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ABSTRACT 

fective contributions of delayed neutrons i n  the MSRE during steady power oper- 
ation. Nonleakage probabilities were used as the measure of relative importance 
of prompt and delayed neutrons, and the spatial and energy distributions of the 
prompt and delayed neutron sources were included in  the calculation of these 
probabi I ities . 

Equations were developed and calculations were made to determine the ef- 

Data which indicate a total yield of 0.0064 delayed neutron per neutron 
were used to compute total effective yields of 0.0067 and 0.0036 for the MSRE 
under static and circulating conditions respectively. 

The effective fractions for the individual groups of delayed neutrons wi l l  
be used in future digital calculations of MSRE kinetic behavior. 

NOTICE 

This document contains information of a preliminary nature and was prepared 
primarily for internal use at the Oak Ridge National Laboratory. It i s  subject 
to revision or correction and therefore does not represent a final report. The 
information i s  not to be abstracted, reprinted or otherwise given public dis- 
semination without tha approval of the ORNL patent branch, Legal and Infor- 
mation Control Department. 
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INTRODUCTION 

The kinetics of the f i ss ion  chain reaction i n  a circulating-fbel 
reactor are influenced by the transport of the delayed neutron precursors. 

%is fac t  makes a rigorous treatment quite com@licated.1y2 The approach 
generally followed i s  t o  drop the transport term fromthe precursor equa- 
t i on  (making the kinetics equations identical  with those for  stationary 
reactors) and make an approximate a;llowance for the precursor transport 
by replacing the delayed neutron fractions, p,, wi%h "effective" values, 

.L 

f3;. This approximation is used i n  ZORCH, the 

6emloped for analysis of the  kinetics of the 

The purpose of the work reported here i s  

t o  be used i n  the MSRE analyses. 

c a q u t e r  program 
MsRE.3 
t o  obtain values 

APPROACH TO THE PROBLEM 

The importance of delayed neutzons i s  enhanced i n  fixed-fuel reactors 
because the energy spectra of the delayed neutrons l i e  a t  much lower en- 
ergies than that of the promps neutrons. 
make the delayed neutrons more valuable because they are less l i ke ly  t o  
escape from the reactor in the course of slowing dawn t o  thenaal energies. 
This e f fec t  is, of c m s e 9  also present i n  circulating-fuel reactors.  
greater importance, however, i n  these reactors i s  the spatial dis t r ibut ion 
of the delayed neutron sources. 
outside the core and contribute nothing t o  the chain reactiono 
%ore, those delayed neutrons whfch are emitted in the core are, on the 

average9 produced nearer t o  the  edges of the core than are the prorrrlpt 
neutrons, which tends t o  m t h c r  reduce the con'bribution of a particular 

T%e differences i n  energy spectra 

Of 

Many of the delayed neutrons are emitted 

Further- 

group of delayed neutrons. 

' 5 .  A. Fleck, Jr., Kinetics of Circulating Reactors a t  Low Power, 
Nucleonics 13 NO. 10, 32-55 (19%). 

2B. Wolfe, Reactivity Effects Produced by Fluid Motion i n  a Reactor 
8Q+0 (19621, Core, Nuclear Sci,  and Enq 

3C e W ., Bestor, Jr e 9  ZORCH, as JBM-7WO Program for Analysis of t3imu- 
lated BRE Power Transients With a Simplified Space-Degendent Kinetics 
 el, ORNL TM -345 (Sept. 18, 1%2), 
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The contribution of delayed neutrons during a power transient i n  a 

circulating-fie1 reactor i s  affected by the continual change i n  the shape 
of the spatia3 source distribution. Thus the use of an ''effective" h a c -  
t ion  for  a delay group i n  analyzing such transients is, i n  itself, an 
approximation. If th is  approximatian is made, and a single se t  of "ef- 
fective" fractions i s  t o  be used i n  the analysis of a variety of trans- 
ients, it would  seem that the values should be the fractional contributions 
of the various groups t o  the chain reaction under steady-state conditions. 
The problem a t  hand i s  t o  calculate these contributions, 

It has been the practice i n  the analyses of circulating-fie1 reactors 
Y 

t o  take $./pi t o  be just the *action of the i t h  group which i s  emitted 

inside the coree 
is equal t o  that of the prompt neutrons; which would be t rue  i f  the in- 
crease i n  importance due t o  lower source energies exactly offset  the de- 

crease due t o  the distortion of the spat ia l  distribution i n  the core. 
The m h e r  approximation i s  usually made i n  computing the fraction emitted 
i n  the core tha t  the precursor production is uniform over the core volume. 
We shal l  seek t o  improve the evaluation of pi by calculating more accu- 
ra te ly  the spat ia l  distribution of precursors and by taking in to  account 
more expl ic i t ly  the effect  of the spat ia l  and energy distributions on the  

importance of the delayed neutrons. 

fining pi/$, as "essentially the probability tha t  a delayed neutron of 
the i t h  kind w i l l  produce a f iss ion divided by the probability that a 
prompt neutron w i l l  produce a fission," and adds tha t  "for a simple re-  
actor t h i s  probability is given by the r a t i o  of the nonleakage probabil- 
ities of the respective types of neutrons .'I4 Le t  us adopt the definit ion 
of Bi/f3, as the r a t i o  of the nonleckage probabilities. 
nonleakage probability for  prconpt neutrons i s  P 

neutrons which are actually emitted in the core it is Pi. O f  a particular 
group, only the fraction Gi i s  emitted i n  the core so the nonleakagc prob- 
a b i l i t y  for all neutrons of the i t h  group is  flipf. 

This implies tha t  the importance of the delayed neutrons 

* 

In  a discussion of fixed-fuel reactors, Krasik quotes Hurwitz as de- * 

* 
Suppose tha t  the 

and for  the delayed 
Pr 

Therefore 

' S e  Krasik, "Physics of Control," p 8-10 i n  Nuclear Engineering 
Handbook, ed. by H. Etherington, McGraw-Hill, i?ev York, 199. 

r 

b 
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The nonleakage probabilities can be expressed in a simple form i f  

the reactor is  treated as a bare, homogeneous reactor. 
prompt neutrons in the reactor is  proportional t o  the fission rate,  which 
follows closely the shape of the f'undamental mode of the t h e m  neutron 
f lux.  In a homogeneous, cylindrical, bare reactor this  is: 

The source of 

B ( w )  = a. J (2.4 r / R )  sin(m/H) 

For the prompt neutrons, w i t h  t h i s  spat ia l  source distribution 

where 

-9%. e P =  
pr 1 + L2# 

The spat ia l  distributions of tine delayed neutron sources are not the 
s a n ~  as tha t  of the prompt neutrons because of the transport of the pre- 
cursors in the circulating fuel.  The source distributions can be calcu- 
la ted  from power distribution, fuel velocities, system volumes, e tc .  
(This i s  done for a simple cylindrical reactor i n  the next section.) 
is convenient, fo r  the purpose of calculating leakage probabilities, t o  
expand each source function in  an inf in i te  series: 

It 

where jm i s  a root of Jo (x) = 0. (See Appendix 

s i n  (ns/H 1 ( 5  1 

f o r  derivation of non- 
leakage probabili t ies e ) For neutrons with a source distribution 

smn = Am Jo(jmr/R) sin(nnz/H) (6 1 

the nonleakage probability is  
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-B2 T mn 
2 2  l + L B m  

e 

where 

For the i t h  group of delayed neutrons, then 5 

Mote tha t  the age, T ~ ,  is  the appropriate va.lue for neutrons with the  

source energy distribution of group i . )  

f ission neutron, then the denominator i n  (9) i s  piei. Thus, From (l), 
the numerator in ( 9 )  is Just f3 P 

t o  give 

~f %(r,z) is  n o m i z e d  t o  one 

* 
The nuneratop can be integrated 

f Pr 

- * 
'i'pr - 

(Only odd values of n remain in the summation because the contribution 
of a1.1 even values of n t o  the integral is  zero.) 

Fractions is  then as follows: calculate %he steady-state source distri-  
butions, Si(r3z), in a bare, homogenized approximation of the MSRE core; 

evaluate the coefficients, Am; compute Bi fim (3.0). 
genized approximation" we mean a reactor in which the flux is assumed 
t o  vanish at the physical boundary and i n  which the ccanposition is uniform 

The approach we shall fol low i n  calculating effective delayed neutron 

* 
By "bare, homo- 

* 

b 

51t i s  assumed here that the Fuel volume fiactfon, f, is  not a 
function of r.  This is  a lso  implied in  (2) and ( 3 ) .  



7 

so that (2)  appliese6 We shal l  a lso  assume that the fuel velocity i s  

uniform over the ent i re  core. 

DERIVATION OF EQuArIONS 

Steady-State Concentrations of" Precursors 

L e t  us derive the formula for the steady-state concentration of the 

precursor of a group of delayed neutrons as a f'unction of position in  the 
core e 

Begin by considering an elemental volume of fuel as it moves up 
through a channel in the core. 
as it moves along i s  governed by 

The precursor concentration i n  the fuel 

The fuel r i s e s  through the channel with a constant velocity v so 

dc 
da 
- 3  

With the substi'cution of (2) and (E), equation (U) becomes 

C 
Jo (%)s in  - m h  - - 

H v  (13 

Along any channel r i s  constant and at steady s ta te  when $o is  not 
changing, (13) can be integrated t o  give 

where c i s  the concentration in  fuel entering the core at z = 0. 
0 

The concentration at the au t le t  of a channel i s  given by (14) w i t h  

2; = H. 

In the actual MSRE coreO the flux deviates fYom (2) because of the 6 
depression around the rod t h b b l e s  and because the flux does not vanish 
at  the physical edge o f t h e  core. 
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The concentration of precursors in the fuel l e a v i q  the core i s  

the mixed mean of the s t ream from all of the channels. 

J R  c(r,H)v(r)f(r)  2m dr 

We have assumed that f and v are constant across the core. With this  

assumption, substi tute (15) in (16) and integrate t o  obtain 

C 
-At 

2.405 YI [l + (>y ] 
-At 2 @ ~ Z # ~ t ~ ( l  + e ) J1(2.405) 

(17 1 C c = c e  + 1 0 

where tc has been substituted fo r  H/v. 
the time tx required for  the f i e1  t o  pass through the ex%ernal loop. 
Thus 

The precursors decay during 

-Atx 
c = zle 
0 

Equations (17) and (18) can be solved for  eo. 

J1 (2 0405 X 
-Atc -At  

~ B U Z #  t (1 + e 

2.405s [L + 

) e o c  - 
co - 

[l - e 

When th i s  i s  substituted into (14) the desired expression for  c(r ,a)  i s  
obtained 



9 

Normal-ized Source Distributions 

As explained on page 6 it is desirable t o  normaliEe the delayed 
neutron source t o  one f lss ion neutron so that the integral  over the 
core volume w i l l  equal ge. me r a t e  of neutron production i s  

Assuming, as before, tha t  the fuel volume fraction is  not a function 
of r, integration gives 

for the t o t a l  Gate of neutron production. 
distribution is  

The normalized source 

Substitution of (14)9 (19) and (U) into (22) gives for  each group 

-kt Z/H la Ja a "tcz/H] J0(2.k;5 r sin R - s2 cos - -+  s e H 2 S(r ,z)  = soe 

(23 1 
where 

2.405 (At / Y I ) ~  
C s, = 0 
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h t  2 
4 HR2f [l + (*I ] J1(2.405) 

Expansion of Sources in Series Form 

For the purpose of calculating the n o d e w e  probability l e t  us 
represent S(r,z) by an inf in i te  ser ies  which vanishes at z = 0, z = H 

and r = R. 

Fane condition that S(r ,z)  vanish at r = 
where jm is the m t h  root of J,(x) = 0. 
ends are satisfied by yn= nx/L. 

Expansion of the functions in (23) 

R i s  sa t i s f ied  i f  am = j,/R 
The boundary conditions at the 

gives 7 

'For a discussion of' expansion i n  ser ies  of Bessel functions and 
half-range sine ser ies  expansions seeo %or instance, C. R e  Wylie, Jr., 
Advanced Engineering Mathematicsl 2d ed., p 432-31 o;r?d 253-p9 McGraw-Hill, 

I 

hew York, l s U 0  -. 
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t 

-d 

Thus for  m = 1 and n = 1 

C 
- A t  

+ s1 
* so 

$1 n ['2 + 2.405 J1(2.405) 

Form = 1  and all n > 1  

- A t  

= "( I[ [s2 i- 2.405 J1(2.405) n - 1  I >  n+l 
A t  

so 

(32 1 
For m > 1 and all n 

- h t  n+l e 

Fraction Elmitted i n  the Core 

(33 1 

The equations derived i n  the foregoing sections permit the evaluation * 
of Bi without the expl ic i t  calculation of el. 
tained by calculating €li,'and t h i s  can be done most easi ly  by using the 

Further insight m y  be ob- 

re la t ion 

where Q is  the volumetric circulation rate of the fuel.  "his is  given 

by 

(315) 2 Q = n R f v  

When (35), (a), (l9), and (18) are substituted i n  (34), the  result 
simplifies t o  

-hitc 
)(L - e 

-A t + i( c tx' 
1 e i =  1 - -  2 

1 + ( 1 - e  
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It i s  of interest  t o  campare t h i s  relation, which takes into account 
the spat ia l  distribution of the precursor production, with the relat ion 

obtained when the precursor production i s  assumed.to be f la t  over the 
core volume. The l a t t e r  relation i s  

8 

- hit, 

(37 1 )(1 - e 
-hi(tc 3- tx 

c i -  - 1- -  

1 - e  

The digital  programs for  MSRE kinetics cdcd.ations (MURGATROM) 9 

asd ZaRC$-o) have as an integral  part the computation of delayed neutron 
fractions from precursor yields and decay constants and the reactor 
residence tines, all of which are input naambers. 

and used for  each group i s  p 
Therefore, in order t o  have the kinetics calculations done with p, f x  

the *actions, it i s  necessary t o  put i n  a f i c t i t i ous  value of pi, equal 

The f'raction computed 

5 i i  where Si is  given by equation (37). * 

* 
to Pi/Ci. 

Effective Fraction in  Noncirculating System 

The change i n  the effective delayed neutron fraction between non- 
circulating and circulating conditions is a factor in determining control 
rod requirecments . 

In the noncirculating core, the source of delayed neutrons has the 
same shape as the source of prompt neutrons and 

U P .  R .  Kasten, Dynam i c s  of the Homogeneous Reactor Tes t ,  ORNL-2072 
(June 7, 19%). 

'C. W. Nestor, Jr., PaJRGATROMI, An IBM-7090 Program for  the  Analysis 
of the Kinetics of the MSRE, ORPJL- 'RV~-~O~ (Apr. 6, 1962). 

l 0 C .  W. Nestor, Jr., ZORCH, an IBM-7090 Program for  Analysis of Simu- 
l a ted  WRE Parer Transients w5th a Simplified Space-Bepcndent Kinetics 
Model, ORNL-TM-343 (Sept. 16, 1962). 

U 

?- 

-/ 



It may also be of interest  t o  compare the magnitudes 
neutron source distributions under static and circulating 
the s t a t i c  system 

N is given by (U), and (39) reduces t o  

of the delayed 
systems. I n  

4 r  - ) sin(=) R H 

The same resul t  i s  obtained if  one substitutes tc = tx  = 00 i n  
equations 23-26. 

RESULTS OF MSRE CALCULATIONS 

(40 

The equations derived i n  the preceding section were used i n  calcu- 
lations for a simplified model of the MS-EE core. 
used.) Results are summarized i n  Table 1. 

residence t i m e ,  i n  units of precursm half-lives, ranges fpom 0.2 for  
the longest-lived group t o  41 for  the shortest-lived group. Because of 
th i s  wide range, the shapes of the delayeB neutron sources vary widely. 
Figure 1 shows axial  distributions at  the radius where J0(2.4 r / R )  has 
i t s  average value, 0.43l8. 
production of one fission neutron i n  the reactor. For the longest-lived 
GOUP, the So term, which i s  flat i n  the radial direction, is  by far the 

largest .  This term is  relatively insignificant for groups 3-6. For the 
very short-lived groups, the SI term predominates, i .e e , the shape ap- 

proaches that of the fission distribution. 

(See Appendix for data 
The table shows that the core 

The source densities were normalized t o  a 

Figure 2 shows the twofold effect of circulation in  reducing the 
The reduction contribution of the largest  group of delayed neutrons. 

i n  the number of neutrons emitted i n  the core is indicated by the dif- 

ference i n  the areas under the curves. The higher leakage probability 
wi.th the fuel circulating i s  suggested by the shif t  i n  the distribution, 
which reduces the average distwce the neutrons woulcl travel in  reaching 
the outside of the core, 
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Table 1. Delayed Neutrons in MSRE 

Group 1 2 3 4 5 6 
$ 1  - (see) 55 07 22.7 6.22 2.30 0.61 0.23 
2 

o .17 0.41 b *y. 4.07 15 41 
2 

t,/k 2 0.30 0.72 2.64 7 *15 rl 72 
65 97 9.24 0.30 3.6 10-3 9 2 1 0 ~ ~ 3  

s2/s1 rl.0 10.99 3 001. 1.11 0.29 0.11 

% 0.364 0 371 0.458 0 9709 0.960 0.994 

pi’ppr 0 .676 o .718 o .868 0.906 1.010 1.031 

q a i  0.246 0.266 0.398 0 e 672 0.970 1.025 

’i d P p r  1 *055 1.039 I. .043 0.948 1.010 1.031 

2 .la. 14.02 12.54 25.28 7.40 2 .70 

0.52 3 -73 4 099 16 $3 7.18 2 e77 

* 

‘.i 0.364 0 370 o .448 0.669 0.906 0 -965 

10 B, 

10 Pi 

4 

4 *  

IO4 PTS 2.23 14 57 13  0 0 7  26.28 7.66 2.80 



Totals for a l l  six groups taken from Table 1 a.re l isted in Table 2 
for ease of comparison. 

Table 2. Total Delayed Neutron Fractions i n  E R E  

Actual yield, 

* 
Effective fraction i n  s t a t i c  system, Cpis 

Fraction emitted i n  core, circulatiag, piei 
1 4 6  

Effective &action, circulating, >,pi 

0 a 006405 

0 e oOcj661 

0.003942 

o 003617 



18 

APPEXDIX 

Expressions for  Nonleakage Probabilities 

It i s  desired t o  calculate the probability tha t  a neutron from a 
distributed source of specified shape and i n i t i a l  energy w i l l  be absorbed 
as a slow neutron in  a cylindrical, bare reactor. 

bution Si(r,z). 
Consider the neutrons t o  be born a t  energy Eio with a spat ia l  distri-  

U s e  age treatment t o  describe slowing dawn, i.e., 

(al 

&,Z,TiJ = si(r,z) (82 1 

%e steady-state equation for the thermalized neutrons is  

The probability t o  be calculated i s  

0 0  P. = 

If (al) is  solved with the condi+,ion tha t  q vanish at  the boundaries 
and be f i n i t e  everywhere inside the reactor, the solution is 

where 

It i s  possible a p r io r i  t o  represent S.(r ,z)  and jdi(rPz) by series 
1 - 



W 

0 

rr 

Trom (a2), (a?), and (a7) it i s  evident that  

aimn = A m  

And i f  i s  represented by (a$), 

Substitute (a?), (ag) and (al0) into (a3). Because of the ortho- 

gonality of the f'unctions, one has for  each m 
2 

3 -Bm Ti 
-DB$lFm - C F + A  e 5 0  a i m n  imn 

- T is represented by T From (all) where, for  convenience, T~~ io io 
2 -B T m i  Aim e 
2 2  F-= - 

'a 1 + L Bm 

This i s  the expression for the nonleakage probability given i n  the 
tex t  as equation (9 ) .  

Now consider a special case where the neutron source i s  proportional 
t o  the flux, namely the fission newtrcms born at the  s i t e  of the fission. 
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Si(r,Z) = saPli(r,2) (a14 1 

If k i s  not a flurction of position, insertion of (al.4) in to  (ab) gives 

(aI.5 1 1 
k 

L e t  us find an expression for k as follows: 
for Si and $i i n  (alk). This results i n  the relat ion 

Pi = - 

Substitute (a7) and (a8) 

Aimn= kXaFimn 

Substitute t h i s  i n  (al.2) 

2 -B 7 m n i  

Fimn 1 + L  Bm 

k e  
F w  2 2  

I 

This is  satisfied for  all mn for which Fimn = 0. 

must be that 
If Fimn # 0, it 

-a2 7 m n i  k e  
r ) r )  = 1  

1 + L' B" mn 
2 Because B is, i n  general, different for  each mn, (a1.8) can only be 

t rue for one mn and therefore F must be zero for  all but tha t  mn. 
mn 

Fmn 
It can be sham by consideration of the time-dependent neutron equations, 
that  i n  a reactor fYee of extraneous sources, the steady-state f l u x  

corresponds t o  the f'undamental mode, i.e., m = n = 1. 

and Edlund, 12.37 - 12.41.) 
(See Glasstone 

Therefme 

- Pi - 1 
k 
- =  

2 
e "B1l 

1 + L%fl 

This i s  the expression used i n  the text as the nonleakage probability for  

the prompt neutrons. 



Data for  &ERE Calculations 

This section presents the data which were used in calculations for  
the E R E .  

on delayed neutrons. 
It includes dimensions azld properties of the reactor and data 

MSRE Dimensions 

Reactor dimensions which are required are H, R, f ,  v (or tc) and txe 
For R l e t  us use 2'7.75 in., the inside radius of the IN OR-^ can 

around the core. 

tribution extends past the limits of the graphite core into the upp& 
and lower heads. 
follows s in(  m/H) where H i s  77.7 iziv 

are 68.9 in. long, and the channel region i s  only 62 in .  
plicatfng the situation i s  the f a c t  that  outside of the channeled region, 
the fuel  velocity i s  lower than in the channels (because the volume 
fraction of f ie1  is  much higher i n  the end regions). 
radial  variations in  the fuel volume fraction and channel velocity. 
the central channels the fuel velocity is over three times the 0.60 f%/sec 
which is found in more than three-fourths of the channels.) 
the following slmplifications. Consider the "core" t o  be bounded by the 
horizontal planes at  the extreme top and the extreme bottom of the graphite. 
This gives H = 68.9 in .  
of 96.4 f t  , of which 23.0 ft Thus f = 0.239. The 
residence time of fuel i n  the "core," at  a f low ra te  of 1200 gpm, i s  9.37 
sec. 
fuel is  69.1 ft , fo r  a to t a l  c i rcui t  time of 25.82 sec. ~ h u s  tx = 25.82 
- 9.37 = 16.45 sec. 

Assigning values t o  H and v i s  not simple, because the fission dis- 

The axiaJ. distrib-xtion of the fission rate  closely 
The longest graphite stringers 

Further cm- 

There are also 

(In 

L e t  us use 

Enclosed by these boundaries is a total volume 
3 3 is occupied by fuel.  

The velocity, H/tc, is  0.61 f%/sec. The t o t d l  volume of circulating 
3 

?recursor Yields and HaLf-Lives 

the data of Keepin, W i m e t t  and Zeigler for  f ission of U235 by thermal neu- 
trons.ll 

For yields and half-lives of the delayed neutron groups, l e t  us use 

These are given in  Table A-1.  

"S. Krasik, ItPhysics of Control," p. 8-4 i n  Nuclear Engineering 
Handbook, ed. by H. Etherington, Mcciraw-Hi.l,J., New York, 1958. 
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Table A - 1 .  Precursor Data 

Group 1 2 3 4 5 6 

Half-life (sec) 55 07 22.7 6.22 2.30 0.61 0.23 

Decay constant 0.0124 0.0305 0.U-14 0.3013 1.140 3.OlO 
hi (set-1) 

Frac ional yie d, 2.11 14.02 12.54 25.28 7.40 2.70 
10 t Bit (dl0 t. n) 
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rr )  

I 

Neutron Energies and &es 

The age of neutrons is  given by 
" 

dE 
E 7 -  

E 

The age of prompt neutrons, which have an i n i t i a l  mean energy of about 
2 Mev, is  about 292 cm2 i n  the MSRE core a t  1200°F.12 Let us estimate 
the age t o  thermal energy of the delayed neutrons as follows. 

Therefore use the appraximation 
k?n 

tha t  

The average energy of thermal neutrons at 1200'F i s  0.119 ev. 
Goldstein13 reviewed the data on delayed neutron energies and 

recommended values for the first five groups. 
i n  Table A-2, together with values of T~ calculated from (a22). 
perimental values for  the mean energy of the shortest-lived group are 
available, so a value of 0.5 @v was assumed. 

H i s  values are given 
No ex- 

Table A-2 .  Neutron Energies and Ages t o  Thermal i n  E R E  Core 

Group 1 2 3 4 5 6 Prompt 

&an Energy (av) 0.25 0.46 0,40 0.45 0.52 0.5 2.0 
&e, 7 %  (cm 2 1 256 266 264 266 269 268 292 

12This number i s  the r a t i o  D/I: fo r  fast neutrons calculated by 
MODRIC, a multigroup diff'usion calculation. 

1 3 H .  Goldstein, F'undamental Aspects of Reactor Shielding, p 32, 
Addison-Wesley, Reading, Mass. (1939) 
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Neutron Diffusion Length 

In the main body of the MSFU3 core the square of the diffusion length 
2 for  thermal neutrons i s  210 cm . 

ing fuel with no thorium and about O J 3  mole percent uranium. 
Tiis i s  for  the core at  1200°F7 coiitain- 

*imn 
a 

B2 
imn 

C 

C 
0 

D 

E 

EO 

Eth 
F 

f 

H 

imn 

J 0 7  J1 

Jm 
k 

L 

N 

P 

Q 

9 

Nomenclature 

coefficients i n  series expansion of Si 

coefficients i n  series expansion of q i 
geometric buckling 

precursor concentration i n  fuel 

c entering core 

m i x e d  m e a n  c 1eavi:w core 

neutron d i f  f'usion coefficient 

neutron energy 

mean i n i t i a l  E 

thermal E 

coefficient i n  series expansion of flux 

volume fraction of fuel i n  core 

height of cylindrizal core 

Bessel functions of the f irst  kind 

mth root of Jo(x) = 0 

neutron multiplication factor 

neutron diffbsion length 

t o t a l  rate of neutron production i n  reactor 

nonleakage probability 

volumtr ic  circulation rate of fuel through core 

neutron slowing-down density 
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Namenclature - cont'd 

r 

r 

R 

a 

S 

V 

z 

'i 

'i 
* 

'i 

h 

Y 

5 

'a 
7 

PI 
Subscripts 

i 

S 

radial. distance from core axis 

value of r where Jo(2.kr/R) = 0.432. 

outside radius of cylindrical. core 

neutron source per unit  volume of fuel 

residence t ine  of fie1 i n  core 

residence time of fuel i n  external. loop 

half  -life of preclrrsors 

fuel velocity i n  core 

axial distance f r a m  bottom of core 

fsaction of neutrons which belongs t o  i t h  group 

"effective 'I fraction 

calculated fraction of neutrons of group-i which is  
emitted in core, assuming flat production of 
pre curs or s 

Fraction of neutrons of group i which is emitted 
. i n  core 

precursor decay constant 

t o t a l  neutrons produced per fission 

average decrement i n  log E per collision 

neutron absorption cross-section 

neutron age 

neutron f l u x  

a group of neutrons 

prompt neutrons 

noncirculating system 
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