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ABSTRACT 

Changes i n  neutron multiplication caused by voids i n  the  i s land  
of the  HFIR have been calculated and measured experimentally. The 
r e su l t s  indicate t h a t  with only water i n i t i a l l y  i n  the  i s land  the  
maximum change i n  neutron mult ipl icat ion (%ax) associated with 
is land voids i s  0.032 with a corresponding void f rac t ion  of 70%. W i t h  
a simulated 300 g Pu t a rge t  i n  the  i s land  was 0.016, and the  cor- 
responding void f rac t ion  was 42%. 

In view of these la rge  changes i n  neutron multiplication,  calcal- 
l a t i ons  were made t o  determine what addi t ional  materials  could be used 
i n  the is land t o  reduce mmaX and what the  associated decrease i n  peak 
t h e m 1  f lux  would be. The r e s u l t s  indicated t ha t  of the mater ia ls  
considered the use af beryllium i n  the  water i s land  resul ted i n  the 
smallest decrease i n  f l u x  f o r  a specif ied m,,,. To reduce BmaX t o  
0.01 required 26% by volume of  beryllium i n  the  island; the corre- 
sponding reduction i n  thermal f lux,  as  compared t o  an a l l -water  i s l c d ,  
was about 10%. In order t o  reduce amax t o  0.01 with a 300 g Pu t a r g ~ t  
i n  the island,  the aluminum-to-water r a t i o  of the  t a rge t  had t o  be fn -  
creased from 0.54 t o  about 1.5 with an associated decrease i n  t a rge t -  
averaged thermal f lux,  a s  compared t o  t he  or ig ina l  target ,  of 17%, 
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VOID COEFFICIEXT OF RF;ACTIVITY ASSOCIATED WITH THE 
ISLAND REGION OF THE HFIR 

Introduction - 
Much of the neutron moderation in the HFIR takes place in the water 

island and beryllium reflector, resulting in the desired peak thermal 
fluxes in these two regions. To provide the necessary nonthermal leakage 
to these non-fuel-bearing regions it is necessary for the fuel region to 
be undermoderated, and as a consequence neutron multiplication is very 
sensitive to temperature and density changes of the materials in the island 
and reflector regions, Since the beryllium reflector region has consider- 
ably less water in it than the island, water density changes in the island 
have a much greater effect on reactivity.l Thus, this report will be con- 
cerned with the island region only. 

Preliminary calculations1 and experiments2 indicated that the temper- 
ature and void coefficients of the all-water island were positive for 
initial changes in density; for larger changes the coefficients became 
negative, the maximum change in reactivity being about +2.5$ with a cor- 
responding water density reduction in the island of about 50%. This 
characteristic exists, presumably, because in a sense the island is over- 
moderated (with void fractions less than about 50%)~ and because absorption 
in the water has a significant effect on the effective albedo of the island 
region. As the water density is first decreased, the decrease in absorption 
is more effective than the change in moderation. At about 50% voids the 
changes in moderation and absorption compensate for each other, and for 
larger void fractions the moderation effect is controlling. An illustration 
of this behavior for the HFIR is depicted by the calculated1 and experi- 
mental3 curves in Fig. 1 which are applicable to the case of an all-water 
island only. When the plutonium target is in the island, the maximum positive 
change in reactivity is considerably less. 

According to   tone,^ a practical HFIR control system will not be able 
to handle reactivity additions* greater than about 1$ without serious damage 
to the core. Thus, a decision was made? to investigate possible modifica- 
tio~s to the island that would limit the maximum reactivity addition associ- 
ated with island voids to about 1%. 

There appear to be two basic ways to reduce the maximum reactivity ad- 
dition attributed to voids in the island. With refeence to Fig. 1, one 
obvious, although not entirely practical, way is to include permanent voids 

* 
For the purpose of Stone's analysis it was assumed that reactivity was 

introduced corresponding to a 25 msec ramp and left in. This simulated voids 
entering the island with the coolant flow and remaining in the island, 
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i n  the island; the  other i s  t o  add a permanent absorber so t h a t  the f rac-  
t iona l  change i n  is land absorption would be l e s s  with decreasing water 
density. However, the b ig  disadvantage associated with the  singular use 
of these methods i s  a s ignif icant  decrease i n  the  peak thermal f l ux  i n  
the island. Thus the problem reduces t o  one of determining a p r a c t i c a l .  
combination of materials i n  the is land t h a t  w i l l  reduce the  posi t ive  
change i n  neutron multiplication s ign i f ican t ly  and have the l e a s t  e f f ec t  
on the peak thermal f lux.  

Materials Considered 

PlutoniumTayget. The plutonium t a rge t  being considered f o r  i r r ad i -  
a t ion  i n  the island of the  HFIR  contains i n i t i a l l y  300 g ~u~~~ ( a s  an oxide) 
dispersed i n  31 aluminum rods tha t  a re  3/8 in. i n  diameter and 20 in .  long. 
For the  purpose of t h i s  study it was assumed t h a t  these rods would be sup- 
ported i n  aluminum, s lot ted,  hexagon tubes, clustered together within a 
ta rge t  region about 4.0 in. i n  diameter, the  t o t a l  metal-to-water r a t i o  i n  
the  t a rge t  region (within the 4.0-in. diameter) being about 0.5. The 
absorption cross section used i n  the calculations f o r  the plutonium and 
subsequent heavy isotopes w a s  40 barns, a value t h a t  i s  considered t o  be 
about the  minimum f o r  normal i r rad ia t ion  of the f i r s t -cyc le  material, 

Other Island Materials. Very l i k e l y  there w i l l  be times when it i s  - 
desirable t o  replace the  plutonium ta rge t  with minute quant i t ies  of special  
materials so a s  t o  achieve the maximum possible flux. However, i f  a t  t h i s  
time it i s  deemed necessary t o  l i m i t  the  maximum reac t iv i ty  addit ion associ- 
ated with the  optimum void f ract ion t o  the same value achieved with the 
normal plutonium ta rge t ,  it w i l l  be necessary t o  add other materials t o  the  
island. If used f o r  prolonged periods, these materials must be compatible 
with wate a t  high veloci ty  (- 40 f t / s ec )  and possibly with high heat f luxes 
(- 1 x 10' ~ t u / h r - f t 2 ) .  It  i s  a l so  desirable t h a t  the materials have reason- 
ably small absorption cross sections, although the term "reasonably" cannot 
be accurately defined u n t i l  a f t e r  the  void coeff ic ient  problem has been in- 
vestigated. Materials t h a t  generally s a t i s f y  these requirements a re  aluminum, 
beryllium, zirconium, and magnesium; and since there i s  some question con- 
cerning the poss ib i l i t y  of zirconium-and magnesium-water reactions, the  
oxides of these t o metals were a l so  considered, I n  the  case of beryllium 8 the  buildup of Li was considered because of i t s  neutron poisoning e f fec t ,  

In the  calculations made t o  investigate the e f f ec t s  of the  above materi- 
als, the materials were homogenized over a cyl indr ical  region ( i n  the  center. 
of the is land)  having a 12-cm diameter (2  cm l e s s  than the island diameter) 
and a length equal t o  the active core length. 

Calculation Methods and Results 

Void coeff ic ients  i n  the island were calculated using both one-dimen- 
sional, 34-group and two-dimensional, two-group reactor  codes; fast-group 
cross sections f o r  the  two-dimensional calculations were obtained from the  



corresponding nultigroilp calculations. As shown i n  Fig. 1, ;?rzliminary 
r e su l t s  ( f a r  the case of uniform yoids i n  the is land)  indicated t h a t  the 
one-dimensional ca1~" ia t fo i l s  gave about the  same maximum change i n  n e u t r ~ n  
multiplf cation a s  tlie two-d-hensional calculatf  ons, (The two-aimensional 
calculations considered the u n i f o n  is land voids t o  be located only within 
the act ive length of t'ne core .) &en though the two metliods did not agree 
very well  on the  optimum void fract ion,  the one-dimensional calculation 
was used most extensively, with a few two-dimensional calculations being 
made f o r  spot checks, Curves similar t o  those i n  Fig. 1 kiere obtained f o r  
d i f fe ren t  volume fract ions of SerJllium, aluxdnurr,, zirconisur,, and zirconium 
oxide* i n  the water island, an2 i n  the case of -Lhe plutonium t a rge t  f o r  
plutonium loadings of zero, 200, and 300 g,  m e  resu i t s  of the former calc- 
ulat ions a re  prtsented i n  Fig, 2 as  the p e ~ c e n t  reduction i n  peak thermal 
f l u  a t t r ibu ted  t o  the change i n  is land composition vs the maximum posi t ive 
change i n  neutron multiplication achieved with t h a t  composition. Except 
f o r  t he  case where t n l e  voids were added t o  the is land the  fluxes were czlc- 
ulated f o r  zero v ~ i d s  and were compared t o  the peak tlie-rmal f lux  i n  an a l l -  
water is land with zero voids. 

The results presented i n  2 indicate t h a t  with the exception of 
t rue  voids the use of beryllium i n  +,be is land r e su l t s  i n  the l e a s t  reduction 
in  f l u  f o r  a specified maximum change i n  k, For a maximax pemiss ib l e  re -  
a c t i v i t y  additbion of 1% the  I-educticn i n  f lux  i s  about 10, 18 and 23%, 
respectively, f o r  beryllium, zirconium oxide (plus the associated aluminum), 
and aluminum. It i s  a l so  observed t h a t  more beiryllium thaE zirconium cbxiae * 
and more z i rconim oxide than aluminum on a volume basis  must be used t o  
achieve the same acceptable r eac t iv i ty  additior.. . 

The r e su l t s  of the above void coeff ic ient  calculations,  plus an e m i -  
nation of appr2priate nuclear charac te r i s t ics  of' t'ne materials concerned, 
implies t h a t  the  reduction i n  f lux  =d the mimum reac t iv i ty  additicn a re  
a simple function of t'ne moderating r a t i o  (gCS/Ca) of the mater5al.s. As 
shown in  Fig. 3 t h i s  appears t o  be the case, making it possible t c  estimate 
the  e f f ec t s  of other materials by knowing t h e i r  inoderating r a t io s ,  Using 
Fig. 3 and the  carve representing the two-dimmsional r e su l t s  fn  FPg, 2 f o r  
proper nornalization, it was estimated t h a t  f o r  a 1% mxirnum reac t lv l ty  
addition t5e  lo s s  i n  f lux  would be approximately 11, 16, and 20$, rcspec- 
t ive ly ,  f o r  beryllium containing an equilibrium m o m t  of L L ~  poiaol-r, mag- 
nesium oxide dispersed i n  and clad w i t h  a l m l n m  i n  the same propor+,icns a s  
f o r  zi-eonim oxide, and pure zirconium metal. The e q ~ i l i b r i u m  concents'atlon 
of ~i ' ' in the beryllium was estimated t o  be 1 x lom6 atoms/barx-cn. Since 
the  litlnium reaches about 90% of i t s  e q u i l i b r l m  value i n  only tei? days it 
rnust be taken in to  consideration, i f  beqll ium is  used i-n the  '131ard. f ~ x c  an 
extended perf od. 

* 
For tlie puyose  of es tabl ishing atom dens i t ies  it was assumed C,kt 

ZrQ2 would be dispersed i n  an aluninaun matrix, with Zr02 representing 80% 
of the "atoms". It was fUther  assumed t h a t  114-in.-dim rods of t h i s  
material  would be clad wit11 0 ,  GlO-in, alLminiun. 
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In  the  above calcula t ions  the  s o l i d  mater ia l  added t o  the  i s l and  was 
homogenized over a c en t r a l  cy l indr ica l  region 2 cm smaller i n  diameter 
than the  is land.  Some idea of how amax i s  af fec ted  by a change i n  t h i s  
diameter can be obtained by a comparison of one of the  above aluminum 
cases with t he  plutonium t a rge t  ca lcula t ion t h a t  had no plutonium i n  the  
aluminum t a rge t .  Figure 4 shows t h a t  f o r  26% by volume of aluminum i n  the  
i s l and  (corresponds t o  50% aluminum within the  10-cm-diam area  and 35% 
aluminum within the  12-cm-dim a rea )  a reduction i n  t a r g e t  diameter from 
12 cm t o  10 cm r e s u l t s  i n  an increase i n  Gx of 0.0009, ind ica t ing  a 
very s l i g h t  advantage i n  using a l a r g e r  t a r g e t .  

The above r e s u l t s  imply t h a t  uniformly d i s t r i bu t ed  voids a r e  worth 
more than voids grouped c losely  i n  t he  center  of the  i s l and  and br ings  up 
a question concerning the  experimental curve i n  Fig. 1. Since t h i s  curve 
was obtained by increasing the  diameter of a Styrofoam cylinder i n  the  
center  of the  is land,  it i s  reasonable t o  bel ieve  on the  ba s i s  of t he  above 
calcula t ions  t h a t  more uniformly d i s t r i bu t ed  voids would r e s u l t  i n  l a r g e r  
changes i n  neutron mul t ip l ica t ion,  This p o s s i b i l i t y  w a s  s tudied ana ly t i c a l l y  
and a l s o  experimentally t o  some ex ten t .  The calculations1 indicated t h a t  the  
amax achieved with an optimum cy l i nd r i ca l  void (- 40% i s l and  void) was some- 
what l e s s  than achieved with an optimum uniform void f r ac t i on  (- 45% i s l and  
void).  The same r e s u l t  appears t o  have been obtained i n  the  HFIR c r i t i c a l  
experiments when void coe f f i c i en t s  were measured with the  cen t r a l l y  located 
Styrofoam cylinder ( r e f e r  t o  Fig. 1) and with cen t r a l l y  grouped a i r - f i l l e d  
polystyrene tubes. In  t he  l a t t e r  case t he  voids were more uniformly d i s t r i b -  
uted, and a s  indicated i n  Ref. 3 the void coef f i c ien t  appeared t o  be s l i g h t l y  
g rea te r  than f o r  t he  Styrofoam over the  range of zero t o  40% voids covered 
with the  a i r - f i l l e d  tubes*, Similar  r e s u l t s  were obtained when t he  uniformity 
of the  voids was ncreased by d r i l l i n g  longi tudinal  holes i n  a complete 
Styrofoam island.b In  t h i s  case the  f u l l  range of void f r ac t i ons  was covered, 
and the  r e s u l t s  indicated a s l i g h t l y  l a r g e r  %ax f o r  more uniformly d i s t r i b -  
uted voids. 

One poss ible  reason why the  di f ferences  i n  %ax noted above a r e  so 
small i s  t h a t  t he  corresponding volume f r ac t i on  i s  s u f f i c i e n t l y  l a rge  
(- 70%) t h a t  the  physical  d i f ference between uniform and non-uniform voids 
i s  small. Thus the  p a r t i c u l a r  loca t ion  and shape of the  optimum void with- 
i n  the  i s l and  should not  be very important, and the  value of &,,, given 
i n  Fig. 1 should be e s s e n t i a l l y  t he  maximum a t ta inab le .  

Results from the  void coef f i c ien t  ca lcula t ions  and from experiments 
t h a t  included the  plutonium t a r g e t  i n  the i s l and  a r e  presented i n  Fig. 5. 
The calcula ted curves ind ica te  t h a t  the  maximum change i n  k i s  not  very 
dependent on the  small amounts of plutonium present  i n  the  t a r g e t  and i s  
equal t o  about 0.015 with an optimum void f r ac t i on  i n  the  i s l and  of 34%. 
The experimental r e s u l t s  were obtained from an experiment t h a t  employed an 

* 
Magnuson7 po in t s  out  t h a t  the  differences he reported might a c tua l l y  

be within experimental tolerances.  
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i s land target*  t h a t  was essen t ia l ly  the  same a s  t h a t  calculated except 
f o r  the presence of a t h in  aluminum can t h a t  was used during the  experi- 
ments f o r  containing the  voids. Using the  aluminum curve i n  Fig. 2 t o  
correct  f o r  the presence of t h i s  can, the corrected "experimental" value 
of hax was 0.016. 

I f  it i s  eventually decided t h a t  the  probable frequency of occurrence 
of the optimum t a rge t  void i n  a manner s imilar  t o  t h a t  described e a r l i e r  
i n  t h i s  report  i s  such t o  necess i ta te  a lower l i m i t  on Lkma,, then more 
aluminum should be added t o  the  ta rge t .  Using the aluminum curves i n  Fig. 
4, it i s  estimated t h a t  increasing the  metal-to-water r a t i o  of the t a r g e t  
from 0.54 t o  about 1.5 would reduce ha, t o  0.010, and a s  shown i n  Fig. 6 
would reduce the average f l ux  i n  the  300 g t a rge t  by about 17%. 

x. 
The t a rge t  used i n  the  c r i t i c a l  experiment was s l i g h t l y  d i f f e r en t  

than the  calculated targek i n  t h a t  it had a 40$ grea te r  absorption cross 
section and a l so  had a f i s s ion  cross sect ion ( z ~ v )  of about 9.3 cm2. In  
view of the  calculated r e su l t s  i n  Fig. 2 it i s  not ant ic ipated t h a t  the  
difference i n  t a rge t s  i s  s ignif icant .  
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