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OF A NU(=fiBAR FEWTOR 

By B. M. Rosenbaum and G. Allen 

General  procedures for computing internal  pressures  in fuel tubes 
of nuclear  reactors are described.and  the  effects on the pressure of 
varglng neutron flux, fissioning  material, and operating  temperature 
are discussed. A general proof is g€ven that during pfle  operation each 
fission product is monotonically  increasing and therefore a mximum 
amount of a l l  elements is present at the time of shutdown.  The post- 
shutdam build-up of elements that are held i n  check during pi l e  oper- 
ation  becawe of their inordinately Ugh capture  cross  ,sections is 

2 3 .  calculated  quantitatively. An account of chemical interactions between 
u the many fission-product  elements and the resulting effect on the t o t a l  

pressure completes the  discussion. 

The general methods are illustrated by calculations  applied t o  a 
system consisting of 90 percent  enriched 1~235 i n  the form of 002. 
packed into a hollow metal cylinder or npin",  operating at a flux of 
8 X l O l 4  at 2oOo0 F. Calculstions of the pressure  inside a gin  are msde 
with and  without a sodim metal heat-transfer additive. The bulk of 
the  pressure i e  shown to depend on the four elements, xenon, -ton, 
rubidium, and cesium; the amount of ATee omen ,  hawever, was also 
significant. For a shut- time of 106 seconds, the  pressure was 
about 100 atmospheres. 

In some reactors of interest  for power production, the $35 is 
tu the form of a powder contained  within a sealed chsniber and it is 
anticipated that a -large part of the gases generated during f iss ion 
will collect in the c-er and exert consiilerable pressure on the 
cbauiber walls. The pressure may be sufficient under some conditions to 
break the chsniber walls. In order t o  provide some background fo r  fuel- 
tube  design, an analysis of the  factors  contributing  to  internal  pressure 
in the fuel tubes of nuclear  reactors has therefore been made at the 
NACA Lewis 18boratory and is  presented  herein. 
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The problem  is  very cqlicated and it  is  convenient  to break urp 
the  calculations  in  the  following manner in  this  report: 

I. Calculrttion of Nhiber of Atoms of Fission-Product Elements 

(b) Period FollaKfng Pile Shutdown 

11. C81CLdAtiOn of Pressure 

(a)  Calculations of Chemical  Composition 

(b) Calculation of Pressure  Contributions of Compounds 

The  considerations  in  part I are  entirely  physical  and  result  in  a 
determination of the  quantity of each and  every  mater€al In the  system 
at  every  instant of time. In addition to the  fission  products, all 
other  substances  present in the  syetem  such as heat-transfer  additives 
are  included. 

Part I1 involves  chemical as w e l l .  as physical comlputations, one of 
the  =in  aspects  being a consideration of the c+micsl reactions occurr- 
ing am on^ the  elements in part I at the operatflrg texqerature  (or,  after 
p i l e  shutdown,  at  temperatures  below  operating  teprperature). This con- 
sideration  is of the  utmost iqortance because  it'.is  the  equilibrium 
coqosition of the mixture,  not the free element,  which  determines  the 
pressure. 

Following an analysis  based on the aforementioned  general  conaider- 
ations, an example  illustrating  the  method  is  presented. In the example, 
actual  calculations  are  made of the  pressure on the  inside of a small 
hollow  cylinder (or pin as it will be called)  packed  with 90 percent 
enriched U235 in  the form of U02. The operating;  temperature is taken 
as 2000° F and  calculations  are  made  both  with  and  without  liquid  eodium 
metal in  the  fuel  pin as E heat-transfer  material. 

SYMBOLS . 
The f ollowlng symbols are  used in this  report: 

s, 

free  energy of format ion (kcal/mol) 

aH change in enthalpy (kcal/mol) 

. 

"PA moles of gaseous  fission  product 
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N 

0- 
6 

nzrmber of fissions per second 

n-er of atoms of nth daughter 

n M e r  of atoms of nth damter, nth daughter m o a c t i v 9  

nmiber of atoms of nth daughter, nth daughter stable 

thermal nuetron flux e e r  of n e ~ t m x . ~ ~  

pressure of gaseous f iss ion product 

universal gas conetaut (1.986 csl /mol  ( O K ) )  

change i n  entropy (~al/mol (OK) ) 

operating temperature (OK) 

boiling  point (OK) 

time (sec) 

variable of integration 

f iss ion *el&, rimer of atom of nth daughter formed per 

( Cm2S€X 1 

f iss ion 

decay constant of nth hughter (eec-’) 

neutron  capture cross section of nth daughter 

m.AZYSIS 

Calculation of Nunger of Atoms of Fission-Product Elements 

(a) P i l e  Operation Period 

The equations and the cslculations erqloyed i n  this section are 
w e l l  known and the   nWer  of atoms of each f iss ion product at any time t 
during p i l e  operation may be easily  6etemined provided that sufficient 
data on the quantitative chemical analysis of the f iss ion products are 
available. Such data exist for U235 fission  (references 1 and 2) and 
f o r  five  other  nuclear fuels (reference 3). 

The nmiber of atma of a fission product  isotope is even  by 
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where 

N nuniber of atoms of isotope 

n designates  generation of daughters 

i  chain considered 

m total nuniber of chains wMch give rise to B 

The deffning equation for  Nnyi is: 

where 

t time 

Nf nuther of fissions per second 

Y yield, nuuiber of at- formed per fission 

h decay  constant 

ac thermal  neutron capture cross ljection (ne:Eon) 

The  solution  to  this  equation may be written 

F(t’) dtt 

where 

Wherever  multiple  parents or daughters  exiet, the  chain may be 
split up into subcha.ins, each of which  are  completely  described by 
equations  (2) and (3). 

The nth daughter of the  chain may be either radioactive,  where- 
q o n  it h a y s  t o  the ( ~ 1 ) ” ~  daughter of the chain; or etable 

. 
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(%,I = 0), whereupon it is  the last daughter of the chain. Also, 
Ucn,ifnv) may be neglected in   abtost  a l l  cases. With this a s s ~ ~ ~ ~ p t i o n ,  

equation (3) may be written as 

eu e 
0 or 

J O  

where the  subscripts r and s designate radioactive and stable 
isotopes,  respectively. 

A t  th i s  point, it is worthwhile t o  note: 

(1) The expressions f o r  every Hn, 1, whether stable or  radioactive, 
a l l  contain IQ as  a mltipl icat ive  factor .  As a consequence, the 
n-er of atoms of each fission product i s  directly  proportional  to ITf 

with one exception. This exception occurs when the (nv)ucn term may 
not  be  neglected, inasmuch as (nv) effects changes in the  equation  for 
Xn,L other than as a simple multiplication  factor. 

(2) It i s  shown i n  appendix A that, while the reactor i s  oparating, 
the u&er of atoms of every fission product  increases monotonically, 
becoming- 8 maximum at shutdawn. Therefore, the maximum zluniber wtthin the 
pin will be developed either a t  the moment of shutdown or a t  some time 
during the shutdown period. Since the assmption will be made that the 
pressure is  proporttonal t o  the n&er of  atoms, calculation of the 
numbers at shutdown time will suffice for obtaining a mximum during p i l e  
operation. 

In order t o  summarize the previous results, the method of calculating 
the number of atoms of an isotope i n  the cme *re ucn,i(nv) is  
negligible follows: 

First,  an  explicit  earession  for  an  isotope formed only  by direct  
fission is obtained. Here the Nn-l term in the  integrand is  
missing. If this isotope -is stable, equation (3.2) yields the value of 
the rimer of atoms of this  isotope at any time t. If this 
isotope 2s radioactive, it will be the  parent of a radioactive  series 
and the number of atoms H0,r of this  isotope is given by use of 
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equation (3.1). To find the nunib??, of atom of daughter B1, either 
equation (3.1) or (3.2) is  used,  depending on whether  the  first  daughter 
is  radioactive or stable. The  expression found for No,r corresponds 
to mn-l,r in  arriving  at 8 relation for MI. Thie  process  is  repeated 
until  the  last Uotope of the  radioactive  chain  is  reached,  which is 
necessarily  stable. 

(b) Pile  ShutaOwn Period 

During  the  pile  shutdown  period  there  is  zero (nv) and therefore 
no more fission takes place and  the nuder of atoms is governed by the 
ordinary laws of radioactive decay. AII equation of sufficient  generality 
to cover this  situation  is 

which  is  merely a modification of equation (2). If shutdown time is 
taken as zero, the  solution to this  equation is given by 

rider of atoms of nth  daughter of chain present in  pin  at 
time  t  after  shutdown 

time  after  shutdown 

number of atoms of nth  daughter of chain present  in pin at 
time  ts Of Shutdm 

Proceeding a~ was done in  the  pile.aperation period,  equation (3a) 
takes on two forms and  notation  similar  to  that  employed  in 
equations (3.1) 8nd (3.2) is employed to differentiate  the  two forms: 

and 

. 

(u 
0 
dr 
(u 
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Equations ( 3 . h )  and (3.28) are used like equations (3.1) and (3.2) 
t o  obtain values of Nn for  any element of a given radioactive chain at 
any time t af te r   p i le  shutdawn. 

11. Calculation of Pressure 

(a) Calculations of Chemfcal Composition 
Q 
rir 
F 

The problem,of  determining the chemical  composition of the mixture 
of fission products at high t q e r s t u r e s  is  very complicated and perhaps 
iwossible at  this time. In order to obtain  reasomble results, simplify- 
ing assumptions must be made. The assumptions wbich will be  used herein 
are  described i n  the following two caseq: 

(1) As a zeroth Etpproximation, the case of no chemical interactions 
of any kind may be assumed.  The calculations f o r  this case merely involve 
adding up all the n d e r s  of atoms of each isotope found i n  part I t o  get 
the nutiber of atoms of element concerned. Each element i s  then assumed to 
remain in u n c d i n e d  form. This includes any oxygen released from U02 
fission  or any possible alkali metal used as a heat-transfer medium. It 
is  obvious that this case leads to a high nmsximum for the  pressure. 

(2) The following aBsumptions lead to a more rea l i s t ic  approximation: 

( a )  The chemical reactions that take p a c e  are $hose e t h  most 
favorable  free  energies  leading to the fornration of simgle  two-elemnt 
compounds that are chedcally stable at the  operating temperature. 

(b) A l l  reactfons take phce   un t i l   the  supply of one of the 
reacting elements is exhausted. 

When e q l i c i t  data axe available, the  free energy of forreatton wfll 
be approximated by 

where 

AF f ree  energy of formation 

m298 heat of formstion at 298' K 

T operating temperature ( s l )  

AS298 entropy of formstion at 298O K ( c a l m )  

A l l  reactions f o r  which lLF1 is less than 10 will be  neglected. 
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The calculations of chemfcal  composition  are  the ~ a m e  for pile 
operation as for  period following shutdown  except  that  the drop in tem- 
perature in the  shutdown  period  must be considered. In practice, this 
modification  is  relatively  unimportant and the  composition at the  higher 
temperature may be assumed throughout. 

. 

(b)  Calculation of Preseure  Contributions of Compounds 

The assumption  is made that  the  pressure, like the  number of atam 
of fission-product  isotope,  increases  monotonically  during the operating 
period.  Actually,  because of the  different  rates of formstion of various - 0  hl 
elements,  the  possibility of a pressure peak exists.  However,  this  seems 4 
unlikely. 

N 

In calculating  the  pressure  exerted br those  substances  that c8u be 
considered  gases,  the  sssumption is made that the gases  act in accordance 
with the ideal gas l a w  

pv = R!r 

where 

p  pressure 

V free volume 

R universal gas constant 

T aperating  temperature (W) 
The pressure  contributions of liquids or solids will be computed 

from Clapeyron's  equation, Trouton's rule  being  used  to estirmte AE 
when necessary. 

The calculations will be the stme far the pile-operating period 
as for period following pile  shutdown  except  that the drop in t-era- 
ture during the shutdown  period  is  very  inqortant and effects 8 con- 
siderable  pressure  reduction. 

Division of the problem in the  predescribed mnner is useful 
pedagogically  because the lines of thought  in  the two sections of 
Section I, are  identical,  whereas  the  coneiderations Involvedin 
Section 11, are  of an entirely  different  nature.  However,  the 
analysis of part I1 will almost always show  that a relatively 61.~~11 
number of elements  are  responsible  for  the  pressure. For this  reason, 
the  coulputations will be shortened  if  the  calculations of pile- 
operation  period are carried  out  completely and then the  pile shutdown 
calculations  gerformed. !I?hus, the  order of computation is: (1) Part I 

. 
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(2) P a r t  II(a) and (b)  applied to   I ( a ) ;  (3) part  I(b); 4 part  =(a) and 
(b) applied t o  I(b). 

The exsmple which follows illustrates this  point well. 

EXAMPLE OF C A L C W I O N  OF PRESSURE 

Consider a pin containing 90 percent  enriched U235 as fue l   in   the  
form of UO2. The internal  operating temperature is 2000° F, (nv) = 
8X101*, I?f 51 7.37X1&3, and there remains 0.0638-cubic-centimeter f ree  
volume in each pin  af ter  loading it with 0.447 gram UO2 and 0.538 g r a m  
of a heat-transfer  material (liquid sodiummetal). Shutdown time is 
I O 6  seconds. What is the maximum internal  pressure developed? 

I n  CslculEtting the amount of each fission product,  references 1, 2, 
and 3 were consulted. The theoretical e e r  of atoms produced per 
fission should  be  very close t o  2.00 assuming two large fragments per 
fission. On page 2437 of reference I, there i s  a graph of percentage of 

the experimental  points and the area under this curve is  197 percent, 
indicating good agreement with the  theoretical value of 200 percent. 
However, addition of all the experimental points  mer 0.1 percent yields 

cent on the curve had not been reported as found. Several of theee 
missing points w e r e  subsequently  reported i n  references 2 and 3. Addition 
of all the points listed In reference 2 yields  the  value 166 percent  but 
nrany of the  points are theoretical. The latest available data (refer- 
ence 3) hsve only 129 percent l i s t ed  f o r  experimentally  determined 
fission proaucts. 

- fission yield against ~ & S S  nuiber. A smooth curve hss been drawn through 

Z! u ll6.88  percent, which i s  much too low. Many -88 nunibere- above 0.1 per- 

A l l  the  additional  reported  points l i e  very  close to the curve. 
Thus, the  idea of assuming that the ~ S B  n d e r s  not yet reported a l e 0  
l i e  on the  curve  and  contribute t o  the nuuiber of atoms i n  the  proportion 
indicated is  a temptatfon. If the -sing points are added (using  the 
revised curve on p. 2007 of reference 3) the total is 191.3 percent *ich 
is very  close to  the  theoretical value. A t  least ,  adding these  points is 
more reasonable than assumfng that all the mass nunibere were reported  too 
low in   the   ra t io  1.66/2.00 (or 1.29/2.00) and correcting  the results by 
multiplying  every  value by 2.00/1.66 (or 2.00/1.29). 

The known isotopes of the missing ZP&SS numbers were investigated 
with the  aid of reference 4 and the following conclusions  regsrding them 
were drawn: 

There is a possibility of about 0 .3Xl0l8 atom of Xe128 and 

menibers 128 and 130 became xenon gas and are  thus mxim. 
1.55X1018 atoms of These numbers  assume that all the missing 
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In view of the  lack of  any  more  data,  the  proper  assumption to 
be made  here  is  that  the  estimates of fission  yield  are all too low and 
are to  be multiplied by the  factor 2.00/1.91 or 1.045. 

This procedure of filling  in  the missing points on the  curve to 
determine  the  total  nmiber of all the  atoms  is  the  accepted one at 
present  (reference 5) . 

Unfortunately,  reference 3 was published  after  all  the  computations 
had  been  completed.  Therefore,  the  values  given in tables I, II, and IV 
are  those  based on the  data  in  reference 2, and  have not been  corrected 
by the  factor 1.045. Comparison  with  the  data  in  reference 3 indicates 
that  it would  not be profitable  to  recalculate  the values in these 
tables.  (See the last  page of appendix B). 

The one  instance fo r  which (nv)ac  becomes  appreciable  occurs  for 
Xe135  whose thermal cross section  for  capture  at  this  temgerature  is 
sbout 1X106 barns. (reference 6). Calculations  based on 8 value of 
3nO6 barns  were made since  that was the only value available at the 
time. As is shown  in  table I., Xe135  actually forme a negligible 
portion of the  total amount of xenon gas; therefore  the  consideration 
regarding  the  (nv)bc  term may be totally  neglected i n  this example. 

Details of calculstians of typical  values of the nuniber of a t m  of 
fission-product  isotopes  present  after 106 seconds of operation  are  given 
in  appendix B. The nuniber of atoms  of  each  fission-product  isotope  in 
each  chain having a yield of 0 .1 percent or greater  (reference 6) is 
listed in table I. 

Summation of all the  values in a given  column of table I yields 
the  number of atoms of fission-product  elements  present  after 106 seconds 
of operation. In addition  to  the  actual  ffssion-product  elements,  oxygen 
is released  upon  the  fissioning of U235, which was in  the form of U02, 
and  sodium  is  present as the  heat-transfer medium. 

The nmiber of oxygen atom released in the pin at  the end of 
lo6 seconds  is  given  by  multiplying  the  number of fissions  occurring 
in lo6 seconds by 2 inasmuch as two oxygen atoms are released  per 
fission.  Hence,  at  shutdown  time  the  number of oxygen  atoms  present 
in each  pin  is  equal  to ( 7. 37x1O&cLO6) 2 = 1.474X1020. The nuuiber of 
atoms of sodium present  is  obtained by use of the  given  weight of sodium. 
All the  result8  describe&  in  the  preceding  two  paragraphs  are found in 
table 11. 

CALCULATION OF PRJ3SSURES 

Calculation of Chemical  Camposftion 

The free energies  at  1366O K of the  probable  two-element  compounds 
that may be formed from the  fission  products  and  the sodium and oxygen 
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are given i n  table 111 (references 7, 8, and 9). For the  haudes, &I? is 
given in  kilocalories  per gram-atom of omgen . In the case of the oxides 
or technetium, ruthenium, rhodinm, and palladium, general  estimates were 
eqployed and are indicated by the parentheses  surrounding  these  esf2mted 
values. 

On the  basis of table III, a list of the most stable oxides of each 
of the elements present i n  the pin with -.1366 greater than 10 kilo- 
calories  per gram-atom of oxygen may be established. This list is pre- 
sented i n  order of decreasing AE': 

I n  considering the oxides that rnlght form a t  l 3 6 6 O  K, the assu~nption 
has been made that those oxides having the m r e  negative free energy of 
formation at 1366O K wi l l  be present in   the equilibrium composition and 
the remaining oxides will not be present, if forming the former oxides 
requires that the complete sqply of free oxygen i n  the  pin be  exhausted. 

From table 111, it can be noted that the fYee energy of the resulting 
equilibrium composition can be l-ed most by assrnning that  the allcall 
metals conibine with the halogens, bromine  and iodine,  rather  than with the 
oxygen.  Cesium is the element first t o  conibine with the halogens. Inas- 
much as the  quantity of cesium present in the   pin  a t  shutdown is more than 
enough t o  exhaust c - e l e t e l y  %he quantities of both bromine and iodine, 
the only halogens assumed Tresent i n  the pin at shutdown &re cesium 
bromide and cesium ioade.  

Table IV showe the composition calculated on the basis of the pre- 
ceding  paragraph for case 1 wlnere sodim is  present as the heat-transfer 
medium and for case 2 where a chemically iner t  material exerting no vapor 
pressure is used 8 s  the heat-transfer medium. 

Calculations of Pressure Contributions 

For those  substances that can be considered  gases at  1366O K, the 
ideal gas l a w  is assumed. Upon substitution of the given  values fo r  
volume and temperature, it is found that 
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where . 
pg  pressure  due  to gas 

Mfg molecules of gas 

For the  remaining  substances,  the  vapor presswes were eathated by 
means of the Clapeyron equstion N 

0 
d 
hl 

l n p r -  ?(&-A) 
where Tg the boiling point in %. Where only Q is known, ATi was 
estimated by Trouton’s rule AHr*21TB. When neither TB nor AE were 
known, estimates  were  made  based on similar compounds. 

The m o r  pressure  exerted by a substance at l366O K was considered 
negligible if that  pressure  were  less  than OT equal to 0.05 atmosphere. 
Where the oxides are concerned,the vapor pressures  sTe  negligible  except 
for CdD and the  possible  exceptions of N820, Rb20, and Cs20. The 
oxides of  these a l k ~ U  metals do not have 8 true boiling point but rather 
vaporize by dissociation to the metal and oxygen gas (references 8 and 9). 
Calculations of their  equllibrium  pressure  at 1366O K based on free-energy 
data  seem to indicate  that  these oxides do possess vapor pressures lees 
than 0.05 atmosphere. ‘Hence,  the  vapor  pressures of the alkali metal 
oxides st 1366O K w e  considered  negligible. 

A list of substances with  non-negligible mapor pressures 8s  defined 
herein io-: 

3.62 

18.3 

cs 

Sr 

13.7 

15.9 Cd 

0.11 

2.1 

CeBr 

0.20 CeI 

0.14 

Cdo I 0.10 
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The  substances  which  are in the form of gases  are  cesium,  rubidium, 
cadmium, tellurium,  krypton,  xenon.  The sum of the  number of molecules 
of these  substances  present  according  to  table IV is 24. 7Xl.Ol8. To this 
should  be  added  the total of 1.35XlOl8  possible  adaftional atom of 
XeZ8 and Xe130 from unreported mass nmibers 128 and 130 wbich  gives 
a total of 26.05x10l8  molecules of gas or 77.3 atmospheres. 

There  remains  sodium,  cesirm,  bromine, and cesium  iodide, the vapor 
pressures of wbich  contribute an additional 3.96 atmospheres, -king a. 
total of 81.36 ktmospheres. If this  value  is  correcte&.by  the  factor 
1.045, the  final  pressure  becomes 85 atmospheres. 

For purposes of comparison, calculat$.ons are  presented  for  case 2, 
wherein  the sodium is  replaced by an inert  substance  exerting no vapor 
pressure.  Here  TeZ, 02, B, and Xe uill be present as gases and 
their  pressure  contribution  is 82.8 atmospheres. In addltion, CsBr, 
CsI, and CdO contribute 0.44 atmosphere  for a total of 83.24 atmospheres. 
This value is now augmented by adding the 5.5 atmosphere  contribution  of 
XeX8 and  Xe130 and  then correcting  the sum of the factor 1.045, so 
that  the  final  pressure  is 92.7 atmospheres. 

In order to set  a maxirmrm on the attainable pressure,  case 3 where 
no chedcal interactform occur is  presented. Row the gases present are 
rubidium,  cadmium,  oxggen,  tellurium, bromine, iodine,  kry-pton, and 
xenon, which  contribute  a t o t a l  of 287.5 atmospheres  including the XeZ8 
and Xel=. The  vapor  pressures of sodium, cesium, and strontium add 
another 17.4 atmospheres for a  corrected grand total of 319 atmospheres. 

Pile Shutdown Period 

As can be seen from the summation for the  first two cases at the end 
of the  preceding  section, the gases aluaya contribute the major part of 
the total  pressure and the iqortant gases are cesium,  rubidium,  krypton, 
and xenon.  Hence, the calcuhtions  to determine  whether  the  pressure  at 
any time  after  pile  shutdown  exceeds  that  existing  at  ts may be 
simplified by considering only those chains which  contain an appreciable 
percentage of these  four  elements.  Calculations of the rider of atoms , 

of the four gases,  cesium,  rubidium,  krypton, and xenon, show that  at  the 
end of 2 hours of  shutdown  there  is only a very slight  increase  above 
that  nuniber  existing  at shutdown and even after 50 hours, the percentage 
increase is less than 5. The decrease in temperature  is mre than enough 
to offset  thls  increase.  Hence, the  possibility  that the znsx;lmum pressure 
within the pfn occurs at  some time during the cooling-off  period  is 
rejected,  and  the  maximum  calculated  pressure  remains 85 atmospheres. 



14 

Precision and Limits of Results 

NACA RM E52B28 

The  case of no chemical  interactions  sets a maximum  for  the  pressure 
which  is  obviously  too  high.  This  case  is  upre.a.listic and will not be 
considered further. 

Although  the themdynamic computations  were of a simple and crude 
nature  implied by the  assumptions  that only two-element  compounds  were 
formed and' that all reactions  proceed  until  one of the  reactants  is 
completely  exhausted,  it can be shown that  the  pressures  as  computed  are 
accurate to within  about 30 percent. This accuracy  arises from the fact 
that  the-  pressure  is due mainly to the  gases  present  in  the  pin. In the 
least  favorable  case,  the  gases  contribute 93 percent  of  the totalpres- 
sure. I~suruch a s  the  halides of the  metals  possess  very small vapor 
pressures  and all the  oxides  can be considered to exert a negligible 
pressure,  it  is only necesaary to  consider  those  elements  which  at 
l366O K are  gases or possess  large  vapor  pressures. If it can be assumed 
that very little  free  oxygen is present in  the pin, the  elements  to  be 
considered  are.xenon, kry-pton, rubidium, and cesium.  Therefore, a very 
good  estimate of a maximum may be srrived at by adding  the  pressure  due 
to  considering only these four elenrents in  the uncouibined  state  at 13660 K 
8nd tile vapor  pressure of sodium if sodium is  to  be  present.  The  point 
that  must be emphasized  is  that  free  oxygen  can only be present  in  very 
smal& amounts  if  this maximum ia to hold. For case 1, this  last  condition, 
of course, bola true. For case 2, it  is  obvious  that  this  condftion is 
not  fulfilled. 

An estate may also be made of the  minimum  pressure  that  occurs 
within  the pin  by just  considering  the  inert  gases  xenon  and  krypton  plus 
the vapor  pressure of sodium if' sodium is  present. In every instance, 
these two gases,  contributed  at  leaet 70 percent of the  total  pressure 
provided again that  the  assumption can be mgde that  very  little  free 
oxygen is  present In the pin at  the  equilibrium  composition. 

This  method of calculating  the  pressure in the pin at l366O K yields 
a very  good  approximation to the  pressure as calculated  and  hence offers 
8 simple  method for estimating  the  pressure  existing  in  the  pin at  shut- 
down if the assumption can  be made that only a small amount of free  oxygen 
is  present in thipin. At times less than shutdown,  this  approximate 
method wherein only the  quantity of xenon, bypton, rubidium, and cesium 
need be determined can also be  used to estimate the  pressure  in  the pin. 

At temperatures  below l366O IC, this  simplified  method may be  applied 
without  change, the proportionate  effect of rubidium  and  cesium on the 
total  pressure  decreasing as the  temperature  drops  because  of  their 
rapidly  decreasing vapor pressures.  However,  at  higher  temperatures,  the 
cslculstions  become  more  comglex  as  the  oxides,  the halides, and  elements 
other  than  the four considered  begin  to  exert  significant  vapor  pressures. 
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It should  be  noted that, xenon by itself exerts more than 60 percent 
of the  pressure as calculated for each  case so that a fa i r ly  good esti- 
mation of the  pressure i n  the  pin  my be obtained just by a consideratipp 
of xenon alone. I n  a pi le  of lower t h e m 1  flux, the  proportion of xenon 
is slightly reduced, cesium gaining at  the expense of the xenon. 

Factors  Affecting  Pressure 

As the  general  analysis  implied,  the  variables that are important i n  
the  calculations  considered  are: '(1) the thermal  neutron flux, '(2) the 
free volume of the  pin, (3) the  operating  temperature, (4) the shutdown 
time, and (5)  the  fuel. These factors  are  discussed i n  the order indicated. 

Thermal neutron flux. - The e-le has shown that f o r  @s5, the 
(nv) ui term may be neglected so that the number of molecules (and the 
pressure) vary linearly  wlth  the flux. Thus, the  pressure  for any other 
fl'ux (everything  else remainAng constant) can be found d i r e c t l y   f r m t h e  
values i n  these  tables. If a Wferen t  fuel is  used, it becomes necessarg 
t o  redo  the  calculation i n  order t o  determine the importance of Xe135. 

Fuel volume. - It seems reasonable t o  assume that the  pressure will 
be due mainly t o  gases. If this is the case and the  ideal -8 l a w  is 
used, f ree  volume also affects the pressure  linearly except that the 
relation is  one of inverse  proportionality. Note that a compromise muat 
be reached inasmuch as an increase fn f ree  volume lowers the  over-all 
heat-transfer  coefficient,  resulting  in hfgher  temperatures  within the pfn 
for the same temperature r i s e  of the  coolant. 

Operating  temperature. - The dependence of the  pressure on the tem- 
perature is qufte  cozplicated. Of  course, for  the gases, the  relation 
is  again  linear.  Revertheleas,  the  important  effect is qualitative, 
that is, the temperature  determines not only the states of the  substances 
but  also, t o  some extent,  their chemical  composition. 

In this connection, it may be mentioned that a t  temperatures below 
l366O K, the  simplified method of conquting the  pressure, which was des- 
cribed i n  the  preceding  section, may be applied wlthout change because 
the  proportionate  effect of r&idium and cesium decreases  because of 
lowered vapor pressures. A t  higher  temperatures, however, the d c u -  
latiow become  more  complex as the oxides, the  halides, and elements 
other than the four considered  herein  begin t o  exert  significant vapor 
pressures. 

In general, tenrperature will strongly  affect  the computation i n  
Section I but will leave all results  in  Section II unchanged. 
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Shutdam time. - The  expressions  in  appendix B show clesrly  that  the 
n W e r  of atoms  of  each  isotope  is a complicated  function of time.  Thus, 
the  number of atoms of a given  element  are  even  more  complicated  functions 
of time. Any change in the  shutdown  time,  therefore  necessitates a 
complete  recalculation of results from start to finish. It should be 
re-ered, however,  that the  number of atoms of each  element (and hence 
the  pressure)  increases  monotonically  with  the time. 

. 

- F u e l .  - Although U235 seem8 to  be the  preferred Are1 in the 
magority of cases at this the, as more  data on other  fuels  become  avail- 
able,  they will undoubtedly be used in some deiigus. Because  the  fission- 3 
yield c m e  of each  fuel  is  unique,  calculations  for  each would have  to 
be matie anew. Reference 3 seems to .indicate  tbat the same elements would 
be present  in  all the knm fuels as are  present f r o m  $35 fission,  but 
the  amounts of each vary from fuel  to fuel. 

0 
N 

O!l?HEB FACTORS 

A discussion of the  specific  design f o r  which  calculations  were  made 
in  the  example will illustrate some of  the  other  factors  which  may  affect 
the  pressure. 

.I 

I n  preparing  the  list of oxides  that form in  the  pin  at l366O K, the % 

m s t  stable  oxide bf the metal x88 chosen  and no oxide WBS considered 
unless  its  free  energy of formation  st 13660 K was more  negative  than 
10 kilocalories  per  gram-atom of owgen. Illasmuch as these  most  stable 
olrides generally  have a lower  ratio of oxygen  to metal than  other  poeeible 
oxldes that might  exist  at the  operating  temperature of 1366’ K (see 
table 111) and oxides  such as T e a  and RuO2 probably will form in  the 
high free-oxygen  concentration found fo r  case 2, it is  very  probable  thst 
a very  much  smaller  amount of A.ee oxygen would exist than that  listed in 
the  pressure  tabulation for case 2 in which  event  the  pressure  for  case 2 
might decrease from that  calculated by as much a8 the  pressure  due  to  free 
oxygen, 27.6 atmospheres. Consequently, if no appreciable  amount of free 
oxygen  were  present in the  pin in case 2, the  total  pressure would be 64.0 
atmospheres  instead of the  value 92.7 calculated.  Because  oxygen is so 
important in the  calculations for pressure,  it  would  seem  that the presence 
of an oxide former of  comparatively l o w  vapor pressure  is  desirable. 

In regard to sodium, NazO decomposes  into its primary constituents 
at some temperature  above the melting  point of 1000° IC. Thus, it  i8 
impossible to say  with  certainty  that  the  presence of sodium serves  to 
reduce  the  pressure. 
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OF RESULTS 

. An analysis of the general problem of calculating the internalpres- 
sure in the  fuel tube of a nuclear  reactor was made. The calculation may, 
in general, be broken down in the following manner: 

I. Calculation of B’mibe2 of Atoms of Fission-Product EleEnts 

II. Calculation of Pressure 

(a) Calculation of chemical compoeitton 
(b) Calculations of Pressure  Contributions of Compounds 

In  practice,  the nuniber of calculations may be reduced if performed 
i p  the following order: 

(1) I(a); (2) A l l  of II; (3) I(b); ( 4 )  A l l  of II. 
Y 
8 A simplification of the calculations of maxim pressure developed 

during operation has been presented i n  the form of a proof that each 
fission product fs monotonically increasing. This means that during 
operation  the msximum amount of each f iss ion prowct is present st time 
of shutdown. The importance of this sbg l i f i ca t ion  lies i n  the fact 
that i n  order t o  determine the maximum amounts of f iss ion products during 
operation, it sufYices t o  make calculations  for the single time value 
t, , shutdown time. 

The general analysis is applied to 8 closed  reactor system consisting 
of 90 percent enriched $35 i n  the form of U O ~  packed in a su pin 
operating at a flux of 8Xl&4 a t  2000’ F. These calculations show that if 
the reactor is run for lO6 seconds a design value of 100 atmospheres 
internal  pressure would suffice  since the most probable  pressure is about 
85 atmospheres and 85 aftnospheres is conservative. 

For this case the bulk of the pressure &as been shown t o  depend on 
the amounts of the four elements xenon, krypton, rubidium, and cesium 
present in   the pin. The amount of free ozygen present is also important. 

Lewis Plight  Propulsion Laboratory, 
National Aavisory Committee for Aeronautics, 

Cleveland, Ohio, January 17, 1952. 



18 RACA RM E52B28 

It is  obvious that &taring operation, a stable  ieotope will continue 
t o  Increase and also probably during shutdown as well, if it is formed 
f r o m  ahseries of radioactive  isotopes. Therefore, only the  radioactive 
isotopes f once& from f iss ion need be examined. 

The equation for  the umiber of atoms of a parent isotope i s  given 
bY 

and 

t c - t, 
*ere t, is  the time of operation of the pile up to  shutdown. Thus, 
IFn-ltr increaseB monotonically  because 

for all t - t, 
Now 

ana 

If reaches a maximum at %o 4 

hl 
0 
d( N 
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3 
(d 
P 

mn r whereas at a time close t o  t P oy HnYr > 0 so that -& > 0 for 
some t such $hat t t,. In order far 2 a n  r to be negative, it 
would have to pass through the value 0 because ITnyr is a continuous 
function of t with continuous nth order derivEttives at  all pofnts. 

c at 

Successive application of this argument s m  that 5 > 0 for at 
all t such that 0 t < t, and all n. Therefore, the number of atoms 

of each f iss ion product is a msxirmrm at the time of shutdown, 
" 

The preceding analysis has shown that the rimer of atoms of any 
isotope incresses with ttme while the reactor is i n  operation end t h t  
no maxima exist. 
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An attempt will be made here t o  include a t  least  one calculation of 
every  type which is involved i n  obtaining  values  for table I. Included 
are (1) plural   f ission yields with the same mass number, (2) "branching" 
or  plural daughters, (3) plural  parents, (4) case where the (nv) crc term . 
plays a significant  role. 

Xenon is the most important element for pressure considerations, 
therefore  calculation of a f e w  of the most important chains involving it 
should grove interesting. 

The first step i n  the calculation of XeP32 is to  write down the 
"pedigree" of the isotope. From reference (I) (or (3)), the chain is 
found t o  be: 

Now recourse t o  equations (1) t o  (3) may be had. There is only 
one chain t o  consider f o r  mass number 3.32 and there are no plural 
parents  or daughters i n  it. For this chain Sb is the parent, Te is 
tbe first daughter, I is the second daughter, and Xe  is the stsble 
third daughter, 80 that the number of atom of each will be designated, 
respectively, by "0, ITl, M2, W3 with N3 being stable. 

From equation (3.1) , it follows that: 

where 

J o  
which  becomes  upon substituting equation (Bl) for I",, 
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Similarly, the  expression for IT2 is 

Finally,  equation (3.2) yields 

me Y g f  term is missing because Y3 is zero accorkng t o  avail- 
able data. Upon integration 
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From reference 2, it is seen that : 

If' these  values along with  t = 106 and Kp PI 7.37Xl0l3 are  substituted 
into  equation (B4) the  result will be 1. 74)(1018 as  given in table I. 

It  should be noted  that  although  reference 2 gives a fission  yield 
for  each  independent  isotope,  neither  references 1- nor 3 -g'ives  this' 
information.directly.  These  values  could also be -obtained from these 
references by subtractin&'the given  yields from that  for  the  iast  member 
of the chain. Such a procedure is unsatisfactory  in  this  case  because  the 
data for individued  members of the  chain have been taken  by  different 
investigators and there is no monotonic increase of yield  with atomic 
number. 

The chains for XeU1 and Xem are of exactly  the 8- length 
as  the  preceding  ones so that equation (B4) may be used  directly fo r  
these  isotopes  using  the  yield and decay constants for the  elements of 
mass nuuiber 131 and 134, respectively. The double  entry  in  the 
column is  due to the two isomers of Td31. 

The Xeu5 calculations are of interest,  first  because  it is an 
example of both  plural  daughters  and  parents, and second  because  the 
(nv)oc term  is wortant. The  chain is 

If the  chain is broken ug in to  the following casest  the  previously 
derived  equations may be used to obtain  the puuiber of atoms of the 
xenon  isotopes: 
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For XeD5, equation (B3) m y  be used with  the following s i q l e  
modifications : 

Tl?e Nf factor is multiplied by the branch yield, 0 .l, and the 
P 

lxels 
is divided by it, a i i o  

'1Xe135 
is replaced by a lxe135= The 

pertinent  data  are 

1135"+ 1 xe135 P 2 .88X10'5 sec'l 

m 3.89)<10'3. If these  values be substituted into the modiffed 

equation (B3) , a m u e  of 1. 3 2 X l O I 4  atom will be obtained a s  given i n  
table I. 

The  n-er ~f atoms of 2 in chains (1) and (2) is given 
by a formula f o r  X which i s  not among equations (BI) and (B4). The 

equation which descr€bes H 2xe135 Is: 
3r- 

The integrated form is m e  complicated  than  equation (a). Em- 
ever, the  emonential terms are  negligfble so only the  constant  term 
enters  into  the  caicuhtions. This term is 
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With the additional data, X 2xe135 2 .08X10'5 sec'l and Y 

y 135 - 2 *13xLO'3, the preceding  expression becomes 5.51~1013~ which 
2~e135 

2Xe is the  value given. 

The rider of atoms of 2~e135 formed *am chains (3) and (4) is 
found by using modified  equation (B3), with the branch yield now being 
0.9 instead of 0.1. 

The final significant  series of calculations is the one leading t o  
the number of atoms of XeU6. This isotope is stable but it has several 
8ources of formation: (a) The 1~e135; (b) $eu5 in chains (2) and (4); 
(c)  the simple chain  IU6dXe136; (d) the  chain 1137,,*1Xe136; (e) and, 
according t o  reference 3, there is  a 3 percent  direct  fission  yield. 
Calculations of the  (c) and (d) type bave been done already and will not 
be repeated. For (a) and (b), equation  (3.2) is modified so that 

J O  

Otherwise, there i s  no change. Calculations of type (e) are very simple, 
the  applicable  equation  being 

If the difference  in  fission  yield of 1x36 and Xe136 i n  reference 3 
is  %&en as Yxe136, there is an additional 2Xl.018 at- of xe136 or 
about 6 more atmospheres than have been calculated i n  the body of thfe 
report. 

Finally, i f  the corrected bc of 1 X 1 0 6  barns is used instead of 
3x10 6 barns, NlXel35 wiU. be twice, the N2Xe~35  from chains (I) and 
(2)  would be 5.4 times, and that from chains (3) and (4 )  about three 
times the  values in   table  I. But w h a t  i s  more important is that NXe136 
is not changed significantly, except that the  direct  fission  yield is 
only 2 atmospheres instead of 6. 
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TABLE I1 - NUMBER OF ATOMS OF FISSION-PRODUCT ELEMENTS AT SHUTDOWN 

Element metals 

Rb 
Ca 
Sr 
Ba 
Y 
La 
Ce 
Pr 
Nd 

sm 
Eu 
Zr 
Nb 
Mc 
Tc 
Ru 
Rh 
Pd 
Cd 
In 
sb 
Te 

(61) 

Number of atoms 

2.79xlo18 
5.84 
9.724 
8.09 
4.00 
5.08 
13.07 
3.25 
8.49 
.81 

1.17 
.08 

9.51 
8.67 
5.60 
2.94 
9.38 
.36 
.83 
.03 
.05 
.08 

1.254 

[ 
Active  Nonmetals 

147.4 

Iner t  Gases 

17.07 

Na 13,570 

(8)oxygen 1s released from U O ~  when 
the uranium fissions. 
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Number of Moleculee 
Case 1 
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2 . 7 8 X d '  
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