by an essentially infinite light 
water outer reflector. 

Ke f f 

1.0420 

0.8485 

1.0235 

0.8450 

1 :0076 

0.8417 

' 0.9932 

0.8387 

0.9803 
0.8358 

Table 7.0-G shows the problem description with the corresponding 
eigenvalue. The~e recultc are plotted in Figure 7.0-4. From these 
studies, the Be-H20 inner reflector thickness was chosen to be 6 in. 
with a H20 volume fraction of 10% which is as i ~ w  as heat transfer 

nP 

0. ug 

0.206 

0.196 

I 

0.185 

0.176 

Inner 

Composition 

H20 

H2° 

H2° 

H2° 

H20 

H2° 

H2° 

H2° 

H2° 

H2O 

Reflector 
Poison 

Concentration 
g/liter H?BO? 

0 

25 

0 

25 

o 
25 

0 

25 

o 
25 



TABLE 7 .,0- G 

ONE- DIMENSIONAL STUDIES OF BERYLLIUM REFLECTORS 

NOTE: Models a r e  described i n  Table 7.0-A.and Fi.gure 7.0-1. 

Problem 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
1 2  
13 
14 
15 
19 
20 
21 
22 
23 
24 

a' 
28 
29 
3 0 
3 1 
3 2 
3 3 
34 
35 
36 

37 
38 

Region 5 

D20 
Be 
Be + 5% Hz0 
Be + 10% Hz0 
Be + 20% H20- 

H20 
Be + 20% E20 
Be + 20% H20 
k + 20% H ~ U  
Be + 20% H20 
Be + 20% H20 
Be + 20% 1120 
Be + 20% Hz0 
Be + 20% Hz0 
Be + 20% H20 
Be + 20% H20 
Be + 20% H20 

D20 
Be + 10% H20 
Be + 10% H20 
Be + 10% H20 
Be + lo$ HpO 
Be + 10% ~ $ 0  
Be + 10$ H20 
2% + LO$ Fzn 
'Be + 5% H20 
Be + 5% H20 
Be + 5% H20 
Be + 5% H20 
Be + 5% Hz0 
Be + 5% H20 
Be + 5% Hz0 
Be + 20% Hz0 

Be + 20% H20 

Be + 20% H20 

No. of 
Groups 

Materials  
Region 6 

D2° 
Be 
Be + 5% H20 
Be + 10% Hz0 
Be + 20% H20 
H20 
H20 
H20 
112~ 

H20 
H20 
I120 

H20 
I120 

Hz0 
H20 
Hz0 
D20 
H20 
H20 
Hz0 
Hz0 
H20 
H20 
H2n 
H20 
H20 
Hz0 
H20 
H20 
H20 
Hz0 
HpO 

H20 

HgO 

Thickness 
Region 5 h 

1.238 
1.304 
1.260 
1.225 
1.172 
0.905 
1.054 
1.099 
1.128 
1.146 
1.156 
1.162 
1.166 
1.1311 
1.175 
1.235 
1.238 
1.253 
1.070 
1.130 
1.156 
1.180 
i.196; 
1. 2U8( 
1,213 
1.076 
1.128 
1.167 
1 195 
1.215 
1.229 
1.238 
1.073 

1.106 

1 095 

4 
4 
4 
4 
4 
4 
4 
4 

- 
- 
- 
- 
- 
- 

2 in .  
3 in.  

4 
4 
4 
4 
4 
2 
2 
2 
2 
2 
4 
4 
11. 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

2 (no fo r  v% R,) 

2 ( z ' i n &  
v$ = 0 

2 ( C  i n  & 
VE, i n  

4 ~ n .  
5 i.n. 
6 in .  
7 i n .  
8 in .  
2 in .  
3 in .  
7 in .  
8 in.  

- 
2 in .  
3 in .  
4 in .  
5 in .  
6 in .  
7 in .  
8 i n .  
2 in .  
3 in .  
4 in .  
5 in .  
6 in.  
7 i n .  
8 in .  
2 in' 

2 i n .  

2 in .  



would permit. It was decided t h a t  t he  proper way t o  take t he  (n, 2n) 
react ion i n to  account i n  t he  four-group scheme was t o  subtract  t h e  value 
of vZH (calcula ted by MUFT) from the  absorption cross  sect ion f o r  t he  
f i r s t  f a s t  group, and add it t o  t he  removal cross  sect ion f o r  t h a t  group.. 1 

To determine the  bes t  way t o  handle beryllium i n  two-group problems, 
th ree  d i f f e r en t  methods were t r i e d  i n  problems 36, 37 and 38 t o  compare 
with problem 7 in able 7.0-G). From t h i s  comparison it was decided t h a t  
it w a s  bes t  simply t o  ignore t he  value of vClf ca lcula ted by the  MUFT 
program and use the  D, Clat C l r  jus t  a s  they come from MUFT. 

7.5 One-Dimensional Calculations of Fluxes i n  Experiments 

Effect  of Reflector Composition on Experiment Fluxes 

Two models, described i n  Table 7.0-A, with d i f f e r en t  r e f l e c t o r  
compositions but  with roughly the  same eigenvalue were used t o  observe 
t he  e f f ec t  of t he  r e f l ec to r  on t he  t e s t  f luxes.  The f i r s t  case had a 
3 in .  th ick  inner D20 r e f l ec to r  with 3 g of boric acid  per  l i t e r  and an 
eigenvalue of 1.0917, and t he  second case shad a 90% Be + 10% H20 r e f l ec to r  
with 50 g of boric acid per  l i t e r  of H20 and an eigenvalue of 1.0761. 
Table 7.0-H gives t he  r e s u l t s  of t h i s  comparison, where the  f luxes  a r e  
normalized t o  the  same core power i n  both cases. 

TABLE 7.0- H 

EXPERIMENT FLUXES VS. REFLECTOR COMPOSITION 

The change i n  bot,h t he  f a s t  and thermal f luxes  i s  small and 
there  i s  about a 5% change i n  t h e  fast- to-thermal f l u x  r a t i o  i n  going 
from D20 t o  beryllium i n  t he  r e f l ec to r s .  It should be noted t h a t  t he  
experiment i s  i n  t he  center of t h e  core and thus t he  e f f ec t  should be 
even more than i n  t he  ac tua l  case. 

7.52 Effect  of Moderator Composition on Fast-to-Thermal Flux 
Ratio i n  Bcperiment 

A s e r i e s  of problems w a s  run using the  same problem setup 
as l i ~ t e d  i n  Table 7.0-A, Model A with region 5 varied from pure H20 

1. Personal communication with Glen E. Putnam of In te rnuc lew Company. 
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t o  10% H20, 90% Al. Both inner and outer re f lec tor  regions contained 
pure D20 (0.25$ ~ ~ 0 ) .  The r e su l t s  of t h i s  study are  given i n  Table 
7.0-1. This information w a s  used t o  help determine an optimum metal-to- 
water - ra t io  t o  use i n  the  two-dimensional cases t o  obtain a flf/fls r a t i o  
of one i n  the A - 1  experiment with the zirconium tube. 

EFFECT OF H20 CONTENT OF MODERATOR ANNULUS 

ON FAST-TO-THERMAL FLUX RATIO I N  EXPERIMENT 

$ H20 i n  
6f 16s Aluminum- Water 

_Moderator Annulus Experj- 

10 3 8195 

20 2.8298 

70 1.1260 

90 0.8962 

100 0.8145 

Figure 7.0-5 shows the curves of t h e  f ~ s k ~ t . 0 - t h e r m d - f l u x  
r a t i o  versus the percent water i n  the moderator annulus fo r  A - 1  experi- 
ment with s ta in less  s t e e l  pressure tube, A-1  experiment with zirconium 
pressure tube, and A-3 experiment with s ta in less  s t e e l  pressure tube. 

Also, cevcral problems with different  setups were run t o  
delermine how t o  get a desired f a s t  f lux  or the fast-to-therma,l f ' l i ~ x  
r a t i o  i n  an experiment. These problems were run p r i o r , t o  any two- 
dimensional studies and were exploratory i n  nature. Table 7.0-J  give^ 
a description of each problem and the r e su l t s  a re  l i s t e d  i n  Table 7.0-K. . 

Flux Peaking Due t o  SaYety Blade 

A one-dimensional problem was se t  up t o  obtain a f lux p lo t  across a 
f u e l  element located next t o  a safety blade of one proposed design. This 
problem was r~ul i11 s lab geometry as a c e l l  problem, with x = o located 
a t  the center of the safety blade (poison section withdrawn) n:nd the 
outer boundary located approximately i n  the center of the fue l  element; 
Figure 7.0-6 shows the r e su l t s  of thi.s study along with the dimen- ,ions 
and composition of each region. This study shows t h a t  the maximum-to- 
average thermal f lux  due only t o  the safety blade follower i s  about 1.25. 
There-fore, the f i n a l  detai led design should be such tha t  most of t h i s  
pea.king.is eliminated. 



PROBLEM DESCRIPTION FOR ONE-DIMENSIONAL FLUX CALCULATIONS 

TABLE 7.0-K 

EXPERIMENT FLUXES I N  ONE- DIMENSIONAL MODELS 
. 'I. 

Region 7 
Inner 

Reflector 

H20 

H20 

H20 

H20 

H2° 

H20 

H$+3 g / l  
H3BO3 

I 1  

II 

Region 8 
Outer 

Reflector 

"2O 

H@ 

H2° 

%O 

Hz0 

H20 

H$ 

H2° 

"2O 

Region 4 
Metal 

ss 

Zr 

Zr 

. ss 

s s 

ss 

ss 

S S 

ss 

Region 3 
Void 

Void 
11 

!I 

I 1  

I t  

II 

I 1  

I t  

II 

Region 2 
Metal 

ss 

. Zr 

Zr 

s s 

S S 

s s 

s s 

SS  

SS 

Problem 
No. 

1001 

1002 

1003 

1004 

1005 

1006 

1007 

1008 
1009 

Region 5 
Moderator 

H20 

H20 
~ e + l 0 $  H20 

60$ u , 4 @  
1120 

11 

H$ 

60% A1,40$ 

H2O 
II 

H20 

Region 1 
Experiment 

A- 1 

A- 1 

A- 1 

A- 3 

A- 3 

A- 1 

A-3- 

A- 3 

A- 1 

Region 6 
Fuel 

In. 

2-112 

2-112 

2-112 

2-112 

2 

2 

2 - 1 2  

2 

2 



OUTER REkLtL IOR 

( 0 )  DMM MODEL A 

(d) DMM MODEL D 

OUTER REFLECTOR 

(c )  DMM MODEL C 

FIG.' 7.0 - I P P  C 0 . - C - 1 1 8 *  

CYLINDRICAL MODELS FOR ONE -DIMENSIONAL CALCULATIONS 



GRAMS BORIC AClD PER L ITER OF COOLANT 
8 0  1 2 0  1 6 0  20C 

. .,, 

3" Be REFLECTOR WlTH 10% H20 + BORIC AClD 

GRAMS OF BORIC ACID PER L I T E R  IN INNER REFLECTOR 

- FIG. 7.0-2 
. EFFECT OF REFLECTOR C.ONDITIONS ON keff  USING MODEL A 

1 14 - 
I 

6" Be WlTH 10% H20 + H3B03 
I N  INNER REFLECTOR, 

H20 IN OUTER REFLECIUR 

-1/2" INNER REFLECTOR. H20 + H3B03, 
D20 IN OUTER REFLECTOR 

- - 

REFLECTOR 

D20 IN OUTER REFLECTOR 

.54 
0 10 2 0  3 0  4 0  50 

GRAMS OF BORIC AClD PER L ITER I N  INNER REFLECTOR 
PP CO -C-3195 

FIG. 7.0 - 3  
VARIATION OF kef f  W I T H  POISON. IN REFLECTOR USING MODEI,. D 



F I G .  7.0-4 
k ,ff VERSUS BERYLLIUM - WATER INNER REFLECTOR THICKNESS 

0 
0 10 2 0  3 0  40 5 0  6 0  70 8 0  9 0  100 

H 2 0  IN MODERATOR ANNULUS (percent) 
P P C O  - C - 3 1 9 6  

FIG. 7.0,-5 
FAST - TO - THERMAL FLUX RATIO IN EXPERIMENT 

VERSUS PER CENT H 2 0  IN MODERATOR ANNULUS 



DISTANCE FROM CENTER OF BLADE ( c m )  PP co.- 8- 3197 

FIG. 7.0 - 6 
PLOT OF SLOW FLUX FROM CENTER OF BLADE 

TO CENTER OF FUEL ASSEMBLY 



8.0 V O I D  AND TEMPERATURE COEFFICIENTS OF REACTIVITY 

8 .  Void Coefficients 

The temperature coef f ic ien t  of r e a c t i v i t y  is ,determined by the ne t  
balance of a number of pos i t ive  and negative e f f ec t s  but i n  ATR i s  p r i -  
marily due t o  changes i n  the  densi ty  of the  coolant and moderator f l u id s  
i n  the  reactor ,  i .e . ,  by t he  void coef f ic ien t .  

Moreover, the  p o s s i b i l i t y  of bo i l ing  a t  various locat ions  and the  
in t roduct ion of cooler and more dense water i n to  the d i f f e r en t  regions 
of t he  reactor  place add i t iona l  emphasis on a  knowledge of the  void 
coef f ic ien t  of r e a c t i v i t y .  The var ia t ion of the void coef f ic ien t  of 
r e a c t i v i t y  with posi t ion (mainly r a d i a l  posi t ion)  allows the  fu r ther  
p o s s i b i l i t y  t h a t  the  r e a c t i v i t y  change can be d i f f e r en t  i n  s ign as  wel l  
a s  magnitude i f  bo i l i ng  i n  a  region takes place uniformly ra ther  than 
near some hot spot near the  surface of the  region. 

The void coef f ic ien t  as  a  function of r a d i a l  posi t ion i n  s ingle  
lobe models of ATR has been determined with a  ser iea  of one-dimensional 
d i f fus ion  theory s tudies  performed using the WANDA-4 code. Two models, 
a s  described i n  Table 8.0-A, have been considered; the  f i r s t  has an A - 1  
t e s t  with a  zirconium pressure tube and the second has an A-5  t e s t  with 
a  s t a i n l e s s  s t e e l  pressure tube.  The s tudies  are  based on the  simpli- 
fy ing  assumption t h a t  i n i t i a l J  study of void coeff ic ients  i n  a  s ingle  
detached lobe can be d i r e c t l y  re la ted  t o  those of the complete reactor  
by the  e f f e c t  of r e a c t i v i t y  change i n  one lobe upon net  r e a c t i v i t y  of 
t he  complete reac tor .  The r e a c t i v i t y  changes fu r  the  s ingle  lobe model 
as  l i s t e d  i n  Tables 8.0-B and 8.0-c are  about three  times the corres-  
ponding values fo r  ATR. 

A l l  void coef f ic ien t s  were calculated from the' difference i n  the  k 
value (calcula ted bjr the  WANDA-4 code) of the  "reference" reactor  and 
t h e  reac tor  with a smal l - f in i t e  change i n  the  H20  and D20 densi ty  i n  
some r a d i a l  annulus . I n  the  t4est8 r ~ g i  on, the f  i l l c r  and =the CCJL e , Ll~e 
change i n  r e a c t i v i t y  ( k )  was observed f o r  a  change i n  the  densi ty  
throughout the  region, i n  only the  inner 114 i n .  of the  region, and i n  
only the  outer 114 i n .  of the  region. A comglet,e 1 i  st, nf a l l  of the  
Cases run i s  given i n  Tables 8.0-B and 8.0-C, together with the  Ak 
values which resi i l ted.  Alsu l i s t ed .  i.n these t ab les  are  the  values 
A~/Av and Ak/v fo r  each case. 

The yoid coef f ic ien t  of r e a c t i v i t y  i s  assi~med t o  be simply &L/AV, 
where Ak i s  the  observed difference i n  k  equal t o  k-ko (ko i s  the  k of 
t he  reference case) ,  and AV i s  the  e f fec t ive  void which r e su l t s  from 
the  change i n  H20 o r  D20 densi ty .  For example, i f  the  Ak r e s u l t s  from 
changing the  H20 densi ty  i n  a region from Po t o  0.75 Po, the  AV i s  
simply 0.25. Hence, AV i s  the  f rac t ion  of the  H20 which i s  replaced by 
void.  



In  order t o  obtain a meaningful measure of the. r a d i a l  posi t ion 
dependence of the  void coeff ic ient ,  a s e t  of numbers termed Ak/v was 
a l so  computed. These numbers represent the  change i n  k produced by . 
adding one cm3 of void per cm of reactor  length a t  each of the  respec- 
t i v e  posi t ions .  Hence Ak/v = A ~ / ( A v  x Volume of regi.on perturbed).  

Whether the  lobe contains the  A- l .o r  the  A-5 t e s t ,  the  posi t ive  void 
coef f ic ien t  i n  the  t e s t  i s  reassuringly small and r e l a t i v e l y  constant 
with r a d i a l  posi t ion.  Cases 14 and 35, respectively,  r e f e r  t o  the  
e n t i r e l y  dry t e s t  region f o r  the A - 1  and A-5; and i n  both of these cases 
the  Ak i s  l e s s  than t h a t  needed fo r  prompt neutron r eac t i v i t y .  The A - 1  
t e s t  has the  higher void coef f ic ien t  by about a fac tor  of 3.5 as  compared 
with the  A-5 t e s t ,  but when even the  A - 1  i s  dry  the  r e a c t i v i t y  increase 
i s  more than ,a fac to r  of 3.0 away from t h a t  needed f o r  prompt c r i t k c a l i t y  
of the s ingle  lobe model. 

In  the  40 per cent ~ 2 0 - 6 0  per cent aluminum f i l l e r  which i s  used with 
the  A-5 t e s t ,  the  void coef f ic ien t  i s  small and it i s  posi t ive  only a t  the  
extreme ins ide  boundary (near the  t e s t ) .  The void coef f ic ien t  f o r  voids 
d i s t r ibu ted  uniformly i s  negative and it apparently becomes more and more 
negative toward the  core. However, i n  the  100 per cent H20 f i l l e r  used 
with the  A - 1  t e s t  the  void coef f ic ien t  i s  ra ther  large  and posi t ive  
throughout the  region with the  highest  value a t  the  boundary near t he  
t e s t .  

The indicat ion i s  t ha t  a uniform d is t r ibu t ion  of about 16 per cent 
void i n  the  A - 1  f i l l e r  region represents enough Ak t o  meet the  usual  
c r i t e r i on  fo r  prompt c r i t i c a l i t y  (about .72 per cent Ak/k) i n  a s ing le  
lobe model. There i s  considerable reassurance, however, i n  the  f a c t  t h a t  
such a r eac t i v i t y  r i s e  would have t o  occur r e l a t i v e l y  rapidly  and i n  a l l  
lobes simultaneously i n  order t o  be hazardous and considerable bulk bo i l -  
ing  would have t o  occur i n  order t o  a t t a i n  t h i s  void f rac t ion .  In  
addit ion,  the pos s ib i l i t y  of nucleate bo i l ing  i n  the  region adjacent t o  
the  core or  the  t e s t  does not appear t o  represent a hazard even should 
it occur, f o r  the  r e su l t s  indicate  t h a t  about a 100 per cent  void f rac t ion  
i s  necessary i n  the  114 i n .  l ayer  near the  core o r  near the  t e s t  i n  a l l  
lobes a t  the same time i n  order t o  meet the  usual  conditions f o r  prompt 
c r i t i c a l i t y .  

Two kinds of dependence a re  indicated fo r  the  void coef f ic ien t  i n  
the  core. F i r s t ,  the  coef f ic ien t  becomes much more negative i n  the center 
of the  core annulus than a t  the  edges; and, second, the coef f ic ien t  be- 
comes more negative as  poison i s  added t o  the  control  region outside the  
core. The void coeff ic ient  f o r  uniform d i s t r i bu t i on  of voids i n  the  core 
i s  over twice as large  as the  value near the  edges, and the  average core 
void coeff ic icnt  with 8 g / l i t e r  of H3B03 i n  the  control  region i s  about 

.twice as large  as  the  value obtained with the  control  region clean.  

In  the  control  region, the  void coeff ic ient  near the  core i s  nega- 
t i v e  whether or  not the  r e f l ec to r  control  i s  poisoned and it i s  only 



s l i g h t l y  more negative when it i s  unpoisoned. 1 n . t h e  unpoisoned case,  
t h e  void c o e f f i c i e n t  remains negative throughout the  con t ro l  region, ,but- 
it becomes pos i t ive  enough i n  the  poisoned case t o  cause the  void . . 
c o e f f i c i e n t  f o r  uniform con t ro l  region void t o  be a small pos i t ive  :value. 
It i s  evident  t h a t  decreasing t h e  dens i ty  of poisoned r e f l e c t o r  con t ro l  
(uniformly) causes a s  l a r g e  an increase  i n  neutron' leakage losses  as  a 
decrease i n  thermal neutron absorption.  ' . 

I n  assess ing t h e  r e s u l t s  of Tables 8.0-B and 8 . 0 4  i.t should be 
kept  i n  mind t h a t  they apply t o  a s i n g l e  annulus model. The change of 
r e a c t i v i t y  f o r  t h e  same change i n  void i n  one annulus of ATR i s  roughly 
one- th i rd  t h a t  of  the  corresponding value i n  these  t a b l e s .  The delayed 
group of neutrons from the  r e f l e c t o r  makes r e a c t i v i t y  i n s e r t i o n  f o r  
prompt c r i t i c a l i t y  considerably g rea te r  than the  usual  value of .72 
per  cent  &/k. 



:ase 
No. 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10  

11 
1 2  
13 

1 4  
1 5  

~ 1 6  
17 
18 
1 9  

20 
21 
22 

Perturbed 
Region 

Reference Case 
Inner  114" of  Tes t  
En t i r e  t e s t  
Outer 1/4" of  t e s t  
Inner  114" of  f i l l e r  
En t i r e  F i l l e r  
Outer 114" of F i l l e r  
Inner  1/4" of  Core 
En t i r e  Core 
Outer 114" of Core 
Inner  1/4" of  Control 
Region 

En t i r e  Control Region 
D20 Ref lec tor  
Control  Region and 

D20 Ref lec tor  
En t i r e  Tes t  
Middle 2" of Core 

Reference Case 
Middle 2" of Core 
En t i r e  Core 
Inner  1/4" of C o n t r ~ l  
Region 

En t i r e  Control Region 
D20 Ref lec tor  
Control Region and 

DpO Ref lec tor  

TABLE 8.0-B 

V O I D  COEFFICIENTS FOR SINGU-LOBE MODEL 
WITH A - 1  TEST AND ZTRCONIUM LOOP 

?er turba t ion ,  AV 
=Void Fract ion 

of  H20 
Water 

F r a c t i o ~  

-- - -- - - - - 

+ I n  cases 0 through 15 ,  t he re  a re  8 grams of H ~ 0 ~ / l i t e r  i n  t he  con t ro l  region.  
I n  cases 16 through 22 t h e r e  i s  no H 80 i n  ti?e con t ro l  region.  

V H ~ O  = AV x Water Fkaction 
3 3 



. . .  . 
TABU 8.0-c 

V O I D  COEFFICIENTS FOR SINGLE-LOBE MCDEL 
, 

WITE A-5 TEST AND STAINLESS LOOF 
. - 

Bote: In  csses 23 through 35 ( inc lus ive)  there  are 8 grams of ~ ~ ~ 0 ~ ; l i t e r  i n  control  region.  

' ~ ~ 0  ' AV x Water Fraction. 

Ap102 

.00031 

.0229l 

. 0 1 4 ~ 7  

. . 

Case Perturbed 
Region NO. 

23 Reference Case 
24 Inner 1/4" of Test 
25 Ent i re  Test 
26 Outer 1/4" -of Test 

Water 
Fraction 

0 515 
0 -515 
0 515 

Per tur ta t ion ,Av 
= Void F r a c t i ~ n  

of H20 

0.25 
0.25 
0.25 

$lo2 

.00124 

.09162 

.05687 

a& x1~4 

.1903 

.8777 
1.2452 

004629 
- .09940 
- .034641 
-1.4088 
-28.8756 
-I.. 6395 
- -5050 

Volume of 
R e  ion 

(cm~/cm) 

1.26677 
20.2683 
8.8674 

27 Inner 114" of F i l l e r  
28 E n t i r e  F i l l e r  
29 0 : ~ t e r  114" of F i l l e r  
30 Inner l j 4 "  of C.ore 
31 Ent i re  Core 
32 Outer l /4"  of Core 
33 Inner 1/4" 0.f Control 

Region 
34 Ent i re  Control Region 
35 E n t i r e  Test 

01803 
- ,08504 
- .1302 
-8.0011 

-12.0581 
-5.4133 
- 84813 

1.0 
1.0 
1.0 
0 556 
0.556 
0 556 
1 .0 

' 1.0 
r 0.515 

K 

.8732584 

.8732615 

.8734875 

.8734006 
0.3575 
0 -3575 
0 03575 
0.10 
0.10 
0.10 
0.10 

0.10 
1 .<I 

i 
,5459 .06191 
.060857 1 .583O 

I 

25.6779 
116.8853 

26.6021 
31.6692 

430 .To12 
54.5710 
59.5381 

881.6705 
20.2683 

,873g50 , ,001655 
.8729031 - .035537 
.8731346 - ,012384 
-8718496 - -14088 
.8443828 1-2.88756 
.8715190 
-8727535 

.8738043 

.8738670 

- .16395 
- .05050 

.05459 

.060857 



TABU3 8.0-A 
SINGIE-LOBE MODELS FOR THE V O I D  COEFFICIENT CALCULATIONS 

Fegion No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

A - 1  

Outer 
Radius 

( i n )  

1 .O 

1 536 

2-75 

3.00 

5 50 

5 -75 

8-75 

40.50 

43 50 

A-5 Test 

Outer 
Radius 

( i n  > 
1 .0  

1.34 

'2.75 

3.00 

5 50 

5.75 

8.75 

40.50 

43.50 

Test and Zirconium Loop 

Composition 

A-1 Test 

Zi rca l loy 2 (+ homogenized void) 

F i l l e r  of Hz0 

Aluminum 

Core 

Aluminum 

D20 Control region 

D20 Reflector  

S ta in less  S t e e l  

anc S ta in less  S t e e l  Loop 

Composition 

A-5 Test 

S ta in less  s t e e l  (+  
homogenized void)  

F i l l e r  of 40% H20 and 6046 Al 

Aluminum 

Core 

Aluminum 

D20 Control region \ 

D20 Reflector  

S ta in less  S t e e l  I 

. . 



8.2 The Components of the  Temperature Coefficient 

Estimates of the  major components of the  temperature. coeff ic ient  i n  
t h e  core of one lobe of the  ATR have been made. The resu l t s ,  together 
with the  calculated o r  assumed constants, are  shorn i n  Table 8.0-D. The 
lobe contains the  A - 1  t e s t ,  z i rca l loy  pressure tubing, the normal f u e l  
loading, and 3 grams/li ter  of D3BO3 i n  the 3 in .  D20 control  region. 
Keff of t h i s  r eac to r - i s  1.0127; the  model i s  ' s i m i l e  t o  t h a t  of Table 
8.0-A. 

TABU 8.0-D 

W O R  COMPONENTS OF THE TEMPERATURE COEFFICIENT' . 

.(in the  Core of a Single-Lobe Model of the. ATR) 

Effect  

Thermal 

U-235 Abs. 

U-235 Fiss .  

u-238 A ~ S  . 

H20 Abs . 

~l A ~ S .  

Boron Abs. 
( & 4  .015) 

Xe-135 Abs . 

sm-149 A ~ S .  

4AK 
AT 

+ 4.324 
-0 874 

- 5.198 

+ 0.011 

+ 0.277 

+ 0.139 

+ 0.349 

+ 0.164 

1 +o ,147 

- o .017 

A.K Formula fo r  

AK Au 
(-1 ( ~2~ a25 
A% 
AK A"f 25 (-1 ( N ~ ~  1 
A% 

AK A%28 (-1 (NZ8) 

AK. A" a (ATJ (nH) 

nu uni t  l / v  

A% 

AK *'a xr 
(Ax)(Nxe)( 

(more ) 

I 



Table 8 .0-D ( ~ o n t  . ) .. 

AK AK 1 * -  = (-1 ( =Po), ~ h e r e  16  the  void coeff ic ient ,  and 
@H?O %0id 

PH20 = 0.9633. 

Ef fec t  

R e s  o n a c e  : 

U-235 Abs. 

U-235Fiss. , 

u-238 A ~ S  . 

Aluminum 
Expans ion 

H20Expansi.on - 0.752 1 
AK 

. .i 

- - - - - - -  

Total  Thermal + 0.049 

Total  Resonance + 0.044 

Tota l  Expansion - 0.917 

GRAND TOTAL - 0.824 

AK 
1 0 ~ ( ~ )  AT 

- 0.255 

+O .054 

+0.309 

- 0.010 

- 0.165 

AK Formula f o r  - m 

AK 1 a% 
(G)3)s (N25) (~25) (z  

AK 1 
(A7)3(N25)('f 25)3(< 

AK 1 3% 
( ~ ) 3 ( ~ 2 8 ) ( ~ a 2 8 ) ~ ( %  

* 



The t o t a l  t empera tye  coef f ic ien t  of -0.824 x AKl0I? includes 
t he  e f f e c t  (0.349 x 10- W O F )  of'an amount of burnable poison (boron) 
i n  t h e  core such t h a t  &4 of boron equals 0.015 cm-l. Otherwise, the  
temperature coe.ff icient  excluding Al and Hz0 expansion e f f ec t s  would be 
negative.  . . 

It i s  t o  be noted t h a t  t he  expansion e f f e c t  i s  the  most s i gn i f i c an t  
p a r t  of t he  temperature coef f ic ien t  and t h a t  the  r e s u l t s  of previous 
s tud ies  show t h a t  t h i s  par t  o f ' t h e  coef f ic ien t  can vary from about one- 
h a l f  the  present value (when t h a t  i s  no D3BO3 i n  the  control  region) t o  

- 
about twice the  present value (when the  control  region i s  f u l l y  poisoned). 

8.2.1 Methods and Assumptions 

To obtain the  "thermal" and "resonance" e f fec t s ;  i . e . ,  the  
e f f e c t  of changes i n  microscopic cross sections due t o  temperature, four 
WANTIA-4 cases were run i n  which &4, vZf4, &3, and vCf  were changed, 
one by one, and compared with the  case i n  which no ClIm$e ocau.rd.  The 
r e s u l t s  a re  tabulated'  i n  'Table 8.0-E. Also, i n  t h i s  t ab l e  i s  t he  r e s u l t  
of a WANDA-4 case i n  which the B$ densi ty  waE reduced to 9/10 of %he 
usual  value; the  r e s u l t h g  void coeff ic ient  i s  the  basis  of the  "expan- 
s ion"  components of the  temperature coef f ic ien t .  

TABLE 8.0-E 

WANDA-4 PEFDURBATION RESULTS 

FOR TEMPERATURE COEFFICIENT CALCULATIONS 

Case No. 

1 4 ~  

141 . 

142 

143 
1 4  11  

145 

Perturbation 

IVunt! 

. g p g20 i n  core 

4 4  = -0.01437 

ayf4 = - o . o l l ~ l  
aLd3 = - O . O O l Z i ' l  

a ~ f 3  = -0.000714 

IIK o r  rn 
i!r Avoid 

- - 
- 0 -1094 

(void coe f f  . ) 
- 5,9492 

c 8.232 

- 5.771 . 
+lo. 778 

K 

1 . 01273 

0.99419 

1.09822 

o . 9 ~ ~ 9  
1.02006 

1.00503 

AK 

- - 
-O . ~ 1 8 > 4  

+O .08549 

-0.090539 

i-0.007334 

-0.007696 



It i s  assumed t h a t  a l l  ihanges. &.d i f fus ion  constants a re  
small compared with those 'which ' resul t  . . . ... . from the,expansion of H20, hence, 
a l l  leakage e f f ec t s  a re  neglected except those which a re  d i r e c t l y  
r e l a t ed  t o  the  void coef f ic ien t .  The 213 ' fac tor  i n  the' aluminum expan- 
s ion component~derives,from the  f a c t  t h a t  expansion of aluminum i n  the  
a x i a l  d i r e c t i ~ n  causes no Hz0 displacement, , so  t h a t  1/3 of the -  expansion. 

4.. . . 
coef f ic ien t  of aluminum. i s  omitted. 

. . .  
. . 

Alterat ion of the  neutron 1e&ageudue t o  & i a l  core exp&sion . 

i s  neglected because 'the cor too long f o r  the  e f f e c t t o - b e  s i g n i f i -  
carit ( T B ~ -  is about  0.03 and .m for  a luminy  i s  4.3 x 10-.?;/0~-1).. The. 
B~ change might represent about 4 . 0 3  x 10- &/OF. , . . 

. .  4 

The Doppler coef f ic ien t  used is a" = +4.0 x ;0'4/0F, and i s  
t he  upper l i m i t  ( i n  absolute value) of the  ' measured volume absorp-. 
t i o n  values f o r  U-238 metal. This value represents,  therefore,  only a 
conservative guess i n  an attempt t o  obtain an "order of magnitude" upper 
l i m i t  f o r  t h i s  e f f e c t  i n  the present core. The values of aa3 and af3 
fo r  0-235 and U-238 were taken from MUFT-N data .  The values are:  
oa3(u-235) = 44.9 barns, af3(u-235) = 29.2 barns, and oa2(u-238) = 25.0 
barns. 

The changes i n  microscopic absorption and f i s s i on  cross 
sections with regard t o  temperature were derived from wAPD-185 data  
(SOFOCATE re su l t s  ) and fo r  each element A O / ~ T  i s  simply the  observed 
change i n  a f o r  a change from 68 '~  to 260% divided by 260 - '68 = 192OF. 

Table 8.0-F l i s t s  the  basic  data  (and computed values of ' 

AU/AT) from wAPD-185 and opposite each 'element i s  t h e  atomic' de'nsity 
used i n  the  formula fo r  WT. 



TABLE 8.0-F 

--- - 

Element 
Cross Section 

DATA FOR COMPUTING A C / ~  (THERMAL) 

( a ~  = 192O~,  Values fo r  N 2 5 / ~ H  = 0.005) 

' 

' 

Value a t  I Value a t  no(b>  . 
6 8 ' ~  (b )  260°~ (b )  no (b) (atoms/km3) 

481.8 424.9 -56.9 -0.2954 0.000246 

411.5 362.0 044.5 -0.2570 0.0010177 

-0.001084 0.0000177 
- Values computed from 

. ii~l.t,~, of wit 1 / ~  -0.00013 0.03577 
- absorpLLun cross sect ion --- - 

-o .oooo~ o .026 
- .  - - 

(YX,+YI)( %4@ti>(1116) , ., 
Nxe was computed from 

( hxe+'xe@th) 

wi. t.h : yXe + yI = .069, ~ p ) ,  = 0.108, he =.2.9 x and = xe 

' -10 
2.2 x 10 @th  was computed from (50 MW)/( 3. a ~ 0 ~ ~ ~ ~ ~ f i s s  ) 

(1 '16)(Cf4)(Vcore) 

2 
= 5.25 x 106 cm3; hence, Qth = 2.37 x 1014 n/cm -see.  with Vcore . 

Y ~ ~ z ~ ~ ~ ~ ~ (  1 -1-6 ) 
NSm was\ computed from with Ysm = 0.014 and usm 

u 
s m 



8.3 Two-Dimensional Calculat ions of Temperature Coeff ic ients  i n  t h e  AIR 
. . 

The temperature c o e f f i c i e n t .  of r e a c t i v i t y  was s tudied using t h e  
PDQ-3 code with a quarter-core model of the  ATR. This s tudy was made t o  
supplement and confirm t h e  one-dimensional s tud ies  of t h e  void c o e f f i -  
c i e n t  of  r e a c t i v i t y  a s  wel l  as  t h e  temperature c o e f f i c i e n t  ca lcu la t ion  
by the  component technique. By using a coarse mesh descr ip t ion and 
symmetry about the  diagonal,  it was found t h a t  convergence could be 
obtained i n  a reasonable length  of time even with t h e  small  convergence 
c r i t e r i a  required.  I n  addi t ion  t o  an o v e r a l l  temperature v a r i a t i o n  i n  
t h e  e n t i r e  r eac to r ,  the  temperature was var ied  i n  se lec ted  regions s o  a s  
t o  get  the  pos i t ion  dependence of t h e  temperature c o e f f i c i e n t .  

Two-group constants  were determined f o r  each region f o r  10o°F, 160O~,  
and 200°F. The MUTT-IV code was used t o  determine f a s t  group constants  
by using the  atom dens i t i e s  appropriate t o  each temperature. A l l  s o l i d  
mate r i a l  atom d e n s i t i e s  were assumed not  t o  change with temperature. 
Average Maxwellian constants  were determined f o r  the  thermal group by 
averaging over the  appropriate spectrum. The outer  r e f l e c t o r  con t ro l  
region had 5 grams per l i t e r  of D3B03. The o the r  regions were a l l  clean 

, except the  core which had some burnable poison. 

The PDQ model se lec ted  f o r  t h i s  s tudy i s  the  same a s  i n  Figure 4.0-2. 
A-5 Experiments with s t a i n l e s s  s t e e l  were considered t o  be i n  the  nor th  
and e a s t  lobes,  an A-5 experiment i n  the  outer  lobe and an A-3 experiment 
i n  t h e  cen te r .  The f u e l  dens i ty  was the  same a s  i n  t h e  one-dimensional 
model with a o t o t a l  U-235 mass of 25.2 kg. The reference temperature was 

. 

taken as  160 F because t h i s  was thought t o  be near t h e  opera t ing tempera- 
t u r e  of the  ATR. When se lec ted  regions were s tudied a l l  o ther  regions 
were held a t  160°F except t h e  region being perturbed. 

These s tud ies  give an o v e r a l l  o v e r a l l  negativ temperature coef- 
f i c i e n t  i n  going from ~ O O O F  t o  20O0F of -.34 x lo-' Ak/OF. Case 3023 
had the  r e f l e c t o r  shim con t ro l  region and t h e  e n t i r e  outer  r e f l e c t o r  
perturbed by imcreasing t h e  temperature t o  200°F giving a Ak of 
.063 x while, when t h e  temperature of t h e  r e f l e c t o r  shim con t ro l  
region alone was increased as  i n  Case 3031, t h e  Ak increased t o  
.081 x This means t h a t  the  r e f l e c t o r  shim con t ro l  region has a 
pos i t ive  temperature coef f i c ien t  while the  ou te r  r e f l e c t o r  has a nega- 
t i v e  temperature c o e f f i c i e n t .  This same r e s u l t  was found i n  the  one- 
dimensional void coef f i c ien t  study. The fueled region had a negative 
temperature coef f i c ien t  while the  f l u  t r a p s  and neck regions had a 
pos i t ive  temperature c o e f f i c i e n t .  

The atom dens i ty  change of hydrogen and oxygen i n  going from 1 6 0 ' ~  
t o  200 '~  corresponds t o  a AV of .0144 o r  t h i s  i s  the  f r a c t i o n  of the  H20 
t h a t  would be replaced by void i f  the  temperature e f f e c t  was considered 
as only r~d.ilri .ng the waker densi ty .  Now, i f  wc compu%e V wl~icl-1 i s  tile 
t o t a l  volume of void i n  each region and divide  t h i s  i n t o  ak, we ge t  t h e  
change i n  k produced by adding one cm3 of void per cm of r eac to r  length  
at  each of the  respect ive  pos i t ions .  I n  Table 8.0-G we have th ree  com- 
puted values f o r  th ree  d i f f e r e n t  regions.  The problem i n  which the  



TdO -DIMENS IOPiAL TEMPERATURE COEFFIqC IENT CALCULATIONS 
. . 

Case 
N o .  

3020 

3029 

3030 

3023 

3024 

3031 

3032 

3025 

3026 

3027 

AKxlo2 

- .165 

+.182 

+.063 

-.lo8 

+.081 

- .130 

- -604 

+.846 

+.206 

- .303 

Pert-=bed Region 

Reference czse 

Ent i re  Reactor 

Ent i re  Reactor 

Reflector Cont rc l  & Outer R e f l .  

Reflector Con t r c l  & Outer Refl.  

Reflector Control 

Reflector Control 

Fueled Region 

Fueled Region 

Flux Traps & A l l  Neck 

3028 I Flux Tra2s & All Keck 
\ 

APklo2/&? 

- .0041 

- .0030 

u.0016 

a.0018 

+.0020 

+. 0022 

- ,0151 

- .0141 

+.0052 

+.0051 

Temp. 
"F 

160 

200 

100 

200 

100 

200 

100 

200 

100 

200 

K 

1.13935 

1.13770 

1.14117 

1.13998 

1.13827 

1.14016 

1.13805 

i.13331 

1.14781 

1.14141 

100 

- AKklo4/v 

+.O277 

- -3408 

+.3972 

1.13632 

Area of H20 
in Region cm 2 

502.0 

307 6 

90.5' 



r e f l ec to r :  c o n t r o l  reg ion  was  per turbed  -agrees very  we l l  bo th  i n  s i g n  
and magnitude wi th  what w a s  ob ta ined  i n  t h e  one-dimensional s t u d i e s ,  
while  f o r '  t h e  core and .inaner r e f l e c t o r  and f l u x  t r a p  reg ions  we g e t  
agreement i n  s i g n  b u t  . t h e  , . , ,  magnitudes d i f f e r  cons iderably  . 

I n  conclusion, we can s t a t e  t h a t , w e  have agreement i1-1 s i g n  i n  a l l  
cases  i n  which we compare t h e  one-dimensional s t u d i e s  wi th  t h e  two- 
dimensional s t u d i e s .  We would not  expect  the'magnitudes ' t o  agree  t o o  
c l o s e l y  because of  geometry, and t h e  gene ra l  approach t h a t  was taken 
i n  t h e  two s t u d i e s .  I n  t h e  one-dimensional s t u d i e s ,  q u i t e  severe  
pe r tu rba t ions  were introduced;  i . 'e . ,  voids  ,of 10  and 25$, while  t h e  
two-dimensional s t u d i e s  were involved wi th  temperature changes from 
1 0 0 ~ ~  t o  2 0 0 ~ ~ .  I n  t h i s  temperature range, t h e  water  d e n s i t y  does no t  
:hange r a d i c a l l y  wi th  temperature.  

I n  t h e  s tudy  on t h e  components of  t h e  temperature c o e f f i c i e n t  f o r  
, t h e  ATR core  reg ion  only  an o v e r a l l  temperature c o e f f i c i e n t  f o r  t h e  6. core  of  - .824 X Ak/ a' was obta ined .  These t w  dimensional s t u d i e s  

gave a  core  temperature c o e f f i c i e n t  of -1.45 x 10-'-Ak/0F which i s  i n  
good agreement. It was poin ted  out  i n  t h a t  s e c t i o n  t h a t  t h e  expansion 

, e f f e c t  i s  t h e  most important component of  t h e  c o e f f i c i e n t  and it would 
be i n c r e a s e d ;  i . e . ,  made more negat ive ,  i f  t h e  r e f l e c t o r  shim c o n t r o l  
reg ions  were poisoned. These two-dimensional s t u d i e s  had 5 grams pe r  
l i t e r  of D3B03 i n  r e f l e c t o r  c o n t r o l  reg ions  which i s  a s i g n i f i c a n t  
amount of  poison.  Thus, we would expect  t h e  temperature c o e f f i c i e n t  
of  t h e  core  computed by t h e  component technique t o  be ve ry  c l o s e  t o  . 
t h e  PDQ-3 core  temperature c o e f f i c i e n t .  



When t h e  core of a high f l ux  reactor  exceeds a ce r t a in  s i ze  
xenon i n s t a b i l i t y  can cause t h e  power d i s t r i bu t i on  t o  o sc i l l a t e .  I n  
l a r g e  power and production reac tors  t h i s  problem has been recognized f o r  
some time and a number of references t o  previous work on xenon i n s t a b i l i t y  
a r e  l i s t e d  at  t h e  end of t h i s  section.  In  previous t e s t  r eac tors  t h e  
neutron f l u x  l e v e l s  and core s i ze s  have been such t h a t  xenon i n s t a b i l i t y  
has not been a problem. However, i n  t he  ATR the  high thermal f l ux  l e v e l  
i n  t h e  core, the  loosely  coupled lobes and t he  4 f t  core height make it 
necessary t o  inves t iga te  t h e  p o s s i b i l i t y  of xenon o sc i l l a t i ons .  

These o sc i l l a t i ons  can occur under some conditions because of t h e  
delay between a change i n  t he  thermal neutron f l ux  and t h e  r e su l t i ng  
change i n  t he  production of xenon-135 with i t s  very high absorption 
c ross  section.  When an increase i n  t he  thermal f l u x  occurs i n  a region 
of a core t he  Xe-135 concentration promptly decreases because of t he  
increased burnup while a t  t h e  same time the  r a t e  of for?nation of iodine-135, 
t h e  precursor of Xe-135, i s  increased. Since nearly a l l  of t he  xenon i s  
produced by radioact ive  decay of iodine w i t h  a 6.7 hour hal f  l i f c  the re  
i s  a delay between t h e  increase i n  the  f l ux  and t he  increase i n  t he  xenon 
production. In a reac tor  with f ixed f u e l  both Lyle prompt change i n  burnup 
and t he  delayed change i n  production of Xe-135 a t  any locat ion i n  t hc  
reac tor  a r e  r e l a t ed  t o  t h e  f l u x  change i n  the  same region. 

I n  a s l ab  reac tor  su f f i c i en t l y  long t h a t  xenon o sc i l l a t i ons  occur 
t h e  core can be considered, f o r  purposes of explanation, a s  divided i n to  
two halves,say top and bottom. The t o t a l  power i s  held constant but  no 
con t ro l  i s  exerted over t he  power i n  t he  individual  halves. Assume t h a t  
a s m a l l  increase i n  f l u x  occurs i n  the  top ha l f .  This increase has t he  
prompt e f f e c t  of decreasing the  xenon concentration i n  ,tihis y u L  ui' the 
reac tor  while increas ing t he  amount t h a t  w i l l  appear l a t e r .  The decreased 
xenon concentration lowers t he  neutron absorption and thus increases t he  
f l u x  which i n  t u r n  fu r the r  decreases t he  amount of xenon. The condition 
of constant  t o t a l  power requires  t h a t  an increase i n  f l ux  i n  t he  top 
be accompanied by a decrease i n  t he  bottom. The f l ux  continues t o  
increase  i n  the  top an8 decrease 111 Llle buLl;om i u . ~ C i l  %he delayed xenon 
production causes t he  process t o  reverse. The r e s u l t  i s  t h a t  t he  power 
o s c i l l a t e s  between t he  top and the  bottom of the  core. 

I f  t h e  power can be measured and control led i n  t h e  individual  halves 
then t h e  onset of i n s t a b i l i t y  can be detected and the  o sc i l l a t i on  suppressed 
before i t s  amplitude becomes objectionable. The time constants are such 
t h a t  t h e  period of t he  o sc i l l a t i ons  i s  a number of hours and a r e l a t i v e l y  
slow ac t i ng  control  i s  adequate. Since t he  r e a c t i v i t y  change from the  
s h i f t  i n  t he  f l u x  d i s t r i bu t i on  can be kept small by a prompt compensation 
from the  control  system the  requfred worLh to suppress the  o sc i l l n t i ons  
i s  small. 

The xenon o s c i l l a t i o n  causes the  same power t o  be concentrated i n  
a smaller volume then when t he  reac tor  i s  s tab le  and thus increases the  



maximum-to-average power r a t i o  and consequently t he  peak power density.  
In  t he  ATR t h e  heat  removal from the  core i s  l imi ted by t he  point  of 
maximum power densi ty  and only a small increase i n  t h e  maximum-to- 
average power r a t i o  can be permitted. 

Three types of po tkn t ia l  xenon o sc i l l a t i ons  i n  t he  ATR have been 
considered a s  follows: 

1. Interlobe o sc i l l a t i ons  i n  which the  power s h i f t s  from lobe 
t o  lobe. 

2. Horizontal o sc i l l a t i ons  i n  which the  power s h i f t s .  around an 
individual  lobe. 

3. A x i a l  o s c i l l a t i ons  i n  which the  power s h i f t s  between t h e  top 
and bottom, 

The reactor  i s  probably unstable with respect  t o  in ter lobe o sc i l l a t i ons .  
However, the  power i n  the  individual  lobes can be measured and control led 
and inter lobe o sc i l l a t i ons  can be e f fec t ive ly  suppressed. Therefore, t h i s  
type of o sc i l l a t i on  has not been i n ~ e s ~ i g a t e d .  

The behavior of the  second t e of o sc i l l a t i on  i s  adequately Ye described by t he  treatment of Wick . The requirement f o r  s t a b i l i t y  i s  
t h a t  G be greater  than G ' .  Neglecting t he  s t ab i l i z i ng  e f f e c t  of the  
temperature coef f ic ien t  and se lec t ing  the  most unstable mode G i s  given 
by the  r e l a t i on  

where 

C is  a correction f ac to r  t o  account f o r  f a s t  coupling. 
Y - 

D I s  equal t o  D2 1 + 7 . 1 < I  
D2 i s  t he  thermal d i f fus ion  coef f ic ien t  of t h e  core. 

T i s  t he  Fermi age f o r  t h e  core. 

L2 is  the  thermal d i f fus ion  length i n  the  core. 

L i s  equal t o  2nR. 

R i s  t he  mean radius  of a core lobe. 

The value of C i s  found t o  be 0.2'from Figure 6 of Wicks repor t .  
The values o f , t h e  other constants a re  l i s t e d  In  Appendix 12.7. 



,For a 4 f t  long core and using conditions applying t o  the  s t a r t  
of a cycle t he  value of G i s  0.12. . .From Figure 2 of t he  reference t he  
value of G I  f o r .  an average core f l ux  of 4 x 1014 n/cm2 sec i s  0.065. 
Thus there  i s  an ample margin of s t a b i l i t y .  With the ' inc lus ion  of t h e  
correct ion fac tor  C f o r  f a s t  coupling t he  s t a b i l i t y  c r i t e r i o n  i s  e s sen t i a l l y  
t h a t  f o r  a two-group model. 

The design and operating conditions of the  ATR core a r e  such t h a t  
wi th  respect  t o  a x i a l  o sc i l l a t i ons  it i s  near t he  boundary between t he  
s t a b l e  and unstable regimes, and it i s  d i f f i c u l t  t o  de f in i t e ly  determine 
whether or  not t h e  reac tor  i s  s table .  The ATR control  system must include 
provisions f o r  individual  measurement and control  of t he  power i n  t he  top 
and bottom halves of t he  core only i f  t h e  reactor  i s  ax i a l l y  unstable. l 

These provisions increase t h e  complexity of t he  control  system and, there- 
f o r e  it i s  des i rab le  t o  s e t t l e  t he  question of ax i a l  s t a b i l i t y  before t h e  
f i n a l  design of t h e  control  system. 

. The a x i a l  s t a b i l i t y  has been 1nvesLigxt;ed by a ~ l a l y t l c  sflethods and 
by u s e o f  t h e  CANDLE and TURBO depletion programs. The analyt ic  methods 
determine s t a b i l i t y  c r i t e r i a  'based up011 l i n e a r '  system theory f o r  two- 
neutron-group, single-region, one-dimensional models. Two approximations 
have been considered; t he  f i r s t  assumes a unif o m  i n l t  ial xerlorl dis,tl'ibution, 
while t he  second allows f o r  s p a t i a l  variat5on of t h e  i n i t i a l  xenon.'. The 
de t a i l ed  der ivat ion of t he  s t a b i l i t y  cr i ter ion,  assuming the  i n i t i a l  xerl6Z1 
d i s t r i b u t i o n  i s  uniform a s  developed by G. E. Putnam and R. J. Neuhold 
of Internuclear  Company, i s  ca r r ied  out i n  Appendix 12.7. The der ivat ion 
f o r  the  case of nonuniform i n i t i a l  xenon follows i n  e s sen t i a l l y  t he  same 
manner but i s  considerably longer and more complicated. The e s sen t i a l  
s t eps  i n  es tab l i sh ing  the  condit ions f o r  s t a b i l i t y  a r e  outl ined below. 

The two-group neutron balance equations and t he  k ine t ic  equations 
f o r  1-135 and Xe-135 describing the  model t o  which t he  r e s u l t s  apply 
axe : 



where 

Dl and D2 a r e  the  f a s t  and thermal di f fus ion coef ic ien t s  respect ively .  

q = ~ , j ~ ~  + cd + zR - vzfl 

Cs = CR + fD1% 2 

Cfl and Cf2 a r e  t he  f a s t  and thermal f i s s i o n  cross  sections.  

5 i s  the  thermal absorption cross  sect ion of Xe-135. 

2 
B1 i s  t h e  horizontal  component of t he  buckling 

fil = 4 (x, t), P2 = @2 (x, t )  a r e  the  f a s t  and thermal neutron fluxes.  

t i s  the  time variable.  . 

x i s  t he  space var iable .  

I = ~ ( x ,  t ) i s  the  concentration of 1-135 atoms. 

Xe = ~ e ( x ,  t ) i s  the  concentration of M 3 5  atoms. 

CR is  t h e  cross  sect ion f o r  t r ans f e r  from the  f a s t  t o  t he  
thermal group. 

f i s  t he  f r ac t i on  of the  neutrons leaving the  core i n  t he  r a d i a l  , . 
di rec t ion  by f a s t  leakage t h a t  a re  returned t o  t he  core a s  
thermal neutrons. 

Cal and Ta2 "re  t he  f a s t  and thermal absorption cross  sections 
of the  core. 

v i s  the  number of neutrons produced per  f i s s ion .  

71 and Y a re  the  t o t a l  f i s s i o n  y ie lds  of iodine and xenon 
respec%ively. 

% and Ax a re  t he  decay constants f o r  iodine and xenon. 

It i s  seen t h a t  the  neutron balance equations apply t o  a s ing le  
region one-dfmensional reactor .  The e f f ec t  of the  r e f l e c t o r  i n  a 
d i rec t ion  perpendicular t o  the  ax i s  i s  taken i n to  account by including 
i n  t he  source term f o r  the  thermal group a f r ac t i on  of the  f a s t  neutron 
leakage from the  core i n to  the  re f lec to r .  Boundary condit ions a r e  



applied requiring that the  f lux  go t o  zero at  the ends of the  core i n  the 
a x i a l  direction. Thus the length used i s  tha t  of the actual  core height 
plus the t o t a l  ax ia l  r e f l ec to r  savings. 

The neutron balance and the  kinet ic  equations a re  l inearized by 
expressing each variable as an i n i t a l  function a t  time zero plus a small 
perturbation, subtracting the unperturbed terms whose sum i s  zero and 
neglecting second order terms. The equations a re  then combined t o  eliminate 
all variables except the  perturbation of the thermal flux. Solutions are  
assumed wirth the space and time dependent variables separated and with the 
space solution expressed as a Fourier ser ies .  Then the character is t ic  
equation i s  obtained and examined f o r  s t ab i l i t y .  The r e su l t s  are expressed 
i n  a form such t h a t  the  system w i l l  be s tab le  i f ;  

The rather  lengthy complete'expressions for  G and GC i n  terms of the 
reactor  constants and d@,ensions are  presented i n  Appendix l2.'7. The . 

value of Gc depends only upon microscopic cross sections and f i s s ion  
yields, which can be assumed t o  remain constant; and upon the average 
core thermal f lux and the i n i t i a l  macroscopic xenon a& f i ss ion  cross 
sections. For conditions corresponding t o  the ATR operating at 250 Mw 
GC has a value of 0.0588. The values of G fo r  several modes of osc i l la t ion  
designated by n and core heights L using the assumption of uniform i n f t i a l  
xenon are  given i n  Table 9.OA and the  data  presented graphically i n  
Figure 9.0-1. The fundamental mode, n equal t o  one, i s  controlled by the 
provisions .for maintaining constant power and need not be considered. It 
i s  evident tha t  the s t a b i l i t y  i s  determined by the second harmonic, n 
equal t o  two. A s  previously explained L is  fo r  an equivalent bare core 
and i s  equal t o  the active core height plus the t o t a l  axial re f lec tor  
savings. From Figure 9.0-1 the maximum value of L for  s t a b i l i t y  a f t e r  
attainment of xenon equilibrium a t  the  stark of the cycle is 146 cm. The 
s t a b i l i t y  cr i ter ion.derived so tha t  the spa t i a l  variation of the i n i t i a l  

' xenon i s  considered gives a c r i t i c a l  height of 145 cm fo r  the same condi- 
t ions.  Thus, including the refinement of a space dependent i n i t i a l  xenon 
d is t r ibut ion  does not s ignif icant ly change the resul ts .  

A t  the s t a r t  of the cycle the re f lec tor  region next t o  the core i s  
ra ther  heavily poisoned and the t o t a l  ax ia l  re f lec tor  savings should be 
about the same a s  the MTR value of 17 cm rather  than the 30 cm used for  
D20 ref lec ted  systems as discussed i n  section 2.0. Thus the appropriate 
value of L i s  139 cm, 122 cm plus 17 cm, and the condition for  s t a b i l i t y  
is  met. 

In evaluating the e f fec ts  of changes upon the s t a b i l i t y  the method 
requires t h a t  the conditions imposed by the neutron balance equations 
must be sa t i s f ied .  Thus, any change i n  a parameter must be compensated 
so tha t  the system i s  kept just  c r i t i c a l .  The conditions near the end 
of a cycle a re  determined by assuming tha t  25$ of the fue l  and all of 
the  burnable poison i s  burned up and adjusting the fract ion of neutrons 
returned from the re f lec tor  and the fast-to-thermal f lux r a t i o  so tha t  
the balance equations are  sa t i s f ied .  For the same value of L the reactor 



TABLE 9.0-A 

STABILITY PARAMETER G FOR THE ATR 

bu or S tab i l i ty  G > - 0.059) 

NOTE: L = Active core height plus t o t a l  ax ia l  re f lec tor  savings. 

becomes somewhat more s table  with operation. For the second harmonic, 
n equal t o  2, and L equal t o  152 cm the value of G increases from 0.046 . . 

a t  the start of the cycle t o  0.048 a t  the end of the cycle while the 
value of G '  does not change significantly.  However, the improvement 
i n  the ' ref lector  because of removal of poison and the ax ia l  f lux  
f la t ten ing  from nonuniform fue l  burnup may increase the effect ive ax ia l  
re f lec tor  savings and hence L. However, only with a D20 ref lec tor  should 
the t o t a l  re f lec tor  savings be s ignif icant ly larger  than 17 cm. In t h i s  
case the large thermal diffusion length i n  the re f lec tor  produces a 
coupling between top and bottom tha t  exerts a s tab i l iz ing  influence. 

The model of the ATR used t o  study s t a b i l i t y  by considering small 
perturbations t o  a l inearized system thus s a t i s f i e s  the c r i t e r ion  fo r  
s t ab i l i t y .  However, i n  order t o  keep the calculations t ractable  it i s  
necessary t o  use a rather  simplified model of the reactor. Although some 
of the e f fec ts  neglected such as the negative temperature coefficient would 
make the system more s table  i f  included, the r e su l t s  a re  not completely 
conclusive f o r  the actual reactor. 

The neutron depletion codes CANDLkE-2 fo r  the IBM-650 and TiTRBO 
fo r  the IBM-704 have been used t o  investigate the s t a b i l i t y  of more 
r e a l i s t i c  models of the ATR than is  feasible  by the analytic procedure. 
These codes take into account the e f fec ts  of burnup and formation of 
Xe-135 including the delay between a f lux  change and the resul t ing 
change i n  xenon production a t  the f lux and power levels  exis t ing in  
the reactor. Thus, the s t a b i l i t y  of the reactor can be determined by 
observing the variation with time of the power dis t r ibut ion in  the core 
a f t e r  the introduction of a perturbation. 



The CANDLE-2 program has been used t o  obtain preliminary estimates 
f o r  the  var iables  i n  the  T-URBO program and t o  observe the e f f ec t  of 
core length upon s t a b i l i t y .  This program permits the  use of only one 
space dimension and the  ax i a l  configuration of the reactor i s  represented 
i n  s l ab  geometry through the , fue led  core. The pr incipal  shortcoming of 
t he  one-dimensional model i s  the  f a i l u r e  t o  properly account f o r  the  e f fec t s  
of the  r a d i a l  re f lec tor .  The r a d i a l  leakages a r e  represented i n  the  two- 
group diffusion equations a s  pos i t ive  removal terms of magnitudes q B  2 

and D ~ B ~  i n  the f a s t  and thermal groups respectively.  The f a s t  leakage 
term i s  f a i r l y  representative of the physical process. But i n  the  ATR 
the  thermal leakage i s  from the re f lec tor  in to  the core and thus has 
the  opposite sign of the  one-dimensional model required by the  CANDLE-2 
program. However, the  thermal leakage term i s  suf f ic ien t ly  small t o  
make the s l ab  representation adequate f o r  the  exploratory purposes f o r  
which it has been used. 

The geometry of the  slab model i s  shown i n  Figure 9.0-2. The fue l  
and burnable poison concentrations are  choserl t o  represent the  normal 
core loading of t h e  ATR. The re f lec tor  regions a t  the  top and bottom 
consis t  of 40% aluminum and 60% water. C r i t i c a l i t y  . i s  maintained by 
varying the  r ad i a l  buckling. A power l eve l  of $2.5 Mw i s  used f o r  a 4f ' t  
long core t o  give approximately the same average power density a E  f o r  
the  ATR operating a t .250  Mw. The program i s  used t o  determine the core 
composition and the  f l ux  d is t r ibu t ion  a f t e r  110 hrs  of f u l l  power uperation 
so that. the  reactor  conditions a f t e r  attainment of xenon equilibrium are  
simulated. The assumption of symmetry about the ax ia l  midplane forces 
the  power d i s t r ibu t ion  t o  a l so  be symmetrical since the  computations a r e  
ideal ized i n  t ha t  they do not introduce small perturbations such as  a r e  
unavoidable i n  an operating reactor.  To reveal any tendency.for xenon 
osc i l l a t i ons  t o  occur, a l a rge  perturbation i s  introduced a t  i l l i s  time 
by adding a l / v  poison t o  only the lower half of the  core. Since the 
per turbat ion changes the  system the calculations branch a t  118 hours t o  
determine the  behavior both with the  perturbing absorber remaining i n  
the  core and with it removed a t  t h i s  time. The var ia t ions  with time of 
t he  powers i n  end regions of the  core a r e  shown i n  Figure 9.0-3. The 
power scale  i s  normalized so t h a t  the  value just  before the  perturbation 
i s  t en  and t'he value i n  the  erd t o  ,whicli the poiaon i o  addcd i s  f i v e  
just  a f t e r  the perturbation i s  made. This normalization i s  m d e  t o  
f a c i l i t a t e  comparison with calculations on other models. It i s  seen 
t h a t  when.t,he absorber i s  added t o  the lower end the power i n  , this end 
immediately drops while the  condition of constant; t o t a l  power forces 
t he  power i n  the  upper end t o  r i s e .  The prompt chrulges i n  xenon burnup ,' 

Ohen cause the power t o  become further. uribalanced f o r  a time, the  e f fec t  
.becoming a maximum a t  118 hours. Continuation with the  poison i n  place 
causes t he  powers t o  approach.constant values as  equilibrium i s  at tained. 
The response f o r  t h i s  t n e  of exci ta t ion i s  shown only f o r . t h e  CANDLE 
calculat ions  on. a 4 fk  core. When Lhe perturbing absorbcr i s  removed - 
a t  118 hours the  proper t ies  of the.system return t o  those.before the 
per twbs t ion .  This method of exci ta t ion i s  roughly analagous t o  inser t ing  
a r e s i s t o r  into  an e l e c t r i c a l  c iPcui t .and then removing it. In  t h i s  case 

- 
- 

the  power d i s t r ibu t ions  i n  each end rapidly re turn towards .the value 



before the  disturbance. However t he  e f f ec t s  of xenon cause t h e  power 
densi ty  a t  any point  t o  overshoot beyond the  equilibrium value and then 
r e tu rn  towards it asymptotically. There i s  no tendency t o  o s c i l l a t e  
e i t h e r  with the  per turber  re ta ined o r  removed. I f  t he  system i s  considered 
analagous t o  a simple l i nea r  system t h e  amount of overshoot i s  inversely 
r e l a t ed  t o  t he  s t a b i l i t y  and it appears t h a t  the  'system i s  s l i g h t l y  
underdamped. 

The power d i s t r ibu t ions  have been determined f o r  a one-dimensional 
model with a 6 f t  core operating at t he  same average power densi ty  a s  
previously. The per turbat ion i s  introduced and removed a s  before but  
i n  order t o  obtain convergence it i s  necessary t o  reduce t h e  amount of 
absorber added. The r e s u l t s  a r e  shown i n  Figure 9.0-4 with the  power 
dens i t i e s  normalized as  described previously t o  remove t he  e f f e c t s  of 
t h e  di f ference i n  t h e  disturbances. The overshoot is  considerably l a rge r .  
than i n  t he  4 f t  core but  the re  i s  s t i l l  ho indicat ion of o sc i l l - t i ons .  

The TURBO calcula t ions  a r e  made f o r  a cy l indr ica l  model representing 
one lobe of t he  ATR with a 4 f t  high core. The geometry of t he  model is  
shown i n  Figure 9.0-5. This two-dimensional representation permits a 
reasonably correct  descr ipt ion of the  r a d i a l  r e f l e c to r  i n  contras t  t o  
t h e  one-dimensional s tudies  i n  which t he  descr ipt ions  of t h i s  region a re  
ra ther  crude. In  pa r t i cu l a r  t he  TWIO studies  consider the  coupling of 
top and bottom through t he  re f lec to r ,  and control  of r e a c t i v i t y  by a 

- thermal poison i n  a water annulus around t he  core. Also with t h i s  model 
it i s  not necessary t o  assume an a x i a l  r e f l e c t o r  savings and t h e  e f f ec t  
of t h e  r a d i a l  r e f l e c t o r  on end leakage i s  taken i n t o  account. The main - deficiency i n  the  representation a r i s e s  from the  overemphasis on t h e  
r e f l e c t o r  proper t ies  because of t h e  l a rge r  f r ac t i ona l  r a d i a l  leakage i n  
t he  s ing le  lobe model as  compared t o  t he  ATR. Thus, the  model used i s  
more representa t ive  of t he  f u e l  regions adjacent t o  the  r e f l ec to r  than t h e  
center  f u e l  region. 

The procedure i s  e s sen t i a l l y  t h e  same a s  f o r  t h e  CANDLE problems 
except t h a t  c r i t i c a l i t y  i s  maintained by varying the  boron content of 
t he  water annulus next t o  t he  core. The e f f e c t s  of the  per turbat ion 
a r e  shown i n  Figure 9.0-6 which has t he  same normalization as before. 
It i s  evident t h a t  t he  amount of overshoot i s  considerably l e s s  than 
f o r  t he  CANDLE case with a 4 f t  core which had t h e  same amount of 
absorber added and removed. This decrease may indicate  t h a t  r e f l e c t o r  
e f f e c t s  which only the  two-dimensional model adequately considers have 
a s t a b i l i z i n g  e f fec t .  

The CANDLE and.TURB0 codes compute t he  changes i n  t he  isotopic  
concentrations assuming a constant  f l u  d i s t r i bu t i on  from time s tep  
t o  time step.  When the  perturbation i s  introduced and t h e  f l u x  dis-  
t r i bu t i on  i s  changing rapidly  t h i s  assumption underestimates the  changes 
i n  concentration& and thuo may exer t  a s l ab l l l z ing  influence. 

Direct  comparison of t he  various methods is  d i f f i c u l t  but  it appears 
reasonable t o  order them so t h a t  TURBO calculations,  which most accurately 



represent the reactor, the  CANDLE r e su l t s  and the analytic determinations 
using l inea r  system theory show decreasing degrees of s t a b i l i t y  from 
the  former t o  the l a t t e r .  The ef fec ts  of temperature o r  power coeff ic ients  
of r eac t iv i ty  are  not considered by any of the methods. These ef fec ts  
while probably-small should be s tab i l iz ing  i n  the  ATR. All of the cal- 
culations suf fer  i? varying degrees because a three-dimensional model 
i s  needed t o  describe the  ATR f o r  t h i s  purpose. 

The reactor  while designated as  having a four-lobe core can best 
be represented by considering it t o  be made up of f i v e  cyl indrical  fue l  
regions, one around each of the loops in te r ior  t o  the  core. I f  re f lec tor  
coupling i s  important i n  s tab i l iz ing  the system it i s  conceivable tha t  
axial osc i l la t ions  can occur i n  the center fue l  region while the other 
regions a re  stable.  It may a lso  be necessary t o  measure and control 
the  r ad ia l  power d is t r ibut ions  i n  the f ive  individual core regions- in 
order t o  prevent interlobe osci l la t ions.  

The r e su l t s  bf the  calculations indicate tha-I; w l t l l  8 4 f t  high 
ac t ive  core the reactor i s  stable.  However, the consequences of uncontrolled 
osc i l la t ions  are  so great that s t a b i l i t y  must be established beyond question 
i f  the  control system i s  not t o  include provisions fo r  suppression of 
osc i l la t ions .  Thus, fur ther   investigation^ are required. These should 
include s tudies  on the e f fec ts  of the re f lec tor  with par t icular  respect 
t o  the  conditions applying t o  Zhe ceuler  fue l  region. Alas the ~ f f e c t , s  
of the  numerical procedures used i n  the depletion codes should be determined. - 
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10.0 NEUTRON LIFETIME 

.. < 

I n  t he  ATR a s i gn i f i c an t  f rac t ion  of the  neutrons producing f i s s i ons  
spend a major port ion of t h e i r  l i f e  i n  the  r e f l ec to r  which contributes ' 

what may be considered a s  an addi t ional  group of delayed neutrons. The 
f l u x  l e v e l s  required i n  the  ATR experimental f a c i l i t i e s  can be obtained 
a t  reasonable power l eve l s  only by designs which have pos i t ive  void 
and temperature coe f f i c i en t s  i n  some regions and the  delayed neutrons 
from the  r e f l e c t o r  a r e  important t o  the  safe  operation of t he  ATR. The 
e f f e c t s  of several  types of r e f l e c t o r  shim control  and of r e f l e c t o r  
p roper t i es  upon t he  average l i fe t ime  of t he  neutrons and upon the  
add i t iona l  delayed group have been calculated fo r  a one-dimensional model 
of one lobe of the  ATR. The influence of the  e t r a  group upon the  
k i n e t i c  behaviour has been reported previously. 

f 

The average prompt neuLru11 l i fe t ime  i:, obtained by pert.l~rbaT,IOri 
theory from the  change i n  r e a c t i v i t y  produced by addiLion of a l / v  
absorber t o  a l l  regions of t he  r e a ~ t o r . ~  This method assumes a l l  neutrons 
a r e  produced a t  t h e  irlstallt of SlSSion a ~ l d  glve I;hc jrnfortanoo a v e r a ~ ~ i l  
l i f e t ime .  That i s ,  t he  l i f e t ime  of a neutron i s  weighted by the ult imatc 
increase  i n  t h e  t o t a l  neutron pop~i la t iun produced by inse r t ion  of one 
neutron having the  s a l e  h i s to ry .  Thus, i n  evali~at,i.ng the  l i fe t ime  of a 
neutron i t s  importance i n  sus ta ining t he  chain react ion i s  considered. 
The e f f e c t s  of secondary production such a s  photo-neutronsaxe neglected. 

The change i n  r eac t i v i t y ,  p, a s  given by two-neutron group dif fus ion 
theory using DMM or  WANDA i s  

where 
k i s  t he  effec.l;i've mul t ip l icat ion fac tor  of t h e  unperturbed reactor ,  

k i s  the  e f f ec t i ve  mul t ip l icat ion fac tor  a f t e r  addft ion of the  * l / v  poison. 

T h e  addi t ion of t he  poison i s  represented by adding Zip = 0.000002 and 
C2p = 0.0001 t o  t h e  f a s t  and thermal absorption c o e f f i c i r n t , ~  of the  
unperturbed system. The average l i f e t ime  i s  Lhen found from the  r e l a t i on  

where 
V2 = 2.75 x l o5  cm per  sec i s  t he  average neutron veloci ty  of 

a Maxwellian d i s t r i bu t i on  a t  200F. 

1. D. R .  deBoisblanc e t  a l . ,  "Proposal for  an Advanced k g i n e e r i n g  Test 
Reactor," IDO-16666  arch 17, 1960). 

2. D. G.  O t t ,  "Calculation'of Proinpt Neutron Generation Time from 
I 

React ivi ty  of l / v  ~bsorber . ,"  Tnternuclear Company Report I N T - D G O - ~ ~ - ~  
(1956). 
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{ he' neutrons .leaking i n t o  t he  :refl,ector as .fast?' neutrons and . 

returned t o ' t h e  core a s  f a s t  .neutrons-const i tu te .  a group of delayed. 
neutrons i n  addit ion t o  the  s i x  groups delayed i n  t he  f i s s i on  process 
t h a t  a r e  usually considered i n  k ine t i c  analyses of thermal reac tors .  
The delayed group of neutrons 'from "the ref lector ' -can be, characterized 
b y t h e  f rac t ion  of s l l ' f i s s i o n s  t h a t  it produces'and'by 'i'ts.avera;ge 
li fetimk . This l i f e t ime  i s  estimated using the. following assumptions : 

' 1  , ' : . 

1. A l l  neutrons producing f i s s i ons  can be considered a s  having 
spent almost a l l  of t h e i r  l i f e  i n  e i t h e r  t he  r e f l ec to r ' ( r e f1ec to r  
neutrons) or  i n  the  core (core  neutrons). 

2. Any change i n  r eac t i v i t y  produced by r e f l e c t o r  ' sh im~cont ro l  
r e s u l t s  only from a change i n  the  number of neutrons returned from the  

: . r e f l ec to r .  
. . 

3. ~ o i s o n i n ~  t he  core changes only t he  thermal ' u t i l i z a t i o n  and 
'not t he  r e l a t i v e  number of core &d r e f l e c t o r  neutrons. 

* - . . . . . . . 

4. Changes. i n  .one region.  do not . e f f e c t  'the l i f e t ime  of ' d e u t r o n ~  . . 
from the  other regions. 

. . 
I 

The f rac t ion  of.' f i s s i ons  produced by. neutrons returned from a clean . . 
D20 r e f l ec to r  i n  a s ingle  lobe model i s  estimated by a two-group-neutron 
balance and.by extrapolating of a p l o t  of keff versus poi.son : i n  the  
r e f l e c t o r  t o  be 35%. The l i fe t ime  of the. core without burnable poison 
i s  estimated t o  be 35 microseconds from i n f i n i t e  regiori theory and a l s o  
from extrapolation of t he  curve r e l a t i ng  average l i f e t ime  of a l l  neutrons 
versus poison i n  t he  r e f l ec to r .  The calcula t ion of t he  l i f e t ime  of 
t h e  r e f l ec to r  group i s  not  g rea t ly  effected by t he  value assumed for  
t he  l i fe t ime  of the  core neutrons. 

The r e s u l t s  f o r  a number of methods of control l ing the  r eac t i v i t y  
of a s ingle  lobe model of the  ATR a r e  given i n  Table 10.OA. The e f f ec t  
on t he  average neutron l i f e t ime  of H20 contamination of a D20 r e f l ec to r  
i s  shown i n  Table 7.OF. The l i fe t imes  l i s t e d  i n  Table 1062.A-am qui te  
consis tent  with the  assumptions given above. The var ia t ion  of the  
average l i f e  of a l l  neutrons i n  a single-lobe model with p ~ i s o n  i n  a 
1/2" water annulus around t he  core i s  shown i n  Figure 10.0-1. The 
models a r e  s imilar  t o  those of 7.0-1. 

The f rac t ion  of r e f l e c t o r  neutrons and t h e i r  l i f e t ime  and t he  
average l i fe t ime  of a l l  neutrons a r e  shor tes t  when t h e  r e f l ec to r  shim 
control  i s  producing t he  l a rge s t  reduction i n  r eac t i v i t y ,  which corre-  
spond.~ t o  conditions a t  t he  s t a r t  of the  cycle. For r e f l e c t o r  control  
of a given amount of r eac t i v i t y ,  blades o r  poisoning of a narrow annulus 
produces the  smallest  decrease i n  the  neutron l i fe t imes  of t he  reactor  
and t h e  re f lek tqr .  Poisoning of thc  entfre reflecLvr reduces t he  
p robabi l i ty  of a neutron having many sca t te r ing  co l l i s i ons  and escaping 
absorption before re turning t o  t he  core and thus discriminates against  
long-lived members i n  t he  pop,ulati.nn returning t o  t he  core. On the  
other  hand, poisor~ing a narrow region of t he  r e f l e c t o r  near t he  core 
does not have a severe se lec t ive  e f f ec t  on the  neutrons re turning from 



t h e  core and thus  produces a  much smaller e f f ec t  on the  l i fe t ime  of the  
r e f l e c t o r  neutrons than does . . . I poisoning t he  . , , en t i re  r e f l e c t o r .  - . 

It i s  seen t h a t  con t ro l l ing  the  r e a c t i v i t y  by poisoning t he  core 
has only a  s l i g h t  e f f e c t  on the  reactor  and r e f l ec to r  l i f e t imes .  This 
r e s u l t  i s  consis tent  with t h e  assumptions t h a t  t h i s  method of control  
changes only t he  thermal u t i l i z a t i o n  and t h a t  a  change i n  the  core has 
no l a rge  e f f e c t  on t he  r e f l e c t o r  neutrons. Reactors with most of t h e  
r e f l e c t i o n  from heavy water have an inherently longer l i f e t ime  than 
beryllium re f lec ted  reactors .  It i s  evident from the  e f f e c t  on the  
l i f e t ime  of poisoning t he  e n t i r e  r e f l e c t o r  t h a t  extraneous absorbers 
i n  t h i s  region must be l imi ted i f  the  maximum benef i t  i s  t o  be 
r ea l i z ed  *om t h e  r e f l e c t o r  neutrons. 

I n  t he  ATR the f r ac t i on  of r e f l ec to r  neutron's w i l l  be considerably 
smaller  than f o r  t he  one lobe model t o  which the  r e s u l t s  of Table 10.OA 
apply. Consequently, the average l i f e t ime  of a l l  neutrons w i l l  be 
appreciably shor ter  i r l  .the ATR than i n  t h e  s ingle  l ube  case .becauoe 
t h i s  l i f e t ime  i s  l a rge ly  determined by the  r e f l e c t o r  neutrons. However 
the l i f ~ ~ i m e  of the  r e f l e c t o r  group w i l l  be somewhat longer i n  the  ATR 
because not a l l  of t h e  neutrons re tu rn  through t he  control  regfun. 
From comparison of s ing le  lobe and ATR calcula t ions  .of r e f l ec to r  worth 
it i s  estimated t h a t ' a t  s t a r tup ,  which i s  t he  most unfavorable condition 
f o r  neutron li 'fetime, a t  least 10% ul' the ~ i t u t r e n o  w i l l  be r c f l ~ c t . r ? r  
neutrons with -an average l i f e t ime  of ap@roximately 800 microseconds 
f o r , t h e  reac tor  w i th ' a  D20 outer re f lec to r .  The average l i fe t ime  fo r  
t h e  reac tor  i s  then about 110 microseconds. ; . . 



TABLE 10.0-A 

.EFFECTS OF RE9CTIVITY CONTROL ON NEUTRON IJFETIMES 
I N  SINGLE-LOBE MODEL OF ATR 

*NOTE: A l l  cases have D 0 outer r e f l ec to r  except cases w i t h  r e ac t i v i t y  control  by poison 
i n  Be + 10$ ~ ~ 0 . ~  ,. . . . .  

Average 
l i fe t ime  

a l l  
neutrons 

psec 

370 

270 
120 

5 4 

340 
260 
180 

370 
360 
3 50 

96 
5 5 
3 4 

320 

230 

130 

Method of * 
React ivi ty  Control 

Clean refe-ence case 

Poison i n  e n t i r e  r e f l .  
Poison i n  en t i r e  r e f l .  
Poison i n  e n t i r e  r e f l .  
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Poison i n  6 '  Be + 10% H20 
r e f l ec to r  

Poison i n  6" Be + lo$ H 0 
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Average 
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Change 
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11.0 GAMMA HEATING I N  THE . ATR : " .  

.. . 

Gamma heat ing r a t e s  i n  various regions o f . t h e  ATR:were ca lcula ted  
on the  bas i s  of a s p e c i f i c  opera t ing powerb leve3 of 1 .0  ~ w / l i t e r  which 
corresponds t o  a r eac to r  power j u s t  s l i g h t l y  higher than 250 MW. I n  
order t o  approximate the  system geometry i n  t h e  c a l c u l a t i o n a l  model, it 
was necessary t o  consider various regions separa te ly  and then sum. t h e i r  
contr ibutions t o  t h e  t o t a l  heat ing a t  any given po in t .  Two general  
geometric source regions were found necessary t o  describe the  system. 
The outer  lobes were described as  individual  one-lobe models, and the  
inner  lobe was separated i n t o  four  quarter- lobe sec t ions .  These a re  
shown i n  Figures 11.0-1 and 11.0-2, and the  regions .of $he r ,esul t ing  
geometry approximating the  ATR cbnfigurat ion i s  shown in-.F:igure. 11 .O-3. 

. . . .  
The rad ia t ion  a t tenuat ion u t i l i z e d  a program which performs a point  

t o  point  numerical in tegra t ion  over the  source volume. D i f f e r e n t i a l  
volume sources a r e  t r e a t e d  as  point  sources and a t tenuated a s :  

where $(E) = rad ia t ion  f l u x  a t  the  de tec to r  point  a r i s i n g  from 
source, s,(E), ~ e v / c m ~ - s e c  

s,(E) = rad ia t ion  source s t r eng th  of energy group E created  
i n  d i f f e r e n t i a l  volume under considerat ion,  ~ e v / c c  -sec 

R = dis tance  between d i f f e r e n t i a l  volume source and 
de tec to r ,  cm 

A ~ ( E ) ,  A ~ ( E ) ,  al(E) and a2(E) = curve f i t t i n g  parameters f o r  
t h e  NDA gamma 'buildup fac to r s  
f o r  energy 

p l ( ~ )  = cross sec t ions  of t h e  ith sh ie ld  mate r i a l  f o r  energy 
group E, cm'l (absorption c o e f f i c i e n t  f o r  gammas and 
removal cross sec t ions  f o r  neutrons)  

ti = dis tance  t r ave led  through the  ith s h i e l d  mater ia l ,  cm. 

The program allows f o r  a non-uniform source d i s t r i b u t i o n  and m u l t i -  
energy groups. 

The core gamma energy spectrum and magnitude was ca lcula ted  con- 
s i d e r i n g  prompt f i s s i o n  gammas, f i s s i o n  product decay gammas, f i s s i o n  
product decay gammas plus capture ,gammas i n  ,U-235, Al and H20. 



The energy spectruni of.  t he  prompt. 'fission and f i s s i on  product 
gammas were obtained from n'&ueric%l in tegrat ion of recent O a k  Ridge data  
presented by Peele, ' e t  a l .  Gamma energy spect  a f o r  a l l  o ther  .system 
mater ia ls  were obtained from the  vork of Deloume ' and Bartholomew and 

3 Higgs . 
, - 

' .The r e l a t i v e  neutron absorption.2n the  various core .mater ia ls  i s  . 
shown i n  Table 11.0-A and t he  contribution per f i s s i on  of each core 
mate r ia l  t o  the .core  gamma source i s  presented i n  Table 11.0-B. 

TABLE 11.0-A 

.RELATIVE NEUTRON ABSORF'TION FOR GAMMA HEATING CALCULATIONS 

1. R ,  W.  Peele,  W .  Zobel, T. A.  Love, "Measurement of -Lhe Ypectru1n of 
Short-Lived Fission Produc.1; Decay ~a&a Rays Emitted from a 
Rotating Belt ,  " ORNL-2081, 1956. 

-Material 

, ILL. 

H2° 
U-235, Fission Absorption 

U-235, Radiative Capture 

R .  W .  Peele, W .  Zobel, '1'. A. Love, h' .  C. FIarensheLn, "RecellL R e s u l t 3  
f o r  the  Energy Spectra of Fission A sociated Radiation," Oak Ridge 
National Laboratory, 1958. 

Relatiye Absorption 

0.028 

0.16 

1 . 0  ' 

0.22 

2. F. E .  T)eI.oume, "Gamma Ray Energy Spectra from Thermal Neutron 
Capture," General E l ec t r i c  Report G E A N P - U C - ~ ~ - ~ O ~ O ,  1958. 

3. G. A.  Bartholomew, L. A. Higgs, "Cornpllation of Thermal Neutron 
Capturt, G w a  Rays, " Cha.J,k R i  vcr Rcport No, CRGP-784, 1958- 



CORE GAMMA SOURCE PER FISSION 

The energy d i s t r ibu t ion  and magnitude of the  calculated core gamma 
sources, evaluated a t  a spec i f i c  power of 1 ~ w / l i t e r  i s  given i n  
Table 1 1 . 0 - C .  

TABU3 1 1 . 0 - C  

ENERGY DISTRIBUTION OF CORE GAMMA SOURCE 

. Mev per Fission 
prompt 

2.82 

2.V 
. 

1.17 

0.758 ' 

0.167 

1 Range 
I 
I 

1.6 - 1 

11 - 2 

2 - 3  
3 - 5  

5 - 7  

The gamma source from capture i n  the  Be and D 2 0  r e f l e c to r s  i s  
ins ign i f ican t  and w a s  neglected. 

Energy Range ' 

Mev 

. 6 ' -  1 

1 - 2  

2 - 3  

3 - 5  
5 - 7  

Fission 
P r o d u c t  

1.52 

1 -77  . 

1.00 

0.495 
0.022 

I 

Al 

0.072 

0.079 

T o t a l  

4.89 
4 .'48 

2 75 

1 - 4 7 ,  
0.30 

13.89 

~ev /cc - sec  

15  .1x1013 

1 3 . 8 9 ~ 1 0 ~ 3  

8 . 5 2 ~ 1 0 ~ 3  

4.56~1013 
0 . 9 3 ~ 1 0 ~ 3  

H20 

3.56 

~ a t t / c c  

24.16 

22.22 

1 3  63 

7-30 
1.49 

68.80 

Non-Fis6.U-235 

0; 5.52. 
0.444 

0.229 

0.. 148 

0.033 



Thermal neutron f l u e s  through the  pressure vessel  and thermal 
sh ie lds  were not avai lable  a t  the  time the  program was run and, there-  
fore ,  the  capture gamma source i n  these components could not be calcu- 
l a t e d .  This source of rad ia t ion  i s  expected ' to  contribute t o  the  
heat ing i n  the  components themselves; however, the  calculated rad ia t ion  
heat ing i n  regions adjacent t o  the core w i l l . n o t  be .affected .by omitting 
t h i s  rad ia t ion  component. 

As noted i n  t he  previo* paragraphs, gamma ray  buildup i s  included 
i n  t he  program so lu t ion .  The buildup fac tors  used1 are spec i f i c a l l y  
v a l i d  only fo r  homogeneous regions. I n  t h i s  pa r t i cu l a r  case, t h i s  . 
f ac to r  i s  not troublesome since,  with only s l i g h t  exception, the  
mater ia ls  of the  system are  c lose ly  r e l a t ed  with regard t o  atomic number 
and a l l  exhibi t  s imi la r  buildup cha rac t e r i s t i c s .  Therefore, energy 
absorption buildup fac tors  f o r  water were applied t o  the  e n t i r e  system. 

Gamma absorptian coef f ic ien t s  f o r  the  elements were taken from the  
work of Grodstein. ,2 The composite l i n e a r  absorption coeff ic ients  f o r  
each region of t he  system were evaluated a t  the  average energy of each 
of the  f i v e  energy groups. 

A f l a t  power d i s t r i bu t i on  both r a d i a l l y  and a x i a l l y  was assumed. 
The gamma re laxat ion length f o r  the  f u e l  region ranges between 3 - 5 
inches dependink on t he  energy considered. I n  terms of gamma relaxa- 
t i o n  lengths ,  the  core i s  both long and th in .  The significance of t h i s  
with respect  t o  t he  gamma heating i s  t h a t  the  e f f ec t  of the  r a d i a l  power 
d i s t r i bu t i on  on the  gamma heating i s  minimized since s e l f  -absorption 
along t he  radius of the  f u e l  region i s  r e l a t i v e l y  low. 

The converse i s  t r u e  with regard t o  the  e f f e c t  of the  a x i a l  power 
d i s t r i bu t i on .  Ninety per cent of the  gamma heating a t  a point i s  due 
t o  t he  f rac t ion  of the  source which l i e s  within the  f i r s t  two re laxat ion 
lengths within the  source measured from the  detector .  This means t h a t  
f o r  detector  points close t o  the  f u e l  region, a x i a l  source points located 
more than approximately 6 - 10 inches away contribute very l i t t l e  t o  the  
heat ing a t  the  detector  under consideration.  With a 48-inch core, a  
cosine power d i s t r i bu t i on  var ies  e s sen t i a l l y  l i n e a r l y  over a 12  - 20 
inch increment and it i s  thus su f f i c i en t l y  accurate t o  use a f l a t  a x i a l  
power d i s t r i bu t i on  t o  ca lcu la te  the  average heating and t o  assume t h a t  
the  a x i a l  p ro f i l e  of the  gamma heating d i s t r i bu t i on  w i l l  coincide with 
t he  cosine power d i s t r i bu t i on .  These arguments are  of course not va l id  
i f  the  power d i s t r i bu t i on  i s  not a smoothly varying function.  

- -- --- -- 

1. H. Goldstein, J. E. Wi lk in~ ,  Jr., " ~ a l c u l a t i o n a  of t he  Penetration 
of Gamma Rays, NYO-3075, TTS, 1954. 

2. Gladys W. Grodstein, " x - ~ a y  Attenuation Coefficients From 10 Kev 
t o  100 Mev, " NBS Circular 583, 1957. 



Prof i l es  of t h e  gamma-a-heating ,along sect ions  0-M and 0-N of t h e  
reactor  a r e  presenTed':in Figures 11 .'.0.-4:.and r1.0-5, respectively.  A -. .. . , ... . , < 

more de ta i l ed  breakdown with regard t o  the  locat ion of t he  Important 
source regtons f o r  a given detector  po in t .  is,,, afforded by- Tables --11. OYD. 
and 11.0-E. A l l  values presented ..are .average, a x i a l  f igures  : :.Center ' 
l i n e  values a r e  obtained'--by multiplying by t h e  ;axiscl maximum-to-average 
p'owef ratio- . . ,. '. % .  ., . , .. . . ' . . . .. . . .  .. . . .  . . . . 

Approximate average gamma heating r a t e s  i n  various components of 
' 

the  reactor  system a re  presented i n  Table 11.0-F. Also presented i n  
. t h i s  t ab l e  i s  t he  calculated percentage of t he  avai lable  gamma. source 
absorbed by each component. 

The e f f ec t  of replacing the  D20 r e f l ec to r s  with Be + H 0 i s  a l so  
shown i n  Figure 11.0-4. From t h i s  f igure,  it i s  seen t h a t  $he heating 
a t  t he  ex te r io r  of t he  r e f l ec to r  region i s  about 25% lower i f  Be + H20 
i s  used. 



TABLE 1 1 . 0 - D  

GAMMA HEATING ALONG SECTION 0-M 

Notes; Average core power densi ty  = I ~ w / l i t c r  

See Figuxe 11.0-3. 
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' 'TABU 11 ;0-E ., .. , . .. . 

GAMMA "HEATING ALONG SECTION 0 -N 
- .. . , - . .- .  , ..... , . . .  . . .,.-. .-. - . . . .  _ 

Notes: Average core power density = 1 ~wlliter 

See Figure 11.0-3. 
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GAMMA ABSORPTION 
. . 

Component 

Experiment (void)  

~ ~ ~ r e s s . ~ e s s e l s  

Inner H 2 0  Re f l .  

Inner ~l Separator 
R i n g  

Fuel Region 

Outer Al Separator 
Ring 

Inner D20 Refl .  

Be & D 2 0  R e f l .  

Inner Al & H20 

Outer D 2 0  Refl .  

pressure Vessel 
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FIG. 11.0 - 4  
AVERAGE GAMMA HEATING ALONG SECTION 0 - M  



FIG. I l . .O-5 
AVERAGE. GAMMA HEATING ALONG SECTION 0 - N  



' . . 12.1 Sn and Diffusion Theory Comparison 
. . .  

12.11 .h t roduct  ion . . .: 

In the reactor physics analysis of the ATR, diffusion theory 
type calculations were u t i l ized  extensively. Because of the general core 
configuration a va l id  scheme fo r  homogenization was d i f f i c u l t  t o  achieve. 
Consequently heterogenity was retained f o r  most of the core structui-e 
insofar a s  was allowable by the l imitat ions on mesh point number of the 
IBM-704, PDQ-3 code. Many re la t ive ly  small regions were retained and the 
question o f - t h e  va l id i ty  of diffusion theory type calculations arose. 
Diffusion theory can be assumed t o  give good re su l t s  i f  one i s  f a r  from 
boundaries of dissimilar,-media and i f  the absorption cross section is  
much l e s s  than the scat ter ing cross sections. Neither of these conditions 
a re  very well s a t i s f i ed  i n  most of the  ATR. Therefore, as  a check on the 
va l id i ty  of diffusion theory, transport theory i n  the  form of the Sn approxi- 
mation was used. Carlsonls sn(n = 4) program supplemented by Duane's1 
modification and extension (s-v,. n = 4 )  of t h i s  program.was used on the 
IBM- 704. 

It is concluded, that f o r  the  purposes of a conceptual design 
of the ATR, diffusion theory gives suf f ic ien t ly  accurate r e su l t s  t o  be 
r e l i ed  on f o r  nuclear and engineering design of t h i s  core. A s  expected 
diffusion theory i s  deficient i n  following loca l  peaks and dips fo r  regions 
with s m a l l  dimensions compared t o  a mean f ree  path. Some differences a re  
a l so  noted, in  the f a s t  fluxes of the four-group scheme. Nevertheless 
diffusion.theory gives adequate r e su l t s  even when applied t o  a reactor 
as  complex as the ATR. 

12.12 Calculation Model 

The transport  codes used fo r  t h i s  study are  l imited t o  the 
three basic geometries : plane, sphere and cylinder. A 'cylindrical 
reactor model was chosen'as the best  representation of one lobe of the 
ATR. 'Each different  material up t o  the water gap between the th i rd  and 
fourtb fue l  plate  was taken as  a separate region. Thereafter the fue l  
plates  and water gaps were homogenized t o  the water gap between the 
sixteenth and seventeenth f u e l  p la tes  and from there on each different  
material was a different  region u n t i l  the reactor was terminated af ter .  
a tot* radius of 90 cm. The diffusion theory calculations (WANDA code) 
had the s ta in less  s t e e l  pressure tubes homogenized with the v0i.d which 
separates the pressure tube from the gas annulus tube: The t o t a l  number 
of mesh points was '224 i n  every case with the assignment of mesh points 
the same. The A - 1  t e s t  was in '  the center with l i g h t  water i n  the moderator 
f lux  t r a  annulus. The i n i t i a l  case had no poison i n  any region. An 
'axial DB was added only i n  the  D20 ref lec tor  region t o  take same account 
of ax ia l  leakage. 

1. B. H. Duane, "Neutron b d  Photon Transport Plane-Sylinder-Sphere 
GE-ANPD Program S Variational Optimum Formulatior,, " XXDC 59- 9- 118, 
JELL~WY 1959. 



12.13 Convergence Dif f icu l t ies  

This f irst  clean case was run using Carlson's Sn code fo r  
about 170 power i te ra t ions .  In  studying the f lux  shape it was clear  
t h a t  the problem would take a few hundred more i te ra t ions  t o  converge. 
The D20 thermal f lux  w a s  r i s i n g  very slowly and almost l inear ly  with 
each i te ra t ion .  

This same problem was then run with B. Duye's S-V program 
with the hope tha t  convergence would be f a s t e r  by v i r tue  of the accelera- 
t i o n  routine, even though each i t e ra t ion  takes about three times longer 
with t h i s  routine. Again the  D20 ref lec tor  fluxes continued t o  r i s e  too 
slowly t o  just i fy running t o  reasonable convergence. The S-V program 
provides output i n  considerable abundance and d e t a i l  and was used i n  a l l  
l a t e r  s tudies  a f t e r  the' i n i t i a l  study. ., 

Because of the extremely slow convergence of S-V when 
converging on the c r i t i c a l  number of neutrons per fissiorl  K2, it was 
decided t o  run S-V converging on K6. This type of convergence i s  known 
t o  be more rapid than the  K2 convergence. With K6 convergence the number 
of f i ss ions  and a l l  isotropic scatterings are divided by a constant K6. 
Achieving a solution i n  t h i s  manner adds uniform absorber, i n  effect,  i n  
each region and group i n  proportion t o  the t o t a l  isotopic cross section 
of the region when K6 i s  greater than unity. When is  l e s s  than unity, 
neutron production scat ter ings a re  added i n  the same manner. 

Results 

The i n i t i a l  clean case was run with K6 convergence and 
converged i n  about 20 i terat ions.  The f i ss ion  eigenvalue was 1.2867 and 
being different  than unity the K6 convergence caused uniform absorber t o  
be added i n  each region. The WANDA keff f o r  t h i s  case was 1.2867. With 
KG convergence the  H20 absorption cross section became almost twice the 
actual  value while the D20 absorption cross section was up by a factor  of 
almost seven. 

Because the f i s s ion  eigenvalue of these f i r s t  cases was f a r  
from unity with the  resu l t ing  adding of absorber with K6 convergence there 
i s  some question as  t o  the  va l id i ty  of the fluxes i n  comparing them with 
diffusion theory fluxes. In order t o  obtain a good case for  comparison 
study with the f i s s ion  eigenvalue K2 close t o  unity, the S-V and WANDA 
clean case were changed by adding 6.9 g / l i t e r  af D BO t o  the  3 in. 3 3 re f l ec to r  shim control region. This amount of polson should be f a i r l y  
representative of what would be required for  a typical  s tar tup core of 
the  ATR. The WANDA keff fo r  t h i s  case was 1.0005. The equivalent S-V 
case was run for  about 60 power i te ra t ions  with convergence acczlerstion 
on the eigenvalue. Good convergence was obtained for  t h i s  case. 
 hereafter, 24 power i te ra t ions  with no acceleration were run on the K2 
eigenvalue t o  obtain f lux  dis t r ibut ions tha t  could be compared with WANDA 
resu l t s .  The K2 of t h i s  S-V problem was 1.029. 



. . 
.I . ' 

The combined WANDA A d  S-V-f l u x  p l o t s  from the center of the  
A - 1  experiment well  out in to  the outer r e f l ec to r  a r e  shown i n  Figures 12.0-1, 
12.0-2, and 12..0-3 a@ 12.0-4, for  tkie four 'flux groups. The f lux  p l o t s  
f o r  the  region from about 7 cm t o  10 em,'-which is  -ch;-ough-one s ide  of the  
f u e l  region wher.e plate,  cladding, ' &d moderator were' kept :separate a r e  
shown i n  Figures 12.0- 5, 12.0-6, 1.2.0-7 &d 12.0-8. The' c d c d a t e d  f a s t  
f l ux  (fil) peaks a t  the  boundary of the  p l a t e  and cladding. Physically 
the  Yast f l ux  would peak a t  the  center of the  p l a t e  and the  cause.of t h i s  
discrepancy h's not been determined. 

. . .  
. The average fluxes i n  t he  t e s t  ,and other general da ta  a r e  

shown i n  Table 12.0-A. 

A study of the  f l ux  p l o t s  (with regard t o  core and t e s t  
region r e s u l t s )  shows t h a t  the  greates t  differences occur i n  t he  f a s t  
neutron fluxes where diffusion theory overestimates the  S-V r e s u l t  from 9 
t o  17% i n  the t e s t  region. Diffusion theory does not show as  much Gf a 
dip  i n  the  f i r s t  and second group fluxes i n  the  Hz0 moderator annulus, and 
it evidently f a i l s  t o  predict  the  amount of at tenuation f a s t  neutrons 
suf fe r  i n  reaching the t e s t  region. 

~. 
Thermal fluxes a r e  well  predicted by the diffusion theory 

r e su l t  except i n  the  thin, highly absorbing regions such as  the s t a in l e s s  
's teel  and the f u e l  meat. The absorptions i n  the s t a in l e s s  around the  
t e s t  a re  6 t o  8% higher i n  the  diffusion theory resu l t .  

Besides showing the' anomolous peaks i n  the  meat regions i n  
the f f r s t  and second group fluxes, there  i s  a s l i gh t  difference i n  the  
shape of the  f a s t  f luxes . i n  the .core .  The Sn r e su l t s  show f a s t  f luxes 

' 

which a r e  r e l a t i ve ly  greater toward,the inside of the  core region, and 
the  f i r s t  group f lux  i s  about 30% higher fo r  the  S-V case i n  most of the  
core region although it almost equals the diffusion theory r e s u l t  a t  the  
core edges. 

The thermal f luxes i n  the  control  region a r e  almost identical ,  
but the f a s t  f luxes show a few percent of difference a s  the  S-V fluxes 
f a l l  off s l i gh t ly  f a s t e r  < 

In the large D20 ref lector ,  the S-V f a s t  f luxes a t tenuate  . 
more  lowly than the diffusion theory r e s u l t s  and f i n a l l y  become equal t o  
the diffusion theory fluxes. .The .thermal f luxes i n  t h i s  unpoisoned D ~ O  
d i f f e r  a s  much as  20% i n  some places but t h i s  i s  probably due primarily 
t o  the f a c t  t ha t  i n  t h i s  one region the S-V f lux  i s  insuf f ic ien t ly  con- 
verged t o  the K2 eigenvalue. Having converged well on K6 (with the D20 
poi  snned t o  obtain convergence ), 24 i t e r a t ions  i s  undoubtedly insuf f ic ien t  
t o  obtain good convergence i n . t h i s  D20 region a f t e r  the poison i s  removed 
fo r  K2 convergence. . . - . . . -  . . 7. . . - .  

Another s ign i f ican t  difference ( i n  addition t o  the  f a c t  t h a t  
the  S, case predicts  a higher K by 2.9% f o r  the  given amount of D3B03 
i n  the control  region) i s  that, the  S-V rad ia l  power d i s t r ibu t ion  i n  the  



TABLE 12.0-A 

COMPARISON OF D I F F U S I O N  AND TRANSPORT THEORY AVERAGE 

??LUX VALUES I N  THE A - 1  TEST REGION AND POWER PRODUCTION I N  THE CORE 

% Difference 
(WANDA Value - S-V value) 

S-V Value 

- 2-77 
16-55 
9.166 . 
8.836 

3.664 

11.19 

7.260 

3.864 

5 743 

4.873 

3.569 

- 1.9163 

1.097 

1.346 

1- 559 

K value ( K ~ )  

(average) 

fi2 (average) 
P3 (average) 

$1, ( average ) 

(h + @2 + 153 
(average ) 

, =  

Total power of 
A-1  t e s t  

Total power of 
1st inner fue l  
p l a t e  

Total power of 
2nd f u e l  p l a t e  

Total power of 
3rd fue l  p l a t e  

T o t d  power of 
homogenized 
center region 

Total power of 
17th fue l  p l a t e  

Total power of 
18th fue l  p la te  

Total power of 
19th fue l  p l a t e  

WANDA 
Case 130 

1.000483 

2.64824 

3 - 02437 
3 03374 

5 33580 

8 71135 

1.63&1 

0- 029595 

0.249783 

0. a4747 

0.189004 

1.992697 

0.181629 

0.1953129 

0.2122011 

S- V 
Case 1.130 

1.0290 - + 0.0001 

2.27217 

2.77502 
2 78743 
5.147U 

7.83462 

1.52211 

a 0.028494 

0 236 a 7 3  3 

0.20476817 

0.18249107 

2.031629 

0.17$5'(28 

0.19271867 

0.20894351 



core is flatter. The maximum power in the inside fuel plate is 5.'7'$ 
less by the S-V result so that the predicted ratio of the radial value 
of maximum-to-average power will be' correspondingly less. 

12.15 Conclusions 

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

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

2 Overestimation of the fast fluxes in the H20 filler, 
especially near the test region. (The S, solutions show a dip and a . 

recovery that is not detectable in the WANDA solutions. Here, again, 
the difference is not serious unless one becomes interested in the 
fast fluxes in the flller itself.) 

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

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

The Sn fluxes are valid for comparison with diffusion ., . 
theory only when the S, fission eigenvalue is near unity with the 
controlling reactor poisons in their proper position. This is principally 
due to convergence difficulties connected with the K 2  fission eigenvalue. 
This study demonstrates the difficulties of using the S, transport code 
for thermal reactor systems. 



12.2 The Effects  of Mesh Description and of Test Region Homogenization 
. , 

12: 21 One- Dimens iona l  studies' '  ' 
. .. , . 

e .  . . 

12.211 Introduction 
. . .. . . . .. 

In  order t o  calculate,  with two-dimensional codes, 
i h e  c k a c t e r i s t i c s  of the '  ATR' it i s  highly des i rab le  t o  honiogenize 
d i s c r e t e  regions 'of t h e  r eac to r  and specify as few mesh' po in t s  as poss ible  
f o r  t h e  numerical solut ions  accomplished by codes. I n  t h e  ATR, the  f l u x  
l e v e l s  i n  t h e  t e s t  loop a r e  of t he  g rea tes t  importance, f o r  lobe power 
l e v e l  must be adjusted t o  maintain the  specif ied neutron flwc l eve l s  . i n  . 
t h e  t e s t .  - - . . 

With one-dimensional .d i f fus ion theory t h e  e f f ec t s  o f  
homogenization of t h e  s t a i n l e s s  s t e e l  pressure , tubes  and the  A-5 t e s t  has 
been s tudied and fur ther  examinatj.on has been made of t h e  e f f ~ r r t ~ n  nf m ~ a h  
s i z e  on the 'numerical  so lu t ion  f o r  eigenvalues and flukes.  

. '  8 .  . 

12.212 The Eff,ect of ~omogenization 

The comp,osition of t h e  reac tor  model used i n  t he  
homogenization is  shown i n  Table 12.0-B, together with t he  number of mesh 
po in t s  i n  each region. .The keff values obtained from t h e  WANDA-4 res~~_l.ts,  
t h e  descr ipt ion of each case run, and t he  e'ffect of  t he  respect ive  degrees 
of 'homogenization a r e  summarized i n  Table 12. 0-C. 

* 
In  Case 3001, the  void w a s  t r e a t ed  a s  a d i s c r e t e  

region wi th  a d i f fus ion  constant  of t en  and a macroscopic absorption 
cross  sec t ion  of 1 x 10-5. i n  a l l  four neutron 'groups. .The perpendic~ilar  
buckling v'alue used was 0.00043 i n  all regions except 1, 2, 3, and 4 
where it w a s  s e t  equal t o  zero. 

Table 12.0-D shows the  e f fec tc  of homogenization on 
t he  neutron group flux l eve l s  i n  each of t he  four regions which were 
subjected t o  homogenization. The most var ia t ion  i s  noted i n  the  thermal 
f l u x  levels ,  but it must be kegt i n  mi-nd that ,  t h e  real. c r i t e r i o n  f o r  va l id  
homogenization is  t h a t  t he  t o t a l  absorptions i n  a mater ia l  should remain 
constant .  

In  accomplishing the homogenization, all macroscopic 
cross  sect ions  including &, (from which D i s  computed a E  - 1. ) 

I 3% 
were simply weightee, by t h e  volumes of t h e  respective regions. For 
example, 'ihi where Za i s  the  absorption cross  section of n i 

=a- ,, ' 
1 

*Case numbers iden t i fy  WANDA calcula t ions  and do not apply t o  PDQ 
numbers used elsewhere i n  t h i s  repor t .  



TABLE 12.0-B 

REACTOR . COMPOSITIONS OF TEE HOMOGEMIZATION STUDY MODELS 

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

Number of 
Mesh Intervals 
in Region 

10 

10 

2 

4 

10 

2 

20 

2 

20 

4 

30 

10 

* Composition of Region 
A-5 test 

Region 
No. 

1 

Outer Radius 
of Region 

(in. ) 

1.00 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

1.20 i Stainless steel 

1.26 i , void 
I 

1.34 

2-75 

3.00 

5 50 

5.75 

8-75 

9.75 

40.50 

43.50 

Stainless steel 

40% H~o-~o$ Aluminum 

Aluminum 

Core (nominal fuel loading) 

Aluminum 

D20 + 3 g/liter of D3B03 

D20 

"2O 

Stainless steel 



TABLE 12..0-c 

i ' '' . 
DESCRIPTION OF CASES AWD SUMMARY OF RESULTS 

OF HOMOGENIZATION 

WANDA 
.Case 

No. 

3001 

3002 

3003 

Regions Combined 
' by 

kiomogcnization 

None 

2, 3, and 4 

1, 2, 3 ' a n d 4  

k . -  
eSt' 

0.980060 

0.98005 2 

0.981650 

% A k  - 
k 

0 

- 0.00083 

0.1587 

$' Error a.n 
Total  Neutron Absorptions 

A- 5 
'l'est Absorption 

0 

0.1202 

-4.816 

Sta inless  Steel  
Absorptions 

0 

0.03761 

-5.132 



TABU' 1 2 . 0 - D  

. .  EFFECT OF HOMOGENIZATION ON THE ATERAGE GROUP FLUX 

LEVELS I N  THE REGIONS OCCUPIED BY TRE A-5 TEST AND STAINLESS STEEL 

NOTE: Flux values are normalized t o  arbitrary un i t s  f o r  each 
neutron-group and comparisons a r e  va l id  only within a 
groul'. 

Neutron- Group Flux - 

ldl (0.821 mev - < E < - 10 mev) 

fi2 (5.53 kev - < E < - 0.821me;) 

fi3 (0.625 ev < - E - < 5.53 

fi4 (thermal) 
o < E < 0.625 ev - - 

Case 
No. 

3001 

3002 

3003 

3001 

3002 

3003 

kev)3001 

3002 

3003 

3001 
3009 

roo3 

1 

1.0430 

1.0431 

1.0241 

1.3443 

1.3439 
1.3468 

1.2484 

1.2483 
1.2409 

1.0488 

1.0502 
0.9152 

Region 
2 

1.0359 
1.0362 

1.0297 

1.3379 
1.3384 
1.3338 

1.2454 

1.2454 
1.2424 

1.0302 

1.0261 
1.0523 

No. 
3 

1.0353 
1.0354 

1.0316 

1.3331 

1.3337 
1.3281 

1.2451 

1.2451 

1..2431 

1.0641 

1.0585 

4 

1.0357 
1.0358 

1.0327 

1.3304 
1.330C 
1.3246 

1.2455 

1.2455 
1.2436 

1.0907 
1.0946 

1.1137 1.1525 



homogenized s e t  of regions of respect ive  volume, Vi. Hence, even though the  
thermal f l u x  i n  region 1 is seen t o  vary by about 1376, the .  average f l u x  t o  
which a homogenized,materi:al i s  exposed does not vary nearly so much. 

J 

The absorptions i n  s t a i n l e s s  s t e e l  and i n  t he  A-5 
according t o  each degree of homogenization a r e  shown f o r  each group i n  
Table 12.0-E. It i s  c l ea r  t h a t  the  only s ign i f ican t  var ia t ion  occurs 
i n  t h e  thermal 'absorption values where there  occurs:about a 5.576 reduction 
i n  absorption due t o  t h e  homogenization. 

It i s  notable t h a t  t h i s  reduction take-s place  i n  both 
t he  A-5 absorptions and t h e  s t a i n l e s s  s t e e l  absorptions; therefore  the  e r ro r  
i s  not  due t o  t h e  f a c t  t h a t  the  homogenization neglected t he  f a c t  t h a t  t he  
average f l u x  i n  t he  s t a i n l e s s  s t e e l  i s  d i f f e r en t  from the  average f l ux  i n  t he  

- 
A-5 t e s t .  To cor rec t  f o r  t h e  error,  one would have t o  mult iply t h e  thermal 
cross  sect ions  by a f ac to r  g rea te r  than one i n  order t o  have the  hom~genlzr?rl 
region absorptions remain the es,m,e; and t o  have -1;he T.l.ux i n  the  holrivgenized 
regions i.erq#ln t h e  same one would have t o  multiply the  thel~nttl cross sect ions  
by a number l e s s  khan one. 

2 2 1  Tile Er'fecL of Mesh Description 

The single-lobe model used i n  t he  mesh conroencao a tudy  , 

was chosen t o  confarm as near ly  a;; p ~ s s i b l e  t o  t he  cases which have been 
run using t h e  PDQ code. The one-dimensional model i s  described i n  Table 12.0-F, 
together with the  mesh i n t e rna l  width used i n  the  case with t he  most coarse 
mesh. 

The coarse mesh s i z e  shown i n  Table 12.0-F was used 
i n  WANDA c a ~ c  3004. I n  cases 3005, 3006, and 3007 t h e  mesh spscing was 
reduced i n  each region h j r  a fac to r  u.C 2, 4, and 8, respectively;  hence, 
cnse 3007 has a qu i te  f i n e  mesh spacing. . 

The r e s u l t s  i n  terms nf' the  f l ux  dlsl:.rlbutaions a r e  
shown on F i w t  12.0-9 where t h e  neutron grmlp flwcc3 PLL~U case 3007 a re  
p l o t t ~ d  and t21c pulllLs r'rom case 3004 a r e  shown. The r e s u l t s  i n  terms 
of avcrage fluxes i n  each reg inp  and the  heff values obtained a r e  shown 
i n  Table 12. U-G. 

The l a r g e s t  var ia t ion i n  the  value of keff i s  0.033% 
(between cases 3004 and 3007); t h a t  i s ,  the  l a rge s t  va r ia t ion  in  mesh 
spacing has l i t t l e  e f f ec t  on t he  ncutrori balance obtained. 

The grea tes t  d i f ference i n  regional  average fluxes 
occurs i n  t h e  U20 r e f l e c t o r  where there  i s over 11 @ diffu19ence In  the  1 s t  
and 2nd group f l u e u .  With regard t o  the  t e s t  region, t h e  l a rge s t  
va r i a t i on  i n  t he  average f l ux   occur^ fo r  t he  thermal neutron group where 
t h e  coarse mesh r e s u l t s  i n  an averagp f l ux  about 5% higher than t h a t  of 
t h e  f i n e  mesh case. 

h'inally, it i s  noted t h a t  t he  e r ro r  caused by too 
coarse a mesh spacing i s  about the  same s i z e  and i n  the  opposite direckion 



TABLE 12.0-E 

COMPARISON OF GROUP ABSORPTIONS I N  THE A-5 AND THE 

STAINLESS STEEL (ABSORPTION FOR THE i t h  GROUP 

EQUALS VOLL'ME x FLUX x ki = V fii si 

. 
Material 

A- 5 

A- 5 

A-5 ' 

Sta in less  S tee l  

Sta inless  S tee l  

Sta inless  S tee l  

Case 
No. 

3001 

3002 

3003 

3001 

3002 

3003 

I 

Absorption Rate 

Group 1 

1.0316 

1.0317 

1.0160 

0.07510 

0.07517 

0.07439 

Group 2 

0.5640 

0.5639 

- 0 . 5 6 ~  

0.07542 

0.07536 

0.0756 

Group 3 

10.9913 

10. 9908 

10.9332 

15.4638 

15.4638 

15.4180 

Group 4 
(thermal) 

98.4111 

98.5450 

93.1407 

255.0609 

255.1629 

241.2164 

Total  
Absorption 

110.9980 

111.1314 

105.6520 
' r+ 

270.6752 

270.7770 

256.7844 



. . .. - 
TABLE -1 2 .-0- F 

THE. SDIGLE- LOBE REACTOR MODEL USED I N  THE 

MESH COARSENESS STUDY 
. . 

- 

I - 

. , .  

. 

-- - 

, . 

Region, 
Nu. 

' 1' 

, , . , .  . 

2 

. 3 .  
, : .  . 

4 
. . 4 , -  

. 3 . !.; , 

.. . . 

5 , 

6 
0 I 

. . .  . 

. . 
.. 

lkgioii Composition 

Homogenize'd A-5 t e s t ,  s t a i n l e s s  
a t e e l  and void 

F i l l e r  of 40% H20 and 60$ Al 
. , 

Core (nominal , f u e l  loading) . . 
. . . 

Control regionJ D20 + 3g/l;ter 
of H3B03 
. " . . . - 

Reflector, D20 + 0.25% H?O - 

Refiector, D20 + 0.25% H90 L' 

-. .. 

Outer Radius 
or Regivl.~ 

( i n . )  . 

1,34 . ! 

3.00 . 
. . 

5 - 5 0 .  : 

8.50 

1,0.50 

. 40.50 

Interval'.Width i r  
Mnst. Coarse b%ch 

(em) 

1.7018 

2.1082. 

: , 1.5875 . . 

1.9050' ' 

2.5400 

12.7000 



TABLE 12.0-12 

EFFECT OF M E H  SPACmG ON THE AVERAGE GROUP.FLUX AND ON EIGENVALUE 

F.egion 
No. 
1 

2 

3 
4 

5 
6 

Case No. keff 

30(,7 0.99959 
30C6 0 - 99964 
3005 0 - 99980 : ,. 
3004 0.99992 

I 

Eegion 
No. 

1 

2 

3 

~ompwition' ' 
A-5,. ss, void homogenized 
40$ H20 + Al 
Core (~ominal fuel  loading) 
D20 + 3 $liter of 9 ~ 0 ~  
2 13. D20 reflector 
40 in. D20 r d l e c t o r  

Compcsition 

A-5, ss, voie homogenized 
40$ H20 + Al 
Core ( ~ o m ~ n a l  fuel  loading) 

D20 + 3 g/lit.er of qB03 
2 in. D20 reflector 
40 in. D20 reflector 

m $2 

$2 

$ &ror* 

1.6 
2.0 
0.8 

-.O. 3 
-11.0 
- 1 .  

Case No. 

fi4 (thermal) 

~ r r o r *  

0.9 
1.5 
1.0 

-1.4 
-11.1 
-12.2 

Case No. 

$ Error* 

1.2 

1.0 
0.4 

-2.6 
-8.1 

-9.3 

Case No. 

0.00871 
0.00568 
3 . 1 2 x 1 0 - ~  

3004 ' 

0.00990 
0.01069 
0.01076 
0.003604 
0.000747 
1.19 x 10-5 

3007 
0.00974 
0.01048 
0.01067 . 

0.003615 
' 0.000839 
1.35 x 10-5 

$ Error* 

4.8 

-1.3 
-0.1 

0.9 
3.2 

-2.2 

3007 
0.01181 

0.01183 
0.0U.09 

Case No. 

0.01218 
0.01642 
0.00594 

30% 3005 
3.00975 0.00?79 
0.01049 0.01054 
0.01067 0.0169 
0.003614 0.003612 
0.000832 O . O O O ~ O ~  

1.34 x 10-5 1.29 x 10-5 

. . 3007 
0.01255 
0.01252 . 
0.01251 
0.007712 
0.003490 
1.06 x 

3.00870 0.00866 
3.00566 0.00558 
3 . 1 1 x 1 0 - ~  3 . 0 5 x 1 0 - ~  

3007 
0.01047 

0.01354 

0.00757 

3005 
0.01258 
0.01258 
0.01255 
0.007684 
0.003384 
1.02 x 

3006 
0.01256 
0.01353 

'0.01252 
0.007707 
0.003468 
1.05 x 

0.00848 
0.00522 
2 . 8 3 ~ 1 0 - 4  

30% 3005 
9.01182 0 . 0 ~ 8 5  

3.01184 O.OL87 
3.01110 0.01kll 

0.01219 
0.01645 
0.00594 

3004 
0.01266 
0.01~11 
0.01264 
0.007605 
0.003103 

0.93 x 

3004 
0.01195 
0.01195 
0.01114 

30% 
0.01050 
0.01352 

0.00757 
0.01223 
0.01659 
0.00592 

0.0123 
0.01695 
0.00581 

3005 
0.01059 
0.01348 

0.00757 

3004 

0.01097 

0.01337 
0.00756 



t o  t h e  e r r o r  caused by homogenization of t h e  . s t a in l e s s . s t e e l  pressure tube 
wi th  t h e  A-5 t e s t .  The ne t  r e s u l t  i s  t h a t  PDQ cases run with t he  coarse 
mesh and homogenized t e s t  region and pressure tubes a r e  probably only about 
a couple of percent i n  e r r o r  compared t o  t he  more accurate d i f fus ion  theory 
so lu t ions  with regard t o  average neutron f l u x  values i n  the  t e s t  region. 

The indicat ions  a r e  t h a t  t he  keff value obtained i s  
good t o  wi thin  a small f r a c t i o n  of a percent regardless  of t h e  l a rge r  mesh 
spacing and/or homogenization. 

12.22 Two-Dbensional Studies 

12.221 Introduction 

To study t he  two-dimensional e f f ec t  of mesh s i z e  and 
homogenization on maximum-to-average power ra t ios ,  average experiment f luxes  
and de t a i l ed  f luxes  along north, east,  and diagonal axes from core center 
l i n e  f o r  a t yp i ca l  core of t h e  ATR, th ree  PDQ problems were run. Two of 
these  problems were run on t he  IBM-704 a t  NYU. The coarse mesh problem had 
a mesh of 42 x 42 (1764 i n t e r n a l  po in t s )  while the  f i n e  mesh problem had 
an 84 x 84 (7056 i n t e rna l  po in t s  ) mesh. The TRANSAC mesh problem with 
a mesh of 140 x 140 (19600 in t e rna l  po in t s )  w a s  beyond thk capab i l i t i e s  
of t h e  IBM-704. This problem was run by Tnternuclear Company using the  
PHILCO-2000 machine. There were some s l i g h t  d i f ferences  i n  fueled a rea  
and t h e  pressure tubes were homogenized i n to  t he  experiments i n  t he  coarse 
mesh problem. These di f ferences  would account fo r  the  change i n  eigenvalue 
between t h e  th ree  problems. A l l  t h ree  problems used exact ly  the  same two- 
group reac tor  constants except f o r  t he  coarse mesh problem i n  t he  regions 
where pressure tubes were homogenized i n t o  t he  experiments. 

12.222 Results  

The f i n e  mesh PDQ-'3 problem gave esseri t ial ly the 
same r e s u l t s  as  t h e  TRANSAC mesh PDQ-4 problem as can be seen on Table 12.0-H 
and Figures 4.0-1 through 4.0-8. The coarse mesh problem did  give some 
s ign i f i c an t  deviations-- i n  pa r t i cu l a r  the  overa l l  core maximum-to-average 
power densi ty  increased by about 18%. The maximum-to-average value quoted 
i n  t he  t a b l e  does not include t he  v e r t i c a l  component. Also the  average 
experimental thermal f l u x  dropped s ign i f i c an t l y  fo r  t h e  center  experiment 
and t o  a l e s s e r  extent  i n  t he  north experiment. In  t he  ea s t  and northeast  
experiment the  thermal f l u x  increased somewhat. The ea s t  experiment had 
a zirconium pressure vessel  ins tead of s t a in l e s s  s t e e l .  A l l  f luxes  have 
been normalized t o  a core power of 250 Mw. 

The ' f ine  mesh was used i n  most problems f o r  the  
study of t h e  ATR. When coarse mesh was us'ed f o r  pa r t i cu l a r  s tudies  
appropriate corrections were made t o  obta in  e f f ec t i ve ly  f i n e  mesh r e s u l t s .  



TABLE 1 2 . 0 - H  
I . . 

TI-% EFFECT OF MESH SIZE AND HOMOGENIZATION ON - 
FLUX AND EIGENVALUE - RESULTS FROM TWO-DIMENSIONAL STUDlES 

I I Average . Core - Thermal- -1 

- 
Experiment Fluxes n/cm2 sec x 10-l5 

l%st Fuel 1 2.775 12.282 1 2.3211 1 0.3& 1 0.335 / 0.334 / 

fi f 
Pth 

@f 16th 

Max/~vg Power Densi+.;y 
Coarse I Fine 1TRAXSE 

Reactor Values 
I Coarse I Fine j TRANSAC 

Fluxes n/cm2 sec x lo"> 
Coarse I Fine I T'RANSAC 

A - 1  ( E a s t )  A-3 (Center) 
Coarse 

1.093 
1.413 

0.774 

A-5 (North A-5 (Northeast) 
Coarse 
2.184 

Coarse 

1.195 

Fine ' 
2.324 

Fine 
1.228 

1.367 
0.898 

0.384 0.602 

TRANSAC 

2.315 

TRANSP-C 

2 .  

1.3d18 

0.956 

Fine I TRANSAC 
I 

1.716 1.688 

0.578 1 0.561 

2.969 - .3.oog i 

Fine 

1.329 

0.407 1 0.397 

3.265 3.295 
I 

0.641 

2. 368 3.628 
0.702 

TRANSAC 

1.308 

0.685 

Coarse 
1.518 

3.310 3.380 13 .112  
I 



12.3 ATR Experiment Specif icat ions  and Test F a c i l i t y  Structure  

The,specif icat ions  f o r  the  A-1, A-3, and A-5 experiments a re  given 
. in Table 12.0-5 and the  s.tructure assumed fo r  the  ATR loops i s  shown i n  
Figure 12.0-10. 

TABLE 12.0-5 

ATR EXPERIMENT SPECIFICATIONS 

12.4 Reactor  constant^ . 

. . 

KW/ FOO e 

KW/ gr  a m  

~ e t a l / w a t e r  r a t i o  

Metal 

Atoms ~ ~ ~ ~ / c r n ~  

Neutron f lux  gbove 
.625.ev (n/cmL-sec) 

Thermal neutron 
f lux  (n/crn2-sec) 

The constants used i n  the  ATR calcula t ions  a re  given i n  Tables 
12.0-K and 12.0-L. The bulk of the  ATR calculations (includin'g the  
TURBO ca lcu la t ions )  used constants given i n  Table 12.0-K; however, 
f o r  the  temperature coef f ic ien t  calcula t ions ,  the  constants given i n  
Table 12.0-L were used. Whenever the  composition descr ipt ion i n  
these  t ab l e s  i s  l i s t e d  i n  per cent the  reference i s  t o  volume per cent .  

Experiment 
i 

A- 5 

200 

10 

1 .O 

Zirconium 

8.304~1019 , 

1 . 0 ~ 1 0 ~ 5  

3.2~10':' 

A - 1  

200 

30 

1 .O 

Zirconium 

2 . 7 6 8 ~ 1 0 ~ 9  

1 . 0 ~ 1 0 ~ 5  

9 . 6 ~ 1 0  14 

' A-3 

200 

1 5  

1 .0  

Zirconium 

5.536~1019 

1 . 5 ~ 1 0 ~ 5  

4 . 8 ~ 1 0 ~ ~  



TABLE 12.0-K 
,NU(XEAR CONSTANTS .FOR.ATR CALCULATIONS. 

(more ) 

- 159 - 

Composition 

1.43NormalFuel D 

c, 

u ~ f  

Normal Fuel D 
=a 
c, 
ucf 

304 Stainless D 
Steel & 

c, 

8.45$304ss+ D 
18.55% Void C, 
 orno no^. Press . C, 
Tubes and void) 

87.979s Zircalloy- D 
2 + 12.021% void % 
 orno no^. Press. C, 
Tubes and void) 

A l ~ u n i  num D 
c, 
c, 

Beryllium D 
(pure c, 

c, 
ucf 

Water (Pure) D 

zr 

99-75"e20 + D 
0-25s H20 C, 

c, 
C 

3 Fast Group 
1 Fast 
Group 

1 of 1 

1.5432 
0.006286 
0.023284 
0.008883 

1.54355 
0.00476 
0.02442 
0.00644 

0.735 
0.00404 
0.000l 

0.845 
0.0033 
O.OOOO~~ 

2.099 
0.000085 
0.0 

2.150 
0.000785 
0.000035 

/n,n 
O.ooru 
0.0017og 
0.009067 
o .o 

1.3886 
0.000781 
0.04709 

1.3206 
0.00019 
0.01079 

1 of 3 

2.4551 
0.001384 
0.066727 
0.001293 

1.563 
0.0003 
0.0375 

1.925 
0.000045 
0.033015 

2.720 
0.oooe 
0.016868 

1.7262 
0.01258 
0.04828 
0.016732 

2.3376 
0.001373 
0.1012 

1,9811 
O.OO~~O~O.O 
0.07788 

Thermal 

0.2704 
0.1969 - - 
o .3804 

0.2807 
0.142 

- - 
0.267 

0.3188 
0.1851 - - 

0.3914 
0.1507 

-- 

1 395 
0.00476 

- - 

3 595 
0.01083 

-- 

0.4152 
0.0009676 

-- 
o .o 

0.1788 
0.01674 

- - 

0.9052 
0.00006988 

- - 

2 of 3 

1.2376 
0.000966 
0.081588 
o .001672 

0.943 
0.000039 
0.005 

1.11 
0.000035 
0.003092 

1.600 
0.000225 
0.00202 

0.9605 
o.ooo002 
0.9r/64 
0. o 

1.1354 
0.000012 
0.1451 

1.2514 

0.03227 
1 

3 of 3 

0.9489 
0.017162 
0.072758 
o .024591 

0.390 
0.00945 
0.00038 

0.463 
0.0077 
0.000174 

2.250 
0.001775 
o.oo006 

0.4859 
o.oooo54 
0.01690 
o .o 

0.6110 
0.000917 
0 -1462 

1.2387 
0.000002 
0.01931 



Table 12.0-K ( ~ o n t  . ) 

(more ) 

- 160 - 

Composition 

99$ D20 + 1$ H z 0  D 

C, 
Cr 

97$ D20  + 3$ H20 D 

=a 
c, 

95% ~ , o  + 5% HF n 
=a 
& 

97$Bery l l ium+ D 
3% ~~0 ca 

C,. 
ucf 

90% Beryllium + D 
10% H20 C, 

c, 
ucf 

80qb Beryllium + D 
2 k H20  

q 
u+ 

95% Aluminum + D 
?$ H2n . 

80$ Aluminum + D 
20% H20 =a 

=r 

70% a u m i n u m  + D 
30% H2O c, 

C, 

60% Aluminum + T) 
40% ~~0 z, 

=I. 

3 
1 of 3 

1.7262 
0.0125611 
0.050037 
0.016834 

1.7289 
0.012465 
o .054135 
0.016948 

1.7398 
0.012139 
0.05995 
0.016789 

2.6966 
0 .  (300262 
0.02194 

2.5816 
0.000568 
0.04476 

2.542 
0.000684 
0.0533 

1 Fast 
Group 

1 of 1 

1.3138 
o.oo020 
0 .Olll95 

1.3009 
0.00022'7 
0.012242 

1 ,2897 
0.000253 
0.013257 

0.7094 
0.001928 
0,01054 
0.0 

0.7625 
0.002338 
0.013774 
0.0 

0.8257 
0.002733 
0.018056 
0.0 

2.5402 
0.000867 
0.003125 

i .8ho 
0.00077 
0.0110 

1.7379 
o -000767 
0.01581 

1.635 
0. 00076 

.1 

Thermal 
0.8697 
0.0001g86 

-- 

0.8029 
0.0005384 

-- 

0.71+ 60 
0.0008782 

-- 
- - , *.. 

0.3959 
0.001441 

- - 
0 .C) 

0.3587 
0.002544 

-- 
0.0 

0.3187 
0.004121 

-- 
0.0 

1.795 
0.01113 

-- 

rr .7)10 
0.012025 - - 

0.5294 
0.0126 

- - 

0.405 
0.0132 

Fast Group 

2 of 3 

0.5907 
0.000002 
0.031045 
0.0 

0.6153 
0.000003 
o .0390y 
0 .O 

0.6522 
0.000004 
0.05049 
0 .0  

1.8471 
0 .0002~3 
0.01001 

1.3700 
0.000153 
0.04552 

1.312 
0.000132 
0.0600 0.0206 1 - - 

3 of 3 

0.4885 
o.oooo8 
0.02075 
0.0 

0.4947 
0.000141 
0.029776 
0.0 

0.5040 
0.000227 
0 .04qo 
0.0 

3.0985 
0.00162 
0.00683 

1.4615 
o.00.1.5~8 
0.04354 

1.200 
0. om445 
0.0582 



Table 1 2 . 0 - K  ( ~ o n t  . ) 

95% Beryllium + D 1.7217 0.5954 
5% D20 c, 0.012229 0 .000001 

xr 0.04895 0.02786 
U,Z+ 0.016359 0.0 

Composition 

97% Beryllium + D 

3% D20 c, 
c, 
u ~ f  

90$ Beryllium + D 1.7162 0.6111 
10% D,O C, 0.01186 o.oooool 

0.05000 0.02809 
u q  0.01597 0.0 

80$ Beryllium + D 1.7092 0.6457 
m$ D 2 0  'a 0.0110 5 O . O O O O O ~  

o .05264 0.028535 & 0.015049 0.0 

Water + 1 g/l i ter  D 2.3375 1.1354 

Water + 3 g / l i t e r  D 2.3374 1.1353 
H3B03 c, 0.001375 O . O O O O ~ ~  

7 -  0.1011g 0.1451 

Water + 10 g / l i t e r  D 2.3368 1.1350 
H3B03 C, 0.001381 0.000057 

C, 1 0 .lo120 10.14506 

3 Fast Group 

Water + 50 g / l i t e r  D 2.3337 1.1336 0.6053 

H3B03 ca 0.001416 0.000236 0.016864 
0.10122 0.l45OO 0.13543 

D20 + 1 g / l i t e r  D 1.9830 1.2517 1.2374 
D3B03 C, 0.001803 a.ooooo6 0.00034 

c, 0.077875 0.032315 0.019115 

1 Fast 
Group 

1 of 1 

0.6901 
0.001679 
o.Oogl0 
0 .o 

3 o f 3  
0.4950 
0.000052 
0.01698 
0.0 

1 o f 3  

1.7238 
0.01237 
0.04862 
o . o ~ ~ ~ o ~ : o . o  

'Thermal 

0.4222 
0.0009407 
0 -- 
0.0 

2 o f 3  
I 

0.5893 
0.000002 
0.02777 

(more ) 



Table 12.0-K ( ~ o n t  . ) 

(more ) 

- 162 - 

Composition 

D2O + 10 g / l i t e r  D 

D3*3 

D$ + 50 g / l i t e r  D 

D3B03 c, 
c, 

80s Be + 204 H20 , D  
w/3 g / l i t e r  H3B03 T,  

q 
80s Be + 20$ H z 0  D 
W ~ O  g/li ter & 
H3B03 c, 
80$ Be + 204 H20 D 
W / ~ O  g / l i ter  C, 
H3B03 c, 
A-1 Experiment D 
400'~ Spectrum & 

C, 
uc, 

A-3 Experiment D 
400°F' Spectrum 

C, 
ucf --- -- 

A-50Experlment D 
400 F Spectrum 

C, 
ucf 

A - 1  Loop W/SS D 
Pressure Tube 
4 OOOF Spectrum . 

ucf 
v 

A-3 Loop W/SS D 
Pressure Tube C, 
4 0 0 ~ ~  cpectrum r;. 

u ~ f  - 

1 Fast 
Group 

1 of 1 

1.3147 - 
0.001963 
0.009368 

1.3012 
0.006841 
0.005482 

0.8258 
0.002821 
0.017981 

0.8261 
0.003025 

0.82'9 
0.004142 
0.0185 

1.5459 
0.000783 
0.01863 
0.000822 

1.5461 
0.001266 
0.01026 
0.001616 

1.5462 
0.001734 
0.01790 
0.002385 

1.2556 
0.001838 
0,010483 
0.000398 

1.2566 
0.001961 
u . 0 ~ ~ 3 9 7  
0.000631 

3 of 3 
1.2245 ' 

0.003189 
0.017072 

1.1853 
0.01-63 
o .010733 

0.5039 
0.000429 
0.04255 

0.5037 
0.000897 

0.5024 
0 .003495 
0.04037 

0.9967 
0.001807 
0.0527 
0 .oou05 

0.9957 
0.003091 
0.05189 
0.00416 

0.9946 
0.004345 
0.05122 
0.006171 

0.6087 
0.004722 
0.028082 
0.000955 

0.60853 
0.005035 
o .027y2~ 
0.001519 

r 

3 
1 of 3 

1.9825 
0.001812 
0.077879 

1.9802 
0.001851 
0.077899 

1.7398 
0.012l40 
0.05995 

1.7397 
0 . 0 1 ~ 4 1  

1.7383 
0 .012149 
0.05996 

2.6172 
0.000408 
0.05094 
0 .000099 

2.6134 
0.000448 
0.050395 
0.000198 

2.6096 
0.000488 
0.05105 
0.000297 

2.4342 
0.000227 
0.040065 
0.000054 

2.4336 
0.000240 
0.040064 
0.000086 

. 

Thermal 

0.7895 
0.05836 

- - 
0.5318 
0.2916 -- 

0.3177 
0.007572 -- 
0.3155 
0.01562 

-- 

0.3036 
o .06163 

- - 

0.4408 
0.02049 - - 
o .026059 

0.11576 
0.0305 

b - 
0.0gu4 

0 . 4 5 ~  
0.04303 

- - 
0.0782 

0.4120 
0.07820 

- - 
0.0145 

0.4102 
0.08234 

-- 
0.02311 

Fast  Group 
2 of 3 

1.2511 
o.oooo58 
0.032288 

1.2485 
0.000288 
o .032l68 

0.6521 
0.000007 
0.05049 

0.6521, 
0 I. 000014 

0.05995~0.0504830.0422l70.01781 

0.652 
0 .000053 
0.05046 

1.2418 
0.000072 
0.05335 
0.000132 

1.2405 
0.000140 
0.05333 
0.000263 

1.2393 
0.000207 
0.05331 
0.000395 

1.1781 
0.000055 
0.03104 
0.000072 

1.1778 
0.000077 
0.031031 
0.000116 



Table- 12;0-i( ( ~ o n t  . ) ,. . .  
1 .  

. . 
e . . , *  

.- . . . . , 

~ h e m a l '  

.0.4078 
0.08789 

-- 
0.03465 

1 Fast 
Group 

1 of 1 

1.2580 
0 . 0 0 ~ 2 3  
o .010y7 
o.ooog42 

. . .  

. .  
Composition 

. 

A-5 Loop W/SS D 
Pressure Tube C, 
4000F Spectrum C, 

U C ~  

. . , ,  

3 Fast Group . . . -  

- t l o f  3 
. . .  . 

2.4328 
0.000258 
o .040063 
o.ooo12g 

2 of 3 

1.1775 , 

0.000~07 
0 .031018 
0.000174 

3 -o f  3 

0.6083 
0.005452 
o . o q 7 q  
0.002273 



TABLE 12.0-L 

NUCLEAR CONSTANTS FOR ATR TEMPER AT^ 
COEFFICIEJIT CALCULATIONS ... - ,- 

I 

I 

Composition 
Normal Fuel D 
Burnable Poison C, 

ucf 

D20 D 

, 

1 Fast 
Group, 

1.5465 
0.005023 
0.02442 
0.006440 

1.3207 
OOOlgO 

0.01079 

0.7625 
0.002338 
0.013773 

1.635 
0.000768 
0.02050 

200°F+ 
Thermal 

Group 

0.2773 
0.15883 

-- 
0.27054 

0.9001 
0.0000708 

-- 

0.3580 
0.001705 

-- 

0.4086 
0.Olgglq -- 

160 '~  
1 Fast  
Group 

1.5322 
0.005032 
0.02480 
0.006445 

1.3015 

0 . 0 1 0 ~ ~  

0.7623 
0.002348 
0.013852 

1.6271 
o.OOOj63 
0.02075 

1.7379 
0.000767 
0.01581 

8 
0.00077 
O.OL~O 

1.3886 
0.000781 

Thermal 
Group 

0.2659 
0.16471 

- - 
0.28051 

0.8763 
0.000074l0. - - 
0.3545 
0.001785 

-- 

0.3920 
0.013898 

- - 

100°F 
1 Fast 
Group 

1.5165 
0.005043 
0.02523 
0.006449 

1.2756 

0.5234 
0.01277 j 

-- i 
I 
1 

0.7282 i 
0.012175 -- 
oil765 1 
10.01696 ' 

1.7128 
0.000778 
0.016043 

1.8858 
0.000788 
0.01115 

1,3686 
o.ooo7g3 
0.04778 

0.4728 
0.01430 

-- 

0.6639 
0.01333 

- - 

0.1583 
0.01898 

-- 

Thermal 
Group 

0.2499 
0.17467 

-- 
0.29750 

0.8419 

70% Al D 
30% Water 

% 
80qd ~1 D 
20$ Water C, 

c, 
Pure Water D 

c, ( ~ 2 0  
2, 0.04704 1 -- I 

! 

0.5021 
0 -01337 -- 

0.7015 
0.01261 

- - 

0,1689 
0.01775 

- - 

0.00007g40.0001g~ 
== 

0.3492 
0.001908 

-- 

0.3690 
0.01474 

-- 

1.6857 
0.000791 
0.01630 

1.8745 
0.00079 
0.01131 

1.3469 
0.000806 
u.u48>5 

C, 1 0.000196 

90% Be D 
10% Water C, 

C, 

60% ~l D 
40% water C, 

c, 

& ' 0 . 0 1 1 1 ~  

0.7621 
0.002359 
0.01394 

1.6136 
0:000768 
0.02107 



12.5 Time Dependent Turbo Constants .' 

The microscopic constants t h a t  were used i n  t h e  TURBO problems t o  
compute t h e  time dependent reac tor  constants a r e  given i n  Table 12.0-M and 
12-0-N. The f a s t  group constants given i n  Table 12.0-M were obtained from 
MUFT-4 calcula t ions  and from the  TURBO manua1.l The MITFT-4 program y i e ld s  
th ree  f a s t  group values of D, Ca, %, Cf, and 7%. - There a r e  a l so  e d i t s  
avai lable  which w i l l  give the  por t ions  of t he  absorption and f i s s i o n  cross  
sect ions  due t o  U-235 and U-238. The-microscopic values of absorption 
and f i s s i o n  cross  sec t iocs  of U-235 and U-238 given i n  Table 12.0-M were 
calculated from a MUFT-4 problem run f o r  t he  core of t h e  ATR with no B~~ 
i n  the  core. The microscopic t ranspor t  and removal cross  sect ions  were 
taken from the  TURBO manual. Then f o r  t he  TURBO calcula t ions  each of t h e  
time dependent compositions w a s  divided i n to  th ree  elements, U-235, U-238, 
and a sp c i a 1  nondepleting element with an atomic densi ty  of 0.1 x 10  5 

24 
atoms/cm . The microscopic constants f o r  t he  spec ia l  elements were calcula ted 
from the  previously determined values f o r  U-235 and U-238 and t h e  macroscopic 
constants from t h e  per t inen t  MUFT-4 problem. 

The thermal constants given i n  Tables 12.0-M and L2.0-N a r e  Maxwellian 
averaged constants at  t h e  core temperature. Since t he  experiments we re , a t  
a higher temperature than t h e  core a s e l f -  sh ie ld ing  f ac to r  of 0.8696 was 
used i n  t h e  TURBO calcula t ion t o  cor rec t  the  thermal U-235 absorption and 
f i s s i on  cross  sect ions  t o  t he  temperature of t h e  experiments. 

The i n i t i a l  atom dens i t i e s  used i n  t h e  TURBO calcula t ions  a r e  given 
i n  Table 12.0-0 and t h e  1-135 f i s s i o n  y ie lds  a r e ' g i v e n ' i n  Table 12.0-P. 
Suff ic ient  B~~ was added t o  t h e  core composition t o  give a thermal' absorption 
cross  sect ion due t o  ~ 1 0  of 0.015 cm The mtial two-group time dependent 
reactor  constants as calculated by TURBO are  g iven ' in  Table 12.0-Q. 

12.6 Power Balancing f o r  TURBO Problems 

At, each time s tep  i n  t he  TURBO problems t he  power d i s t r i bu t i on  and 
eigenvalue were adjusted by regulat ing the  thermal neutron poison i n  t h e  
control  regions. It w a s  usual ly  necessary t o  i t e r a t e ,  a t  each time 
step, on the  poison d i s t r i bu t i on  t o  obtain t h e  power d i s t r i bu t i on  and 
eigenvalue within acceptable limits of t he  desi red values. Figure 12.0-11 
was constructed a s  outl ined below t o  a id  i n  t h e  i t e r a t i o n s  t o  obtain t he  
cor rec t  power b d m c e  between center lobe and outer  lobes. After t h e  
TURBO problems had been run, two other char t s  ( ~ i g u r e  12.0-12) were 
constructed t o  obtain a f i n a l  adjustment i n  t h e  neck and r e f l ec to r  
poisons so t h a t  not only t he  cor rec t  eigenvalue and center power f r ac t i on  
would be obtained but t he  power d i s t r i bu t i on  between outer  lobes would 
be correct .  

12.61 Center Lobc t o  Outer ,... %- Lobe (1n-Out) Power Balancing 

Several symmetrical PDQ problems were run (problems 3002, 
3005 through 3009 and 3012) t o  invest igate  t h e  e f f e c t  of neck poison 

1. 5. B. Callaghan e t  al., "TURBO-A Two-Dimensional Few-Gro~p Depletion 
Codc f o r  t he  IBM-704, " WAPD-TM-95, November 1957. 



e 

Element 

Fuel 

Regions 

Special Element 

A-I Ekpcriment 

Region 

Special Element 

A-3 Emerimept 

Region 

Special Element 

A- 5 Experiment 

Xegions 

5Becial Element 

U- 235 

u- 238 

Type of 
Cross Section 

"a 

"R 

"tr 

ua 

"tr 

"a 

OR 

O t r  

Oa 

"R 

"tr 

Q tr 
Oa 

L ' ~  

""f 

a f 

Q tr 

"a 

OR - 
""f 

" f 

! 

Thermal' 

(EZ ) 
0.1433 

- 
10.572 

0.0656 
- 

4.524 

Q .7127 
- 

7.996 

0.7l2e 
- 

7 979 

528.92 

518.95 
- 

1082.6 
,438.3 

12.127 

2- 155 
- 

0 

0 

Section ' 

Group 3 
(barns ) 

0.01406 
0.7502 
3.446 

-- 
0.002875 

0 + 377 
3.881 

0.03962 

0.2793 
5-472 

0.03843 

0. ~ ( ~ ( 3  

5 471 

22.62 

43 73 
0 

69.99 
28.47 

8 990 
23.65 
0 

0 

0 

Group 1 
(barns) 

0.00868 
0.6645 
1.340 

0.002569 
0.2278 
0.8155 

0.002048 
0.4006 
1.368 

0.002052 

0.4006 
1.368 

4.935 
1.436 
0.1472 

3.599 
1 . egg 
5 805 
0.4804 
2.306 

1 159 
0.4292 

Cross 
3 Fast Groups 
Group 2 
(barns) 

0.000975 
0.8168 
2.666 
. - 

O.OOOO~~ 

0.3027 
2.719 

0. 000169 
0.3103 
2.828 

0.000169 
0.3102 . 
2.828 

7.981 
2.447 
0 

4 757 
1.918 

8.946 
0.3167 
0.0400 
0 

0 



. TABLE ' 1 2 . 0 - N  

TBERMAL MICROSCOPIC CROSS SECTIONS FOR TURBO PROBLEMS 

*Low cross section f i ss ion  products. 
. , . . 

b 

Element 

U- 236 

pu- 239 

Pu- 240 

Pu- 241 

Prn- 149 

1-135 

~ m -  149 

Xe-135 
i 6  

Fsn-Pr 

B- 10 

i 

(barns ) 

5.57 

938.5 

245 

1203.5 

O 

O 

60520 

2640000 

4 0 

2950 

O t r  
(barns ) 

15 54 

948.1 

25 5 

1 ~ 3 . 1  

O 

O 

60520 

2640000 

6 0 

295 0 

Q 
f (barns ) 

o 

657 

0 

880 

O 

O 

O 

0 

0 

0 

i 

vaf 

o 

1960 

0 

2698 

O 

O 

o 

0 

0 

0 



TABLE 12.0-0 

INITIAL ATOM DENSITIES OF TIME DEPENDENT COMPOSITIONS 

I N  TURBO PROBLEMS (uni t s  of 1024 atoms/cm3) 

. * 

TABLE 12.0-I? 

Element Fission Yield 

0.061 a U- 235 

u- 238 0.055 

Pu- 239 0.070 

Pu- 241 0.055 

B- 10 

O . O O O O O ~ O ~ ~  

' 0 '  

0 

o 
1 

' I N I T X L  'I'WO- GROUP TINE- DEPENDENT 

REACTOR COIVSTM\'l'S AS DETERMINED BY TURBO 

U- 238 

0.00001766 

. 0 .  .- , 

0 

o 

Fuel 

A - 1  Ekperiment 

U- 235 

0.00024595 

' O . O O O O ~ ~ ~  . 

0.00002454 

o.0000368 

1 

Composition 

Fuel 

A-1Experiment.. 

A- 3 Experiment 

A- 5 Experiment 

Special 
Element 

0.1 

. 0.1 . 

0.1 

0.1 



and r e f l ec to r  poison on t h e  eigenvalue and power d i s t r i bu t i on  between 
inner lobe and outer lobes. Table 12.0-R l is ts  t h e  r e s u l t s  from these  
problems. These r e s u l t s  were p lo t t ed  t o  f a c i l i t a t e  in te rpo la t ion  between 
points.  Figure 12.0-11 w a s  then constructed from the  p l o t s  by assuming 
t h e  e f f ec t s  of t he  neck and r e f l ec to r  poisons t o  be independent. 

The K values on t h i ~  char t  a r e  t he  computed di f ferences  
i n  eigenvalue from t h e  core with no poison i n  t he  controls  t o  t h e  core 
with poisoned controls, and t he  P values a r e  quan t i t i es  determined i n  
a s imilar  manner from the  f r ac t i on  of t h e  t o t a l  power generated i n  t h e  
center lobe. - 

The r e s u l t s  from one i t e r a t i o n  on t h e  poison d i s t r i bu t i on  
f o r  a given time s tep  i n  t he  TURBO problems were used t o  obtain the  input 
poison d i s t r i bu t i on  f o r  t h e  next i t e r a t i o n  by using Figure 12.0-11. For 
inetmce,  Srom the  burnout TURBO, f o r  time s tep  I ( see  Table 6. 0-B) an 
eigenvalue of 1.0883 was obtained, and t he  f r ac t i on  of t he  t o t a l  power 
generated i n  t h e  center lobe was 0.2373. . Therefore, t he  eigenvalue 
should be increased by 0.0017 and t h e  power f r ac t i on  increased by 0.0027. 
For t h i s  time s tep  t h e  thermal poison i h  t he  r e f l ec to r  controls  was 0.0180 cm-l 
and t he  thermal poison i n  t he  neck controls  was 0.095 cm-l. P lo t t i ng  t h e  
point  determined by these  two poison values on Figure 12.0-11, a K value 
of (-0.1000) and a P value of (+0.0562) i s  p lo t t ed  on Figure 12.0-11 and 
t he  poison values of 0.0185 f o r  t he  r e f l e c t o r  controls  and 0.0830 f o r  t he  
neck controls  i s  read from the  p lo t .  These a r e  then t h e  amounts of thermal 
poison which would be used i n  t he  next i t e r a t i o n  f o r  time s tep  1. 

12.62 Outer Lobe Power Balancing 

Besides t he  PDQ problems mentioned i n  Section 12.61, th ree  
other PDQ problems (3017 through 3019) were run t o  invest igate  .the, e f f ec t  
of placing a thermal neutron poison i n  only t h e  east-west r e f l e c t o r  regions 
and leaving t he  neck control  regions and north-south r e f l e c t o r  reg ions .  
clean. !!?he r e s u l t s  of these problems.are l i s t e d  i n  Table 12.0-R. For 
these  problems, A-5 experiments were placed i n  a l l  four outer lobes. 
Therefore, it w a s '  unimportant whether t he  east-west r e f l e c t o r  regions 
o r  the  north-south r e f l e c t o r  regions were poisoned; hence, t he  r e s u l t s  
can be used t o  estimate t h e  e f f ec t  of p lacing poison i n  e i t he r  s e t  of 
r e f l ec to r  regiops. 

Chart A of Figure 12.0-12 was  then constructed from these  
th ree  PDQ problems and t he  PDQ problem with no control  poison by assuming 
t he  e f f ec t  on eigenvalue and power f r ac t i on  i n  each lobe due t o  poison 
i n  e i t he r  t he  east-west o r  north-south r e f l e c t o r  control  regions t o  be 
independent of t he  poison concentration i n  t h e  other  r e f l e c t o r  control  
regions. The K values on t h i s  char t  a r e  t h e  computed di f ferences  i n  
eigenvalue from the  core with no control  poison t o  t he  core with poisoned 
controls, t he  Pnort.h and Peast values a r e  q ~ ~ a n t i t i e s  determined i n  a 
s imilar  manner from the  f r ac t i on  of t he  t o t a l  power generated i n  t h e  
north lobe and ea s t  lobe, respectively.  

Chart B of Figure 12.0-12 w a s  constructed from t h e  PDQ 
problems  a able 12.0-R) where only neck control  poison was present.  



TABLE 12.0-R . % 

PDQ TWO-DIMENSIONAL PR0BI;EMS TO IXVESTIGATE TRE EFFECT 
- 

OF CONTROL POISON ON EIGENVALUE AND POWER DISTRIBUTION 
I 

I 

PDQ 
Problem 

No. 

3002 

3005 

3006 
3007 
3008 

3009 
3012 

3017 
3018 

3019 
i 

Power Distribution 
Fraction of 

Total Core Power 

r 

Eigenvdue 

1.2249 

1.1193 

1.1075 
1.2082 

1.1799 
1.1691 

1.1505 

1.2074 
1.1904 

1.1756 

~ o i s o n ( c m 1 ~ )  

Center 
Lobe 

0.1966 

0.3108 

0.3291 
0.1848 

0.1592 
0.1438 

0.2678 

0.2109 
0.2256 

0.2394 

Necks 

o 
0 
o 
0.05751 
0.28756 

1.15024 

o 
0 

0 

0 

East 
Lobe 

0.2008 

0.1723 

0.1677 
0.2038 

0.2102 

0.2141 
0.1830 

0.1805 
0.1580 

0. 1366 
i 

E-W 
Reflectoz 

System 

o 
0.05829 
0.12824 

o 
o 
0 

0.01749 

0.00493 
0.01493 

0.03993 

North 
Lobe 

0.2008 

0.1723 

0.1677 
0.2038 

0.2102 

0.2141 

0.1830 
0 2 4 0  
0.2292 

0.2438 

N- S 
Reflector 

System 

o 
0.05829 

0.12824 

o 
o 
0 

, 0.01749 
0 

U 

0 



This cha r t  was. eofistructed. on transparent  paper s ince  it was t o  be used' 
on top of Chart A to..determine t h e  t h i r d ' v a r i a b l e  i n  the. computation. 
The.K values and Pnorth values on Chartv'B were computed i-n a:.manner 
s imilar  t o  those f o r  Chart A and t he  scales  a r e  i den t i ca l  to.;those 
used on Chart ,A. - . . 
. . .  I .  . , .  

These char t s  were used, a f t e r  t h e  T W O  problems had been 
run, t o  obtain t he  f i n a l  adjustment i n  t he  neck and r e f l e c t o r  poisons at  
each time step. For an example, t he  burnout TURBO problem at time s tep  1 
i s  again used. The amount of poison (0.018 cm-.I) i n  both r e f l e c t o r  
systems determines a po in t .  on Chart A (marked i n i t i a l  .point time s tep  1). 
A t  . t h i s  point  : K = -0.0758, 

To achieve the  desi red values, K must be changed by (+0.001'(), 
Pnorth by (-0*0073), and P by (+0.0060) ( see  Tables 5 .  0-A a?d 6. 0-B), . 
r e su l t i ng  i n  a K value of 7%:0741), and Pnorth of (-0.0230) and a Peast 
of (-0.0097). These changes a r e  accomplished by changing t he  poison 
concentrations i n  both r e f l ec to r  control  systems and i n  t he  neck control  
regions. Now, under the  assumption t h a t  the  e f f ec t s  of a change i n  one 
control  region a r e  independent of the  poison concentrations i n  the  other  
control  regions, any change i n  the  neck control  poison w i l l  change t he  
f r ac t i on  of t he  t o t a l  power generated i n  the  ea s t  lobe and i n  t he  north 
lobe by t h e  same amount. 

Thus, some unknown amount of t h e  power f r ac t i on  change and 
t h e  eigenvalue change w i l l  be made up by a change i n  the  neck con t ro l  
poison'. By assuming d i f f e r en t  amounts of t h e  power f r ac t i on  change t o  
be made up by t he  neck control  poison, a curve (AP curve) can be p lo t t ed  
on C h a t  A using PnOrth and Peast as coordinates. Three points  on t h i s  
curve f o r  time s tep  1 a re  a s  follows: 'north Peast 

-0.0230 -0.oog7 

Values of the  r e f l e c t o r  poison concentrations determined 
by points  on t h i s  curve w i l l  then r e s u l t  i n  t he  power f r ac t i on  developed 
i n  t he  east-west r e f l ec to r  system and t h e  north-south r e f l e c t o r  system 
t o  d i f f e r  from the  required amounts by t he  same quanti ty.  Now the  neck 
control  poison which w i l l  take us from t h i s  curve t o  t he  "Final Value" 
a t  K of -0.0741 and a Pnorth of -0.0230 must be found. With Chart B 
drawn on transparent  paper t h i s  i s  done as  follows. The point  deter-  
mined by the  neck control  poison (0.095 cm-') i s  p lo t ted  on Chart B, 
t h i s  char t  i s  then placed on top of Chart A with the  K axes p a r a l l e l  and 
t he  point  on Chart B ly ing  on top of t he  AP curve previously p lo t t ed  on 
Chart A. Chart B i s  then moved while keeping t h i s  o r ien ta t ion  u n t i l  t he  
poison curve of Chart B i n t e r s ec t s  t he  "Final Value" previously p lo t t ed  



on Chart A. The point on the poison curve over the "Final Value" then 
gives the neck poison, and the point a t  which the poison curve in tersec ts  
t h e  curve on Chart A gives the values of the re f lec tor  poisons. .Thus,' 
f o r  time step 1 of the burnout TURBO problem values of 0.081 cm-I for  the 
neck control poison, 0.0222 cm'l for  the north-south re f lec tor  control 
poison, and 0.0156 cm-l fo r  the east-west re f lec tor  control poison were 
obtained. 

The charts i n  Sections 12.61 and 12.62 were constructed 
f o r  the clean core by assuming the independence of e f fec ts  f romthe  
control regions involved. Although t h i s  assumption i s  not exact, the 
charts  so constructed w i l l  s t i l l  yield good values throughout the charge 
l i f e  when the poison corrections a re  not too large.  



. - 
' . -12.7 .Derivation of Xenon . I n s t a b i l i t y  Crite:ri'on " -. ' ' . .< 

, . .. , ,. . 3 .  

The two-group c r i t e r i o n  f o r '  a x i a l  'xenon i n s t a b i l i t y  using t h e  assump- 
t i o n  of a spatially uniform i n i t i a l  xenon d i s t r i b u t i o n  i s  derived below. 
The two-group neutron balance equations , fo r  the, single-region,.. . one - . .  

. . . ", . ., 
dimensional model inves t igated  a re :  

. . *  . .  . 
e cross sec t ion  - . & .. = x. 

f = f r a c t i o n  of f a s t  group neutron leakage which re tu rns  
t o  the  core a s  slow neutrons 

,Linearize. the  equations,  by s u b s t i t u t i n g  i n t o  (1) .and .(.2) , the following: 
. .  . 8 .  : . . . . .. , . 

- ( L o  + t x o )  q 2  - ( S x a  Sq) q 2  + I s  $1 = 0 ) where 



If  t he  reac tor  i s  c r i t i c a l  a t  t =, 0 and second ordered terms "neglected, 
g x ' t ;  

. . :  . . . ,  . . .  
( 3 )  and ( 4 )  become: s ince  < < 1. . , , , ' .  X >  0. . . , . . .  

. . I '  
.- . . . . _ . ,  . .  . 

L . .  , ... . . . .  .:. .; ... 
( 5 )  lI1v2$J1 -&ql + = J . , . . . .  . . . .  . . : .  . , . . . . 

The Laplac ianof  equation (6 )  is  
~. 

( 7 )  D ~ V ~ J :  - (Eao + 1xo)~2J/2 +tsv2J11,- 

- ~ I ~ v ~ $ ~  = 0 . . 

C 
where fi 2' rao, rxo, and&a a r e  constant with respect  t o  x.  

Rewrite ( 5 )  and ( 6 ) :  

(8) 

(9) 

Subst i tu te  (9) i n to  (8) :  

Subs t i tu te  (8) i n to  ( ' I ) :  



S u b s t i t u t e  . ( 9 )  i n t o  (11 ) :  

Rewrite (12) :  

., (13) 
. - . , 

X 

a 

The equat ions  r e l a t i n g  & t o  $2 a r e  $r ived  a s  fo l lows:  

yI and a r e  iod ine  y i e l d s  and xenon y i e l d  each m u l t i p l i e d  by 
t o t a l  f l s s i o n s  pe r  thermal  f i s s2on .  0- = microscopic.xenon c r o s s  
s e c t i o n .  

, . 
D i f f e r e n t i a t e  (15 )  - 



Rewrite (15):  . . . > - I _ -  .' . '. . .  ., . 

(17) . .  . 

Subs t i tu te  (17) ' i n t o  (14): : 
. . .  

. . 

Subs t i tu te  (18) i n t o  (16): 

. . 
. , 

c o l l e c t  terms: . 

d2x 
( 2 0 )  - = -( XI + Ax + c x $ 2 ) , g  - ( XI Ax + XI 4$*++ Dx d$2  ))x 

d t 2  d t - 

d$2 
- + -  XI (YI +Y,?zr2fii + YxXf2 . . - 

Multiply by ux: 

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

and neglect  second ordered terms. 
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OD 

The Laplace Transform of  (22)  i s  : 
-st L { f ( t ) )  e f ( t ) d t  

Define bracke t  express ion  a s  1 g [$ ( x , o ) , s ]  I .e . ,  t r a n s f e r  func t ion  
f 2  

then  t h e  Laplace t ransform o f  equat ion  (13)%ecomes a f t e r  e l imina t ion  o f  
unperturbed term: 



~ ~ u a t i o n  (25)  becomes: 

Where 



*(s) = - cx(s + XI) 

Then 

From equation ( 27) 



We now consider so lu t ions :  . . : S  . . .  

. .  . . . .  . . . 

q 2 ( x , t )  = f h n ( t )  L A n  s i n  a n x  + B ~  c0sa.x 
n =l 1 

Boundary condit ions f o r  any mode : 

. , .  
. .,. . . 

' = O f o r x . = . ~ a n d x = L  L = equivalent  bare 
core height  

. 'I - .  
A s i n  a ( 0 )  + G;:CO-S Q L  ( ,o)  = 0 ,  : . B . = o n n .. n n . 

. . . . , '  
An s i n  a n L  c B c o s  L = 0 n T  

. . . . n  .. an = ,T. n i s  an i n t c g r a l  
. . n .  
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Let h n ( t )  nn = ~ , ( t )  

n7Tx - Y ~ ~ ( t )  s i n  - $J2(x,t) - n =l L 

Equation .(.38) then becomes : 



which ban be put in the form 

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

P F v 
(54)  1' TF IW 

- 2 0  
uF2 

~ ( 1 + 2 1 - -  V Z  + -('- R Z V Z  +1) - - 3Xi + AX +%$(x ,o )  

RZ 2  



This  can then  be pu t  i n  t h e  form 

,: . . -. , . . 
( 5 5 ) '  G > G c  where . . . . . . , . . . . 

, .. 

tic = 
3x1  + . A x +  O-X p2 . 



1 f 2  
= Thermal f i s s i o n  cross sec t ion  

f  = Fraction of f a s t  neutrbns l e a k i b g - i n t o  the  r e f l e c t o r  
t h a t  r e t u r n  . to the  core a s  thermal neutrons. 



CONSTANTS FOR XENON STABILITY CALCULATIONS 

Start  of Cycle 

. , 1.5436 cm 

0.2807 cm 
- .  

0.00476 cm-l 

0.157 cm -1 

0.00644 cm -i 

0.267 a n  -1 

0.03679 cm-' 
, . 

0.2547 

0.02442, cm-1 

-18 2 2 . 5 ~ 1 0  cm 

2.1 x sec - l  

2.9 x sec-l  

0.003 s 

End of. Cycle* 

-2  -1 
. . 1.16 x 1015 n-cm -sec 1.06 x 1015 

14 -2  -1 2.56 x 10 n-cm -see 3.20 x 10 14 

* Values not l i s t e d  are t h e  same as a t  s t a r t  of cycle.  
. . 
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SECOND :GROUP DIFFUSION ;AND TRANSPORT THEORY FLUXES IN A 

SINGLETLOBE MODEL OF THE ATR 
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FIG. 12.0-6 
THIRD GROUP" D~FFUSION AND TRANSPORT ,THEORY FLUXES FOR 
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/ . FIG. 12.0-7 

SECOND GROUP DIFFUSION AND TRANSPORT THEORY FLUXES FOR 
INNER CORE REGION OF A SINGLE-LOBE MODEL OF T H E  ATR 



OIMEN~ION STAINLESS STEEL LOOP ZIRCONIUM LOOP 
a 1.00" 1.00" 
b 1.20" 1.344" 
c 1.26" 1.404" 
d 1.34" 1.54" 

FIG. 12.0-10 
A T R  T E S T  FACl  L l T Y  STRUCTURE 

FIG. 12.0-1 1 
CHART TO AID IN THE POWER BALANCING ITERATION AT 

EACH TIME *STEP OF 'THE TURBO CALCULATIONS 
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FIG. 12.0-9 
EFFECTS OF MESH DESCRIPTION ON NEUTRON FLUX VERSUS RADIUS 
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FIG. 12.0-12 
CHARTS TO OBTAIN FINAL POISON DISTRIBUTION IN TURBO PROBLEMS 
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