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ABSTRACT 

The initial measurements in the Nuclear Superheat (WSU) Critical 
Experimental program were performed for the purpose of investigating 

core arrangements of solid-rod boiler and superheater f'uel similar 

to those used in the Boiling Nuclear Superheater (BOWS) project. 
In these experiments, the boiler region contained aluminum-clad fuel 

rods of 1.85 w t . $  U235 enrichment and some rods of natural enrich- 
ment. The superheater region was composed of rod-in-tube elements, 
the fie1 rod having 3.41 wt.5 U235 enrichment and a stainless-steel 
clad. The experimental procedures involved a determining of criticality 

by the aaustment of water height and the measuring of power distri- 

butions by the direct measurement of f'uel-rod activity. 

In conjunction with the experimental program, a detailed analytical 

program was initiated for the purpose of planning and interpreting the 

experiments as wel l  as of evaluating and developing analytical methods. 

The basic method of analysis that was employed was described in dctail 
in a previous report . In addition, a simple theory was developed to 

interpret partial water-height critical measurements; the theory 

permits direct evaluation of the accuracy of the analytical methods 

at the time the cxpcriment is performed, and cnables detailed calcu- 

lations to be carried out in advance of the experiments. 

1 

For those experiments that were analyzed, the reactivity and rod- 

The interpretation of the by-rod power distributions were calculdtcd. 

experiments has yielded information concerning: 
i 

I 

1) 

2 )  

The effect of different boiler-suberheater geometrical arrangements; 
the reactivity changes associatediwith the voiding and flooding of 
the superheater region; 
the power regulation between boiler and superheater regions; 

the determination of epithermal transmission probabilities for cad- 
mium and boron-stainless-steel rods; 

the power flattening of individuai boiler assemblies by arrangement 

of fuel, moderator, and neutron poison; 

E 
3 )  
4) 

5 )  

iii 



6) the void simulation by the insertion of aluminum rods as a 
function of position within the boiler fuel assembly. 

The calculational methods used in the analyses of the initial 
NUSU Critical Experiments predict the measured reactivity and power 
distributions to within the limits of uncertainty of the experi- 

mental techniques, which include the uncertainties in core dimensions 
and compositions. 

reactivities agree to within 1.5 per cent nk, and the individual 

fuel-rod power distributions are in very good agreement with the 
measurements. For the boiler-superheater fuel arrangements, the 
reactivity predictions are in better agreement, within 1.0 per cent 

Ak, but the power distributions indicate that the reactivity of the 

superheater relative to the boiler is somewhat less than calculated. 

For the boiler fuel arrangements, the calculated 

iv 
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I. INTRODUCTION 

A.  The I n i t i a l  Nuclear Superheat (NUSU) Experimental and Analytical  
Proaram 

On Ju ly  1, 195'3, Combustion Engineering, Inc.  contracted (Contract 

No. A T ( l l - 1 ) - 7 9 5 )  with the U.S. Atomic Energy Commission t o  conduct 

a development program on a boiling-water reac tor  incorporating nuclear 

superheat. Part  of t h i s  program included the  performance of c r i t i ca l -  

experiments t h a t  would carefu l ly  examine the  nuclear problems associated 

with an i n t e g r a l  nuclear superheat reac tor .2  

the  experimental program, a sol id-rod superheater element w a s  investigated,  

s ince t h i s  type of element represents a f u e l  element t h a t  could be 

f ab r i ca t  e d v i  t h e s t ab  1 i s he d manuf ac  t u r  i ng t e c hni que s . 

For the  f i r s t  phase of  

Pr ior  t o  the NLJSU contract ,  extensive ana ly t i ca l  s tud ies  had alresclj. 

been completed f o r  the Boiling Nuclear Superheater (BONUS) reactor  

which contained sol id-rod elements i n  both the  b o i l e r  and superheater 

regions.  3 y 4  The BONUS reactor  design involved nuclear concepts t h a t  

were qui te  d i f fe ren t  fi,om previous l ight-water  designs, and de f in i t e ly  

required the  performance of c r i t i c a l  experiments for t he  purpose of 

ver i fying the  ana lys i s .  Therefore, it w a s  decided t o  combine the  

object ives  of both projects ,  lWSU and BONUS, f o r  t he  i n i t i a l  c r i t i c a l  

experiments and t o  use approximately the  same rod s i ze ,  enrichment, 

and water-to-fuel r a t i o  for both the bo i l e r  and superheater regions 

as was used f o r  t he  BONUS core. 

l a t e r  be used f o r  the  de ta i led  BONUS Mockup Experiment; 

r e s u l t ,  a subs t an t i a l  reduction of the  cost  of the  t o t a l  reac tor  

c r i t i c a l  experimental program would be achieved. 

i n  t h i s  manner, the  sane f u e l  could * 
and, as a 

I n  conjunction with the i n i t i a l  experimental program, a de ta i l ed  

ana ly t i ca l  program vas i n i t i a t e d .  The experimental program was planned 

* The BONUS C r i t i c a l  Program w i l l  u t i l i z e  c r i t i c a l  assemblies of f u l l  
BONUS s i z e .  This program i s  pa r t  of the  BONUS project  Research and 
Development Program and i s  being performed by Combustion Engineering 
Inc. ,  ilindsor, Connecticut. The experiment began i n  January 1961. 
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so that it would be readily susceptible to analysis. 

were only concerned with "engineering"-type measurements; i.e., 
criticality, pomr distribution, and differential reactivity-change 

measurements. 

power distribution vas determined by fuel-element activation; 

d.ifferentia1 reactivity measurement was made by the variation of 

critical water height. With the experimental grogram established in 

terms of such measurements, a considcrablc number of detailed calcu- 
lations could be performed in advance of the mcasurernents, and the 
analytical methods could be evaluated at the time the measurements 

were performed. 

allowed during the experiments a rapid shift in the experimental 

program to areas that required more exploration, thus expanding 

the range of the program. 

These experiments 

Criticality was obtained by critical water height; 

This procedure gave more credence to the analysis, and 

B. The Role of Cold Critical Experiments in Pover Reactor Design 

Although the critical experiment is a powerful tool for the ncutron- 

physics design of poircr reactors, and one vhich, in principle, can bc; 

used to check the neutron-physics behavior to a high degree of precision, 

practical considerations often impose important limits on its range of 

usefulness and on its precision. 

the critical is as a "nuclear mockup'' of thc actual reactor, and it is 

in this sense that one can obtain almost any degree of precision of 

results if one is Trilling to spend the cffort ncccssary to achieve a 
corresponding dcgrec of precision of mockup. 

limitations arc the cxpcnse and difficulty of dtiplicating operating 

conditions, reactor design tolcrances, and, in some cases, reactor 
materials and full reactor sizes. 

is that critical experiments usually must bc made before the reactor 

design is frozen. 

for H 0-moderated power reactors because thc short thermal-neutron 
diffusion length in H 0-moderated latticcs requires great prccision 
of detail for a good nuclear mockup, and bccausc the neutron-physics 

properties of the lattice change so greatly bctvccn room tempcraturc 

The straightforward mcthod of applying 

The usual practical 

An additional practical difficulty 

These practical limitations are particularly severe 

2 

2 
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and reactor operating temperature; in a boiling water reactor a further 
difficulty of the latter type cnters because of the prescnce of stcam 

-roids in the operating reactor. It is probably safe to say that no 

good nuclear mockup of an operating H 0 powcr rcactor can be made 

cxcept in a high-tcmpcraturc (pressurizcd) critical facility. 
2 

Flhcn it is clcar that a good nuclcar mockup is not practical, the 

reactor physicist may resort to one of two rcmaining altcrnativc 

approaches to a critical program. He may settle for some approximation 

to a nuclear moclrup, in which, for examplc, hc may attempt to simulate 

changes in water density by changes in lattice spacing, or by the use 

of low-cross-section materials as watcr displacers; or he may rcjcct 

the idea of a mockup completely, and use the critical assembly simply 

as a means of checking his calculational tcchniques. In the former 

case thc theorctical opcrations necessary to correct the experimcntal 

results for tlic impcrfcct simulation may somctimes be more difficult, 

or more uncertain, than the calculation of the reactor itself; or the 
complications introduccd by simulation attempts may result in En 

experiment that poses more theorctical problems than the reactor 

itsclf. In thc lattcr case thc critical csscmbly, while not a mockup 

or simulation of thc actual rcactor, must rescmble it in those rcspccts 
that will posc adcquatc tcsts for thc calculation procedures. 

In the work trcatcd here the choicc of altcrnatives was straight- 

forward, for thc time allotted to cxperimcnts directed toward thc 
BONUS design was short, and the cxpcrimcnts constituted only a prc- 

liminary investigation of that configuration; at the sane time results 
of some generality wcrc dcsired. The cxpcrimcnts were made primarily 

to check thc axcuracy of the calculation mcthods for configurations 

typical of, but not identical with, the BONUS reactor. Lattices wcrc 

invcstigated which cpproximatcd thc fuel-element configurations, fucl 
cnrichmcnts, fucl/:iatcr ratios, and dcgrec of fucl-elcment clustcring 

of the BONUS boiling region, as werc also composite assemblies 
approximating portions of the BOWS boiler section in combination vith 

a superheater section. However, ccrttlin less significant featurcs of 
the BONUS latticc, such as the zirconium fuel-assembly boxes, ircre 
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omitted; and the  boi le r -sy ie rhea ter  assemblies u t i l i z e d  only a s ingle  

slab of superheater'elements, adjacent t o  the  bo i l e r ,  whereas the  

EOTWS reactor  comprises faur  such superheater s labs ,  around the  cent ra l ,  

square, , b o i l e r  region. 

It i s  the  purpose of this report  50 present a coxTarison of  the 

experimental r e s u l t s  trith the  r e su l t s  of' t he  calculat ions of the 

experimental configurations,  m5e before the  experitxents were performed. 

This aspect of the  c r i t i c a l  program cons t i tu tes  a t e s t  of the  calculat ional  

methods used i n  the BOWS repxtor d e s i p .  . 

C Nuclear ?roblems Introduced by In t eg ra l  ?hi-clear Superheat - _._-____-_-- -_--I --- 
A boiling-vEter r r a c t o r  v i t h  i c t e g r a l  nuclear superhest behaves 

as though it were ttro reactors  t h a t  ?.re n w l e a r l y  cougled. 

steam t h a t  has been create?d f'ron the Tuzter upon passage through the  

b o i l e r  region, i s  ra i sed  t o  superheat temperatures upon passage through 

the  superheat region. 

with the  core Scesign: 

Saturated 

T're folil-owing nuclear problems a r e  associated 

1) -_.- Safety. Since, upcn s t a r tup , '  the  s t e m  coolant channels 

vi11 usual ly  contain wet,er, it i s  necessary t o  design 

the  reac tor  such t h a t  the  r e e c t i v i t y  chaEg:e associated 

with the  removal of' water is belov a preassigned value 

a t  reac tor  s t a r tup .  Also ,  the  r e a c t i v i t y  associated with 

acc identa l  flooding of the  superheater under operatip4 

conditions shovld not be pe,mitted t o  exceed a spec i f ied  

value.  

2) Control System. The b o i l e r  produces a spec i f i c  amount 
of steam t h a t  i s  r a i sed  t o  appyopriate superhea.t temper- 

a tures  i n  the  c:iperheater. 

control  system, which inclu.d.es t he  s i z e  , nwber ,  and p s i t i o n  

of control  elements bz used t o  regulate  t he  power output 

of each region under both s teady-state  and t r ans i en t  

conditions.  

It is rcq-uired that, m adeqmte 

3)  Local Paver _--_._-.-- I-'eaz!ri.nq. Sircz  t he  core arrapsement w i l l  
necessar i ly  involtve two i i f f e r e n t  typas of elements ir i th 



d i f f e ren t  water-to-fuel r a t io s ,  l o c a l  d i s to r t ing  of  the  

f luxes can occur which give r i s e  t o  l o c a l  peaking fac tors  

t h a t  may be l a rge r  than desired.  

\ 

4) Fuel Burnup. The r eac t iv i ty  change with f u e l  burnup could 

be qui te  different  f o r  the bo i l e r  and superheater region, 

which increases the  d i f f i c u l t y  of maintaining the  proper 

divis ion of  power between the  two regions. Also, a d i s s i -  

mi l a r i t y  of the  spec i f ic  power i n  the  two regions could 

require d i f f e ren t  f u e l  cycles with the  associated problems 

of maintaining the  proper s p l i t  i n  power without producing 

pover d is tor t ions .  

5 )  Reactor S t a b i l i t y .  The usual problems associated with the  

s t a b i l i t y  of a boiling-water reac tor  are a l s o  present 

i n  a boiling-water reac tor  w i t h  i n t eg ra l  nuclear superheat. 

I n  addition, there  w i l l  be some boi l ing  i n  the  superheater 

due t o  garma rays and heat leakage which w i l l  contribute 

t o  tiic boi l ing void coef f ic ien t  of t h e  reactor .  

Most of these problems are associated w i t h  t he  hot operati,ng 

conditions of t he  reactor ,  and cannot be solved d i r e c t l y  by a cold 

clean c r i t i c a l  experiment. Also, the pa r t i cu la r  f u e l  elements t h a t  

a r e  used fo r  thesc i n i t i a l  NUSU c r i t i c a l  experiments may not represent 

the types t h a t  : r i l l  u l t imately be most a t t r a c t i v e  f o r  superheatcr 

reactors .  Nevcrthclcss, these experiments, iihich involved a la rge  

number of geometric arrangements, will indicate the range of v a l i d i t y  

of ana ly t i ca l  methods which, i n  turn,  can then be applied t o  the 

operating design considerations. 
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11. METHOD OF ANALYSIS 

A three-group method of analysis, vhich has been developed for 
the purpose of analyzing light-water UO cores of low enrichment, . 

has been used to analyze these cxpcriments. A complete description 
of the method, together vith the analysis of previous critical cx- 

perimcnts, is prcsentcd in another report. Briefly, the method 

cntails the consolidation of a series of subroutines to produce a 

set of self-consistent multigroup parameters. The thermal cross 

sections are determined by averaging the cross seetion over a "izard- 

cned" or shifted Maxwellian spectrum, the amount of hardening being 

a function of tile macroscopic absorption-to-slowing-down ratio. The 

disadvantage factor for a solid-rod fuel elemcnt is calculated using 

diffusion theory for the modcrator and a transport condition at the 
surface of the rod, the accuracy of the calculation for this case 

being comparable to a P-3 calculation. The cpithermal capture cross 

section of LJ238 is based on the measurement of Hellstrand including 

a 1.1 barn - aosorption, and ignores epithcrmal self-shielding effects 
even for vcry close-packed lattices. The fast-fission factor is 

calculated relative to the experimental rncasuremcnts for UO latticcs. 

The diffusion coefficients are found by averaging the measured cross 

sections over the appropriate neutron flux in each neutron energy 
group. The slowing-down cross sec t ion  i s  defined as the di f fus ion  

coefficient divided by thc neutron age, the clgc being determincd by 
calculating equivalent transport and slowing-doun factors rclativc 

to light-water measurements. A correction which increases thc absorption 
cross section of the wetcr channels within the core is applied to account 

for the discontinuity in neutron temperature between the fuel rcgion 

and water channel regions. The fucl region is divided into unit cells 

such that a spccificd mount of water is assigned to a fuel rod. A l l  

water in cxccss of this amount is defined as a channel region. The 

three-group constants 2rc computed for each region in the core. For 

complex geomctrics, the three-group equations arc solved by the 

2 

1 

1 .  
V 

2 
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IBM-704 PEQ two-dimensional code. 
in the fuel region is averaged over each of the unit cells, and rod-by- 

The resulting power distribution 

rod power distributions are generated. 

This entire analytical ''package," using a simple theoretical 

model'with the best basic measurements for nuclear data, has been 

able to predict the nuclear characteristics of cold critical exper- 
iments with a high degree of precision. The relatively simple recipes 

used in this method permits the analyst to exercise control of the 

calculation at its inception, through machine processing, and, finally, 

through an interpretation of the remlts. 
can be approximated or the machine calculation results can be used 

to generate pk-rameters that permit accurate hand calculations. 

errors, human or machine, are easily located. Thus, the over-all method 

tends to be precise, fast, and economical. 

Often the initial calculation 

Any 

This method vas developed almost entirely before the performance 

of UO -fueled critical experiments. When critical experimental 

information became available, the comparison between theory and 

experiment revealed very close agreement with entirely minor modifications 

in the averaging procedures. Therefore, there has been little effort 

to evaluate the effect of changing the various parameters involved in 

the method. Undoubtedly, a combination of alternative procedures would 

yield equally satisfactory results. However, since this method vorlrs 

for engineering design and, as a matter of fact, works well, there is 
very little incentive to change it. 

2 

From the theoretical point-of-view, a large number of objections 

can be leveled at the entire analytical procedure. However, these 

objections would not be valid criticisms, since it is claimed that 

this method only correlates experimental results with reasonably good 

accuracy. 

measurement to derive empirical expressions to guide the analysis. 

Perhaps, because the physical laws and mathematical equations are 

better known, a reactor core calculation is usually not considered 

valid unless it goes back to first principles. However, it should 

be noted that the so-called "rigorous" and "exact" theoretical 

Other fields of engineering utilize gross experimental 

0 

i 

V 

e 

- 
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formulations necessarily degeneret? irt.9 approximate solutions when 
faced with the uncertainties in nuclear data and the geometrical 

plexities found in ordinary engineering core designs. 

com- 

Although there is agreement between theory and cold critical 

experiments, it remains to be seen how well the agreeinent is main- 

tained for the hot operating condition of the reactor. 

BONUS project post-construction research and development program, it 

is proposed that detailed measurements be made on the reactor’core to 

evaluate these methods under operating conditions. At present, the 

prime ingredients of the initial (low plutonium concentration) hot 

operating conditions have been investigated by the cold experiment. 

By varying the geomctrical complexity of the core, the water-to-fuel 

ratio, and the fucl enrichment, the hot condition can be simulated. 

Therefore, if there is agreement f o r  all thcsc conditions, therc is 

a high probability that the accuracy will sustain itself under hot 

conditions. In fact, critical experiments using highly-enriched fuel 

show that the accuracy is maintained at elevated 
inclusion of large concentrations of plutoni-rn probably can be handled 

by using effective thermal cross sections for the different plutonium 

isotopes. Thcse effective cross sections would be based on the com- 
bination of cross-scztion data and reactivity measurement under power 

reactor conditions. 

For the 

The 

A. - Application to Reactor Design 

The NUSU critical experiments have introduced additional factors 
r 

that require an extension of the analytic methods and procedures 

described in reference 1. These factors concern the definition of the 

nicimum size of a fuel region, the method of calculating the fkst- 

fission factor for a multizone core, calculations of the disadvantage 

factors for the superheater element and for boron-pyrex annular rods, 
control-rod analysis, neutron streaming along the voided superheater 

clement, and determination of rod-by-rod potrcr distribution from the 

problem output of the PDQ code. 
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1. Minimum-Size Fuel Region - 

A core region i s  defined as e i t h e r  being a d i f fus ion  o r  

conti-01-rod region. For a diffusion region, with the  exception of 

the f a s t - e f f ec t  calculation, t he  three-group diffusion theory con- 

s t a n t s  a r e  calculated independently of the  surrounding regions. For a 

control-rod region, a transport  condition i s  applied a t  the  boundary 

of the  region f o r  those neutron energy groups t h a t  require it -- 
usual ly  the  thermal and ep i themal  groups. A s t ruc tu ra l  region such 

as aluminum or  s t a in l e s s  s t e e l  can a l so  be t r ea t ed  as an independent 

region, but i t s  thermal cross sections a re  based on the  neutron 

temperature of  the  adjacent region, usually a water channel. 

def in i t ion  of a region, no minimum s i ze  has Seen specif ied.  

t h a t  i f  it i s  va l id  t o  apply d i f fus ion  theory within a region, then 

l inking these regions with the  usual d i f fus ion  theory continuity 

conditions yields ansTrers t h a t  a r e  i n  good agreement w i t h  experiment. 

Normally, a f u e l  region i s  composed of several  i den t i ca l  un i t  c e l l s  

such tha t  d i f fus ion  theory should apply t o  the  over-al l  dimensions. 

However, if different  types of f u e l  elements, o r  possibly a neutron 

poison, a r e  inser ted  i n t o  the  f u e l  region, it would be desirable  t o  

t r e a t  these inhomogenieties d i scre te ly  ra ther  than by averaging t h e i r  

a f f e c t  over the e n t i r e  f u e l  region. 

In  the  

It appears 

In  the  NUSU experiments, several  configurations were,analyzed 

i n  which small core areas a re  t r ea t ed  as  separate regions. For the  

32-rod f u e l  assembly, two d i f f e ren t  configurations involving the  same 

amount of aluminum irere analyzed. 

rods positioned i n t e r s t i t i a l l y  between fue l  rods, the  other had 4-1/2-inch 

rods i n  the  center  of the  assembly. If the  analysis  were car r ied  out 

assuming a unifoi-m d i s t r ibu t ion  of alwnimm and water channel within 

the  f u e l  region, both of these assemblies, which contain the  same 

t o t a l  amount of aluminum and water, would y i e ld  the  same reac t iv i ty .  

However, t r ea t ing  the  region d i sc re t e ly  with the  aluminum associated 

e i t h e r  with a f u e l  region or  with a water channel region, predicts  a 

d i f f e ren t  r eac t iv i ty  vhich agrees with the  measurement. Two other 

One arrangement had 16-1/4-inch 
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experimental measurements involved inserting natural-uranium rods and 

a few borated poison rods at the corners of 1.85 wt.$ U235-enriched 
assemblies. For these cases, the fast fission factor remains essentially 

unchanged. Both of these experiments were analyzed assuming the 

0.625 x 0.625 sq in. corner areas as separate regions. It w i l l  be 
noted that the agreement with experiments is quite good. Thus, it 

appears possible to use these methods for analyzing heterogeneous 

closely packed lattices. 

2. !I’he Fast-Fission Factor 

Presently, the fast-fission factor is calculated relative to 

an experimental measurement. For this calculation, the entire region 

is treated as if it were homogeneous, since thc measurements have shown 

that, for small rods and closely packed lattices, the fast-fission 

factor is mainly dependent on water-to-uranium atom ratio.7 

method of calculation is sufficiently accurate for most purposes and 

is very convenient for the performance of hand calculations. Howevcr, 

when a core posscsses a multizone fuel loading, an arbitrariness 
arises in associating the water channels and structural materials that 

exist between fue l  regions with the respective fuel regions. 
for a unit cell analysis, it would be desirable 

of a fast fission over a small area. For these reasons, an alternate 

method for calculating the fast-fission factor has been developed in 

which a first-group absorption and fission cross section arc determined 
for U . 

This 

Also, 
to include the effect 

238 

8 9 Using the Yankee, N.S. Savannah and the NUSU critical 

experiments, the following average first-group microscopic cross 
238. sections were determined for U . 

2 ba = 0.275 x em 

-24 2 j,!b = 0.605 x 10 em f 
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vhere the subscripts a and f rcfer to the absorption and the fission 

cross sections, respectively; and vis the number of prompt neutrons 
created during thc fission process. 

For 'the analysis of the NUSU experiment, the homogeneous 
method of determining the fast-fission factor has been used. In 

calculating thc total area for the fast-fission factor calculations, 

it has been assumed that materials between fuel regions are cuqally 

.divided between these regions. 

3. Disadvantage Factor 

For solid-rod elements, the analytic expression, described 

in reference 1, duplicated P-3 thermal utilization calculations. 

This expression calculates @ /@f, which is the disadvantage factor of 
thc moderator relative to the fue l .  

m, 
The disadvantage factor applied 

1 +  

2 
to the clad is 

for the superheater element including the surrounding coolant tube, 

the analytical method has been used. The assumptions are made that 

for the coolant tube voided, the coolant tube has the same disadvantage 

factor as clad; for the coolant tube flooded, the coolant tube has the 

same disadvantage factor as the water. 

checked with P-3 calculations, and there is good agreement in the 
prediction of thermal utilization for this clement. 

% . For the calculation of disadvantage factors 

These assumptions were later 

The borated rods (Table N )  consist of annular boratcd 
10 pyrex regions vith internal water regions. A P-3 calculation vas 

performed to obtain the disadvantage factor fo r  these rods. 
data for the P-3 calculation use cross sections that are hardened in 
the same manner as any region within the core. 
avcragc isotropic scattering cross section, d 
correction for anisotropic scattcring, 4, used in the P-3 calculations 
are given in Figure 1. 

The input 

For hydrogen, thc 

and the first-order 
0' 

4. Control-Rod Analysis 

A control-rod region is defined as one in which the thermal 
neutron absorption croas section is greater than the scattering cross 
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section. For such a region a transport condition is applied at the 
surface of the rod which is related to the probability of a neutron 

penetrating the region. The assumption is made that it is only neces- 
sary to consider the rod absorptions in the t h e m 1  and epithermal 

group, the fast-group constants being determined in the sahe manner as 
for a diffusion region. 

The quantity, d (the reciprocal of the logarithmic derivative 

of the flux at the surface of an absorber), can bc related to thc 
transmission probability of n neutron penetrating a slab. 

simple diffusion theory, for a slab in an infinite medium, 
From 

d = ;  A t - - (  1 f T) 

where A is the transport mean free path, and T is the transmission 
probability. For a rod 3 t' 
region, a parameter, C, can be defined as follows: 

't 
For a black absorber, T = 0, and d = 2 

5 Such a parameter is incorporated into the PDQ code to define a rod 

region. 
group and experimentally for the epithermal group. 

group, the scattering cross section is ncglectcd, and only the absorption 

is considered. 

The parmeter, C, is determined analytically for the thermal 
For the thcrmal 

The transmission probabiiity can be approximated by 
the following expression: 11 

T = 2 E 3  (xt) 3 

uhcrc : 

t = the thickness of thc control slab 

L = thc avcrcgc macroscopic absorption cross section 
c 
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The average macroscopic absorption cross section of the rod is based 

on the neutron temperature of the water channel region. 

The value of the epithermal transmission probability, *2, 

can be found directly from critical experiments by determining the 

value of T2 that permits a core with control rods to have the same 
absolute reactivity as a core without rods. 

boiler fuei assemblies, and the values of T2 were determined for two 
different thiclrnesses of cadmium and borated stainless-steel slabs. 

These values were then used in analysis of the boiler-superheater core 

Such measurements 

arrangements. 

5 .  Neutron Streaming Along Superheater Tubes 

Voiding of the superheater tubes permits neutrons to stream 

The resulting leakage of neutrons from vertically along the tubes. 
the core w i l l  be underestimated if the calculations are performed 

assuming a uniform distribution of void. 

presence of holes in a core region has been developed by Behrens. 
Behrens has developed formulas that describe the increase in migration 

area as a function of the shape and distribution of the holes, 

neglecting end effects. 

A method of evaluating the 
12 

Wachspress has derived an expression for the effective dif- 

fusion coefficicnt, Dp, for a cylindrical hole surrounded by a diffusion 
1z u 

medium possessing a cosine axial flux distribution:L' 

r H 
DC = 3 (In; - 0.705) (4) 

vhere : 

r = radius of %he nole 

H = active axial length of the hole, H being > l o r  

Based on Equation 4, a correction for the finite length of 
holes has been made to Behren's formula. The factor, 7 ,  that is used 
to increase the neutron age and thermal-diffusion length squared vith 

a correction for end effects is: 



where : 
v = void fraction 

V - -- void fraction 
@ = material fraction 1 - v 
r = hydrmlic rcdius 

At = transport mean free path 

H = height of active core 

Q = function of the shape of the hole (as defined in Bchrcn's 
pnper12) 

In calculating the three group constants, the increase in 
age and thermal-diffusion length is applied as a correction factor 

to the diffusion coefficient, D, in each ncutron group. 

6. P a  Code 5 

For all cxperiments that have bccn analyzcd in this rcport, 
fairly coarse mcsh spacings have bccn used in order to minimizc thc 
cost of each problem. For most problems, thc standard that vas L?doptcd 

T ~ S  to use one mcsh space in each direction for each boiler fuel rod, 

two to three mesh spacings in each direction f o r  the superheater clcmcnts, 
and two mesh spccings for the water-channcl region. The corlvcrgcncc 

criterion that has bccn adopted is to use a valuc of epsilon = 0.05 

to terminate thc iteration cycle. 

The roil-by-rod power distributions for the pure boilcr 2nd 

boiler-superhcztcr arrangements have been cormalizcd to rtn avcragc 

pomr pcs rod of unity. 

A l l  rods zre associated with a unit c e l l .  Thc dimensions of 
the unit ccll f o r  the boilcr and supcrhcater are shown in Figure 2. 
Thc resulting pomr distributions are avcraged over each cell to find 

thc average poircr dcnsity of the cell. For a corc composed of identical 
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f u e l  rods, t he  rod power i s  d i r e c t l y  proportional t o  the  power density.  

For the  superheater and b o i l e r  arrangements, t he  rod-by-rod pover f o r  

each region normalized t o  an average rod pover of un i ty  i s :  

No 
NS 

- Superheater 

ps As (1 + -1 
Fower/rod = 

As Ps -I- % Pb 

Boiler - 
NS 

Pb -j) (1 + 

Power/rod = 
As Ps + -j) Tb 

\There the  subscripts s and b r e f e r  t o  the  superheater and bo i l e r  

regions respect ively and where: 
N = number of rods i n  the f u e l  region 

P = power density per rod 

P = average power density per rod 

A = t o t a l  a rea  of f u e l  region 

All of the  above quant i t ies  a re  pa r t  of t he  output routine 

I - 

of the  PIQ code. 

B. In te rpre ta t ion  of C r i t i c a l  Experimental Results 

The performance of c r i t i c a l  experiments T r i l l  usual ly  involve 

techniques t h a t  require  in t e rp re t a t ion  before the  measurements can 

be reduced t o  thc  desired form. For the  i n i t i a l  NUSU experimental 

program, a p a r t i a l  water-height technique was used t o  obtain c r i t i c a l i t y  

and t o  measure r eac t iv i ty  changes. I n  order t o  convert these measurc- 

ments t o  an axial buckling, an expression describing the r e f l ec to r  

savings of t he  upper unmodernted par t  of the  core has t o  be devclopcd. 

Also, although the  pomr  d is t r ibu t ions  a r e  mcasurcd d i r ec t ly  by count im 

t h c  gamma a c t i v i t y  i n  the  f u e l  rods . for  thc  boilcr-superheater arrange- 

ment, a s ign i f icant  correct ional  f ac to r  has t o  bc applied t o  account 

f o r  the l a rge r  gama self-shielding fac tor  of t hc  superheater rod 
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c 1 

rclativc to the boiler rod. 

1. F’artial ihtcr-Hcight Analysis 

NUSU axial power distribution measurcmcnts at various radial 
positions have shown that the separability of the radial and axial 
flux distributions that is usually assumed in the solution of the 

diffusion equations is maintaincd as the water level is changed. 14 
It then becomes feasiblc to attempt to dcscribc the unmoderatcd fucl 

region above the moderator level by an effective reflector savings 

which can then be used in the determination of the axial buckling. 

In order to determine the reflector savings, the transient measure- 
mcnts involving thc rcactivity change with mtcr height were cxmincd 

cxprcssion was derived. 

for the Yahkee 7 and NUSU critical cxperimcnts, and an empirical 

a. Dctcrmination of dk/dh Analytically 

Assuming scparability of radial and axial fluxes, d l c / d h  

is the following: 

trhere : 

= hcight of water above the active fucl h 
6 = reflector savings ass0ciatc.d with bottom of the core 

= reflector savings associated with upper section of the 
U 

core 

2 = age 
L = thermal-diffusion length 

p 
B2 = total geometric buckling 

B: = axial buckling 

= average resonance escape probability 
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The r e f l ec to r  savings f o r  t he  bottom of the  core a re  

assumed t o  be the  same as the  radial savings. The r e f l ec to r  savings 

f o r  t he  unmoderated f u e l  rods above the  water leve l ,  6u, i s  determined 

empirically by comparing the  predict ion of Equation 6 with experinent . 
b.  Determination of the  Reflector Savings f o r  the Unmoderated 

Fuel 

It has been assumed t h a t  t he  r e f l ec to r  savings of t he  

- 
unmoderated f u e l  region, Su, has the  3 follotring form f o r  a region 

containing U 0 2  rods of 10.35 g/cm , with s t a in l e s s - s t ee l  and aluminum 

cladding and with s t r u c t u r a l  material: 

where : A= t ransport  mean-free path of t he  core averaged over a l l  

A = f r ac t ion  core a rea  occupied by each mater ia l  
th ree  neutron groups 

H = ac t ive  length Of f u e l  

h = water height above ac t ive  f u e l  

C = constant t o  be determined from experiment = 24 

The tanh funct ion that  i s  used i n  Equation 7 has no 

pa r t i cu la r  t heo re t i ca l  significance,  although it does gives a b e t t e r  

f i t  t o  data  than a l i nea r  dependence. The r e l a t i v e  worth of s t a in l e s s  

s teel  and aluminum t o  U02 i s  based on the  t ransport ,  absorption, and 

f i s s i o n  cross .sect ions of these mater ia ls .  

i s  24. Subst i tut ing t h i s  value of C i n  Equation 7 and using Equation 6, 
a comparison is  made w i t h  the Yankee experiment ( p a r t  d of this sect ion)  

and the NlTsU experiment (Section IV-B) . The agreement i s  of the  order 

of 10 per  cent low f o r  one experiment, and 10 per cent hi& f o r  the  

other experiment. It i s  not c l ea r  why these differences e x i s t  between 

the  two experiments and the  theory, as they are la rger  than any apparent 

e r r o r  ( i n  Equation 7) could produce. The main difference i n  the two ex- 

periments w a s  i n  t he  method of measuring the change of water height,  

which could explain the  d ispar i ty .  

The value of t he  constant C determined from the  experiments 
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Hovevcr, it should be notcd that for the small cores ' used in the NUSU experiment with relatively large water heights 
(minimum heights on the order of 2 feet), the criticality mcasurcmcnts 

are rclatively insensitive to the savings produced by the upper f i c l  

region (see Equation 7). 
savings of the uppcr core is 5 ern and the reactivity worth of an 

For example, at 27 inches, the reflector 

additional 10 centimeters of water is 1 pcr ccnt A<. Thus, a 20 per 
cent crror in dctcrmining 6 would only result in 0.1 per cent Alc 

U - - 

error in the dctcrmination of the reactivity. 

rritli increased vatcr height. Thus, for the purpose of evaluating thc 

analytical criticality predictions, the critical water height technique 

is quite accurate. 

This uncertainty decreases 

I f  it is desired to fully evaluate the dk/dh I -  

analysis, much nom rcfined measurements and analyses should bc madc 

to dcterminc tile cffccts of fuel and structural materials in thc 

unmodcratcd fuel region. 

e. Determination of dk/dh Ekperimentally 

The reactivity associated with a change in watcr height 

is determined by thc e-fold period of the rcactor, which is thcn 

converted into reactivity by means of the inhour equation. 
following formula transforms the measured reactor period into rcactivity: 

Thc 

(B V)238 A 236 
6 A 235 

1 +  i 
(p 1/)235 A 235 6 

i =1 
Ak = p235 IC i i 1+h :  T 

1 1+- 

where : 

T = reactor pcriod in seconds 
Ai = the decay constant of i th delayed-neutron group 

th A. = the  yield of the i delayed-neutron group normalized 
1 

such that A. = 1. Superscripts represent the yields 
1 i 

from U235 or U238 fissions. ' The yields are taken from 
A N L - ~ ~ O O ~ ~ ,  t h c  yield from thermal neutrons being chosen 
for U 23 5 
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@I/ = t he  t o t a l  delayed neutron y i e ld  pcr f i s s i o n  

?I = thc  numbcr of prompt ncutrons pcr f i s s i o n  as an approxi- 

mation 

= u28 = 2.46 

6 = thc r a t i o  of U238 f i s s i o n  t o  U235 f i s s i o n  i n  the l a t t i c c  

v25 (c -  1) = 1.685 ( c -  l), wherec i s  thc  f a s t -  
5=s1 

f i s s i o n  f ac to r  
- 
I = a quar;tity expressing thc r a t i o  of "importancc" of clelaycd 

ncutrons t o  prompt ncutrons i n  the f i s s i o n  cycle. 

I =  

buckling of t h e  core; T~ i s  thc  agc of the  fast group 

i n  thc  core; and the  0.0727 f ac to r  i s  found by averaging 

thc  f i rs t  group agc of t he  delayed-ncutron groups. 

2 
, where B2 i s  the  t o t a l  geometrical 1 + B  71  

1 i- 0.0727 B 

- 
- 7 - T  

Equation 8 i s  t h e  same formulation used f o r  the analysis  of t h e  

Yankee c r i t i c a l  experiments8 w i t h  the  exception that the  importance 

f ac to r  i s  calculated d i f f e ren t ly .  The above method calculates  t he  

importance of delayed neutrons t o  be about 5 per  cent higher than the  

Yankee values. 

d. Comparison with Yankec Ekperimcntal Determination of 
&/dh With Theory --- - 

The Yanlccc c r i t i c a l  cxpcriocntal  mcasurcmenls8 vere used 
. t o  cvaluate t h e  predictions of Eqlxation 6 using Equation 7 t o  determine 

the  r c f l c c t o r  savings of t kc  umoderatcd f u c l  rcgion. 

and 3.9 t o  1 mtcr-to-uranium metal experimcnt, t he  comprison of t he  

For three  d i f f c rcn t  water heights of both the  2 . 2  t o  1, 
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quoted experimental values with theory was obtained, as l i s t e d  i n  
Table I. 

If the  importance of delayed neutrons had been calculated 

by the  method used i n  t h i s  paper, a l l  thz quoted Yankee experimental 

values of dk/dh would be about 5 per cent higher. 

t ha t  the  theory i s  sys tena t ica l ly  low by about 10 per  cent.  

as w i l l  be shom i n  the  analysis  of  the NUSU experiments, the  theo- 

r e t i c a l  values tend t o  be high. Also, the  experimental e r ro r s  quoted 

only consider s t a t i s t i c a l  e r rors .  Since the  change i n  water height 
f o r  these t rans ien t  measurements i s  of the  order of 1/4 inch t o  1 / 2  

inch, an e r r o r  of 0.01 inch i n  determining the  c r i t i c a l  water height 

corresponds t o  a 2 per cent and 4 per  cent experimental e r ror ,  

respectively.  

Thus, i t  appears 

Hovever, 

2. Multizone Power Distributions 

In  determining the  power d is t r ibu t ions ,  only small sect ions 
of the core were measured (15 per' cent of t h e  f u e l  rods , in  one quadrant). 

The measurements were performed by using tne  measured gamma a c t i v i t y  

of one rod as a monitor; t he  power of a l l  the  other  rods w a s  determined 

wi th  respect t o  the monitor by measuring the  r e l a t i v e  gamma a c t i v i t i e s .  

For the  comparison between theory and experiment, the  average power 

of a l l  the measured bo i l e r  f u e l  rods w a s  normalized t o  the  same average 

power as the  corresponding calculated bo i l e r  rods. 

fuel i s  used, these measured a c t i v i t i e s  are proportional t o  the  power. 

For t he  case of superheater and b o i l e r  el, t he  higher gamma self- 

shielding of t he  l a rge r  superheater rods requires  t h a t  an experimental 

correct ion f ac to r  be applied t o  the  power generation of t h e  superheater 

rod r e l a t i v e  t o  the  bo i l e r  rod. This correct ion f ac to r  was determined 

by examining the  f i v e  calculated superheater and b o i l e r  arrangements 

which d id  not contain control  rods. 

r a t i o  of t he  measured rods a t  the in te r face  between t h e  bo i l e r  and 

superheater region agree with the  analyses was found. 

a value of 1.15 + 0.02 w a s  determined. 

'ken only bo i l e r  

The f ac to r  which made t h e  measured 

In  t h i s  manner, 

Two other  determinations, one - 
which estimated the gamma se l f - sh ie ld ing  fac tors  f o r  measured gamma 

63 
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TABLE I. COMPARISON OF QUOTED YANKEE 
WATER-HEIGHT REACTIVITY MEASUREMENTS 

Yankee 2.2/1 Experiment 

D I F F E R E N T m  
WITH THEORY 

h (cm) 

89.1 

70.9 

62.3 

h ( e m >  

64.0 

54.6 

I 49.5 

( u / c m )  Experiment 

-4 

-4 
7.16 - + 0.19 x 10 

12.39 - + 0.31 X 10 

16.82 - + 0.46 x 

Yankee 3.9/1 Experiment 

(m/cm) mperirnent 

14.39 - + 0.45 

21.60 x 0.20 x 

26.28 + 0.51 x - 

-22- 

(Ak/cm)  Theory 

6.62 x 

11.43 x 

15.44 x lom4 

(&/cm) Theory 

14.18 x 

20.67 x 

25.85 x 
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spectra  of the  rods, and the  other  which used f o i l  measurements t o  

normalize the  power i n  each rod, ind ica te  a correct ion f ac to r  of similar 

magnitude. 

t o  convert the  ratio 
In  the r e s u l t s  reported here the f ac to r  1.15 has been used 

7 a c t i v i t y  reading of superheater rod 
y a c t i v i t y  reading of bo i l e r  rod t o  the  r a t i o  

power per un i t  length of superheater rod 
power per un i t  length of bo i l e r  rod 
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111. EXPERIMENTAL PROGRAM* 

A detailed description of the reactor facility which includes 
the mechanical design of the core can be found in reference 2. 

A .  Core Composition and Unit Cell Dimensions 

The fuel for both the boiler and superheater regions consists of 

a high-density 10.35 g/cm 3 sintered uranium dioxide. The U235 enrich- 

formed which included naturally enriched uranium, 0.714 w t . $  U 23 5 . 
ment of the boiler fuel is 1.85 w t . $ ,  and some experiments were per- 

The superheater fuel has a i$35 enrichment of 3.41 w t . $ .  

fuel is clad with 24.1 mil aluminum. 
mil stainless steel and the fuel rod is positioned within a 32 mil 

stainless steel tube. The dimensions of fuel and cladding as derived 
from actual measurements and the chemical analysis of the compositions 

are given in Tables I1 and 111. The arrangement of a unit cell to- 
gether with structural dimensions are shown in Figure 2 .  

to fuel, control rod materials, in the form of slabs, and borated rods 
are used in some of the measurements. The compositions and dimensions 

of the control "rods" and borated rods are shown in Table N. 

The boiler 
The superheater fuel is clad 18.3 

In addition 

1. Boiler Region Fuel Assemblies (Figure 3) 

The grids in the boiler region were designed to position the 
boiler rods within a 0.625-inch-square-pitch lattice. 
that was used for most of the measurements consisted of a 32-rod 1.83 w t . $  

335 enrichment which consists of a 6 x 6 lattice with the central four  

rods missing. The water channel between fuel assemblies is equal to the 

fuel-rod pitch of 0.625 in. 
configurations that contain variations of the p r o d  assemblies. These 

measurements included the inserting of aluminum water displacers between 
the fuel rods and in the water hole in the center of the assembly, sub- 

The fuel assembly 

Other experiments were carried out with core 

stituting natural-uranium rods at the corners of the 1.85 wt.$ I? 35 

+The cooperation and assistance of R. S. Harding of Combustion 
Engineering, Inc. for providing experimental data prior to publication @ is gratefully acknowledged. 
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TABU 11. BOILER FUEL RODS 

Dimensions 

Fuel Cladding - 
Enrichment, w t . $  1.85 - + 0.01 Type 6061 Aluminum 

Form Sintered U 0 2  Tubing 

Diameter, in. 
Length/pellet, in. 

Inside diameter, in. 0.4553 
Outside diameter, in. 0.5035 
\laall thickness, in. 0.0241 

pellets 
0.445 - + 0.001 
0.650 - + 0.010 
10.35 + 0.10 Density/pellet , g/cm - 

Active fuel length, in. 48 

Chemical Analysis 

Fuel - 
Uranium content 
Oxygen-to-uraniwn ratio 

Impurities 

Si 
Ni 

W 
Fe 

cu 

Pb 
Cr 
Sn 

B 

Cd 

MO 

Ag 

Ca 

Mg 

Cladding 

88.13 wt.$ 

2.00 - 2.01  

w 
<50 

33 
c= 50 
67 

- = 5  
= 2  

e 20 

= 2  

.3 

.=1 

e 3  
e . 2  

50 
c= 10 

Element - 
Si 

Mn 

cu 

m 
Ti 

Zn 

Cr 

Fe 

Ni 

140 

m 
Sn 

Sb 

Bi 

0.60 

0.06 

0.86 
0.03 
0.11 

0.28 

0.29 

: 0.01 

e 0.G1 

e o . 0 1  

==0.01 

e o  .01 
K O . 0 1  

0 - 3 9  
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TABLE 111. SUPERHEATER FUEL RODS 

Dimensions 
Coolant - Fuel Cladding Tubes 

3.41 + 0.03 rype 316 ss 316 ss - Enrichment, w t  . $J 

Form Sintered UO, Tubing 

Inside dia., in. 0.5069 0.7718 
Outside dia., in. 0.5439 0.8358 
Wall thi cknes s , in. 0.0185 0.03 20 

pellets L 

0.500 + 0.001 - Diameter, in. 

Length/pellet , in. 
Density/pellet, g/cm3 10.35 + 0.10 
Active fuel length, in. 48 

0.750 + 0.001 - 
- 

Element 

C 

Mn 

P 
Si 

Cr 
Ni 

Mo 
Fe 

lrt .$J 

0.06 
1.68 
0.015 

0.009 

17 50 
12.50 

2.21 
Remainder 

Chemical Analysis 

Fuel - 
Uranium content 88.0 wt.$ 
Oxygen-to-uranium ratio 2.01 

Impuri t i es 

F 
Si 

Ni 
w 
Fe 

cu 
Pb 
Cr 
Sn 

B 
Cd 

Mo 

4 3  
Ca 

M g  

(PPd 

,== 50 
200 

510 
= 10 

1,030 
8 
1 

40 

5 
0.2 

0 .2  

50 
c o . 0 1  

80 
40 

Cladding and Tubing 
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TABLE IV. CONTROL SLABS AND BORON-PYRM RODS 

Control Slabs 

Mat e r ial Width (in.) g/cm2 

2.15 wt.5 boron-stainless 7.155 2 0.010 

Cadmium 7.141 - + 0.031 0.020 0.4420 

Cadmium 7.156 - + 0.031 0.040 0.9130 

0.131 - + 0.002 0.0561 (boron) 
steel 

Boron- Pyrex Annular Rods 

Inside diameter (glass) 0.237 in. 

Outside diameter (glass) 0.321 in. 

Inside diameter (aluminum clad) 0.370 in. 

Outside diameter (aluminum clad) 0.500 in. 
Density of glass 2.216 g / c m  

Boron content 3.625 v t . %  boron 

Water content 

3 

Remaining area inside clad 
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assembly. 

i n  which the  e f f e c t  r e su l t i ng  from the removal of two corner rods and 

Measurements were a l s o  performed on a 36-rod element core 
0 

t h e i r  replacement with borated rods, was invest igated.  

Some explanation i 8  i n  order as t o  the  reason for the  choice of 

the  32-rod assembly. This f u e l  assembly i s  based on BONUS core design 3,4 
which indicated the  peak-to-average Dower of t h i s  element i s  about 10 per 

cent l e s s  than f o r  the 36-rod element which uses about 10 per cent more 

f u e l .  Thus, i n i t i a l l y ,  the same t o t a l  power w i l l  be generated by both 

elements. This conclusion has been sustained by the experimental power 

measurements. For a c t u a l  power reac tor  operation, the  32-rod assembly 

with i t s  higher neutron p a r a s i t i c  absorption w i l l  require  a higher T.335 
burnup allowance than the 36-roa assembly. 

assembly i s  l imited by the burnup of the  ho t t e s t  rod within the  assembly 

and i f  the r e l a t i v e  i n i t i a l  c e l l  power d i s t r ibu t ions  of the  two types of 

elements tend t o  sus ta in  themselves, then the 32-rod element can generate 

the same t o t a l  heat output a s  the 36-rod element. Since the cost  of f u e l  

fabr ica t ion  i s  the major f r ac t ion  of the t o t a l  cos t ,  there  appears t o  be 

a ne t  economic gain t o  design a f u e l  element with inherent power f l a t t en ing .  

However, i f  the burnup of the 

2. Superheater Region Fuel Arrangement (Figure 4) 
A l l  the  rods a r e  positioned on a 1.094-inch-square p i t ch .  Each 

rod i s  surrounded by a steam coolant tube. 

an 8 x 32 a r ray  and a r e  divided i n t o  four sect ions,  each sect ion contains 

a 2 x 32 a r r ay  of rods. 
voided indeDendently of the  other  sect ions;  the  spacing of rods between 

sec t ions  is  the same a s  the spacing of rods within the  sec t ion .  

shows the  geometric arrangement of the e n t i r e  superheater region. 

These rods a r e  arranged i n  

Each sec t ion  is  capable of being flooded and 

Figure 4 

The superheater simulates one quadrant of the  BONUS superheater 

arrangement. The pa r t i cu la r  design, involving s ing le  rods i n  coolant 

tubes, was formulated f o r  the BONUS reac tor  t o  prevent f'uel melting 

upon a l o s s  of coolant followed by a reac tor  scram, by allowing 

each rod t o  rad ia te  heat t o  the  surroundings. 

moderated, s ince the  mechanical design required t o  s a t i s f y  the  shutdown 

coolant requirement necess i ta tes  a water-to-fuel r a t i o  t h a t  i s  con- 

s iderably l a rge r  than i s  desired so le ly  on the  bas i s  of nuclear 

considerations.  

'Th i s  element i s  over- 
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14 B. Experimental Arrangements and Measurements 

The nuclear properties of three general areas were evaluated - 
the boiler, the boiler with fully inserted control rods, and the boiler 
and superheater with and without fully inserted control rods. 

measurements, criticality is attained by adjusting the water height 

of the core. 

In all 

Power distributions were determined by directly measuring 

the activation of the fue l  rods. 

1. Boiler Region 

The individual fuel assemblies and their geometrical arrangc- 

ments within the core are shown in Figures 3 and 5. The basic fuel 

rod within the assembly possesses 1.85 irk,.$ enriched U235. Tne 

following fuel assemblies have been used in the course of the experi- 

ments : 
a) a 32-rod assembly; 

b) a 32-rod assembly with 16-1/4-inch aluminum water dis- 

c) a 32-rod assembly with 4-1/2-inch aluminum water displacers 

d) a 32-rod assembly with natural-uranium rods at the corner 

e) a 32-rod assembly containing all natural-uranium rods; 

f) a 34-rod assembly; 

g) a 34-rod assembly with two borated rods occupying the 

placers between fuel rods in each assembly; 

at the center of each assembly; 

positions; 

corncr positions; 

h) a 36-rod assembly. 

2. Boiler Region With Control Rods 

Two thicknesses of cadmium and borated-stainless steel slab - 

type control rods were evaluated for the case of full rod insertion 
into the core; Figure 6 shows the geometrical arrangement for these 
measurements which are, as follows: 

a) A 20-mil cadmium slab, 7-1/8 inches wide, taped to 
a l/e-inch aluminum slab; 

A 
d 
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b) a 40-mil cedmium slab, 7-5/32 inches wide, taped to a 
1/8-inch aluminum slab; 
a 0.13l-inch 2.15 w t . $  boron-stainless steel slab, 

7-1/8 inches wide; 
a 0.262-inch 2.15 wt.5 boron-stainless steel slab, 
7-1/8 inches wide. 

c) 

d) 

3 .  Boi$er and Superheater Regions 

a. Internal Superheater 

Figure 7 shows the arrangement of the internal super- 
heater with respect to the boiler for the case of no-control-rods and 

with two 0.131-inch 2.15 w t  .% boron-stainless steel rods fully inserted. 
The reactivity effects of partial and complete withdrawal of water' 

from the superheater region were measured. 

b. Ekternal Superheater 

Figure 8 shows the arrangement of the external super- 
heater with respect to the boiler for the case of no-control-rods 
and with two 0.131-inch 2.15 w t . $  boron-stainless steel rods fully 

inserted. 
of water from the superheater region were measured. 

The reactivity effects of partial and complete withdrawal 
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IV. COMPARISON OF THEORY AND EXPERIMEXC 

For the core compositions and lattice arrangements given in 

Tables I1 through IV and Figures 2 through 8, the reactivity and 
power distributions were calculated and compared with experiment. 

For most of the experiments, the predicted critical water height and 

power distributions were calculated in advance of the measurement. 

b 

The experimental power distribution for each rod was measured at 

three axial points -- at approximately half-water height and at 4 
inches above and below the half-water height. These three values 
were averaged for each rod to determine the radial power distribution. 

A. Reactivity and Power Distributions 

1. Boiler Region 

The boiler region consists of fuel rods of 1.85 wt.$ u235 
enrichment unless otherwise noted. The arrangement of ,he fuel with .n 

an assembly is shown in Figure 3 ,  and the arrangement of fuel assemblies 
is shown in Figure 5. 

a. A 'Itrenty-four-Assembly Core 

Six different fuel assemblies were analyzed. These 

assemblies contained 32 rods, 34 rods, 36 rods, 32 rods with 16-1/4-in. 
aluminun rods, 32 rods with 4-1/2-in. aluminum rods, and 34 rods 
with two boron-Pyrex corner rods. 

measurement, the central four assemblies possessed the boron-Pyrex 

rods, and the remaining assemblies contained 36 rods. 
measurements, the core consisted of 24 identical assemblies. The 

calculated reactivities and the comparison with experiment are shown in 

Table V. 

For the boron-Pyrex assembly 

In all other 

The calculated rod-by-rod radial poxrer distributions for 

The experimental the above cases are given in Figures 9 through 14. 
power distribution measurements were only performed for the 32-rod, 
36-rod, and boron-Pyrex rod cases. In the figures, each square 
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TABLE V. THE: CALCULATED AND MEASURED REACTIVITIES OF A 
CORE CONSISTING OF T\EWPY-FOUR BOILER FUEL ASSEMBLIES 
I.JITH DIFFERENT m L  AND MATERIAL ARRANGEMENTS WITHIN 

TKF: ASSEMBLY 

Fuel Assemblies 

32-rod 

36- rod 

34- rod 

32-rod with 16-1/4-in. 

32-rod with 4-1/2-in. 

34-rod, two boron-Pyrex 

aluminum rods 

aluminur- rods 

corner rods 

h (em> 

68.58 
87 -73 
66.80 

85.75 

P 

BO .34 

113.31 

Reactivity 
( Calculated) 

0.9890 
0.9883 
0.9883 

0 9879 

0.9865 

0.9855 

Reactivity 
(Measured) 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 
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represents one fuel rod, and the number in each square is the relative 
power per unit length of fuel element at the point of measurement, 

normalized to an average value of unity. 

b. A 'It~cqty-Assembly Core 

Measurements were performed on a 32-rod-assembly core 

in order to observe if any significant changes occur in the reactivity 
and power distribution as a function of the critical water height. 

Reactivity Reactivity 
h (cm) (Calculated) (Measured) 

89.33 0.9886 1.0000 

The calculated power distribution vith the measu'red 
comparison is shown in Figure 15. 

c. A Tventv-eight-Assemblv Core 

Measurements were performed on a twenty-eight-assembly 

core in which each assembly-contained 32 rods, the corner rods being 

naturally enriched. 
Reactivity Reactivity 

h (em) (Calculated) (Measured) 

99 * 11 0.9892 1.0000 

The calculated power distribution together with the 

measured comparison is shown in Figure 16. 

d. A Thirty-two-Assembly Core 

Measurements were performed on a thirty-two-assembly core 
in which each assembly contained 32 rods, the central four assemblies 
being naturally enriched. 

Reactivity Reactivity 
h .(em) (Calculated) (Measured) 

108.23 0.9886 1.0000 

The calculated power distributions together with the 

measured comparison is shown in Figure 17. 
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2. Boiler Region With Control Rods 

Using the experimental results for the 28-assembly core arrange- 
ment in which each assembly contains 32 rods, the value of the epithermal- 
transmission probability was determined for two different thicknesses of 
cadmium and borated-steel slabs. The dimensions and composition of the 
slabs are described in Table IV. The experimental arrangement is sham 
in Figure 6. In the analysis, the epithermal-transmission Frobability, 
T2, was determined by achieving a reactivity of 0.9883 for the materials 
listed in Table VI. 
superheater arrangements . 

These values are used in the analysis of the boiler- 

3. Boiler and Superheater Regions 

a: Internal Superheater 

A superheater fuel rod has a 3.41 w t . $  U235 enrichment, 

and the bo i l e r  fuel rod has a 1.85 w t . $  enrichment. 

internal superheater arrangements are shown in Figure 7. 
configuration in which there is the equivalent of 14 boiler asseniolies 
on each side of the boiler, the partial irater height was calculated for 

the superheater completely voided and flooded. In addition, thc case 

of the middle two superheater sections voided and the outer two flooded 

and the case of the middle two superheater sections flooded and the outer 
two sections voided were also measured and calculated, as listed in 
Table VII. 

The experimental 

For the 

The cakulated rod-by-rod power distributions together 

with the measured po~rer distributions for thc superheater and the entirely 

voided and entirely flooded conditions are shown in Figures 18 and 19, 
respectively. 
per unit length of fuel rod, at the point of measurement. 

calculated power generation in the superheater is listed in Tablc VII. 

As before, the numbcr in each square is the relative power 

The total 

An internal superheater arrangement with two control rods 
was also measured. For this measurement, there were 16 boiler assemblies 
on one side of thc superheater and the equivalent of 19 boiler asscmblies 
on the other side. 

slabs were complctcly inserted, onc on cach side of the superheater, 

Tiro O.13l-in. 2.15 w t . $  boron-stainless stccl 7-1/8-in. 
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TABU VI. THZ EPITHIZMAL TRANSMISSION PROBABILITIES OF CADMIUM 
AND BORON-STAINLESS STEEL AS DETERMINED FROM 

CRITICALITY EXPERIMENTS 

Control-rod material 

Cadmium (20 mil) 

Cadmium (40 mil) 95 -25 0 * 913 0 930 
2.15 w t . %  borated-stainless steel 
(0.131 in.) 99 16 0.0561 0.883 

(0.262 in.) 109.04 0.1123 0.825 
2.15 w t . $  borated-stainless steel 

f 
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TABLE V I I .  THE CALCULATED AND MEASURED REACTIVITY AND TKE 
CALCULATED SUPERHEATER POWER OF THE INTERNAL BOILER- 
SUPEREEATER ARRANGEMENT A S  A FUNCTION OF THE AMOUNT 

OF bJATER I N  THE SUPERHEATER 

Superheater Power 
Reactivity React ivi ty  (’$ of Total  Reactor Power) - h (Calculated) (Measured) ( Calculated ) 

Ent i re ly  Voided 71.20 1.0051 1.0000 38.3 

Inner two sections 1.0047 1.0000 40.3 
flooded 73 -38 

Outer two sections 
voided 

Inner two sections 

Outer two sections 

voided 77.60 1.0049 

flooded 

Ent i re ly  flooded 81.94 1.0038 

1.0000 

1.0000 

33.7 

41.2 



i 

between the boiler and superheater regions. 
condition was analyzed. 

Only the completely voided 

Superheater Power 
Reactivity Reactivity (4 of Total Reactor Power) 

-- h (cm) (Calculated) (Measured) (Calculated) 

80.24 0 * 9990 1.0000 31.6 

k coinparison of the calculated and measured rod-by-rod 

power distribution for this configuration is shown in Figure 20. 

b. Ekternal Superheater 

The same fuel assemblies that were employed for the internal' 
superheater measurements were used for the external Superheater measure- 

ments. There were 

24 boiler assemblies adjacent to the superheater region. Calculations were 
performed for the superheater either completely voided or completely 

flooded. 

boiler and superheater was increased one inch to 1.81 in. was also 
analyzed for the voided condition, as listed in Table VIII. 

The experimental arrangements are shown in Figure 8 .  

An additional measurement in which the separation between the 

A comparison of the calculation and measured rod-by-rod 
power distribution for these cases is shown in Figures 21, 22, and 23. 
The total calculated power generation in the superheater is listed 

in Table VIII. 

An external superheater arrangement with control rods vas 
also measured. For this experiment, the same amount and arrangement 

of fuel was used as for the no-rod measurements. Two T-l/&in.-wide 
and O.l3l-in.-thick 2.15 w t . %  boron-stainless steel rods were inserted 

I 

between the boiler and superheater. 
heater region vas analyzed. 

Only the completely voided super- 

Superheater Power 
Reactivity Reactivity (4 of Total Reactor Power) 

-- h ( cm) (Calculated) (Measured) (Calculated) 

80.04 0 - 9915 1.0000 22.4 

k comparison of the calculated and measured rod-by-rod 

power distributions fo r  this configuration is shown in Figure 24. 
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TABU VIII. THE CALCULATED AND ME3SURED REACTIVITY AND THE 
POWER OF THE EXTERNAL BOILER-SUPERHEATER CALCULATED SUPERmTER 

Voided 

Flooded 

Voided 

superheater 

superheater 

superheater 
(1.81 in. 
boiler- 
superheater 
channel ) 72.80 

&?RANGEDENT 

Reactivity 
( Calculated) 

0.9918 

0 9937 

0 -9935 

Reactivity 
(Measured) 

1.0000 

1.0000 

1.0000 

Superheater Power 
(4 of Total Reactor Power) 

(Calculated) 

26.6 

28.4 

22.8 

. .-  
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B. Partial-Level Height Reactivity Measurements crs The calculation of dk/dh has been made using Equation 6. The 
experimental values of dk/dh have been determined by measuring the 

period indwed by a change of water height. The conversion to re- 
activity is acsomplished by using Equation 8 .  

For the boiler region, the comparison between the theoretical and 
experimental values of dk/dh were obtained, and are listed in Table M. 



TABU IX. COMPARISON BETWEEN THE THEORETICAzl AND EXPERIMENTAI, 
VALUES OF dk/dh FOR THE BOILER REGION 

'Menty-four-Assembly Core 

h (cm) 

32-md 68.58 

87.73 34-rod 
3 6-rod 66.80 

32-rod, 16-1/4-in. aluminum rods 85.75 

32-1md, 4-1/2-in. aluminum mdS 80.34 

34-~ ,d ,  two b o r o n - p p x  corner rods 113.31 

dk/dh W c m )  
JCalcula ted ) 

12.70 x lo4 
6.90 10-4 

13.34 x lo4 
7.64 x lo4 
9.00 10-4 

3.59 x 10-4 

h (cm) 

89.33 

h (cm) 

99.11 

h (cm) 

108.23 

'hentg-Assembly Core 

dk/dh ( d c d  
(Calculated) 

6.53 

dk/dh d c m )  
(Measured) 

11.48 x 

6.51 

7.13 

3.23 

12.48 x lom4 

8 7.69 10-4 

dk/dh ( d c m )  
(Measured) 

6.21 x ,, 

Twenty-eight-Assembly Core With Natural-Uranium Corner Rods 

dk/a W c m )  
Calculated) 

dk/dh, W c m )  
(Measured) 

5.10 x lo4 5.04 

Thirty-tm-Assembly Core With Four Central Natural-Uranium Assemblies 

dk/& W c m )  
lcalculated)  

dk/dh (Aldcrn) 
(Measured) 

4.08 x lo-' 3.55 

Control-rod material  

Cadmium (20 mil)  

Cadmium (40 mil)  

Twenty-eipht-AssembLy Core With Control Rods 

h (cml 

93.57 

95.25 

dk/dh (Ak/Cm) 
(Calculated) 

5.83 x lo4 
5.56 10-4 

dk/dh ( d c d  
(Measured.) 

4.94 

5.24 

4.93 2.15 wt.% bora teds ta in less  s t e e l  

2.15 w t . 5  borated-stainless s t e e l  

99.16 5.03 10-4 (0.131 in.) 

(0.262 in .  ) 
109.04 3.94 x 10-4 3.65 x 10-4 
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V. DISCUSSION OF RESULTS cs 
A .  Significance of the Comparison Between Theory and Experiment 

1. Boiler Arrangements 

The agreement between theory and experiment is good. The 
reactivity calculations are within -1.5 per cent ak of criticality, 
or there is more reactivity present than calculated in all cases. 

The agreement in rod-by-rod power distributions is equally good; a 

comparison between theory and experiment indicates differences of the 

order of 5 per cent or less which corresponds to the experimental 
accuracy. 

Furthermore, it should be noted that the changes that occur in 

reactivity and power distributions by comparing small changes within the 

fuel assemblies are very well reproduced. 
equal amounts oI" aluminum between fuel rods and at the center of the 

assembly would be calculated to have the same reactivity if a homogenized 
fuel assembly calculation were performed. However, these calc7Llations 

show the aluminum in the center of the assembly to be 0 .5  per cent more 

reactive, thus agreeing with the measurement. D e n  more evident is the 

fact that by removing two corner rods of the 36-rod assembly the reactivity 

is reduced by approximately 1 . 5  per cent Ak. 
rods were removed to make a 32-rod element, this type of element would 
be approximately 2.8 per cent Ak less reactive than the 32-rod element 
vith corner rods, but with the four fuel rods removed f r o m  the center of 

the assembly. However, calculations which would homogenize the water, 

inside and outside of the element, with the fuel would calculate these 
elements to have precisely the same reactivity. 

The 32-rod assembly with 

'If the other two corner 

Varying the arrangement of fuel wi.thin an assembly indicates 

the sensitivity of calculations to evaluating local power distributions. 

The rod-by-rod power distributions which implicitly includes water-channel 

effects accurately describes the situation. The measurements with 

natural-uranium corner rods and with poison corner rods used a unit 
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cell analysis for these regions with verj satisfying results. The 

comparison of the characteristics of the 32-rod and 36-rod assemblies 

shows that the predicted 10 per cent lower peak-to-average in the 32-rod 
element is corroborated by the measurements. Thus, the power-flattening 

introduced by the moderator at the center of the assembly allom the 
32-rod-element with approximately 10 per cent less fuel to produce the 
same total pouer as the 36-rod element. - 

2. Control-Rod ixrangements 

The epithermal-transmission factors determined for boron and 

cadmium indicate a considerably smaller epithermal effect for these 
lattices than is present with a fully enriched core. 

measurements with more complex configurations are desired before the 

accuracy of the control-rod calculations can be separated from the other 

uncertainities in the calculations. Such measurements which will also 
include partial rod insertion are being planned for the BONUS Critical 
Mockup Experiments which will use essentially the same fuel as the initial 

WSU Critical Experiments. 

Further 

3. Superheater and Boiler Arrangements 

These measurements require a substantial fraction of boiler 

fuel in order to achieve criticality. Therefore, the analysis of the 

nuclear characteristics of the superheater region necessarily include 

the effects of the boiler region. On the surface, the experiments 
involving both the boiler and superheater fuel appear closer to the 

theoretical reactivity predictions than the experiments that were 

concerned only with boiler fuel. f i l l  measurements, including those 

that involve control rods, agreed to within -1.0 per cent @k to 

+O.5  per cent Ak. However, the reactivity of the superheater has been 

somewhat overestimated relative to the boiler. 

For thc internal superheater arrangement where no control rods 

are present, thc superheater region has the highest statistical weight 
of any of the measurerncnts as is shown by the power split between boiler 
and superheater. The absolute reactivity predictions for these cases 
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possessed about 1.5 per cent Ak less reactivity compared with that of the 
measurements solely containing boiler fuel. Nevertheless, the power dis- 

tributions are very well reproduced for the no-control-rod cases. With 
cs 

control rods present, the internal Superheater core arrangement is assy- 

metric with more boiler fuel on one side than on the other. The re- 
activity is predicted quite well, but there is flux tilt to the side 

with more boiler fuel and the power distributions are not in nearly 

as good agreement. 

For the external superheater arrangement, the superheater has 

a much lower statistical weight, and the reactivity characteristics 

tend to be that of the boiler region. The absolute reactivity pre- 

diction differs by only a few tenths of a percent Ak from the pure boiler 
fuel measurements. However, the measured power generation in traversing 

the superheater is falling off faster in a radial direction than the 

calculations predict. 

material buckling of the superheater has been somewhat overestimated 

by the calculations. 

prediction compared with that of the pure boiler measurements is directly 

attributable to the Superheater constants and not the large water channel 

existing between the boiler and superheater regions. 

heater fie1 assembly has a much higher water-to-fuel ratio than any 
element that has been calculated heretofore, thc higher reactivity 

calculated for the superheater could be attributed to errors in the 
analysis. However, the  reactivity changes associated with voiding and 

flooding of thc superheater are in good agreement, and tend to substanti- 
ate the analytical methods. The deviations between theory and experiment 
could also be explained by uncertainties in the superheater corc composi- 
tions. 
enrichment and thc total amount of steel, are subject to greater 

uncertainties than the corresponding quantities in the boiler elcment. 

These radial power distributions show that thc 

Therefore, the deviation in the reactivity 

Since the super- 

The dimensions of the superheater element, including the U 235 

This possibility is discussed in the next section. 
Mockup Critical Experiments, three additional superheater sections will 
be used. 

dimensions. Similar experimental measurcmcnts will be made, and the 

accuracy of the calculations can then be better evaluated. 

For the BONUS 

There will be a closer inspection of the materials and 

/7 
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It w i l l  be noted t h a t  f o r  the  external  superheater arrange- 

ment, there  i s  e s sen t i a l ly  no change i n  r eac t iv i ty  upon completc voiding 

and flooding of tiic Superheater. The explanation f o r  t h i s  phenomenon 

i s  t h a t  t h i s  elcment i s  ovcrmoderated, and the  gain i n  r eac t iv i ty  

which occurs upon the  voiding of elements i s  j u s t  compensated by thc 

increased leakage from tne core.  With the  in t e rna l  superheater, the 

negative leakage e f f ec t  i s  reduced and there  i s  a net gain of r eac t iv i ty  

upon voiding of about 1 per cent &. 
requirements f o r  t h i s  type of element, it i s  best  t o  have the  super- 

heater  on the  outside of the  core. Obviously, one cannot generalize 

t h i s  r e s u l t  t o  other  superheater elements. In  f a c t ,  from the  nuclear 

standpoint, onc could ad jus t  the  f u e l  arrangement including enrichment, 

water-to-fuel r a t i o ,  and nuclear poisons t o  obtain the  desired r cac t iv i ty  

change a t  a prescribed core condition f o r  any other  arrangement of t he  

superheater region. 

Thus, i n  order t o  s a t i s f y  the  safe ty  

4. Boiler-Superheater Control Systems 

For the  BONUS reac tor  project ,  a conventional type of  control  

system i s  being used. 

b o i l e r  and supcrhcater a r e  being used t o  control  r eac t iv i ty  and the  

d iv is ion  of power be tmen  the  b o i l e r  and supcrhcater. 

on t h e  in t e rna l  and ex terna l  superheater with control  rods between 

bo i l e r  and supcrhcater regions show t h e  e f f ec t  of t he  rods on r ecc t iv i ty ,  

power d is t r ibu t ion ,  and power s p l i t .  

Control rods posit ioncd i n  the  bo i l e r  and beween 

The expcrimcnts 

lin a l t c rna te  control  system t h a t  i s  pa r t i cu la r ly  applicable 

t o  an in t eg ra l  external  nuclear Superheater i s  a moving-fuel system 

i n  which the  superheater region i s  moved radially with respect t o  a 

f ixed  bo i l e r  region. 

t o  heat- t ransfer  considerations, the  movement of t he  superheater does 

not change the  flow rsltc of steam coolant. 

control  system can be used as a safe ty  o r  safcty-shim system but s t i l l  

would require addi t iona l  con t ro l  t o  regulate both the bo i l e r  poircr 

output and the  shutdown safe ty  margin of the  rcactor .  

4 Since the  two rcgions are independent Sn rcgard 

This type of moving-fie1 
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/ \  5. Partial-Level Height Analysis 

The calculated values of dk/dh are systematically high by less 

The reason for this than 10 per cent compared to the measured values. 
difference is not known, although the calculation may be within the 

experimental error. The analysis of the Yankee experiment yielded 

values that were systematically low by the sane amount. The fact that 

for a particular geometric arrangement of the NUSU experiments the absolute 
value of the predicted reactivity remain constant is indicative that 

the value of the integral, 
analytically. However, the prime purpose of the &/ah analysis is to 

determine if the reflector savings of the moderated fuel region are 

being calculated with reasonable accuracy. 
recipe that is used is adequate for the present purposes, i.e., deter- 
mination of criticality, and measurements of a more detailed nature 

should be made to fully evaluate the application to small or local 
reactivity changes. 

dk/dh dh, is being properly evaluated i 
It would seem that the 

B. General Observations 

1. Amlication of Analvtical Methods to Nuclear SuDerheat I”ma1vsis 

The usual nuclear considerations of light-water boiling-water 
reactors involve total reactivity, power distributions, and stability. 

Integral nuclear superheat intoduces another variable that has to be 

satisfied - namely, the power split betwecn the boiler and supcrhcater. 
lis was show- in the analysis of the external superheater, even though 

the reactivity of thc  entire core was very close to prediction, the 

calculation of a split in total power output of the core was less accurate- 

ly described. Thus, in the design of the integral nuclear superheater, 

the lifetime of the core may not on ly  be limited by reactivity consider- 

ations but also by the ability of each of the rcgions to produce rated 

power output. 

The specialized nature of the fuel elements used in the IiTSU 

experiments precludes any generalization of these results to an ar- 

bitrary core design. However, the anelytic methods that have bcen 

developed appear to be appropriate to any light-vater reactor design @ 
, c 
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using solid-rod fucl elements. 

such as those involving annular rods, some different subroutincs will 

bc nccded to account for the resorlance cscapc and thermal utilization 

for these elements. However, it is belicvcd that such methods can bc 

incorporated into the general calculational scheme without disturbing 

the accuracy. 
of a large integral boiler-superheater reactor. Critical experi- 
ments using highly-enriched fuel show that the calculational accuracy 

is maintained at elevated temperature. To some extent, the predicted 
accuracy for an irradiated core can be considered to be outside the 
range of the cold experiments, although here, too, it is expected that 

for the appropriate thermal cross sections of the plutonium isotopes 
and fission products, similar results will be obtained. For the BONUS 

project post-construction research and development program, it is pro- 

posed that a detailed analysis be made on the operating BONUS core to 
evaluate these analytical methods under operating conditions. 

For more complex fuel-element dcsigns, 

Such calculations have been carried out in the design 
16 

6 

2. Accuracy of Analytical Methods and Determination of Core 
Composition 

If the calculations tend to undercstimatc reactivity or if there 
is more reactivity present than calculated, then a minimum of harm is 

done even though it is disturbing to have any deviation exist bctween 

theory and expcrimcnt in the determination of reactivity. 
control is not sufficient, the initial cxccss rcactivity can be reduced 
by the mechanical insertion of neutron poisons that can be withdrawn 

at some future time. On the other hand, it may not be possible to 
increase fuel enrichment or fuel content if there is not sufficient 

reactivity present. 

If the shutdown 

Uncertainties in the determination of the core composition and 

geometry serve to limit the accuracy of any corc analysis. 

experiment which would define this uncertainty would be to build a 

completely new corc to the same mechanical, fuel ,  and material 

specifications and to repeat the measurements. 

expensive to pcrform such an experirncnt. However, obscrving thc 

uncertainties of dimensions and compositions, thc probability of 

h additional 

Obviously, it is too 

J 
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achieving the s m c  results is small. It is expected that deviations of 

at least 0.5 per cent Ak would exist between two supposedly exact 
experimental arrangements and compositions. Thus, a reactor core 
design should have this mechanical and compositional uncertainty in 

mind. 

The performance of detailed analysis prior to the start of 

the critical experiments excludes any possible influence experimental 

results may have on the analysis. In this respect, there is a general 

misconception as to how the analytical methods can be altered to 

achieve agreement irith measurement. The entire averaging procedures 
that are used to determine the diffusion parameters are built into a 

machine code. The same methods are applied to every problem. H w -  

ever, the uncertainties that exist in core composition and geometry 
can significantly change the input data used to determine the diffusion 

parameters as well as to change the size of regions within the core. 

Thus, if there is a known disagreement with experiment, the analyst 
cauld rationalize vith a reasonably clear conscience that the median 
compositions and dimensions are, in fact, closer to the tolerances 

imposed on the composition and dimensions, and achieve better agreement 

vith experiment. In order to remove this source of uncertainty, it is 

essential that a reasonably high degree of exactness be applied to the 

materials and their arrangement within the core. Also, one cannot 

expect a high degree of analytical precision and understanding of the 
experiments for core configurations that contain a large number of 

undetermined heterogeneities. 

Prior to the start of a core analysis, the core dimensions 

and compositions should be well defined. However, the actual dimensions 
and compositions of materials that are inserted into the core may 

differ significantly from the median specifications used to order the 

material. 

To illustrate, the superheater coolant tubes used in the NUSU 
experiments had the following specifications and manufacturer's 

description : 

-Outside diameter, 0.833 in.; 
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-inside diameter, 0.765/0.775 in.; 
-wall, 0.029 in. 

The measured tube dinensions were the following: 

-Outside diameter, 0.8358 in.; 
-inside diameter, 0.7718 in.; 
-wall, 0.032 in. 

Thus, the specified O.029-in. wall turncd out to be 0.032 in., 
which is the dimension used in the analysis. It remains without saying 
that this is a very significant increase ovcr the nominal stainless- 

steel specification. 

The NUSU measurements have indicated that the reactivity of the 
superheater relative to the boiler is less than predicted by the 

analysis. 

steel in the superheater region than the absorption that was computed 
in the analysis, the agreement between theory and experiment would be 

exact. A chcclc of thc physical constants used for the analysis of the 
superheater region revealed that a density too low for Type 316 
stainless steel was used in the calculation; a nluc of 8.03 g/cm 
rather than 7.85 g/cm This correction accounts 

for 2 per cent additional absorption in the steel. An additional 4 
per cent absorption could be associated with the uncertainty of the 

chemical composition of the steel or the total steel content. 

If there had been 6 per cent more neutron absorption in thc 

3 
3 should have been used. 

C. Effect of NUSU Measurements on BONUS Core Design 

The comparisons of experimental and calculational results reported 

hcre have shown that the calculational methods described in Reference 1 

will calculate the reactivities and power distributions of assemblics 

similar to thc BONUS core to within the limits of uncertainty of the 
cxperimental measurcmcnts. 

the spread of tolerances on composition and configuration of the 

experimental assemblies. 

investigated more thoroughly in the BONUS critical experiments, but the 

experiments performed under the NUSU program do not indicate a need for 

These uncertainties result primarily from 

The effect of such uncertainties must bc 
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any modification of the analytical procedures that have been used in 
the BONUS core design to date (e.g. in the calculation of the reactor 
physics charactcristics given in Reference 3 ) ,  and that will be used 
for the continuation of the design analysis. 

If thc experimental uncertainties t?rc ignored and all discrcpancies 

between calculation and experiment are considcrcd, at this point, to 

reflect uncertaintics in the reactor physics design of the reactor, then 
thc current status of accuracy of that design can be assessed 

approximately as follows: 

The calculational methods prcdict reactivity of assemblies 

having charactcristics similar to the BONUS boiler region consistently, 

but give prcdictions that are low by 1% to 1.5% keff. This discrepancy 

is considered relatively unimportant becsusc it is a consistent one and 

therefore should rcprcsent only a second order discrepancy in prcdictions 

of the important reactivity changes due to such sources as the stcam 
coefficient of reactivity. 

success of the calculational techniques in predicting the reactivity 

changes caused by small experimental variations in the lattice arrangc- 

ment of the critical assemblies. 
powcr distribiJtions, both intra-cell and inter-cell, in these boiler- 

type lattices with an accuracy that is quite zdequate for design purposes. 

This assessment is strongly supported by thc 

The calculational methods prcdict 

In the boilcr-superheater combination, the calculations predict 
gross reactivitics that are somewhat closer to those mcasurcd, but the 

over-all indications of thc experimental-theoretical comparison are that 

this may be duc to a reactivity prediction for the superhcater section 
that is disproportionately high relative to thc reactivity prcdiction 
for the eoilcr section. Again, the existencc of a small gross reactivity 

discrepancy is considered rather unimportant per se; and again the 

confidence in the utility of the calculation method is strengthened by 
its success in predicting the reactivity effect of superhcatcr flooding. 
With regard to the prcdiction of power distribution, the apparent 

discrepancy in the reactivity ratio between boiler and superhcatcr 

manifests itself as a discrepancy in powcr distribution which bccomcs 
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more and more apparent as the outer cdgc of thc superheater is approachcd. 

The cxpcrimentsl configuration which shows this cffect in closcst 
relation to thc actual BONUS operating conditions is that for vrhich the 

results arc givcn in Figure 21. 

to extend the cxpcrimcntal measurements indicated on Figure 21 to give ;5 

complete experimental map of the superheater power distribution, 

comparison of this map with the calculated map shows that the 

calculation predicts a total superheater power which is about seven 

per cent too high relative to the power density near the center of the 

boiler region. The same approach shows that the calculation predicts 

a maximum/average power density in the superheater regioc ;rhich is about 

five per cent too low. 

real uncertaintites in the BONUS design, they would certainly be 

undesirable, but probably tolerable. 
program is to be conducted, these uncertainties will be greatly reduced. 

As mentioned above, it is probable that they can be accounted for by 
discrepancies between the compositions and geometries of the calculated 

and measured assemblies. If this should prove not to be the case, it 
~rould still be possible to remove a large fraction of the uncertainty by 
a simple correction factor. 

If a reasonablc interpolation is used 

If these discrepancies had to be accepted as 

Since a further extensive experimental 

The major limitations of the program to date are that the measure 
ments have been made in cold assemblies whereas the important reactor 

conditions are the hot ones, and that the measurements and analyses have 

been, on the whole, two-dimensional ones, whereas reactor performance 

is very strongly dependent on the three-dimensional behavior of the 

core when it is occupied by partially inserted control rods and a 

nonuniform distribution of steam voids. 

any reason to expect the calculations to be less accurate at high temper- 

atures, except for the "old" reactor in which plutonium isotopes become 

important. 

There does not appear to be 

The problem of three dimensions is one of complexity rather 

than one of theoretical representation. 

dimensional calculation, such as the PCQ calculation, can be used to 
give two-dimensional agreement with experiment, there is no reason to 

To the extent that a two- 
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believe that a three-dimensional calculation utilizing the same basic 

‘approach would not give equally good three-dimensional agreement. 

a practical three-dimensional code using sufficiently small lattice 
spacings is not available, the necessary three-dimensional mapping of 

power for the BONUS reactor, and the prediction of the nuclear behavior 

of the three-dimensional reactor, will depend heavily upon the BONUS 

critical experiments. 

Since 
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Figure 15. Rod-By-Rod Power Distributions f o r  One Quadrant of a 20-Assembly 
Core With 32 Fuel R o b  per Assembly 

(Average Rod Power Normalized t o  Unity) 
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Figure 17. Rod-By-Rod Power Distributions f o r  One Quadrant of a 32-Assembly 
&re With 32 Fuel R o d s  per Assembly and the Central Four Assemblies 

Possessing a Natural-Uranium Enrichment 
(Average Rod Power Normalized to Unity) 
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Figure 18. Rod-By-Rod Power Distributions for One Quadmat of the Internal 
Boiler-Superheater Arrangement With Superheater Voided 

(Average Rod Power Normalized to Unity) 
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I ~rperimental measurement. 
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Mgure 19. Rod-By-Rod Power Distributions for One Quadrant of the Internal 
Boiler-Superheater Arrangement With Superheater Flooded 

(Average Rod Power Normalized to U n i t y )  
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Figure 20. Rod-By-Rod Power Distributions f o r  0ne-Ha.U of the Internal 
Boiler-Superheater Arrangement With the Superheater Voided and Two 

0.131-in. 2-15 w t . $  B-SS Rods Between Regions 
(Average Rod Power Normalized to U n i t y )  
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I + ~ x p e r i m e n t a ~  measurement. 

Figure 21. Rod-By-Rod Power Mstributiona f o r  One-Half of the External 
Boiler-Superheater Arrangement With Superheater Voided 

(Average Rod Power Normalized t o  Unity) 
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Figure 22. Rod-By-Rod Power Distributions for One-Half of the External 
Boiler-Superheater Arrangement With Superheater Flooded 

(Average Rod Power Normalized to Unity) 
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Mgure 23. Rod-By-Rod Power Distributions f o r  O n e - W f  of the &term1 
Boiler-Superheater Arrangement With Superheater Voided and With 
Increased Water Channel Between Boiler and Superheater Region 

(Average Rod Power Normalized to Unity) 
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Figure 24. Rod-By-Rod Power Distributions for One-Half\ of the External 
Boiler-Superheater Arrangement With the Superheater Voided 
and Two O.13l-in. 2.15 w t . $  B-SS Control Rods Between Regions. 

(Average Rod Power Normalized to Unity) 
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