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Abstrac 

A general non-uniform burnup program has been de­

veloped to determine the lifetime of the APPR-1. The calcui 

lation is preformed using two one dimensional multiregion 

burnout calcula t ion™ The approach to the problem, equatioi 

and derivation of burnout equations are presented The re-

^ ^ u l t s j l v e been plotted and compared with the rod bank position, 

m ^ u r e d at Fort belvoir On the basis of these c a l c u l a - ^ 

ns t h e ^ ^ e c t e d total energy release of the APPR-1 is 

MWYRSi 

• ^ * - £ . 

7>J'o hOS 



APPR-1 Burnout Calculations 

troduc 

A general non^uniform burnup program has been developed to determine 

the expected lifetime of the APPR-1, both Core I and Core II The calculation 

is performed using two one dimensional calculations; the core is divided into 

radial and axial regions then burned out in each direction for small time in­

tervals The radiakand axial burniqDS are then connected by the tota^Hierj 

release 
j£^' 

The non i f l H R n calculation involves the following IBM-650 progra 

Muft III (1)* prepares fast few group constants by calculating the multi-

group Fourier transform of the slowing down distribution This program takes 

core number densities as m m ^ B i n d s the fast fluix, ^ d appropn;itely weights 

the fast constants, iJ 2 ^ 2 

P-3 (2) solves the one velocity transport equation to the third spheri 

harmonz( approximation for plate type elements and gives the flux distribu 

both perpendicular and parallel to the plates. The output includes the foil 

core propert ies: ^ ^"^i ^-t^ \ ^^ and a thermal shielding factor gf 

(The actual output is ~£!2i^ and •ac-^ii/e 

^acfivt fc. 
, normalized to .^-^^ r / 

Core. 

g ' is then the product of the two outputs). Both the Muft III and P-3 codes wil 

be d i s c ^ p e d 'n more detail m the ZPE II analysis to be published by B. J. Byrne. 

y 

* Numbers m parentheses refer to references listed at the end of the rep<i 



Vaiprod and Windowshade (3), (4) are two group flux distribut on pre 

gra^Bl j^ ich treat respectively the rad al and the axial problem. The geii| 

t W G ^ ^ B equations, including fast fission and absorption are . 
p i p - 2?p 7% (^) -h n . - (>'P) Kp fJ S-p/r) ^ i^^^ j ; ^ ^^ (r) 

The output of these codes includes thermal and fast fluxes and 

A uniform poison can be put into the Windowshade to represent the rod 

the program w.̂ ll adjust M^ 

A pew code, Nui 

and to prepare j^Mlt fi 

o criticalit 

n written to 

are derived ^ < ^ ^ ^ ^ ^ B 1 ^ of this report In 

have been fittedaH functions of burnout 'n ĥ 

cu la t^Ke burnout disti 

The equat ons pi 

rves for t h ^ H ^ ^ H i s t a n t s 

man! 

therniai shielding factor 1̂ First order polynom 

*^>and percent thermal f is 

Second order polyno 

Two Second order polynomia 

iput the average the 

A program is beini 

^shade fluxes 

There a re two g l ^ ^ K approac 

(1) one step in which the ^ K i a l flux distribution is used throughout core 

and (2) multistep in which a i.ew distribution is found for ea .h time step 

WAPD-MR-50 and APAE 11 both ndicate that the e r ror in the one step approach 

relative to thiMuiltistep is small However, it is s u s ^ c t e d t h ^ ^ t e e r r o r may 

iOns of different concavity)! 

the ratio of the fast to then 

itten to normalize and average the 

the non-unifoi^Pralcuiationji 

105 



be a function of the initial position of the control rods, i. e. which parts of the 

core burnout f:rst and most rapidly This point will be discussed in more^ 

deta'l later, 

The jt^o approaches will be discussed m detail and aU pertinent equations 

presertedaEThe report also inr hides results of a calculation made on the 

APPR-1 and <»11 core constants usee 

Multistep 

I. R '̂n M^KnV s *o prepare fast constants {y, p. Dp, Kf) as functi 

of bu"-nout,_ The ufB: to the Muft III should include the fuel burnout depletio' 

of burnab^B>oison<Mand equivalent boron accumulation due to fission produc 

Plot cu»^'v^^f the fast constants versus burnup frar^ion 

n Run the P-3 program to prepare thermal constants (D^̂ ĵ , U?X l^^T 

and thermal self shielding factor g) Again the input should 'nclude fuel burnout! 

burnable poisons, and fission pioducts, but not xenon which will be treated 

separately Plot the thermal constants against burnup 

III Using the above fast and thermal constants, including the xenon 

cross-se t^^^Bcalcula te Keff for the equivalent bare reactor for various bum-

out points by the modified two group formulation. Calculate and plot the perceni 

thermal fissions as a function of burnup. 

JV Run a radial Vaiprod with the initial fuel, poison and xenon conr e 

t rations to get plots of the thermal and fast fluxes. Divide the core into radi 

•"egions and find the average thermal fiux and average fast flux in the cor 

m eachxegion. Fron^Bie power output of the reactor, determme the re 

- 3 -
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* * 

n 

* 

verage thermal f todB|neuts /cm^-sec and get a normalizing factor for tt 

Iprod resu l t !^ ! " 

V Burn out each region of the core for a specified time interval.j 

culate Z^^ for each region get thermal and fast properties for each: 

r¥gion from graphs plotted in steps I and II Run Vaiprod for second time 

interval with core divided into radial regions each with different properties.^ 

VI Repeat steps IV and V until the core has been burned out, 

VII Find the energy *'eiease fr-: each time interval by calculating the 

total number of U-235 atoms fissioned and multiplying by the energy release 

per f ssion Note that the energy release ^s not the power times time because 

in reality the fluxes do ^ B r e m a m constant with time a s H ^ been assumed 

VIII Plot Keff for ' imifornwHmut (modifiea 'wo group model) and for 

radial non-uniform burnout (Vaiprod outpi.'t includes Keff) against energy ^f: 

release ^^^ft :fference ' m the two ^HgH^ is A K for radial non-uniform bum-

IX Run a Windowshade for the^Bt dirty zero burnout case. For this 

Windowshade calculation, it is necessary to know a value of Z for the banJc. 

1. e. the results of some bank worth measurements. The Windowshade progi 

should not iterate to Keff - 1« 000 but to Keff = L 000 ± ^K where ^ K in­

cludes the correction ior rad al non-uniform burnout andjiny other^correctioi| 

thought necessary. 

X. Obtain axial fast and thermal flux distributions, divide core in| 

lal regions, normalize and proceed as m the radial case The main diffei 

from the radial calculation is that the Windowshade wiU be iterating to a K which 

-4-



includes the radial non-uniform correction and the final result will be a p l | 

ontro) rod bank position versus energy release If a value of ^ o for aj 

on-urtform burrout is desired the Windowshade program IHy bHhin with 

ods out. 

One Step SHculation 

In the one step approximation the flux distribution is assumed co 

out lifetime. The avea^fe "^adial and axial fluxes m each region 

e initial Vaiprod andWTndowshade a r ^ ^ e d for all burnout calculations 

However a new real thermal flux muslf^ft caflSJated at the beginning of eac 

time interval since ^core '^ p ropo^yna l to ^ and Y^^ » ^^^'•^ o 

change wi*h burnout 

shot calculation has been made for R-L From 

PE experiments, the reactivity of the cold clean rore with rods out and with 

ds in can be found (Numbers are tabulated m Appendix HI ) Also available 

from Fort Belvoir a r e rod bank positions for the cold clean and hot equUibrium 

xen(M!pases The vaJ^Kof Z, ,, found from the ZPE experiments inserted 

n thT'Windowshade calculation resulted in an absorber position 0. 91 inches 

above the measured bank position (the bank pos tion measured at Ft, BelvQ\£_is 

the top of the control rod fuel element) In the reactor there is a 1 3 inj 

gap between the bottom of the absorber and the top of the control rod fuel, 

where the bank position is measured (See Fig 1) There is some uncerta jit 

where the effective boundary between t l j ^ b s o r b e r and the fuel occurs. 

- 5 -

K ?^.'^ 



• . € . 

The t fore, the 0. 91 inches was used a s a constant correction throughoi^Bie 

calculation to find bank pos:!ion. 

Radial Valprods where run hot and cold withMjentral rod (Mle^, absorber, 

core^ and reflector regions) to determine the coM Who* change liBK^ because 

no ho» reartl"»»y measurements were available. T B | r e s " l t was tJiat at temp­

erature, the rod worth is 13 per cent*f reater than at 68^F Thevaluesof 

used were 08824 at 680F and 07756 at 440^F. 

Anothe- correction, called the model co*fection^ was found by j'unr\ng 

hot Windowshade at poinds near the expected bank position. At this point, 

Is was found that resulted m a caiculat'on which matched the experimental 

rpsults |Bbeginning of l ife.^Bhis correction was held ''-oMtint with burpoi 

'mm, results of a one ^gf. calculation on the A P P R - H r e shown m Fig. 2. 

The baHfcositions as measMId at i H i Belvo:r are a lso |Pown and extrapolated 

e ^ ^ H | shot 

Iculation, 1 e. ''n this case the baiBKvas mitiaily inserted about 65 per cent 

the w a y ^ ^ B h e c o i j ^ Thus the initial flux distribution was peaked in the 

bottom "^^f lHIof ^-heBBre and this part of the core was burned out more 

rap'dly *han the <"enter and ^ B . A multjstep calculation should burn out the 

center which !3 wortb more thaj> the edges, quicker and therefore the rods 

should r .se faster than m the ore step appr^imat ion. 

In APAE II, F. B. Fairbanks P " ^ < ^ ^ H ^ non-uniform to uniform lifetime 

ratio of 0 78, The present analyses gi\JjlJp,on-uniform to uniform ratio of 

0. 85. Again this difference may be due to the fact that the rod bank started 

above t»ie center of the core and thus hvmmStmvit the important center region 
^^ "# fe | tljUg wUlM 

orequ'fk^y. - ^ ^ ^ ^ - - ^ " -7 

See 



On the basis of Fig. 2 we feel that the best estimate for the APP] 

lifetime is 13 MWYR= Fig. 3 shows the uniform energy release and the el 

of radial non-uniformity. Figs 4 and 5 are the radial and axial non-uniform 

fuel distributions and Figs. 6 and 7 the flux distributions used in the calculations. 

emperature was found to be 

t 68° F, i f rod worth i s de f ined^ 

6 per cent g r e a t e r i f t h P w o r t h i s 



I Appendix I 

Equations for Non-uniform Burnout. 

The Roman numerals refer to the sectio 

Unifo]^feU-235 concentration 

e description of 

where B is the fraction burnout. 

B-/0 , , B-la ^ _ - , 3 Uniform B-IO burnout tJ 

3 = 

= A/, [ B J ^ A C I . . . 
(i~^yj^u,) 5!' 

0 ^ 

(It will b^b tecTOa t g is no* constant with burnout, however calculations! 

have shown that assummg it to be constant amounts ô less than a tenth of a 

per rent e r ro r in p .) 

, &-ia 

A/. 

wherey*can be read from a curve in KAPL 1501, For machine calcula­

tions, the curve may be fitted by the following equations 

II. 

-7OOO K /o^ B"^ 

Uniform x e n l ^ c r o s s se 

B <.Jfo 

I ' oCcr.J (^i-h^z) V 



where: 

*(. =» 1, 09 - xenon non-uniform factor 

Ĉ *̂  s 1 8 2 x 1 0 " - ^ ° cm^ = xenon the rmj^bsorpf l 

^'^ - . 059 = Fractional fission yield of iodine 

003 = Fractional fissional yield of xenon 

1. 09 X 10-5 sec-1 ^ Decay constant of iodine 
7 

10 watts - Reactor power 

. 24 X 10^^ fissions/watt sec. 

. 39 X 10^ cm"̂  z core volui 

Fraction burnout 

Modified two group multiplication factor 

er cent thermal fissions 

irage flux piBiregion from Vaiprod can be calculated by 

' I 

w h e r e i r c a n M taken arbi t rar i ly small; r is the radius at the mic%)oiiit, 

r and r j and i ^ a re the limits of the region. For '"' ' 

R, the outer r a d u s of the core. 

The real average thermal fljy|..n the c 



the r 'rmalr:>''g constant is then 

K -

•Cor£ 

The burnout equations a re 
(all derived m Appendix I) 

ZS-, 

where the prime indicates 
the vaiprod results. 

lows 

/y'Ht) = /V^YO^ 

VII. To determiikteBie energy release m MWYRS, at the end of each time 

interval. 

t / M w y j ? s 
A'^ 

z5-

L /^^Vh • J^^J Jo.JKio^*^ 

.-T-S 
the total U-235 atoms burned /il^ - J^ A^. /5; V4Z-

1 summat'on is c H c all regions. 

mm _ P 
To fincH value of 2. 

and Kgff WJth the rods m the core 

e rod bank, one needs Kgff with the rods* 

Kt. ( 1 - P^ 

-1 

''( - > 

- ? ^>4/ 



hich assuiSf that the change in J^ takes into account any changes 

imight occur '^ the other parameters Thus one can solve for Kth and! 

in the following manner. 



Appendix II 

NOMENCLATURE 

Fraction burnout 

Bucking 

Fast diffusion coefficieni 

Thermal diffusion coefficiei 

Thermal shielding factor 

Iodine atom concentratio 

Fast multiplication factor 

Thermal mult, plication factor 

Diffusion length 

U-235 atom concentration 

Boron 10 atom concentration 

Resonance escape probability 

Reactor power 

Time 

Core volume 

Xenon atom concentratio 

Xenon non uniform factor 

Fast U-235 capture to fission rat 

Thermal U-235 capture to fission ratio! 

Fraction thermal fissions 

Iodine fraction fission yield 

-20-
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Xenon fraction fission yield 

Iodine decay constant 

Xenon decay constant 

Neutrons per fission times macroscopi| 
fission cross section 

Percent reactivity '^eff-l 

Boron-10 thermal absorption cross sectionf 

Boron-10 fast absorption cross section 

TJ-̂ 235 thermal absorption cross section 

U-235 fast absoprtion cross section 

U-235 thermal fission cross section 

U-235 fast fission cross section 

Xenon thermal absorption cross section 

Macroscopic absorption cross sect.or 

Macroscopic xenon absorption cross sect'oi 

Rod bank equivalent poison cross section 

Cross section representing effect of 
substituting 7 control rod elements for 
7 f!xed elements 

Fermi age 

Thermal flux 

Fast f||ux 

Real average thermal flux m core 

Avera ge region flux from Valp rod cr WJndowsha de 

Average corefluxfrom Vaiprod or Windowshade 



Appendix III 

A P P R - 1 Core Constants 

Number Densi t ies for Muft i n 

e ro Bu'-nout - Fixed Elements 

440*^ F 

a t o m s / c m ' 

044532 X 10 

014653 X 10 

24 

24 

023211 X lO^^^ 

000047 X 1024 

000045946 x 1024 

0004242 X 10^4 

d not B-10 1 e. N ^ - ^ ^ ^ ^ ISSN^ 

I P - 3 Input 

Fixed e lements - Z e r o Burnout 

0. 038100 cm 

m . 0 207256 cm 

3 175000 cm 

68^ F 

a t o m s / c m ^ 

053226 X 1024^ 

014653 V lo24 ' 

027477 X 10^4 

000047 X 1024 

000045346 X 1024 

0004242 X 10 

q - 3 730625 

ect ions . 440°F 

0. 762252 

2. 048792 

2 171908 

Channel 

0.011052 

L728751 

1.258399 

0„000000 d 

Dead 

0 057069 

1.456698 

1 185148 

0 000000 
22-

4 ' 'J ' ^7 1 



i O 
Reg'On Cross Sections- 68 F 

Plate 

1.713152 

. ^ ^ ^ ^ ^ 0.762252 

E ^ | H ^ K 2.465638 

VZ 2.888019 

Relative Sources-

•^active - 0 8161'70 

•Sdead - 0 675409 

Unshielded Microsco 

6 8 " F (0. 0331 

3088. 48| 

83. 6 t 

Dead 

0 07537: 

1 9265051 

1 660122I 

0. 000000 

Cross Sections vbams; 

4 4 0 0 F (0,0549 ev) + 



Bu rnou 

0.405789 

266863 

0.747790 



B 2 axi 

B 2 tota 

Reflector Properties (Pure Water) 

440' 

0.264886 i 

1.893739 

0,011052 

47. 5034 

0. 988482 

ucklmg (cm~2 

440*̂  F 

.004465 

.002129 

.006594 

Thermal Flux radial max/avg = 1. 477 

Thermal Flux ajcial max/avg -• l„894 

Maximum Fuel Burnup at 13 MWYR 

68° F 

004895 

002259 

007154 

t*. jW" 

65f 

*'' ''•'''̂ •̂ •̂ 'S, J 

mmmm 



Initial Reactivity (%) 

45 Fixed Element 

Cal^P^Pp^P^n) 

Calculated (Eq Xe 

M e ^ ^ r e d (Eq Xe) 

38 Fixed Elements 
7 Control Rod Element! 

13.54 

15.35 

- 3 . S 7 (rods 

9.81 

7.85 

8.1 + 

4 

m 
'**%.* 

^^H 
^^M 
^̂ ^H 

t f ' ^ 

Based on comparison of window shade calculation with bank 
position measured at Fort Belvoir. 



Appendix I 

Derivation of Burnup Equations 

jThe fuel burnup equation is 

and assume A to be constant with time (this will not introduce serioi 

e r ro r if the time intervals a re taken suff'cientl> small^ i e as small as 

possible with regard to the amount of time available to run many Valprods 

d Window shades), The solution to the burnout equation is then 

/7'70-/y^7^)e' 
The boron burnup equation is 

f- ^ V Allc:-'V,^J 
which can be solved m the same manner as the uranium burnout i e 

N 
8-IO 6-'o/ 

(i)^ N ' (io) C 
-e'd-^o) 

where 

fl'- x<[<^-f .̂  
The boron burnout can also be coupled directly to the uranium burnc 

in the following manner. 

f"=/v=-70rrr-> + 3'<"̂ Ĵ 

V V ' ^ 0 ^ - ^ I'f"' ^^1 f- v/v^^Oo^ 

"-i'. > 

-27-
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8'ia 

C-. 

^^^K^^/'W^O ^'C-^(i.^)(i.^,) 
w o- v/y^7 

«i. -- o 

• & . & 

, A-'̂ ^O = ^ 

Approximate A/"^ /̂̂  t B ^ A / " ^ 0 

^^ J V c/y 
" c:g6 ^/^/^^u) 

A/'"'̂ 0 • ^^7,,) _ X?[̂ /.̂ J ;̂ ^ )̂ ̂ ^̂ ^̂  ;,^^)j^ 
V 

hich has the solution 

where 

( 3 ^ ^ 
i f^ -^[li-i,^] -̂  j'5ZQ-r/-;5')r/-^o 

^ (^^ - / fh ) i(i-^){i^u^) 

This accounts for the burnout of burnable boron poison built into the cor 

To find the xenon cross-section one needs the solution of the 

following equations 

^ie 

-2] 
'^^'> (23' 



The solution of the xenon equation is 

AS', 

where 

Wi ^1 ,^5 

A sample calculation for the APPR-^p;ore and for a time interval 

of one-foi'rth ye^fej(. 7875jyiO sec) i^ultCTTin the followmg magnitudes 

simplifications. 

^ (y. -̂  ^J A/^^/0 L r^j-, -̂ 3^0;:, r^O 
:̂ / fCu^C 

* ^ " " ' ^ \ „ 

' ? ' >3 
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