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ABSTRACT 

Changes in neutron multiplication caused by voids in the island 
of the HFIR have been calculated and measured experimentally. 
results indicate that with only water initially in the island the 
maximum change in neutron multiplication (%ax) associated with 
island voids is 0.032 with a corresponding void fraction of 70%. 
a simulated 300 g Pu target in th"e island &ma, was 0.016, and the cor- 
responding void fraction was 42%. 

The 

With 

In view of these large changes in neutron multiplication, caleu- 
lations were made to determjne what additional materials ccdd be used 
in the island to reduce &ma, and what the associated decrease in peak 
thermal flux would be. The results indicated that of the materials 
considered the use of beryllium in the water island resulted in the 
smallest decrease in flux for a specified Lkmaar. To reduce 
0.01 required 26$ by volume of beryllium in the island; the corre- 
sponding reduction in thermal flux, as compared to an all-waeer isLacdJ 
was about 10%. In order to reduce C$rmax to 0.01 with a 3OG g Pu target; 
in the island, the alwninuq-to-water ratio of the target had to be in-- 
creased from 0.54 to about le? with an associated decrease in target- 
averaged thermal flux, as compared to the original target, of lT%* 

to 
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VOID COEFFICILENT OF REACTIWIm ASSOCIATED WITH THE 
ISLAND REGION OF THE HFIR 

Introduction 

c 

Much of the neutron moderation in  the KFIR takes place i n  the water 
is land and beryllium ref lec tor ,  resu l t ing  i n  the desired peak thermal 
fluxes i n  these two regions. 
t o  these non-fuel-bearing regions it i s  necessary f o r  the f u e l  region t o  
be undermoderated, and as a consequence neutron multiplication i s  very 
sens i t ive  t o  temperature and density changes of the materials i n  the is land 
and r e f l ec to r  regions. Since the beryllium re f l ec to r  region has consider- 
ably l e s s  water i n  it than the  island, water density changes i n  the is land 
have a much greater  e f f ec t  on r eac t iv i ty . l  Thus, t h i s  report w i l l  be con- 
cerned w i t h  the island region only. 

Preliminary calculations' and experiments2 indicated that the temper- 
a ture  and void coeff ic ients  of the  all-water is land were posi t ive f o r  
i n i t i a l  changes in  density; f o r  l a rge r  changes the coeff ic ients  became 
negative, the maximum change i n  r eac t iv i ty  being about +2.5'$ with a cor- 
responding water density reduction i n  the is land of about 50%. 
charac te r i s t ic  ex is t s ,  presumably, because in  a sense the i s land  i s  over- 
moderated (with void f rac t ions  l e s s  than about 50$) ,  and because absorption 
i n  the water has a s igni f icant  e f f ec t  on the effect ive albedo of the i s land  
region. A s  the water density i s  first decreased, the decrease in  absorption 
i s  more e f fec t ive  than the change i n  moderation. A t  about 50% voids the 
changes i n  moderation and absorption compensate f o r  each other, and f o r  
l a rge r  void f rac t ions  the moderation e f f ec t  i s  controll ing.  
of this behavior f o r  the  HFIR i s  depicted by the calculated' and experi- 
mental3 curves i n  Fig. 1 which axe applicable t o  the case of an all-water 
island only. 
change i n  r eac t iv i ty  i s  considerably less. 

To provide the necessary n o n t h e m l  leakage 

This 

An i l l u s t r a t i o n  

When the  plutonium t a rge t  i s  i n  the island, the maximum posi t ive 

According t o  Stoneg4 a p rac t i ca l  HFIR control system will not  be able 

Thus, a decision w a s  made? t o  invest igate  possible modffica- 
t o  handle r eac t iv i ty  additions* greater  than about l$ without, serious damage 
t o  the core, 
t ions  t e  the is land t h a t  would l i m i t  the  maximum reac t iv i ty  addition assaci- 
ated w i t h  i s land voids t o  about I$, 

There appear t o  be two basic ways t o  reduce the maximum reac t iv i ty  ad- 
d i t i on  a t t r i bu ted  t o  voids i n  the island. With refefince t o  Fig. 1, one 
obvious, although not e n t i r e l y  prac t ica l ,  way i s  t o  include permanent voids 

* 
For the  purpose of 

introduced corresponding 
entering the island w i t h  

Stone's analysis  it was assumed that r eac t iv i ty  was 
t o  a 25 msec ramp and l e f t  in. This simulated voids 
the coolant flow and remaining i n  the  island, 

3 445b 0548544 5 
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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 i ona l  change i n  i s land  absorption would be less w i t h  decreasing water 
density. However, the big disadvarltage associated w i t h  the singular use 
of these methods i s  a s igni f icant  decrease i n  the peak thermal f lux  in  
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 that w i l l .  reduce the posi t ive 
change in  neutron multiplication s igni f icant ly  and have the l e a s t  e f f ec t  
on the peak thermal flux. 

Materials Considered 

Plutonium Target. The plutonium t a rge t  being considered f o r  i r r a d i -  
a t ion  in  the is land of the  HFIR contains i n i t i a l l y  300 g Pu242 (as an oxide) 
dispersed i n  31 aluminum rods that a re  3/8 in,, i n  diameter and 20 in .  long, 
For the  purpose of this  study it w a s  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 O e 5 *  
absorption cross section used i n  the calculations f o r  the plutonium and 
subsequent heavy isotopes w a s  40 barns, a value that i s  considered t o  be 
about the m i n i m u m  fo r  normal i r rad ia t ion  of the f i r s t - cyc le  material. 

The 

- 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 as t o  achieve the m a x i m u m  possible flux. 
time it i s  deemed necessary t o  l i m i t  the  maximum r eac t iv i ty  addition associ- 
a ted with the optimum void fract ion t o  the same value achieved w i t h  the 
normal plutonium target ,  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 
w i t h  wate 
(- 1 x 18 Btu/hr-ft2). It i s  a l so  desirable that  the materials have reason- 
ably small. absorption cross sections,  although the term "reasonably" cannot 
be accurately defined until  a f t e r  the  void coeff ic ient  problem has been in- 
vestigated. 
beryllium, zirconium, and magnesium; and since there i s  some question con- 
cerning the poss ib i l i t y  off zirconium-and magnesium-water reactions, the 
oxides of  these t o metals were also considered, I n  the case of beryllium 
the bufldup of Liz  w a s  considered because of i t s  neutron poisoning ef fec t .  

However, i f  a t  t h i s  

a t  high veloci ty  ( m  40 f t / s ec )  and possibly w i t h  high heat  f luxes 

Materials t h a t  generally s a t i s f y  these requirements a re  alumin.m, 

In  t he  calculations made t o  invest igate  the e f f ec t s  of  the above materf- 
a l s ,  the materials were homogenized over a cylindrical. region ( i n  the center 
of the island) having a 12-cm diameter ( 2  cm l e s s  than the is land diameter) 
and a length equal t o  the act ive core length. 

Calculation Methods and Results 

Void coeff ic ients  i n  the is land were c a l c a a t e d  using both one-dimen- 
sional, 34-group and two-dimensional, two-group reactor  codes; fast-group 
cross sections f o r  t he  two-dimensional. calctilations were obtained from the 
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corresponding multigrolip c%lev;Lations, A s  shown i n  Fig. 1, pzzliminary 
r e s u l t s  ( f m  the case of uniform mids i n  the is land)  indicated that tne  
one-dimensional calculations gave about the 5 a e  maximum change i n  neu t rm 
mult ipl icat ion as the  two-d-bensionaL caliculat',ons 
calculations considered the m i f o m  is land voids t o  be located only within 
the act ive length of the core.) Eke9 though the  tm methods did not agree 
very well  on the  optimum void fractLon, the one-dimensional calculat ion 
was used most extensively, with a few two-dimensional calculat ions being 
made f o r  spot; checks. 
d i f fe ren t  volume f rac t ions  of berJlliun?, aluminum, zirconium, and z i r con im 
oxide* i n  the water islaad, an2 i n  the case of the plutonimi t a rge t  f o r  
plutonium loadings of zero3 200, and 300 g. 
ulat ions are presented i n  2Yg. 2 as the p e x e n t  reduction i n  peak thermal 
f lux  a t t r i bu ted  t o  the change in is land composition vs t'ne maximum posi t ive 
change i n  neutron mult ipl icat ioa achieved with t h a t  composition. 
f o r  t he  case where t r u e  voids were added t o  the i s land  the  fiuxes were c&c- 
d a t e d  f o r  zero v3ids a3d w 
water i s land  with zero voik- 

(The two-Ciimensioral 

Curves simLl_ar t o  those i n  Fig, 1 were obtained f o r  

The r e s u i t s  of the  former calc- 

Excep-b 

caqa-red t o  Yne peak thermal f lux  i n  an a l l -  

The r e s u l t s  presented i n  Fig, 2 indicate  that w i t h  the exceptio3 of 
t r u e  voids the use of beryllium i n  ",e is land r e s u l t s  i n  the least reduction 
i n  f l u x  f o r  a specifieC maximux chmge i n  k. For a maxim;l;n permissible re- 
a c t i v i t y  addition of 1% the  reduc%.cn ia  f l u x  i s  about 10, 18 and 23$, 
respectively,  f o r  beryllium, zirconium oxide (plus the asseciated aluminum) 
and aluminum. 
and more zirconium oxide than aluminum on a volume bas i s  must be used t o  
achieve the same acceptable r eac t iv i ty  additior,. 

It i s  a l s o  observed that more beryllium thar, zirconium oxide 7 

The r e s u l t s  of the above void coefficient,  calculations,  plus an exami- 
nation of appropriate nucleer charac te r i s t ics  of the materials concerned, 
implies that  the  reduction i n  flux and the  maximum reast ivi t - j  addi t icn a r e  
a simple function of the maderating r a t i o  ( gC,/Ca) of the materials,  
shown i n  Fig, 3 t h i s  appears t o  be the case, making it possible t o  estimate 
the  e f f e c t s  o f  other materials b y  knowing t h e i r  moderating r a t io s ,  
Fig. 3 and the  curve representing the two-dimensional r e s u l t s  i n  Fig, 2 f o r  
proper norrnalizatim, it was estimated t h a t  for a 1% maxirnum zeac t lvf ty  
addi t io3 the loss i n  f l u x  wou2.d be approximately 11, 16, and 2076, rzspec- 
t ive ly ,  f o r  beryllium contaigicg an eqigilibrium amomt of Li6 ~ ~ T E S O R ,  mag- 
nesium oxide dispersed i n  and clad with alumlnm i n  the  same proporticns a s  
f o r  z&rconiaun oxide, and prrre zirconium metal, 
of Li i n  the beryLlium was estimated t o  be 1 x LOm6 atoms/bars-cn. Since 
the l i t h i u m  reaches about 90% of its equilibrium value i n  only t en  days f t  
must be taken in to  consideration, i f  beryllium i s  used in the  ialacd f w  a1 
extended period. 

A s  

Using 

The eqv.ilibrium caiicsentzaticm 

* 
For the purpose of es tabl ishing atom dens i t ies  it was assumed *,hat 

Zrg2 would be dispersed i n  an aluainiun matrix, with ZrQ2 representing 8G$ 
of the  llatoms". 
material  would be clad w i t h  0 010- i n  almainiun. 

It 'was f-e-ther assmred t h a t  1/4-ine-diam rads of th i s  
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In the above calculations the so l id  material added t o  the is land w a s  
homogenized over a central  cyl indrical  region 2 cm smaller i n  diameter 
than the island. Some idea of how Lkmx i s  affected by a change i n  t h i s  
diameter can be obtained by a comparison of one of the above aluminum 
cases with the plutonium ta rge t  calculation t h a t  had no plutonium i n  the 
aluminum targe t .  Figure 4 shows that f o r  26% by volume of aluminum i n  the 
is land (corresponds t o  50$ aluminum within the 10-cm-diam area and 35% 
aluminum within the 12-cm-dim area)  a reduction i n  ta rge t  diameter from 
12 cm t o  10 cm results i n  an increase i n  %ax of O.OOO9, indicating a 
very s l i g h t  advantage i n  using a la rger  ta rge t .  

The above results imply t h a t  uniformly d is t r ibu ted  voids are worth 
more than voids grouped closely i n  the center of the is land and brings up 
a question concerning the experimental curve i n  Fig. 1, Since t h i s  curve 
w a s  obtained by increasing the  diameter of a Styrofoam cylinder i n  the 
center of the island, it i s  reasonable t o  believe on the bas i s  of the  above 
calculations t h a t  more uniformly d is t r ibu ted  voids would r e su l t  i n  la rger  
changes i n  neutron multiplication. This poss ib i l i t y  was studied ana ly t ica l ly  
and also experimentally t o  some extent,  The calculations1 indicated that  the 
&ma, achieved with an optimum cyl indrical  void (- 40% is land void) w a s  some- 
what l e s s  than achieved with an optimum uniform void fract ion (- 45% island 
void), The same result appears t o  have been obtained i n  the HFIR c r i t i c a l  
experiments when void coeff ic ients  were measured with the  cent ra l ly  located 
Styrofoam cylinder ( r e f e r  t o  Fig. 1) and with cent ra l ly  grouped a i r - f i l l e d  
polystyrene tubes. In the l a t t e r  case the voids were more uniformly d i s t r i b -  
uted, and a s  indicated i n  R e f .  3 the void coeff ic ient  appeared t o  be s l i g h t l y  
greater  than f o r  the 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 su l t s  were obtained when the uniformity 
of the  voids w a s  ncreased by d r i l l i n g  longitudinal holes i n  a complete 
Styrofoam island.& I n  t h i s  case the full range of void fract ions w a s  covered, 
and the results indicated a s l igh t ly  la rger  ha, f o r  more uniformly d i s t r ib -  
uted voids. 

One possible reason why the  differences i n  Lkmax noted above are so 
small i s  t h a t  the corresponding volume f rac t ion  i s  suf f ic ien t ly  large 
( -  70%) that the physical difference between uniform and non-uniform voids 
i s  s m a l l .  Thus the par t icu lar  location and shape of the optimum void w i t h -  
i n  the is land should not be very important, and the value of &ma, given 
i n  Fig, 1 should be essent ia l ly  the maximum at ta inable .  

Results from the void coeff ic ient  calculations and from experiments 
that included the plutonium t a rge t  i n  the is land a re  presented i n  Fig. 5 .  
The calculated curves indicate  that the maximum change i n  k i s  not very 
dependent on the small amounts of plutonium present i n  the  ta rge t  and i s  
equal t o  about O,Ol5 with an optimum void f rac t ion  i n  the island of 34%. 
The experimental resu l t s  were obtained from an experiment t h a t  employed an 

* 
Magnuson7 points  out t h a t  the  differences he reported might actual ly  

be within experimental tolerances. 

r 
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is land target* t h a t  w a s  essent ia l ly  the same as tha t  calculated except 
for the  presence of  a t h in  aluminum can t h a t  w a s  used during the experi- 
ments for containing the voids. Using the aluminum curve i n  Fig. 2 t o  
correct fo r  the presence of th i s  can, the corrected "experimental" value 
of hax w a s  0.016 

If it i s  eventually decided that the probable frequency of occurrence 
of the optimum ta rge t  void i n  a mnner  similar t o  t h a t  described e a r l i e r  
i n  th i s  report  i s  such t o  necessi ta te  a lower l i m i t  on Akmax, then more 
aluminum should be added t o  the target .  Using the aluminum curves i n  Fig. 
4, it i s  estimated that increasing the metal-to-water r a t i o  of the t a rge t  
from 0.54 t o  about l*5 would reduce hax t o  0.010, and as shown i n  Fig. 6 
would reduce the average f lux  i n  the  300 g t a rge t  by about 17%. 

. 

* 
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 fe ren t  

than the  calculated targek i n  that it had a 40$ greater  absorption cross 
section and a l so  had a f i s s ion  cross section (CfV) 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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