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l o o  CONTRACT DES1C;N REQUIR.R"ENTS 

The core design requirements a r e  s e t  fo r th  i n  the general object ive and 
project  guide l ines .  The general object ive f o r  t h i s  project  requires  t h a t  the  
core be of the  APPR type and be adaptable t o  skid mounting of t h e  primary system. 
The project  guide l i n e s  c a l l  f o r  following items t h a t  a f f e c t  core design: 

a ,  System reliability with minimum down 'time f o r  refueling, 

b, Minimum i n s t a l l e d  cap i t a l  cost a t  a remote s i t e .  

c, Ut i l iza t ion  of proven technology. 

do Avai labi l i ty  f o r  procurement by January 1, 1959. 

e. Minimum personriel requirements f o r  operation and maintenance. 

f ,  Minimum of one year  between refuel ing when operating at f u l l  powei. 

1.1 . Comparison with APPR-1 .and l a  design requirements 

The contract  requirements fo r  t h i s  design a re  not inconsis tent-  i n  any way 
. with those f o r  the  A P P R - ~ ( ~ )  and 1-a (2) reac tor  cores. By relaxing design 

requirements the  contractor i s  able t o  make improvements i n  core design and 
operating philosophy t h a t  a r e  of benefi t  t o  t he ,mi l i t a lg .  

2.0 COMPARISON WITH 10 MU SKID-MOUNTED CORE DESIGN ANALYSIS 

Core configuration and core operating temperatures f o r  t h e  6.5 megawatt 
skid-mounted reac tor  i s  iden t i ca l  t o  those f o r  the 10 megawatt reac tor  described 
i n  APAE 39. Hence, the  core design ana lys is  f o r  the 6.5 megawatt reac tor  of t h i s  
report follows qu i t e  c lo se ly ' t ha t  given i n  APAE 39. 

Differences e ld s t  only where f l u x  l eve l s  a r e  concerned. Where appropriate,  
values a r e  scaled down by a f a c t o r  equal t o  the r a t i o  of t h e  power l e v e l s  
A more complex consideration involves t he  r e a c t i v i t y  gain due t o  l e s s  (%I 
xenon poisoning i n  the 6.5 MW core. However, modified two group ana lys is  revealed 
t h a t  t h i s  r eac t iv i ty  difference f o r  equilibrium xenon a t  zero MWYR amounts t o  only 
OOJ+%, As core burnout increases ,  t he  difference becomes even smaller. Values 
of Keff forB the  two reac tors  f o r  various f r a c t i o n a l  burnups a r e  given i n  Table 
2-1. These values a r e  based on a uniform burnup comput,ation. 

(1) APAE-10 Vol.' 1, Phase 3 Design Analysis f o r  t h e  Allqy Package Power Reactor, 

(2) APAE-17, Vol,l, ,Phase 3 of the report  A m  Package 'Power Reactor F ie ld  Unit #1, 
APPR-la 



Table 2-1 

React ivi ty  Comparison Between 6.5 Mw and 1 0  Mw Cores 

Per Cent 
Burnout 

(Uniform burnup comparison) - 

Kef f 

6.5 Mw Core 10 Mw Core 

The differences i n  xenon e f f ec t  on r eac t iv i ty  between the  6.5 Mw and 
10  Mw reactors  a r e  shown t o  be c p i t e  small. Hence, a l t e r a t ions  of the  core 
design ana lys is  of APAE 39 a s  mentioned above w i l l  not include r eac t iv i ty  
values . 

2.1 Core and r e f l ec to r  configurations 

The core a r ray  se lec ted  f o r  the sk id  mounted APPR i s  the  basic  7 x 7 
ar ray  of t he  APPR-1 with 3 elements missing i n  each corner which r e s u l t s  i n  a 
core of 37 f u e l  elements. I n  t h i s  manner a reduction i n  e f fec t ive  core diameter 
i s  obtained of approximately 2 inches. The ,arrangement of t h e  32 f ixed  elements, 
5 cont ro l  rod f u e l  element, and 5 absorber sect ions i n  t h e  core support s t ruc ture  
and control  rod baskets i s  very s imi la r  t o  t h a t  of t he  APPR-1 which has proven 
i t s e l f  from a l l  standpoints. 

The r e f l e c t o r  configuration or ig ina l ly  envisioned f o r  the  skid mounted 
APPR (see APAE 33, Drawing ~ ~ L 3 3 5 )  employed a minimum water re f  l e c t o r  followed 
by the  reactor  vessel.  No thermal shielding was t o  be employed. It was 
intended t o  employ a s o l i d  s t a i n l e s s  s t e e l  reactor  vesse l  because of the  high 
f a s t  neutron f l u x  on t h e  reac tor  vessel. A s  w i l l  be discussed i n  Shielding 
Design Analysis, Sec t i sn  5,0, t h e  heating in this vesse l  resu l ted  i n  too high 
thermal s t r e s se so  It then became necessary t o  inves t iga te  t he  addi t ion of 
thermal shielding which resu l ted  i n  an increased diameter of t he  s t a in l e s s  s t e e l  
vessel.  A configuration employing a la rge  thickness of thennal shielding 
(p rac t i ca l ly  a s t a in l e s s  s t e e l  r e f l ec to r )  resu l ted  i n  a s t a in l e s s  s t e e l  vesse l  
whose ins ide  diameter was not s ign i f i can t ly  smaller than t h a t  of t he  carbon 
s t e e l  vessel. The in s ide  diameter of the sh i e ld  was such a s  t o  p e w i t  adequate 
water t o  be placed between it and t h e  reac tor  vesse l  t o  reduce the  f a s t  neutron 
f l u x  t o  a l e v e l  such t h a t  the  t o t a l  integrated nvt over a 20-year l i f e  was not 
a problem. The basic  cha rac t e r i s t i c s  of t he  reac tor  core together  with a 
comparison with APPR-1, Core I a r e  given i n  Section 2,3. 

\ 

2.2 APPR-1 core I and core I1 charac te r i s t ics .  

The project  guide l i n e s  a r e  consistent with t h e  core design developed 



i n  s'BPAE-33, 2000 Kw sk id  mounted APW power plant", The core design pmpssed 
i n  6 3 3  employed 32 f ixed  f u e l  elements of APPR-1 Core I o r  Core I1 specifica- 
t i o n s  and 5 control  rod f u e l  elements of APR-1 Core I1 specif icat ions and 
5 boron absorber sect ions of APPR-1 Core I specif icat ions.  It i s  f e l t  t h a t  t h i s  
core configuration, a s  w i l l  be proven i n  the design analysis,  meets a l l  t he  pro- 
jec t  guide l i nes ,  such a s  u t i l i z a t i o n  of proven technology, minimum of one year  
core l i f e  and minimum i n s t a l l e d  cost. E3y employing APER-1 f u e l  elements in t h i s  
core the  i n s t a l l a t i o n  becomes capable of receiving f u e l  elements of improved 
technology a s  they are  developed f o r  the ABPR family. 

2.3 Dimensional and mater ia l  tabulat ion 

A l l  core dimensions and mater ial  f o r  the Skid Mounted Reactor a r e  
l i s t e d  i n  Table 2-2. Data f o r  the  APPR-1 core i s  a l s o  l i s t e d  t o  supply the 
reader with a comparison between the two cores. A l l  experimental infopmation 
i s  marked with an .as te f i sk  (9). 

Table 2-2 

Comparison of Skid Mounted Core and APPR-1 

( " ~ o t "  means 5129 i n  Skid Core, W 0 F  i n  APPR-1 Core) 

Skid Mounted APPR-1 

Configuration 

Equivalent diameter - in.  
Active core height - in.  
No. of f i xed  elements 
NO. of control rod elements 
Matarial, content of core , 

~ 2 3 5  - kg. 
~ 1 0  - gm. 
SS - kg. 
H20 ( 6 8 0 ~ )  - kg. 

Fixed element ' 

~ 2 3  5 - gm. 
$0 -- gm. 

Control Rod element 
V235 - gm. 
~ 1 0  - gm. 

Control Rod Absorber Section 
$0 - gm. 

Volume i n  core - cc 

7 x 7 - 3 elements 7 x 7 - corners 
i n  each corner missing - 45 
missing - 37 elements 
elements 



, Table 2-2 (Cont 1 d) 

Configuration 

Skid Mounted ' APm-1 
! 

7 x 7 - 3 elements 7 x 7 - corners 
i n  each corner missing - 45 
missing - 37 element s 
elements 

Fuel. elements 
Fuel p la te  meat - rectangular f l a t  U02 - SS - B4C 
Fuel p l a t e  clad - type 3 0 U  s t a in l e s s  s t e e l  

Meat thickness - i n ,  
Fixed element 0.020 
Control Rod element 0,.020 

Meat width - in .  
Fixed element 2.500 
Control Rod element 2.281 

Actf ie  .length - in.  . 
Fixed element 22.0 
Control, Rod element 21.125 

Cladding - in. 
Fixed element 0.005 
Control Rod element 0.005 

, Fuel P la tes  per  element 
Fixed element 18 
Control Rod element 16 

Water gap between p l a t e s  - in. 
Fixed element 0.133 
C o n t r d  Rod element 0.133 

Fuel p l a t e  meat composition - wt .$ 
u02 25.032 
B4c 0.134 
SS 780834 

Control Rods 
Type - square s t a i n l e s s  s t e e l  basket containing absorber sect ion and control  

rod f u e l  element (7/8" Europium f l u x  suppressor a t  t o p  of meat-lgm Eu). 
Absorber sect ion - four  p la tes  welded i n t o  a square tube. 
Composition - boron enriched i n  810 isotope dispersed i n  i r o n  and clad with 

type 304L s t a in l e s s  s t ee l .  
Travel-22 in.  
Weight of one rod - 55 lb.  



Table 2-2 (Csnttd) 

Skid Mounted Am-1 

7 x 7 - 3 elements 7 x 7 - corners 
i n  each corner missing - 45 

Configuration missing - 37 element s 
elements 

"Hot" means 5U°F i n  Skid core, 440°F i n  APR-1 core. E means experimental data. 1 
I n i t i a l  r e a c t i v i t i e s  - ?.if' 
Cold - 680F - no xenon 
Hot - no xenon 

Hot - eq. xenon 

~ n i t i a l ' b a n k  posi t ions - inches from bottom 
Cold - 680F - no xenon 
Hot - no xenon 

i 

Hot - eq. xenon 

Power - peak t o  average, hot, clean 
o m  . 

Radial 
Axial 

Average Thermal neutron f l u x  (neutrons ) 
( c d  - sec. ) 

o m  . 
Fkpected t o t a l  energy release - MWR 
Average f u e l  burnup 

Maximum f u e l  burnup 
Composition of core a t  end of l i f e  

U-235 l e f t  - Kg. 
Original B-10 l e f t  - gms. 

kdmm bwnup of control  rod mater ial  
Temperature coeff icient  

Cold - 680F 
Hot - 

Pressure ~ i e f i c i e n t  
Five rod bank worth - %f 

Cold - 68OF 
Hot 

Center rod worth - $ f' 
Cold - 680F 
Hot 



Table 2-2 (Cont 'd) 

Skid Mounted . APPR-1 

Configuration 

Radial Reflector  savings - Sr - CUO 
Cold - 6 8 O ~  
Hot 

Axial r e f l ec to r  savings - Sz - cm. 
Cold - 6 8 0 ~  
Hot 

Radial  buckling - E@ - a-2 
Cold - 6 8 0 ~  
Hot 

Axial buckling - $B - 
Cold - 680F 
Hot 

Total  Buckling - B$ - CJII-~ - 
Cold - 68OF 
Hot 

7 x 7 - 3 elements 7 x 7 - corners 
i n  each corner missing - 45 
missing - 37 elements 
elem6nts 

3 -0 APFR-1 MEASURED CORE: CHARACTERISTICS 

Because of t he  f a c t  t h a t  t h e  sk id  mounted APPR employs 37 APPR-1 f u e l  
elements the measurements made on the  APFR-1 core employing 45 f u e l  elements 
a r e  of par t icu lar  significance. It is  expected t h a t  t h e  pr inc ipa l  e f f e c t  of 
employing 37 ra ther  than 45 f u e l  elements i s  t o  reduce t h e  r eac t iv i ty  of t h e  
core throughout l i fe t ime,  I n  addition, there  w i l l  be some increase i n  tem- 
perature coef f ic ien t  due t o  t he  reduced core size.  

3.1 Bank position 

The 5 rod bank posi t ion i n  t he  APPR-1 has been measured under a 
wide range of conditions. These a r e  - 

7 0 0 ~  No Xenon 

W0I? . Equilibrium Xenon 

442'~ .Peak Xenon 

The r e s u l t s  of these measurements through 7 MWYR of core l i f e  a r e  
shown i n  Fig, 3-1 (Fig. 2 A  Progress Report #5, Task VII). It would be ex- 
pected tha t  the 5 rod bank posi t ion f o r  the sk id  mounted reactor  would be 
fu r the r  withdrawn a t  room temperature because of the lower care r eac t iv i ty  



and higher rod worth and would be fu r the r  withdrawn a t  operating temperature 
due t o  the same reasons together with the  higher opepating temperature (5120 F 
vs 44OOF). 

3.2 Control rod worth 

The 5 rod bank worth has been measured under a var ie ty  of conditions 
i n  t he  ZPE and a t  Ft. Belvoir. The measurements a t  Ft. Belvoir provide a com- 
parison between the  room temperature ca l ibra t ions  made i n  t he  ZPE and calibra- 
t i ons  made a t  operating temperatu~e. A summary s f  all the  measurements i s  con- 
ta ined  i n  Fig. 3-2, (Fig. 3 D  Progress Report #6) (=). It would be expected 
t h a t  t he  5 rod bank ca l ibra t ion  f o r  the  skid mounted APPR would not d i f f  ep  
s igni f icant ly  from t h a t  i n  Fig. 3-2. 

3.3 Stuck rod posi t ions 

With rods A&W f u l l y  withdrawn and considered s tat ionary,  t he  moot 
react ive condition with a s ingle  stuck rod i s  t h a t  of an excentr ic  rod stuck 
i n  i t s  f u l l y  withdrawn position. The case of having the  center l ine rod stuck 
i n  i t s  f u l l y  withdrawn posi t ion i s  l e s s  reactive, 

Fig. 3-3 (Fig. 5C Progress Report #5) shows the  c r i t i c a l  posi t ion of 
t he  p a r t i a l l y  withdrawn rod as a function of l i fe t ime.  From ca l ibra t ions  of 
t he  c r i t i c a l  rods and t h e i r  position, the r eac t iv i ty  i n  t he  core can be deter- 
mined i f  the p a r t i a l l y  withdrawn rod i s  completely withdrawn. This r e s u l t  i s  
shown i n  Fig. 3-4 ( ~ i ~ ,  5D). It would be expected t h a t  the c r i t i c a l  pos i t ion  
of the p a r t i a l l y  withdrawn rod i n  t he  sk id  mounted aPIR would be f u r t h e r  out 
than t h a t  of t he  APPR-1. It should be noted t h a t  i f  APPR-1 Core I1 boron 
loading a s  specif ied i n  APAE 32 (7) can be employed, then the  skid mounted 
APPR could be made sub-cr i t ical  with one rod stuck full out. 

3 ,4 Temperature coef f ic ien t  

The temperature coeff icient  has been measured i n  t h e  w-1 during 
the course of core burnout. This data  i s  shown p lo t ted  i n  Fig, 3-5 (FQ. 1A 
Progress Report #6). Two e f f e c t s  would be present i n  t he  sk id  mounted APPR 
t h a t  would tend t o  increase the  temperature coefficient. '  These a r e  reduced 
core s i z e  and higher operating temperature. The e f f e c t  of core s i z e  has been 
invest igated i n  ZPE I1 and can be used i n  i n t e rp re t ing  t h i s  change. 

3,5 Pressure coe f f i c i en t  

Pressure coef f ic ien t  as measured i n  the  -1 i s  shown i n  Fig. 3-6 
( ~ i ~ ,  1 A  Progress Report #I). 

3.6 S tar tup  count r a t e  

The s t a r t u p  count r a t e  i s  being measured i n  t h e  AFTR-1 during t h e  
course of core burnout. The count r a t e  ranges from 3 t o  5 count s per second 
with the  beryllium photoeutron block i n s t a l l e d  i n  t h e  A m - 1 .  

Wads A&B a r e  close packed control  rods i n  APR-1 and a r e  not preeent i n  the  
sk id  core. 



3,7 Conclusions 

It i s  apparent from the  wealth of experimental data  avai lable  on the 
APPR-1 core t h a t  t h e  cha rac t e r i s t i c s  of t he  skid mounted core can be predicted 
with high precision. This f a c t  should place the  core performance on a f i rm 
basis.  

4.0 SKU-MOUNTED CORE CHARACTEBISTICS 

The basis  f o r  determining t h e  Skid Mounted Core cha rac t e r i s t i c s  i s  through 
calculat ion and comparison with the APPR-1 and zero power measurements. 

The ana ly t i ca l  model used i n  the Skid-Mounted Core calculat ion i s  one 
which was used i n  the analysis  of the  Zero Power Experiments (6) and the  
APm-1, (710 

4.1 Method f o r  establ ishing - calculat ion and experiment 
4.1.1 Calculational model 

The basic  modei uses two neutron-energy group d i f fus ion  
theory a s  defined by the equations; 

The def in i t ions  of the  symbols a r e  given a t  t h e  end of the 
report.  Assuming separabi l i ty  of t he  r a d i a l  ( r )  and &a1 ( z )  dimensions, 
the so lu t ion  t o  these  equations can be obtained f ran various codes f o r  d i g i t a l  
computers (1). The Valprod (2) and Windowshade (3) ' codes, wr i t ten  f o r  t h e  I& 
650 d i g i t a l  computer, were used t o  solve the  multiregion diffusion equations 
i n  t h e  r ad i a l  and a x i a l  direct ions,  The output of t h e  codes include r eac t iv i ty  
( ~ ~ f f ) ~  normalized power, and normalized thermal and f a s t  f l u x  d is t r ibu t ions ,  
I n  t h e  Windowshade code, a uniform absorption cross-section simulating a bank 
of cont ro l  rods can be specified. The code then ad jus ts  t he  rod bank t o  the 
c r i t i c a l  position. 

4.1.2 Thermal constants - 6 8 9  and 5 1 2 9  

Since the Skid Mounted core contains APm-1 type elements, 
t he  t h e 4  group constants fo r  the cold ( 6 8 q )  core were abstracted from 
APAE 27 (6). Constants f o r  the homogenized hot (5120F) core were prepared by 
the  P-3 cdde (5).  Neutron cross sec t ions  f o r  each mater ia l  were evaluated at  
a hardened energy of 0.0597 ev and t h e  thermal cutoff was taken a t  0.248 ev. 
The P-3 code solves t h e  one veloci ty  t ransport  equation Co the  t h i r d  spherical  
harmonic a p p r o h t i o n  f o r  p l a t e  type elements. Table 4-1 shows hot and cold 
Skid Mounted constants  compared t o  APPR-1 constants. 
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Constants-Skid Mounted and APPR-1 

Fixed Element a 

Skid APF'R-1 Skid 

Cold ( 6 8 0 ~ 1  ~ 0 1 d  (&OF) Hot (5120~)  

32.403796 32.3788 48.438042 

1.321181 1.321185 1.565798 



CONTROL I#ID FUEL ELEMENTS 

Skid 

Cold ( 6 8 0 ~ )  

32.763697 

Skid 

Hot (512OP) 

48.462583 

1.510167 

0.809039 1.629316 

2.003 930 1.387063 

1.844579 1.209179 

REPLECTOR PBOPE~TIB (PW WATE~) 

Skid APPB-1 Skid AF'PB-1 

Cold ( 6 8 0 ~ )  Cold (&OF) Hot (512O~) Hot (WF) 

0 o 14340 0 A72304 0.297171 0.264866 

1.671769 1.596015 2 el54495 1 we93739 

0 019470 0.016960 0 009849 0.0110 52 



4.1.3 Fast constants - 68OF and 5120F 

Constants f o r  the  f a s t  group were a l so  obtained f r m  machine 
'calculations. The Muft - I11 code (4) prepares t h e  f a s t  group corn t a n t s  >using 
t h e  P-1 Se lengut4oer tze l  approximation f o r  slowing down of neutrons i n  hy- 
drogenous mixtures. 

4.1.4 subs t i t u t ion  effect  

Of t h e  37 APPR-1 type f u e l  elements, 5 a r e  movable control  
rod f u e l  elements. These elements contain l e s s  uranium and more s t a i n l e s s  
s t e e l  than t h e  fixed elenents. The e f f ec t  of subst i tut ing cont ro l  rod elements 
f o r  f ixed elements can be approximated by weighting t h e  e f f ec t  a t  the  center  
of t h e  core by a J~~ ( p r )  Bessel function whereA i s  t h e  r a d i a l  buckling. The 
effect  of t h e  center  control  rod f u e l  element on r e a c t i v i t y  i s  found by running 
two Valprod calculations,  one of which contains a control  rod f u e l  element 
region a t  t h e  center l ine.  The mult ipl icat ion constant, Keff, f o r  t h e  Skid- 
Mounted core can then be found from t h e  equalit ies:  

where AKeff sa Keff F*EO -Keff (F.E. with cen t r a l  control  rod f u e l  element) . 

N = no. of rods excluding cen t r a l  rod. 

F;E. = f ixed h e 1  elements 

It i s  assumed t h a t  t h e  e f f ec t  of subs t i t u t ing  a control rod 
f u e l  element f o r  a f ixed e l  anent changes only the  thermal absorption cross- 
section, 

a za =ta ( F . ~ e ) + z  
t h  t h  SUB. 

4.1.5 Model orrect ion 

React ivi ty  calculat ions using this ana ly t i ca l  'approach a r e  
d i f f e r en t  from measured values i n  t h e  AFWZ-1 reactor. To compensate f o r  t h i s  
expected difference between calculat ion and measurement, a nmodel" correct  ion 
i s  applied t o  t h e  calculated r e a c t i v i t y  of t h e  Skiddounted Reactor. 

I 

4.2 Core mac t iv i ty  a t  680F 

Using t h e  model described i n  Section 4.1, the  e f fec t ive  mult ipl icat ion 
of t h e  Skid Mounted Core a t  680F was calculated t o  be 1.1653. This r e su l t  was 
obtained from a Valprod calculat ion of a core composed of f ixed f u e l  elements 
a t  a temperature of 68OF. The constants f o r  t h i s  calculat ion a r e  l i s t e d  i n  
Table 4-1. 



The subs t i tu t ion  e f fec t  f o r  a cen t r a l  control  rod f u e l  element was 
found by running a Valprod calculat ion with a cyl indrical  control rod f u e l  
element a t  the  center  of t h e  core. For t h i s  case, Keff decreased to  1.1594. 
The subs t i tu t ion  effect  for  a l l  f i v e  elements i s  then: 

AKeff = 0,0059 

2 ISeff ( ac tua l  core), 1.1594 -4 Jo (/A r )  dKepf 

This correct ion has reduced t h e  r eac t iv i ty  t o  1,1477 o r  12.87%9. 

The measured cold r e a c t i v i t y  f o r  APPR-1 i s  1.81% higher than the  
calculated value. ( s ee  ~ & 2 7 ,  (6) Pg. 48 and 49, BBAE-32, (7) Pg. 49,50j569 
731, This difference i s  almost constant f o r  a var ie ty  of rn r e  configurations 
ranging from 1.6 t o  2.6% , I n  a l l  cases t h e  measured r e a c t i v i t y  was grea te r  
than the calculated reac' P i d t y ,  Thus, t h e  Skid Mounted core should have an 
excess r e a c t i v i t y  of about 14.98% a t  6 8 0 ~ .  

The measured r e a c t i d t y  of t h e  APPR-1 i s  15.35%f'. This imp1ies;that 
t h e  difference i n  r eac t iv i ty  between t h e  Skid Mounted and AF'PR-1 i s  only 0.67%f'. 

, Measurements were made on t h e  zero power experimental core (10) of  
t h e  posi t ion of  t h e  f i v e  rod bank vs, number of  dements i n  t h e  core. The 
bank moved 1.7" fur ther  i n ,  going from 37 t o  45 elements, which corresponds 
t o  a r e a c t i v i t y  change of 2,57% using the best  avai lable  rod worth data  (1). 
However, these cores had two addi t iona l  control  rod elements present. In t h e  
Skid Mounted a> re ,  they  a r e  replaced by f ixed  elements. This difference amounts 
t o  0,75;%P. Therefore, we can i n f e r  from this experimental da ta  t h a t  t h e  Skid 
Hounted Reactor has a r e a c t i v i t y  of 13.53$gor 1.82%-P l e s s  than t h e  UPR-1. 
Zn t h e  i n t e rp re t a t ion  of t h i s  experiment, t h e  assumption was made t h a t  the  rod 
worth does not change from 45 t o  37 elements, There i s  probably a s l i g h t  increase 
i n  rod worth i n  t h e  37 element core (about 0.9% P fo r  t he  t o t a l  f i v e  rod bank). 

A d i f fe rence  of 1.15% e x i s t s  between the two predicted r eac t iv i t i e s .  
We will say, therefore,  tha t  t h e  r eac t iv i ty  of t h e  Skid Mounted core a t  6 8 0 ~  
i s  14 .11%P#  - 0 . 5 8 8 p .  

4.3 Control rod worth 

The worth of t h e  c e n t r a l  control rod and the  bank of f i v e  rods were 
ca lcu la ted  using t h e  Scram Code (8)  f o r  the  IBM 650. This code solves a one 
ve loc i ty  d i f fus ion  equation fo r  a bare reac tor  with a r i ng  of black absorbing 
s h e l l s  including a s h e l l  placed a t  t h e  center  of t h e  core. A t  680F, t he  cal- 
culated worth of t h e  bank i s  1 9 . 9 % ~  ; a t  5l2OF9 it i s  19.5%,f7. A homogeneous 
thermal poison cross sect ion f o r  t h e  rod bank can then be defined as: 

7 _ 2 rods i n  , mixed element core 
" p  - a -&a 



This poison c r o s s  sect ion i s  used t o  predict  t h e  c r i t i c a l  rod bank position. 
The calculated worth of the  center . rod  alone i s  4 . 5 g g a t  6 8 0 ~  and 4.Ogfat 
512'~; 

Experimental measurements on t h e  APPR-1 Zero Power Reactor ( 9 ) ,  Pg. 44 
and 45, show a center  rod worth of 4.O%P fo r  a boron-steel poisoned core, and 
4 .8%p f o r  a s t a i n l e s s  s t e e l  poisoned core a t  680F. The integrated m r t h  of 
t h e  e n t i r e  bank i s  1 8 . 2 % ~  (11). This i s  f a i r l y  good agreement a s  it i s  ex- 
pected t h a t  the rod worth dl1 be la rger  i n  t h e  Skid Mounted Core. These 
experimental measurements (11) ind ica te  no change i n  rod w r t h  with changes i n  
temperature. 

4.4 Core reac t iv i ty  and tank posi t ion 

The hot ( 5 1 2 0 ~ ) ~  clean ' react ivi ty  f o r  t h e  skid mounted core with f ixed 
elements was calculated using t h e  nValprodn code (2). The constants used a r e  
l i s t e d  i n  Table 4-1. The subs t i tu t ion  e f f e c t  reduced t h e  r eac t iv i ty  from 8.4% 
with a l l  f ixed f u e l  elements t o  7.12% with f i v e  control  rod f u e l  elements. 
AFTR-1, t h i s  calculat ional  model was C53g.p too low. Therefore, t h e  hot clean 
r e a c t i v i t y  of t h e  skid core i s  about 7 .65gf .  

I n  t h e  hot (512.V) equilibrium xenon condition, t h e  r eac t iv i ty  de- 
creased t o  4,9%gB a t  0 MWYR. . 

2 4 

A wmodeln correction of 0 .30%P brings the  r eac t iv i ty  up 5 . 8 f  f o r  
t h i s  case. This w i l l  be the  maximum reac t iv i ty  f o r  t h e  equilibrium xenon condition I : 
since the  core w i l l  l o s e  r e a c t i v i t y  with burnup. 

The uniform and one shot burnout models were t h e  same a s  those used i n  
A A 

t h e  APPL~ burnout ca lcu la t ions  (12). A l l  equations can be found i n  t h i s  refer- t r: 
ence. Calculated core parameters as  functions of uranium burnup a r e  p lo t ted  i n  i FA 

Fig, 4-1 a,b,c. The r eac t iv i ty  for  uniform burnup can then be ca lcu la ted  from the  1: 
two group bare equivalent core equation, %, 

' k t  

Keff= K t h ~  Kf (1-P) 

( l  ',f2 

The r e s u l t s  a r e  p lo t ted  i n  Fig. 4-2. 

For t h e  non-uniform burnup, the  core was divided i n t o  seven r a d i a l  
regions and burned out i n  f i v e  time s teps  with an average f l u x  f o r  each region. 
The "Nub In oode (12) was used t o  burn up these  regions. React ivi ty  r e s u l t s  were 
iden t i ca l  with uniform case up t o  8.5 MWYB. The i n i t i a l  case was a t  hot, equil- 
ibrium xenon, 0 IWYR. The flux d i s t r i bu t ion  was k b t  conatant but t h e  magnitude 
of t h e  f luxes  varied with burnup. 

In the  &a1 direct ion,  t h e  core  was divided i n t o  f ive  regions and 
burned out i n  f i ve  time s teps  using t h e  same assumptions applied t o  t h e  r a d i a l  
burnout. The i n i t i a l  case was a t  hot, equilibrium xenon, 0 MWYR, with the  rods 
a t  t he  c r i t i c a l  position (11.6" out). A t  each time step, t h e  Windowshaden code 
(3) was u t i l f a e d  i n  f inding the  c r i t i c a l  rod bank position. A camparison between 
t h i s  calculation'and APPR-1 r e s u l t s  i s  found i n  Figure 4-3. 



The excess r e a c t i v i t y  can then be determined from rod worth measure- 
ments on t h e  APPR-1. The rod worth per inch o f  t he  f i v e  rod bank i s  plot ted 
i n  reference (ll), and reproduced i n  Figure 3-2. It i s  assumed t h a t  t h e  rod 
worth curve for  t h e  skid mounted APPR would not be s ign i f i can t ly  l a r g e r  than 
f o r  t h e  APPR-1. The excess r e a c t i v i t y  curve f o r  t h e  a x i a l  non-uniform burnout 
i s  p lo t ted  i n  Fig. 4-2 a s  i s  t h e  curve f o r  uniform burnout. I f  t h e  APPR-1 
non-uniform correct ion (12) were applied t o  t h e  uniform burnout curve t h e  
predicted l i fe t ime would be l e s s ,  This can be expected s ince the  non-uniformity 
i s  g rea t e r  i n  the APPR-1. The i n i t i a l  rod bank posi t ion i n  the, APPR-1 i s  8.3" 
out  of t h e  core. This d i s t o r t s  t h e  a x i a l  f l ux  d i s t r i bu t ion  much more than i n  t h e  
skid mounted core, 

The l i f e t ime  of t h e  skid mounted APPR should be about 1 0 . 9  1 MWYR and 
w i l l  exceed t h e  requirement t o  run fo r  one year a t  6.5 MW. The max imum f u e l  
burnup f o r  a region of t h e  core is  49% f o r  t h e  center  region, The maximum 

. r e a c t i v i t y  w i l l  occur a t  the beginning of l i f e  before t h e  xenon bui lds  up t o  
t h e  equilibrium condition. 

4.5 Stuck rod c r i t i c a l i t y  

In the  Skid-Mounted core, t h e  maximum r e a c t i v i t y  w i l l  occur a t  t he  
beginning of core l i f e  i n  t h e  cold ( 6 8 0 ~ ) )  clean condition. I f  t he  core can be 
shut down by any four rods of t he  f i v e  rod bank a t  t h i s  time, then those four  
rods should .be ab le  t o  shut down t h e  core a t  any time. The stuck rod condition 
w i l l  not be a s  severe a s  i n  APPR-1 because of t h e  smaller core s i ze  and increased 
rod worth. 

Due t o  the f l u x  perturbations t h a t  occur when a rod i s  stuck out,  
ana ly t i ca l  techniques a r e  not successful i n  predicting t h e  core c r i t i c a l i t y .  For 
instance, when one s ide  rod i s  stuck out,  t h a t  s ide  of t h e  core becomes e s sen t i a l l y  
a s lab  reactor ,  and t h e  f lux  s h i f t  t o  t ha t  s ide  of t h e  core increases t h e  worth 
of the  rod considerably. Fortunately, t h e r e  i s  good experimental data from t h e  
APPR-1 core  (13) showing t h e  r eac t iv i ty  of t h e  core with a s ide  rod o r  center  rod 
stuck out ,  Fig. 4 4  shows t h e  excess r eac t iv i ty  of t h e  APPR-1 and Skid Mounted 
cores f o r  these  cases. The rod worths f o r  t h e  Skid Mounted core a r e  assumed to - 
be t h e  same a s  t h e  APPL1, but the  i n i t i a l  r eac t iv i ty  i s  smaller by about 1.25gp. 
Since the i n i t i a l  Skid r eac t iv i ty  i s  c lose  t o  t h a t  of t h e  APPR-1, t h e  core w i l l  
not shut down with a rod stuck a l l  t he  way out. However, addi t ional  experimen- 
t a l  da t a  from t h e  APPR-1 (10) shows t h e  core t o  ,be c r i t i c a l  with t h e  center rod ' 

stuck out 9.98n0 The worth of t h i s  rod . i n  t h e  range i s  50.64 per inch. There- 
fore ,  t h e  c r i t i c a l  position of t h e  center  rod i n  t h e  Skid core would be 14.5n out. 
The APPR-1 core i s  c r i t i c a l  with a side rod out  9.84" where the  rod i s  worth 654 
per  inch. In t h e  Skid core, t h e  rod should make t h e  core c r i t i c a l  about 13 i n c k s  
out.  This i s  ver i f ied  i n  Figure 4-5, reproduced from reference (13). These 
pos i t ions  a r e  above t h e  equilibrium xenon operating condition, where t h e  rod bank 
i s  i n i t i a l l y  withdrawn 11.6". However, i f  a rod were stuck while overriding 
xenon, t h e  core might not shut down. 









The injection of boric acid into the skid mounted core w i l l  bo 
neceseary to insure complete shutdown i n  the event of some stuck mntrol  rod 
conditions. 

The skid core will  shut down with one rod stuck i n  the  equilibrium 
xenon operating bank position. In the unlikely event of one rod stuck all the 
way out of the core, t h e  core w i l l  not shut down a t  6 8 0 ~  with the remaining 
four rods. The worst case is with one s ide rod stuck out. In this case, th 
side of t he  core becomes a slab reactor, and the flux s h i f t  t o  that side increases 
t he  mr th  of the side rod considerably. About 15  out of the  37 elsmcats form t h i s  
slab. The excess reactivity can be found from the  axperimental worth of t h i s  rod. 
(See Fig. 3-4 or  Fig. 4-4). Subtracting the difference between the skid and APPR-1 
cores, about 1.75% k, the excess reactivity is  1.55% k o r  $2.12. Since the worth 
of B-10 t o  be injected i s  70$ per gm, a b u t  3 grams of boron -10 muld be needed 
i n  that  side of the core. Assuming homogeneous injection of t he  boron, 

needed i n  entire core. A t o t a l  of 9 gms of B~~ was specified for  the core t o  
account for  any experimental inaccuracies. 

4.6 Control rod burnup 

The fraction burnup i n  the control rod bank i s  defined as  the t o t a l  
number of absorptions i n  the rods per original atom density of absorber, i.e., 

B A total ,  where No i s  the atom density of absorber times t h e  volume of 
No 

absorber i n  the core a t  the average bank position. The assumption is made that  
a l l  the excess neutrons (kbX = Keff -1) were a h r b e d  i n  the  control rod absorber 
laeterial. 

A t o t a l  = ~ 8 3  k,t 

where 

p =power r 6.5 x 106 watts 

9 = neutrons = 2.46 
fission 

k, = average excess multiplication 0.05 

t = lifetime of core - 4.85 x 107 sac. 

I f  the average bank position i s  6" into the core, No = NB,lO tobal rod 
atoms x 6/22 = 4.63 x lO% atoms i n  core. 

N&O t o t a l  rod atoms = 16.985 x 10% 

A t o t a l  = 1.257 x 1024 



The maximum fractional burnup i s  then 0.27. Thus, the amount of 
original  BLO absorber l e f t  over 10 M W R  is 3.37 x 1026 atoms for an average rod 
insert ion of 6'. The average burnup for  the ~ t i r e  length of the rods would be - 

. . 7.48. 

This amount of burnup is  a l e s s  serious problem than i n  UF'3-1 since 
the maximum fractional burnup i n  the APPB-1 is  estimatsd t o  be 0.37. Howaver, 
irradiation of AWL1 rods w i l l  be d s d  and the resul ts  w i l l  be applicable 
t o  t he  control rods i n  the Skid Mounted Reactor. After 9 MWXB of operation i n  
the APPB-1, there has been no malfunctioning of the  rods due t o  control rod 
burnup. This i s  b s t  equal t o  the core l ifetime of t h e  skid. However, re- 
moval of t h e  control rods from the reactor may present a pr0blan. 

4.7 Temperature and pressure Coefficients 

The temperature coefficient of t h e  Skid Mounted core was p r i m a r i l y  
based upon extrapolation of existing experimental data. The Zero h e r  
Zxperiment (9) predicts a tmperature  coefficient, a t  the operating temperature 

A 
of 5120F, of -3.1 x 10-4 4. Neasurwents on the APPB-1 (ll) reactor predict 
t he  same values of 22OF although the curve i s  of a sl ightly different shape. 
Kg. 4-6 i s  a reproduction of the experimental curves which also show a r i s e  
i n  t h e  temperature coefficient for  a 32 element core. The skid mounted core 
will therefore have a temperature coefficient of about -3.4 x 10*t the 
operating temperature of 220F. 

The integral of t h i s  curve i s  -7.3% k for t he  37 element core from 
68OF t o  512OP. This number can be checked fmm available rod bank data (ll). 
In UPB-1 the rod bank i s  3.7n out; a t  W F  it is a t  6.6". Entrapolating 
this curve t o  5120P, t he  rods would be 8.2. out. This corresponds b'7.0% k 
and would be s l ight ly  higher i n  the Skid core due t o  inmeaaed rod worbh. T h i s  
is excellent agpement, and, together with the knowledge of t h e  cold (680p) 
zwactivity of t he  Skid, should determine the hot (5120P), clean reactivity. 

A s  e.xpected, measurements of the  pressure coefficient (24,25) s b w  
this to  be smaller than the  temperature coefficient by a t  l eas t  a f a  tor of 
100. I n  the SHd Mounted reactor, it i s  estimated to  be 4 3.1 x loJ - Ak 
a t  and 1750 ps i  operating pressure. (see Fig. 4-7) P& 

5.0 FLUX AND POW= DISTRIEUTION 

Power di&&butioqs on the  Skid Mounted reactor were obtained f o r  t he  
Thermal seetion for determination of the  a o l a n t  flow ra te  in each 
element. peaking a t  t he  edge of the core was not expected t o  be a 
problem because of t h e  acensnt of t he  2" thick stainless s tee l  thermal shield 
oaly an average of 1 2 P' 3" from the edge o f t h e  core. However, different reflec- 
t o r  c o n 2 i g u r a t i ~ s  were examined for effects an the power distribution, flux 
distributions, and reactivity of the Skid Mount@ Core. 















Fast and thermal f lux distributions through the p r h q  &ie ld  were 
graphed t o  show the f lux  level a t  various positions in the shield and i n  the 
pressure vessel. These calculations h d p e d t o  set the inner diameter of the  
pressure vessel andlocation of the  various neutron reading instruments i n  the  
primary shield. 

5.1 Power distribution calculations and experiments 

The Valprod code, written for  the IBf 650 digi ta l  computer, was 
uti l ized i n  determining thermal and f a s t  flux distributions thmugh the primarg 
shield. The code also finds the power distribution and reactivity of t h e  core 
by solving the two group, multiregion diffusion equationsin one dimension. 
Material constants were calculated by the MUFT 111 and P-3 codes. 

Experimental f lux data i s  not available on a 37 element core. How- 
ever, there i s  radial flux data for  32 and 45 element wres  with water reflectors. 
A s  seen on Pgs. 78, 79 and 80 of APAE-27 (61, agreement between calculated thermal 
fluxes and experimental data i s  excellent. Since the power generation i s  almost 
directly proportional to  the thermal flux i n  the core, we can expect the Valprod 
code to also predict the  radial  power distribution accurately. 

In the axial direction, power distributions with bank of contml rods 
inserted into t h e  core were obtained by assumin the  bank could be replaced by 
a homogeneous thermal absorption cross sectlon f ~ p ) .  A one dimensional, two 
group code, the Windowshade code, i t e ra tes  for the  position a t  which tho inser- 
t ion of t h i s  r p  w i l l  result i n  a c r i t i ca l  core. The m a t  adverse power dis t r i -  
butions occur a t  the beginning of fiiU power operation because the rod W i s  
a t  its deepest penetration and the lower part, of the  core provides most of the 
power generation a s  shdw i n  Fig. 5-1 and 5-2. The rad ia l  peak t o  average is 
1.46. The axial center peak t o  average i s  1.65; however, t h i s  improves as the 
rods are withdrawn. 

5.2 PluI distribution 

A s  the uranium in the core burns up, the  rod bank must be moved out 
t o  compensate for t he  reactivity decrease. This helps f la t ten  the axial  themal 
flwr distribution; ,bowever, the magnitude of the f lux increases. The power l w d  
is  a function of the  f lux  times t h e  fission cross-section. In o d e r  to maintain 
a constant power level, t h e  f lux increases a s  the fission cross-section decreases 
due t o  uranium bumup. Therefore, the magnitude of the  fluxes win be largest  a t  
t h e  end of core l i f e  (10 &WE). Fig. 5-3 and 5 4  show the radial and axial t h e  
m a l  flux distributions a t  0 MhKR and a t  8 RWYR a t  operating ts~pemature ( 5 ~ p ) .  

Fig. 5-5 shows the radial th& flux distribution f o r  an in f in i te  
water reflector and for a 1 2/3' water gap follomd by a 2' thick stainless s tee l  
th-1 shield. The thermal shield depresses the thermal flux peak a t  the edge 
of the core considerably since s tee l  does not scat ter  thermal neutrons back into 
the core a s  e f f e c t i v e  a s  water and i s  a greater thermal neutron absorber. 
Reflector properties of stainless steel  can be found i n  MAE-a. (6) 



5.3 Flux a t  chamber position 

In order t o  determine the  flux level i n  the primary shield rings for  
instrumentation and dosage purpses, radial  f lux distributions were calculated. 
The average thwas l  f lux i n  the core is about 1.09 x 1013 a t  the beginning of 
core l i f e  for6.5 HU operation. This increases t o  a maximum of 1.5 x 1013 af te r  
10 MWYR. Pig. 5-6 shows the thermal f lux,  normalised t o  an average of 1 i n  the 
core, through the primary shield which consists of concentric rings of boral, 
water, and carbon steel, The absolute value of the thermal and fas t  fluxes a t  
t he  end of l i f e  a t  f u l l  power can be found by multiplying the scale by 1.5 x 10~3. 

After shutdown the average value of the  thermal f lux in the core i s  
i n i t i a l l y  about 1.3 x 10k. This is a function of thepoloniun-beryllium and 
photoneutron sources i n  the core and the  shutdown multiplication constant of 
the  core. Section 6.0 w i l l  provide ccmplete data on shutdonn conditions. 

Instrument chamber tubes are t o  be located at essentially tm, type 
positions within the shield. 

Position 1% 

Tvo tubes a r e  located within a cut i n  the second shield ring on a 
center 33 inches from the  core centarline. 

Position 2: 

.Three tubes (including the BF3 tube) are t o  be locatad within diield 
tank water on a center 33 inches from the  core centerline. The second shield 
ring does not extend t o  these counter positions. 

Estimates of the  average thermal nsutron flux a t  these positions 
follow, based on knowledge of the average core fluxes and flux distribution 
through the shield. 

FLUX a t  6.5 Megawatts 

Position 1: 

6 = 0.78 x 109 neutrons/cm-see beginning of l i f e  

Position 28 

d = 5.79 x 109 

6 7.91 x 109 

end of l i f e  

beginning of l i f  r 

and of l i f e  













Shutdown Flux 

Position l o  

8 = 0.96 

Position 28 

8 P 7.2 

beginning of l i f e  

. beginning of l i f e  

These values may be reduced considerably by proper positioning of 
Gne tubes i n  t he  vertical  dimension. 

Ganrma flux a t  both positions for  6.5 megawatt operation is approx- 
imately 260 r/hr. 

5.4 Fast flux on pressure vessel 

In an a t t m p t  t o  reduce weight, the  inside diameter of t he  pressure 
vessel of the Skid hunted  Beactor rras reduced to 25' i n  t he  early stages of t h e  
design. Bringing the pressure vessel in so near the core increased t h e  incident 
fast  flux t o  such an extent t h a t  it becams mandatory t o  change the  pressure vessel 
material from carbon t o  da in less  steql. The properties of stainless steel ,  how- 
ever, increased t h e  thermal stresses fiwm gamma hasting t o  such an axtent tha t  
severs1 inches of thermal shielding would have been necessary t o  reduce thermal 
s t ress  to t he  desired value. Addition of thermal shields increasedthe diameter 
and weight of the pressure vessel - thermal shield combination. Therefore it 
proved advantageous to increase the'diameter of the pressure vessel to 38@ where 
the incident fast  f lux i s  tolerable on carbon steel, thus resulting in the  
reference design. 

5.4.1 Method of calculation 

Two-group radial flux calculations gave the  flux distributions 
shown in Fig. 5-6; t h e  fas t  flux shown i s  distributed in e n e m  betmen 0.4 w 
and 10 Nw. The flux of interest, however, i s  that  above 1 Rev slnce radiation 
damage t o  carbon steel  i s  dependent upon the integrated flux above 1 Hev. 

The method used t o  calculate the above -1 - Xev f lux is de- 
ta i led i n  -45 (25). The basic squation i s r  

= V R ~  [ 6 H  x) wH(~) 1 

v1 2.46 neutrons per fission 

Rf = fission rate, f issions/d-sec.  

NB = nuclear density of hydrogen, n u c l e i / d  

= hydrogen scattering cross section, cm2/nucls.s 

f(~) = fraction of fission nmtrons born with energy E per unit  
energy interval 
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bz']dEf = *action of f ission neutrons born above energy E 

The calculation above w i l l  overestimate the  fraction of the t o t a l  
fas t  f lux  which i s  above 1 Hw since inelastic scattering with the heavy a l a s n t s  
i n  the  core i s  ignored. 

After the  above 1- Mw flux has been calculated i n  t he  core, it i s  
still necessary t o  arr ive a t  a corresponding flux on the pressure vessel. The 
Valprod code used t o  calculate the  distribution of t h e  fluxes is inadequate to 
investigabc rigorously the effect of the thermal shidd-water combination 
becsus* of t he  two-group limitation. To asame t h a t  the spectrum of the f a s t  
flux i s  the same on thepressure vessel a s  i n  the  core wuld give an overestimate 
of t h e  above 1- llev f l u x  because of the inelastic scattering i n  t h e  s t ee l  thermal 
shialds. Therefore an attsmpt has been made t o  estimate the  effect of thonaal 
shields and the  inelas t ic  scattering i n  t h e  core on the above 1- h v  flux. It 
appears that  a ccmservative estimate of these two effects would be% 

1) Fast flux through a water reflector only has seme spectrum as  
calcdated core-fast flux. 

2) Through four inches of thermal shielding, the  flux above 1 Hev 
is attenuated until it constitutes a fraction of t he  total fas t  
flux equal t o  one-half i t s  calculated fraction i n  the  core. 

3) Through two inches of thermal shielding, the  flux above 1 Mev 
is attenuated unt i l  it constitutes a fraction of the t o t a l  fas t  
flux equal to three-fourths i t s  calculated fraction i n  t he  core. 

These estimates have been applied t o  t h a  above 1- Hev fluxes of 
Table 5-1. 

5.4.2 Comparison with APFS-1 and l a  

Table 5-1 contains calculated values of f a s t  and above -1- Hw 
fluxes and #nnvt above 1 Hev for  APP3-1, --la, and the Skid bunted Reactor. 

Table 51 

Flax and nnvtn above 1 Hw Incident on Pressure Vessel 

4 t( 7 0.4. ev) +f( > 1 nwl - nvt 

UP&l (20-yr. Qf&.ime) 3.8 x 1011 9.8 x lgO 6.2 x 1019 

APFILla (20-g~s  dime) 2.3 x 1G2 4.1 x l o l l  2.6 x 1020 

Skid ~ ~ 1 1 t e d  (20-yr. life- 2.30 x ld.3 7.10 x 1012 6-46 x 1@ 
tipps) 25" Vessel 

3&9 Vessel 2.06 x 1@ 4-80 x l o l l  3.12 x 1020 





5.5 Conclusions 

Power peaking will  not be a problem i n  the Skid Mounted Reactor. 
Radially, the  presence of the thermal shield only an average of 1 2/3 inches 
from the core edge reduces t h e  power peak a t  the edge of the core considerably . - 

pmax. pmax. 
from 1-47 pap. with an a l l  water reflector t o  0.95 . 

In the axial direction the peaking w i l l  be lower than in the APPR-1 
core because the rod bank eontrols l e s s  reactivity andis not inserted as  deep. 
In the  most adverse case (hot, clean, 0 WTB), the -1 five rod bank is 
inserted 1 5  inches while t he  Skid bank is inserted only 12 inches. 

Thermal s t ress  on the carbon s tee l  pressure vessel hae been reduced 
t o  tolarable values by the addition of a thermal shield and increased inner 
diameter of the  veseel. 

6.0 SOURCE STRENGTH DETBBMINATION 

To insure a sufficient count ra te  on the BF3 chamber during reactor start-  
up, a neutron aource must be incorporated within t he  core area. Determination 
of the strength of such a source follows. 

6.1 Correlation of A P M  -sur-ts rdth theory 

6.1.1 APPE-1 measurements 

Since the complete computation of required source strengths 
involves soms rather complex theory, results  of experimental measurements arde 
on the APPB-1 wll l  be incorporated wherever feasible. Source strength specifi- 
cation for  t h e  APPE-1 and experimental data are given halow. 

Sources 

1 5  curie polonium - beryllium source (3.8 x 107 neutmns/seo. 
initial) 

3" x 3" x 0.5- beryllium block as  a photo-neutron source 
ut i l iz ing gamma rays from flssion products 

Measured Shutdown b u n t  Bates, BF3 Chamber 

Megawatt Iwrs Time After 
Date Meawed Temp. Operation Shutdown Count Bate 

April 11, 1957 680F 0 0 days 7 counts per eec (17 
May 26, 1958 U20P 6.15 5.08 4 counts per seo (22 



Determination of average core flux/source s t r w t h  

One of t h e  most diff icul t  quantities t o  compute i n  predtcting 
a given source i s  average w r e  flux/ource strength. This 
stablished for  the AP- by using t h e  count ra te  measured 

of reactor operation. See page l 3 O  of M Note 59 (17). 

Keasured count r a t e  x 7 cps 
Counter sensitivity = l,. 5 cps/nv nv = thewel .flux 

Id& /+peak zo.30 Pigu* I-u, IP*& 1, (14) 

$peak/ 6 = 3.6 x I& p i m e  I-ZI 17 (u) 
s = 3.8 x 107 neutrons/sec. 

Shutdown Kdf = 0.93 in i t i a l  excess reactivity - . , t o t a l  rod m r t h  

S = neutron source strength 

6 - average core ilux due t o  source 

#peak = value of flux peak i n  water gap pre- 
ceding second shield ring. BF3 chamber 
i s  located in 2nd shield ring. 

4 eff = effective counter flux. (h average 
around the  couuter tube with attenuation 
due t o  ateel tube taken into account) 

This value be used for -1 type cores for  a sub-initial 
&ff of .93 and with the same rat io  of thamal  t o  fast core flux. For difX& 
values of K d f  the  curve of Pigum 6-1 w i l l  be utilieed. The curre is based on a 
classified We&inghmse B e a d  but nonnallsed t o  t h e  preceediag value of $/ S. 

/S is directly proportional t o  the rat io  of thnriual m e  assumption i e  d e  tbt f 
t o  fas t  core flux since $ i s  taken as thermal ilux. Hence, a correspondiqg 
correction should be employed for cores with a d i f f m m t  th& t o  fas t  flux 
ratio. For t h e  skid mounted reactor this corrective rat io  i s  0.9. Figure 6-1 
asllumcts this correction. 

6.1.3 Correlation of photo-neutron source 

The strength of t h e  Po-Be source had fallen off more than a 
factor of t en  when the count r a t e  measurement of k cps was made on Hay 26, 1958. 





(See Figure 1-25 APAE 17) (16). Therefore, t M s  measuranent provided a good 
point of correlation for the  beryllium block photo-neutron source. A prediction 
of t h i s  source strength and t h e  resulting count r a t e  was made. The fadtor 
necessary t o  force the  predicted values of munt ra te  into agreement M%h the 
measured 4 cps was retained as a correction factor t o  be used for  wunt ra te  
prediction on the Skid Hounted Reactor. 

The calculational procedure was based upon that  used for  the  
APPR-la as  given APAE.17, (14) page 47. Wore recent data was used where approp 
r i a t e  and simplifications made where possible. 

F'hoto-neutron source s t rwgth computation c6rresponding t o  the 
measured pdint follow. 

The neutron source a n i s e s  from the following reation. 

4 ~ e 9  f 'd = 2 $e4 f on' (threshold - 1.64 Kw) 

Sdurce o f t h e  gamma ray are fission products. Hence, a gamma 
source strength of energy greater than 1.64 Hev must be established. Then the 
resulting gamma f lux  on the beryllium block attached t o  the  side of t h e  core is 
de tedned .  The resulting ( Y  ,n) reaction ra te  immediately establishes the  
strength of the neutron source. 

Gamma source strengths were based on gamma spectrum data f r o m  
8DI-27-39 (19). Establishment of-the resulting gamwi flux at t h e  berg.lliua 
block was based on shieldiug methods givea in TII) 7004 (20) for  a c y l i d r i c a l  
source. Total gamma attenuation coefficients were also obtained from this 
reference. The microscopic beryllium (Y ,n) cross section as  a function of 
energy i s  given i n  Figure 6-2+. 

Reference t o  t h e  above s w c e s  of information reveals t h e  fol- 
lowing facts. Approximately 95 percent of the ( r  ,n) reaction is due t o  the  
2.5 Rev g- of Lam. For the other gammas of interest  the  attenuation 
coefficient d i f fe rs  l i t t l e  f r o n t h a t  appropriate for the 2.5 Xev gamma. There- 
fore, gammas other than those of energy 2.5 Hw were weighted only rdth the Be 
cross section. Hence, only one shielding calculation i s  necessary. f i r t h e ,  . 
gammas other than the 2.5 XW of bur0 can be considered as  one gamna of energy 
2 H w  with a yield equal to that  of the  t o t a l  givea i n  NDA-27-39 f o r  Group V 
(1.8-2.3 Xw). Computations were based on yields given for  1000 hours and in- 
f i n i t e  operation a t  10 megawatts (MS) and a f te r  one and ten days shuMown 
periods. The yield from La140 was taken a s  t he  to ta l  of Group Bf (2.2-2.6 Xw). 

* It w i l l  be noted that  the  gamma spectrum data and beryllium cross section used 
here are  from different aources than that  used i n  APAE 17. Those used hem 
are  f e l t  to be more accurate. - $ 

. , 



Oamma Yield ( 5 ~ )  
slldBe 

& e r g  Eitwgy Per 1 day shutdown 10 day sinkdown 
C?oup Gamma photons-cm2/sec photona-cm2/ae~ 
Mev Nev 

2.2-2.6 2.5 2.64 x 1b-13 1.80 x 10-u 
1.8-2.2 2 5.94 x 10-l4 8.3 x l0-l-15 

Total 3.23 x 10-13 1.88 x 10-13 

Error due t o  grouping -11% -1.s 
inf in i te  operation 2.2-2.6 2.5 3.24 x 10-u 2.04 x 10-13 

Total 3.97 x 10-u 2.25 r 10-13 

Error due t o  grouping 0.65% 3.7% 

The beryllium block was considered a f ie ld  point 
on the sidb oi a f i n i t e  c y b d e ~  equivalent t o  the core,  he 

7004(20). 
a t  the  beryl l iua  block was computed rsolP the  shield5.q 

S,, r gamma source strength per unit volume (gamma yield * core volume; 
core volume r 1.395 x 105 cm.3) 

One attenuation coefficient was used for a core consisting of 80% water, 19.6% 
iron, and 0.4% uranium. The to t a l  attenuation coefficient fo r  an energy of 2.5 
Xev was chosen. Uo bu%ld%p factor was used since scattering below the threshold 
energy of 1.64 M e v  is  effectively a renod.* (average attenuation coefficimt 
0.0945 -1) 

core radius = 28.19 om 

* Difference in resul ts  obtained with this one cylinder method i s  only 10% iron 
tha t  obtained by use of the three cylinder method suggested in APAE-17. 





The expression for  the resulting neutron source strength follows. 

s - $r bBeN BevBe $e = number density 

= ,1236 x 1024 nuclei/cm.3 

yBe = volume beqrllium 

Source strengths for 1OOO hour and inf-te operation t i m g l  a f t e r  
one and t e n  day shutdown periods were readily obtainable with the use of t he  
corresponding gamma d e l d s .  To obtain the source strength for operating times 
corresponding t o  6.15 megawatt years and 5.08 day shutdown (needed to  correlate 
measured munt rate), linear interpolation between the above points was employedlwr 
The result follows: 

Computation of the  resulting count r a t c u t i l i s e s  much of the  same data used with 
the Po-Be source. However, t he  value $ /S must be corrected for core burnout. 
For 6.15 megawatt years of operation, 

a K e f f  -0.023 estimated from rod bank measurements 

Reference to  Figure 6-1 gives the following corresponding correction factor. 

burnup correction = .557 

Therefore, s .: (.557) (3.79 x 1 0 4 )  

- 
count mte  = S x @ x& peak x @eff x counter sensit ivity +*+ 

P ia,& 

= 4.69 cps 

Measured value i s  4 cps. Therefore, correction factor i s  

* Inf ini te  operation was considered t o  be 10,000 hrs. Operation was esemed 
to  be continuous a t  10 Hw. 

-he values $' eak/Fand used here dif fer  from those employed i n  
connection d t h  the The reason is due t o  the fact that  boron -~ ~ - ~ -  ----- 
was added t o  the shield water before the second count rate was measured. Plux 
distribution from which these values were obtained can be found i n  Fig. 1.2 
and 1.3 of MAE 35 (15). 



6.2 Neutron start-up source strength - skid mounted reactor 

Count ra tes  were computed f o r  given neutron sources and were found t o  
be sufficient. Hence, these sources are  specified for  the 6.5 Ew Skid dunted  
Reactor. Initial source estimates were based on those used i n  the AF'PR-1 and 
the resulting count rates. 

6.2.1 Polonium-beryllium source 

Prediction of count ra te  due to  a givm polonium-beryllium 
source follows. The method employed follows directly from Section 6.1. 

1. A 15  curie polonium-beryllium source was chosm. 
Corresponding neutron strength i s  

2. Shutdown i n i t i a l  Kerf was estimated t o  be 0.93 from rod 
worth and excess reactivity values 

3. J -  J/sxs 
= (3. W x 10-4) (3.8 x 107) 
= 1.295 x 104 n/cmzsec shutdown core flux 

- 
40 beff/b = 5.55 x 1 0 4  (Includes transmission factor of .88 

through steel  tube enclosing counter) 
Pigare 6-3 

7.2 neutrons/cm2-sec effective shutdown BF3 
counter flux 

6. .counter s a s i t i v i t y  = 4.5 cps/nv typical ealae 

7. count ra te  = beif x (counter s m s i t i d t y )  

t (7.2) (4.5) 

6.2.2 Photo-neutron source 

Prediction of count ra te  due t o  a beryllium - f iss ion product 
gamma photo-neutron source follows. The method amplorn followe directly from 
Section 6.1. 





1. The source consists  of a 0.5" x 3" x 12" beryllium block 
, bombarded by f i ss ion  product gammas. 

2. Source strength calculations were based on 1000 h0ui.s of 
operation a t  6.5 megawzitts ten  days a f t e r  shut-down. I 

3 %CBe = 1.22 x 10-13 photons-cm2/sec Section 6.1 

method of TID 7004 (20) 

Sy . Sy /core volume core volume s.1.15 x 105 cm.3 

core radius = 25.6 cm. 

assumed 'core composition = 80% HZO; 

0.4% U 

average attenuation 
coeff icient  -, 0.0945 cm-l 

5* = b l b ~ ~ B e  vB. x correction fac tor  correction fac tor  - ;85 

vBe = 220 cm.3 
This value 

assumes ef fec t ive  voiume 
t o  be 0.75 ac tua l  volume. 

6. T/s = 3-32 x 10-4 cmz2 Figure 6-1 

Assumes A K e f f  = 0.02 based on 1 .U  inegawatt 
year ogeration f o r  APPR-1, See Figure 3E 
Progress Report No. 6 (18). 

Value includes transmission fac tor  of -0.88 . . .through s t e e l  tube enclosing counter. 

8. Counter s e n s i t i v i t r  4.5 cps/nv 

9. Count r a t e  = S x Z x deff x counter sens i t iv i ty  
. s  i - 

= (1.03 x 108) (3.32 x 10-4) (5.55 x 10-4) (4.5) 

- 85 counts p e r  second - 



10. If t h e  reaceor remains shut-down f o r  81  days, t h e  count w i l l  drop 
t o  approximately 2 cps, This value i s  based on t h e  decay of t h e  

. 2.2-2.6 Mev gamma group a s  given i n  NDA-27-39 (19). 

11, Count r a t e  a t  t he  end of core l i f e  was estimated a s  followss 

I n f i n i t e  operation a t  6.5 megawatts and ten .day shut-down i s  
assumed. The gpalue of s tep  9 was  corrected f o r  t h i s  longer  
operation time and f o r  t h e  change i n  shut-down Keff ,  

o p e r a ~ i o n  time correct ion = 1.13 ref  erence (19) 

correct ion due t o  Keff 0.29 Based on Figure 6-1 
s 

assuming da.Kef = 0,062, 
See reference 18) f 

I count r a t e  - (85) (1.13) (029) 

= 28 cps 

6.2.3 Conclusion 

The following start-up neutron sources should be incorporated 
i n  t h e  6.5 Plw Skid Mounted Core. 

1 5  cu r i e  Po-Be source 

0.5" x 3'' x 12" beryllium block 

The resu l t ing  count r a t e  a t  shut-down w i l l  be q u i t e  adequate 
f o r  start-up f o r  any reasonable operat ional  program during t h e  l i f e t ime  of t h e  
core. Suf f ic ien t  margin i s  allowed i n  t h e  event t he re  i s  considerable delay i n  ' 

t ranspor t ing  t h e  Po-Be source due t o  t h e  unique geographical locat ion of t he  , . 

r'eactor. 

7.0 ANALYSIS OF SPENT FUEL PIT CRITICALITY 

Calculations were performed t o  show t h a t  t h e  r eac t iv i ty  of the spent f u e l  
p i t  w i l i  a t  no time exceed. 0.70. . 

. The calculated method chosen was t h a t  of modified two group theory. 

The expression f o r  r e a c t i v i t y  follows: 



K = t o t a l  r e a c t i v i t y  
= neutmns per fue l  absorption (thermal) 

f = thermal u t i l i z a t i o n  

? r = neutrons per fue l  absorption (resonance) 

f r  resonance u t i l i z a t i o n  

B? = buckling 

2 = age t o  thermal 

L :. thermal diffusion length 

p = resonance escape probabi l i ty  

The f u e i  elements a r e  t o  be s tored  thin a 1% boron s t e e l . l a t t i c e  1 / 4 ~  - 
th ick  immersed i n  water.* To insure a conservative r e s u l t  t he  following 
assumptions were made; 

1. Only f r e sh  f u e l  elements a r e  s tored (no control  rod  elements). 

2. La t t i ce  i s  f i l l e d  t o  capacity, idcluding t h e  space taken up by 
the  hopper. 

3. Self-shielding f ac to r  of one i s  used f o r  t he  f u e l  element. 

. 4. There i s  no thermal leakage. 
' . ) .  

Thermal constants were computed f o r  a homogenized core but u t i l i z e d  a s d f -  
shielding fac tor  f o r  t h e  boron s t e e l  absorption. This self-shielding f ac to r  was 
computed by the ,P3  Code f o r  slab geometry. Fast comtan t s  were computed by the  
HUFT 111 Code, u t l l i a i n g  homogenized number densi t ies .  The final r e s u l t s  followt 

Thermal co4tribution & -500 
Fas t con t r ibu t ion  = .U4 

* Boron s t ee l '  containing one percent boron possesses good mechanical propert ies  
and i s  readi ly avai lable .  Hence, this boron concentration was chosen, and t h e  
necessary t o t a l  boron content of t he  p i t  adjusted 'by control l ing t h e  l a t t i c e  
thickness. The r e su l t i ng  1/4" value i s  qu i t e  ccmpatible with mechanical 
considerations. 

. ' *  



: 7.1 Calculation model 

Detailed step's of t h e  computation a r e  given below: 

Diameter of spent fue l  pit:  2R s 32 in.  
R = 40.6 cm 

Volume fract ions:  

f u e l  dement ff  = .526 
1% boron s t e e l  l a t t i c e  f b  , *117 
water gaps (ex ter ior  t o  fuel . fW - .357 

element ) 1365 

Thermal Contribution 

Absorptiori cross  sections: 

. fue l  element 2' = ?3914 cm-I 

$35 . z25 = .302 

1% boron s t e e l  -3.58 

water 

Self-shielding fac tor  boron s teel :  

The P3 approximation was used f o r  s l a b  geometry t o  determine a se l f -  
sh ie ld ing  f a c t o r  f o r  t h e  boron st e e l  absorption. The geometry incorporated 
i s  pictured below: 

W was taken where f l k  
peak was thought t o  
occur. 

Distance from S t e e l  Center 



rsb = 0.918 cm" boron s t e e l  sca t te r ing  c m s s  sect ion 

1-Po = 0.988 1- average cosine of s ca t t e r ing  angle, boron s t e e l  

W 2, , = 3.0 cm-l H$ sca t te r ing  c m s s  sect ion (based on measured 
diffusion length)  

l - -oW .676 1- average cosine of sca t te r ing  angle, H20 

Self-shielding fac tor  was taken t o  be the  value a t  t h e  water-steel in te r -  
face  divided by t h e  average f l u x  i n  the  s tee l .  This self-shielding f ac to r  
was found t o  bet 

~ h e k a l  u t i l i z a t i o n  follows: 

7 f = .870 

Fast Contribution 

Homogenized number dens i t i e s  corresponding t o  t he  core and volume f r ac t ions  
l i s t e d  e a r l i e r  were used a s  input fo r  t h e  WFT 111 Code. The resu l t ing  f a s t  
gmup constants appear below: 

Axial buckling was t a k a  t o  be' t h a t  of t h e  core. (Table 2-1) 



Geometric buckling i s  used i n  t h e  r a d i a l  direct ion.  

Total  buckling 

Fast  leakage 

Total  React ivi ty  

The expression f o r  t o t a l  r e a c t i v i t y  follows. Recall  t h a t  t h e  thermal 
non-leakage f ac to r  is taken as unity. 

7.2 Comparison with ZPE 

.This low value of .  r e a c t i v i t y  i s  compatible with ZPE.experiments. It 
w i l l  be noted on p, 50 of MAE-21 (21) t h a t  t h e  value of B 1 0  mass par  f u e l  
element required f o r  c r i t i c a l i t y  i s  .775 gm per  f u e l  element. The. 1% boron s t e e l  
l a t t i c e  used in t h e  Skid Mounted spent f u e l  p i t  r e s u l t s  i n  a value of 9 gm per  
f u e l  element f o r  l a t t i c e  height equal t o  t h a t  of t h e  ac t ive  e la ien t .  

7.3 Conclusion 

To insure  sub -c r i t i ca l i t y  of t h e  spent fuel  p i t ,  t he  s tored  f u e l  ele- 
ments should be placed i n  individual  c e l l s  of a l a t t i c e  possessing t h e  following. 
charac te r i s t icsa  



1. Minimum height of l a t t i c e  i s  equal t h a t  of t he  ac t ive  f u e l  element 
height with element in stored position. 

2. La t t ice  mater ial  cons is t s  of 1% boron s t e e l  i n  1 / 4 n  plates.. 

3. Center-to-center dimension of ap individual c e l l  i s  3.5" 

4. For shielding and cooling purposes t h e  e n t i r e  p i t  i s  f i l l e d  with 
water . 
The r e a c t i v i t y  of such a spent fue l  p i t  loaded t o  ma~dmum capacity 

(52 elements)* with , f resh  APPR-1 type  elements w i l l  not exceed 0.70 and hence ' 
pose no c r i t i c a l i t y  problem. 

7.4 Relocation e f f ec t  

To f a c i l i t a t e  a mork'feasible operating program and t o  reduce shield- 
ing  requirements, the spent f u e l  p i t  has been relocated outs ide t h e  vapor 
container. Though the  d'esign capacity has been increased t o  49 fue l  elements 
(7  x 7 array) ,  t h e  radius of t h e  equivalent cy l i rde r  i s  smaller than t h a t  desig- 
nated i n  t he  foregoing c r i t f c a l i t y  calculation. Therefore, t h e  corresponding 
value of effect ive mult ipl icat ion w i l l  be! lo,wer, and t h e  conclusions concerning 
c r i t i c a l i t y  given i n -  sec t ion  7.3 rtmain valid.  

t .+ Design capacity is  46 element s. Conceivably, however, six addit ional  
eleiments could inadvertent ly be f i t t e d  i n t o  t h e  space allowed f o r  t h e  
loading hopper. 



Nomenclature 
b 

S r  

s* 
t Sec 

v cm3 . 

Fraction burnout 

Buckling 

Fast d i f fus ion  coef f ic ien t  

Thermal diffusion coef f ia ien t  

Thermal shielding f ac to r  

Fast mult ipl icat ion f a c t o r  

Thermal mult ipl icat ion f ac to r  

Effect ive mult ipl icat ion f a c t o r  of core 

Diffusion length 

U-235 atom concentration 

~orob-10  atom concentration 

Resonance escape probabi l i ty  

Reactor power 

Radial r e f l ec to r  savings. . 
Axial r e f l e c t o r  savirgs  

Time 

Core volume. 

Xenon non-uniform f a c t o r  

Fast U-235 capture t o  f i s s i o n  r a t i o  

Thermal U-235 capture t o  f i s s i o n  r a t i o  

Fraction thermal f i s s i o n s  

Iodine f rac t ion  f i s s i o n  yie ld  

Laplacian Operator 

Xenon f rac t ion  f i s s i o n  h e l d  . . 

Iodine decay constant 

Xenon decay constant . - 



- t h  neut s/ai2-sec 9 real 
' I  

6 region 

ij5 o r .  

Neutrons per  f i s s i o n  times thermal macroscopic 
f i s s i o n  cross sect ion 

Kef f -1 
Percent r eac t iv i ty  

Boron-10 thermal absorption cross sect ion , 

Boron-10 f a s t  absorption c ross  sect ion 

U-235 thermal absorption cro'ss sec t ion  

U-235 f a s t  absorption cross sect ion 

U-235 thermal f i s s i o n  cross  section 

U-235 f a s t  f i s s i o n  cross sect ion 

Xenon thermal absorption cross sec t ion  

Macroscopic .thermal absorption cross  sect ion 

Macroscopic xenon absorption c ros s  sect ion 

Rod bank equivalent poison cross sect ion 

Cross sect ion representing e f f ec t  of sub- 
s t i t u t i n g  5 control  rod elements f o r  5 fixpd 
elements 

Macroscopic sca t te r ing  cross  sect ion . 

bIacroscopic t ransport  cross sect ion 
I 

I 

Macroscopic removal (slowing down) cross 
sect ion 

F e d  age 

Thermal f l u x  

Fast f l ux  

R e a l  average thermal flux i n  core 

-- 

Average region flux from Valprod o r  Windowshade 

Average core flux frdm VaPprod o r  Windowshade 

83 
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B. SHIELDING DESIGN ANALYSIS 

1.0 CONTRACT DESIGN REQUIREMENTS 

Shielding design requirements f o r  t h e  6.5 tMw permafrost reac tor  are: 

1, Shielding mst be adequate t o  permit access t o  t h e  primary skid 2.5 hours 
a f t e r  shutdown, 

2. Shielding must be a d k u a t e  t o  permit operating personnel workhg an 
€&-hour week t o  conform t o  government established radiat ion tolerance standards 
which allow an average integrated t o t a l  body dose of 300 millfrem per week 
(m/wk), 'A  maxjmm permissible integrated t o t a l  body exposure of 3 rem may be 
received i n  a period of any short  duration within a t h i r t e e n  consecutive week 
period and annual exposure may not exceed 5 rem/year. 

3, Shielding must be adequate t o  permit rou t ine  access around t h e  secondary 
sh ie ld ing  and t o  permit removal of spent fue l  elements from t h e  spent f u e l  p i t  
during reactor  operation. 

1.1 Design Dose Rates a t  Various Locations and Operating Conditions 

Table 1-1 indica tes  t h e . m h u m  pex=missihle design dose r a t e s  a t  
se lec ted  important locatfona f o r  both shutdown and operating conditions and 
includes calculated dose r a t e s  a t  these  loeatione, The s i t e  layo-ut i s  showPd 
i n  Dug. 

A l l  shielding calculat ions were made for i n f i n i t e  operation a t  6,5 Mw. 
During normal opepation, personnel a t  t h e  control  console and turbine-generator 
skids  should not receive more than t h e  tolerance dose r a t e ,  ( ~ o s e  r a t e s  a t  o ther  
sk ids  w i l l  be smaller s ince  they a r e  f a r t h e r  from the  vapor container,) A s  used 
here, tolerance r e fe r s  to a dose r a t e  of 1.19 mr/hr, while gives a dose of 100 mr 
in an 84-hour week. As i s  pointed out i n  succeeding sections,  conservative cal- 
cu la t iona l  methods will insure t h a t  ac tua l  resasuFed dose r a t e s  wi l l  be considerably 
lower than those calculated and will therefore  allow a margin f o r  p e r f o d n g  
shor t  time maintenance operations i n  r e l a t f v w  high rad ia t ion  areas,  

The-design dose r a t e  from t h e  reac tor  and primary shield has been s e t  
a t  50 nu-/hi- a t  2-1/2 hours afber  shutdown.. With. t h e  primary shield a s  designed, 
t he -  dbse r a t e  w i l l  be ahtit 33 m r / h ~  a f t e r  2-&/2 hours shutdown, 

Spent f u e l  p i t  shield- has been deeigned t o  give t h e  maximum per- 
mfssible  design dose r a t e  of 1 mrfhr 24 bows a f t e r  shutdown. 

The s ides  and ends of t h e  secondary shielding s t ruc tu re  a r e  designed 
t o  give 30 m/hr on t h e  surface during operation except where t h i s  dose r a t e  
must be Powered f o r  t h e  benefit  of manned s t a t i ons  i n  t h e  secondary system, 

The t o p  and bottom of t h e  secondary shield s t ruc tu re  am designed t o  
prevent excessive sca t t e r ing  of rad ia t ion  i n t o  the  area around t h e  s ides  of the  
s t ruc ture , .  Top and bottom shielding does not permit rout5ne access on top  o r  
under t h e  shield s t ruc ture  duping operation. 



Table 1-1 

Radiation Dose Rate from 6.5 Mw Permafrost Reactor 

i 

Design 
Specification Calculated 
&/hr mbr  

1. Normal Operation 

1.1 Control Console Skid 1.19 

1.2 Turbine Generator Skid 1.19 

1.3 Feed Water and Heat 
-changer Skid 

1.4 Surface of Secondary Shield , 30 

2. Equipment Maintenance a f t e r  Reactor 
Shutdoyn 

2.1 Dose Rate on 'surf ace of '  pri&ry 
Shield Tank - 2-1/2 hrs. a f t e r  
Shutdown . 50 

3. Dose Rate outside Spent Fuel P i t  
Shielding (24 hours a f t e r  shutdown) 1 



1.2 ~ e n e r a l  Design Principles  

During rea'ctor operation,' ac t iva t ion  of t h e  primary coolant , r e s u l t s  ' i n  
a n  p a r t s  of t h e  primary system becoming severe gamma sources. This rad ia t ion  
has a 7.4 see. half  l i f e .  After  shutdown, t h i s  source decays rap id ly  and t h e  
a c t i v i t y  drops t o  a l e v e l  a t  which no shielding i s  required f o r  t h i s  radiation, 
even t o  w r k  near t h e  primary system. Consequently, considerable shielding of 
t h e  primary system i s  necessary only during reactor  operation. This.  shielding i s  
accomplished by the  concrete which separates t h e  vapor container from t h e  manned 
s t a t i o n s  of t he  ins ta l la t ion .  

The reac tor  requires  a considerably g rea t e r  amount of radiat ion 
a t tenuat ion  during operation than t h e  primary coolant. With t h e  reac tor  shut 
down, the r a d i a t i o n , l e v e l  i s  g rea t ly  reduced, but considerable shielding i s  
still needed t o  protect personnel working i n  t h e  vapor container from accumulated 
f i s s i o n  product a c t i v i t y  i n  the  core. These two functions a r e  accompl,ished by 
t h e  primary sh ie ld  surrounding the  reactor  vessel. 

The shielding ava i lab le  i n  t h e  primary shield is described i n  Table 1-2. 

Since t h e  Skid Mounted Reactor must be a i r  transportable,  t h e  primary 
shielding design pr inc ip le  is  tha t  t h e  shielding weight on the  primary skid must 
be kept t o  an absolute minimum. This pr inc ip le  d i c t a t e s  t h a t  t h e  pressure vesse l  
be of t h e  minimum possible diameter which w i l l  survive rad ia t ion  damge and 
thermal s t ~ e s s e s .  All shield r ings  must a l so  be  of a minimum diameter t o  give 
a sh ie ld  tank of minimum weight. 

Because of t h e  s t r ingent  r e s t r i c t i o n s  on weight and outs ide diameter 
of t h e  primary shield,  no optimization between pi.imary and secondary shielding . 

has been attempted. The primam shield has been designed t o  meet %he minimum 
requirement of access t o  t h e  primary skid a f t e r  shutdown. 



Description 

I'able 1-2 

Description of Primary Shield - Radial 

Core 
Reflector  
Thermal Shield 
Cooling Passage 
Pressure Vessel Cladding 
Pressure Vessel 
Insulat ion 
Insulat ion Retainer 
Clearance 
Pressure Vessel 

Support Ring 
P.V. Support Ring Cladding 
Cooling Passage 
Shield Ring Cladding 
1st Shield Ring 
Shield Ring Cladding 
Cooling Passage 
Shield Ring Cladding 
2nd Shield Ring 
Shield Ring Cladding - 
Cooling Passage 
Shield Ring Cladding 
3rd Shield Ring 
Shield Ring Cladding 
Cooling Passage 
Shield Ring Cladding 
4th Shield Ring 
Shield Ring Cladding 
Neutron Shield 
Tank Wall Cladding 
Tank Wallo 

Material  

- 
Primary Water 
S ta in less  S t e e l  
Primary Water 
S ta in less .  S t e e l  
Carbon S t e e l  
( Considered Void) 
S t e e l  
Void 

S t  e e l  
Boral 
Shield Water 
Boral 
S t  e e l  
Boral . 

Shield Water 
Boral 
S t  e e l  
Boral 
Sh&eld Water 
  oral 
S t  e e l  
Bo ' ra l  
Shield Water . 

Boral 
S t  e e l  
Boral 
Shield Water 
Boral 
S t  e e l  

Outer Radius Thickness . . 
Inches Inches 

9 Equivalent radius based on ac tua l  core cross-section 



,2.0 PRIMARY SHIELD ANALYSIS 

The basic purpose of t h e  primary sh ie ld  is  t o  at tenuate  neutron and 
gamma radiat ion escaping from t h e  core t o  acceptable dose r a t e  levels.  
  ow ever, t h e  primary shield i t s e l f  becomes act ivated due t o  capture of 
neutrons escaping from the  core and therefore becomes a source of gamma 
radiation. The problem then becomes t h a t  of achieving t h e  required at ten-  
uat ion of core rad ia t ion  with t h e  minimum amount of shielding act ivat ion,  
Shield ac t iva t ion  may be minimized by judicious choice and s p a t i a l  arrange- 
ment of shield1 ng 'materials . 

The prima- shield analysis  was completed using t h e  shielding codes 
developed a t  Aleo. Dose r a t e s  from these  shielding codes have been checked 
against  experimental measurements i n  t h e  APPR-1 and calculated dose Pates 
have been found t o  be cons is ten t ly  higher than those measured ( see  Ref. 1). 
I n  addition, a hand calculat ion of t h e  dose . r a t e  from t h e  core a f t e r  shut- 
down om t h e  surface of the  sh ie ld  tank f o r  t h e  skid mounted configuration 
was made t o  check the  machine output. 

2.1 Configurations Considered 

The basic  configuration considered f o r  t h e  primary shielding is 
s imi la r  t o  t h a t  of APPR-1 i n  t h a t  it i s  made up of concentric annuli  of ' 

water and s t ee l .  However, i n  t h e  Skid Mounted shield t h e  s t e e l  r ings  a r e  
clad on both s ides  with Boral t o  reduce ac t iva t ion  by thermal neutron capture. 

Since most of t h e  dose a f t e r  shutdown comes from t h e  core, thermal 
sh ie ld  and pressure vesse l  t h e  dose is  qu i t e  insens i t ive  t o  t h e  arrangement 
of t h e  s t e e l  r ings  i n  t h e  sh ie ld  tank, t h a t  is, t h e  calculated dose r a t e  i s  
a function only of the t o t a l  .steel thickness in .t*e shield tank. Therefore, 
t h e  arrangement of t h e  shield r ings  i n  t h e  tank was d ic ta ted  by weight and 
mechanical r a the r  than shielding considerations. 

2.2 Reference Configuration 

The reference eonfigWation is shown in Dwg. No. R9-46-1039 
and d e s c x i b d  i n  Table lel. There a re  four  3-1/4-inch s t e e l  r ings  
sandwiched between 1/8-inch Boral sheets  i n  t he  shield.  The Boral-steel 
sandwiches a r e  separated by 1-1/4 inches of water. The inner  surface of 
t h e  outep tank wall  and t h e '  ou ter  surface of t h e  pressure vesse l  support 
r i ng  a r e  a l so  clad with Boral.. 

2.3 Shutdown Dose Calculation 
- .. 

After shutdown s igni f icant  contributions t o  t h e  dose r a t e  i n .  the'  
vapor container a r e  made by: 

1. Fission products and act ivated s t e e l  i n  core. 
2. Activated s t e e l  i n  t h e  primary shield.  
3. Activated components around t h e  primary shield.  
4. Activated corrosion products in primary coolant. 



Of t h e  above four  sources, only t h e  first two lend themselves t o  
f a i r l y  rigorous theo re t i ca l  analysis. For t he  l a s t  two sources use must be 
made of da ta  accumulated during APPR-1 operation. 

2.3.1 Calculational Model 

2.3.1.1 Core Source and Attenuation 
8 

The core was considered a volumetric source 
uniformly d is t r ibu ted  i n  t h e  form of a cylinder. The well  known equation 
f o r  calculat ion of t h e  dose r a t e  from such a source was taken from t h e  
"Reactor Shielding Design Manualn(2) and f o r  a point opposite t h e  core . - - 

midpoint is  : 

Eq. 2.2 

KD = f ac to r  f o r  converting from f l u x  t o  dose 

Other symbols defined i n  TID 7004 (2)  

Fiss ion product decay gammas a r e  usually divided 
;into seven energy groups. Data on t h e  seven groups a r e  ava i lab le  i n  "Decay 
of Fiss ion Product ~aamnasl~(3) and "Fission Product Decay Gamma Ehergy 
~ ~ e c t r u m " ( 4 ) .  Volumetric source s t rengths f o r  t h e  seven groups taken from 
Ref. 3 a r e  l i s t e d  i n  Table 2-1. ' 

Activation gamutad f m m  sbainlesa &eel in t h e  
core were a l so  considered. Activation gamma production calculat ions a r e  
outlined in Sections 2.3.1.2 and 2.3.3. 

2.3 .1. 2 Activation Sources and Attenuation 

The act ivated s t e e l  r ings  in the, primary sh ie ld  
were t rea ted  a s  i n f i n i t e  s labs  and a correction applied t o  account f o r  t h e  
ac tua l  cy l indr ica l  geometry. The basic  equation from TID 7004 (2)  with 
t h e  cy l indr ica l  correct ion i a  : 

Eq. 2.1 

re = radius of cy l indr ica l  source 
9 = radius of cy l ind r i ca l  surface through doae point. 
KD = f ac to r  f o r  converting from f l u x  t o  dose 

Other symbol8 a s  defined in TID 7004 (2) 



Each s t e e l  s lab is divided in to  thinner s labs 
and each t h i n  s lab  is  attenuated through a l l  material between the  s lab  and 
the  dose point. 

Since Boral is applied t o  s t e e l  surfaces exposed 
t o  Ate ;  ip t he  shield tank,. thermal f l u x  and hence thermal activation of 
the  s t e e l  is reduced t o  a minimum. However, the  Boral has a much smaller 
e f fec t  on the  f a s t  f lux  and f a s t  activation. Resonance integrals  of 
Pomerance and Macklin (5) were used t o  calculate act ivat ion of the  shielding 
materials by the  f a s t  flux. 

Data on gamma yields from activated elements were 
taken from the  Activation Handbook (6). The compositions of carbon and 
s t a in less  s t e e l  used in the  calculation follow. 

Composition of 304 Stainless S tee l  
(pi= 7.9 gm/c& 

Carbon 
Manganese 
Sil icon 
Chromium 
Nickel 
Cobalt 
Iron (by difference) 

Carbon 
Manganese ' 

Phosphorus 
Sulphur 
Sil icon 
Cobalt 
Iron (by difference) 

0.08% by weight 
2.00 
1.00 

19 o 00 
9.50 
0.05 

68.37 

Carbon Stee l  - C-1015 cp= 7.84 .!P/cd) 

0.15% by weight 
0.53 

' 0,018 
0.031 
0.17 
0.01 

99 091 

Sta in less  s t e e l  composition, except f o r  cobalt content, was 
taken from Allegheny Ludlmn Blue Sheet f o r  Allegheny Metal 18-8 (7). Carbon 
s t e e l  composition, except f o r  cobalt, was taken from Modern Steels  and 
Their Properties (8). Cobalt content of both s t a in less  and carbon s t e e l  
was taken from Bopp and Sisman (9). 

I n  t h e  machine calculation, a t  2.5 hrs. a f t e r  shutdown, 
the  decay gammas from s ta in less  and carbon s t e e l  a re  lumped into one energy 
group having an average energy of 1.65 Mev. b t e r i i a l s  a re  assumed t o  have 
been exposed long enough so t ha t  a l l  a c t i v i t i e s  a re  saturated. 



TABLE 2-1 

Fission Product Source Strengths af ter  Shutdown 

Energy 
Group Range (Hev) Effective Energy 

1 0.1 - 0.4 0.35 

Core Volume = 1.15 x lo5 cm3 

Po = 6.5 hv 

Mev 
( '4 sec - em3 1 

2.5 hrs, a f ter  shutdown 1 day af ter  shutdown 
oo - Opemt-fon 1000-hr Operation 00- Operat ion 1000-hr Operation 

8.9 x l@ 8.39 x l O l o  7.21 x lolo 6.56 x lolo 



For short  times a f t e r  shutdown ( < ' l o  hrs )  Mns6 
i s  t h e  chief source of rad ia t ion  in  carbon and s t a in l e s s  s tee ls .  For longer 
t imes a f t e r  shutdown ~ e 5 9  and ~ 0 6 0  become t h e  chief sources. 

Activation analysis  of t h e  skid-mounted shielding 
is complicated by t h e  f a c t  t h a t  t h e  s t e e l  surfaces exposed t o  water i n  t h e  
sh i e ld  tank a r e  covered with Boral t o  reduce ac t iva t ion  due t o  thermal neutron 
capture. However, t he  Boral has a smaller e f f ec t  on the  f a s t  f l u x  and f a s t  
ac t iva t ion ,  which is o rd ina r i l y  negl igible  when compared t o  thermal activation. 

L i t t l e  work has been done on f a s t  f l u x  ac t iva t ion  
of shielding mater ials  i n  configurations such a s  t h e  skid-mounted and APPR-1 
shields .  The approach used i n  t h e  machine calculat ion is  t o  use t h e  resonance 
i n t e g r a l s  of Pomerance and Macklin (5),  and assume t h e  f a s t  f l u x  t o  be pro- 
por t iona l  t o  1/E. The use of t he  resonance in t eg ra l s  of Ref. 5 will give an 
overestimate of f a s t  ac t iva t ion  because they a r e  based upon f o i l  ac t iva t ion  
(no self-shielding) whereas t h e  shield i s  made up of maasive s l abs  of s teel .  

No experimental da t a  a r e  ava i lab le  on f a s t  ac t iva t ion  
of l a rge  s labs  of s tee l .  Data a r e  avai lable  on thermal ac t iva t ion  ( see  Ref. 10); 
thermal ac t iva t ion  sources f r o m t h e  machine were found t o  check c lose ly  with 
t h e  da t a  of Ref. 10. 

2.3.1.3 Model Comparison with APPR-1 Measurements 

Since t h e  skid-mounted shielding is s imi l a r  t o  t h a t  
of APPR-1, it appears worthwhile t o  make use of APPR-1 experimental da ta  t o  
approximate t h e  skid mounted dose rate .  With t h i s  purpose i n  mind a l l  t h e  
mater ia l s  in the  skid-mounted shielding were combined and t h e  calculated skid 
mounted dose r a t e  compared t o  t he  measured dose r a t e  a t  a eomesponding point 
in t h e  APPR-1 shield. Since t h e  exposed s t e e l  in t h e  skid-mounted shield 
tank is  Boral clad, the  da t a  from APPR-1 represents an upper l i m i t  f o r  t h e  
skid mounted dose rate.  

Tota l  shielding between t h e  skid mounted core and 
t h e  outs ide of the  shield tank i s  a s  follows: 

6.79 inches water 8 P = 0.8 gm/cm3 
12.44 Inches water @ 0.98 grn/cld 
18.775 inches a t e e l  

The c loses t  corresponding point i n  t h e  APPR-1 sh ie ld .  
i s  between t h e  seventh and eighth shield rings. Thia region has t h e  following 
mater ia l s  between t h e  dose point and the  core. 

10.7 inches water b P - 0.8 p / c d  
6.25 inches water @f - 0.98 gpl/cm3 

18.75 inches s t e e l  

The dose r a t e  in t h i s  region of t h e  APPR-1 a t  
2.5 hrs. a f t e r  shutdown from Fig. 293 of APAE 35 (1)  is about l 3 O  mr/hr. 



Comparison of t h e  skid mounted dose r a t e  t o  APPR-1 
ex rimental measurements i s  va l id  a t  2.5 hours a f t e r  shutdown because t h e  
Mnyg a c t i v i t y  i b  t h e  chief source of radiat ion a t  t h i s  time and was saturated 
i n  APPR-1 before doses were measured. 

2.3.2 Dose from Core 

The dose r a t e  from the  core was calculated both by hand and 
with the  IBM 650 machine code developed by Alco. The two calculat ions employ 
t h e  basic  equation of Section 2.3,l.l with minor differences which w i l l  be 
de ta i led  i n  t he  following sections.  

2.3.2.1 Machine Calculation 

Complete d e t a i l s  of t h e  Machine Calculation a r e  con- 
ta ined i n  APAE 35 (1)  and APAE Memo 4 2  (U). 

I n  the  machine calculation, a t  2.5 hours a f t e r  shut- 
down, t he  f i s s i o n  product decay gammas of Groups 3, 4, 5, 6, 7 of Table 2-1 
a r e  lumped i n t o  one group which i s  assumed t o  have an e f fec t ive  energy of 
1.65 Mev and t h e  650 machine ca lcu la tes  at tenuat ion through t h e  sh ie ld  and 
buildup f o r  gammas of t h i s  energy, Groups 1 and 2 of Table 2-1 a r e  a l so  
lumped i n t o  one group, but  t h e  dose r a t e  from t h i s  group is  negl igible  in 
comparison t o  Groups 3, 4, 5, 6 and 7 of Table 2-1. 

The f i r s t  part of t he  machine program ca lcu la tes  
Sv (gammas/sec-cd ) and p c(cm-l) t h e  l i n e a r  absorption coef f ic ien t  in t h e  
core. Sv is  calculated from the  following equation ( see  Ref. 1).  

Sv = source strength, gammas/sec-c~$ (assumed t o  be a t  1.65 Mev) 
-Vi = volume f r ac t ion  of mater ial  i i n  t h e  core 

= average f u l l  power thermal neutron f l u x  i n  t h e  core, 
*th neutmns/cm&ee 

Jf = average full power f a s t  neutmn f l u x  I n  t h e  core, neutrons/ 
cm2-sec 

F i  = gammas/cd-sec a r i s ing  in mater ial  i per unit thermal neutron 
f l u x  

GI = ganrmas/cd-sec a r i s ing  in mater ial  i per un i t  f a s t  neutron 
nwt 

( s ee  APAE 35 (1)  f o r  complete de t a i l s .  ) 

F i l e s  of F and G f ac to r s  f o r  core materials ( ~ ~ 3 5  
and s t a i n l e s s  s t e e l )  a r e  ava i lab le  f o r  t h e  machine calculat ion f o r  various 
times a f t e r  shutdown. Therefore, only t h e  average f a s t  and thermal neutron 
f luxes in t h e  core and t h e  mater ial  volume f r ac t ions  a r e  necessary a s  input 
t o  t h e  machine calculat ions t o  ca lcu la te  Sv. 



The actual average'thermal f lux  is  10.5 x 
However, material, i n  f i l e  on u235 i s  based upon the f i s s ion  cross section of 
$35 a t  0.025 ev corrected fo r  a Maxwellian distr ibution a s  follows: 

f 
u0e025 ev = 580 barns 

f 
6thermal 

= 0.886 x 580 = 514 barns 

However, according t o  Appendix 111, APAE Memo 126 (12), 
temperature and heterogeneous effects  i n  APPR-1 reduce t h i s  cross section tb 
327 barns o r  about 0.65 times t he  value used i n  the  machine f i l e s .  In  order 
t o  keep the  f i l e s  general, the cross section was l e f t  a s  it was and the  average 
thermal f lux was multiplied by 0.65 giving the average thermal f lux l i s t ed  i n  
the  input which follows: 

Material Volume Fract iof l  

Stainless St  e e l  0.173590 

* Sum i s  not 1- because some materials such a s  unB2. g109 C which do not 
effect Sv have been omitted. 

The core absorption coefficient ,PC is  calculated 
by the  machine as  follows: 

Bi = k l u m e ,  fract ion of material i i n  the  core. 

/Cli = absorption coefficient of material i i n  the  core. 

Fi les  of absorption coefficients fo r  materials of in teres t  are  available. 
After calculating Sv andPC the machine calculates dose ra te  by Eq. 2.2. 
Repeating Eq. 2.2 



Input t o  t h i s  par t  of t h e  machine prog~am i s  merely 
t h e  dimensions of t h e  core and shielding mater ials . f rom Table 1-1. 

The machine ca lcu la tes  geometric and mater ial  a t ten-  
uation t o  get  t h e  unscattered dose and then ca lcu la tes  and appl ies  t h e  dose 
buildup f ac to r  B t o  get t h e  t o t a l  dose. 

Buildups a re  calculated and used i n  t h e  following 
manner : 

1) A l l .  thicknesses of t h e  same mater ia l  a r e  summed up and 

. , 
a buildup f a c t o r  f o r  each mater ial  i s - c a l c u l a t e d  by 
t h e  equation (2)  

P i l e s  of buildup parameters ~ ~ , 4 ~  d2 from Ref. 2 
a r e  ava i lab le  f o r  mater ials  of in te res t .  

2) The buildup f a c t o r s  a r e  then multiplied together  a& 
t h e  product applied t o  t h e  uraseattered gamma dose. 

3) Buildup due t o  self-absorption in the  core i s  not used. 

.Results of t he  machine'ealeulation of t h e  dose 
r a t e  from the  core a t  a point on t h e  core midplane on t h e  surface of t h e  
sh ie ld  are: 

4 -  1.03 x 1& m2 @ 1.65 Mev 
see-em 

2.3.2.2 Hand Calculation 

I n  the  hand calculat ion each group of gammas of 
Table 2-1 i a  t r ea t ed  separately using t h e  appropriate gaunna absorption 
coef f ic ien ts  and buildup f a c t o ~ s .  Groups 1, 2 and 3 give a dose r a t e  insig- 
n i f icant  compared t o  t h a t  of Groups 4, 5, 6 and 7; therefore only t h e  dose 
r a t e s  of t h e  l a s t  four  groups were calculated. Eqo 2.2 i s  t h e  basic  equation 
used. 



I n  t h e  hand calculat ion t h e  buildup f a c t o r  is 
t r ea t ed  d i f f e r en t ly  from t h e  way it is  t r ea t ed  i n  t h e  wch ine  calculation. 
I n  t h e  hand c l cu l a t ion  t h e  t o t a l  number of relaxat ion lengths i n  t h e  sh ie ld  
plus t h e  np! ( a measure of s e l f  absorption in the  core) is used f o r  a t ten-  
uation. . A dose buildup f ac t  r corresponding t o  t h e  t o t a l  number of shield 
re laxa t  ion lengths plus v'/U,en is  applied. Imn buildup was used s ince  s t e e l  
i s  by f a r  t h e  most important shielding constituent of t h e  shield.  ( ~ x c e p t  
f o r  Group 4, water buildup i s  nearly t he  same a s  i ron  buildup.) 

Complete d e t a i l s  of t he  hand calculat ion a r e  con- 
ta ined in Table 2-2. I n  addi t ion t o  t h e  calculat ion of Table 2-2 which is 
f o r  2.5 hours a f t e r  shutdown, dose r a t e s  were a l so  calculated a t  1 2  and 24 
hours a f t e r  shutdown a t  a point on t h e  shield surface opposite t he  core 
center. A summary of r e s u l t s  follows: 

Time After  Shutdown, H r .  D o s e ~ a t e  f & n  Core, mr/hr 

2.3.3 Dose from Activated Mater ials  i n  t h e  Shield 

The dose r a t e  from t h e  act ivated mater ials  in t h e  sh ie ld  was 
calculated with the IBM 650 code developed by Alco. Complete d e t a i l s  of t h e  
machine calculat ion a r e  contained i n  APAE 35 (1) and APE Memo U 2 .  (11). 
Equation 2.1 i s  t h e  basic equation employed, 

Repeating Eq. 2.1: 

(See Section 2.3.1.2 and TID 7004 (2) f o r  d s f jn i t i on  of symbols,) 

Briefly,  and B a r e  calculated a s  in t h e  core calculat ion 
described i n  Section 2.3.2.1, F i l e s  are ava i lab le  which contain da ta  on 
neutron cross  sections,  gamma yields ,  gamma absorption coef f ic ien ts  and buildup 
parameters f o r  d i f fe ren t  shielding mater ials  including carbon and s t a i n l e s s  
s t ee l .  F i l e s  a r e  a l so  made up so t h a t  Sv may be calculated f o r  various times 
a f t e r  shubdown. 

A t  times shor te r  than 1 2  hours a f t e r  shutdown, gammas from 
ac t iva ted  shield mater ials  a r e  put i n t o  two energy groups. A l l  gammas below 
1 Mev a r e  considered t o  have an average energy of 0.75 Mev; a l l  gammas above 
1 Wev a r e  considered t o  have an average energy of 1.65 Mev. 



TABLE 2-2 

Hand Calculation of Dose Rate from Core 

tFe = 48.2 cm (~ssumes contribution oi 0.92 cm due t o   oral) 
tH20 " 46.4 cm (~ssumes density of 0.8 gm/cd f o r  r e f l ec to r  H20) 

I n f i n i t e  operation a t  6.5 x lo6 watts a = 96.09 cm 
2 1/2 hours a f t e r  shutdown core composition: 79.5% H20 ; 20.5% Fe 

Gamma ~ r o u p  &erw Enefgy Per  Volumet pic Linear 'Absorption Coef f i c i en t  
Group Yield Photon Source Sv) F e 

(~ev/sec-watt) (Mer) (photons/cJ-ssc. ) ( cW1) (cm > 
IV 2.76 x 109 1.6 1.5 x 1d-l 0.356 0,055 
V 7.8 x 108 2.1 3.23 x l d - O  0,310 0.048 
V I  2.21 x ,108 2.5 7.67 x 109 0.293 ' 0.0438 
V I I  1.04 x 107 2.8 3 0 3  x lo8 0,284 0.041 

Gamma 
Group 

IV 
v 
V I  
V I I  

Gamras 
Group 

IV 
v 
V I  
V I I  

K~ Dose Rate = g/kD 
(photon hours/roentgen-em2-sec) p/hr  

Total = 15.8 mil.liwentgen/hour 



A t  12  hours and longer a f t e r  shutdown, gammas above 1 Mev a r e  
considered t o  have an avera e energ of 1.25 Mev. This change i s  made because f: a f t e r  1 2  hours shutdown Cob6 and Fe 9 become more important than ~ n 5 6  a s  gamma 
sources s ince  sa tura t ion  of a l l  a c t i v i t i e s  is assumed. 

Input t o  t h e  machine calculat ion i s  merely t h e  f a s t  and t h e m 1  
f luxes  throughout t h e  sh ie ld  and t h e  thickness of mater ials  i n  t h e  shield.  . 

Table 2-3 contains f luxes used i n  t h e  machine calculation. 
Fluxes i n  Table 2-3 were taken from Balprod Calculation No. 2624 r e s u l t s  of 
which a r e  plotted i n  Fig. 5 4  of Section 5 of Core Design Analysis. Thermal 
f luxes f o r  points ins ide  the  pressure vessel  have been multiplied by 0.8 t o  
correct  f o r  temperature e f f e c t s  on thermal cross sect ions of water and stain- 
l e s s  s t e e l .  (See Section 2,3,2.1.) 

Boral i n  t h e  sh ie ld  has been t r ea t ed  a s  water a s  'a source 
and sh i e ld  a f t e r  shutdown. Neither water nor Boral would contr ibute  appreciably 
t o  dose r a t e  a f t e r  shutdown. 

Resul ts  of t h e  machine calculat ion of dose r a t e  due t o  shield 
ac t iva t ion  a f t e r  shutdown a r e  a s  follows: 

Average Dose Rate 
2.5 h r s  a f t e r  shutdown 24 hrs  a f t e r  shutdown 

1.65 Mev 31.4 m r / h ~  
0.75 Mev 11.8 mrhr 

Tota l  43.2 mr/hr 

10.3 m/h r  
Negligible 

I 

10.3 m / h r  

2.3.4 Dose Rate from Sources outs ide Shield Tank 

I n  addi t ion t o  t h e  radiat ion from t h e  shield tank the re  a r e  
two 'other sources of rad ia t ion  i n  t h e  vapor container a f t e r  shutdown. These 
are: 

1 )  Activated corrosion products d i s t r i bu ted  throughout t h e  
primary system 

2) Activated components in t h e  vapor container 

These two sowcea do not lend themselves t o  rigorous theo re t i ca l  
analysis ,  but heal th  physics surveys made in APPR-1 give an indicat ion of t h e  
r e l a t i v e  importance of t h e  two sources and the  general dose r a t e  l e v e l  t o  
be expected i n  t h e  vapor container from the  two sources. 



Fluxes Used i n  the  Machine Calculation of Dose Rate 
f rom Activated Materials. 

Point . - Location 

1 Core-Ref l ec to r  I.F. (Interface)  1.23 x 1s 4.84 x 1013 
2 Reflector Midpoint 1.59 x 1s 3.74 

Ref lector-Thermal Shield I.F., 

Thermal Shield Midpoint 

II -Coolant I.F. 

Coolant Passage -1 

Coolant Passage -2 

Coolant-Pressure-Vessel I.F. 

Pressure Vessel -1 ' 

Pressure Vessel -2 

Pressure vessel-void I.F.. 

Void-Support Ring I .I?. 

Support Ring Midpoint 

Supprb Ring4oral  I.F. 

Water AanuZus Mid.pirtt 

Boral-1st. Shield Ring I.F. 

1st. Shield Ring Midpoint 

1st. Shield Ring-Boral I.F. 

Water Annulus Midpoint 

Borald2nd Shield Ring I.F. 

2nd. Shield Ring Midpoint 

2nd. Shield' Ring-Boral I.F. 

Wet e r  Annulus Midpoint , 

1.16 x 1g2 

7.48, x lo" 
6.U x l o l l  

4.69 x 1G 
3i.28 x 1W 



TABLE 2-3 ( Cont inned) 

Point - 
24 

25 

26 

27 

28 

29 

30 

31 

32 

Locat i on  

Boral-3rd. Shield Ring I.F. . 

3rd. Shield Ring Midpoint 

3rd. Shield Ring-Boral I.F.. 

Water Annulus Midpoint 

Boral-4th. Shield Ring I.F. 

4th. Shield Ring Midpoint 

4th. Shield Ring-Boral I.F. 

Water Annulus Midpoint 

Boral - Tank Wall I.F. 

Tank Wall Midpoint 

Out s ide  of Tank Wall 

2.39 x ld, 

2.47 x lo6 

5 . 4 9 X l d  , 

1.25 x 104. 
1.05 x ld, 



EKperimental da ta  from APPR-1 a r e  applicable t o  t h e  Skid 
Mounted Reactor because: 

1 )  Activation of corrosion products i n  t he  two p lan ts  i s  
comparable. 

2) Neutron f luxes escaping from t h e  sh ie ld  tanks of t h e  two 
plant s a re  comparable, 

Surveys made in APPR-1 lead t o  t h e  following conclusions 
which have been applied t o  t h e  skid Mounted Reactor: 

1 )  Dose. r a t e  from vapor container component ac t iva t ion  i s  
small compared t o  dose r a t e  from dis t r ibu ted  act ivated 
corrosion products. 

2) A.  general rad ia t ion  f i e l d  e x i s t s  i n  the vapor container 
from these  two sources which gives a dose r a t e  of about 
30 m/hr a t  2.5 hours a f t e r  shutdown and about 6 m / h r  
a t  24 hours a f t e r  shutdown. 

2.3,5 To ta l  Dose Rate a f t e r  Shutdown 

Results from t h s  machine calculat ion ind ica te  a dose r a t e  
on t h e  shield surface of 72 m/hr (43 mr/hr from sh ie ld  ac t iva t ion  and 
29 m / h r  from f i s s ion  product gammas) f o r  i n f i n i t e  operation a t  6.5 Mw and 
2.5 hours shutdown time. how eve^, APAE 35 (1) shows t h a t  t he  machine calcu- 
l a t i o n  gives dose r a t e s  cons is ten t ly  higher than those measured i n  APPR-1, 
For instance, from Table 2.13 and Fig. 2.3 of APAE 35 (1) between t h e  seventh 
and eighth sh ie ld  r ings  of APPR-1 where t o t a l  shielding is approximately equal 
t o  t h a t  i n  t he  Skid Mounted Reactor t he  machine calculated dose r a t e  is about 
six times t h e  measured dose r a t e ,  Therefore, it seejns t o  be a conservative 
estimate t o  sag tha t  personnel standing a t  t h e  primary skid,2,5 hours a f t e r  
shutdown would be subjected t o  33 m / h r  from t h e  primary shield r a the r  than 
t h e  72 m / h r  calculated by the  machine pmgram, 

Adding t o  t he  dose r a t e  from the  shield tank t h a t  from 
act ivated corrosion products and vapor container components gives a t o t a l  
dose r a t e  of 63 mr/hr a t  2.5 h ~ s ,  a f t e r  shutdown f o r  i n f i n i t e  operation 
a t  6.5 Mw. 

2.3.6 Conclusions 

The important measure of t he  effect iveness  of a shield is  
t h e  dose accumulated by personnel outs ide t h e  shield.  

Fig. 2e1 is  a plot of dose r a t e  outside t h e  shield tank, vs 
time a f t e r  shutdown f o r  i n f i n i t e  .operation a t  6,5 Mw and is  based on t h e  
following data  : 



T h e  After  Shutdown 

Source 2, 5 hrs  12 hrs. . 24 hrs. 

Core 15.6 m / h r  7.5 6.4 m / h r  
Shield 16,9 7.8 3.9 
Activat ed Corrosion 

Product s 30 -L- 6 mrhr 

Total  62.5 mr/hs 3003 16,3 

Core dose r a t e s  were calculated by hand (see Table 2-2 of 
Section 2.3.2.2). Shield dose r a t e s  were calculated by t h e  machine; t h e  
dose r a t e  a t  2.5 hours a f t e r  shutdown was reduced t o  give a t o t a l  dose r a t e  
of 33 m/h r  a t  shield tank surface ( see  Section 2.3.5) including t h e  15.6 m / h r  
from t h e  core hand calculation. Shield dose r a t e s  a t  12  and 24 hours a f t e r  
shutdown were reduced by the  same factor .  Dose r a t e s  from act ivated corrosion 
products were estimated from heal th .physics surveys i n  APPR-1. 

From Fig. 2-1 it can be seen t h a t  t h e  dose accumulated by 
personnel working a t  t h e  shield tank f o r  4 hours from 4 t o  8 hours a f t e r  
shutdown would be about I40 mr. 

2.4 Operating Dose Rate Calculation 

Operating dose r a t e  from the reac tor  and t h e  sh i e ld  tank must be 
calculated i n  order t o  determine thickness of secondary shielding necessary 
t o  reduce the  operating dose r a t e  t o  allowable levels .  

During operation s igni f icant  sources of gamma rad ia t ion  which 
escape from t h e  sh ie ld  tank are: 

1. Prompt f i s s i o n  garmaas. 
2.. Fission product decay gammas. 
3. Radiative capture gammas in u235 and i n  t h e  shield.  
4; Decay gammas from act ivated mater ials  i n  t h e  shield tank, 

2.4.1 Calculat iona l  Model 

2.4.1.1 Core Source and Attenuation 

The ca lcu la t iona l  model used i n  t h e  operating 
dose r a t e  calculat ion was, i n  general, t h e  same a s  t h a t  used i n  t h e  shutdown 
dose r a t e  calculation. Magnitude of the  source s t rengths and e n e r m  spectrum, 
of course, a r e  much d i f fe ren t .  





The machine program was used i n  t h e  operating 
dose r a t e  calculation. F i lb s  f o r  t he  f i s s i o n  gamma y ie ld  a r e  based upon t h e  
Mote spectrum f o r  f i s s i o n  garmmaa a s  follows (see p. 47, Ref. U): 

The above expression assumes a t o t a l  of 1 2  Mev of 
, gamma energy per f i s s i o n  event. Tota l  gamma energy released from the  

f i s s ion  event and i ts  decay products i s  11 Mev. One Mev is  assumed t o  be 
released in rad ia t ive  capture i n  $35 per f i s s i o n  and the r ad i a t ive  capture 
gammas are  assumed t o  have t h e  same spectrum a s  the  f i s s i o n  gammas. 

I n  addi t ion t o  gammas from u235, capture and ac t i -  
vation gammas from s t a in l e s s  s t e e l  and capture gannnas from water were con- 
sidered. Data f o r  t h e  f i l e s  f o r  capture gamma production and energy spectra  
were taken from Table 3.6 of TID 7004 (2). Data f o r  the  f i l e s  f o r  ac t iva t ion  
gamma production were taken fmm Ref. 6., 

8 

I n  preparing t h e  f i l e s ,  da ta  on resonance capture 
i n t eg ra l s  from Ref. 5 were used where available.  For mater ials  whose resonance 
capture i n t eg ra l s  were not ava i lab le  a l / v  var ia t ion  of absorption cross 
sect ion was assumed. Thermal absorption cross sect ions f o r  a l l  t h e  machine 
calculat ions were taken from BNL 325 (15). Thermal ac t iva t ion  cross  - sec t  ions 
were taken from Ref. 6. 

," 

Capture and ac t iva t ion  gamma sources i n  t h e  core 
. during operation were calculated basical ly .  in t h e  same manner a s  out l ined i n  

t h e  shutdown calculation (see Sections 2.3.1.2 and 23.3).  

During operation gammas produced r h g e  i n  energy up . 

t o  7 Mev. A l l  gammas a r e  put i n t o  f i v e  energy groups a s  follovs: 

Group Energy Range, Mev Average Energy, Mev 

2,4.1.2 Capture Sources in  Shield and Attenuation 

. During operation, capture sources i n  t h e  sh ie ld  
and t h e i r  a t tenuat ion a r e  calculated i n  much t h e  same manner a8 ac t iva t ion  

' 

sources a f t e r  shutdown (see  Sections 2.3.1.2 and 2.3.3.) A l l  a c t i d t i e s  a r e  
assumed t o  be eaturated and operating a t  equilibrium valu,es. Sources of 
da t a  f o r  capture and ac t iva t ion  gammas ' a r e  l i s t e d  in Section 2.4.1.1. Activa- 
t i o n  and capture gammas produced during operation are put i n t o  t h e  f i v e  
energy groups l i s t e d  i n  Section 2.4.1.1; 



Group 

Enere 
m g e ,  
Mev 

TABU 2-4 

Results of Machine Calculation of Operating Dose Rate from Core 

. . 

Average S+ Gammser 
Ehergy per sec 
Nev per cm3 

' per em2 'PC P C  ~ ( b ) .  per sec 

Total 

Dose- 
Rate, 
R/hr 

13 04 
Ue4 . 

9.1 
Negligible 



2.4.2 Model Comparison with APPR-1 

A s  has been shown i n  Section 2.3.1.3, t h e  primary shielding 
i n  APPR-1 out t o  t he  water annulus between t h e  l a s t  two ahield r ings  is approx- 
imately equal t o  t h e  t o t a l  primary shielding of t h e  Skid Mounted Reactor. A t  
t h i s  point i n  t h e  APPR-1 shield t h e  t o t a l  measured dose r a t e  during f u l l  power 
operation i s  86.4 ~ / h r  and the  machirle calculat ion gave 315 ~ / h r  a t  t h e  same 
point ( see  Table 2.12 of Ref. 1).  

Again t h e  measured dose r a t e  of 86.4 ~ / h r  i n  APPR-1 would be 
expected t o  be an upper l i m i t  f o r  t he  Skid Mounted Reactor. However, t h e  

machine. calculated operating dose r a t e  of 161 ~ / h r  has. been used i n  t h i s  
report. 

2.4.3 Dose from Core 

Input t o  t h e  core dose r a t e  calculat ion during operation is  
t h e  same a s  t h a t  f o r  t h e  shutdown calculation; t h e  machine merely uses an 
operating f i l e  r a the r  than a shutdown f i l e .  The.input cons is t s  of core dimen-. 
s ions (height and radius),  volume. f r ac t ions  i n  t h e  core, .kinds .of zaat e r i a l s  
and t h e i r  thickness i n  t h e  shield,  and f a s t  and thermal 'average f luxes in tho  
core. Material  types and thickncs5 irere ' taken from Table 1-1; volume fract ions:  
and fluxes1 a r e  l i s t e d  i n  Section 2.3..2.1. 

Table 2-4 contains t h e  output of t h e  core operating dose 
r a t e  calculation. Tota l  calculated dose r a t e  from the core is 47.9 ~ / h r .  

2.4.4 Dose from Capture and Activation Sources in t h e  Shield 

Input t o  t h e  operating dose r a t e  ca lcu la t ion  f o r  capture 
sources i n  t h e  sh ie ld  i s  t h e  same ae t h a t  f o r  the  shutdown ac t iva t ion  calcu- 
l a t i o n  and cons is t s  of thicknesses and types of mater ials  in t h e  sh ie ld  and 
f luxes throughout t h e  shield. Fluxes used a r e  l i s t e d  in Table 2-33 types 
and dimensions of mater ials  were taken from Table 1-1. 

Table 2-5 contains t h e  output of t h e  operating dose r a t e  
calculation. Tota l  calculated dose r a t e  from t h e  shield i s  ll2.7 ~ / h r .  

TABLE 2-5 

Results of Machine Calculation of Operat- Dose Rate 
from. Capture and, Activation Sources i n  t h e  Shield. 

~ n e r g y .  Range, Average Energy, 
Group Mev Mer ~ammuls/cm~-ssc ~ o s s  h t e ,  ~ / h r  

1 7 700 ' 8.58 x 106 71.8 
2 5-7 6.0 3.63 x 10: . 27.1 
3 3-5 400  2.18 x 1 0  12.0 
4 1-3 2.0 5.77 lo5 1.8 
5 0-1 , - 0  75 1.77 x lob N e n l i ~ i b l e  

Tota l  112.7 



2.4.5 Tota l  Dose on Surface of Shield Tank 

The t o t a l  dose r a t e  on t h e  surface of t h e  sh ie ld  tank i s  t h e  
sum of the  core dose r a t e  from Section 2.4.3 and t h e  sh ie ld  dose r a t e  from . 

Section 2.6.4. This t o t a l  i s  161  ~ / h r ,  

It has been shown i n  APAE 35 (1)  t h a t  t h e  machine calcula- 
t i o n  gives dose r a t e s  consis tent ly higher than those measured. It ha8 
a l so  been shown i n  Section 2.4.2 t h a t  t he  dose r a t e  measured i n  APPR-1 outs ide 
a sh ie ld  thickness corresponding approximately t o  t o t a l  thickness of t h e  
skid mounted reac tor  is 86.4 ~ / h r  and t h e  machine calculated dose r a t e  a t  
t h e  same point is  315 ~ / h r .  Nevertheless, t he  161 ~ / h r  calculated outs ide 
t h e  skid mounted sh ie ld  has been used i n  following sect ions of t h i s  report. 

2.5 Control Rod Drive Shielding 

Control rod dr ive  shielding a f t e r  shutdown has been a d i f f i c u l t  
problem i n  both APPR-1 and APPR-la. In  t heas  designs, t o  replace rod drives,  
personnel must approach q u i t e  c lo s s  t o  t h e  core.. 

Dose r a t e s  in APPR-1 cont ro l  rod dr ive  p i t  range from 940 rnr/hr 
a t  20 minutes a f t e r  shutdown t o  480 m / h r  a t  2 1/2 hours a f t e r  shutdown. 
(See Table 7, Ref. l3). The geometry of t he  sh ie ld  tank and cont ro l  rod 
d r ive  p i t  make it d i f f i c u l t  t o  apply shielding ef fec t ive ly  although t h i s  
has been done I n  both designs. 

The cont ro l  rod dr ives  of t he  skid mounted reac tor  and t h e i r  re la-  
t i o n  t o  t h e  core, pressure vessel,  and shield tank may be seen i n  Dwg. Nos. 
~9-46-1039 and R9-47-1013. I n  t h e  skid mounted conf igura t  ion personnel do 
not have t o  approach any c lose r  t o  the  core than t h e  outs ide of t h e  shield 
tank. Therefore, shielding may be provided in t h e  shield tank t o  protect  
personnel changing rod drives. 

In  addi t ion t o  t h e  f ixed elements i n  t he  core there  a r e  f i v e  cont ro l  
rod f u e l  elements which a r e  bebow t h e  core a f t e r  shutdown. To determine how 
f a r  down t h e  shield r ings  must extenu t o  protect  t h e  cont ro l  rod dr ive  it was 
s t ipu la ted  t h a t  t h e  amount of shielding in te rsec t ing  a ray from the  bottom 
of any cont ro l  rod f u e l  element t o  t h e  cont ro l  m d  dr ives  must be t h e  same as 
is  intersected by a ray  from the  core surface out horizontal ly  t o  t he  sh ie ld  
tank surface. 

I n  order  t o  calClulate t h e  amount of shielding m a t e ~ i a l  intersected 
by a ray from the bottom of t h e  f u e l  elements t o  t h e  control  rod dr ives  it 
was necessary t o  determine equivalences of s t e e l  and water, re oral was ; 

neglected). 

The equivalence of shield water and s t e e l  taken from Table 6.11 
of Ref. 2 f o r  2 Mev gammas is: 1.7" s t e e l  = U.6" water. 



Water in t h e  pressure vesse l  was assumed t o  have a dens i ty  of 
0.8 gm/en? and therefore i t s  equivalence with s t e e l  is: 

1" s t e e l  = 8.53"' Primary Water 

The problem then becomes t h a t  of scal ing of f  a drawing t h e  thick- 
ness of rmter ia l s  in te rsec t ing  a ray from t h e  bottom of t h e  control  rod f u e l  
elements t o  t h e  area occupied by personnel changing control  rod dr ives  and 
extending the  shield r ings down u n t i l  enough shielding mater ial  in intersected. 

Dose r a t e  from core and shield tank expected i n  t h i s  area would 
be l e s s  than t h e  33 mr/hr expected a t  t he  surface of t h e  sh ie ld  tank opposite 
t h e  coreo 

. . 
2.6 Nozzle Shielding 

Drawing No. R9-46-1039 shows the '  r e l a t i on  of the reac tor  ou t l e t  
nozzle t o  t h e  core and t h e  sh ie ld  rings. It can be seen t h a t  insu la t ion  
around t h e  nozzle and pipe i n  t h e  sh ie ld  tank affords a streaming path through 
t h e  priplary shield f o r  radiat ion from the  core and from the  control  rod 
elements below the  core. 

The approach t o  t h i s  problem was e s sen t i a l l y  t h e  same a s  t h a t  
used f o r  t he  control  rod dr ive  shielding. That is, t h e  nozzle and shield 
r ings  were drawh f u l l  s i z e  and rays drawn from the  core and control  rod f u e l  
elements through the  insulat ion t o  t he  outside of t h e  primapy shield tank. 

The following equivalences of matepials were used (see  Table 6.11, 
Ref. 2) r 

l a  Lead = U.6" water = 1.7" i ron  

Where l e s s  than the  f u l l  amount of shielding mater ial  was intep-  
sected, insulat ion w i l l  be taken off  and replaced with lead u n t i l  t h e  desired 
amount of shielding is intersected. 

2.7 Radiation Heating i n  t h e  Shield Tank 

During operation a s ign i f icant  amount of heat is  deposited i n  t h e  
shield.tank by rad ia t ion  escaping from the  core, pressure vesse l  and thermal 
shield.  In  order t o  s i a e  t h e  cooling c o i l  needed t o  remove t h e  heat, t h e  
r a t e  of heat deposition i s  calculated in t h e  following section. A basic  
assumption is  t h a t  a l l  radiat ion incident on t h e  pressure vessel  suppox% 
ping i s  absorbed i n  t he  sh ie ld  tank, 

2.7.1 Neutron Heating 

A l l  neutron heating is  due t o  t h e  absorption of t h e  k ine t ic  
energy of f a s t  neutrons. 



From Table 2-3, t h e  f a s t  neutron f l u x  incident on t h e  
pressure vesse l  support r i ng  is  7.47 x 1011 n/cm2-sec. This is  t h e  f a s t  
f l u x  averaged over t h e  22" height of t he  core. The corresponding area on 
t h e  support r ing is: 

Assuming an average of 1 Mev per f a s t  neutron the  t o t a l  
' amount of neutron energp Incident on the  support r i ng  over t h e  22* height 

of t h e  core is: 

Fluxes above and below t h e  core a r e  smaller than cope f luxes 
and f a l l  o f f  rap id ly  ( see  Fig. 2-2.) how eve^, neutron energy inc iden t  on a 
lon high sectiorl of t he  support Ping below t h e  l e v e l  of t h e  core was calcu- 
l a t  ed a s  followa: 

= average core f a s t  f l u x  
C 

Qr = 9.36, x lo13 
' 

From Fig. 2.2 t h e  r a t i o  of t h e  f a s t  flux a t  t h e  bottom of 
' 

t h e  ca re  t o  t h e  cope f a s t  f l u  ie :  

The r a t i o  of t h e  f a s t  f l u x  IDR below t h e  core t o  the cope 
fast flux is:. 

Taking a &ear average f m m  t h e  bottom of t h e  core t o  1O1I 
below t h e  core: 





O r  an average f a s t  f lux  over the  1011 section of the  eupporb 
ring would be: 

The area upon which t h i s  f lux  is incident i a t  

Tot a1 neutron energy incident on a 10" section of the  support 
ring below the  l eve l  of the  core is8 

. .  . 

9.74 x 1 d c &  x 2.62 x 1@ n/cm2 sec x 1 ~ e v / n  

The f a s t  f lux  below t h i s  10" band below the  cord may be 
neglected. Since the  f lux  above the  core is  much smaller than t h e  f lux  below 
t h e  core, the  heat deposition above the  core mag also  be neglected (see Fig. 7, 
Ref. 13). 

Teta l  htiating due t o  neutrons i s  then: 

. 2.7.2 Heating from Core and Pressure Vessel Gamins 

A maehlne ealeulstfon was mads t o  determine the  gamma f lux  
incident on a section of the  support ring corresponding t o  the  core height. 
The results-  which imtzfuele- eon? games 8nd eap0m-e gammas, f w l l w :  

~ ( ~ e v )  gk , x / se~+=~ ,~ev/sec-cm2 

7 2.10 x 1@ 1.48 x lg2 

6 1.17 x 1 9  7.02 x l& 

4 + 1.52 x 1@ . 6.10 x loU 
2 8.06 x 1@ 1.61 x 10l2 

0. 75 3.82 x 1& 2.86 x 1011 
Total 4.69 x 1G2 Mev/sec-cm2 

4.69 x 1012 ~e7p/ssc-cm? x 2.11, x 106cm2 = 1.00 x ld17 ~ e v / s e c  



From Fig. 80, Ref. 29, t he  t o t a l  gamma f l u x  below t h e  core 
f a l l s  off  s imi l a r ly  t o  t h e  f a s t  neutron flux. Therefore, t h e  heating r a t e  due 
t o  core gammas i n  t h e  10" sec t ion  below t h e  core is: 

To ta l  gamma heating is: 

2.7,3 Heating from Captures i n  t h e  Shield Tank 

Neutrons incident on t h e  inner surface of t h e  pressure vessel  
support r i ng  a r e  captured i n  the  s t ee l ,  boron and water i n  the  shield tank 
r e su l t i ng  in t h e  production of capture gammas except i n  t h e  case of boron. 
The react ion i n  boron is a s  follows: 

Thus, while boron serves a s  a gamma suppressor, appreciable 
amounts of heat a r e  released i n  t h e  shield tank i n  t h e  form of k ine t i c  energy 
of t h e  boron react ion pmducts. The heat re lease  w i l l  i n  f a c t  be g ~ e a t e r  than 
had t h e  neutrons been absorbed in water. 

The t o t a l  .amount of gamma rad ia t ion  released per neutron capture 
is  equal t o  t h e  binding energy of t he  addi t iona l  neutron. In t h e  case of carbon 
s t e e l ,  t h i s  has been taken t o  be 8 Mev; f o r  water (hydrogen) it has been taken 
Lo be 2.2 Mev. It' has been assumed t h a t  a l l  capture gammas a r e  absorbed i n  t h e  
tank, 

The equation used t o  ca lcu la te  heat production i n  t h e  d i f f e r en t  
mater ials  in t h e  sh ie ld  tank is: 

[f: +tF9 $1 = absorf ions per  cri? of 
i t h  material. 

Vi = volume of i t h  mater ial  

Ei = energy released per capture i n  i t h  mater ial  



Table 2-6 contains d e t a i l s  of the  calculation. To account f o r  
gamma production above and below the  core, the  r ad ia l  fluxes which a r e  averaged 
over the  height of the  act ive core were used over an area extending over t h e  
height of the  core plus 10 inches below the  core. Heat pmduction ra t e s  were 
calculated f o r  the  f i r s t  f ive  regions of the  shield. Since the  fluxes f a l l  off  
sxponentially, it i s  not necessary t o  a l c u l a t e  captures fur ther  out in  t h e  
shield. Fast and thermal cross sections a re  the  same as  those used in t h e  
Valprod calculation, r e su l t s  of which a r e  plotted i n  Fig. 5-6 of Core Design 
Analysis. 

Table 2-6: Calculation of Heat Produced by Captures 
i n  the  Shield Tank 

Region* 

& A  ca t u res  

cm-1 - n / c ~ s e c  n/cm2-sec L ' F + ] k  

5 0.16864 0.008 1 . 3 ~ 1 0 ~  8 ,9x l$O 7 . 1 5 ~ 1 0 ~  

Region* 

*Region - 1 - Pressirre Vessel Support Ring 
2 - Pressure Vessel Support Ring Boral Claddfng 
3 - 1st Water Annulus 
4 - Boral Cladding on 1st. Shield Ring 
5 - 1st. Shield Ring 



2.7.4 Conclusions 

Tota l  rad ia t ion  heating r a t e s  i n  t h e  shield tank a s  calcu- 
l a t ed  i n  t h e  preceding sect ions are: 

Neutrons 0.19 x 1017 Mev/sec 
Gamas from Core, Thermal 

Shield and Pressure Vessel 1.16 x 1017 ~ e v / s e c  
Captures i n  the  Shield Tank 0.16 x lo17 Mev/sec 

Total  1.51 x 1017 ~ e v / s e c  

Over 75% of t h e  to t a1 ,hea t ing  r a t e  i s  based upon t h e  machine 
shielding calculation. Because the  machine calculat ion has been shown t o  . 
y ie ld  .higher dose r a t e s  and heating r a t e s  than those measured, t h e  heating 
c o i l  f o r  t he  shield tank has been s ized t o  remove 72,000 Btu/hr of g a m  and 
neutron heat. 

2.8 Gamma Flux on t h e  Instruments 

A machine calculat ion Was performed t o  determfne the  operating 
dose r a t e  on t h e  nuclear instruments i n  t h e  shield tank. Neutron f luxes 
used i n  t h i s  ca lcu la t ion  were the  same a s  those l i s t e d  i n  Tabl,e 2-3 of 
Section 2.3.3. These a r e  end of l i f e  neutron f luxes and therefore  give " 
t h e  highest gamma dose r a t e  t o  be  expected on the  instruments. Thermal 
neutron f luxes a r e  markedly d i f f e r en t  f o r  t h e  two instrument posi t ions shown 
i n  Dwg. No. R9-46-1039 as a r e s u l t  of t h e  d i f f e r en t  amounts of water behind 
t h e  instruments. This  d i f fe rence  w i l l  have l i t t l e  e f f ec t  upon t h e  gamma f l u x  
and t h e  gamma dose r a t e  has been assumed t o  be t h e  same f o r  all instruments. 

Shutdown gamma dose r a t e s  on the  instruments i n  t he  skid mounted 
sh ie ld  tank have been estimated from experimental da ta  taken in APPR-1. 
Table 2-7 contains a comparison of gamma dose r a t e s  measured i n  APPR-1 and 
calculated f o r  t h e  Skid Mounted Reactor. 

Table 2-7: Gamma Dose Rates on t h e  Instruments I n  APPRcl 
and t h e  Skid Mounted Reactor 

Operat inq 

Calculated Measured 

APPR-1 5 x 105 R/hr  
Skid Mounted 3 x 105 R/hr 

24 H r s .  .After Shutdown 

 st imat ed* Measured 

APPR-1 ---- 
Skid Mounted 5 x lo2 ~ / h r  

%st imat bd from APPRl Measurements 



The primany shield was designed on t h e  bas is  of minimum weight and access 
t o  t he  primaxy skid 8.0 hours a f t e r  shutdown. Therefore, a high l e v e l  of 
radiat ion would be expected around t h e  primary skid during operation. 

The allowable continuous radiat ion received by any personnel i s  based 
on t h e  amount t h a t  may be received i n  one gear, This allowable padlation 
is 5 R/V. I n  any one week, t h i s  i s  equivalent t o  a rad ia t ion  l e v e l  of 
96.2 mr/week. Since base pepsorinel a r e  scheduled t o  be on duty 84 hours 
a week, t h e  hourly pewissable  dose r a t e  in operating a reas  can be appmx- 
intately 1 mr/hr. 

A t  t he  s i t e ,  t h e  radiat ion emanates from the  core i t s e l f ,  t h e  primary 
shield ( sh ie ld  tank) and t h e  M-16 a u t i v i t y  in t h e  primary water. I n  order  t o  
decrease the  l e v e l  of t h e  operating rad ia t ion  t o  base personnel, t he  primary 
system is  located within t h e  secondary shield,  i n  t h i s  case, snow. 

This sec t ion  w i l l  dea l  with t h e  thickness of secondary shielding required 
t o  decrease t h e  operating radiat ion t o  1 mr/hr, The operating rad ia t ion  con- 
sists of the  contribution from t h e  N-16 a c t i v i t y  of t h e  primary water and 
from t h e  ac t ivb t ion  of the  primary shield. 

3.1 N-16 Activi ty  in Prima- Water 

I n  a l l  reactors  where water is  used a s  a primary coolant, t he re  
is ac t iva t ion  of the  water. This is  due t o  t h e  capture of a neutmn by 
0-16 a s  shown i n  t h e  following react ion which has a threshold of approximately 
10  M ~ v ,  

The extent of t h e  ac t iva t ion  i s  a sens i t ive  function of t h e  in f lux  time and 
the  t o t a l  cycle time. 

A simplified method was employed t o  ca lcu la te  t he  N-16 ac t iv i ty .  
This method was used s ince it was shown t o  give comparable r e s u l t s  t o  a 
more precise  and lengthy method (1). 

3.1.1 Calculation of N-16 Activi ty  

..In t h i s  reactor ,  t h e  water w i l l  be act ivated in both t h e  
core and t h e  re f lec tor .  The a c t i v i t y  was calculated using t h e  following 
equations: 



core - 
Ac(0) = 1-e - OT 

reflector 
- ,  

~ ~ ( 0 1  x a  6 ., ) 
' Tot a1 - 1 

whepe 

Ac(0) = act ivi ty  due to  activation i n  core, dis/sec-cn? 

~ ~ ( 0 )  = act ivi ty  due t o  activation i n  reflector, dis/sec-CII? . 
Fc = average activation flux ~ L I  core, neutrons/cm2-see 

2 = average activation- f lux in reflector, neutmns/cm -see 

-1 za - activation cmss section of 0-16, cm = 4.274 x 10 
-4 

-I ), = d i ~ i n t e ~ k t i o n  constant of N-16, sec = 0.0943 

T~ = time for  one complete cycle, sec = 11.819 

= time water spends i n  core, sec = 0.566 t c 

$ = time water spends in reflector, sec - 3.737 

The a&ivation flux is that  part of the  f a s t  f lux above 
10 M a r  which consists of the  uncollided and collided flux. The' uncollided 
f lux i s  described by equation 3-4 (17) . 



I 

where 

4 u ( ~ )  - uncollided kct ivat ion f l ux ,  neutrons/cm2-secqev 

Y = neutrons/fission -. 2.46 

f = (P) ( C F ) ~ ,  Fissions/cn?-sec = 1.83 x lo1* 
6 P - Power output, watts = 5.5 x 10  . 

(CF) 7 Conversion fac tor ,  F i s s ionha t t - s ec  = 3.24 x lo1' 

f ( ~ )  = Watt 1 s f i s s i o n  spectrumb neutrons/f i s s ion  neutron 

Z,(E)  = macroscopic c m s s  sect ion of oxygen, cm-I 

Z H ( E )  = macroscopic cross sect ion of hydrogen, 

2 p e ( ~ )  = macroscopic c m s s  sect ion of iron, cm-' 

Watt 1s f i s s i o n  spectrum is defined by equation 3-5. 

f(E) - 0.484 3 3inh 6 
where 

E = neutron energy, Mev 

Table 3-1 gives t h e  calculat ion and numbers t h a t   we^. usd 
t o  obtain t h e  uncolllded flux. 

The collidod f l u x  above 10 Mev is defined by aquation 3 6  (17). 

(36) 

I n  t h i s  'car@ t h a  sacand ,term is  negligibla.  
I\ 



E = energy, ' MBV 

T = nuclear temperature of t h e  residual nucleus, Mev - 

Table 3-1 

Calculation of Uncollided Flux 

' b0(E)  d'.(~) Z; 
E(Mev) ?(El (barns) (barns) ( barns 1, ( cm-l) n/cm2-seo4m 

10 9.616 x 0.91 1.25 2.95 0.1092 3.962 x lG" 

%1 4 .401x10-~  0.87 1.33 2.82 0.1061 1.866 x lolo 

i2 1,994 x 10-4 0.79 1.41 2.68 0.1025 8.756 x 109 

N ~ e  = 1.4653 x lo* atoms/cm? 

Table 3-2 outlines t he  calculation of the collided f l ax  abova 
BO Mev. The t o t a l  energy depe~dent f lux i s  the  sum of the uncellided and col- 
lided flux and i s  givm in Table 3-3. 



Table 3-2 

Calculation of Colhidsd F l u x  

Table 3-3 

Total Energy Dependent Flux 

E(M~V) $ (E) n/d-sec-MW 

10 4.327 x ldLO 



The t o t a l  f lux above 10 Mev is defined by equatisn 3-7. 

Theref ore # act  5.565 x n e u t r o n s / c ~ ~ ~ s c  

I n  order t o  obtain the  average f lux over 6,5 Mev i n  the  core 
and r e f l e c t o ~ ,  the following assumption i s  mads: the  neutron flux above 10 Mev 
has t he  same radia l  distr ibution a s  t he  f a s t  group flux. Therefore, the  ave- 
age fluxes above 10 Mev i n  the  core and reflectors are  3.509 x 1010 and 
1.0 x 10lo neutrons/cm2-see respectively. 

3.1.2 Results 

From equations 3-l9 3 ~ 2 ~  and 3-3 the activation of the prf- 
mary water by t he  016 (n ,p )~16  reaction i s  as followb: 

Activation i n  disintegratf ons/sec-cm3 

Core - 
AC(0) = 1.432 x lo6 

Reflector 

Total - 
+(O) 3.657 x I& 

3.1.3 Comparison with APPR-1 

A mugh comparison can bo obtained from the moasurod N-16 
ac t iv i ty  and known cy 10 times i n  the  APPR-1, The experimentally obtalnod 
ac t iv i ty  is  1.63 x 18 dis/sec-c~?, Thenfore, 



and assuming 

and 
L a 2  $2 ' = 0.918 

' From t h e  scal ing of t h e  nuaswed a c t i v i t  in t h e  APPR-~, iI t h e  a c t i v i t y  In t h e  skid mount would be 1.95'2 x 10  dir /soc-cd o r  approxl- 
mately 47% lower than t h e  previously calculated value of 3.657 x lo6 dis/sec- 
c d  which is  t h e  number t h a t  xill be u8.d o n ' t h e  secondary shielding calcula- 
t ions.  

3.2 Attonuation of N-16 Gammas Through Secondaq Shield- 

I n  eect ion 3.1, tho  M-16 a c t i v i t y  in t h e  prlmarg coolent was cal- 
c u l a t d  a t  t h e  reac tor  out let .  Thia sec t ion  describos t h e  calculat ion of t h , ~  
attonuation of t h e  N-16 gammas through t h e  secondarg shield. 



3.2.1 Calculation Model 

The method used t o  ca lcu la te  t h e  gamma dose r a t e  from t h o  
primary coolant i s  described f u l l y  i n  RAS-I (17) and AP NOTE 63 (18) a s  de- 
veloped by the  Electri 'c Boat Division of General Dynamics .Gorp. 

RAS-I takes  t h e  source due t o  t h e  N-16 a c t i v i t y  and attanu- 
a te8  it through sh ie lds  within t h e  vapor container and t h e  secondary shield. 
To obta in  t h e  source geometry, t h e  prlmary coolant piping and steam genera- 
t o r  i s  divided in to  sect ions about one foot  i n  length. The foot  long sources 
a r e  then  approximated by a point source a t  t h e  center  of t h e  ac tua l  sowca  
having a s t rength of Cg (gamma/sec). The point sources a r e  then l o c a t d  
i n  a t h r e e  dimensional co-ardinate system. Essent ial ly ,  t h e  same setup i s  
used t o  determine t h e  shadow sh ie lds  within t h e  vapor container (including 
piping and steam generator). The input t o  t h e  computer cons is t s  of tha  
proper t ies  of t h e  sources, piping, steam generater and o ther  components in 
t h e  vapor container. The points  a t  which t h e  dose r a t e s  a r e  t o  be calcula- 
t e d  a r e  also included i n  t h e  input,  The shadow shield,  source point and 
dose point descr ipt ions a r e  given i n  Tables 3-4, 3-5 and 3-6 respeotivoly. 
The locat ion of a l l  dose planes i s  given i n  Figs. 3-la and 3-lb and the  dose 
points  i n  t h e  planes a r e  given i n  Figs. 3-2a t o  3-28. 

The computer ca lcu la tes  t h e  inverse square at tenuat ion and 
t h e  self-absorption of t h e  source t o  t h e  selected dose point. After  t h i s ,  
t h e  machine checks t o  see  if t h e  gamma ray passes through a shadow shield. 
If it does, t h e  computer a t tenuates  t h e  source through t h e  shadow shield.  
For secondary shielding t h e  machine uses two sh ie lds  of specified thick- 
ness. Then it uses Peebles da ta  (19) t o  compute s l a n t  a t tenuat ion and 
buildup in t h e  shield.  The dose r a t e  a t  t h e  selected dose point from a l l  
sources i s  summed up by t h e  machine which then p r i n t s  t h e  dose r a t e  a s  
t h e  output. 

3.2.2 Calculated Dose Outside of Secondary Shield 

During t h e  shielding t a s k  conducted on t h e  APPR-1 (I), 
measurements were performed determining t h e  dose r a t e  of various posi t ions 
on t h e  outs ide of t h e  secondary shield.  I n  a l l  cases, t h e  dose r a t e  calcu- 
l a t e d  by RAS-I was between a f a c t o r  of 1t and 3 g rea t e r  than  t h e  measured 
ra te .  According t o  Ref. (17) (pg. 93 and 94) t h e  machine calculat ion has 
been cheeged against  t h e  STR Mark I sh ie ld  t e s t  and t h e  calculated dose 
r a t e s  were cons is ten t ly  higher than t h e  measured doses. Therefore, t h e  
RAS-I calculat ion can be used t o  determine t h e  dose r a t e s  on t h e  outs ide 
surface of t h e  secondary shielding. 

The dose r a t e s  were calculated a t  31 posi t ions in t h e  sec- 
ondary shielding around t h e  vapor container. The r e s u l t s  from t h e  RAS-I 
calculat ion a r e  given in Table 3-7. The dose points  were selected so  t h a t  
isodose l i n e s  could be determined a s  a function of depth and dis tance from 



Type 

Reactor 

Reactor Tank (Top) 

Reactor Tank (s ide)  

Large upper boi ler  
section 

Boiler end 

Small upper boi ler  
section 

Lower pres.suri zer 

Boiler tube 

Upper pressurizer 

Schedule 0 .  Pipe 

TABLE 3-4 

Shadow Shield Description 
. . 

R ( f t )  XI ( f t )  ' Y1 ( f t )  q ( f t )  

3.67 20.0 35.0 ' 29.2 

mi- x2 ( f t )  y* ( f t )  a2 ( f t )  

-00 20.0 35.0 35.1 

.OO 26.3 32.4 34.8 



TABLE 3-5 

source point Deacript ion 

Tme 

Boiler End 

Boiler Tube 

Schedule 0 Pipe 

c, 

245.39 

50.55 

50.55 

50.55 

so. 55 

50.55 

50.55 

50.55 

50.55 

21.96 

19.08 

18.95 

18. $2 

21.36 

13.55 

16 .U 

17. k2 

18.19 



I .  P L A N E  4 ' P L ~ ~ E  c I ' PLANE 3 

F I G .  3 - l a ,  E L E V A T I O N ,  V I E  w - D O S E  P L A N E  LOCATION 
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c 
TABLE 3-6 

Dose Point Description 

Dose Point 
Plane Identification b l  XD . YD ZD Cbl %2 

* Cbl and Cb2 have been multiplied by 1r2 t o  f i t  Input. 

Therefore calculated dose rates  must be multiplied by lo2. 



the vapor container. From the 'results given in Table 3-7, the various dose 
rates in the different planes are given in Fig. 3 4 a  t o  Fig. 3-28, 

Table 3-7 

Dose Rates ,from RAS-I Program (Secondary shield) 

Dose Point ~ o s e  (mrhr) - Dose Point Dose (mr/hr) 





,3.3 Attenuation of Radiation from Shield Tank I 

3.3.1 Calculation Model 

With t h e  primary shieldimg designed f o r  access a f t e r  shutd~wn, 
t h e  dose r a t e  from t h e  reac tor  and t h e  shield tank through t h e  lsecondarg sh ie ld  
will be much grea te r  than t h e  dose r a t e  from the  primary coolanto 

The following equation was used t o  ca lcu la te  t h e  reactor  and 
shield tank dose r a t e  through t h e  secondary shielding: 

where D2 = dose r a t e  a t  a d i s tance  r 2  from the  core center  

Dl F dose r a t e  on t h e  surface of t h e  sh ie ld  tank opoaite 
t h e  core midplane 

6 .  

Dl = 161 ~/hr (from sect ion 2.4) 

q = radius of shield tank ' 

rl = 4.25 f t e  

r2 ,: = distance from core center  to point a t  which dose rate 
i s  t o  be calculated 

t = thickness of concrete in secondary shield 

= l i n e a r  absorption coef f ic ien t  of concrete f o r  6 iln 
gammas, cm-1 

~ ( b )  a dose buildup f ac to r  ( f o r  concrete) 

~ ( b )  = A +A2 . - '%b t  

Figure 3-3 is a p lo t  of ~ ( b ) e - b  f o r  concrete  f o r  6 Hev gammar. 
Parameters used i n  calculat ions f o r  t h e  p lo t  follow, 

--0.058 /y - 0.06/+1 cd f o r  6 Mev gimma8 

d2 = 0.083 



The assumption t h a t  t h e  e n t i r e  dose r a t e  on t h e  surface of 
t h e  sh ie ld  tank i s  due t o  6-Mev gammas i s  undoubtedly somewhat'conservative. 

Knowing t h e  design dose r a t e  a t  some point outs ide t h e  
secondary shield,  t h e  necessary sh ie ld  thickness can be calculated using Eq, 

'3-8 and Fig. 3-3. A sample calculat ion follows. ' 

The area t o  be protected i s  t h e  turbine genepatop skid where 
2-2 i s  approximately 71  f t .  Here t h e  design dose r a t e  is  1.19 mev/hr. From 
Eq. 3-8: 

From Fig. 3-3 t h e  concrete thickness corresponding t o  B ( ~ ) P  
calculated above i s  3.82 f t .  Therefore it may be concluded t h a t  4 ft. of 
concrete a t  t h e  entrance end of t h e  secondary shield w i l l  reduce t h e  dose r a t e  
a t  t h e  turb ine  generator skid t o  de i ign  levels .  Since t h e  o ther  IIIamed 
s t a t i o n s  of t h e  secondary system a r e  approximately the  same dis tance from t h e  

, reac tor  they w i l l  have approximately t h e  same dose r a t e  levels .  

Dose r a t e  a t  t h e  turb ine  generator skid through four  f e e t  
of concrete i s  : 

It has been shown t h a t  4 f t .  of concrete is  adequate f o r  
protect ion of t h e  secondary system. However, t h e  dose r a t e  on t h e  surface 
of t h e  secondary shielding must be checked t o  determine t h a t  t h e  dose r a t e  
t h e r e  is  su f f i c i en t  t o  allow access during operatiom. 

A t  t h e  entrance end of t h e  secondary shield: 

On +the  s i d e  -of t he  secondaG shield a t  t h e  point nearest t o  
t h e  core: 

r2 = 13.5 ft. 
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3.4 Secondary Shield Thickness Required 

Cornpaping the  dose r a t e s  calculated from t h e  shield tank in Section 
3.3.1 t o  those calculated from primary coolant ac t iva t ion  i n  Section 3.2 it 
can be seen t h a t  t h e  primary coolant dose r a t e  is  much smaller. Therefore, 
t h e  necessary concrete thickness may be determined from shield tank dose 
r a t e  only. 

I n  Section 3.3.1 it ha? been ahowq t h a t  4 f t .  of concrete i e  ade- 
quate on. t h e  aides and on t h e  entrance end of t he  secondary shield. I n  
addition, on t h e  s ides  of t h e  shield a s  t he  dose point mover f romthe  reac tor  
t o  t h e  entpance end of t h e  shield,  rays from the  reac tor  intopsect move 
shielding due t o  s lan t  penotration and sh ie ld  thickness m+y therefore  be 
reduced. Fig. 3-4 shows t h e  necessary shielding f o r  t h e  r ides  and entpance 
end of t h e  secondary shield.  Fig. 3-5 shows t h e  necessary concrete in t h e  
secondary shield back of t h e  reactor. 

3,5 Conclusions 

The preceding sect ions have defined a secondary shield which is  . 
adequate t o  permit access t o  t h e  s i d e  and ends of t h e  secondary sh ie ld  'dhn@r 
operation. Thicknesses a r e  shown i n  Fig. 3-4 and 3-5. It should be noted t h a t  
some of these  thicknesses a r e  d i f f e r en t  fPom those shown i n  Dwgo Noo A E L  4l3 
which shows preliminary estimates of secondary shielding. 

Dose r a t e s  on t h e  s ides  and ends of the  secondary sh ie ld  w i l l  range 
downward from 30 mev/hr. 

Several means exist f o r  reducing t h e  thickness of secondary shielding. 
Some of these  are: , 

1. Some concrete can be remcvsd from the  t o p  of t h e  8econdam 'shield 
and replaced with a much smaller amount of .lead an t o p  of the '  
lower shield tank. 

2. The dose r a t e s  calculated in t h e  preceding sect ions a r e  f o r  
points  s t r a igh t  out from t h e  shield tank. Therefore these  dore 
r a t e s  mu ld  be encountered about t e n  f e e t  above ground l e v e l  
I f  it can be assumed t h a t  t h e  f a i r l y  low dose r a t e  of 30  ~ e v / h r  
need extend only a s  high as about six f e e t  above g~oumrd leve l ,  
some concrete may be removed from t h e  s ides  of t h e  shield  due^ 
t o  s l a n t  penetration from t h e  shield tank. 

3. , I f  t h e  design dose r a t e  on the  s ides  of t he  shield may be 
increased, some concrete may be removed from t h e  s ide r  of 
t h e  shield. I n  addition, s ince  the  shielding under t h e  vaper 
container i s  deeigned primarily t o  keep sca t t e r ing  t o  t h e  aides 
t o  t o l e rab le  levels ,  shielding under t h e  vapor container could 
be reduced. Raising t h e  design dose r a t e  t o  200 mev/hr, f o r  
instance, would permit removal of about one foot  of concreta 
from t h e  s ider  and bottom of t h e  shield.  Thie dose r a t e  would 
l i m i t  accese t o  t h e  shield. 



Provision must be made f o r  removing the  spent core and s tor ing  it u n t i l  it 
i s  shipped off t h e  in s t a l l a t i on .  The spent f u e l  shielding must do the  f o l l d n g o  

1) Protect personnel f r m  t h e  complete core whether i n  t h e  pressure 
vessel  o r  i n  the  spent f u e l  p i t .  

'2) Protect personnel from t h e  s ingle  element being t ransfer red  from 
the pressure vesse l  t o  the  spent f u e l  p i t .  

4.1 Water Tank Above Core 

The water tank above the  core performs the  function of shielding 
personnel t ransfer r ing  spent f u e l  elements from the  pressure vesse l  t o  t h e  
spent f u e l  p i t  and a l s o  pravides a medium f o r  removing decay heat f r m  the  
spent core i n  t he  pressure vessel.  The ac tua l  height of water above the  
core i s  determined from shielding considerations. 

To a r r i v e  at a necessary water depth above the co re ,  it was f i r s t  
assumed tha t  t h e  allowable dose r a t e  a t  t h e  surface of the  water would be 
received during the  t r a n s f e r  of individual  f u e l  elements since the f u e l  ele- 
ments must be ra i sed  above seven f e e t  above t h e  core during t ransfer .  Then 
the  dose r a t e  ' from t h e  complete core was checked through the  column of water. 

' 

4.1.1 Calculation Model 

Because of the  f a i r l y  large distance between the  surface 
of t he  water tank  above t h e  core and the  top  of the core i t s e l f ,  the con- 
vent ional  methods f o r  calculat ing dose r a t e s  above cylinder ends f a i l  t o  
g%ve accurate answers. Therefore, the core was t r ea t ed  a s  a point source. 

I n  calculat ing the  dose r a t e  from the  individual  f u e l  elements 
the  same d i f f i c u l t y  was' encountered. However, since the f u e l  element height 
i s  much grea te r  than i t s  width, t h e  f u e l  element was divided i n t o  eight  smaller 
sec t ions  (approximately cubes) and dose r a t e s  calculated f o r  each section. A 
correct ion f a c t o r  was then appl ied t o  account f o r  self-absorption i n  the small 
sections.  

Calculations were made on t h e  bas is  of 6.5 MW operation f o r  
i n f i n i t e  time; time a f t e r  shutdown was 1 day. 

4.1.2 Dose Rate During Element Transfer 

The individual  f u e l  element was divided i n t o  e igh t  sections, 
each sect ion having the dimensions 2.750 x 2.863 inches. The t o t a l  dose r a t e  
from the  eight  sect ions one foo t  above the  surface of t h e  water d i r e c t l y  abave 
' the element was calculated using the  following equations: 



3 Svi= spec i f i c  a c t i v i t y  of i t h  energy group ~ev/sec-on 

2 3 v = Volume of a section, 3.66 x i o  an 
. . 

P = 244 cm (7 f t  of water plus 1 f t )  

= f a c t o r  f o r  converting energy f l u x  of i t h  energy group 
i t o  dose r a t e  

bij=PiHZO tH20 j /U fl;ea x j x 2-75 inches x 2-54 % 
A element Znch 

F~om. t h e  de f in i t i on  of b .  it can be seen tha t  t h e  dose pate from 
each sec t ion  i s  attenuated througd a l l  the sect ions above it. Geometric atten- 
uation, hawever, was kept constant ( fo r  ease of calculat ion)  by using the  minimum 
r f o r  t he  eight  .sections, 

'Table 4-1 cont&,ns . d e t a i l s  of the  calculat ion of t he  s ing le  element 
calculation. 

Dose r a t e s  f o r  t h e  eight sect ions and t o t a l  dose pate follow: 

Section . Dose Rate (mr/hr) 

l. ( top  2.75 inches of 
f u e l  element) , 

'2 

8 ( b o t t m  2.75 inches of 
f u e l  element) 



Table 4-1 

Calculation of Dose Rate from Single Fuel Element 

R = 8 f t .  = 244 cm 

A fuel = core = PC 
element 

Section 1 

Group 9 M ~ V  /' ~~0 e -b 
sec-cd  "H20 * H ~ O  ( b, 

Section 2 

Group p c "2 



Table 4-1 (continued) 

Section 3 

Group 

b2 = 2 x b 2 0 f  Section 2 

Section 4 

Group b2 b3 '1-120( b3 ) e-b3 D, mr/hr 

4 2.262 14-04 24.6 8 x 10-7 2.79 , 

5 1.974 12-45 14.5 3.9 x lo-6 0.20 

6 1.860 11.27 12.0 1 . 3 ' ~  10-5 1.71 - 
4-70 

Section 5 

Group b2 b3 +$(b3) e-b3' D, mr/hr 
I - '  

4 3.016 14.8 26.5 3.8 i 10-7 1-43 

Section 6 . 

BH20 ( b3 ) e-b3 D, mr/hr Group b2 b3 

4 3.770 15.55 28.5 1.75 x 10-7 0.71 ' 
u 



Table 4-1 (continued) 

Section 7 

Group b2 b3 ' B ~ p ( b 3 )  e - b 3  D, m / h r  

. 4  4.524 16-30' 30.5 8.2 x 0.35 

Section 8 

Group b2 b3 %i20(4 1 ' e-"3 D, m/hr 

4 5.278 17.06 33 4 x lo-e 0.19 
\ 

5 4.606 15.09 18,4 2.8 x 10-7 0.02 

The preceding calculation does not take i n t o  account t h e  e f fec t  o f .  
self-absorption i n  t h e  sections of t h e  h e 1  elements. Equation 4-1 was .taken 
from Ref. 21 t o  account f o r  s e l f  absorption: 

a = half  height of section, 1.375 inehes 

PC = t o t a l  l i n e a r  absorption coeff icient  of core, cm-1 
/ 

The minimum self-absorption f ac to r  w i l l  be calculated when i s  a 
minimum; t h a t  is, f o r  Group 6 which has t h e  highest energy gamma. The se l f -  
absorption fac tor  calculated f o r  t h i s  group was 0.83. If t h i s  fac tor  i s  applied 
t o  the. dose r a t e  calculated without self-absorption, the  r e s u l t  i s  54.6 mrj'hr 
one foot above t h e  surface of t h e  water i n  t h e  tank above the core when the  t o p  
of a s ing le  fuel 'e lement  i s  7 f e e t  below the surface. . . 

"4.1.3 Dose After Shutdown ' (Ful l  core) 

The dose r a t e  from t h e  complete core on the  surface of t h e  water 
above the  core was calculated using t h e  fal lowing equation: 



V = core volume, 1.15 x 105 cm3 

bi = pi X 519 cm (17 ft of water above core) 

(see Section 4.1.2 f o r  def in i t ion  of symbols) 

No self-absorption correct ion was made. The calculated dose 
r a t e  was 1.76 x 10-3 mr/hr. 

Table 4-2 contains d e t a i l s  of t h e ,  calculat ion f o r  t he  whole core. 

Table 4-2 

Dose Rate above Complete Core 

, tH20 = 17 ft = 519 cm r 

r2 = . 2.69 x 105 

Group 9 - Mev HP b ~ 2 0  . e-b 
sec-cm3 B ~ 2 ~  D ,mr/hr 

4 1.755 x 10'' 0,055 28.5 4.2 x lo'13 60 1.547 x lo'& 

5 4.583 x lo9 0.048 25.4 9.1 x 10"~' 33 4.65 x 10-5 

The ddse r a t e  on t h e  walkway above the  vapor container. from the  . 
complete core was calculated i n  a manner s imi la r  t o  t h a t  above. It was found 
t h a t  t h e  equivalent of ll f ee t  of water was needed between the  core and t h e  
walkway t o  reduce the  dose r a t e  on t h e  walkway f l o o r  t o  11.6 mr/hr. It was a l s o  
found t h a t  rays from t h e  core could go through the  tank on a s l a n t  and in te rcept  
l e s s  than this minimum of eleven fee t .  Where t h i s  was possible  concrete and lead  
was placed in and around t h e  tank t o  a t tenuate  core gammas t o  t h e  allowable level .  
Lead, water and s t e e l  equivalences were taken from Table 6.11 of Ref. 3. 

4.2 Water Level i n  Spent Fuel P i t  

A t  end of l i f e ,  the spent fuel' elements a r e  t ransferred t o  a s torage 
a rea  where t h e  elements a r e  cooled down before being shipped f o r  reprocessing,. 
W i l e  t h e  elements a r e  i n  t he  spent f u e l  p i t ,  shielding must be provided so t h a t  
personnel working above t h e  p i t  do not receive excessive radiation. The shield- 



ing  i s  i n  t h e  form of water placed above t h e  spent core. 

4.2.1 Calculation Model 

I n  order to determine t h e  shielding required f o r  the  spent 
f u e l  p i t ,  t h e  following assumptions were made. 

1. I n f i n i t e  operation a t  10 MW 

3. Equivalent sphere t o  determine self-abso rption i n  core 

4. Point s0urc.e f o r  a t tenuat ion of gamma-rays 

5. Personnel a r e  always d i r e c t l y  above spent core 

6 .  Radioactive sources can be divided i n t o  three  energy 
groups 

The self-absorption i n  t h e  core was calculated using a spher- 
i c a l  source. On t h e  basis  of equivalent volumes (1.15 x 105 cm3), t h e  radius 
of t h e  equivalent sphere i s  30.17 cm. From Eq. 4-1, t h e  self-absorption fac tor  
of t h e  core was calculated f o r  a l l  t h r ee  energy groups (20). 

. The numbers used i n  the calculat ions and r e s u l t s  a r e  given on 
Table 4-3. 

The f i s s i o n  product gammas sources a r e  a l s o  given i n  Table 4-3 
f o r  t he  t h r e e  energy groups. The sources were obtained from NDA-27-39 (4) f o r  
i n f i n i t e  operation and 24 hours of shutdown. 

The required amount of shield water above t h e  spent core was 
based on t h e  a t tenuat ion  of gamma rays from a point source using equation 4-2 
f o r  a l l  t h r ee  energy groups. 

Table 4-3 

Calculation of Spent Fuel Pi t  Shielding 

~ n e r g y  ' Group 

rv v 

1.6 2.1 

0.108 0.09W 
.. < .  

3 258 2.839 



Table 4-3 (Conlt) 

, Energy Group 

IV v VI 

al = 11 feet a2 zz 13 feet  a3 = 12 feet  



where 

D(E) = dose a t  desirqd point, mr/hr 

F(E) self-absorption f ac to r  

B(E) = dose buildup f ac to r  

S0(E) = source s t rength of point source, gammas/sec 

a = dis tance  from point source to dose poin t  

= H20 t~ 0 2 

. . /M H,.O (E). = l i n e a r  absorption coeff icient  of water, cm-I 

thickness of water sh ie ld  

The ca lcu la t ion  of t h e  dose m t e  a t  t h e  top  of t h e  spent f u e l  
p i t  f o r  11, 12, and 13 f e e t  of  s h i d d  water f o r  all energy groups i s  given i n  
Tab1 e 4-3. 

4.2.2 Dose Bate on Top of Spent Fuel P i t  

The dose r a t e  was calculated f o r  11, 12, and 13 f e e t  of sh ie ld  
water. For 11 f e e t  of sh ie ld  water, the dose r a t e  was 11.608 m/h r  on t o p  t h e  
spent f u e l  p i t .  With 1 2  and 13 f e e t  of sh ie ld  water, t h e  dose r a t e s  ai-e 2.591 
and 0.587 mr/hr respectively. The r .esul ts  of t h e  calculat ion a r e  given i n  
Fig. 4-1. For a dose r a t e  no higher than 5 w / h r  on t h e  top  of t h e  spent f u e l  
p i t  24 hours a f t e r  shutdown, approximately 1l:j ft. of sh ie ld  water i s  required 
above t h e  center  of t h e  core. 

4.3 Radial Shielding For Spent Fuel Pit 

The spent f u e l  p i t  i n  t h e  permafrost i n s t a l l a t i o n  i s  located so t ha t  
it i s  access ib le  during operation. Because of i t s  locat ion,  Dwg. n - l t l3 ,  concrete 
i s  used a s  the  main sh ie ld ing  mater ial  i n  t h e  r a d i a l  direct ion.  The spent f u e l  
elements a r e  arranged i n  a l a t t i c e  t h a t  i s  3 f e e t  by 3 f e e t  located 3 f e e t  from 
t h e  concrete wall. 

The r a d i a l  shielding cons is t s  of t h r e e  pa r t s  a s  followsr 

1. 3 f e e t  of water 
2. 3 f e e t  of concrete 
3. 3 inches of lead  





The three  inches of lead i s  placed against  t h e  in s ide  surface of  t h e  concrete 
wall I n  t h e  configuration a s  given above, t he  dose r a t e  on t h e  outs ide surface 
of t he  concrete wall  w i l l  be about 1 mr/hr. This condition exists 24 hours 
a f t e r  shutdown which i s  t h e  approximate time t h a t  t he  elemmts a r e  placed i n  
t h e  spent f u e l  p i t .  

. .  4.4 Shielding f o r  Shipping Cask 

It was decided t o  use t h e  spent f u e l  shipping cask t h a t  was designed 
f o r  the  APPR-1. The design analysis  was presented i n  AP Memo 63 (21). The 
following assumptions were used i n  t he  calculation: 

1. Fuel element a c t i v i t y  1;5 times t h e  average a c t i v i t y  

2. S ix  spent f u e l  elements per  shipping cask 

3. Reactor operation time was taken a s  i n f i n i t e  

4. Four shutdown times: 10, 20, 30, and 90 days 

The dose r a t e s  on t h e  surface of t h e  shipping cask and one meter from 
surface i s  given i n  Table 4-4 f o r  di.fferent lead thicknesses and t h e  four  cool- 
i n g  times. 

From t h e  calculated r e su l t s ,  9.5 inches of lead i s  needed so t h a t  t h e  
dose r a t e  one meter from the surface is' l e s s  than 10  mr/hr with a cooling time 
of 90 days. The dose r a t e  on t h e  surface of t he  spent f u e l  shipping cask will 
be under 40 mr/hr f o r  t h e  conditions s t a t ed  i n  t h e  previous section. 

Table 4-4 

Radial Dose Rates - Spent Fuel Cask 

Lead Thickness Dose Rate i n  mr/hr a t  Dose r a t e  i n  -/hr one meter 
Inches Surface a f t e r  Shutdown from Surface a f t e r  Shutdown 



4.5 Conclusions 

From t h e  foregoing sec t ions  it may be concluded t h a t  adequate shielding 
has been designed f o r  t h e  spent core and t h a t  core removal operations may be 
ca r r i ed  out within t h e  allowable dose r a t e  l i m i t s  of Section 1.0, 



5.0 E A T  REUASE DISTRIBUTION 

The reac tor  vessel  a s  or ig ina l ly  designed i n  APAE-33 (22) was based on a 
two inch th ick  vessel  w a l l  located 6.15 cm. from the edge of t he  core. I n  this 
design, there was t o  be no thermal sh ie lds  between the  core and the  reactor  
vessel  a s  can be seen i n  Drawing AEG.335 of APAE-33 (22). This was ppoposed 
because of the necessity of compactness. However, de ta i led  calculations on 
t h i s  proposed design.showed t h a t  t he  vessel  was overstressed due t o  gamma 
heating. I n  order t o  decrease the s t r e s s  t o  within t h e  allowable s t r e s s ,  work 
was performed on various cmfigurat ions.  Table 5.1 gives the  l is t  of config- 
urations tha t  were investigated. 

The gamna heating was calculated f o r  all seven cases a t  a power output of 
6.5 MW. Case 7 i s  the eonfigwation tha t  was f i n a l l y  selected. 

5.1 Reactor Vessel Wall a t  Midplane 

5.1.1. Calculation Model 

The calculat ion of the gamma heating i n  the reac tor  vesse l  was 
based on a cyl indrical  core with t h e  thermal shields  and the  reac tor  vesse l  a s  
cy l indr ica l  shel ls .  The calculat ion was performed a t  t h e  midplane of the  core 
and is  divided i n t o  core and secondary gammas. The complete calculat ion was 
performed by an IR4 650 program (ll). The code i s  divided i n t o  4 parts .  The 
f i r s t  routine calculates  the  source strength, Sc, and the macroscopic cross 
section of source rnaterial,t-(,. The at tenuat ion of core gammas i s  then computed 
by a second routine ut i l iz ing,Uc and S, and mater ial  and geometrical spec i f ica t ion  
s e t  up by a t h i r d  routine. The r e su l t s  of these operations i s  the  volranetPic 
heat release, H ( ~ ~ l J / i n 3  - see),  i n  the reactor  vessel.  The calculat icn of t he  
gamma a t ten tua t ion  i s  based on equation-5-1. 

TABLE 5-1 

React o r  Vessel Configurations 

Case # Reactor Vessel Thermal Shield 

- Inside Dia. Thickness Material Inside Dia. Thickness Material  

1 25sr 2 I' 304SS None 

2 25" 1-3/41' 3 04SS None 

3 28.5s' 2 '1 304SS 23 5" 2 " 304-SS 



I 

TABLE 5-1 (Cant ld) 

Reactor Vessel Configurations 

Case # Reactor Vessel Thermal Shield 

Inside Dia. Thickness Material  Ins ide  Dia. Thickness Material  

5 30.5" 2" 3OW 23.511 3 'I Borated 
30WS 

6 37 .75" 1 / 8 ~  cla& 304SS , 33 Il 
2-3/8" SA-212 
Vessel 

I 

7 37.75" 1/8" clad# 3 0 4 4 s  23.5" 
2--3/8" SA-212 , 

Vessel 
C B S R 2  

where B  = Energy absorption build-.up f ac to r  
a 

Sc = Source s t rength of core, (an-3 - sec-l) 

Re =Radius of volume source, cm 

a s distance from source t o  heat re lease point, an 

Z = e f f ec t ive  self-attenuation distance, an 
n L O  

-1 

h = height of volume source, cm 

-I 
PC = Macroscopic cross  sec t ion  of core, cm 

' pi = Macroscopic cross sec t ion  of ith shield,  cm-1 

ti = Thickness of i t h  sh i e ld  . 



2 P;(E) = Ganrma flux, photons/cm -sec 

-1 pa (E) = Energy absorption cross sect ion f o r  vessel,  an 

E = Energy of 'gamma, Mev 

The second contribution t o  t h e  volumetric heat re lease i n  t h e  reactor  
vessel  i s  due t o  capture and decay gammas emanating from various components of 
the  shield.  This calculat ion i s  a l s o  computed by the  IEH 650 (ll) and is based 
on equation 5-2. 

C A 

where S+= source s t rength of volume source, (au-3-se61) 

-1 /Cis= macroscopic cross sect ion of source material ,  an 

4- b i . A h  

h = thickness of source slab, an 
1 

2 Application t o  APPR-1 

The volumetric heat re lease was calculated f o r  t he  thermal 
sh ie ld  and the reac tor  vesse l  of the  APR-1 by ASTRA (23). From experimental 
temperature measurements on the APPR-1 reac tor  vessel,  a volumetric heat re- 
l ea se  was calculated, To compare with t h e  above quant i t ies ,  t h e  heat re lease 
r a t e  was calculated using the  IBM 650 codes, The values of the  volumetric heat 
re leases  on the ins ide  surface of the reac tor  vesse l  and t h e m 1  sh ie ld  i s  given 
i n  Table 5-2. 

Voluemtrie Heat Release i n  APPR-1 Thermal Shield and Reactor Vessel 

Reactor Vessel Thermal sh i e id  

ASTRA 43,300 B T U / a - H r  249,g.000 B T U / F ' ~ ~ - H ~  

Ekperimental Temperature 20,003 ~?l)/d-Hr 
measurements 



From the  above tab le ,  t he  IBM 650 calculat ion gives r e s u l t s  c loser  t o  
the  experimentally infer red  number than does t h e  ASTRA computation. The r e s u l t s  
from t h e  machine calculat ion a r e  within a f ac to r  of two t o  the volumetric heat 
re lease based on experimental temperature measurements. The heat release dis- 
t r i b u t i o n  through t h e  reactor  vesse l  i s  given i n  Fig. 5-1, f o r  a l l  calculat ion 
models, This f i gu re  shows t h a t  t h e  machine calculat ion a v e s  a r e l i a b l e  answer, 

5.103 Calculated Distr ibut ion (core Gamma) 

The gammas emanating from the  core i s  divided i n t o  5 energy 
groups a s  given i n  Table 5-3. 

TABLE 5-3 

Energy Groups of Gammas 

Group Energy (Mev) 

1 Greater than 7 

5 l e s s  than 1 

The gamma heating i n  t h e  reac tor  vesse l  was calculated for ,  . 
a l l  cases, The contribution from each energy group f r a n  t h e  core i s  given i n  
Table 5-4, f o r  t he  f i n a l  configuration, case 7, 

5. 1,4 Calculated Distr ibut ion (secondary gammas) 

FOP each calculat ion of the  d i s t r i bu t ion  due t o  core garmas, 
t h e  d i s t r i bu t ion  due t o  secondary gammas was computed, The r e s u l t s  t h a t  were 
obtained f o r  case 7 i s  given in Table 5-5 based on the  same energy grouping. 

5 .105 Calculated Distr ibut ion ( ~ o t a l    am mas) 

The t o t a l  volumetric heat re lease i s  the  summation of t h e  heat 
re lease  due t o  core and secondary gammas. The r e s u l t s  f o r  t h e  f i n a l  config- - 

uration, case 7, a r e  given i n  Figo 5.2 and i n  Table 5-6. 

A t  the in te r face  between the. c lad  and the  rea&or ves e l ,  t h e  S t o t a l  volumetric heat release, H, is  0.01781 ~ ~ l l / i d - s e c  o r  1.108 x 10 BTU/FT~- 
hr. The d i s t r i bu t ion  can be described ky the following equation: 







TABLE 5-4 

Volumetric Heat Release i n  Pressure Vessel a t  Core Midplane due t o  Core 
H(BTU/IN~-EI~~)  ' ' 

I Enerm Inside Surface Interface. 7/16" from 14/16ff from 1-5/lbw f mm 1-12/16" from Out side 
( ~ e v )  of Clad Between Clad' Interf  ace Interface In t  erface Interface Surface of 

& Vessel Vessel 



TABLE 5-5 

Volumetric Heat Release i n  Pressure Vessel a t  Core Midplane Due t o  Secondav Gammas 
H (BTU/IN~-S~C)  

Energg Inside Surface Interface 7/16" from 14/16" from 1-5/16" from 1-12/16~ from Outside . 
(Mev) of Clad Between Clad Interface Interface Interface Interface Surface of 

& Vessel Vessel 

7 2.691~10-3 4.187~10-3 2 . 9 8 3 ~ 1 0 ' ~ 2 . 0 6 8 ~ 1 0 " ~  1.431~10-3 9 . 8 9 ~ 1 0 - 4  6 .72x10-~ 

5-7 lO0l+2x10-3 1.525x10-~ 1 . 1 l ~ x 1 0 ~ ~ 7 . 8 0 x 1 0 - ~  5.44x10-~ 3,79xl0-4 2 .59x10-~  

3-5 5.62 x 10-4 8.31~10-4 6 .60~10-4  4 .72~10-4  3 . 3 3 ~ 1 0 - ~  2 .33~10-4  1 . 6 0 ~ 1 0 - 4  

1-3 5.34 10-4 4098x10-4 3.33k10-4 2 . 3 2 ~ 1 0 ' ~  1 . 6 3 ~ 1 0 - 4  l , U , x l 0 ~ 4  7 . 9 ~ 1 0 ' ~  

1 .8 x 10-5 .4 x 10-5 0 
Total 4 .887~10-3  7.l .35~10-3 5 . U 5 x 1 0 - 3 3 . 5 8 8 ~ 1 ~ 3  2 .492~10-3  1 . 7 2 7 ~ 1 0 - ~  10177x1003 



TABU 5-6 

Volumetffc Heat Release i n  Pressure Vessel a t  Cone Midplane Due t o  Total Garurnas 
H (BTU/IM~-sec) 

Energy Inside Surf ace Interface 7/16" from U/16" from , 1-5/16" from 1-12/16~' from Outside 
(Mev) of Clad Between Clad Interface Interface Interface 1nt brf ace Surface of 

& Vessel Vessel 

1 1 . 3 0 7 ~ 1 0 - 3  1.182.xl0-3 1 . 2 l 4 x 1 0 - 3 9 . 6 1 ~ 1 ~ 4  6 .70~10-4  4 . 3 4 x 1 0 - ~  2.7'2'x10-4 - 
Total 9.770 x 10-3 1.157 x 1w2 9.128 x 10-3 6.809 r 10-3 4.994 x 3.593 x 10-3 2.552 x . 



The- volumetric heat. re lease d i s t r i bu t ion  f o r  the  o ther  cases a r e  
given in Table 5.7. 

TABLE 5 4  ' . 

Vo1umetri.e Hea.t Release Distr5but;ions far A l l  Configurations 

Average 
Case # 

. 
Eqvat ion Heat Release 

1 3 H = 0.086~e-G0?62 T0N/i.n --sec H = 0 .OW B T U / ~ ~ - n e c  

The thermal st .ress in t. he r e a e t o ~  vesse l  due t o  gamma heating was cal- 
culated on the bas is  of t h e  above operations, 

5.2 'Axial Meat Distribut.ion i n  Reactor Vessel Wall 

A calculat ion was made t o  e s t ab l i sh  the  heat re lease  d i s t r i bu t ion  a t  
various ax i a l ly  posi t ions i n  t h e  vessel.  The heat re lease  d i s t r i bu t ion  was cal- 
culated i n  t he  o u t l e t  nozzle an.d t h e  f lange above the core t o  f a c i l i t a t e  the  
thermal s t r e s s  calculat ions i n  these  members. 

5.2.1 Outlet  Nozzle 

Tne ou t l e t  nozzle i s  located about 6 inches belaw the bottonn 
of t h e  m r e .  The average thickness  of tha nozzle i s  10 inches. 

The machine calcnlatiorls of core gammrr at tenuat ion i s  s e t  up 
t o  determine the  heat d s t r i b u t i o n  a t  t h e  midp1an.e of t h e  core and therefore  
can not be used d a l l y  (11). A simplif ied model was used t o  ca lcu la te  t h e  
volumetrle heat re lease as a fuinc%ion of a x i a l  pos i t ion  a s  given i n  equation 5-4. 

where Ha= Volumet.Zic heat re lease a t  a x i a l  pod t ion ,  EQlJ/in'-sec 





I$, =Volumetric heat re lease Core midplane, ~~I.J/i$-sec 

-1 i= macroscopic cross-section of ith shield,  cm 

ti = thickness of ith shield, m 
1 p- '.Cane' ( h ), degree's 

pc 
Ro= Radius of cyl inder  source; cm 

a = Distance from source t o  heat re lease  point, cm 

h f = A x i a l  distance above midplane of core, cm 

The heating a the ' inside surface of the  nozzle calculated from equation 3 5-4 is  11,700 B T U / ~ ~ - F ~  . A t  t he  midplace of t he  core, t h e  heat re lease  a t  the  
ins ide  surface of the  vesse l  due t o  secondary ganma i s  equal t o  t h a t  due t o  core 
gammas. A s  a conservative approach, i t  can be assumed t h a t  t h e  secondary con- 
t r i bu t ion  is  equal  t o  the contribution from the  core on t h e  ins ide  surface of the 
nozzle. Therefore, t he  volumetric heat re lease d i s t r i bu t ion  a t  t h e  nozzle i s  
23,400 ~ ~ ~ / h r - f  t3. 

5.2.2 Flange on Top of Reactor Vessel 

The heat release d is t r ibu t ion  was calculated on t h e  in s ide  
surface of t h e  f lange  and a t  var ious i n t e r i o r  points. The contribution of core 
gamma was based on t h e  a t tenuat ion  of the  core gamma f l u x  on t h e  in s ide  surface 
of the thermal sh i e ld  through the  shield, r e f l ec to r  and reactor  ves se l  flange, 
Equations 5-59 and 5-5b were used t o  calculate  t h e  a t tenuat ion  of t h e  f l u x  

(Tnru s t e e l )  

(Thru water) 

where B, = Energy absorption build-up f ac to r  

-I 
/t =m~croscop ic  cross sect ion of s t ee l ,  cm' 

t =thickness of s t ee l ,  cm 

These equations assume t h a t  the  only at tenuat ion i s  due t o  
s t ee l .  Water was considered t ransparent  t o  gamma rays. A s  another oonserva- 
t i v e  assumption, t he  contribution due t o  secondary gammas w a s  s e t  equal t o  
heat re lease d i s t r i bu t ion  due t o  core ganrmas. The t o t a l  heat r e l ea se  dis- 
t r i bu t ion  i s  shown i n  Fig. 5-3. 



6.0 DFMINE;RALIZER SHIELDING 

Due t o  corrosion and ac t iva t ion  of t h e  s t r u c t u r a l  mater ial  in the primary 
system, t h e  primary coolant becomes activated. This a c t i v i t y  i s  due t o  both 
so luble  and insoluble  nuclides i n  t h e  coolant, I n  order  to remove these  nuclides, 
a r e s i n  f i l l e d  demineralizer i s  placed i n  the  primary coolant blowdown l ine .  
Therefore, .the demineralizer a c t s  a s  a f i l t e r  f o r  insoluble  nuclides and a s  a 
chemical exchange medium f o r  soluble  nuclides. I n  this manner, the  ac t iva ted  
nucl ide concentration in t h e  primary coolant i s  kept down. 

The ac t iva t ion  of t h e  primary coolant is  due t o ,  several  nuclear reactions.  
With s t a i n l e s s  s t e e l  a s  t he  s t ruc tu ra l  material ,  t h e  following react ions w i l l  
t a k e  place i n  t h e  mater ial ,  

4 0  hS5 (n, f) b 5 6  

5. ~e~~ ( ' A j p )  ~ n 5 6  . 

Since t h e  demineralizer removes a l l  t h e  ac t iva ted  nuclides from t h e  blow- 
down l i n e ,  t h e  demineralizer i n  t u rn  becomes a radioact ive source, This necessi- 
t a t e s  t h e  shielding of t h e  demineralizer by a lead cask. 

\ 

6.1 Corrosion Product Concentration i n  Demineralizer 
I 

The concentration of ac t ive  nuclides i n  t h e  demineralizer was calculated . 
from equations 6-1, 6-2, 6-3, and 6-4. 



,where nD =: concentration of ac t ive  nuclides i n  demineralizer, atom/cld 

Co = r e l e a s e  ra te ,  ,gm/cm:! -sec = 0.965 x 10-11 

So = t o t a l  primary system corrosion area, cm2 = 2.5398 x 106. 

for  normal Co s t a in le s s  s t ee l ,  cm2 = 1.0728 x 106 

(so)= = fo r  low co s t a in la s s  s t ee l ,  cm2 = 1.468 X 106 

Sa = primary system corrosion area  exposed t o  f lux,  cm2 = 1.524 x 106 

(s , )~  = f o r  normal Co s t a in le s s  s t ee l ,  cm2 5.65 x ld, 

(sa)= f o r  low Co s t a in le s s  s t ee l ,  cm2 = 1.468 x 106 

Na = Avogadrot s number, atoms/mole = 6.023 x 1023 

6i = thermal act ivat ion cross sect ion of t a rge t  nuclide, cm2/atom 

Ai = Atomic weight of ta rge t  nuclide, &mole 

Q = flow r a t e  through demineralizer, cm3/sec = 63.6 

A i  = disintegrat ion constant of ac t ive  nuclide, s ec-1 

Vw = volume of primary water, cm3' = 1.9944 x 106 

Pi = densi ty of t a rge t  nuclide, gm/cd 

reco i l  distance, cm = 10-5 

t = time of operation, sec . 3 -156 x 107 



t-' 
d 

Reaction 

~ 0 5 9 4 0 ~ ~  
(normal) 

(Low Co steel)  

TABLE 6-1 

Properties of the Nuclides 

f 3 - fn  d ( b a r n )  ~ ( s e c ' l )  - 
0.19 0,043 704 3.03X10-~ 



9, = thermal neutron flux; effect ive;  weighted by core geometryand 
f rac t ion  of cycle time spent i n  each region-core, and reflec- 
t o r s ,  neutron/cm2-sec 6.078xl012. 

pa = thermal neutron f lux;  averaged over core geometry - not de- 
pendent upon primary cycle time, neutrons/cm2sec = 1.722~1013. 

f s  .I f rac t iona l  abundance of c h d c a l  element i n  system-material 
weight f ract ion.  

fn  = f rac t ion  abundance of t a r g e t  nuclide i d  chemical elenent- 
weight f ract ion.  

II : e f f ec t ive  volume of r e s in  bed i n  demineralizer, em3 , 5.66x1dI. 

The derivat ion of t h e  above equations i s  given i n  @&17 (24). Com- 
parison of the  ana ly t ic  'calculation with experimental measurements i s  given i n  " 

r e f  (1). The re lease  r a t e ,  Co, was obtained from f i t t i n g  APPR-1 data. The 
differences and t h e  d i f f i c u l t i e s  i n  performing these ana ly t i ca l  calculat ions a r e  
a l s o  given i n  ref .  (1). 

I 

The propert ies  of t h e  various nuclides a r e  given i n  Table 6-1. 

The concentration of a c t i v e  nuclides i n  t h e  demineralizer a f t e r  one (1) 
year of f u l l  power operation a t  10 Mki i s  given i n  Table 6-2. 

TABLE 6-2 

Concentration of Active Nuclides i n  Demineralizer 

Nuclide concentration, nD (atom/cm3) 

5.292~1014 

6.2 Volumetric Source Strength of Demineralizer 

The next s tep  i n  determining t h e  shielding required fo r  t he  demineral- 
i z e r  i s  t h e  calculat ion of t h e  volumetric source strength. The source s t rength 
i s  based on t h e  buildup of ac t ive  nuclides i n  t h e  demineralizer. 



Equation 6-5 was tmed t o  calculate  the  source strengths.  

where S V =  source s t rength of volume source, ~ e v / c d  -sac 

% concentration of ac t ive  nuclides i n  deminaralizer, atom/om 3 

= dis in tegra t ion  cons$ant, sec-' 

B = gamma energy, Mev 

(XI; number of gammas of energy, .H, released per d i s in tegra t ion  

The constants t o  equation 6-5 and the  source s t rength of the voiurpc 
source, SV, due t o  each of t he  act ivated nuclides a r e  given i n  Table 6-3. 

Nuclide 

TABLE 6-3 I 

Calculation of Volumetric Source Strength 



L'EAD -7 ? S T E E L  PLATE 



The d i f f e ren t  gammas emitted from t h e  ac t ive  nucl ide were consolidated 
i n t o  f i v e  groups to f a c i l i t a t e  t h e  calculat ion of t h e  dose r a t e  due t o  t h e  .act ive 
nuclides i n  the demineralizer. The energy groups t h a t  were used and t h e  volu- 
metric source s t rength f o r  each group i s  given i n  Table 6-4. 

TABLE 6-4 

Energy Grouping and Source Strength 

Group Number Group Energy (mev) %(mev/crrd-sec) 

6.3 Demineralizer Shielding 

' 

Since t h e  Activi ty  i n  t h e  demineralizer bui lds  up during reactor  
operation, it i s  desirable  t o  operate it i n  a lead  sh ie ld  cask so t h a t  t h e  
dose ra.t,e on t h e  surface of t h e  lead  cask be no more than 70 mr/hr. The 
following sect ions will discuss  t h e  se lec t ion  of t h e  s i z e  o f t h e  lead  cask. 

6.3.1 Radial Shielding Demineralizer 

The IB# 650 shielding program ( l l )  was modified i n  order t o  
ca lcu la te  t he  dose on t h e  outs ide surface of t h e  lead  sh ie ld  cask. This .  program 
ca lcu la tes  t h e  dose r a t e  a t  any desired point due t o  a cylirxlrical source with 
intervening sh ie ld  materials.  Fig. 6-1 shows t h e  geometry of t he  demineralizer 
and lead  cask. The equation t h a t  t he  machine solves .is given on page 360 of 
Bockwell .(3) where 81 = €I2 = Q. 

The calculat ion was performed using the  energy groups and volu- 
metric source s t rengths given i n  Table 6-4. In order  t o  determine t h e  e f f ec t  of 
lead thickness on dose ra te ,  four d i f f e ren t  cases were calculated. They were 
two, three, four,  and f i v e  inches of  lead. The dose r a t e s  on the  outs ide surface 
of  t he  cask due t o  t h e  d i f f e r en t  energy groups a r e  given i n  Table 6-5 f o r  each 
s i z e  of t h e  lead  cask. 

The r e s u l t s  are a l so  shown on Fig. 6-2. For a maximum4ose r a t e  
of 70 mr/hr on t h e  surface of t he  lead cask, 3.87 inches of lead i s  required f o r  
t he  cask. This value i s  very conservative a s  t h e  lbuildup f ac to r  i s  defined a s  
follows: 

where Bi Ehildup f ac to r  of ith material  



TAELE 6-5 

Dose Rate on Surface of Loaded Demineralizer Shipping Cask 

Thickness of Lead i n  Cask 

Total 

3" of Lead 

88.2 m/h r  
88.1 It 

32.4 
15.5 " 
11.3 

23 5.5 mr/hr 

'4" of Lead 

23.52 mr/hr 
21.48 
6.48 n 
2.53 " 
1,19 'I. 

55.20 m/h r  

3n of Lead 

6,67 mr/hr 
5.59 " 
1.28 " 
0.42 
0.09 

14.05 mr/hr 

The buildup f ac to r  can be calculated i n  a d i f f e r en t  manner a s  
follows: 

where b l  .' ffiti f o r  a l l  shield materials.  The buildup f ac to r s  a r e  smaller 
and therefore do not g ive  a s  conservative an answer a s  t he  machine calculat ion.  
The r e s u l t s  from t h e  hand ca lcu la t ions  a r e  given i n  Fig. 6-2. From t h i s  curve 
a lead  thickness  of 3.41 inches w i l l  l i m i t  t he  dose r a t e  on t h e  outs ide surface 
of t h e  l e a d  cask t o  70 mr/hr. It is recommended tha t  the .  r e s u l t s  from the hand 
ca lcu la t ion  be used a s  the r a d i a l  thickness of t h e  leah  cask. 

6.3.2 Vert ical  Shielding of Demineralizer 

From s tud ie s  performed during t h e  shielding program of Task VI 
( l ) ,  it i s  known t h a t  l e s s  lead  shielding i s  needed fo r  t he  t o p  and bottom of t he  
l ead  cask. The following equations were used t o  determine t h e  maldmum dose r a t e s  
with a t h ree  inch lead cask. 

Upper Limit 
7 1 

E2 (bl Set 0 1) 

Sec 8 

Lower Limit 

~2 (bl S ~ C  e 3) 1 
Sec O3 I 





. where 
00 

It Sgb)  = bf& d t  
11 
'I 

b t2 

I fi '1 =  an-' ($), degreea 
a 

'3 = T ( ), degrees a'n- 

a' = distance from top o r  bottom of qr l ini r ical  source t o  dose 
point, cm. 

Fromthe above calculation about 2.9k i n c h e  of lead would be 
required for  the  top and bottom parts of the lead cask. T h i s  i s  shown in Pig. 6-1. 

6.3.3 Dose Bate After Removal 
- 

After removal of the  demineraliser from the systan, the dose ra te  
on the surface of the cask will decrease rapidly for the  flrst forty hours. The 
decay of the dose r a t e  wil l  then decrease very slowly compared t o  the i n i t i a l  

9 
decrease. Within the f i r s t  forty hours, all of the short lived activity w i l l  decay 
away giving an i n i t i a l  f a s t  decrease i n  the dose. l?-iereaft.er, the  dose ra te  de- 
creased slowly due t o  the  decay of the long-lived nuclides. Experimental and 
analytical work on tbis subject is given i n  MAE-35 (1). The dose ra te  a f te r  a 
cooling period of about two days would be within 40 mr/hr on the surface of the 
lead cask shielding. 

The shipping cask consists of two 5/8n thick concentric s tee l  
c y l i d e r s  with 3.41n of Lead between them. T h i s  i s  consistent with t h e  -1 
design. Since thaw i s  l i t t l e  difference between this cask and the cask designed 
f o r  the 1500 1(W plant, it may be advisable t o  use t h e  same cask. 

For the above cask, the dose r a t e  one meter from the source is 
15% of the dose r a t e  on the surface of t h e  shipping cask. With a dose ra te  of 
58 mr/hr on the cask surface, the dose ra te  one meter from the soume would be 
8.7 mr/hr. T h i s  radioactive source would meet I.C.C. shipping regulations. 



7.0 WASTE TANK SHIEUIING 
C 

The waste tank w i l l  be used t e  store radieactiva waste. This waste mry 
include the primarjr coolant end two months plant waste. The shielding af the 
waste tank is based on nomil  usage and not an abnonnal nuclear incidents. Tbia 
menas tha t  the radioactive source i n  the waste tank will be dw te activated 
carrosien products i n  the prfmssg coolant and active material in the p k n t  waste. 

' 
The high ene ra  gamma rays (energy group 1 and 2 ) are Prau the disintegration of 
the short-lived nuclides present in the pritnary mter .  'Lhasa nuoli.des have W- 
l ives  af approximately 2.6 hours (25). Therefore, the activiky dw t o  these 
nuclides w i l l  d3minish rapidly and disappear w i t h i n  a or two after the primPly 
water i s  drained in to  the ma te  tank. The shielding rf~quimd w i l l  be such that the 
a l lwable  dose on the shield surface shall not exceed 1 mr/hr. 

7.1 Pfimsry Ceolaat Activation 

The activfty 0f the p-ry w o M t  i s  6ue t o  the activation and 
corrosion of structural  mater;isls in the primary system. The nuclear reactitma 
giving r i se  t o  this activation are the same a s  descrihsd in Section 6.0. 

* 
The concatr . t isn ef the various aciiivsted corrosim products in the  

primary coolant was calovlated by equation 7-1, 7-2, 7-3, and 7-4. eha derivation 
of t h e  follariPg equations is presented in APAE-17 (24). 

where + =concentration of active nuclides in  primary coolant, a t d a d  
and the other symbol.. are dafined in a c t i o n  6.1. 



Tha preceding equations were solved for  a parer oubpuk of 6.m . for  one year a t  full power operation. The results of this calculation is 
@ven in Table 7-1. 

Corromion Product Concentrations in Primary Coolanb 

Nuclide - 
C r  n 

Ni65 

b54 

~5~ 

Co 
58 . 59 

Fe 
60 

Co . The gamma rqys frca all the nuclides were divided into f ive enerw 
groups. The to t a l  source strength of the volinae source due t o  tho p-ay 
coolant i s  given i n  Table 7-2. 

Total Source Strength Due t o  the Prlmsrp Coolan6 

&OUR NWer Total Source Strength ~mev/se~) 

1 2.440 x ldl 

7.2 Plant Waste Actirity (26) 

In ton months of operation, the accumulation of no& waste would 

C 
rmormt t o  about 300 gallons or  1.136 x 106 cd. The average activity of tb 
wbste ~ d d  be bppmUiUately 0.2 c/& or 2.272 X 105 C. The t o h d  Source 



strength due t o  this activity is 9.245 x 109 -/sec. me f o ~ m i i n g  war u- 
slrmed i n  order to  cdculate  the total source of the normal plant waste. 

1. Average energV of radioactive nuclides - 1.I Mw 
2. Dnc photon per disintegration of radicactive nucl3.de. 

This radioactive source, since the average energy i s  1.1 Hsv, was included 
in Energy Group 4 along with the contribution from the primary coolant. 

7.3 V o l m t r i c  Source Strength i n  Waste Tank 

The source strength of the volume source in the waste tank is equd 
to  the to t a l  source strength calculated i n  sections 7-1 and 7-2 divided by 
the volume of the waste tank. of the waste tank assuming t h a t  iB 
i s  f i l l e d  t o  capacity i s  1.939 x The 10 T1s A Ust of the volumetric source 
strength for  each energy group is given i n  Table 7-3. 

TABIg 7-3 ' 

Volumetric Source Strength i n  Waste Tank 

Group Number Totdl Source V.1mnetri.c Source 
(~ev/sec) (&v/cPd-sec) 

1 2.440 x lon 1.258 x d 
2 3.111 x 1$1 4 

1.604 x 10 

7.4 Waste Tank Shielding 

The shielding of the waste tank was based on the use of uqp of the 
follcming materid: 

1. Concrete, z 2.4 d c c .  P 
2. Water, f = 1.0 pm/cc. 

3. steal;p = 7.9 d c c  

The mathod used t o  calculate the dose ra te  en tha surface of the 
different shields i s  identical t o  the method used i n  Section 6. Tbe I= Shielding 
code (11) was used t o  perfom all the numerical cilnilatiens. Ihe dese ra%es oa 4 





on the  sh i e ld  e&face a s  a function df sh i e ld  mater ial  and t h i c b e s s  i s  given 
i n  Fig. 7-1, The required sh ie ld  thickness f o r  each sh i e ld  mater ial  i s  given 
i n  Table 7-4 f o r  an allewable dose r a t e  of 500 mr/hr on the  sh ie ld  surface. 

TABLE 7-4 

Shield Thickness f o r  Waste Tank 

Material  Thickness-in. 

Water ( ~ = 1 . 0  gm/cc) 0.75 

S tee l  (f = 7,9 .gm/cc) 0.18 

Table 7-4 gives the required i n t e g r a l  shielding of t he  p ~ h r g  water and 
i s  dumped i n t ~  the  waste tank. I f  under normal conditions, only plant  waste i s  
s tored  in. the  hot waste tank, no i n t e g r a l  shielding w i l l  be necessary other than 
t h e  standard wallthickness of t he  tank. The dose r a t e  w a s  measured on the  
surface of the  hot waste tank of the  APHL-1. With only normal plant  waste i n  
t h e  tank, the  measured dose r a t e  on the  surface of the tank was 20 mr/hr, This 
i s  well  below the  design dose r a t e  of 500 mr/hr. 

To reduce the  dose r a t e  t o  a value l e s s  than 1 mr/hr, appro-tely 
2 f e e t  of concrete would be .needed. The inaxhum dose r a t e  would then be about 
0.5 v / h r .  

8.0 A C E  VATION OF 'COMPONENTS 

During t h e  course of reac tor  operation, the various components within the 
pressure vesse l  and t h e .  components of t h e  p r k x y  sh ie ld  are/act ivated by t h e  
neutron f lux.  The relocat ion of components of t he  primary system i s  dependent 
upon' t h e  ac t iva t ion  of the above equipment. 

6.1 Fkessure Vessel and Primary Shield Component 

The dose r a t e s  f i v e  f e e t  from each component a f t e r  one year  f u l l  power. 
: operation f o r  various shutdown times a re  given i n  Table 8-1. 

To be able  t o  handle the  components, the  dose r a t e  due t o  t h e  a c t i v i t y  
of each part should not. exceed 75 mr/hr f i v e  f e e t  fram the  'source. . The following 
' table i s  intended t o  serve a s  a guide i n  the  determination of the  decision as t o  
the  f e a s i b i l i t y  of relocat ing various components.. . These r a t e s  can be used a s  a *  
basis  f o r  planning but ac tua l  dose r a t e s  must be measured when ac tua l  re locat ion 
operations a r e  undertaken. The r e s u l t s  given i n  Table 8-2 a r e  fo r .  1 year of 
f u l l  power operation. 



TABLE 8-1 .. 
DOSE RATES 9 FROM ACTIVATED COMPONENTS 

Shutdown Times 

Component 1daY 10 days 30 days 1 year 

Thermal Shield 
7 

4.04 x 10 3.53 x 10 2.89~10~ 1.05~10 
7 

5 5 5 
Pressure Vessel , 8.32 x 105 7.28 x 10, 5.95 x 10 2-17 X 10 

2 2 
Pressure Vessel 1.3 x 1 3  1.14 x 1 3  9.3 x 10 '3.38 x 10 

Cover 

Pressure Vessel 
5 1.06 x 10 9.23 x 10 7.54~10~ 2.75~10~ 

Support Ring 

2.02 x lo4 1.77 x 10 
4 

1st Steel Ring . 1.4 x 10 5.27 x 1 2 
- 

3 2 
2nd Steel Ring 2.0 x 103 2.10 x 10 l,72 x lo3 6.25 x 10 

2 2 2 
1.94 x 10 7.09 x 10 

1 
3rd Steel Ring 2.72 x 10 2,38 x 10 

1 1 1 0 
4th Steel Ring 3.06 x 10 2.67 x 10 2.18 x10 7.93 x10 

f 

Shield Tank 4.L2 x 10-~3.86 x10-' 3.15 x 10-~.1.15 x lo-'. 
I 

* All dose rates are in uni5s of Mr/hr. 



TABLE 8-2 

FEASIHIUTY OF RELOCATION OF COMPONENTS 

Shutdown Times 
b 

Component 1 d a Y  10 days 30 days 1 year  

Control Rod N 
Basket 

Rod Drive N 
Shaft  

Thermal Shield N 

Pressure Vessel N 

Pressure Vessel N 
Cover 

Pressure Vessel N 
Support Ring 

1st Shield N 
Ring 

2nd Shield . M 
Ring 

3rd Shield N 
Ring 

4 th  Shield R 
Ring 

Shield Tank R 

Symbols Usedt N - Can not be relocated (dose 75'mr/hr) 

R - Can be relocated (dose 75 mr/hr) 

* Indica tes  dose r a t e  within a f a c t o r  of 2 
of 75 =/hs . 
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6 ,  TRANSIENT ANAL;YSIS 

1.1 General k ine t io  model 

1.1.1 Description 

The general k ine t i c  model used is  t h a t  developed in APAE 38 (1) 
f o r  t h e  ARB-1, The v a l i d i t y  of t h i s  model i n  representing plant  t r ans i en t s  
introduced by control  r ~ d  and load perturbat ions was demonstrated by comparison 
with plant  data. The va l id i ty  of this modelpin representing tho  1000 ekw 
Packaged Nuclear Power Plant i s  assumed because of i t s  basic  s imi l a r i t y  to the  
Am-1, 

1.1.2 Nomenclature 

Symbols 
2 

A Heat Transfer Surface Area, f t .  
C Specif ic  heat, Btu/lb-OF 
F Coolant Flow Rate, Fractfon of %ted Val e 
h Average core f i lm  coeff icient ,  Btta/haP-Fb9 - O F  
k Potent ia l  power contribution from precursors 

Btu/sec 
R Mean neutron-Lifetime, b i r t h  t o  absorption, sec- 1 

L h a d  f ac to r  of steam generator pavereoutput 
p Primary system pressure, psia  
B Power output of coreP Btu/sec , 

R Rate of primary system flew, lb/sec 
S Slope of p r e s s u r i ~ e r  cha rac t e r i s t i cgp /  A VtOt 

p s i / d  
t Tfme, see 
T Temperature, OF 

v Volume, f t a  
. 

W Weight, l b  
sc Fraction of power generated in f u e l  p l a t e s  and 

cladding 
p ' Delayed neutron . f ract ion of a group 
I ~ol,u&e coeff icient  of primary cool& expansion, 

OF - 
d Excess r eac t iv i ty  of core -1 -1 f Excess r eac t iv i ty  coeff icient ,  F o r  ps ia  
Q Temperattire difference a t  design load,* 
A Decay constant of a delayed neutron group, sec-l 
Z T4ae lag, see 



Subscripts: 

C Mean core coolant condition 
D Design power output condition, s t e a k  s t a t e  
E Exchanger tubing 
F Mean f u e l  p l a t e  condition 
G Mean steam generator condition, primary (tube) s i d e  
i itah delayed neutron group 
L Liquid in steam generator 
neg Negative increase i n  primary coolant volume 
p Primary@ pressure 
pos Posi t ive increase in primary coolant velume 
r Control rod inser t ion  
S Mean steam conditions i n  generator corresp. t o  

saturat ion 
t o t  Total f o r  primarg systam 

1-8 Themo,properties: Condition of locat ion i n  
schematic diagram 

1-5 Nuclear Parameters: Par t icu lar  i t h  delayed neutron 
gm"P 

1.1.3 Di f f e ren t i a l  equations . 

The following s e t  of d i f f e r e n t i a l  equations describing primary l o ~ p  
component behavior i s  derived i n  APAE 38 (1). They are repeated here fer ready 
reference . 
.Core thermal kine t i c s  : 

where 



where 

Core nuclear k ine t ics :  
+Y ( t J y p  (t) 

d P (t)= dr T c - 
dt  

P (t) * 
R 

where 

Kinet ics  of plenum chambers and piping: 

where 

d ~ ~ ( t + Z j $ & ) =  - 2 T ( t )  - 1 T1 (t) - 1 ~ & ( t f  2 
dt c 

4 , 3  y293 2233 394 
where 

Kine t ics  of steam generator: 

The basic k ine t i c  model developed i n  APAE 38(1) is  used i n  
t h e  study s h c e  supepheated steam generation i s . n o t  involved. 



T (ti- 2 T (t) - ET f 2 5 . 2 3 ( t )  + @1.2 Ts (t) - 
dt G - r.G 4 z ~ % a  tee, 

where 
b 

~ ~ ( 0 )  = Tc (0) = 0 

where Ts (0) = - 
.* 

Pressurizer kinetics: 

where 

Vtot (t) = 0 

p (t) = sne, avt,t '(t) ; evt, (t) ' 6 o 
1.2 Scaled kinetic  model 



Plant constants continued: 



1.2.2 Time and amplitude scaling f ac to r s  

A time scaling f ac to r  of unity (computer and r e a l  time 
scales  equal) was used because of the speed of the t rans ients  involved and 
the ease of scaling. 

An amplitude scaling fac tor  s f  unity (one vo l t  per 
physical un i t )  was used f o r  .ease of interpret ing computer r e su l t s  and f o r  
ease of scaling. Proper voltage levels  were then obtained, by the use of 
multiples o r  f rac t ion  of t h e  variables. 

1.2.3 Potentiometer se t t ings  

A l i s t i n g  of servo-set potentiometer se t t ings  i s  given i n  
Table 1-1. Each se t t ing  i s  s t a t ed  i n  t e rns  of bsth plant symbols and speci f ic  
numerical value. 

1.2.4 Analsg c i rcu i t  .diagram 

The c i r c u i t  diagram f o r  wiring the  electronic analog computer 
i s  shown i n  Fig. 1-1. Feedback connections have been included t o  deanenstrate 
the maw interact ions involved. 

1.3 Analog c.omputer model response 

The t rans ient  response of the k ine t ic  model was determined f o r  o 
s e r i e s  of lead  perturbations. Fig. 1-2 i l l u s t r a t e s  repYanse t o  instantaneous 
load reductions and Fig. 1-3 t o  instantaneous load increases. A listing ef run 
numbers and t h e  corresponding conditions applied i s  given I n  Table 1-2. 

Only p h t  load perturbations were considered since primary pres- 
sure variat ions due t o  control rod perturbations would be sf l e s s  magnitude than 
those due t o  the worst load changes considered, 

1.4 Selection of pressurizer s ize  

A pressurizer  vessel  containing 12.1 cubic f e e t  of vapcr and 5.9 
cubic f e e t  of l i qu id  was selected a s  being more than adequate f o r  any primary 
system volume changes t h a t  would be encountered in the  operation of t h e  pewer 
plant. 

Analog computer analysis  of the  plant model indicates  t h a t  the  mas- 
imum primary pressure variat ions a r e  + 132 and -120 p s i  when the  ant icipated 
value of temperature coeff icient  i s  used. These pressure swings correspond . 
t o  instantaneous load drop and r i s e  respectively between la and 0% ef rating. 

An extrapolated value of -3.4 r lo-' i s  a n t i c i p t e d  f o r  t h e  temp- 
erature coeff icient  of react ivi ty.  Although expectations of t h i s  high a 
coefficient a re  well  just i f ied,  it i s  conceivable t h a t  a value a s  low a s  -3.0 
x 10-4 might e s s t ,  though t h i s  i s  a highly conservative axt rapohtion.  Under 



such circumstances the IW&UUUI primary pressure variat ions a re  # 156 A d  -130 
p s i  corresponding t o  the extreme load perturbations mentioned. 

The computer model i s  very conservative i n  determining posi t ive primary ' 

pressure surges since adiabat ic  vapor oompression i s  assumed in the  pressurizer. 
Heat t ransfer  by vapor condensation on vessel  walls and Uqu id ' f r ee  surface ita 
neglected. A canparison of adiabat ic  model and ac tua l  plant response t o  sim- 
i l a r  perturbations showed the pressure surges t o  be i n  t h e  r a t i o  of about 2 t o  
1 respectively f o r  the APRR-P. See APAE 38 (1) f o r  fur ther  detai ls .  

PPimary pressure surges of the model a re  a l so  conservative since sec- 
ondary system heat losses  and auxil iary uses of steam a r e  not included. The 
minimum load on the steam generator i s  actual ly in t h e  order of 1/2% of rating. . 

The primary system i s  designed t o  s t ruc tura l ly  withstand under code 
regulations an in te rna l  pressure of 2000 psia, providing f o r  a 250 p s i  pressure 
surge from the  n o m l  operating pressure of 1750 paia before opening of the, 
safety valve. The pressurizer design i s  therefore seen t o  bo mare than adequate 
i n  meeting hmands from extreme plant perturbations and uncertaint ies  i n  spec- 
i f i c a t i o n s  of p l a t  constants. 

It i s  found t h a t  a pressurizer containing 7.2 cubic f e e t  s f  vapor 
would resul t  i n  a maximum pressure change of 250 p s i  f o r  a load decrease. The 
pressure decrease would be 210 p s i  f o r  a load change f r m  0 to'  lOC$, This 
would be the minimum size pressurizer consistant with the design. 

Table 1-1 

Servo-set Pe tent imeter  Settings 

Pot 
NO - Set t ing  Value - 

' I Recorder 
Channe 1s 

Pot 
No. - 
9 

10 

ll 

12 

13 

14 

15 

16 . 

Set t ing  Value 

pD{lo wFcF%c 0.4373 

200%c/p~ 0.8266 

400 (1- d )WCCc 0.1272 

4*1,2/10% BFC 0 -2405 

2/10 PC 0.34J-5 

M% 2 / 1 0 5 ~ + . 2 G  0.4618 
0 

yT/l.).t 0.1360 

35 8 V c  0.1270 





Run Number 

Table 1-2 

Analog Computer Model Runs 

. . 
Conditions Applied. 

F.L. t o  0% inst., no $p 
d 

FoLo t o  10$ in s t .  

F.L. t o  25% inst .  

O$ t o  F.L. i n s t .  

0% t o  F.L. inst., nc ;f 

C$ t o  F.L. inst . ,  %=-3.0 x - 
5% t o  FoLo inst. 

1% t o  F.L. ins t .  

25% t o  F.L. inst .  
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d 2.0 REACTOR BMAVIOR FOLLOWING PUMP FAILURE 

2.1. General k ine t ic  model 

2 , l . l  Description I 

I n  t h i s  study the response of t he  reactor  following a 
f a i l u r e  of the  primary coolant pump was  invetigated. The nature of this 
fa i lu re  was assumed t o  be one in which the  impeller of the pump becomes 
frozen thus  impeang coolant flew. This i s  a conservative assumption. 

Coolant flaw due t o  na tu ra l  convection is  neglected i n  t he  
computer equations due t o  t he  physical locat ion of the steam* generator. Murray(2) 
has shown t h a t  when the  steam generator i s  located below the  reac tor  ves se l  
coolant flow due t o  na tura l  convection w i l l  be negxgible .  

After pump f a i l u r e  the  diminishing r a t e  of coolant flew r e s u l t s  
in increased temperatures both i n  the f u e l  and i n  t he  coolant within t h e  core. 
If the reactor  continues t o  operate a t  ra ted  power this temperature rise will 
cause boi l ing within the r e a c t ~ r  vessel. It is thus necessary t o  incorporate a 
reactor  scram system ac t iva ted  when t h e  coolant decreases t o  pre-set value of 
maximum flow ra t e ,  This study is  i n t e n d e d t o  ind ica tewhether  boi l ing tunp-  
eratures  will ~ c c u r  'before the  reactor  is,  scraumned. 

2 -1.2 Pump coastdawn cha rac t e r i s t i c s  

I n  calculat ing the  r a t e  of pump coastdown a f t e r  an accident 
t h e  k ine t i c  energy possessed by the moving coolant i s  equated t o  t h e  f r i c t i o n  of 
the  loop, The normalized flow r a t e  "G ( t ) "  i s  integrated over the  range of 
flow yielding: (3) 

0.8 
G ( t )  = a - 

t + a  
i 

where: a = S  Li 
i= 1 Ai F ( t  =0 )  

$= length of pipe sect ion "in ( f t )  

%=cross  sec t iona l  area of pipe ( f t2)  

~ ( t  = 0 )  = design coolant flow r a t e  ( f t / sec)  

H ( t  = 0 )  = head drop around coolant loop ( f t  ) 

g =. accelerat ion due t o  grav i ty  



I n  t h e  system under consideration, it, was assumed t h a t  . the  impeller 
of the  coolant pump had become frozen and thus was f u r t h e r  impeding coolant flow. 
A value of 22 f t  was used a s  t h e  negative head. This was obtained from da ta  
of a pump s imi la r  t o  t h a t  envisioned i n  this design. 

The value of "att thus becomes: 

2.1,3 D i f f e ren t i a l  equations 

(1) 
u t i l i z i n g  the  notation of sect ion 1,1,2 t he  general k ine t i c  

equations a r e  : r; 

= - 0.01 J r  f t  Tc (t) f 6 
d t  i r l  i 

R 

where r 

. The pressure coef f ic ien t  of r eac t iv i ty  commonly included i n  
t h e  above expression i s  neglected because there w i l l  be in su f f i c i en t  c i rcu la t ion  
.of coolant ex terna l  t o  t he  pressure vessel  w i th in  the  time being considered. 

Performing a heat balance on the  f u e l  and coolant within the  
core y ie lds :  

and 

where : 

dTc ( t )  , il- o< ) - - P ( t )  hA (g ( t )  - Tc( t l  1 
d t  wc CC ' k i c ~  



The meaning of symbols used i s  indicated in section 1.2,2 

The flow ra te ,  F ( t ) ,  i s  given i n  section 2,1.2 byt 

where : F ( t -  0) = rated coolant flow 

t = time a f t e r  pump f a i l u r e  accident 

The constant llalf i s  dependent upon the physical configuration of the  primary 
loop* 

The average f i lm coefficient i n  the core i s  a function of the flow mass 
r a t e  t o  the 0.8 power. 

then: = (F )": (t+t ) 
, h 0  

The previous equations f o r  the f u e l  a d  coolant temperatures be.cames: 

dTF(t) - -- o( P ( t )  - A 
h ( o )  ( - 1  ('Q (t)-Tc(t) 1 

d t  % C~ WFCF 

2.2 Constants f o r  di i fferent ial  equations . 

2.2.1 Time and emplitude ecazling factor8 

A scal ing fac tor  was chosen i n  order t h a t  ten  computer saeconds 
would equal one second i n  r ea l  time. T h i s  was dic ta ted  by the rapid eequence 
ef events following a pump fa i lu re  accident and t h e  need to 'g ,e t  detai led behavior 
during t h i s  time. 



An amplitude scaling f a c t o r  of one volt  equals one physical mi t . 
was chosen f a r  t h i s  section of the  analysis. The magnitude of tho quant i t ies  
generated were scaled proportionally i n  order tha t  t h e i r  magnitudes would nct 
exceed k 100 volts.  

, 
2.2.2. Potentiometer set t ing 

Table 2-1 lists the physical quanti t ies  i n  each potentiometer setting 
a s  well  as t h e i r  absolute magnitude i n  t h i s  problem. 

TABLE 2 - 1 ' POTENTIOMETW SETTINGS 

Potent- 
iometer Qmtitg bgnf tude  

1 1/2 0.5000 

2 % 4 @ 2 / 1 ~ , ~ ~ ~  . 0.9946 

3: 20/%4 0 0.23 81 

4 2 pl/looQ 0.7280 

Pet ent-  
i ometer Quantity Magnitude 

16 3 /lo 0.0126 

17 X4/% /looJ! 0.0235 

18 A d l 0  0.0035 

19 A5 fj5 /lo01 Oo00l3 



2.2.3 Analog d i r cu i t  diagram 
? 

Fig. 2-1 shews i n  symbolic form the  malag  c i r cu i t ry  w e d  i n  
t h i s  stu*. The notation i s  tha t  u t i l i zed  and explained in APA.EL38 (3). 

2.3 Resu l t so f  analog@pfailuresimulation . 
6 

Solution of the coupled d i f f e ren t i a l  equations during t h e  pump f a i l u r e  
condition y ie lds  values of the  average f u e l  surface temperature and the  average 
coolant temperature. These solutions a r e  shown i n  Fig. 2-2. 

The s t a t i s t i c a l  hot channel f o r  t h i s  system has been designed a t  
617'~. This i s  the saturat ion temperature a t  design pressure. The hs t  channel 
fac tor  has been calculated assuming the  simultaneous occurence of all het f l u x  
fac tors  a t  the same point. This i s  def in i te ly  a conservative aapswptian. Mere 
r e a l i  t ' c a l l y  the hot tes t  channel would probably be near 607%. Experimental 1 f data 4 indicate t h a t  nucleate boiling does not begin unti)  t h e  f u e l  surface 
temperature exceeds saturat ion temperature by a s  much a s  30 F. By conservatively 
assigning a one second delay between the low f l o w  scram signal  and reactor  
shutdown one can estimate the r i s e  i n  temperature within the  hottest channel. 
Fig. 2-2 indicate8 a temperature r i s e  of 31° F f o r  the  average f u e l  surface 
temperature during the  second follewing the  reactor  scram s ignal  assuming forced 
convection. The behavior of the  hot tes t  channel w i l l  follow t h i s  trend. Thw 
only l imited nucleate boiling probably w i l l  occur within the  hot tee t  channel 
during a pump fa i lure .  

k 

The analog r e s u l t s  indicate a permissible 3.9 second delay between low 
flow scram and reactor  shutdown. The average f u e l  surface temperature w i l l  
not reach saturat ion before reactor  shutduwn. 

.2.4 Conclusions 

Results of analog simulation of a pump f a i l u r e  accident i n  which . 
t he  pump impeller becomes frozen indicate tha t  only l imited nucleate boiling 
w i l l  probably occur before reactor shutdown. The average f u e l  surface temp 
erature during this accident w i l l  not reach saturat ion before r e a c t ~ r  shutdown 
and therefore no general boiling w i l l  occur. 
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D. CORE THERMAL AND HYDRAULIC D E S I G N  ANAUSIS 

1-0  THERMAL D E S I G N  C R I T W I A  

The cont pact s e t s  -forth ce r t a in  General Objectives and Project Guidelines 

t h a t  a f f ec t  the thermal design of t he  Skid Mounted M R .  The most important 

of these are: , 

a ,  System r e l i a b i l i t y  with minimum downtime f o r  refueling. 

b. Ut i l iza t ion  of proven technology. 

c, Avai labi l i ty  f o r  procurement by January 1, 1959, 

On the basis  of these  project  guidelines t h e  Skid Mounted APPR has been 

designed thermally so t h a t  t he  maximum surface temperature i n  t h e  hot channel 

does not exceed the  sa tura t ion  temperature. The thermal design c r i t e r i a  ' 

employed on the  APFR-1 and APFR-1A has been reviewed p r i o r  t o  s t a r t  of t h e  

thermal analysis  of the  'Skid Mounted. APR. 

The following c r i t e r i a  have been establ ished f o r  thermal design of APPR 

pressurized-water reactors: 

P 
1.1 Heat t ransf e r  c oef f i c i e n t  

The heat t r ans fe r  coef f ic ien t  i s  t o  be calculated by use of the  

Di t tu s -~oe l t e r  equation with a constant coef f ic ien t  of 0,021: 

where: 

h i heat t r a n s f e r  coeff icient ,  ~ t u / f t 2 h r ? F  

k I, thermal conductivity, Btu/ft h r o ~  

D =equivalent diameter of channel, f t  



(? density of coolant, lb/f$ 

V = velocity of coolant, ft/hr 

p - viscosity of coolant, ib/ft-hr 

h. = Prandtl .number of coolant 

The coefficient 0.021, was established subsequent t o  a survey of' ths 

l i t e ra tu re  on experimental heat transfer data, and i s  f e l t  t o  bdr conservativeb 

but not extremely so, .Papers reviewed are referenced a t  the end of t h i s  section. 

1,2 parer .distribution ut i l iza t ion 

A calculated axia l  power distr ibution i s  t o  be used fo r  the analysis. 

Values from a calculate& radial  power distribution are combined with a side plate 

f lux  peaking factor and other existing peaking factors t o  establish individual ' 

nuclear radia l  factors fo r  the various elements or groups of similar elements. . 

Methods fo r  the establishment of these factors are outlined by B o  Byrne in paper 

entitled, " T h r m a l  Design Basis f o r  APPR Type Elementsn. In addition a nuclear 

uncertainty factor of 1.05 is applied t o  both the bulk coolant temperature r i s e  

and the film temperature gradient t o  account fo r  uncertainties in the c a l ~ u l ~ a t i o n  

of power distributions, . I n  the heat transfer analysis the asgumption is made that 

95% of the heat released i n  the core is released in the active fuel  elements. The 

basis for  t h i s  assumption is explained i n  1.6.3 of th i s  section. 

1.3 Hot channel. factors 

Manufacturing, orifice siiing, and i n l e t  box effect  hot channel factors 

are derived in 1,6.1 of t h i s  section fo r  APPR-1 elements and are l i s t ed  belowo 
', 

Elements with other dimensions should be treated similarly* 

Average factor's a re  those a c h  apply t o  the bulk coolant temperature 

r ise ,  and local  factors, those which apply t o  the film temperature gradieht. 



Item - 
Plate spacing 'deviation 

U~anitnm content deviation-% 

Clad thickness d d a t i o n  

Orifice s i z b g  

I 

TABLE 1.1 HOT C H A m  FACTORS 

Factor 

Inle t  box effect;  

Fuel element 

Control rod, 

Cambhed factor (Product of individual factors): 

Fuel element 

Control rod 

Average 

l,0706 

100050 

1. 0357 

a, 0064 

1, 0417 

Local - 
1,1623 

100250 

1,0357 

10Cn28 

a00332 

' #This factor includes uranium content of the whole element along with homo- 

geneity w i tha .  the element, 

1.4 Lattice requirements 

Since it is not possibxe t o  t a i l o r  l a t t i c e  flow as  is  done wfth the in ternal  

flow, the ent i re  l a t t i c e  flow must be based on the ma* f i e 1  element require- 

.* ment. Calculations (see 1 . 6 ~ 2  of t h i s  section) indicate that the larger tolerances 

on l a t t i c e  channel dimensions constitute an additional hot chadnel factor of 1.033. 

It is therefore f e l t  that  the l a t t i c e  flow should be established on the basis of 
S 

an average l a t t i c e  velocity 5%' greater than the highest stationary fuel  element 

veloc i ty, 

223 



1.5 Instrumentation tolerances 

Instrumentation tolerances fo r  pressurized water reactors have been . estimated 

by R. E. May, and indicated by G. Knighton i n  memos of 5/14/58 and 6/4/58 t o  be 

as  follows n 

system pressure 2 2025% 

core power 9, 305% 

m e t  temperature .d 4 9  

The above v a u e s  are conservative and it is feasible t o  improve same with 
7 

more accurate, and more costly ins tmenta t ion ,  

1,6.1 Hot channel factors 

The hot channel factors, as l i s t ed  i n  Table 1,l were calculated 

on the basis of the following maximum deviations: 

TABLE 102 

Nominal 

Internal  plate spacing .l33" 

Uranium Content 

Length 2lo7Sn 

' Clad thickness 006"  

~ e l a t i v e  Channel Flow as  
Governed by Orifice 
D i  ameter 1,OO 

Max, Deviatf on 

( 5 .006 avg. 

( 2 00133 1oca.J 

. ( 9, 0.5% average 

( +, 2.5% local  

( 2 ..O.OoS avgo 
t 
( 2 0001 local  

t l$ avg. and loca l  



Item - 
Table 102 (Contld.) 

Effect of inlet 'box on 
flow distribution: . 

Fuel element 

Control rod 6% 

Smnbols and Nomenclature 

a - Max. negative average deviation of plate spacing, in. 

b - Max. positive local  deviation of plate spacing, in, 

0 - Specific heat of water, Btu/lb.- Fo = P 

C - Flow coefficient 

d - Nominal plate  spacing, in, 

D - Hydraulic diameter of channel, in. 

f - Channel f r ic t ion factor 

F - Hot channel factor 

h - Water film heat transfer coefficient, ~ t u / i n . * - ~ ~ . - s ? c ~  

k - Thermal conductivity, ~ t u - i n . / i n . ~ - ~ ~ .  -set. 

L - Channel length; in. 

p - Perimeter of channel, in. 

- Emseure drop across channel, in. of water 

- Heat flow rate, ~tu/in.~-?.-sec. 

- volumetric heat generation r a t e  in meat, Btu/inO3-sec. 

- Thickness of meat or clad in f i e1  element, in0 

- Temperature, OF. 

- Bulk temperature r i s e  of channel flow, OF, 

- Water viscosity, lb./in.-sec. 

- Water velocity in ch'annel, in./sec. 



Symbols and Nomenclature 

w - mdth of channel, in. 

W - Relative weight of uranium per plate 

X - Distance t o  point inside meat, measured from hot channel side 

perpendicular t o  plate, in, 

$ - Thermal neutron flux 

3 (2 - Water density, lb/in, 

- Subscripts 

a - Average conditions along length of channel 

avg.- Average conditions across width of .  fue l  plate meat 

c - Clad 

C - Contraction flow on entering channel 

E - Expansion flaw on leaving channel 

f - Water f f i  
, 

h - Hot channel conditions 

1 - Local conditions along length of channel 

m - Meat of fue l  element 

n. - Nominal conditions 

. o  - Outside channel (adjacent t o  hot channel) 
\ 

p - Peak meat. t'kmperatuSe 

A T - Temperature gradient across water film 
' 

TR - Bulk temperature r i s e  of channel flow 

w - Water. 



1.6.1.1 ' Plate spacing deviation factors  

(A) Average Hot Channel Factor 

A flow passage may be res t r ic ted by plate bowing 

or sagging i n  the center, or by deviations in the plate edge spacing, the l a t t e r  
i 

case being. the most severe, thermally. , 

Nominal Channel Average Hot Condition 

The reduction in flow area = a W , 

As the pressure drop A P across each channel of the sane element is 

essential ly equal and as  contraction and expansion coefficients fo r  the channels 

are negligible, velocity variation is only a *tion of the average hydraulic 

diameter deviation 

brtmre -c, a d  c, 
are essential ly zero 



Substituting the numerical values applicable f o r  APPR elements: 

a = .006" (mine average deviation) 

(b) Local Hot Channel Factor 
.. . 

In defining the worst possible channbl, thermally, the conservative 

approach is taken of considering that  the average deviation could be ' the 

negative observed limit,  while a local  deviation could simultaneously be a t  the 

positive observed l imi t  in the same channelo 

1 
+d-----i +w---Cf 
Nominal Channel Average Hot Condition Local Hot Condition 

A,= d\n/ 
A,,= cd+b) w 

- A,,/ - ' deb  D h /  - 
Dl7 An -7 

The l oca l  deviation is  assumed t o  be suff ic ient ly  gradual t o  permit 

complete diffusion. ' t 

The film coefficient is reduced not only by the drop' in coolant 

velocity but also by the increase in hydraulic diameter: 



Substituthg values for AF'F'R elements: 

b = .0133" ' 

. . ,FA, - ,101623 
- 

1.6,l. 2 Uranium content deviation 

(a) Average Hot Channel Factor 

Both fuel elements forming the hot. channel are assumed 

to contain the maximum allowable uranium content per plate* 

The maxinrm allowable positive deviation of uranium content per plate 

b - (b) Local Hot Channel Factor 



In addition t o  the 0~5% uranium content deviation per plate, there is a 

maximum allowable non-homogeneity within a plate of Z$. Assuming, conservatively, 

t ha t  the m a x h u m  positive deviation per plate and the maximum positive non-homo- 

geneity deviation occur siniultaneously, the maximum local  uranium content 

deviation i s  2,5$, Wh / I  +, o Z-3-4 F s = /.o tso A T  W h  

i06.a,3 Active core length deviation 

For a given volume of meat per plate, a negative deviation in 

active length increases the amount of meat per uni t  length and therefore per unit  

heat t ransfer  area, This af fects  both the bulk coolant temperature r i s e  and the 

fflm gradient. Based on the conservative approach t ha t  decreased length increased 

only meat thickness and not active widths - 

f o r  APPR f i e 1  elements2 

It m g  be noticed that .s ince the nominal meat width i s  also the 

minimura nieat width, a corresponding calculation is  not necessary for  active width 

deviation, 

6 Clad thickness deviation factors 

- Derivation of General Equations 



If the two .clad thicknessee of a f ue l  p la te  are uniqual, a greater 

portion of the t o t a l  heat generated in the meat w i l l  pass out through the thinner 

clad because of lower thermal resistance,. A hot channel is, therefore, defined as 

being composed of two fuel  plates whose inner a d  outer clad thicknesses. are a t  

the minimum and.maximum observed values respectively, Both the average and loca l  

hot channel factors are then equal. t o  the proportional'increas? in the heat trans- 

mitted through the inner sides, 

A cross section of the hot channel fuel  plate is shown in the 

diagram'belawo The water temperatures are consenkatively assumed equal. 

The determination of hot channel factors is derived in the following steps, 

a) Determine the general d i f ferent ia l  equation f a r  the temperature dis- 

tribution through the meat as a volume heat source. 

b) DetermPne the general solution fo r  step .(a). Substituting boundary 

conditions, solve for  the general constants of integration. 

c )  Determine the location of the temperature peak by setting slope of 

temperature curve equal t o  mro. Portion the heat  flcm through two 

clads accordingly, in t e r n  of meat boundaqy conditions. 



- .  

d)  Determine the temperature gradient through each cl,ad and water f i lm 

combination, using the resu l t s  of step (c), The meat boundary con- 

dit ions are then defined fn terns of physic@ dimensions and propertieso 

e )  Substitute the meat boundary conditions as determined. by s tep  (d) into 

the expressions fo r  proportioning of heat f l a w  as  determined in step (c). 

The hot channel factor i s  then simply the ra t io  of the hot channel side 

flar .to' the average or nominal flowo 

a) The general d i f ferent ia l  equation fo r  temperature distr ibution 

%bough a volume heat sotl~ce i s  determined as fo l lmsr  

By proper substi tut ion and simplif f cationo 
dt- q ~ r f -  f i lw = - H - ( ~ ) ~ + ~ ~  



b) The differential equation is solved by the .reduction of order method: 

~ e t  d L ,  ~ l m n  & = - Q 
d* Y '. - 

d x  K- 

B o u n d q  conditions 

X Z O j  S E T 2  

By substitution of 'boundary conditions into the general solution t 

substituting these results to obtain the specific~solutiont 



c) To find the point of temperature peaking, akd therefore the point 

of direction change in  heat transfer, determine tp *e. d% - o : 

F - a= 

It is seen from th i s  expression fo r  tp that the peak temperature 

normally occurs in the center of the meat, but that  a correction is necessary 

with unequal sink temperatures, This is, of course* as expeetodo 

A s  heat generation per unit  volume i s  unif om, the f r a c t i  on 'of the total. heat. flow 

tha t  is leaving the fuel  plate on the hot channel side is equal t o  tp/taa, There- 

fore r 

% = Q t p  

= Qa, - Ka (5 - T2) -. - 
2 

d)  Since an expression h available f o r  the heat flow ra te  through the clad and 

water film on either side, the  corresponding temperature gradfenta can be 

Similarly for the other plate aide: 



Eiy subtraction and substitution for. Q, : 

For convenience in handling, this latter expression will be written.as: 

, e) .The fin& expression for @I can now be determined by substitutbg this final. 
, . 

relationship in paragraph (d) for T3 - T2 into the equation for qh in  paragraph (c) : 
,L 

The hot chamel factor i s  nuw determined by dividing the maximum the n o m W  

heat flux. 



It is seen that when the two ciad thicknesses tco and tch are equal, then 

g.  2 , and F = 1 as expected. 

(a) Average Hot Channel Factor 

The following numerical &dues are applicable for APPR elements: 

481 = .0200 in. (nominal) 

tch O .  .00u in. ( minimum average) 

t o  = .0055 in. (maximum average) 

= ,000205 ~ t u / i n  9 sec (at  600'~) 

Ir, - .000274 ~ t u / i n  OF sec (at 600°F) 

Substituting into the expression for hot channel factors developed in sec.i;ion (a): 

% To be precisely correct, hf would have to  be re-evaluated for each neu core and 

for each element within the core, Hanever, a s  even a large change in hf has an 

insignificant effect on required flow an average value is used. 9 



(b) Local Hot Channel Factor 

The following numerical values are applicable for  the loca l  factor: 

tch = .0040 in. (minimum local)  

tco - .0060 in. (maximum local) 

By computations 

Substituting in to  the expression for hot channel factors: 

1.6,1,5 Orifice sizing factors 

The orif ice diameter required t o  yield a given flow 

d r a t e  for  a part icular  fuel  e lement 'k l l  be determined by a f l o w  t e s t  rig. Some 

flow deviation allowance must be made f o r  instrument error and experimental 

accuracy. A s  the calculated value of the proper or i f ice  diameter i s  expressed t o  

the nearest 1/64" for  machining purposes, an'additional deviation allmance must 

b'e introduced. Experience with the APPR-1 demonstrates that  a combined maximum 

deviation of + 4$ is sufficient  for both stationary element and control rod flow. 

The hot channel factors  associated wlth a 4% reduction 

i n  flow from an undersized or i f ice  are determined in a manner sinilar to tha t  used 
. 

for  the factors associated with plate spacing deviation with the exception t ha t  no 

change in the channel f l o w  area i s  considered. 



(A) Average Hot channel Factor 

(b) Local Hot channel Factor 

1.6,1.6 Inle t  box effect  on flow distributfon 

An allowance is made fo r  uneven flow distr ibution on leav- 

ing the f i e 1  element i n l e t  boxes. For stationary elements, the outer chamel flav 

w a s  assumed t o  be 3% below average, For control rods the outer channel. flaw was 

assumed t o  be 6% below average. F'urther investigation of t h i s  subject is intended, 

(a) Average Hot Channel Factor 



(b) Local Hot Channel Factor 
4 7% far= - = 0 4  

A 733 ha 

1.6.2 Lattice r.equirement d etennination 

The manufacturing tolerances for  the l a t t i ce .  passages are, by 
' 

necessity,broader than those fo r  the internal  passages, 

Since the larger l a t t i c e  tolerances are a r e su l t  of misaliglrment 

of ent i re  elements rather than warping of individual plates, it is not possible fo r  the 

average and loca l  deviations t o  be in opposite directions, A s  the pressure drops across 

the various l a t t i c e  channels are essential ly equal, velocity variation is  a function 

only of average hydraulic diameter deviation, 

Since the effect  on required flow of increased bulk coolant temp- . erature r i s e  hot channel factors is  insignificant in comparison with the effect.  of in- 

creased film gradient only the l a t t e r  w U l  be derived here. 
0.4 



:Between two fuel elements: 

Between fuel  element and control rod basket 

It is therefore cona5.dered conservative t o  base the l a t t i ce  f l o w  

on an average velocity 5% greater than the largest internal . f i e1  element velocityo 

1.6,3 Heat release distribution 

The direct fission energy has the f olloubg distribution (Proceed- 

ings of the Symposium on the ' .~hysics  of Fission HeLd a t  Chalk River, Ontario, M a y  l4-18, 
4. 

1956, Session C, C R P - ~ ~ ~ - A  ( ~ u l y  1956)* 



Source 

Energy 1956 

K of Fission Fragments 167.1 2 2 Mev 

KE of Fast ~du t rons  5 2 0.5 Mev 

Prompt G-a Rays. 7+12 Mev 

Fission Product Gamrna Rays 7.5 Mev ) + 

: - 2 Mev 
Beta Decay Energy 5.5 , 

Tptals 192.1. + .9.5 - 4.5 Mev 

It may be expected t ha t  most of the energy of the f a s t  neutrons (5 Mev f issions) is  

released in the water moderator. Also a large fracthon of the prompt gamma rays will 

.i be 'release6 in the fue l  element side plates, end boxes, thermal shiold, etc. In 

I addition, there is  a net energy gain in the n, reactions in materials other than the 

b +' fuel  plates, Calculation fo r  the MTR (An Estimate of the Heat Generation and D i s -  

t r ibution in the MTR, R. A. Gremesey, (DO-16443) indicate that  only 9C$ of the heat 

. generated is released in the fue l  elements. Until de ta i l  heat generation and dis- 

tr ibution are available fo r  a particular design, a heat generation r a t e  of 0.95 times 

the maximum expected shal l  be used as  a basis  for thermal design. 



2.0 THERMAL ANALYSIS 

The thermal ana lys is  of t he  core i s  the  determination of the  core flow 

requirements, based upon t h e  thermal design c r i t e r i a  previously discussed. 

2.1 General e iua t ions  and r e su l t s  

The required core flow i s  determined by use of t h e  following 

equations : 

. , 

where t 

- ( )  - h u m  surface temperature of f u e l  p l a t e  a t  z OF 

T ~ N  = i n l e t  temperature of coolant f l u i d  . OF 

(4 7,) - - temperature r i s e  of bulk coolant f l u i d  from i n l e t  t o  Z @F 

(A 8jr :, temperature gradient across  f i h  a t  z @F 

Favg = bulk coolant temperature r i s e  hot channel f a c t o r  

- f i lm  temperature gradient hot channel f ac to r  
FIQC - 
F, , = nuclear uncertainty f a h t o r  

ind iv idua l  nuclear f ac to r s  f o r  t he  various elements, which 
represent the  r a t i o  of t h e  heat f l u x  of t he  hot tes t  p l a t e  
i n  t he  element t o  the  average core flux, and t h e  r a t i o  of t h e  
heat f l u x  of t h e  ho t t e s t  spot on the  ho t t e s t  p l a t e  t o  t h e  
average core f lux,  respectively. ' 

b = heat t r ans fe r  area per  flow channel, f t 2  - average core heat f lux,  Btu/ft2-hr 



w = flow per channel, lb/hr 
5 

Cp = speci f ic  heat of the  bulk coolant f l u i d  evaluated a t  the  mean coolant 

temperature %u/# OF., 

Y 

h = f i lm heat t ransfer  coefficient,  EItu/ft2-hr-OF. 

L = act ive length of f u e l  .element, f t .  

2 = distance alcng the  act ive meat length of element, measured from in le t , f t .  

- Ordinate of the a x i a l  power d is t r ibnt ion  normalized t o  an average of unity. . 
P 

(4) b = 2 (act ive meat width)x(active meat length) of one f u e l  plate. 

P = t o t a l  core heat output, M ~ J  
2 

A 1 t o t a l  heat t ransfer  area, f t  

'inst = f ac to r  f o r  instrument tolerance 

( 6 )  h = .021 'K 
where g 

0 
\ 

k = thermal conductivity of coolant, ~ t u / f t  h r  F 

3,- equivalent diameter of one .flow channel, i.e., one water gap, it. 

3 0 = density of bulk coolant, #/ft 

V :  coolant veloci ty through plates,  ft/hr 

A = viscosi ty of bulk coolant, # / f t h r  

: speci f ic  heat of bulk coolant f lu id ,  ~tu/#-Op 

(7)) 4 (flow area) * 
C' wetted perimeter 

Ebaluating the above equations f o r  various values of "ZU, t he  mardnnrm 

+ surface temperature f o r  each element o r  group of similar elements f o r  a range of 



. assumed flow ra t e s  may be .determined. The r e s u l t s  a re  then p la t ted  f g r  each 

element a s  "Ts-. vs. G.P.M." (see. f i g .  2,2)o 

Knowing the saturation temperature corresponding t o  system pressure, and 

the  instrumentation tolerances on pressure and i n l e t  temperature, a maximum 

allowable surface temperature can be determined, The required flow f o r  each 

element can then be determined by use s f  the previously mentioned plots. 

Lat t ice  flow f s calculated on the basis  outlined i n  Item 1,4, Thennal Design 

Cri ter ia .  

The required flow thus calculated const i tutes  minhmm core flow only, It is 

conserv&tive i n  tha t  the analysis assumes a l l  worst possible fac tors  and tole* 

ances t o  occur simultaneously. 

S b c e  the calculated required flow was determined on the basis  of a fully 

t a i l o r e d  core, i ,e.  -equal maximum surface temperatures i n  all elements, it woad  

be necessary to i n s t a l l ,  &thin the reactor  vessel, a sui table e r i f i c a  plate,  

designed t o  achieve the  required veloci ty distribution. The proper s i z e  of the 

o r i f i c e  holes fo r  sa id  p la te  would have t o  be determined experimentally on a 

flow r ig ,  using simulated components p r io r  t o  the completion of core and vessel  

fabrication. 

1t should be noted t h a t  s ince it is  not possible t o  o r i f i ce  control  rod 

elements externally, and since the  elements must be interchangeable, t he  flaw 

f o r  each control  rod must be equal t o  the f l o w  required by t h e  hot tes t  one, 

i n  this case the  center element. . 
E)p  the previously described method of analysis,  the f o l l d n g  re su l t s  

were arr ived a t  a s  t h e  t a i lo red  flaw requirements f o r  the  Skid-mounted core: 



Id& Temperature 

Outlet Temperature 519.5 F 

 ax. plate surf ace temperature 610 F 

Enimum flow requirement of core 2445 gPa 

The corresponding required velocity schedule fo r  orificing the core i s  

given i n  Table 2.1 as v ~ V  avg. where V avg i s  the average core velocity. 

A s  may be noticed from the velocity schedule, the  variation o f .  stationary 

fuel  element flow requirements i s  very small. I n  f ac t  the additional.flow 

required i n  order t o  establish the flow through each stationary element equal 

to  that through element 34, the  hottest stationary element, i s  only 60 g p .  - 
Since the advantage 3f tailx-ing i s  so minute fo r  this core, it has been decided 

t o  use uniform flow. 

6 Table 2.1 

Velocity Schedule 

Element No. Q/V' avp core 

22 1.0105 

Lattice 1.0650 

that  i s  t o  allow equal flow for  a l l  stationary elements. It may be noticed, 

however that  some orif icing i s  still necessary te compensate f o r  plenum chamber 

effects and for  the difference between pressure drop through a control rod and 
- 

that  through a stationary element. On the  above basis, the following d e d p  



conditions were establishear 

Flow per f b e d  element 

Flgw per control md element 

Lattice flow 

Total cope flew 

In l e t  temperature 

Outlet temperature 

?hxWm surface temperature 

2,2 Calculations 

2,2.1 ~ene&l constants and dimensions 

F'ull Thexmal Power 

System Pressme 

In l e t  t emperatape 

S ta t iona~g  fue l  element n o d n a l  dimensions 

Meat thickness 

' b a t  width 

Meat height 

Channel width 

Channel depth 

No, of 'p la tes  per element 

No. of plates per core, 

18 x 32 elements 

Control rod fue l  element nominal dimensions 

0,020 in. 

2.500 b e  

22 in. 

2,733 in. 

0.133 in. 

18 

Meat thickness 

. Meat width 

0.020 in. 

2.281 in. 



Meat height 

Channel width 

Channel depth 

No. of plates per element 

No. of plates per core, 

16 x 5 elements .- 

2 1  in. , 

2.513 in.' 

0.133 

16 

80 

, 2.2.2 Heat transfer area 

Heat transfer area per plates 

b 2 (meat length) (meat width) 
P, 

M.R. 2 l21) (2,281) = 0.6653 f t 6  
nW, 

for a control red. insertion of 9.2Y 

Ib C3, (9.25) = 0.2930 f t 2  

Total heat transfer area 

2.2-3 Average haat f l u x  

Assuming that  95% of the t o t a l  core paver i s  generated i n  the  

fue l  plates, and applying the  instrumentation tolerance on power: 

2.2.4 Bulk doolant temperature rise 

(AT),= Ld3 F3 



The integral represehts the area under the curve of the axial normal- 

.ized power d i s t~ ibut ion  plotted versus Z L . / - 
The radial factors,&llT,  and , have been calculated by the 

nuclear group' and are a s  follows (element numbers refer tr, Fig. 2.1) t 
\ 

Element Noo 

44 

24 



FIGURE 2.1 

CORE FUEL ELEMENT ARRANGEMENT AND NUMBERING SYSTEM FOR 

SKID-MOUNTED REACTOR 

I I - STATIONARY ELEMENT CONTROL ROD - I I 



2.2.5 Heat t ransf er coefficient 

I 

3 where t 

% = o.o2ucr, f t  

2,2.6 Water f i b  temperature gradient 

where 



2.2.7 Maximum m f a c e  temperatures 

The above equations f o r  (d T ) ~  and ( A  9 )Z were evaluated f o r  

1/2" - increments along the length of the  core f o r  various elements and flow rates. 

It was thus established that  t h e  hot spot always occurs axially, f o r  the range 

of flows considered, a t  a position approximately 7.511 from the i n l e t  t o  the 

ac t ive  core. The values of (T~)-> a s  evaluated a t  t h i s  posi t isn f o r  the 

various elements and a flow range from 30 - 100 gpm, a re  p lo t ted  i n  Figure 2 -2. 

.2,2.8 Flow requirements 

@ applying t o  the saturat ion temperature a t  1750 p s i  tolerances 

f o r  instrumentation on system pressure and i n l e t  temperature, a maximum allewable 

surface temperature of 610F was determined, The required flew f o r  the  various 

elements, corresponding t o  this temperature a r e  l i s t e d  in Table 2.2. The 
. . 

cor~esponding l a t t i c e  flow i s  calculated a s  follows: 

Lat t ice  flow = 
Max. F.E. flow x l a t t i c e  area  x 1.05 

. . F.E. area 

Lat t ice  f l m  = 58.5 gpm X 0.2465 ft2 x 1-05 
0.0429 f t  

= 352.9 gPm 

\ . Table 2.2 

Total Required F lew 

Flow per 
Element No. of Similar 
GPM Elements 





16 - 
X I - 
Total In t e rna l  Flew ~8%- 

La t t i ce  flm ZL!L 
Total  Required Core Elm 2444.5 

The summation of t he  various element flows and the l a t t i c e  flm composes 

the  minimum required core flaw. 

F Q ~  uniform flaw the  t o t a l  flow requirement i s  composed of the f o l l m i n g r  

Control R o d s  

56,O gpm/element x, 5 cont ro l  rods - - 280 gpm 

Stat ionary elements 

58.5 gpq/element x 32 elements - - 1872 gpm 

Lat t ice  

352.9 g ~ m  o r  353 gPm 

Tetal  core f l ora  2505 a= 

For 'uniform f lw through the  s ta t ionary  elements the  minimum core flaw 

requirements is therefore  2505 gpm. 

2,3 Canclusions . 

The thermal ana lys is  has determined the  required flow f e r  t h e  core t e  

be 2445 gpm f o r  the  case of t a i l o red  flow, and 2505 gpm f o r  a uniform flaw core. 

s i n c e  t a i l o r i n g  the  flow i n  t h e  core would r e su l t  i n  a savings of only 60 gp, 

t a i l o r i n g  is  of l i t t l e  advantage f o r  t h i s  pa r t i cu l a r  core and it therefore  

has been decided t o  use uniform flow. This w i l l  s t i l l  necess i ta te  a small 

amount of e r i f i c i n g  t o  compensate f o r  plenum e f f e c t s  and f o r  t h e  l a r g e r  

pressure drop which occurs through the  control  rod elanents. 



This sect ion cons is t s  of t he  calculat ion of the  max imum r a t i o  of operating 

t o  burnout heat flux. This r a t i o  i s  of i n t e r e s t  in-so-far a s  it a f f e c t s  t h e  

core operation during an accident, 

3*1 Operating heat flux 

The &urn operating heat f l u x  i n  t he  ho t t e s t  control  rod i s  determined 

where 
2 

max ' =. maxhm control  rod operating heat flux,Btu/ft -hr 
0 

. q L 

AV.9 average ,core heat f lux,  E3tu/ft -hr 

maximum r a d i a l  control  rod power d i s t r i bu t ion  f a c t o r  
f* 

maximum ordinate of t h e  normdlized &al power dis- 

For t h e  skid-mounted core: 

y a  U$ Z 47.067 Btu/f t-hr 

Correspondingly, t he  masdmum operating heat flux i n  t he  ho t t e s t  stationazy 

channel is: 



3.2 Burnout heat flux ' 

The burnout heat f l u x  i s  calculated, using the Jens and Lottes 

equation (lief. ~ ~ ~ 4 6 2 7 ) ~  a s  follows: 

where : 
2 ( ~ 1 ~  = burnout flux, mu/f t - h r  

Z 

6 mass flow, lb/hr - f t  

t sw= saturated temperature. corresponding t 'o flow conditions, ?l? 

0 t b : water temperature a t  t h e  posi t ion of burnout, F. 

chr = constants, function of t o t a l  pressure (p. 52, .A.NL-4627) 
. . 

FOP t h e  ho t t e s t  control  rod: 



For the  ho t t e s t  s ta t ionary  element : 
2 

6 z 5291453 lb/hr - f t 

303 Flux r a t i o s  

The r a t i o  of operating t o  burnout heat flux, f o r  t he  ho t t e s t  control  

rod is:. 

- ,115,434 = O.lI.38 

The corresponding r a t i o  f o r  t h e  hot tes t  s ta t ionary  elements, those in the  

outer  ring, is: 

, lJ&891 = 0.1151 

3.4 Application of ho t  channel..factors 

The hot channel f a c t o r s  which a re  concerned with uranium content and 

meat thickness, and therefore a f f e c t  the maximum possible operat* f l u ,  a r e  t h e  

uranium content deviat ion f a c t o r  and the  meat length deviation factor.  locally 

these f ac to r s  a r e  1.0250 and 1.0357, respectively. I f  these  fac tors  are applied 

t o  t he  f l u x  ra t ios ,  t h e  r e s u l t s  are: 



4,O INTEBNAL PLATE TEMPERATURES 

The maximum i n t e r n a l  p l a t e  temperature i s  calculated and i s  of i n t e r e s t  

f o r  determination of t h e  thermal s t ressks  i n  the elements. 

4.1 Method of ca. lculat ion 

:& m ear . Considering t h e  heat; 
generation r a t e  within the  
meat t o  be uniform: 

- T o "  

d \ jTr - - 4 )  , %&A@) 

, , . t& r.e %e&L 4K- 
0 7z . ~ O A  - - maximum i n t e r n a l  temperature, F 

TO ~ W I  a x  0' = . maximum surface temperature, F 

f K - ~ ~ ) m c r  - - maximumtemperature difference across  t he  

- - maxhum temperature difference between t h e  center  
of t he  meat and t h e  m e a t  - clad interface,  bF 

2 - - maximum' core heat f lux,  BLu/ft hr 
,a- x - - thickness of the  clad, f t  

Y .= thickness of t he  . a meat, f t  

KL = thermal conductivity of the  clad, %u/ft-hr b 



0 t- = thermal conductivity of the meat, ~ t u / f t - h r  F 

The maximum core heat f l u x  can be determined a s  follows: 

CP 
I - a b w .  = 

4.2 Numerical calculation 

FOP the Skid-Mounted APPfl Core: 
2 %,$= U , 0 6 7 ~ t u / f t  h r  , 

- (4y9067) x (1.490) x (1.646) 4 p - A X -  

- 115,434 Btu/ft2 hr cp,&* - 
= 0.005 inches 

y 2 0,020 inches 

Theref ore s 

4.3 Application of hot channel factors 

I f  the hot channel fac tors  concerned with uranium content and meat 

thickness (See Article 3.4) a re  applied t o  these values the  resul ts  a re  



Tc'~,, = 617.09 4.60 5.30 626.99'~ 

4.4 CompaPison with AFTR-1 

Since the primary system pressure of the  APHZ-1 i s  1200 ps ia  in com- 

parison with the system pressure of the  Skid-Mounted core (1750 psia)  the  

surface temperatures, and therefore the absolute values of the  majdmum i n t e r n a l  
/ 

temperatures, a re  not comparable. However, t h e  magnitude of the thermal 

s t r e s ses  i s  mainly dependent upon the temperature differences across the clad 

and across the  meat, rather  than the  absolute temperatures, 

Calculations completed f o r  the APHI-1 (See ~ e f . 9 )  showed t h e  temp- 
, 

erature difference aczross the clad, and the temperature difference f r o m  the  clad- 

meat in ter face  t o  the center of the meat each t o  be 9.9OF. Correspnding 

values f o r  the Skid-bunted APPa Core have been shown t o  be 4.$?F and 5.00 F 

respectively. It may be noticed tha t  the  corresponding values f o r  the Skid- 

Mounted Core are smaller than those of the AFFB-1 by a f ac to r  ef appr~ldmately 

two. The calculation f o r  t h e  APR-1 had been based upon equal thermal co* 

duct iv i t ies  i n  the  clad and in the meat, For t h e  Skid-Mounted Core calculations 

the more conservative approach was taken, t h a t  of conside&ng the  thermal cond- 

uc t iv i ty  of the  meat t o  be somewhat smaller than tha t  of the clad. 

Thermal s t r e s ses  a re  caused by temperature differences between points 

i n  t h e  f u e l  element. The s t r e s ses  are proportional t o  the temperature dif- 

f erences and the  temperature differences a r e  approximately proportional t o  heat 

flux, decreasing somewhat with increas'ing coolant velocity. 



5.1 . Use of experimental data 

A program was begm i n  1954 'to t e s t  a s ta in less  s t e e l .  f u e l  element, 

of the  type used i n  the APm-1, i n  the 5161 mock-up, The element was t o  be 

. tested f o r  mechanical s t a b i l i t y  under combined hydraulic, thermal, and i s  

radiation canditions present i n  t h e  STB. Additional t e s t s  have been performed 

with a different  element i n  the  MR. 

The t ab le  below compares the i r radia t ion conditions i n  the M?R with 

those i n  the AH%-1 (Ref, U ) r  

Table S o l  
MTR AF'PR 

U n i t s  Typ I Type I1 APPB-1 

Average heat flux B t  f t 2  h r  449,000 l&1,000 ' 55,900 
Specific power Kw f Kg 9,000 9,000 5% 
Fuel Concent~ation i n  

Hatr3.x dc=2 1,240 1 1 7  1.31 
Fuel loading gm/a 0.0315 0.0324 0.066 
Fuel loading per plate gpl 10.36 10.67 23,65 
M a x h u ~ ~  Temperature Q 

of f u e l  F - - 566 

A sfmilap comparison i s  made with the S!Et i n  Ref. 11. ' Hawever, a s  

t h i s  information i s  classif ied,  it i s  not reported here. 

5.2 BpeI-imental t e s t  conditions and resul ts  

A six-plate element was tested in  the STR a t  a c k l i n g  water tsm- 

pe ra twe  a d  pressure of 500'~ .and 2050 psia, respectively. St  was removed 

from the  ~ e a c t a r  d t e r  157 full power hours of sat isfactory operation, examined, 

and found t o  be i n  excellent condition. It was then returned t o  the reactor 

an additional 100 hours, the  t o t a l  burnup of U235 estimated t o  be 3%. Further 

information, which i s  classif ied,  may be found i n  references 10 and U. 



Two series of t e s t s  were undertaken'in the MTR. The first was p e r  
. ,  

formed with an 18 plate element, and the  second with mall. capsulated.fue1 plate 

specimens. 

The Emall specimens were of two types. Their basic characteristics 

are l i s t ed  belowr 

~ e s i g n  Life (MW-Yr) 

Clad-core-clad thickness (mils) 5-10-5 6.5-70-6.5 

Core composition (weight%) 

Clad k t e r i a l  

17.93 UO 25.81 UO 
0.19 ~~8 0.35 B (? 

81.88 stainless 73.84 sbairi~ess 

304L stainless s t e e l  

The f'uill sizn plates were of three types. Their basic aharacteristics 

- are as  follows: 

I II U:e  111 

Design l i f e  (MW-PP) 15 22.5 30 

Plates of each type 6 6 6 

Plate Clad-core-clad thickness 9-12-9 lo-10-10 11-8-l.l 

Core mixture composition W) 18.75 22.18 26.89 
6 0.21 0.27 0.39 

Stainless 81-04 77.55 72.75 

Distance between plates U 7  mils 

The plates were inserted i n  the  core fo r  an estimated burn-up of 

2542%. The velocity in the  M'B core i s  approximately-30 fps. The cpec- 

h e n s  were remwed from the core and examined. No gross damage occurred and 

there was no evidence of defects. 



5.3 Comparison with r Bdd-maunted core conditions 

It may'be noticed t h a t  t he  average heat f l u x  i n  t he  HTFL was 

g r e a t e r t h a n t h a t ' o f  the APPR-lbyafactorof8.25. S i n c e t h e a v e r a g e  
2 

heat f l u x  i n  t h e  Skid-Mounted Core i s  only 479067 &u/ft "hF, tha t  of the  

~~ i s  grea te r  by a f ac to r  of 9.79. It is therefore evident t h a t  t h e  Skid- 

Mounted Core 'has an even l a rge r  sa fe ty  f ac to r  than the  APPR-1 (which has been 

operating s a t i s f a c t o r i l y  f o r  1 4 2  years)o 

I n  AP Memo 43, the  temperature d i s t r i bu t ions  and thermal s t r e s se s  

were calculated f o r  a t o t a l  power of 10 MW and a peak t o  average paver of 4, 
2 

corresponding t o  a maximum heat f l u x  of 224,000 Btu/ft -hr, The marrimum s t r e s s  

calculated was a t e n s i l e  s t r e s s  in the  s ide  p l a t e  near the  outermost f u e l  plate. 

This value numerically was 28,300 psi. This calculat ion was based on exbremely 

conservative assumptions and is  an indicat ion of t h e  upper l i m i t  of possible 

s t resses ,  r a the r  than-an ac tua l  expected value, 

Since the  maximum heat flux i n  the  Skid-Mounted Core is  ll5,000 

2 .  
Btu/ft -hr, t he  corresponding upper s t r e s s  l i m i t  is  : 

x 28,300 p s i  14,530 p s i  
224 

5.4 Conclusions 
I 

On t he  basis  of the  comparison with experimental ' tes t  data  presented, 

t he  comparison with thermal stress calculat ions presented, and t h e  f a c t  t h a t  

t h e  @HZ-1 i s  operating s a t i s f a c t o r i l y  with thermal s t r e s se s  a p p r m b a t e l y  

twice t h e  value of those expected i n  the  Skid-Mourrted Core, it has been con- 

cluded tha t  t h e  thermal s t r e s se s  i n  this core w i l l  be considerably below t h e  

allowable value. It i s  therefore considered not necessary t o  undertake a 

de t a i l ed  ana lys is  of t h e d  s t r e s se s  in t h e  f u e l  plates.  



F 6.0 THE;RMAL STRESS I N  WACTOR VESSEL 

I n  addi t ion t o  hydraulic s t r e s se s  i n  the vessel,  t h e m  s t r e s s e s  occur, 

caused by a temperature gradient across  the vesse l  w a l l .  This  temperature 
2 

gradient i s  caused by t h e  heat generation of gammas absorbed o r  experiencing 

co l l i s ions  i n  the vessel. 

6 , l  Method of calculat ions-  

I f  t h e  heat generation r a t e  in t h e  wa l l  is  p lo t t ed  versus distance 

through the  wal l  on semi-log paper, it may be seen t h a t  it closely appp'oximates 

a s t r e g h t  line.' The heat generation r a t e  through the  w a l l  may therefore be 

represented by an exponential of t he  form2 

where 

fo = heat generation r a t e  a t  t h e  inner  surface of the vesse l  w a l l  

X r distance through the wall, measured from the inner  surface 

C( = slope of the curve on semi-log paper 

f~(; heat generation r a t e  a t  x distance from t h e  inner  surface 

6 2.1 ~ e m ~ e r a t u r d  difference e,quation 

I f  t h e  equation of the  heat generation r a t e  i s  subs t i tu ted  in 

. the  general heat kransf e r  equation t 

in tegra t ion  r e s u l t s  i n  the  following equation: 



and X = W , % , O  (s ince the  vesse l  wall .  i s  insu la ted  a t  

A 
i ts  outer surface),  

the  constants may be evaluated: 

&=- 
The f i n a l  equation f o r  the difference between the  temperature a t  some 

dis tance x through the w a l l  (T), and the  temperature a t  t h e  inne r  surface of 

t h e  wal l '  ( T ~ )  i s  given by: 

(7 T') = 86 
XU L (/- e - - x ' ue  

I 

where : 

h f :  thermal conductivity of the  ves se l  w a l l  

W : thickness of t he  ves se l  w a l l  

A t  x = w the  equation reduces to: 

6,1.2 Thermal s t r e s s  equation 

I f  Ti i s  considered a s  a base temperat'me o r  an init ial  
\ 

ua;if&m temperature, then t h e  increase above Ti, (T - ~i) m a y  b represented by 
' 

Assuming t h e  temperature distri buti'on t o  be symmetrical with respect  t e  

the  a x i s  of t he  cylinder and constant along this axis, a t  a cross sect ion d i s t an t  



? 

from t h e  ends of the cylinder the  tangential  s t r e s s  a t  some radius (r) may be 

t represented by ( ~ e f .  21) : 
6 y t + a L  dt = ~ j f . l L t d r + - . ~ ~ ~  -7- d t r d r -  

where 2 

dt z tangential  s t r e s s a t  radius (r) 

F = Young t s modulus 

/Cc = Poisson's r a t i o  
, '  

Q z +er radius of the  vesse l  

:b s outer radius of the vessel  

*. . o( : coeff icient  of l i nea r  expansion 

to  = increase i n  temperature above t h e  un i foA i n i t i a l  temperature 

,*. 
' Since x = F - a ,  

the  increase i n  'temperature above T i  may a l s o  be represented by: 

Subst i tut ing the above expression f o r  (t) in the equation f o r  determining 

the  tangential  s t r e s s  (dt ), and integrat ing r e s u l t s  i n  the  f c l l a r i n g  

c expression f a r  dt ' 

2 cc-v 



Since the '  therrqal s t r e s s  i n  t he  vesse l  goes from a compressive s t r e s s  

a t  the  inner  surface t o  a t e n s i l e  s t r e s s  a t  t h e  outer  surface, t h e  maximum 

s t r e s s  must be a t  one of these surfaces,  . Evaluating the  abwe equations a t  

P = a and P =. b yields: 

and 

It i s  obvious t h a t  f o r  reasonable values of !'.u1I .and nwn the maxhum thermal 

s t r e s s  w i l l  occur a t  t h e  inner  radius ( r r  a) of the vessel. 

A s imilar  ecplation could be derived f o r  calculat ing t h e  r ad i a l  s tmss .  

Hmever, a s  the  tangent ia l  s t r e s s  w i l l  always be l a r g e r  than the' r a d i a l  s t ress ,  

f u r t h e r  derivations a re  not necessary. 

I n  "Thermal Stresses  i n  Reactor Vesselsn (Ref. 22) s e t s  e f  p m e s  are 

presented (based on IBM 704 calculations,  f o r  determining thermal s t r e s se s  i n  

vesse ls  with various parameters and conditions. The curves presented represent 

4 cases: 



(1) Equal wall temperatures a t  inside and outside surfaces. 

(2) Inside wall insulated 

(3) Outside wall insulated 

(4) Equal bulk coolant temperatures i n  inside and outside channels 

Ut i l iza t ion  of case (3) f o r  determining s t resses  i n  the  vessel  has been 

found t o  be accurate within 3% of the  values determined by use of tpe  derived 

equations. It i s  i n  general more conservative than the  derived equations. 

6.2 Thermal Stress  i n  APHI-1 

For purpose of comparison of calculated values with ac tua l  values, 

the calculated and.experimenta1 temperature differences and t h e m 1  s t r e s ses  of . 
the  APRI-1 will be presented here. 

6.2.2 Calculated ' and measured temperature difference 

A s  indicated on page 195, Ref. 23, the measured temperature -&ff erence 

between the  bulk coolant temperature and the  outside vesse l  w a l l  temperature in 

the APHZ-1, aperating a t  10 was 12.6'~. 

The temperature difference across the  vessel  w a l l  (T,-T~) i s  given*: 

and the temperature gradient across the f'ilm (4 - T,) i s  represented b y 8  

er igtegrat ing and simplifging, 



where: b. = heat transfer coefficient 

FOP the  APFR-1 parameters: 

T, - Ti = l3.12OF 

T~ - T, = 6.09 OF 

or the t o t a l  temperature difference as  calculated i s  19.2 OF, as  compared with 

o 
the measured value, 1.2~6 F, 

6.2.2 Thexmal stress i n  APPB-1 
I .  

The thermal s t ress  corresponding t o  the measured temperature 
0 

difference (12,6 F) is  1975: psi. The s t ress  corresponding t o  the calculated 

temperature difference' (19.2%). i s  2977 psi. 

A s  may be noticed, the method of calculation yields values nf 

temperature difference and thermal s t ress  considerably higher than those actually 

existing, a s  evidenced by experimental measurements. It is f e l t  that  this w i l l  alse 

be t rue  of values calculated f e r  the Skid-Meunted Core. 

6,3 Calculated temperature difference and thermal etress a t  mid-plane. 

.In designing the  reactor vessel several possibil i t ies were considered 

and investigated with respect t o  t h e d  stresses. Since the SkidJhunted APPB 

I is  a package reactor, it i s  desir ible t@ keep the vessel a s  close t o  the  -re 

a s  possible, although i n  doing so the  thermal s t ress  i s  increased, The various 

designs investigated fn arriving a t  one satisfactory with respect t e  t h e 4  





s t r e s s  a re  ~ n d i c a t e d  i n  ~ a h e  6.1. The r e su l t s  of cases 3. - 7 are represented 

graphically i n  Figure 6.1. 

A s  may be noticed f r o m  the  table,  the thermal s t r e s s  corresponding t o  the 

f i n a l  design (Case 7) i s  4420 psi. The temperature difference across the  w a l l  

Table 6.1 
C 

. Reactor Vessel Thermal Stresses 

Reactor Vessel . . Thermal Shield 
The mal 
Stress  

Case Inside Inside 
No. Dia. Thickness Material Dia, Thickness Mater ia l .  p s i  

None 

None 

3 28.5" 2" 304-SS 230 5 2 " 304-SS , 209000 

4 30.5" 2" 3 0 W S  23.5" 3" 3 0 4 4 s  12,200 
Berated 

5 30.5tt 2 ff 304-3s 23.5" 3" 3 0 4 4 s  10,670 

6 37.75" 1/8" clad 
#-3/8" 304-SS 33" 1" 30- 8,060 
vessel  

7 37.75" 1/8"clad 
#2-3/8'1 304-SS 23 5" 2* 3044% . 4,420 
vessel  

6.4 Calculated thermal s t ress  i n  the t h e 4  .shield 

Since the '  data presented i n  Ref. 22. has been found t o  be accurate 

within 3% of values calculated f r o m  derived equations, t h i s  data was uaed for ,  

calculating the s t r e s s  i n  the thermal shield. For this purpsae Case 4, equal 

bulk coslant temperature inside and outside the  channel was u t i l ized ,  



The ' s t ress  was calculated t o  be 40,300 psi.  Since the  thermal sh i e ld  is 

not a s t r u c t u r a l  membep, however, t h i s  value i s  not b o  large. 

6.5 Calculated thermal s t r e s s  in  vessel flange 

An ana ly t i ca l  expression f o r  maximum thermal s t r e s s  i s  derived on 

page 11 of WAPD-CE-43 (Ref. 24) and is  here applied t o  the  vesse l  flange of t he  

Skid-Mounted React,or, 

FOP the  case of a pressure vesse l  with the inner  w a l l  surface a t  Z e n  

temperature (above some datum ), the  outer  wallsurface per fec t ly  insulated,  and 

an exponential heat generation r a t e  i n  the wall t h e  maximum thermal s t r e s s  occurs 

a t  the inner  w a l l  surface and i s  given by: 

where 

= s t r e s s  a t c  ins ide  wall  surface 

E= modulus of e l a s t i c i t y  

o( : l i n e a r  coef f ic ien t  of thermal expansion 

p s i  
6 

26.4 x 10  psi  

9.0: volumetric heat generation r a t e  , a t  t h e  i n s ide  w a l l  BTV/(P~)~ (hr) 

A= Poissonfs r a t i o  0.3 
0 4: thermal conductivity 25 m / ( h r )  (fa( F) 

@ ; l i n e a r  absorption coef f ic ien t  5.4408 ft" 

a 3 wall thickness f L  



This equation may be safely used f o r  t h e  vessel  flanges of the  Skid-Mounted 

Reactor .as the conditions res t r ic ing  the  use of the ecpation appro*te those of 

the Skid, Values of the ,heat generation r a t e  a t  t he  inside surface of t h e  w a l l  

of the flange were determined and presented i n  Section 5.2 of the Shielding 

Design Analysis. The flange wall-thickness i s  a lso  variable and i n  this case 

insert ion .of the maximum value of the thickness i n  the equation with the 

i corresponding heat generation r a t e  y ie lds  the maximum thermal s t ress ;  t ha t  is  

. when a ; 0.63333 f e e t  and q . 0  = . 1.79 x lo4 B'I'u/(ft3) (hr-1- Then. @,a = 

The allowable thermal s t r e s s  i n  the  flange i s  8750 psi. T h i s  exceeds the  

calculated value of the maximum t h e 4  s t ress ,  4860 psi,  by 809 which is a suff- 

i c i e n t  margin of safety. 

6.6 Ca lcu la t~d  thermal s t r e s s  in in teg ra l  nozzle 

The same analy t ica l  expression f o r  maximum thermal s t r e s s  in a pressure 

vessel which was applied t o  the  vessel flange i n  sect ien 6.4 i s  used here t o  

determine the maximum thermal s t r e s s  in the  vessel  out le t  nozzle. 

,'The nozzle i s  so  designed t h a t  it is considered an in teg ra l  pr t  of 

the vessel  and i ts  allowable thermal s t r e s s  i s  tha t  of the vessel. . The volment ric 

heat generation r a t e  i n  t h e  inside vessel  w a l l  surface a t  the nozzle i s  2.577 x 

3 lo4 O4U (h r )  ( f t  1 a s  determined i n  Section 5.2 @f the Shielding Desiep Analysis. 



The gamma attenuation path-length through the  nozzle i s  0.75 fee t .  The 

l i n e a r  absorption coeff icient  i s  8.644 (feet)-'. Then o, 3 (8.644) 

(0.758) = 6.483 a d  the  maximum thermal s t r e s s  is$ 

This s t r e s s  i s  l e s s  than the allowable by a fac tor  of (8750/3500) 

, or  2.5Q0 Since the ou t l e t  nozzle is  c leser  t o  the ,  cere than the  i n l e t  nozzle 

(which i s  a l so  in t eg ra l  by design) the i n l e t  nozzle w i l l  undergo l e s s  thermal 

s t r e s s  and a calculation i s  not necessary. 

6.7 Conclusions 

A s  was indicated i n  Section 6.3, t h e  the- s t r e s s  i n  t h e  vesse l  was 

calculated t o  be 4,420 psi. Since t h e  allowable thermal s t r e s s  i n  the vessel  is  

8750 ps i ,  the vesse l  and thermal sh ie ld  designs are sat isfactory,  in this mspect. 

A s  was pointed out i n  Section 6.2, the  calculated s t r e s s  value is  considered 

qui te  eonsemative, 

The thermal s t resses  i n  the  flange and in tegra l  nozzle are  safe by 

fact.ors of 1,80 and 2.50 respectively. 

"I0 CORE PRESSURE DROP 

The f oqowing calculations have been made f o r  the pressure drop across 

the ac t ive  core only,' and do not include the  i n l e t  and out le t  plenum chambers. 

A l l  other pressure drops have been established a s  a separate calculatien. 



7.1 Cornparisen of c a l c u l a t d  and experimental data 

Pressure drops through the stationary f u e l  elements were calculated 

by use of the  IF@! 650 D i g i t a l  Computer (Ref. 19). Verif icat ion of the  accuracy 

of t h i s  program i s  i l l u s t r a t e d  i n  Fig. 7.1, where both computed pressure dmps 

and experimental pressure drops f o r  a i r  flow through a f ixed f u e l  element a r e  

plot ted vs. flow, It may be noticed tha t  t h e  slopes of both curves a r e  ident ica l  

and tha t  the  calculated data i s  conservative i n  comparison with the  experimental 

data, Since the method ~f calculation of pressure drop is  the  same f o r  a l l  f lu ids ,  

the values calculated by t h e  computer program f o r  water flaw a re  equally val3.d. 

7.2 Calculation of pressure drops 

Although good re su l t s  were achieved i n  calculating the s tat ionary 

f u e l  element pressure drops by use of the  computer, it was not feas ib le  t o  pe- 

form similar calculations f o r  t h e  control rod elements, because of t h e  more csn+ 

plex geometry. 

A s  experimerital data f o r  a i r  flew through t h e  control mds  was available, 
I) 

the  following method of analysis  was u t i l ized .  Several cases f o r  air f l ~ w  through 

fixed f u e l  elements were calculated on the  ccanputer and plot ted versus Rqno ld t s  

number. The experimental data f o r  a i r  flow threugh the control rods was p lo t t ed  

on t h e  same graph (Fig, 7.2). Assuming t h a t  the r a t i o  of con t r s l  rod pressure 

drop t o  f ixsd  element pressure drop f o r  a par t icu lar  Reynolds number is  constant 

f o r  e i t h e r  air or  water flew, the control red pressure drep f o r  water flew was 

determined by plot t ing the  f ixed element pressure drop f e r  water flaw versus 

Reynolds number and applying t h e  r a t i o  f o r  t h a t  Reynolds number, a s  detezmirmd 

from F'igure 7.2. This assumption was based upon the  f ac t  t h a t  f r i c t i o n  f a c t o r  



f o r  a pa r t i cu la r  Reynoldcs number is  independent of the f l u i d  under con- 

s iderat  ion. 

The p lo t s  f o r  water flow are  shown in Figure 7.3. ' From t h e  plot  of 

control  rod pressure drop versus Reynoldfs number f o r  water f lw it was possible 

t o  determine the values needed f o r  p lo t t ing  Figure 7.4, nContml Red Pressure 

Drop vs. Flow Per Element. 

7.3 Results and conclusions 

The pressure drop through a control rod element is ple t ted  versus 

, coolant f l a w  in gpm i n  Figure 7.4. For t h e  coolant flaw required through 

the  control  rod elements i n  the Skid-Mounted APPfl core, a s  established i n  
r l  I 

Section 2.0, t he  drop i s  2.12 f t  %0. This i s  a lso  t h e  t o t a l  prsssurer 

drop across the  core, a s  t h e  csntm1,rod  i s  the  governing element with respect 

t o  pressure dmp. 

It may be noticed tha t  these values are f o r  the unmodified cantrol  

rods. It is expected t h a t  t h e  control  rods t o  be used i n  the Skid-Momted.APFR 

w i l l  have a s l i g h t l y  smaller pressure drop. Hewever, a s  the  modifications were 

not canpleted a t  the  time t h i s  analysis  was undertaken, and a s  t h e ' e ~ ~ r i r n t m t a l  

data was f o r   ax-^ unmodified element, Figure 7.4 gives a conservative estimate of 

the desired values. It has been estimated tha t  t h e  corresponding values f e r  

the modified.elements w i l l  be 10-15% lower. 

The pressure b o p  through t h e  f ixed elements is plot ted i n  Ffgure 7.5 
I 

versus coolant flew i n  gpm, It may be noticed from t h i s  plot t h a t  t he  press- 

drop through a f ixed element is  considerably l e s s  than tha t  through t h e  rods, 

It w i l l  be necessary t o  o r i f i ce  these elements in o d e r  t s  equalize all pressure 













drops, Since the pressure drop through t h e  f ixed  elements i s  0.86 f t  a t  t he  

flaw required f o r  the Skid-Mounted core, t h e  o r i f i c ing  required w i l l  be approx- 

imately 1,26 f t  H 0. 
2 

8.0 FUEL PLATE DEF2;ECTIONS 

Since t h e  i n t e r n a l  core flow and the l a t t i c e  flow through the  core a r e  i n  

para l le l ,  the  ove ra l l  pressure drop through each flow passage must be equal, 

However, since the geometqy of the passages i s  not t he  same f o r  both types of 

flow paths, and s ince the amount of o r i f i c ing  varies1 between flow p t h s ,  the  

breakdown of the overa l l  pressure drop  ally is  not a l i k e  f o r  a l l  passages. 

'This leads  t o  pressure d i f f e r e n t i a l s  across the outer  f u e l  plates ,  causing def- 

l ec t ion  of t h e  p la tes ,  I f  this deflect ion becomes gi.eater than t h e  allowable 

tolerance, burnout may resul t .  

8.1 Calculation of pressure d i f f e r e n t i a l  

It has been ~ e v i a u s l y  s t a t e d  (section 2.0) t h a t  t h e  Skid-M3unted 

APFR w i l l  be a uniform flow c&, However, a s  t he  worst possible conditions 

have been considered f o r  both uniform and t a i l o red  flew, ' the r e s u l t s  of 'both 

cases w i l l  be included. 

The overa l l  core pressure drop has been shown t o  be 2.12 f t  H20. 

From Figure 7.5 it may be noticed t h a t  t h e  pressure drop through a fixed element 

with a flow of 58.5 g p  i s  0.86 f t  H20, and t h a t  the corresponding value f o r  a 

flow sf 51.8 gpn ( the  minimum required element flow f o r  a ta i lored .core}  i s  . 

0.694 f t  H 0. The corresponding required pressure drops across  t h e  o r i f i c e  
2 

holes a r e  1.26 f t  and 1.426 f t  respectively. 

!Che various lo s ses  through t h e  elements, which make up the  overa l l  
1; 

pressure drop across  the  core, a r e  l i s t e d  i n .  Table 8.1. The notation r e f e r s  

t o  Figure 8.1. 



Table 8.1 

' Head. Loss Through Stationaqy Elements 

Position ' Type of Loss F t  H20 

51.8 gFrm 58.5 g ~ r m  

hi sudden contraction 0787 .0989 

h2 enlargement 00093 . O l l 7  

h3 sudden contraction .0139 , ,00175 

h4 ' f r i c t i o n  los s  03054 .3720 

h5 sudden enlargement . .0084 .01& 

h6 f r i c t i o n  los s  0039 0 0048 

9 * sudden enlargement' - - 
o r i f i c e  l o s s  1 7004 1 6045 

.The flcw ra t e  throughout the  l a t t i c e  passages is  essent ia l ly  equal. The 

breakdown of the pressure losses d a l l y  is  i l l u s t r a t e d  i n  Table 8.2. The 

notat ion again r e fe r s  t o  Figure -$,lo 

* Since i n  t h e  calculat ion '  of pressure drop across the  elements, t he  model 

did- not include an o r i f i c e  plated the  calculations included a los s  due t o  

sudden enlargement a t  th.e outlet.  For actual  conditions t h i s  lo s s  w i l l  be a 

pa r t  of the  o r i f i c e  pressure drop. 



FIG. 8.1. 

LOCATION OF HEAD LOSSES 

THROUGH CORE 



Table 8.2 

Head Loss Through b t t i c e  

Position Type of Loss fi.H 0 2 

sudden contraction 

abrupt change of shape 

5 gradual cantraction 0.0159 

H4 f r i c t i o n  los s  0.4750 

H gradual enlargement ( n i t  needed) 
5 

H6 abrupt c a t r a c t i o n  n 

or i f i ce  l o s s  n 

- The data i n  Table 8.1 and Table 8.2 i s  represented graphically in 

Figure 8.2. A s  may be noticed from t h e  plot ,  the nmdmum pressure d i f f e ren t i a l  
e% . 

f o r  a uniform flow core is  0.01 psi,  The maximum dif ferent ia l  f o r  the  core with 

t a i lo red  flaw would have been 0.04 psi. 

An invest igat ion was conducted a t  OR& t o  determine the ef fec t  of 

pressure d i f f e ren t i a l  on the outer p la tes  of an APPR-type fuel element. The 

f u e l  elements were pressurized with air, and the deflection of the outer p la tes  

measured. ( ~ e f .  20). , 

From t he  experimental data it becomes evident tha t  a d i f f e ren t i a l  

pressure exceeding 3 psi, would r e su l t  , i n  a deflect ion of the p la te  which would 

i 

A. cause t h e  adjacent spacings between f u e l  elements t o  be beyond tolerance limits 

(see Ref. 20). 



8.3 Conclusions 
. . 

A s  was s h w  in sec t ion .  8.1, the maldmum expected pressure d i f f e r e n t i a l  

across  t he  outer fue l . p l a t e s  i s  0.01 psi. Since the pressure d i f f e r e n t i a l  re- 

quired t o  def lec t  t he  p la tes  beyond the  allowable tolerance l i m i t  i s  3 psi, it 

i s  apparent t h a t  fu r the r  invest igat ion of t h i s  probldm i s  not necessary. 
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