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ABSTRACT

Data obtained during the perform ance testin g  of the PM -1 plant w as 
com piled and evaluated. The plant pow ers an Air D efense Command 
radar station  located  at Sundance, W yoming, and is  required to supply 
ex trem ely  high quality e le c tr ic a l power (minimum  of frequency and 
voltage fluctuations) even during sev er e  load tran sien ts.

The data obtained was com piled into the follow ing format;

(1

(2

(3

(4

(5

(6

(7

(8

(9

Operating Requirem ents 

Startup R equirem ents 

Plant as an Energy Source 

Plant Radiation L ev e ls  and Health P h y sics  

Plant Instrum entation and Control 

R eactor C h aracteristics  

P rim ary  System  C h aracteristics  

Secondary System  C h aracteristics  

M alfunction R eports.

It w as concluded from  the data that the plant perform ance in general 
m eets  or exceed s specifica tion . Transient and stea d y -sta te  e le c tr ic a l  
fluctuations are w ell w ithin sp ecified  lim ita tio n s . Heat balance data 
for both the prim ary and secondary system  agree reasonably w ell with 
d esign  pred iction s. Radiation le v e ls  are below those anticipated.
Coolant activ ity  in the prim ary sy stem  is  approxim ately at anticipated  
le v e ls ;  secondary system  coolant activ ity  is  neglig ib le.

The core  life  was re -e stim a ted  based on as -built core c h a r a c te r is t ic s . 
A life tim e  of 16. 6 M w-yr is  predicted .
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INTRODUCTION

The PM -1 plant is  a prepackaged air -transportable nuclear power 
plant, having an output of one megawatt (e) and seven  m illion  B tu /hr of 
heat. The plant e le c tr ic a l output is  u tilized  by an Air D efense C om 
mand Radar Station located  near Sundance, Wyoming. E xtrem ely  high 
quality e lec tr ica l power is  required, even under sev ere  transient con
ditions.

Data obtained during the perform ance testing  of the plant was com 
piled and evaluated. This data is  presented in the follow ing format:

(1

(2

(3

(4

(5

(6

(7

(8

(9

Operating R equirem ents  

Startup R equirem ents 

Plant as an Energy Source 

Plant Radiation L ev e ls  and Health P h ysics  

Plant Instrum entation and Control 

R eactor C h aracteristics  

P rim ary  System  C h aracteristics  

Secondary System  C h aracteristics  

M alfunction Reports.





I. OPERATING REQUIREMENTS

The PM -1 plant  op e ra t in g  req u irem en ts, based  on actual operating  
exp erien ce, are described  in th is chapter under th ese  headings:

(1) Effort R equired to O perate the Plant

(2) Effort R equired to Maintain the Plant

(3) Spare Part Consumption

(4) O perating Supply Consumption

(5) Liquid R adioactive W astes

(6) Gas F lu id s D ischarged from  the Plant

(7) Plant Liquid B alance

A. EFFORT REQUIRED TO OPERATE THE PLANT

The number of m en on each shift during plant operation w as tabulated; 
a sum m ary is  presented  in Table 1. A s th is  table show s, two to four 
m en w ere u tilized  per sh ift, w ith a th ree-m a n  crew  the m ost com m on. 
The norm al m ilita ry  crew  co n s is ts  of a control room  operator, an equip
ment operator and a shift sup erv isor . The average operating crew  e f 
fort w as 24. 1 m an-hours per shift; for a 3 0 - day month, a total of 2170 
m an-hours would be required.

Although the crew  m em bers each have a sk ill  sp ecia lty , th is  w as  
not a significant item  in the crew  com position .

The organization  of the A ir F o r ce  C rew , im m ed iately  subsequent to 
the tran sfer of the plant, is  shown in F ig . 1. The intention is  to train  the 
operation and m aintenance crew s so that any crew  can perform  either  
effort. T his w ill perm it the A ir F o rce  to handle both plant operation  
and m aintenance efforts with five  th ree-m an  c re w s , each of which is  
trained to perform  both jobs. The crew s are to be rotated as to fu n c
tion on a regular schedule. The five  crew s w ill provide seven -d ay  
week, th ree -sh ift  operating coverage and fiv e -to -se v en -d a y -w ee k , one- 
shift m aintenance coverage. This corresp on d s quite c lo se ly  to the actual 
manpower u tilized  during the plant te s t  program .

B. EFFORT REQUIRED TO MAINTAIN THE PLANT

The number of m en engaged in plant m aintenance during periods of 
plant operation and the type of m aintenance effort conducted are  p r e 
sented in Table 2. The average daily effort w as 26 hours, n early  1 /3  
of which w as in m aintenance su p erv ision  and gen era l plant clean ing and 
upkeep.



T A B L E  1
Summ ary of M anpower U tilized  to O perate Plant

Period Covered  

Number of Men per Shift 

2

3

4

A pril 10, 196 2 to O ctober 2, 1962 

Total Number of Shift 

13 

232

19

TABLE 2
Effort to M aintain Plant 

(M an-Hours)

Date

6 / 1 5 / 6 2

6 / 1 6 / 6 2

6 / 1 7 / 6 2

6 / 1 8 / 6 2

6 /  1 9 / 6 2

6 / 2 0 / 5 2

6 / 2 1 / 6 2

6 / 2 2 / 6 2

7 / 2 3 / 6 2

7/  2 4 / 6 2

7/  2 5 / 6 2

7/ 2 6 / 6 2

7 /  2 8 / 6 2

7 /  2 9 / 6 2

7 /  3 0 / 6 2

7/ 3 1 / 6 2

8 / 1 / 6 2

8 / 2 / 6 2

8 / 3 / 6 2

8 / 4 / 6 2

8 / 6 / 6 2

8/  7 / 6 2

9 / 1 2 / 6 2

9 / 1 3 / 6 2

9 / 1 4 / 6 2

9 / 1 5 / 6 2

9 / 1 6 / 6 2

9 /  1 7 / 6 2

9/ 1 8 / 6 2

9 / 1 9 / 6 2

Total
Hours
T otal
Days
A verage
H ours/
Day

M echanical Instrum ent, E le c tr ic a l

35

30

12

6

18

12

12

12

12

21

14

8

8
8

14

16

237

1. 167 7 . 9

18

0 . 6

Health Physics and 
W ater C hem istry

10

5

5 . 5
7 . 5  

8
4 . 5

11

1 4 . 5

16

16

11

7

4

10

10

4

8
16

14

5 . 5

7 . 5  

9

1 0 . 5

2 4 6 . 5

Supervision 
and G enera l

Cleaning 
and Upkeep

2 2 . 75

4

2 1 . 5

2 7 . 5  

8

1 2 . 5

5
17

16

18 

1 

4 

8
13
20

22

Total

4 0 . 75 

14 

5

46
47

42  

35 

26

3 9 . 5

40

24

43  

8 

8

24

29 

40 

40

24

25 

24 

18

8
30 

22

1 3 . 5

1 5 . 5  

23

2 6 . 5

2 4 4 . 2 5  7 8 0 . 7 5

8 . 2 2 3. 15 2 6 , 0



Applying the average daily effort to a 3 0 - day month y ie ld s  to a total 
of 780 m an-hours per month for m aintenance efforts.

A design objective of the PM -1 plant is  a m axim um  y ea r ly  down tim e  
of 21 days; that is ,  plant availab ility  of 94. 3%. T his corresponds c lo se ly  
to 400 hours of continuous operation without exceed ing 24 hours of down 
tim e , a condition which was ach ieved  during the plant te st  program .
Plant operation from  the tim e of tran sfer  to the A ir F o r c e  ind icates that 
the specified  availab ility  percentage is  being approached during routine 
operation. It is  probable that the design objective w ill be achieved with 
the present le v e l of m aintenance effort.

C. SPARE PART CONSUMPTION

The consum ption of spare parts is  indicated in T ab les 3 through 6. 
Table 3 l is t s  a ll spare parts consum ed, defines the type of part and 
show s the date the part was actually  u tilized . The various part's are  
lis te d  in the order in which it w as noted rep a irs  w ere required. Tables  
4 through 6 are recom pilations of Table 3 by type of spare part; Table 4 
l i s t s  e le c tr ica l. Table 5 l i s t s  m echanical, and Table 6 l is t s  in strum enta
tion spare parts. T hese item s are a lso  lis te d  in the order in which it was 
noted they w ere required.

Item s which required adjustment or cleaning, but which did not r e 
sult in the consum ption of spare parts are not included in the tabulations.

The data presented  on spare consum ption rep resen ts  only the e x 
perience obtained during the te st  program . It is  im p o ssib le , without 
further plant operating exp erien ce, to extrapolate th is data to estim ate  
future spare part consum ption ra tes.

D. CONSUMPTION OF OPERATING SUPPLIES

Plant supp lies, other than w ater treatm ent ch em ica ls , which w ere  
consum ed during the calendar quarter from  July 1 to Septem ber 30,
196 2 are item ized  in Table 7. Data pertaining to the consum ption of 
w ater treatm ent ch em ica ls is  presented  in Sections VII-B and VIII-B  
of th is report for the prim ary and secondary sy s te m s , resp ectiv e ly .

E. LIQUID WASTES

Data pertaining to plant liquid w aste w as com piled and is  presented  
in Table 8. This data w as u tilized  to determ ine the daily rate of w aste  
accum ulation, presented  in graphical form  in F ig . 2. The monthly rates  
of accum ulation, in g a llo n s , w ere determ ined from  F ig . 2 as:



May 2450
June 3040
July 1330
August 1460
Septem ber 1915

Most of the liquid w aste is  sligh tly  rad ioactive laundry w ater w hose  
accum ulation is  e s se n tia lly  continuous. W ater available at the plant

_7
s ite  usually has a natural activ ity  nearly  at the MPC value of 10

3w c/cm  , and occa sio n a lly  exceed ing th is value. Thus, only a few  
drops of m oderately  radioactive w ater are sufficient to make the 
activ ity  of a number of w asher loads exceed  MPC activ ity  le v e ls .

The data presented  in th is  section  r e f le c ts  w aste accum ulation  
after the insta llation  of a 250 gallon -laundry holdup tank. T his tank 
perm its m onitoring of the activ ity  of the w ater d ischarged  from  the 
w ashing m achine to determ ine whether or not it needs to be p ro cessed  
prior to dumping into the sew erage system . B efore installation  of th is  
tank, a ll the laundry w ash w ater and a ll the dryer condensing w ater  
w as p ro cessed  by the w aste d isposa l system .



TABLE 3 
Spare P arts Consumption

Part D escription

2 - -F lex ita lic  gaskets- •21-15F
•21-15B

Valve in te r n a ls - - l /  2-inch  glove
Spindle for 4 -inch  gate valve plus packing 

and gaskets
Stem for 6-inch  gate valve plus packing and 

gaskets

C ircuit breaker for prim ary coolant pump
C ircuit breaker for feedwater pump
Pipe insulation, 10 feet for 2-inch  pipe
2 - -1 /2 - in c h  copper tubing coupling  
4 --1 /2 - in c h  c lo se  nipples 
2 --4 0 0 -6  Swagelok fitting
1 --4 0 0 -7  Swagelok fitting  
2 2 --4 0 0 -2 -1  Swagelok fitting  
2 2 --4 0 3 -1  Swagelok fitting  
2 2 --4 0 4 -1  Swagelok fitting  
8 fee t-  -1 /4 -in ch  tubing

Replaced broken pin on air filter  paper 
drive m onitor

New dial face on d -c current m eter
New 6-inch  ga te , so lenoid  -operated valve
Solenoid 27-501-1  for drain valve  

DV02-VL9
Heater for spent core circu lating pump
P acific  valve s e a l kit for hydrogen manifold
Therm osw itches for s ilv e r  nitrate reactor
1 -8 1 0 -1 -3  Swagelok fitting on hotw ell 

D /P  c e ll
2 -402-1  Swagelok fitting on hotw ell D /P  c e ll  

D /P  c e ll
2 -403-1  Swagelok fitting on hotwell 

D /P  c e ll
2 -404-1  Swagelok fitting on hotwell 

D /P  c e ll

Type of
Spare Part

M echanical
M echanical
M echanical

E lec tr ica l
E lec tr ica l
M echanical
Instrument.

Instrum ent.
M echanical
E lec tr ica l

E le c tr ica l
M echanical
E lec tr ica l
Instrum ent.

Date
Used

5/ 7/62  
5 / 7 / 6 2  
5 / 9 / 6 2

M echanical 5/ 7/ 62

5 / 4 / 6 2  
5 / 4 / 6 2  
5/ 10/62  
5 / 7 / 6 2

Instrum ent. 5 / 7 / 6 2

6 / 2 6 / 6 2  
5 / 9 / 6 2  
6/ 1/62

8/ 1/62  
8/ 1/62  
5 / 2 5 / 6 2  
5 / 2 5 / 6 2



TABLE 3 (continued)

Part D escription

C ondenser air co o ler  section  con tro iier
2 each  m icrornetallic  f i lte r s , cartridge  

No. 2NSMX-G
Bonnet and steam  1-inch glove valve  

(1500 p si )
A uxiliary  b oiler w ater pump o il sea l 

PN 12594 
A uxiliary  boiler valve cap gaskets  

PN 12379 
Nipple 1/ 2 -inch  on boiler tube isilet
6 --1 0 -o h m , 2-\vatt r e s is to r s  
1 - - 4 .  7-ohm , 2-watt r e s is to r s  
1--2N 158A  tran sistor
1--2N 335A  tran sistor
1 - - 1 / 4 - i n c h  W hitey valve  
1 - -1 /  4 -in ch  Swagelok tee
Junction box cover
Therm ocouple
New gage on decontam ination pump
1 - - 1 / 2 - i n c h  gage valve
Disk and seat for 2-inch gate valve
1--2N 414 tran sistor
P r e ssu r iz e r  datum column
Steam generator vent line pipe support
P r e ssu r iz e r  r e lie f  valve expansion joint
1 - -Anton GM Tube No. 112
1 - - 1 /  2-in ch  globe valve
1 - - 1 /  2 -inch  X 4-inch  pipe nipple
2 - -lengths gage g la ss
2 - - 1 -inch gaskets F lex ita lic  No. 24600
2 - - l - i n c h  gask ets F lex ita lic

Type of
Spare Part

Instrum ent.

M echanical

M echanical

M echanical

M echanical

M echanical
Instrument.

Instrument.
M echanical

E lec tr ica l
Instrum ent.
M echanical

M echanical
M echanical
Instrument.
M echanical
M echanical
M echanical
Instrum ent.
M echanical

Instrum ent.
M echanical
M echanical

Date
Used

7/ J6/62  
5 / 2 2 / 6 2

5 / 2 2 / 6 2

5 / 2 3 / 6 2

5 / 2 3 / 6 2

6 / 2 / 6 2  
5/ 25/62

5 / 2 8 / 6 2  
5 / 2 9 / 6 2  
5 / 3 0 / 6 2  
7 / 9 / 6 2  
6 / 2 5 / 6 2  
7/2 5 / 62  
6 / 6 / 6 2  
6/ 9/62  
6 / 5 / 6 2  
6/ 7/62  
6 / 8 / 6 2

6/ 12/62  
6/ 12/62  
6 / 7 / 6 2



TABLE 3 (continued)

Part D escription
Type of 

Spare Part
Date
U sed

1 - - B F 3 ,  WL 6307 tube (com pensated) In s t rum en t . 6 / 8 / 6 2
Cable connector E lec tr ic a l 6 / 8 / 6 2
18-foot appliance w ire E lec tr ic a l 6 / 2 1 / 6 2
1 - - 3 /  8 -inch  Hoke valve
1 - - 1 / 2-inch  to 3 / 8-inch  reducing bushing
1 - - 1 / 2 - i n c h ,  90-deg e ll
1 - -1 /  2-inch  nipple

M echanical
M echanical
M echanical
M echanical

6 /11 /  62

2 f o o t - - l / 8 -inch packing M echanical 6/ 12/62
Spindle, packing, gaskets for 4 -inch  

gate valve
M echanical 6/22/  62

D -battery E lec tr ica l 6 / 2 5 / 6 2
3 - - 2 -am pere fuses  
1 - -indicator light

Instrum ent. 6 / 2 5 / 6 2

l- - r e s is t o r Instrum ent. 6/ 14/62
1 - - D / P  c e ll  am plifier Instrum ent. 6 /22 /  62
B istab le on steam  generator level Instrum ent. 6 / 2 6 / 6 2
1 - -1 /  2-inch  3 -4 -6 0 0  F lex ita lic  gasket M echanical 6 / 1 9 / 6 2
30-in c h e s - -5 /1 6  valve packing M echanical 6 / 2 1 / 6 2
Loop balance r e s is to r Instrum ent. 6 / 2 1 / 6 2
Garlock gasket on turbine throttle valve  

drain line
M echanical 6 / 2 0 / 6 2

l - - o i l  se a l (M-136)
20 f e e t - - l / 2 - i n c h  copper tube 
1 - -valve cover and gasket

M echanical 6 / 2 6 / 6 2

Rod lift pow er supply diodes Instrum ent. 6 /22 /  62

0 - r i n g - - C R D M  vent valve M echanical 6 / 2 4 / 6 2
P r essu re  gage--R W D S steam  reducing  

station
M echanical 6 /25 /  62

Conductivity reco rd er  drive cable Instrum ent. 6 / 2 6 / 6 2

P ilot v a lv e , 3 / 4 -in ch , 1500-psi globe valve M echanical 6 / 2 5 / 6 2
P ilot v a lv e , 3 / 4 -in ch , 1500-psi globe valve M echanical 6 / 2 6 / 6 2
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TABLE 3 (continued)

Part D escription

C apacitor C-4
T ran sistor  2N336
1- -6UB4 tube 
1- -6AL5 tube
3- -NE51 bulbs 
G a sk e t--d ie se l
Valve - -portable d em in era lizer  inlet
4--1N 1184A  tra n sisto r

3 - - 4 -m icrofarad  capacitor
1 - - 4 0 0 - 2 - 4  Swagelok
4 - - 4 0 2 - 1 Swagelok 
4- -4D3-1 Swagelok 
4 - - 4 0 4 - 1  Swagelok
Control con so le  touch-up paint, 1/ 6 pt
l- -g a g e  g la ss
Hand d r ill repair parts
Ion cham ber ca b le s , co n n ecto rs , can and 

cham ber
1--2N336 tran sistor
6 - - 1 /  4 -in ch  NC b o lts , 3/ 4 -inch  long 
Jacuzzi pump packing
2 --S A G -typ e, 2 -am pere fu ses  
1--SC R 2400 power supply 
1--2N 6104 tran sistor
1 - -C rosby gage g la ss  
5 in c h e s - - ! /  2 -inch packing 
3 fe e t - -3 /  16-inch packing 
Fuel so le n o id --d ie se l
l--a m p r e x  100 c tube

Type of
Spare Part

Instrum ent.
Instrum ent.

Instrum ent.
M echanical
M echanical
Instrum ent.
Instrum ent.
Instrum ent.

Instrum ent.
Instrum ent.
M echanical
Instrum ent.

Instrum ent.
M echanical
M echanical
E lec tr ica l
Instrum ent.
Instrument.
Instrum ent.
M echanical
M echanical
M echanical
Instrum ent.

Date
Used

6 / 2 7 / 6 2
6 / 27 / 62
7 / 2 / 6 2

7 / 2 / 62
7 / 6 / 62
8 / 1 1 /6 2
7 / 9 / 6 2
8 / 2 / 6 2
7 / 3 1 /6 2

8/ 1/ 62 
8/ 1/62  
8/ 10/62  
8 / 4 / 6 2

8/ 15/62  
8/ 15/62  
8/ 10/62  
8 / 1 2 / 6 2  
8 / 1 7 /6 2  
8/ 17/62  
8 / 2 1 / 6 2  
8 / 3 0 /6 2  
9/ 1/62 
9/ 19/62 
9/ 15/62
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TABLE 3 (continued)

Part D escription

6 -in ch es sight g la ss
SYS tube sca le r
Condenser p ressu re  regulator
1--6A L 5 tube
1--6U8 tube
1 - -tra n sisto r  1N54A

Type of
Spare Part

Instrum ent.
Instrum ent.
Instrum ent.
Instrum ent.

Date
U sed

9 / 1 9 / 6 2  
9 / 2 4 / 6 2  
9 / 2 5 / 6 2  
9 / 2 7 / 6 2

TABLE 4 
E lec tr ica l Spare P arts Consumption

Date
Part D escription  Used

C ircuit b rea k er--p r im a ry  coolant pump 5/ 4 / 62
Circuit b reak er--feed w ater pump 5/ 4/ 62
Solenoid 27-501-1 6/ 1/62
Heater for spent core circu lating pump 8 / 1 /  62 
Therm o sw itch  for s ilv e r  nitrate rea cto r  5/ 25/ 62
Junction box cover 5/ 28/ 62
Cable connector 6/ 8 / 62
18 -foot appliance 6/ 21/ 62
D -battery 6/ 25/ 62
2 each SAG -ty p e , 2 -am pere fu ses 8/ 12/ 62

TABLE 5
M echanical Spare Fhrts Consum ption

Part D escription

F lex ita lic  g a sk e t--2 1 -1 5 F  
F lex ita lic  g a sk e t--2 1 -1 5 B
Valve in tern a ls , 1/ 2-inch  globe

Date
Used

5 / 7 / 6 2

5 / 7 / 6 2
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TABLE 5 (continued)

Date
P a r t  Desc r lp t ion Dsed

Spindle,  packing g a s k e t s , 4 - inch  gate  valve  5 /0 /6 2
S team ,  packing g a s k e t s , 6 - inch  gate valve 5 /7 /6 2
10 feet - - 2 “inch pipe insu la t ion  5/ 10/62
6 ~ i n c h  s o l e n o i d  " O p e r a t e d  g a t e  valve  5/ 9 /62
Pac if ic  valve s e a l  kit  fo r  hydrogen  manifold  8/ 1/62
2 each m icrom eta llic  f ilter  cartrid ges 5/ 22/ 62

No. 2NSMX-G
Bonnet and stem  , 1-inch globe va lve ,  1500 p si 5/ 22/ 62
A u x i l ia ry  b oiler w ater pump o il s e a l- -P N  12594 5 / 2 3 / 6 2
A uxiliary  b oiler valve cap g a sk e ts --P N  12379 
Nipple 1/ 2 - inch b oiler tube inlet
1 - -1/ 4 - inch  W hitey valve 5/ 28/ 62
1 - - 1 / 4 - i n c h  Swagelok t e e
Gage on decontam ination pump 5/ 30/ 62
1-1/  2-inch globe valve 7/ 9/62
Disk and seat for 2 -inch  gate valve 6/ 25/ 62
P r e ssu r iz e r  d a tum  co lum n 6 / 6 /6 2
Steam generator vent line pipe support 6/ 9/ 62
P r e s s u r i z e r  r e lie f  valve expansion joint 6 / 5 / 6 2
1/ 2 -inch  globe valve 6 / 8 /6 2
1/ 2-inch  X 4-inch  pipe nipple
2 - - l - i n c h  F lex ita lic  gaskets No. 24600 6/ 12/ 62
2 -inch F lex ita lic  gaskets 6/ 7/ 62
3/ 8 -inch  Hoke valve 6/ 11/ 62
1 / 2 - inch  to 3 / 8 -inch  reducing bushing 
1/ 2 -in ch , 90' deg e ll  
1/ 2-inch  nipple
2 feet of 1/ 8 -inch packing 6 / 12 /  62
Spindle packing gaskets for 4 -inch  gate valve 6/ 22/ 62
1/ 2-inch  F lex ita lic  gasket 3 -4 -600  6/ 19/ 62
30 inches of 5/ 16-inch valve packing 6/ 21/ 62
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TABLE 5 (continued)

Date
Part D escription  Used

Garlock gasket on turbine throttle valve drain 6/ 20/ 62
line
O il s e a l M-136 6 / 2 6 / 6 2
20 feet of 1 / 2 - inch copper tubing 
Valve cover and gasket
0-rin g--C R D M  vent valve 6/ 26/ 62
P r essu re  gage RWDS steam  reducing station  6/ 25/ 62
P ilot v a lve , 3 / 4- inch,  1500-psi globe valve 6/ 25/ 62
P ilot v a lv e , 3 / 4 -in ch , 1500-psi globe valve 6/ 26/ 62
G a sk e t--d ie se l 7/ 6/ 62
Valve - -portable d em in era lizer  in let 8/ 11/ 62
Hand d r ill repair parts 8/ 10/ 62
6 - - 1 / 4 - i n c h  NC b olts , 3 /4 -inch long 8 /15 /  62
J a c u z z i  pump packing 8/ 10/ 62
5 inches of 1/ 2 -inch  packing 8/30/  62
3 feet of 3/ 16-inch packing 9/ 1/ 62

TABLE 6
Instrument Spare P arts Consumption

Part D escription

2 - - 1 / 2 - i n c h  copper tubing couplings  
4 - - 1 / 2- inch c lo se  nipples
2 - - 4 0 0 - 6  Swagelok fittings
1 - - 40 0- 7  Swagelok fittings  
2 2 - - 4 0 0 - 2-1 Swagelok fittings  
22- -403- 1  Swagelok fittings  
2 2- -4 04 -1  Swagelok fittings  
8 f e e t - - l / 4 - i n c h  tubing
P in  on a ir  filter  m onitor paper drive
D ial face for d -c current m eter

Date
Used

5 / 7 / 6 2

5 / 7 / 6 2
6 / 2 6 / 6 2
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TABLE 6 (continued)

Date
P a rt D escription  Used

1 - - 8 1 0 - 1 - 3  Swagelok fitting on hotw ell D /P  c e ll 5 / 2 5 / 6 2
2 - - 4 0 2 - 1 Swagelok fitting on hotw ell D /P  c e ll
2 - -403- 1  Swagelok fitting on hotw ell D /P  c e ll
2 - -404- 1  Swagelok fitting on hotw ell D /P  c e ll
C ondenser a ir  co o ler  section  con tro ller  7 /16/  62
6 - - 1 0 -ohm,  2 -watt r e s is to r s  5 / 2 3 / 6 2
1- -4 .  7-oh m , 2-watt r e s is to r s  
1--2N 158A  tra n sis to r
1--2N 335A  tra n sisto r  6 / 2 / 6 2
Therm ocouple 5/ 29/ 62
2N414 tra n sis to r  7/ 25/ 62
Anton GM Tube No. 112 6 / 7 / 6 2
2 lengths gage g la ss  . 6 /12 /  62
1 - - B F 3  WL6307 tube (com pensated) 6 / 8 / 6 2
3 --2 -a m p ere  fu se s  6/ 25/ 62 
Indicator light
R esisto r  6/ 14/ 62
D/ P c e ll  a m p lifier  6/ 22/ 62
Steam generator le v e l b istab le 6/ 26/ 62
Loop balance r e s is to r  6/ 21/ 62
Rod lift power supply diode 6/ 22/ 62
Conductivity record er  drive cable 6/ 26/ 62
C apacitor C -4 6 / 2 7 /6 2
T ran sistor  2N336 6 / 2 7 / 6 2
Tubes 6UB8 7 / 2 / 6 2
Tubes 6AL5
3- -NE51 bulbs
4--1N 1184A  tra n sis to r  7 / 9 / 6 2
3 - - 4  m icrofarad  capacitor 8/ 2/ 62
1 - - 4 0 0 - 2 - 4  Swagelok fittings 7/ 31/ 62
4 - -4 0 2 - 1  Swagelok fittings
4 - - 4 0 3 - 1  Swagelok fittings
4 - - 4 0 4 - 1  Swagelok fittings
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TABLE 6 (continued)

Date
Part D escrip tion  U sed

Control conso le  touch-up paint, 1/ 6 pt. 8 / 1/ 62
Gage g la ss  8 / 1 /  62
Ion cham ber, c a b le s , co n n ecto rs, can cham ber 8 / 4 /  62
2N336 tra n sisto r  8 / 15 /  62
SCR 2400 power supply 8 / 17 /  62
2N6104 tra n sisto r  8 / 1 7 /  62
C rosby gage g la ss  8 / 2 1 /  62
A m prex 100c tube 9 /15 /  62
6- inch  s ight  g la s s  9/ 19/62
5Y3 tube, s c a le r  9/ 24/ 62
Condenser p ressu re  regu lator 9/ 25/ 62
Tubes 6AL5 
Tubes 6U8 
Tubes 68H5 
T ran sistor  1N54A

TABLE 7
Consumption of Operating Supplies 

(July 1, 1962 to  Sept 30, 1962)

G rease  and O ils
5000 ga l d ie se l fuel
50 lb D ex-2 g rea se
37 lb Solvo grea se
10 ga l No. 60 o il
55 gal Stoddard so lven t
52 ga l 2190 TEP lubricating o il

G ases
5 cy lin d ers nitrogen
2 cy linders 90% a r g o n --10% m ethane
3 cy lin d ers oxygen
3 cy lin d ers hydrogen



TABLE 7 (continued)

R es in s
315 ft XE150 res in  (por tab le  d em in eralizer)

•?
2 ft ILCO-NR8 (shield  w a te r  d e m in e r a l i z e r )

31„ 18 ft ILCO-NR8 (pur i f ica t ion  d e m in e r a l i z e r )

Plealth P h v s ic s
95 d isposab le  lab coa ls  and shoes
3 - - 4 - O Z .  bott les  s tannous  ch lo r ide  
20 b e a k e r s ,  500 mi 
12 cloth lab coa ts

R ep lacem en t  g l a s s w a r e  ( a s s o r t e d  p ieces)

M iscellan eou s
100 lb wiping rags
170 Foxboro record er charts
50 f i l t e r s  for  e l e c t ro n ic  equipment 
5 ro les  b ru sh  record er  paper

In g e n e r a l ,  the r a t e  of w as te  accum ula t ion  is r e l a t e d  to p r i m a r y  
s y s t e m  m ain tenance  ac t iv i t i e s .  When the p lant  is in o p e ra t io n ,  th e re  
is l e s s  m aintenance activ ity  in the prim ary sy ste m , l e s s  contam inated  
p rotective  clothing and le s s  radioactive laundry w ater. During periods  
when the plant is in op erative , the opposite is  the c a se . Recent data is 
probably the m ost rep resen tative of that to be expected in the fu ture. 
During plant power operation , liquid w aste is accum ulated at a rate  
of 55 to 60 gallons per dayj when the plant is  inop erative, accumula
tion is  s ligh tly  over 80 gal lons  per day.

Table 8 a lso  l is t s  the activ ity  o f the w aste d isp osa l system  effluent. 
The values quoted are probably high and should be treated with som e  
su sp ic io n , since:

(1) Raw water at the s i t e ,  counted in an identical m anner, 
yielded  a lm ost identical activ ity  m ea su rem en ts .

(2) Some of the sam p les u tilized  had a volum e of only 100 m l.
“7 3For an activ ity  of 10 p c / c m  , with this s a m p le  s i z e ,  the 

uncertainty in the activ ity  is  greater than 100%.

(3) There was no detectable activ ity  in a sam ple r e tu rn e d  to 
B altim ore for m ore com plete a n a ly s is . Sensi t iv i ty  of

” 8 3B altim ore equipment is  2 x 10 p c / c m  .
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TABLE 8 
RWDS O p era t io n

Date
Tank Level

iiiL-L
Quantity 

P r o c e sse d  Hours in

Activity
After

P ro cess in g
Start Stop Begin End (gal) Operation (juc/cc)

4 / 1 7 / 6 2 4 / 1 8 / 6 2 1 0 0 0 1 2 2 4 2 8 2 .  8 4  X l O"' ^

4 / 2 3 / 6 2 4 / 2 4 / 6 2 7 8 1 7 7 7 6 1 9 2 . 0  X 1 0 ” ’̂

5 / 1 8 / 6 2 5 /  1 9 / 6 2 1 0 0 0 1 2 2 4 3 1 3 X 1 0 “ ^

5 / 2 9 / 6 2 5 / 3 0 / 6 2 7 7 0 8 1 3 1 0 3. 2 5  X 1 0 " ’̂

5 / 3 0 / 6 2 5 / 3 1 / 6 2 7 0 0 715 8 - 1 / 2 1 .  9 3  X l O ” "̂

6 / 4 / 6 2 6 / 4 / 6 2 7 8 0 8 2 7 1 8 - 1 / 2 l .O i  X lO'"^

6 / 7 / 6 2 6 / 8 / 6 2 9 2 7 1 2 9 4 1 8 - 1 / 2 1 .  3 X lO'"^

6 / 9 / 6 2 6 /  1 0 / 6 2 6 6 0 7 5 9 2 0 - 1 / 2 1 .  9  X 1 0 " ®

7 / 2 / 6 2 7 / 2 / 6 2 1 0 3 8 0 3 2 2 1 0 - 1 / 2 4 . 4  X 1 0 " ’̂

7 / 3 / 6 2 7 / 3 / 6 2 8 0 7 7 4 2 4 - 1 / 2 0  X lO"’̂

7 / 3 / 6 2 7 / 3 / 6 2 8 1 6 1 2 8 0 4 2 .  8 5  X lO""̂

7 / 4 / 6 2 7 / 4 / 6 2 6 1 1 2 5 8 7 7 - 1 / 2 8 . 1 5  X lO"®

7 / 6 / 6 2 7 / 6 / 6 2 1 2 0 1 0 6 3 6  X 1 0 " ®

7 / 8 / 6 2 7 / 8 / 6 2 1 1 0 9 4 4 0  X 10""^

7 /  1 9 / 6 2 7 / 2 0 / 6 2 7 3 0 6 6 4 1 6 - 1 / 2 1 .  9  X 10""^

8 /  1 0 / 6 2 8 / 1 0 / 6 2 6 6 0 7 4 8 2 4
-7

1 . 4 5  X 1 0

9 / 7 / 6 2 9 / 7 / 6 2 1 1 0 8 1 3 5 8 5 - 1 / 2 5 . 2  X 1 0 " ®

9 / 9 / 6 2 9 / 7 / 6 2 1 0 5 8 3 3 0 8 6 - 3 / 4 9 . 3  X lO"®

9 / 8 / 6 2 9 / 9 / 6 2 8 3 0 9 7 9 2 4

9 /  1 7 / 6 2 9 / 1 7 / 6 2 6 0 1 6 5 2 0 1 2 2 .  9  X 10 " ® '

9 / 2 7 / 6 2 9 / 2 7 / 6 2 5 7 1 8 4 3 4 1 1 1.  4 5  X 1 0 " '^

Total 1 2 , 0 7 4 2 6 8 - 3 / 4

Avg P ro cess in g  Rate 44. 9 gph
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The sam ples analyzed in Baltim ore only estab lish  the activity from  
re la tive ly  long-life  products. The short h a lf- l ife  products decay to 
undetectable magnitudes during the period which extends from the tim e  
the sam ple is  obtained at Sundance to the tim e detailed analyses are  
performed at B altim ore. Data on liquid waste sam ples  analyzed in 
Baltim ore is presented in Table 9. The act iv it ie s  l isted  in that table 
w ere adjusted to show their co rrec t  value at the tim e the sam ples w ere  
obtained at the Sundance s ite .

F, PLANT GASEOUS EFFLUENTS

The volume and activity of plant gaseous effluents w ere monitored  
during the 400-hour run. The volume of d ischarge, in cubic feet, is  
tabulated below:



TA BLE 9
Nuclides in PM -1 Water Samples  

( m ic r o c u r ie s  per m ill i l iter )

T otal T otal
Sam ple Source C o-58 M n-54 B a-140 F e-5 9 S r-89 C o-60 A ctiv ity S olids (ppm) C hloride (ppm)

P rim a ry  coolant b efore  d em in e ra liz er 1 0 .7  X 10"^ 9. 1 X 10"® 2 .2  X 10'® 5 ,5  X 10'® 4 .8  X 10'® 9. 1 X 10''^ 1 .4 9  X 10'^ 13 - -

P rim a ry  coolant a fter  d e m in e r a liz e r 1 ,3  X 10"® 1. 9 X 2. 1 X 10'^ < 2 X 10'® 6. 7 X 10'® < 2 X 10'® 3. 66 X 10'® 3

Shield w ater b efore d em in e ra liz er 8 .9  X 10''^ 9 .1  X 10'® 1 .1  X 10'® <  2  X 1 0 ' ® < 2 X 10'® 2. 6 X 1 0 ' ’̂ 2. 34 X 10'® 28 0. 028

Shield w ater a fter  d em in e ra liz er 9 .6  X 10'® 4 . 8 X 10'® < 2 X 10'® < 2 X 10'® < 2 X 10'® < 2 X 10'® 1 .5  X lO '^ 2 0 0. 004

M ain steam  condensate - - - - Not R adioactive - - - - < 2 X  10'® 25 - -

F eed  w ater - - - - Not R adioactive — - - < 2 X 10'® 2 1 - -

RWDS sum p 6 .8  X 10"® 3. 7 X  10"® 3 .6  X 10'® 2. 5 X 10'® 4 .2  X 10''^ 9, 5 X 1 0 ' ’̂ 7. 82 X 10'® 443 --

RWDS condensate return - - - - Not R adioactive - - < 2 X 10'® 1 0 - -

CO
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S ta rtu p  9
P ow er  O p era tio n  0
Shutdown 6

In no c a se  w as the ac tiv ity  of the  g ases  su ff ic ien t to  ac tu a te  the a la rm .  
A sam p le  of gas w as r e tu rn e d  to B a l t im o re  fo r  a d e ta iled  an a ly s is .  The 
m e a s u re d  g am m a s p e c t ru m  of the  sam p le  w as in d is t in g u ish ab le  f ro m  
the  background  s p e c t ru m .  H ence, it w as concluded  th a t  the  gas c o n 
ta in ed  no m e a s u ra b le  r a d io a c t iv e  c o n s t i tu e n ts .

G. PLA NT LIQUID BALANCE

A liquid ba lance  of the  p lant, developed f ro m  da ta  obtained  du r in g  
the  4 0 0 -hour t e s t ,  i s  i l lu s t r a te d  in F ig . 3. T h is  shows tha t the av e ra g e  
am ount of w a te r  r e q u i re d  by the  plant and i ts  p e rso n n e l  is  1363 gallons  
p e r  day, including  not only plant m akeup  but a lso  lau n d ry  w a te r  and 
s a n i ta ry  se w e ra g e  r e q u i r e m e n t s .  Of the 1363 ga llons  per  day, m akeup  
to  the  plant is  ap p ro x im a te ly  245 ga llons , v ir tu a l ly  a l l  a t t r ib u ta b le  to 
s e c o n d a ry  s y s te m  vent l o s s e s .

F ig u re  3 shows tha t  the liquid p ro c e s s e d  by the  w as te  d isp o sa l  
s y s te m  is dum ped to the s e w e ra g e  s y s te m . T h is  is the u su a l  s itua tion . 
The p ro c e s s e d  liquid  is  not r e tu rn e d  to the  co n d en sa te  s to ra g e  tank  
b e c a u se  of i ts  high pH and low r e s i s t iv i ty .  A s w as s ta te d  p rev io u s ly ,  
m o s t  of the  r a d io a c t iv e  w as te  r e s u l t s  f ro m  lau n d ry  w a te r .  The w aste  
d isp o sa l  sy s te m  ad eq u a te ly  re d u c e s  the liquid ac t iv i ty  to M PC r e q u i r e 
m en ts ;  how ever, th e r e  is  a c a r r y - o v e r  of d e te rg e n t ,  r e s u l t in g  in the 
high pH and low r e s i s t iv i ty .

The to ta l  p lant m akeup  w as m e te r e d  by an in te g ra t in g - ty p e  flow 
m e te r .  D ata  for the  4 0 0 -h o u r  ru n  is shown in  Table  10. The daily  
quantity v a r ie s  f ro m  690 to 1770 gallons , with 1363 as  the daily  
a v e ra g e .

The p r im a r y  s y s te m  m akeup  was d e te rm in e d  by m e a s u r in g  the 
length  of t im e  the  ch a rg in g  pum ps w ere  in o p e ra t io n  and m ultip ly ing  
th is  by the v o lu m e tr ic  pum ping r a t e  of th e se  pos itive  d isp la c e m e n t 
pum ps. The d a ta  fo r  the 4 0 0 -h o u r  ru n  is  shown in Table  11.

The p r im a r y  s y s te m  le a k  r a t e  was d e te rm in e d  f ro m  the change 
in p r e s s u r i z e r  lev e l  d u r in g  p e r io d s  of o p e ra t io n  when the p r im a ry  
coolant a v e ra g e  te m p e r a tu r e ,  hence density , w as  cons tan t.  Data fo r  
a l l  p e r io d s  of plant o p e ra t io n ,  p re se n te d  in T ab le  12, shows a co n 
tinuous  t r e n d  to w ard  a neg lig ib le  leak  r a te .  D uring  A p r i l  and May 
th e r e  w e re  p ro b le m s  with w eeping  p r e s s u r i z e r  r e l ie f  va lv es  and a few 
of the  m anually  o p e ra te d  v a lv es .  B efo re  th e se  w e re  r e p a i r e d ,  the le a k
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r a te  went as high as 37. 2 gallons per hour, and 20 gallons per hour was 
not unusual. When operation was resum ed, during July and August, 
the leak rate ranged f ro m  0, 3 to 2. 75 gallons per hour. During the 
4 0 0 -hour run, the leak rate had been further reduced to negligible  
amounts; the highest rate during that test  period was 0. 44 gallon per 
hour.

TABLE 10
Total Plant Makeup Water

Quantity

Date
Flow m eter Reading 

(gal)
(per 2 4 -hr p 

(gal)

September 12, 1962 21400 700
September 13, 1962 22100 700
September 14, 1962 23080 980
September 15, 1962 24350 1270
September 16, 1962 26120 1770
September 17, 1962 28500 2400
September 18, 1962 30200 1700
September 19, 1962 30920 720
September 20, 1962 31610 690
September 21, 1962 32880 1270
September 22, 1962 33720 840
September 23, 1962 35100 1380
September 24, 1962 36320 1200
September 25, 1962 37840 1520
September 26, 1962 39600 1760
September 27, 1962 40920 1320
September 28, 1962 42700 1780
September 29, 1962 44780 2080
September 30, 1962 46100 1320
October 1, 1962 47300 1200
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TABLE 11

Prim ary  System Makeup Requirements

Date
Operating Time  

(minutes)

Total
Average per day 3. 325

Gallons

September 12, 1962 1 1
2 2
1 1
2 2

September 13, 1962 2 2
17 17

September 15, 1962 1 1
2 2

September 17, 1962 2 2
September 21, 1962 3 3
September 22, 1962 1 1
September 23, 1962 7 7
September 24, 1962 8 8

3 3
September 27, 1962 4 4
September 29, 1962 3 3

2 2
2 2

October 1, 1962 1 .5 1.
2 2

66. 5
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TABLE 12 
Prim ary S ystem  Leak Rate

Leak Rate
Date Shift* (gph)

April 11, 1962 2 7. 2
April 11, 1962 3 7. 5
April 12, 1962 1 10. 2
April 12, 1962 3 7, 2
A pril 13, 1962 2 18. 0
A pril 14, 1962 2 37. 2
April 14, 1962 3 7 .2
April 15, 1962 3 19. 2
April 17, 1962 3 25. 8
April 18, 1962 2 12. 0
May 24, 1962 2 6. 0
May 25, 1962 2 1.8
May 25, 1962 3 2. 6
May 26, 1962 2 3. 0
May 26, 1962 3 3. 2
May 27, 1962 2 4. 1
May 27, 1962 3 6. 6
May 28, 1962 1 30. 0
May 28, 1962 2 9. 6
May 28, 1962 2 21. 6
July 23, 1962 3 0. 3
July 23, 1962 3 0. 14
July 24, 1962 1 2. 75
July 25, 1962 1 1. 75
July 26, 1962 2 0. 5
July 26, 1962 3 0. 64
July 27, 1962 1 0. 75
July 28, 1962 1 0. 82
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Date

July 28, 1962 
July 29, 1962 
July 30, 1962 
July 30, 1962 
July 31, 1962 
July 31, 1962 
August 1, 1962 
August 2, 1962 
August 2, 1962 
August 3, 1962 
Augiast 3, 1962 
August 4, 1962 
August 5, 1962 
August 5, 1962 
August 5, 1962 
August 7, 1962 
August 7, 1962 
August 8, 1962 
September 15, 1962 
September 16, 1962 
September 17, 1962 
September 18, 1962 
September 19, 1962 
September 20, 1962 
September 21, 1962 
September 22, 1962 
September 23, 1962

TABLE 12 (continued)

Shift*

3
2
2
2

3
2

3
1

1

2
1

3
1

2

3
1

2
1

3
3
2

3
3
1

2
2

3

Leak Rate 
(gph)

0 . 8 

0 . 8 

1 . 0  
0 . 88 

1. 5
1.4  
1 . 6  

1 . 8  

1, 65 
1. 94 
1, 75 
1. 81
1. 74
2. 19 
2. 04 
2. 18
2 .4  
2 . 68 

0

0
0

0. 165 
0 .4 4
0

0
0

0. 044
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Date

September 24, 1962 
September 25, 1962 
September 26, 1962 
September 27, 1962 
September 28, 1962 
September 29, 1962 
September 30, 1962 
October 1, 1962 
October 2, 1962

TABLE 12 (continued)

Shift*

3
3
2

3
2

3
3
3
1

Leak Rate 
(gph)

0

0 .0685  
0

0 . 22
0

0 . 11 

0, 165 
0

0. 125

1 (0000 to 0800)
2 (0800 to 1600)
3 (1600 to 2400)
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II. STARTUP REQUIREMENTS

This section  d isc u sse s  P M -1 plant startup requirem ents. The fo l
lowing individual item s are considered:

' (1) Manpower required

(2) Auxiliary power required

(3) Time required

(4) Actual source strength available,

A. MANPOWER REQUIRED FOR STARTUP

Military manpower utilized during plant startups was com piled  
from  the plant operating logs. In each c a se ,  three men w ere employed  
on each shift: the m ilitary  shift superv isor , a control room  operator 
and an equipment operator. The date of the startup, the number of 
shifts  during which startup was being conducted and the sp ec ia lt ie s  
of the m ilitary crew are presented in Table 13, Regular crew s  are  
utilized for plant startup; no specia lty  sk ill  is  required for startup  
of the plant.

The plant can be started with a two-m an crew , provided that the 
men are properly qualified. One man must have the qualifications  
of the m ilitary  shift supervisor; that i s ,  thorough understanding of 
a ll  the plant operations and detail knowledge of the startup procedure. 
The other crew member need only be a qualified equipment operator,

B. AUXILIARY POWER REQUIRED FOR STARTUP

The auxiliary power required during startup was compiled from data 
obtained at the initiation of the 400-hour run. The power utilized for 
each step of the operation is l isted  in Table 14,

C. TIME REQUIRED FOR STARTUP

The major steps required to start up the P M -1 plant are shown in 
Table 15. A lso shown is the actual tim e at the com pletion of each m a
jor step for the startup performed at the beginning of the 4 0 0 -hour test  
run. A total of 13 .5  hours was required. An additional 8, 5 h o u rs ' 
delay was encountered because the radar station was on a lert and did 
not wish to undergo any transients  which might result if  the plant paral
le led  the s ite  d ie se l  generators.

Total startup time for other dates can be obtained from Table 13 by 
noting the number of shifts required.
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TABLE 13 
Startup Manpower

Number of

M ilitary Crew Specialties  
(m an-shifts)

Health
Date Shifts M echanical Instrum entation E lectr ica l P hysics

Cold Startups

June 10 
June 11 4 5 3 3 1

July 16 
July 17 4 8 2 1 1

July 22 
July 23 4 5 3 3 1

Sept 12 1-1 /4 1 -1 /2 1 1 1/4

Hot Startups

July 25 1/2 3 /4 1/4 1/4 1/4

Sept 14 1 -1 /4 1 -1 /4 1/2 2 0

Sept 17 3/4 1 0 1/4 1

Sept 22 3/4 1 -1 /4 1/4 3/4 0

Sept 29 3 /4 1 -1 /2 0 1/2 1/4
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TA BLE 14 
Startup Auxiliary Pow er Requirem ents

Normal house load 52. 5 kw
Main coolant pump turned on 101
P r e ssu r iz e r  heaters A, B and C turned on 128. 5
Rod control in se rv ice  133
P r e ssu r iz e r  heaters B and C turned off 106
Rod motion starts  109
Critic ality 112
Normal conditions 101
Motor driven feedwater and condensate pumps in se r v ic e  147
Turbine being rolled  147
E xciter  energized  192

Operation since the plant was transferred  to the Air Force has 
shown that a typical cold startup has required between 1 -1 /2  and 2 
shifts. Thus, the figure of 13. 5 hours, given on page 27, i s  a r e p 
resentative value. Typical hot startups have required approximately  
2 hours.

Time required to perform  the prestartup check l is t  is  not included 
in the startup t im es  quoted. The perform ance of the cold startup check  
l is t  takes approximately 8 hours. This com plete check l is t  is  utilized  
if the plant has been shut down more than 24 hours or if major m ain
tenance was perform ed during the shutdown. O therw ise, the short form  
check l is t  is  u tilized and requires about 1-1/2 hours.
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TABLE 15 
Startup Steps and Time

Time Step

0001 T^^^ 200° F with main coolant pump operating

0128 Checked rod control system .
0230 Reactor cr it ica l  with rod bank at 9. 90 inches

P r im ary  p ressu re  285 psig, T 22 5° F, heating primary
3.VG

loop.
0250 Closed steam  generator vent valves.
0430 Blew down steam  generator to 16 inches.
0555 T 463° F, p r e s su r iz e r  pressu re  1300 psi, rod bank 13.0

3.VG
in c h e s .

3
0608 Sampled primary loop and added 6 .5  ft of hydrogen.
0650 Started shield water cooler  fans 1C and ID.
0700 Reactor cr it ica l  at tem perature and p ressu re . Ready to ro ll

turbine. Site would not give p erm iss ion  to parallel s ite  g en era 
tors because of alert.

1400 Started shield water cooler fan lA .
1505 Started warm ing m ain steam  line.
1507 Secured warming main steam  line.
1517 Started condenser fans slow forward.
1530 Received s ite  p erm iss ion  to parallel.
1540 S c r a m --rea c to r  at too low power to cut in secondary system  

rapidly ,
1607 Completed check l i s t  6. Started ra ising  rods.
1639 Reactor cr it ica l  with rods at 12. 38 in c h e s .
1723 Started heating main steam  line,
1735 Closed main steam  valve because of suspected steam  leak.
1745 Found desuperheater bypass valve open.
1747 Reopened main steam  valve and warmed secondary.
1810 Started feedwater pump LA,
1830 Placed auxiliary steam  system  in se r v ic e  and started pulling 

vacuum with hogging jet.
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TABLE 15 (continued)

T im e Step

1840 Started 1A condensate  pump.
1842 Started ro ll in g  turbine; c o n d e n se rs  A, B and C in operation .

2007 Started lube o il  co o ler  fan IB.

2018 Attem pted to p a r a l le l  with s ite ,  but gen era tor  b rea k er  m a l 
functioned.

2152 P a r a l le le d  with s ite  and a ssu m ed  load.

D. SOURCE STRENGTH

The startup so u rce  strength , as d eterm ined  by plant in s tru m en ta 
tion, w as com piled  as a function of t im e ,  to ta l co re  e n erg y  output and 
approxim ate coolant tem p era tu re .  T h is  in form ation  i s  p re sen ted  in 
Table 16. In all c a s e s ,  the req u ired  startup rate  of 5 cp s  was exceed ed  
by at le a s t  a factor o f  two.

The d iscr im in a to r  se tt in g  on the p u lse  a m p lif ier  i s  so  e s ta b lish ed  
that an acceptable  th erm a l neutron p u lse  count rate  i s  obtained,w hile  
extraneous n o ise ,  neutron p u lse s  and fast  gam m a p u lse s  are m in im ized .  
Thus, the data in Table 16 is  s tro n g ly  influenced  by d isc r im in a to r  sett in g  
as w ell a s  by the so u rce  strength . H ow ever, the data obtained toward  
the end of the te s t  per iod  in d ica tes  that the so u rce  of neutrons for s t a r t 
ups was not the p r im a ry  so u rce  s in ce ,  by that t im e , the strength  of th is  
so u rce  had decayed by a factor  of 7.

The P M -1  c o re  contains a polon ium  -b er y l l iu m  p r im a r y  so u rce  l o 
cated  at the core  c e n te r l in e . The rea c to r  conta ins  two id en tica l anti-  
m o n y -b ery ll iu m  secon d ary  neutron s o u r c e s  in the th erm a l sh ie ld s .  The

8p r im a r y  sou rce  has  an in itia l s tren gth  of 1. 3 x 10 n / s e c  and a h a lf-  
l i fe  of 138. 4 days. The stren gth  of each  seco n d a ry  so u r c e  was c a lc u -

8lated  to be 2. 3 X 10 n / s e c  after  s ix  m onths o f  operation  at 80% pow er. 
Burnup of the seco n d a ry  s o u r c e s  ov er  a 2 0 -y e a r  p er iod  i s  n e g l ig ib le .
The secon d ary  sou rce  decays with a h a lf - l i f e  of 60 days.

The p r im a ry  so u rce  w as p u rch ased  during August 1961. T h ere fo re ,  
by Septem ber 17, 1962 (the la s t  startup for which data i s  p resen ted  in 
Table 16), its  s tren gth  had d e c r e a s e d  by a fac tor  of 7. T hus, s tartups  
toward the end of the t e s t  period  w ere  not dependent on neutrons from  
the p r im ary  so u r ce .
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TABLE 16

Integrated  
C ore Output Startup T em p eratu re

Instrum entation  
Re ading 

______ (cps)______
Date (M w -days) or  Condition Channel 1 Channel

Mar 1 0 Cold startup'I' 70 25

Apr 9 0. 05 Cold startup 35 45
Apr 23 15 Cold startup 50 275
May 14 25 Cold startup 35 25
June 3 48 Cold startup 80 70

July  15 82 Cold startup 23 11

July  21 92 Cold startup 27 12

July 25 98 440° F 120 30

Aug 4 126 380° F 80 30
Aug 8 132 345° F 50 20
Aug 9 132 Cold startup 42 20
Sept 14 137 425 40 60
Sept 17 146 446 20 60

'■'During "cold startup" the p r im a ry  s y s te m  is  be ing  heated by the p r i 
m ary  c ircu la tin g  pump. Instrum entation  read ings  l i s te d  are average  
v a lu es  for a typ ica l tem p eratu re  range o f 125° to 175° F .

The var ia t ion  o f n u c lea r  instrum en tation  read in gs  with contro l rod  
p osit ion  for a hot startup (p rim ary  coolant a verage  tem p eratu re  of 
426° F) is  p r e se n ted  below . T h is  i s  the data used  to develop the 1 /m  
plot.

Instrum entation  Reading

C ontrol Rod Bank P o s it io n  
(in ch es  withdrawn)

(cps)
Channel 1 Channel 2

0 38 55
3 38 55
5 38 55
6 60 40
7 45 70

8 55 80
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C ontrol Rod Bank P o s it io n
Instrum entation  R eading  

(cps)
(inches withdrawn) Channel 1 Channel 2

1 0  9 0  1 2 0

1 1  1 5 0  2 0 0

1 1 . 5  2 0 0  3 0 0

The sam e data for a typ ica l co ld  startup is:

Control Rod Bank P o s i t io n
Instrum entation  Reading  
__________ (cps)

(inches withdrawn) Channel 1 Channel 2

0 1 9 1 6

3 1 9 1 6

4 1 9 1 6

5 2 0 1 9

6 2 1 2 2

7 2 5 2 7

9 6 8 5 5

9 .  5 1 5 0 1 1 0
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III. PLANT AS AN ENERGY SOURCE

Data presented in this chapter is  concerned with:

(1) Plant operating h istory .

(2) Steady-state heat ba lances.

(3) Heat exch anger  crud buildup.

(4) Steady-state e lec tr ica l  ch a ra c ter is t ic s .

(5) Transient response to dynamic changes in load.

(6) Transient response to changes in control rod position.

(7) Auxiliary power.

(8) Scram s.

(9) Estim ated refueling tim e.

(10) P ara lle l  operation with other sou rces  of power.

A. PLANT OPERATING HISTORY

Plant logs from the tim e in itia l cr it ic  ality  was achieved were  
review ed to develop a profile of plant operating h istory . This profile,  
shown in Fig. 4, extends from February 25 until October 31. Some of 
th is data was presented in the previous quarterly p r o g ress  report, 
but is  repeated here for com p le ten ess .  F igure 4 includes the following  
information:

(1) Periods during which the plant was cr it ica l .

(2) Periods during which the plant was at operating tem perature.

(3) Periods during which the plant was operating at power.

(4) Number of scra m s.

(5)  Dates various te s ts  w ere  perform ed.

(6) Efforts perform ed when plant was shut down.
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This profile provides basic information as to the periods of tim e  
when various operating log data w ill be of prim e in terest .  That is ,  
periods during which the plant was operating at power are c lear ly  
iso lated  from periods when the plant was not operating and routine 
maintenance and/or crew training was being conducted.

As shown in F ig . 4, m odifications w ere made to the plant during the 
period from August 8 to September 12. These modifications were  
generally  m inor. All efforts during this period are sum m arized below;

(1) Installed a larger capacity e lec tr ic -m o to r-d r iv en  condensate  
pump and increased  the diam eter of suction and discharge
piping.

(2) Installed larger air ejector jet n ozz les  on steam  jet air 
ejector and increased  the s iz e  of the suction and d ischarge
piping.

(3) Removed 6-inch hotwell vent line to turbine exhaust and 
installed  a 4-inch  hotwell vent line to the air cooled con
d en sers  to improve condensate rem oval.

(4) Replaced solenoid valves with a ir-operated  valves in the 
prim ary sy stem . The following va lves  were changed:

(a) P r e ss u r iz e r  spray valve.

(b) P r e s s u r iz e r  vent va lv es .

(c) P r e s s u r iz e r  drain v a lv es .

(d) S ilver nitrate iodine rem oval unit isolation and bypass  
v a lv es .

(e) E xpansion  tank drain v a lv es .

(5) Added air manifold for a ir-operated  va lves  wRich replaced  
solenoid v a lv e s .  Installed air supply to the manifolds.

(6) Added check va lves  to prim ary charging pump discharge  
l in es  to prevent backflow.

(7) Rearranged shield water piping (pump suction at top of tank, 
shield water d ischarge into bottom of tank) to provide better  
circulation of shield water.

(8) Revised shield  water air blast cooler  air ducting to 
elim inate short circuiting of hot d ischarge air back into the 
suction side.
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(9) R ep laced  250-kva s ta t io n  t r a n s f o r m e r  with 500-kva  t r a n s 
f o rm e r .

(10) Installed poles and ran w ire for plant lightning protection.

(11) Installed additional lighting in secondary building.

(12) Added F ish er  L e v e l -T ro l  to the waste d isposal sy s te m  
evaporator. Increased  the pipe s iz e  of the 500-gallon w aste  
disposal tank vent line to im prove operability of the sy stem .

(13) Added permanent sam p lin g  point in the radioactive waste  
d isp osa l system  condensate return line,

(14) Installed a centrifugal vent fan in the roof of the addition 
to the secondary building to in crea se  air circulation.

(15) Installed permanent drain lines  from the auxiliary boiler  
and air co m p resso rs .

(16) Installed a pipe in the auxiliary boiler condensate tank to 
prevent overflow from backing up into the raw water line if 
float valve fa ils .

(17) Added piping to feedwater heater and deaerator re l ie f  
valves  to exhaust steam  blow -off outside of building.

(18) Added drainage ditch adjacent to d ie se l  generator building 
to prevent flooding of d ie se l  floor.

(19) Erected  concrete slab and sm all building over the tank 
which contains the w aste d isposal system .

(20) Poured concrete slab and erected  shielding enclosure for 
the off gas monitor.

(21) Added guard ra ils  to the top of the air cooled condensers  
for safety.

The total integrated output of the P M - 1 core is  shown as a function 
of t im e in Fig. 5.

B. STEADY-STATE HEAT BALANCES

Plant data during steady-state  operation is  presented in this  
section and compared with design pred ictions. D iscu ssed  below, 
individually, are:
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(1) The secondary system  heat balance.

(2) The primary system  heat balance.

(3) Required core power and calibration of nuclear insti u- 
mentation.

1. Secondary System Heat Balance

A secondary system  heat balance was prepared from design data 
for a power leve l corresponding to the maximum steady- state e lec tr ica l  
output obtained during the 400-hour test .  These conditions were;

(1) G ross  e lec tr ica l  output of 1270 kw.

(2) Net e lec tr ica l output of 985 kw.

(3) Steam generator blowdown secured .

(4) Secondary system  evaporator inoperative.

A required reactor power of 7.24 Mw(t) was predicted for this set  
of conditions. The m easured reactor power (computed on the b asis  of 
steam  flow and feedwater flow) was 7.6 Mw(t), a difference of 5%.

The heat balances predicted from design data and those derived  
from experim ental data are presented  in Fig. 6. Since not all flow 
r a tes ,  tem peratures and p ressu res  are m easured at the plant, only  
actual m easured values are presented . The available information is  
sufficient to define the overall  perform ance and effic iency of the 
secondary system .

The ambient temperature range during the period when this data 
was obtained was relatively  constant. Hence, no effect of ambient 
tem perature on the system  effic iency  was noted. Since the turbine 
exhaust p ressu re  is  held constant, the system  perform ance is  not 
expected to change with ambient tem perature, except for a d ecrease  
in auxiliary power requirem ents during cooler weather.

The step variation of auxiliary power utilization with net power- 
output shows the effect of rem oving a condenser unit from operation. 
The sam e sort of variation will occur in cold weather even at full load.

2. P r im ary  System  Heat Balance

A prim ary system  heat balance was prepared from design data 
for a power lev e l corresponding to a g r o ss  plant output of 1270 kw(e).
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To make this heat balance correspond c lo se ly  to actual operating con
ditions, the following conditions w ere assum ed:

(1) Secondary system  evaporator inoperative.

( 2 )  No spent core in the spent core  tank.

(3) Waste d isposal system  inoperative.

The resultant heat balance is  shown in F ig . 7. Along with the design  
predictions, tem peratures and flow rates  m easured  during the 400-hour 
run are shown for power lev e ls  corresponding to g ro ss  e lec tr ica l  
output of 4 4 0 ,  8 5 7  and 1 2 7 0  kw. In general, the m easured  p aram eters  
are in agreem ent with design predictions. Since the plant in general,  
(and the prim ary system  in particular), was designed as an operational 
rather than a test  plant, all tem peratures and flow rates are not ob
tainable on a continual b a s is .  For exam ple, there is  no d irect m e a s 
urement of reactor coolant system  flow rate, and the purification  
system  flow rate is  p rese t  by a flow control valve and a flow m easuring  
orif ice . This flow rate is  checked from tim e to tim e but is  not a c 
ce ss ib le  during plant operation.

The data pertaining to the shield water system  was all obtained 
with only three of the four shield water co o lers  in operation. This  
dem onstrates that the plant can continue to operate with one shield  
water cooler out of serv ice ,  as long as the ambient tem perature does  
not exceed 70° F and provided the w aste d isposa l system  is  not in 
operation. Further d iscussion  is  provided in Section VII~F of this  
report.

3. Required Core Power

The core heat production rate must be sufficient to overcom e the 
prim ary system  heat lo s s e s  in addition to supplying the energy  
specified  by the secondary system  heat balance. To determ ine the 
required core output, data pertaining to net prim ary system  heat lo s s e s  
was evaluated.

During p recr it ica l  testing, the prim ary sy stem  was p ressu re  tested  
at normal operating temperature and p r e ssu r e ,  using an e lec tr ica l  
heater instead of the core as the principal energy source. A heater  
power of approximately 7 0  kw was required to maintain a coolant 
temperature of 463° F with the prim ary circulating pump in operation  
and the purification system  inoperative. Thus, the total prim ary  
system  heat lo ss ,  not supplied by the net energy of the pump, is  7 0  kw.
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Data from Fig . 7 shows that the energy lo s s  associated  with the 
operation of the purification sy stem  is approximately 40 kw. Hence, 
the core power production must exceed  the energy requirem ents of 
the secondary system  by approximately 0.11 Mw{t).

The information pertaining to prim ary system  energy lo s s e s  was 
used to determine the approximate accuracy of the ca lor im etr ic  ca lcu
lations performed, during operation, to set and check the nuclear in
strumentation. The ca lor im etr ic  calculation is  based  entirely  on feed
water flow rate, steam tem perature and feedwater tem perature. That 
i s ,  prim ary system  energy lo s s e s  are ignored and the lo ss  associated  
with steam  generator blowdown is  only approximated. Actually, the 
energy lo s s  resulting from blowdow'n of liquid from the shell side of 
the steam  generator is  overestim ated  in the ca lor im etr ic  calculation. 
The calculation treats  the enthalpy of the blowdown as saturated vapor 
rather than saturated liquid, a difference of 47 kw at normal operating 
conditions. Thus, the net resu lt  of the ca lor im etr ic  calculation is an 
underestim ate of core power of approximately 0.063 Mw(t). At full 
power, th is  is  an error  of approximately -0.7%, which is  m ore than 
sufficiently accurate for the purpose of setting and monitoring the 
nuclear power instrumentation.

The accuracy of the instrumentation used in preparing the c a lo r i
m etr ic  calculation ŵ as briefly  review ed. The approximate u n cer
tainties in the data are;

(1) Steam temperature: ± 3° F due to possib le  instrument c a l i 
bration inaccuracy and reading err o r s .

(2) Feedwater temperature: ± 3° F due to possib le  in stru 
mentation inaccuracy and reading erro rs .

(3) Feedwater flow rate: ±2.5% at design flow rate. This total 
uncertainty is  com posed of 0.5% in the m easuring circuit,
0.5% in the record er , 0.5% in the orif ice  coeffic ient and 1% 
in reading the recorder .

The calculated reactor power is  d irectly  proportional to the feed 
water flow rate; hence, a 2.5% uncertainty ex is ts  due to this factor. 
The tem perature uncertainties contribute a p ossib le  error  of 0.36% 
at full power. Thus, the total uncertainty, at full power, of the 
ca lor im etr ic  calculation is  3.6%.

C. CRUD BUILDUP

The variation of heat exchanger performance with plant operating  
history  was investigated. Data from periods when the plant was
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operating at power was utilized to calculate the re lative  variation of 
the overall heat transfer coefficient of the:

(1) Purification cooler .

(2) Purification system  econom izer .

(3) Main steam  condensers.

(4) Shield water coo lers .

(5) Steam generator.

No effect of crud buildup was d iscern ib le  in any of the f ir st  four 
heat exchangers listed  above. This is  not surprising since , in the 
purification system  cooler and econom izer , both tube- and sh e ll-  
side fluids are continually dem ineralized . The main steam  condenser?  
and the shield water heat exchangers are air cooled; the a ir - s id e  film  
coefficient is  the controlling therm al r e s is ta n ce .  T herefore, the effect  
of any tube-s ide  crud would be m asked.

The effect of som e variation in heat transfer  coeffic ient was noted 
in the steam  generator. However, it i s  not known with certainty  
whether the variation was the resu lt  of crud buildup or instrumentation  
drift. In any event, the resultant in crea se  in therm al r e s is ta n c e  was 
l e s s  than that anticipated in the steam  generator design requirem ents.

P M -1 steam  generator specifications require that the manufacturer  
include in his design considerations a fouling factor for the outside of

2
the tubes, to provide for a therm al res is ta n c e  of 0.0004 h r-ft  - ° F / Btu. 
At full-power conditions this amounts to a 31% reduction in the steam  
generator overall heat transfer coeffic ient as compared to the clean  
condition. At a power leve l of 5.5 Mw(t), corresponding to a steam  
flow rate of 20,000 lb /hr, this fouling factor amounts to a 28% reduction  
in overall heat transfer coeffic ient. Plant data at this power leve l  
indicates that the actual coeffic ient decreased  approximately 18% 
during June and July.

The she ll  side of the steam  generator is  in the boiling reg im e over  
m ost of the tube bundle length. The boiling coefficient of heat transfer  
is  heat flux- dependent; hence, the overall  heat transfer  coefficient  
i s  a lso  somewhat heat flux- or power-dependent. T herefore, in order  
to analyze crud buildup in this heat exchanger, it is  n e c e s sa r y  to co m 
pare the performance of the unit at various t im es  but at constant load. 
There are two methods by which steam  generator heat load can be 
determined:
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(1) Enthalpy change of the reactor coolant from inlet to outlet.

(2) The d ifference in enthalpy between the feedwater entering  
the unit and the steam leaving.

Neither of the above methods is  p r e c is e .  The inaccuracy in the 
f ir st  method occurs  because the tem perature r i s e  is  sm all and any 
instrument error  is  a large fraction of the d ifference. In general, the 
second method is  m ore accurate; however, the permanent plant records  
of steam  and feedwater flow consist  of narrow strip charts, which are  
difficult to read with precis ion . Despite this, the second method was 
considered superior and w a s  employed. Data during May, June and 
July was evaluated at a steam  flow rate of 20,000 lb /h r . Evaluation of 
this data showed that the overall heat transfer  coefficient at this heat , 
load decreased  by approximately 18% during June and July. Design  
data at this steam  flow rate shows that the fraction of the total thermal 
res is ta n ce  corresponding to complete crud buildup would be 28%.
Since the unit had not been operated appreciably prior to May, it appears  
that this 18% reduction in heat transfer  coeffic ient could represent the 
effect of crud buildup.

An attempt was made to utilize data from  the 400-hour run, 
recorded toward the end of September, as an additional data point. 
However, the main steam  flow rate instrumentation was recalibrated  
just prior to the final testing  and is  not consistent with the previous  
data. The 400-hour run data indicates that the steam  generator p e r 
formance during September was essen t ia lly  identical to that during 
May. Thus, it is  not known with certainty whether the apparent r e 
duction in heat transfer  coefficient resu lted  from crud buildup or 
instrumentation drift.

The calculated values of overall heat transfer  coefficient, based  
on the tube outside surface area, are presented below. All data is  based  
on a steam  flow rate of 20,000 lb /h r  and a heat transfer  rate of 5.5 
Mw(t).

Date
LMTD

(°F) (Btu/hr-ft'

5 /26 26.5 644

6/16 31.3 545

7/26 32.2 530

9/23 26.9 634
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D. STEADY-STATE ELECTRICAL CHARACTERISTICS

To determ ine the steady-state  voltage, frequency and harm onic  
ch a ra cter is t ic s  of the P M -1 turbine - generator , 18 Brush record er  
tra ces  w ere examined. It was found that the actual e le c tr ica l  ch arac
te r is t ic s  w ere equal to or better than design requirem ents. A co m 
parison is  presented in Table 17.

TABLE 17
Steady-State E lec tr ica l  C haracter istics

M easured Value Design Requirements
(%)   (%)__________

Voltage fluctuations L e s s  than 0.5 0.5

Frequency fluctuations L e s s  than 0.1 0.25

Harmohic content 1.5 2

The voltage and frequency m easurem ents  w ere obtained d irectly  
from the Brush recorder traces;  the harm onic content was determined  
by a harmonic analyzer. The m easured  voltages w ere plotted and are 
shown in F ig . 8. A sum m ary of the harm onics, through the 13th, is  
presented  in Table 18. Also l is ted  in Table 18, for the purposes of 
com parison, are the voltages of a perfect sine wave with a 117-volt  
fundamental.

F igure 8 was compared to a perfect s ine  wave with a maximum  
amplitude of 117 vo lts .  . Paragraph 1.190 of AIEE Publication No. 503, 
T est Code for Synchronous M achines, s ta tes  that, "The deviation  
factor of a wave is  the maximum difference between corresponding  
ordinates of the wave and of the equivalent sine wave to the maximum  
ordinate of the equivalent sine wave when the waves are superim posed  
in such a way as to make this maxim um  difference as sm all as 
possib le ."  When Fig . 8 is  superim posed  on the perfect sine wave in 
this manner, the maximum deviation is  observed to be l e s s  than 1.5%. 
This i s  w ell within the requirem ent of 2%, even with the added d is 
tortion of two transform ers in the sy stem .

The resu lts  of the harmonic content analysis  are conservative ,  
since  the Brush recorder was connected to a point in the plant 120-volt  
distribution system . This was done to avoid overloading the 4160 
potential transform er. Thus, the recorded data contains harm onics  
introduced by the plant station tran sform er and the 120-volt lighting  
transform er.
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TA BLE 18

Measured Harmonic  
Angle Theoretical Voltage Content

(degr»&s4--------(porfcet sine-wave) (volts)

0.8 1.638 1.798

1.0 2.048 . 2.248

1.3 2.650 2.909

1.5 3.065 3.364

2.0 4.083 4.477

3 6.119 6.705

5 10.202 11.107

10 20.311 21.781

12 24.324 25.862

15 30.282 31.787

30 58.500 59.129

45 82.732 82.400

60 101.320 101.387

90 117.000 116.805

E. TRANSIENT RESPONSE TO DYNAMIC 
CHANGES IN LOAD

Data pertaining to dynamic changes in load, obtained by utilizing  
the Martin Mobile Data Acquisition System , is  presented and d is 
cussed  in this section . The following topics are treated individually:

(1) General experim ental technique and data van hookup.

(2) D escription and d iscu ssion  of data.

(3) Predicted  and actual transient perform ance.



45

(4) P r e s s u r i z e r  p e r fo rm a n c e .

(5) T ra n s ie n t  e le c t r i c a l  p e r fo rm a n c e .

1. E x p e r im e n ta l  Technique and Van Hookup

Transient data w as recorded, using the Martin Mobile Data A c
quisition S ystem . This is  a tra iler-m ounted  facility  which records  
data in the form of punched IBM cards.

Installation at the PM - 1 s ite  consisted  of making connections from  
the plant instrumentation to the tra ile r .  These connections are 
illustrated schem atica lly  in F ig s .  9 and 10. Approximately 75% of 
the connections w ere  from instrumentation located in the plant control 
console; the other 25% were from  m isce llan eou s  thermocouple locations  
within the plant. The data van r e c e iv e s  the sam e signal input as the 
plant instrumentation and records the information, in term s of percent  
of full sca le  reading, on a magnetic tape. This tape is  subsequently  
utilized to reproduce data in the form of punched IBM cards. The 
cards w ere transported back to the Martin Computer Center where  
they were listed  and also utilized to autom atically plot the data.

The variation in each instrumented param eter was recorded four 
t im es  per second by the data acquisition system ; it requ ires  1 /4  second  
to scan all c ircu its .  Recording of data was initiated before changes in 
e lec tr ica l  output w ere impo.sed on the plant and continued until the 
steady-state  conditions w ere again reached. As the transient effects  
becam e negligible, data w as recorded interm ittently  (at 10- to 30- 
second intervals).

Changes in plant e lec tr ica l output w ere im posed by use  of an 
e lec tr ic  load bank. The unit was relay-operated; hence, v irtually  
instantaneous changes in e lec tr ica l  load could be im posed. The load 
bank rem ote controls and the acquisition system  rem ote controls were  
both located in the plant control room during testing . This allowed  
continual v isual monitoring of plant perform ance data concurrent with 
recording by the van system .

2. General D escription of Transient Data

a. Presentation of data

Appendix A contains graphical representations of the data co llected  
during the plant transient te s t s .  Table 19 co rre la te s  the figures or 
runs with the "m illisadic run number." The latter is  the number 
assigned to the raw test  data for future re feren ce  or verification .
Also listed  in the table is  the number of variab les  chosen to be plotted 
to properly reflect the plant response .
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TABLE 19

Run
_No._

Page No. 
(Appendix A)

M illi
sadic
Run

Number
Number of 
Variables

Plant 
Transient  
(kwe net)

I A-3 to A-8 150 26 0 to 1000

II A-9 to A-14 160 26 1000 to 0

III A-15 to A-17 110 15 200 to 600

IV A-18 to A-20 180 15 600 to 200

V A-21 to A-23 120 15 600 to 1000

VI A-24 to A-26 170 15 1000 to 600

VII A-27 to A-29 10 15 0 to 200

VIII A-30 to A-32 60 15 800 to 1000

IX A-33 70 5 1000 to 800

X A-34 20 5 200 to 400

XI A-35 100 5 400 to 200

XII A-36 30 5 400 to 600

XIII A-37 90 5 600 to 400

XIV A-38 50 5 600 to 800

XV A-39 80 5 800 to 600

XXIII A-58 to A-64 260 30 Scram from

Load 
Change 

(kwe net)

1000

400

400

200

200

200

200

200
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The l a r g e s t  n u m b er  of v a r ia b le s  w as se lec ted  for the m ost sev ere  
plant tran sien ts, that is , plant scram  from  a high power lev e l and 
1000-kw load swing.

In all c a se s , the fir st  figure is  reactor power and the tim e in terval 
is  fifteen m inutes to perm it a com plete indication of plant reco v ery .

T ransient data during the 1000-kw load change (see  F ig s . I and II 
of Appendix A) was grouped as follow s:

(1) R eactor p a ra m eters--p o w er , period, T^ and T^.

(2) P r e ssu r iz e r  param eters - - le v e l, p ressu re  and tem perature.

(3) P urification  system  param eters - - coolant tem perature and 
sh ield  w ater tem perature.

(4) Steam generator sy stem  p a r a m e te r s --le v e l, p ressu re , 
feedw ater and main steam  flow.

(5) Condensate system  co n tro ls--d ea era to r  and hotw ell lev e l, 
throttle steam  flow, etc.

(6) Condenser con tro ls--ex h a u st p ressu re , condenser tube 
tem peratures, etc.

F or the scram  from  high power transien t (F ig . XXIII), four additional 
p aram eters w ere chosen to be plotted (in term ediate and source range 
instrum entation data, prim ary coolant pump power and p rim ary coolant 
pump differential p ressu re) s in ce  a scram  trips the coolant pump and 
reactor flux lev e l tr ip s the source range.

A sm a ller  number of variab les w ere plotted to rep resen t the r e 
m aining, le s s  sev ere  tra n sien ts . The variab les  chosen w ere those  
that would show the trend with which the plant responded. P urification  
system  tem peratures, p r e ssu r iz er  tem p eratu res, feedw ater tem 
p eratu res, e t c . , w ere not included, as the sev ere  tran sien ts  showed  
alm ost no effect.

The tra ces  depicting reactor outlet tem perature, p re ssu r ize r  
p ressu re  and feedw ater flow show h arm on ics. T hese harm onics  
occur before, during and after the tran sien t and are not a resu lt of 
the transien t. They are probably due to instrum entation d isturbances. 
A review  of the console  record er charts for th ese  var ia b les  showed 
no such harm onics. Throttle steam  flow s at high loads are a lso  not 
sm ooth p lots. T urbine-generator governor d ifficu lties did ex ist  during 
th ese  te s ts  and affected throttle steam  flow.
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b. G eneral trends (Runs I and II, 1000-kw e load ch an ge--A -3  
through A -14, Appendix A)

T his transient w as im posed on the plant with the use of the load 
bank. With the plant operating at a reactor power of 30% (Run I), 
supplying station se rv ice  loads, a load of 1000 kwe was applied with 
the load bank. R eactor power was in crea sed  to 84%. Run II showed 
plant resp on se  for a d ecrease  in plant net e lec tr ica l load of 1000 kwe 
with a subsequent drop in reactor power from  84% to 30%.

P rim ary

No unexpected param eter changes w ere noted.

P r e ssu r iz e r

P r e ssu r iz e r  leve l varied  as coolant average tem perature, with a 
subsequent s im ila r  p ressu r izer  p ressu re  variation . The p ressu re  
variation was not great enough to re flect a tem perature change in the 
p r essu r ize r .

P urification  system

The tem perature values for the sy stem  are in error, s in ce the 
change in tem perature on the sh e ll side (reactor inlet tem perature  
m inus purification in let tem perature) of the econom izer does not 
equal the change in tem perature on the tube side (d em in era lizer  in let 
tem perature m inus the prim ary return tem perature). H owever, the 
co rrect trend is  shown. In Run II (a d ecrea se  in load), a r is e  in 
purification  coo ler  in let tem perature and a r ise  in econom izer return  
tem perature are noted. This would be expected , since reactor inlet 
tem perature r is e s  as a resu lt of the reduction in energy tran sferred  
to the secondary sy stem . An in crea se  in load (Run I) re su lts  in a 
low ering of reactor in let tem perature and a subsequent low ering of 
the econom izer tem perature. In either ca se , the lag of tem perature  
change is  due to the stored energy in the com ponent. In both c a se s ,  
sh ield  w ater outlet and purification co o ler  outlet tem peratures do not 
change. This is  to be expected, s in ce  the sh ield  water flow' is  over 13 
tim es  greater  than the purification flow .

Steam  generator

The steam  generator lev e l control functioned quite w ell during 
both tran sien ts, considering the sm all capacity of the steam  generator. 
Com paring tran sien ts, it w ill be noted that a larger change in lev e l  
occu rs during the in crea ses  in load. T his can be attributed to main  
steam  flow demand. Run II show's steam  demand as alm ost a step  
change to the new stea d y -sta te  requirem ent, while Run I has steam
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demand exceeding the stea d y -sta te  requirem ent by 9000 lb /h r . R eferring  
to throttle steam  flow, the turb ine-generator governor reaction  accounts 
for the overshoot in steam  demand. The rem aining param eters are as 
expected.

Condensate sy stem  controls

D eaerator and hotw ell lev e l controls functioned w ell within the 
specified  range of operation. D eaerator p ressu re  during the down 
transient (Run II) holds constant. During the up transient (Run I), 
p ressu re  d ecrea ses  (with a s im ila r  d ecrea se  in feedw ater in let tem 
perature), which would resu lt upon an in crea se  of condensate flow. 
H owever, the p ressu re  seem s to lev e l out at 7.5 p sig , which is  below  
the alarm  point. T his appears to be a record ing erro r , as no alarm  
was annunciated during the te st  and other s tea d y -sta te  runs at th is 
load proved that the capacity of the deaerator steam  supply valve from  
the auxiliary steam  line was not exceeded.

At full load, before the transient (see  Run II), deaerator p ressu re  
is  adequately m aintained at 11 p sig .

Condenser controls

During the in crea se  in load transient (Run I), turbine exhaust 
p ressu re  r is e s  as expected, but the tube tem peratures fa ll. This is  
because the m ain bank louvers are controlled  from  the turbine e x 
haust p ressu re  controls located in the turbine exhaust lin e. As the 
main bank louvers opened, tube tem peratures fe ll before the added 
flow of steam  could reach the con d en sers. The louvers then cycled  
until norm al exhaust p ressu re  was recovered  and tube tem peratures  
returned to norm al. Note that air coo ler  d ifferen tia l p ressu re  flu c
tuated; th is can be attributed to the fluctuating cooling air flow as the 
m ain bank louvers cycled . The air coo ler  lou vers w ere operated in 
the rem ote manual mode and w ere kept in one position .

During the d ecrea se  in load (Run II), turbine exhaust p ressu re  fe ll 
at the instant of the transient, followed by c lo sin g  of the lou vers. Four 
condensers w ere in operation at the tim e of the transient with all con
denser fans on full, far exceeding the required condensing capacity  
after the transien t. T his is  reflected  in the cyclin g  of the tube tem 
perature and air coo ler  d ifferentia l p r e ssu r e . Slight changes in the 
m ain bank louvers resu lted  in sharp changes in cooling air flow a cro ss  
the air coo ler  section  and a com pletely  unbalanced condensing system , 
as is  read ily  seen  from  the tra ce s .
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400- and 200-kw e load sw in g s - -R u n s  III th rough  XV, A-15 through 
A -39, Appendix A

T ra n s ie n ts  of 400 and 200 kwe (net) a r e  shown on Runs III 
to XV. A com parison with Runs I and II shows that the swings in the 
plant param eters at the le s s e r  tran sien ts w ere correspondingly l e s s  
and that there w ere no unexpected deviations.

c. Scram  from  full power

The purpose of th is  te st  was to determ ine plant resp on se to a 
scram  from  full pow er. Fu ll power, how ever, could not be obtained, 
as the load bank w as inoperative at the tim e of the te s t . The test  van 
required  power during the scram ; th erefore , the 480-vo lt bus had to 
be energized  continuously. Due to an ADC alert, the radar s ite  could 
not supply power to P M -1 ; and the tie lin e  c ircu it breaker had to r e 
m ain open during the te st .

The test method w as, th erefore , as follow s;

(1) The desuperheater steam  flow control valve was opened to 
dump steam  to the con d en sers. Steam flow was lim ited  by 
the amount of condensate flow required for desuperheating. 
Im m ediately before scram , approxim ately 80% powder was 
indicated on the power range channels.

(2) The P M -1 d ie se l was started  and p aralleled  with the 
turbine - gene r ator to assu m e load after scram .

(3) Sim ultaneously with the manual scram , e x c e s s  e lec tr ica l  
loads such as the feedw^ater pump, condensate pump, con
denser fans, e t c . , w ere m anually tripped at the con so le  to 
prevent overloading of the d ie se l. T his was done s u c c e s s 
fully, as the d iese l-g en era to r  did not trip and there was no 
evidence of voltage or frequency fluctuation.

Analy s is  of data (Run XXIII, A -58 through A -64, Appendix A)

P rim ary . P rim ary  conditions w ere as expected follow ing a scram  
and did not approach any cr it ic a l v a lu es. R esponse was ex cellen t.

The prim ary coolant pump w'as started  two m inutes after scram , 
whereupon Tĵ  and T^ assum ed average va lu es. P urification  cooler
in let tem perature slow ly  ro se  as purification flow w'as resum ed. 
P r e ssu r iz e r  lev e l fe ll as flow was restored  through the co re .
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N uclear. R eactor power range channels fe ll to zero  at the tim e of 
the scram , and the in term ediate channels showed steady decay over a 
period of seven  minute s ,

Unusual fluctuation is  shown in the reactor period during the four- 
to six-m inute in terval after scram . It is  obvious that the source  
channel period was being m on itored . (See figu res of reactor period  
and Channel 1 or Channel 2 log count rate. ) F luctuations occurred  
from  b istab le chatter (B istab le 8, sou rce range le v e l d isab le). After 
the flux was w ell within the source range, period and count rate  
lev e led  out.

Secondary. Secondary sy stem  p aram eters reacted  in a norm al 
m anner to a scram . Steam generator p ressu re  ro se  s low ly  and then 
abruptly when the coolant pump was turned on, c ircu lating  higher  
tem perature prim ary w ater. The hotw ell lev e l r o se  to a m axim um  
from  the water draining from  the condensers over a period of two 
m inutes. Three m inutes w ere required for condenser p ressu re  to 
reach atm ospheric.

A part of the drop in steam  generator lev e l can be attributed to the 
w ater lo st to blowdown before it was secured .

3. P red icted  and Actual T ransient P erform ance

Data from  the P M -1 perform ance te s ts  was evaluated and com 
pared with design p red ictions. The evaluation is  d iscu ssed  below in 
three portions, namely:

(1) C onclusions concerning o v era ll sy stem  tran sien t p er
form ance resu lting  from  changes in e le c tr ica l pow er.

(2) C om parison of actual transient perform ance with analog  
sim ulation pred iction s.

(3) Changes in s tea d y -sta te  prim ary coolant average tem 
peratures before and after a transien t.

a. C onclusions

The following conclusions, concerning actual plant transien t p e r 
form ance resu lting  from  abrupt changes in plant e le c tr ic a l demand, 
w ere obtained as a resu lt of th is evaluation:

(1) The plant perform ance is  w ell within design  sp ec ifica tio n s.
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(2) D esign pred ictions of transient perform ance w ere o v e r 
con servative . The inherent load-fo llow ing ch a ra cter istic s  
of the P M -1 prim ary sy stem  and the feedw ater con tro ller  
tend to reduce the magnitude of plant tran sien ts resu lting  
from  abrupt changes in e le c tr ic a l demand.

(3) The s tea d y -sta te  average coolant tem peratures before and 
after transient differ sligh tly , the magnitude of the d ifference  
being a function of power. The cause is  not com pletely  e x 
plainable; however, it is  apparent that th is effect tends to 
reduce the magnitude of the tran sien ts.

(4) The m athem atical m odel used in the analog sim ulation is  
adequate, com ponent-w ise, in predicting basic plant p e r 
form ance, However, to m ore c lo se ly  duplicate the actual 
plant perform ance, additional input must be incorporated. 
These include a m ore accurate sim ulation  of the feedw ater  
and steam  flow relationship  and a coeffic ien t of reactiv ity  
to allow for the variation of average tem perature with load.

b. Com parison of actual data with analog predictions

D esign p aram eters, as predicted by the P M -1 analog com puter 
sim u la tio n , w ere com pared to actual te s t  data. The conditions under 
which the plant data was taken differed som ewhat from  that sim ulated  
on the com puter. B ecause of th is, no p r ec ise  com parison could be 
made. H owever, by reducing se lec ted  portions of the actual plant data 
to a graphical form  s im ila r  to that produced by the analog com puter, 
usefu l com parisons w ere made between sim ulated  and actual p erfo rm 
ance. The m ost applicable test runs for th is com parison w ere load 
sw ings between 200 to 600 kw, 0 to 1000 kw, 1000 to 0 kw and 600 to 
200 kw. T hese w ere the actual tran sien ts  n earest to those sim ulated  
on the com puter.

The analog com puter data had been calculated  in term s of percentage  
of reactor th erm al power. To obtain a com parison , the actual p erform 
ance data was com piled and plotted in a s im ila r  m anner, as follow s:

(1) Fig. 11- -Load change from  600 to 200 kwe (net) rep resen ts  
a change in reactor power from  60.5 to 40.5%.

(2) Fig. 12- - Load change from  1000 to 0 kwe (net) rep resen ts  a 
change in reactor power from  85.3 to 27.3%.

The n earest s im u lator transien ts available are shown in F igs. 13 and 
14. Figure 13 is  a typ ica l transient of 30% (from 40 to 10% of rated 
reactor power). F igure 14 rep resen ts  an 80% change (from 100 to 2 0% 
of rated reactor power).
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D irec t  c o m p a r iso n  of th e se  f ig u re s  in d ica te s  tha t the p re d ic te d  
t e m p e ra tu re  t r a n s ie n t s  a r e  m uch l a r g e r  and of s h o r t e r  d u ra tio n  than 
th o se  ac tu a l ly  ex p e r ien ced . F o r  ex am p le ,  the  p lant t e s t  data  in d ica te s  
a m ax im u m  peak m ain  s te a m  te m p e r a tu r e  change of ap p ro x im a te ly  
8 °  F  f ro m  a t r a n s ie n t  lead ing  to a 20% change in r e a c to r  p o w er  (Fig. 
11), while the predicated change in peak steam  tem perature was + 25° F  
during the  transient corresponding to a 30% change in reactor power 
(see  Fig. 13). Furtherm ore, the transien t depicted by Fig. 12 resu lted  
in an in crease  of steam  tem perature of 25.3° F, while the predicted  
peak for the case  of an 80% change in reactor power was 48° F. These  
resu lts  show that the actual plant was experiencing the sam e in crease  
of main steam  tem perature during a 58% change in reactor power that 
the sim ulator was predicting for a 30% power change.

To determ ine the reasons for th is d ifferen ce, a ll the stea m -sid e  
and steam  generator param eters used in the m athem atical m odel w ere  
evaluated from  the test data. No sign ificant d iscrep an cies  could be 
detected in the tota l water storage volum e, sp ec ific  heats, heat tra n s
fer coefficient and heat of vaporization as they appear in the steam -  
side equation of the sim ulator m odel,

IVI c t  = UA (T, - T ) = W h. - vV. (h - h . ) s p b s g fg fw s fw'

where

Tg = saturation tem perature of the w ater on steam  sid e

Tjj = prim ary side average w ater tem perature

h|.^ = feedw ater inlet enthalpy

h = enthalpy of saturated fluido

= m ass steam  flow rate
g

W„ = m ass feedw ater flow ratefw

Mg = w ater m ass in secondary side

Cp = sp ec ific  heat of water

UA = overa ll heat transfer coeffic ien t of the steam  generator
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= heat of vaporization.
o

One b asic  assum ption made in the sim ulation  was that the feedw ater  
control sy stem  functioned to m aintain m ass steam  flow and m ass feed 
w ater flow approxim ately equal. H owever, in evaluating the plant test  
data, it was d iscovered  that the lev e l com pensating feedw ater control 
sy stem  was actually causing a large m ism atch  between th ese  two 
p aram eters during the early  portion of the in creased  power transien t. 
This caused a large e x c e ss  of cold feedw ater inflow over that assum ed  
in the analog sim ulation (see  F ig. 15). The effect on the magnitude of
T can be seen  by referr in g  to the above equation. The higher value s
of feedw ater flow above steam  flow for a large portion of the total 
transien t tim e in crea ses  the effect of feedw ater cooling term  in the 
equation. T his, in turn, d ecrea ses  the rate of change of steam  tem p era
ture.

The reduction of the magnitude of the steam  tem perature transient 
reduces the magnitude of the transient im posed on the prim ary s y s 
tem , including the reactor. This se r v e s  to d ecrease  the speed  of 
resp on se of the reactor by reducing reactiv ity  effects  and to m in im ize  
tem perature tran sien ts in the prim ary loop. Furtherm ore, th ese  
sm a ller  tem perature changes resu lt in sm a ller  prim ary loop water 
volum e changes, causing reduced p ressu re  tran sien ts.

Load tran sien ts of the opposite d irection  exhibit the sam e ch a ra cter
is t ic s  noted above (see F igs. 16 through 19). In the plant te st  runs, the 
feedw ater flow was again observed  to be lagging behind steam  flow during 
the transien t, serv in g  to reduce the effective  amount of cooling during 
the transient tim e. Again, the th erm al tran sien ts are sm a ller  than those  
predicted from  the sim ulation.

The o vera ll effect of assum ing m atched steam  and feedw ater flow  
in the sim u lator was to build a high degree of con servatism  into the 
plant a n a ly sis , with the resu lt that a ll therm al tran sien ts are w ell 
within the predicted  design va lu es. In fact, it was concluded from  
a n a ly sis  of th is te st  data that the P M -1 plant is  overdesigned  for its  
transient perform ance sp ecifica tion s.

c. A verage coolant tem perature changes

Another area of evaluation of the P M -1 plant perform ance data is  
the prim ary loop calculated average tem perature after sy stem  load 
tra n sien ts. The figures exhibit a tendency for the s tea d y -sta te  average  
tem perature to rest at a sligh tly  d ifferent equilibrium  value after the 
power transien t. In the m axim um  power in crease  test ca se  experienced
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(Fig. 17), equilibrium  erro rs  amount to about -4.5° F. This includes  
the extrem es of the sca tter  in the data; a better estim ate is  3.5° ± 1.0° F.

The negative power tran sien ts (Fig. 12) indicate a negative tem p era 
ture error of about + 6° F, including scatter; a better estim ate  is  +4.5° ± 
1.5° F. These trends indicate that the arithm etic mean of the core in 
let and outlet tem perature is  not an exact m easu re of core reactivity;  
and/or, during the cou rse of the load tra n sien ts , a negative reactiv ity  
effect other than the m oderator coefficien t is  encountered. The + 4.5° F 
m oderator tem perature erro r  rep resen ts  a core reactiv ity  change of 
approxim ately 0.07% Ap; the change in m oderator density corresponding  
to the 4.5° F tem perature d ifference is  le s s  than 0.5%.

The plant transient data presented  in Appendix A was investigated  
to determ ine trends. For p re c ise  con clu sion s, it would be n ecessa ry  
to have m ore data in which only a single  independent variab le is  
changed--for exam ple, a com plete s e r ie s  of load tran sien ts a ll 
initiated at one reactor power. Since th is much testin g  was neither  
planned nor perform ed, only general trends can be deduced from  the 
data. These are:

(1) The magnitude of change of equilibrium  reactor tem p era
ture is  a function of power. L ittle or no effect is  found 
for tran sien ts in which reactor  power does not exceed  50%.
For transien ts in which higher power le v e ls  are experienced , 
the magnitude in crea ses  as the power in crea ses .

(2) On tran sien ts during which reactor power in cr ea se s , there  
is  a power overshoot at low pow ers and not at high power.
For exam ple. Run VII of Appendix A, illu stratin g  a load  
change from  0 to 200 kwe (net), show s that m axim um  r e 
actor power is  7.5% com pared to equilibrium  power of
6.0%. In contrast, a m ore se v e r e  transient from  0 to 1000 
kwe (net) (Run I of Appendix A) shows no power overshoot.
A power swing from  200 to 600 kw show s a slight o v e r 
shoot. T his is  exactly  contrary to expectations.

(3) On tran sien ts during which reactor  power is  d ecreased  
to below about 50%, a power undershoot is  experienced , 
as was predicted  by the analog sim ulation.

There appear to be two p ossib le  exp lanations: the variation of 
representative core m oderator tem perature with prim ary loop te m 
perature and lo ca l boiling.

There is  no doubt that the average of the reactor inlet and outlet 
tem peratures does not exactly  rep resen t the true core average tem -
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perature. In a load swing w here reactor power is  d ecreased  appreciably, 
the inlet tem perature in crea ses  and the outlet tem perature d ecrea ses .
If the average tem perature, after the transien t, is  to be equal to the 
in itia l conditions, the tem perature changes m ust be equal. However, 
there is  no assurance that a 10° F tem perature in crea se , for exam ple, 
in the core inlet tem perature has exactly  the sam e reactiv ity  effect 
as a 10° F d ecrease  in outlet tem perature. Thus, som e change in the 
arithm etic mean tem perature is  not com pletely  unexpected.

Another plausible explanation would be voids due to lo ca l (subcooled) 
boiling. Recent data (Ref, 1) show s that loca l boiling void fractions are 
larger than those anticipated during the PM -1 design phase. No com 
p lete an alysis  was attem pted, but design  data was briefly  evaluated.
It was found that local boiling in the PM-1 core begins at about 50% 
of design power. Predicted  voids, even at full pow er, do not account 
for an average coolant density change of 0.5%. However, lo ca l b o il
ing, of cou rse, occurs in the high power production regions of the co re , 
and the assoc ia ted  reactiv ity  e ffects  of density change would be greater  
than those based on average coolant cond itions.

The net resu lt on the plant perform ance of th is ch a ra cter istic  is  
a reduction in magnitude of therm al tran sien ts. Again, th is adds con 
serv a tism  into the analog sim ulation  in that the tem perature and pres - 
su r iz e r  lev e l changes are le s s  in the actual plant than those sim ulated  
on the analog.

4. P r e ssu r iz e r  Perform ance

Actual P M -1 p ressu r izer  perform ance was evaluated. It was found 
that the actual plant tran sien ts w ere le s s  sev ere  than anticipated, as 
d iscu ssed  above. At no tim e did the p re ssu r ize r  p ressu re  in crea se  to 
the point where the p re ssu r iz er  spray valve would operate. Volume 
su rges into the p r e ssu r ize r  w ere about half the predicted va lues. This 
a g rees  with the com parison between the core coolant w ater tem perature  
tran sien ts  experienced  and those predicted .

P M -1 p ressu r izer  perform ance was analyzed, using data from  the 
1000- to 0- to 1000-kw and 1000- to 600- to 1000-kw load t r a n s i e n t s .  The 
rem aining runs resu lted  in surge volum es and p ressu re  sw ings which 
w ere sm a ll com pared to the record ing erro r . The m axim um  volume

3surge encountered was 0.42 ft during the 1000- to 0-kw load transien t. 
T his resu lted  in a p ressu re  r ise  of 30 psia . The p r essu r iz er  p ressu re  
ratio v ersu s the expansion ratio was calculated and showed that the 
expansion p ro cess  taking place in the p ressu r izer  is  s ligh tly  le s s  sev ere  
than a saturation p ro cess  and a good deal le s s  sev ere  than the isen trop ic
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Kp ro c e s s  for which the p re ssu r iz er  was designed. vVith PV as a con
stant, the m easured K is  0.5, com pared to a value of 0.62 for a sa tu ra
tion p ro cess  and 1.3 for an isen trop ic p ro ce ss . The follow ing m ay  be 
concluded from  th is a n a ly s is :

(1) The P M -1 p r e ssu r ize r  can accom m odate the m axim um  
surge generated by the plant and m aintain the  prim ary  
p ressu re  within narrow lim its  (±30 to 40 p si).

(2) In future PM plant p re ssu r ize r  d esign s, consideration  
should be given to s iz in g  on the b asis  of a saturation p ro cess , 
esp ec ia lly  where su rges of 60- to 7 0 -se c  duration are en 
countered.

An IBM program  to s iz e  p r e s su r iz e r s , w ritten as a portion of the 
PM R&D program , assu m es the saturation p ro cess  and is  included in 
Ref. 11.

5. Transient E lectr ica l C h aracteristics

Step changes in e le c tr ic a l load of 200, 400 and 1000 kw w ere utilized  
to obtain data to determ ine plant transient c h a ra c ter is tic s . Table 20 
is  a sum m ary of the resu lts  obtained from  the Brush record in gs. The 
variation of voltage and frequency with tim e is  shown in F ig. 20 for 
step changes of 0 to 1000 and 600 to 1000 kw.

The load bank did not perm it step load changes of 300 kw, but the 
resu lts  indicate that, even with a 400-kw step  load change, the design  
requirem ents w ere achieved. T h ese  sam e requ irem ents w ere approached  
and in som e ca ses  achieved with a 1000-kw load change. It may be 
concluded that the turbine - generator m eets a ll voltage and frequency  
response requirem ents under stead y-sta te  and tran sien t conditions.

F. RESPONSE OF THE REACTOR TO ROD MOTION

1. G eneral

The plant param eters w ere recorded during tran sien ts  initiated by 
rod motion. Table 21 su m m arizes the test runs perform ed and lis ts  
the appropriate runs in Appendix A. Rods w ere in serted  sin g ly , in a 
group of three and in a group of s i x , at 91 and 46% pow er. Rods w ere  
extracted in a s ix -ro d  bank group at 42% power.

The m ost sev ere  transient resu lted  from  the in sertion  of a single  
rod for a distance of two in ch es, at the rate of two inches per minute. 
This particular ca se  is  d iscu ssed  in Item 2 on the follow ing page. The
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for one and one-half in ch es, though with a fa ster  in itia l transien t.

2. Transient R esponse

a. Reactor sy ste m s

As can be seen  from  Run XVI, the resp on se of the sy stem  was as 
expected. The reactor went on a strong negative period as soon as rod 
m otion started and the reactor output d ecreased . The reactor tem p era
tu res a lso  d ecreased . With the d ecrease  in tem perature and the r e 
sultant volum e contraction of the prim ary coolant, the p ressu r izer  lev e l 
and p ressu re  d ecreased . A fter approxim ately s ix  and one-half m inutes, 
the control rod w as slow ly  withdrawn to prepare for the next test run.

b. Secondary sy stem

Since the demand on power had not changed, the main steam  flow 
in creased  to sa tisfy  the demand from the turbine. The tran sien ts on 
the rem ainder of the secondary sy stem s w ere in line with th ese  changes.

TABLE 20 
T ra n s ie n t  E lectr ica l C h a ra cter istics

Load Swing
(kwe, net)

Frequency  
Change 

(c y c le s , %)

Tim e to 
Return to: Voltage 

Change 
(v o lts , %)

Tim e to 
Return to:

0. 25%
(sec)

0%
(sec)

0. 5% 
(sec)

0%
(sec)

1000 to 0 0. 25 0. 416 2. 8 9 2 .4 7 2. 06 2. 2 2. 8
0 to 1000 0. 25 0. 416 2. 5 7. 3 3. 0 2. 5 2 .6 2. 8
1000 to 600 0. 12 0. 2 0 4. 7 0. 84 0. 7 1. 2 2. 0
6 00 to 200 0. 11 0. 183 0 3. 5 0. 986 0. 8 0. 9 1 1
200 to 400 0. 1 0. 167 0 3 .2 1. 62 1. 35 1. 3 4. 0
0 to 200 0. 08 0. 133 0 2. 5 0. 92 0. 77 0. 6 2. 7
800 to 1000 0. 09 0. 15 0 4. 5 0. 99 0. 82 0 2. 5
400 to 600 0. 083 0. 14 0 3. 0 0. 71 0. 59 0 2. 0
600 to 800 0. 08 0. 133 0 4. 1 1.2 1. 0 1. 0 1. 4
600 to 1000 0. 12 0. 2 0 5. 5 0. 92 0. 76 0. 4 1. 0
400 to 200 0, 09 0. 15 0 2 .3 0. 60 0. 5 0 1. 2
1000 to  800 0. 083 0. 14 0 3 .3 0. 75 0. 62 0. 2 0. 7
600 to 400 0. 083 0. 14 0 2, 3 0. 84 0. 7 0. 5 2. 0
800 to 600 0. 058 0. 10 0 2. 5 1.2 1. 0 0. 7 2. 2
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c. C onclusions

R eco v ery  of both  sy s te m s  w as a s  expected . The f luc tua tions  in 
steam  and feed flow are probably due to  the turbine governor, which w as 
giving trouble during th is period.

The other rod m otion tran sien ts exhibited the sam e ch a ra c ter istic s  
a s  noted above, except that the in itia l transient w as fa ster  , as expected. 
The steam  and feedw ater flow fluctuations noted above w ere som ewhat 
le s s  sev ere .

The extract m otion generated tran sien ts of the sam e order of m ag
nitude as the in sert tran sien ts, but in the opposite d irections.

The t e s t  inform ation available w as a lso  used to eva lu ate , in a rough 
m anner, the apparent tem perature coeffic ien t of the P M -1 plant at 
norm al operating tem p eratu re. F igure 21 show s te st  data taken for 
a 1-rod in sertion  at the slow  rate from  c r it ic a l position of a ll rods at 
about 15. 10 inches from  bottom  of the c o r e . Total rod m otion w as
2. 02 inches.

S ingle-rod  worth var ies  from  approxim ately 5% for five rods fully 
out and one rod fully in serted  to about 2% for one rod fully withdrawn 
with the rem ainder of the rods fully in serted . Figure 21 show s that 
the equilibrium  average tem perature d ecreased  by 14. 5° F. U sing the 
m inim um  and m axim um  rod w orths, a range for the tem perature c o 
effic ien t can be estab lished  as 0. 929 x 10 and 2. 32 x 10  ̂ A p/®F, 
resp ectiv e ly . The actual value used in the PM -1 power range s im -

-4 ,
ulations w as -1 .7  x 10 §K/°F. Since the average value of rod worth
w ill gen erally  be som ew here betw een 2% and 5%, the value used in the 
sim ulations is  r e a lis t ic  and valid .

TABLE 21

Run Page No. 
No. (Appendix A)

XVI A -40  to A -45

XVII A -46 to A -47

M illi
sadic
Run
No.

220

230

No. of 
V ariab les

26

8

Plant
Transient

Rod in sert,
1 rod 2 inches
Rod in sert,
3 rods 1/2 inch

Load 
(kwe, net)

1000

1000
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TABLE 21 (continued)

Run
No.

Page No. 
(Appendix A)

M illi
sadic
Run
No.

No. of 
V ariables

P lan t
Transient

Load 
(kw e, net)

XVIII A -48 to A -49 240 8 Rod in sert,
6 rods 1 /4 inch

1000

XDC A -50 to A - 51 190 8 Rod in sert,
1 rod 2 inches

200

XX A -52 to A -53 200 8 Rod in sert,
3 rods 1 12 inch

200

XXI A -54 to A -55 210 8 Rod in sert,
6 rods 1/4  inch

200

XXII A -56 to A -57 215 8 Rod extract,
6 rods 1 /4 inch

200

G. PLANT AUXILIARY POWER REQUIREMENTS

The v a r ia t io n  of a u x i l ia ry  load r e q u i re m e n ts  with p lant output is 
illu strated  in F ig. 22 for the situation w here the e lec tr ic  m otor-driven  
condensate and feedw ater pumps are u tilized . Figure 22 and Table 14 
show that the hotel load --th e  power required for lighting, a ir  conditioners  
and building v en tila tio n --is  52. 5 kw. To develop power up to the point 
where the generator can be synchronized with the source of startup  
power req u ires approxim ately 200 kw. The m ajor variation in plant 
auxiliary power as a function of total generator output is  caused by the 
power consum ed by the condenser fa n s . The rem ainder of the auxiliary  
power load rem ain s fa ir ly  constant with changes in both am bient te m 
perature and plant load. The plot of auxiliary  power v ersu s  plant load  
(Fig. 22) show s three d istinct s te p s . T hese correspond to four, six  and 
eight fans operating at high speed. The fans have 20-hp m otors and thus 
require about 15 kw a p ie c e . The amount of auxiliary  power required  
w ill vary betw een 200 kw and 285 kw, depending on load and ambient 
tem p eratu re . The m inim um  value is  expected in cold w eather at low 
loads when one or m ore condensers may be secured  and only one fan 
is  n ecessa ry  in the rem aining u n its . The m axim um  amount w ill be 
required in w arm  weather at high loads when a ll condensers have both 
fans in operation.



61

The a u x i l ia ry  power balance prepared during the final design phase 
of the PM -1 e s t im a te d  th a t  the a v e rag e  a u x i l ia ry  pow er u t i l iza tio n , a t  
full e le c tr ica l power output, would be 210 kw. (A 250-kw auxiliary  
power tran sform er was sp ecified  for the p lant. ) Since th is is  75 kw 
le s s  than the actual auxiliary power consum ption, the difference w as 
investigated by u sing  power m e a s u re m e n ts  obtained at various t im e s  
during the te s t  program . The e lem en ts of th ese  greater-th an -pred icted  
power consum ptions are;

(1) Hotel load is  39 kw greater than that contem plated during the 
final design  phase, due to m ajor rev is io n s  in the building and 
consequent changes in lighting and ventilating power consum p
tion.

(2) Condenser fan power is  som e 20 kw greater than predicted  
because the condenser fan blade angle w as adjusted to enable 
full e le c tr ic a l power production with an am bient tem perature  
of 85° F. (D esign requirem ent is  70° F. )

(3) Various individual item s of power consum ption w ere slightly  
underestim ated. The combined average power consum ption  
of the sh ield  water coo ler  fans, the p r e ssu r iz er  h ea ters, 
feedw ater pump, condensate pump and a ir com p ressor  is  
approxim ately 16 kw greater than predicted.

H. SCRAM DATA

The plant operating h istory p rofile . F ig. 4, show s the occurrence  
of a ll unintentional scra m s. Those scra m s a sso c ia ted  with m alfunction  
reports are listed  in Table 22. C orrective actions are described  in
Section IX of th is report.

TABLE 22 
Scram s

Cause Date

N uclear Instrum entation
Channels 1 and 2 4 /1 4 /6 2

5 /1 8 /6 2
8 /8 /6 2

Channels 3 and 4 3 /3 /6 2
3 /3 0 /6 2  
4 /3  /62 
6/16  /62 
9 /1 7 /6 2
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TABLE 22 (continued)

Cause

Radiation m onitoring  
Turbine Governor Malfunction

E le c tr ic a l  M alfunctions  
Station aux iliary  power

Control rod actuator power supply 

Radar station  m alfunctions

M iscellaneous

Operator E rror

Undeterm ined Cause

Date

7 / 2 5 / 6 2
6 / 1 9 / 6 2  
6 /21 /62 
8 / 4 / 6 2  
9/ 22  /62

4 / 1 0 / 6 2
4 / 1 9 / 6 2
7 / 1 8 / 6 2

4 / 1 3 / 6 2
6 / 1 3 / 6 2
4 / 3  /62 
4 / 3 / 6 2  
9 / 2 2 / 6 2
3 / 3 0 / 6 2
6 / 2 1 / 6 2
8 / 7 / 6 2
5 / 1 6 / 6 2  
6 / 6  / 62  
7 / 1 9 / 6 2  
7 / 1 9 / 6 2  
7 / 2 3 / 6 2  
7 / 2 7 / 6 2  
9 / 1 3 / 6 2  
1 0 / 2 / 6 2  
1 0 / 2  / 62  
1 0 / 3 / 6 2
6 / 7 / 6 2
9 / 1 4 / 6 2
9 / 1 7 / 6 2

Information concerning the tim e required to return to power op era
tion is  not particu larly  sign ificant for the ea r lie r  data. In many c a s e s ,  
the plant w as not at power prior to the scram  and / or the plant was shut 
down for rep a irs , m odifications, m aintenance or crew  training after  
the scram . The m ost rep resen tative data pertaining to the current 
ability  to recover from  unintentional scra m s w as obtained during the 
400-hour run. This data is  presented  in Table 23.
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TABLE 23

Date Tim e Required to R esum e Pow er

September 12, 1962 10 hours , 5 m inutes
Septem ber 14, 1962 9 hours. 42 minute s
Septem ber 17, 1962 5 hours. 47 m inutes
Septem ber 22, 1962 5 hours. 30 m inutes
September 29, 1962 5 hours. 17 m inutes

I. ESTIMATED REFUELING TIME

The log data  during  the p e r io d  betw een F e b r u a ry  20 and F e b ru a ry  
26 w as rev iew ed  in de ta il .  D uring th is  p e r io d ,  the dum m y c o re  w as 
rem o v ed  f ro m  the r e a c to r  v e s s e l ,  and the ac tu a l  co re  w as in se r te d .
The v a r io u s  s tep s  conducted du ring  each  sh ift  a r e  i l lu s t r a te d  in Fig.
23. It r e q u ire d  a to ta l  of 128 h o u rs  to p e r fo r m  the r e m o v a l  and in 
s e r t io n  of the c o re ;  how ever, a  r e la t iv e ly  la rg e  f ra c t io n  of th is  t im e  
can be a t t r ib u te d  to  p ro b le m s  a r i s in g  du ring  th is  f i r s t  s im u la t io n  of 
re fue ling . The t im e  lo s t  due to  p ro b le m s  w hich probab ly  w ill not 
r e c u r  is a lso  defined in Fig. 23.

F ig u re  24 p re s e n ts  the e s t im a te d  re fu e l in g  t im e  span  a f te r  e l im in a 
tion of tim e lo st in correcting  p ro b lem s. Actual tim es  required to p e r 
form  the various step s during February w ere  utilized  in preparing the 
estim ate . The estim ate a s s u m e s  that tran sfer  of the spent core from  
the reactor tank to the spent core tank w ill require e sse n tia lly  the sam e  
tim e that the dummy core r e q u ir e s . This assum ption is  r e a lis t ic , 
sin ce much of the tim e involved in tran sferrin g  the spent bundles w ill 
be concurrent with bundle rem oval a c t iv it ie s . The estim ate  illu strated  
in F ig . 24 shows that a total of 86 hours is  required from  the tim e the 
plant is  shut down until the venting and hydro testin g  of the prim ary  
sy stem  after insertion  of the new core is  accom plished .

J. PARALLEL OPERATION

The ability of the nuclear power plant to p a ra lle l other so u rces  of 
power has been dem onstrated by the many tim es  the plant has operated  
in p ara lle l with the s ite  d ie se l g en era to rs .

In order to operate two or m ore gen erators in p a ra lle l, it is  n ec 
e ssa ry  that a ll, or a ll but one, of the units have a drooping ch a ra cter
istic  . That is ,  the generator rotational speed m ust d ecrease  som ewhat
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with in c re a s in g  load. The stringent frequency requirem ents of the 
P M -1 plant preclude such a ch aracter istic  in the plant tu rb in e-gen era 
tor unit. T herefore, to make p ara lle l operation p o ss ib le , it was n ec 
essa r y  to adjust the governors on the radar s ite  d ie se l generators to 
obtain th is  drooping c h a r a c te r is t ic .

When operating in p ara lle l with the s ite  d ie se l g en era to rs , it is  the 
P M -1 unit, with its  nondrooping ch a ra cter istic , which esta b lish es  the 
sy stem  voltage and frequency. If the total sy stem  load w ere to in 
c r e a se , the entire in crease  would be picked up by the PM - 1 unit. This 
would occur because every  other d ie se l generator would already be 
carrying a load uniquely defined by its frequency-load  ch a ra cter istic  
and the sy stem  frequency. T h erefo re , a load lim iter  w as insta lled  on 
the PM- 1 generator unit to protect it from  exceed ing its  design rating.
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IV. PLANT RADIATION LEVELS AND HEALTH PHYSICS

Data presented in th is chapter is  concerned with;

(1) Radiation lev e ls  during power operation,

(2) Argon activ ity .

(3) Radiation le v e ls  follow ing power operation.

(4) P erson n el radiation exposure h istory .

A . RADIATION LEVELS DURING POWER OPERATION

A thorough determ ination of radiation le v e ls  throughout the plant 
was m ade. This included;

(1) E xperim ental m easu rem en ts and analytical pred iction s of 
flu xes within the reactor  tank.

(2) E xperim ental m easu rem en ts of fluxes within the steam  gen
erator tank.

(3) M easurem ents to determ ine p o ssib le  radiation stream in g  
from  the reactor and steam  generator tan ks.

(4) M easurem ents of dose ra tes  at a ll plant and area  m o n ito rs .

The fast and therm al neutron flux and the gam ma dose rate w ere  
m easured  in a radial plane extending outward from  the lead sh ield  
surrounding the P M -1 reactor p ressu re  v e s s e l .  The therm al neutron  
flux and the gamma dose rate w ere m easured  in a v er tica l tra v erse  
along the length of the steam  generator tank in the v icin ity  of the ladder  
which is  fastened to pne side of the tank. The therm al neutron flux was 
m easured in the steam  generator tank along a v er tica l tra v erse  a cro ss  
the face of the shield ing at the interconnect pipe leading to the reactor  
tank. The gam ma dose rate w as m easured along sev era l tr a v er se s  
through the prim ary building its e lf  and at sev era l location s on the sh e lf  
at the top of the double w all of the rea cto r  tank.

The techniques used for m aking th ese  m easu rem en ts are described  
in  Appendix B. The follow ing individual re su lts  obtained are reported  for 
the four areas listed  above. Where applicable, analytica l predictions  
are included and d iscu ssed .
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1. R e a c to r  Tank

The n eu tro n  and gam m a flux within the r e a c t o r  tank Vv'as d e te rm in e d  
e x p e r im e n ta l ly  and an a iy tica ily .  R esu lts  w e re  n o rm a lize d  to c o r r e 
spond to a power le v e l of 10 .0  Mw(t). E xperim ental m easurem ents  
w ere made u s in g  the fo ils  and fo il h o ld ers d escribed  in Ref. 2.

In add ition  to  e x p e r im e n ta l  m e a s u re m e n ts ,  p re d ic t io n s  of flux 
le v e ls  w ere made to aid in estab lish in g  the experim ental program  and 
techniques and a lso  to provide a com parison  of analytical and e x p e r i
m ental r e su lts . D etailed d iscu ssio n s  of the analytical m ethods are 
provided in Appendix C.

The flux m easurem ents made in the reactor  tank w ere concerned  
with therm al flux, fast flux and gam m a flux. The experim ental resu lts  
and analytica l predictions are d iscu ssed  below .

a. Therm al flux

In the reactor  tank, ca lcu lations w ere made of the radial and axial 
distributions of therm al flux le v e ls  in the sh ield  w ater. The resu ltin g  
data was interpolated to obtain flux d istributions at the sam e locations  
as those at which the flux le v e ls  w ere determ ined experim entally , thus 
perm itting a d irect com parison  betw een analytica l and experim ental 
data. The therm al neutron flux ca lcu la tion s w ere based on the P I MG 
method (Ref. 3).

F igure 25 p resen ts  the axia l therm al neutron flux d istributions c a l
culated at radial d istan ces of 4. 1, 24. 4 and 50. 0 cen tim eters from  the 
lead sh ie ld . T h ese correspond to 7 2 .7 ,  93 .0  and 118.6  cen tim eters , 
resp ec tiv e ly , from  the center of the c o r e . The ax ia l orientation of 
th ese cu rves has been norm alized to the ax ia l peaks of the experim entally  
determ ined cu rves by shifting a ll analytica l data up 5 cen tim eters  
a x ia lly . The experim ental points m easured  at the sam e rad ia l location s  
have a lso  been plotted in F ig . 25. The uncertainty band for each point 
rep resen ts  the spread of exp erim ental data and does not include the 
12% experim ental uncertainty. This 12% rep resen ted  the re la tive  
uncertainty. The absolute erro r  of the experim ental data would be 
som ew hat h igher.

The calcu lated  therm al flux va lu es vary from  43% higher than the 
experim ental data at 4 .1  cen tim eters rad ia lly  from  the lead shield  to 
53% low er at 50 .0  cen tim eters from  the lead .

The radial therm al neutron flux d istribution  calculated at 31 .7  
cen tim eters above the bottom of the active core is  shown in F ig . 26.
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This axial location  corresponds to the experim ental radial tra v erse  
m easured  near the peak of the axial flux. A s in F ig . 25, F ig . 26 in 
cludes the experim ental data points with the  data spread which c o r r e 
spond to the analytical curve. A dditional experim ental points are p re 
sented in F ig . 27, showing the rad ial variation of therm al flux at an 
axial location  74. 9 cen tim eters above the bottom of the core .

It is  concluded that the analytica l technique, u tiliz in g  the PIMG  
approxim ation, calculated therm al neutron flu xes with a reasonable  
degree of re lia b ility  in the peak flux r e g io n s . In gen eral, there is  
good agreem ent between the shapes of the analytical and experim ental 
distributions. As would be expected , though, the method tends to 
overestim ate  the therm al flux near the rad ia l flux peak and to under
estim ate the flux at deep penetration. R ecognizing that the absolute  
experim ental erro r  associated  with th ese m easu rem en ts is  som ewhat 
greater than ±12% of the m easured value, the agreem ent betw een  
analysis and experim ent is  quite good, thus validating the analytical 
technique.

b. F a st flux

C alculations of the radial and ax ia l d istributions of fa st flux in the 
reactor tank w ere performed, using  the PIMG method for determ ination  
of therm al flux d istr ib u tion s. The fa st flux was considered  to be the 
f ir s t  7 energy groups, extending from  1. 74 to 10 Mev.

The experim ental fast neutron data was m easured  and reported in 
term s of the activation of Sulfur-32 . To perm it com parison  of ca lcu 
lated and m easured fast neutron data, the calculated flux was converted  
to Sulfur-32 activations and is  presented  in th is m anner in F ig s . 28 
through 30.

The correla tion  betw een activation  and flux is  not constant, because  
the activation c r o ss  section  v a r ies  with neutron energy and the flux  
spectrum  v a r ies  spatia lly . The approxim ate fast flux (greater than
1. 74 Mev) can be determ ined within the ax ia l confines of the core from  
the equation:

Flux Flux w A ctivation  (1 1 .6  - 0. 124 x) 

where x is  the d istance in cen tim eters  from  the lead sh ield .

F igure 28 show s the fast neutron S u lfu r-32 activations calculated  
at radial d istan ces of 6. 0, 17. 5, 28. 9 and 40. 3 cen tim eters from  the 
lead sh ie ld . These correspond to 74. 6, 86. 1, 97. 5 and 108. 9 c e n ti
m eters , resp ectiv e ly , from  the center of the c o r e . A s was done 
previously . F ig . 28 includes the exp erim ental data points and their  
data spread, m easured at the sam e rad ial lo ca tio n s . The axial peaks 
of the analytical curves have been m atched to the experim entally
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determ ined peak axial activations by shifting the axial data up 5 ce n ti
m eters , as for the therm al flux c u r v e ,

A greem ent between the analytical and experim ental data at the peak 
of the axial flux var ies  rad ia lly . The ratio  of experim ental to c a lc u 
lated values is  1 .8  at 6 .0  cen tim eters from  the lead shield  and 2 .8  at 
40, 3 cen tim eters from  the lead . This rad ial variation  is  not unusual; 
the accu racy  of flux calcu lations usually  d ecrea ses  as one m oves farther  
from  the co re .

F igure 29 p resen ts the analytical curve and experim ental data for  
the radial fast activation  distribution at 30. 5 cen tim eters above the 
bottom of the active core, which is  the axia l location  of the e x p e r i
m ental m easurem ent n earest to the peak of the axial flux. F igure 30 
show s the experim enta lly  determ ined rad ial d istribution  at a d istance  
of 64. 8 cen tim eters above the c o r e .

The analytical predictions w ere u tilized  to estim ate  the integrated  
flux at the p ressu re  v e s se l .  C onsidering a ll energy groups above 1. 0

20
Mev, an integrated flux of 5. 2 x 10 nvt is  predicted for a 20 -year  
period . A s pointed out above, the ca lcu lational accuracy im proves as 
one approaches the core; thus, the predicted  number is  probably 
a ccu ra te . H owever, based on the experim ental data, the prediction  
m ight be low by as much as a factor of 1 .8 .

c . Gamma flux

Gamma flu xes w ere determ ined experim enta lly  and a lso  calculated  
from  the therm al neutron flux d istributions described  ab ove. The 
source d istributions w ere integrated over 5 gamma energy groups and 
spatia lly  integrated, using the SPEND code. In each rad ial region , the 
axial source term  var ies  throughout the region; how ever, the SPEND  
code can only con sid er a s in g le  v a lu e . To determ ine and illu stra te  
the effect of th is  calcu lational uncertainty (there are many others), 
the gam m a flu xes w ere calculated from  the ax ia l therm al flux d is tr i
butions at both the beginning and the end of each region . The resu lts  
of th ese  ca lcu lation s are shown as the "upper and low er lim its"  in 
F ig s . 31 and 32 and in Table 24.

Table 24 l is t s  the contributions of the various so u rces  to the gamma 
flux at d ifferent radial lo c a tio n s . F igure 31 show s the analytica l and 
experim ental axial gam ma dose ra tes  at 17. 5, 28. 9 and 40. 3 cen ti
m eters  from  the lead sh ield , corresponding to 86. 1, 97. 5 and 108. 9 
cen tim eters , resp ectiv e ly , from  the center of the c o r e . The sam e  
f iv e - cen tim eter  upward axia l norm alization  was applied to the an a ly ti
ca l cu rves that had been used for the therm al and fast neutron flux

2cu rv es . The gam ma fluxes w ere calculated in M ev/cm  - s e c . For
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com parison with experim ental data, the calcu lated  fluxes in each  
energy group w ere  converted to dose ra tes  in rads per hour and 
sum m ed over a ll en erg ie s . At each radial location , two analytical 
cu rves have been plotted to show the lim its  estab lish ed  by the v a r ia 
tion in axial source term . The curve for the upper lim it was e sta b 
lished  using the source term  at the outer boundary of the region . The 
low er lim it curve w as based on the source term  at the inner boundary.

TABLE 24

B.

Contribution, of V arious Sources of Gamma 
Radiation to the Total D ose Rate

A. A point 7. 4 cen tim eters from  lead surface and 30. 4 cen tim eters
from  bottom of core . 

Source
D ose Rate 
(rad s/h r)

1. Core gam m as 2 .7  X 10^

2 .  Steel capture gam m as 1.23  X 10®

3. Lead capture gam m as 5 .6  X 10^

4. Hydrogen capture 
gam m as in shield  
w ater (upper and 
low er lim its) (2 .4  X 10®)^ (1. 95 X 10®)

ĴU

Total (3 .7  X 10®)^ (3. 15 X 10®)
Ĵ_j

A point 37. 4 cen tim eters from  
from  bottom of c o r e .

Source

lead surface and

D ose Rate 
(rad s/h r)

30. 4 cen tim eters

1. Core gam m as

2. Steel capture gam m as

3. Lead capture gam m as

4. Hydrogen capture 
gam m as in shield  
w ater (upper and ^

5. 6 X 10^

9. 0 X 10^

5. 1 X 10^

low er lim its)  (1 .23 x 10 (0. 96 x 10

Total ( 2 . 2 x 1 0 ^ )  ( 1 . 9 5 x 1 0 ^ ) ^
U. J_j
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A naly tica l and e x p e r im e n ta l  gam m a dose  r a te  d a ta  could be c o m 
p a re d  a t the ax ia l peak a t  only two r a d ia l  loca tions-  B ased  on the 
lo w er  l im i t  c u rv e s ,  the ca lcu la ted  values  a r e  a f a c to r  of 1. 83 and
1. 61 h ig h e r  than the e x p e r im e n ta l  data  a t  28. 9 and 40. 3 c e n t im e te r s ,  
resp ec tiv e ly , from  the load sh ie ld . C onsidering the upper lim it cu rves, 
calcu lations are a factor of 2. 15 and 1. 88 higher than experim ent at
the sam e 28. 9 and 40. 3 cen tim eters from  the lead .

In F ig . 32, the rad ial analytica l and experim ental d istributions at 
7. 6 and 64. 8 cen tim eters above the bottom of the active core are p r e 
sented . A s in the previous f ig u res, both the upper and low er lim it  
cu rves for the analytical d istributions are shown.

In conclusion , it is  found that the agreem ent betw een analytical 
and experim ental gamma flux d istributions is  as reasonable as should 
be expected . The analytical values are con servative , being higher in 
a ll c a se s  than the experim ental va lu es. The shapes of the analytical 
and experim ental cu rves agree quite w ell. The magnitude of the c a l
culated values is  higher by a factor of 2. 2 to 1. 6 than the experim ental 
v a lu es, which have an a sso c ia ted  experim ental erro r  of som ewhat 
m ore than ±12% of the m easured  value. For th is type of calcu lation , 
th is rep resen ts  reasonable agreem ent.

The SPEND code, which was used to com pute gam ma dose ra tes, 
u tiliz e s  a th ree - d im ensional Simpson's rule technique to num erically  
in tegrate the gamma point kernel over source reg ion s to the detector  
point. Within any source region , the source d istribution  is  assum ed  
separable in the space coordinates with so u rces  represen ted  by third  
degree polynom ials. O bviously, with an in creasin g  number of source  
points, resu lts  m ay be expected to approach the co rrec t solution  
asym p totica lly . P r a c tica lly , how ever, ca lcu lations m ust n e ce ssa r ily  
be lim ited  to a reasonab le number of points to prevent e x c e ss iv e  c o m 
puting c o s ts .

The m ajor portion of the d iscrepancy betw een theory and ex p er i
m ent can be attributed d irectly  to the above d iscu ssed  inherent un
certa in ties  in SPEND ca lcu la tion s. For reactor d esign , the calcula±  
tions a r e  considered  su ffic ien tly  accurate, s in ce  the d iscrep an cies  are  
re la tiv e ly  sm all and th eoretica l re su lts  are con servative .

2. Flux Within the Steam  G enerator Tank

Gamma fluxes in the steam  generator package w ere determ ined  
exp erim en ta lly . A detailed  d iscu ssio n  of experim ental techniques is  
provided in Appendix B. E xperim ental data, norm alized  to a power 
le v e l of 10. 0 Mw(t), concerning therm al neutron flux and gamma flux 
is  presented below .
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a. T h e rm a l  n eu tro n  flux

The th e rm a l  flux in the s te a m  g e n e ra to r  tank  is  shown in  F ig . 33 
a s  a  v e r t ic a l  t r a v e r s e  th rough  the tank  in  the re g io n  of the la d d e r  
which extends the length  of the tank. The th e rm a l  flux at the in te r 
connect in the steam  generator tank is  shown in Fig.. 34. P r e c ise  
detector positioning was d ifficu lt, so  the d ifference between the two 
separate m easurem ents in the interconnect region  probably re flec ts  
the ex isten ce  of fa ir ly  steep  gradients in the neutron flux due to som e  
inhom ogeneities in the sh ield ing. H owever, th is does not rep resen t  
any g ro ss  stream ing, s in ce the m easu rem en ts indicate far l e s s  than 
an order of magnitude variation  and le v e ls  are low er than predicted  
by design  calcu lations.

It is significant to note that the m easured  therm al neutron flux in 
the air of the steam  generator tank (with a m axim um  value of approxi- 

4 2m ately  3 x 10 n /cm  -se c )  ind icates that the d esign  objective of lim it-
6 2ing the flux to l e s s  than 10 n /cm  -s e c  at any point within th is co m 

ponent has been m et. Although m easu rem en ts in air do not indicate 
flux m axim  urns in water or s te e l, the flux at any point does not exceed  
10 tim es the m axim um  in a ir . Thus, therm al neutron flux in the pack-

5
age probably does not exceed  3 x 10 . This m eans that long term  
buildup of neutron-induced activ ity  of the s te e l within th is package 
w ill not sign ificantly  in crease  the after-shutdow n g am m a dose rates  
in the package.

b. Gamma flux

The gam ma dose rate m easu rem en ts in the steam  generator tank 
are shown in F ig . 35. The r e la tiv e ly  large sca tter  of the data re fle c ts  
both the in accu racies of the film  d osim etry  technique and the re la tiv e ly  
poor positioning accuracy of the f i lm s .

The experim entally  determ ined v ertica l gam ma dose rate d istr ib u 
tion in the steam  generator package show s an approxim ately exponential 
d ecrea se  from  the bottom of the tank with no in crea se  in the region  of 
the interconnect. This ind icates that there is  litt le  or no gamma 
stream ing in the interconnect a r e a s . The exponential d ecrea se  in the 
dose rate near the bottom of the tank m ay be predicted by considering  
the "effective" in crease  in sh ield ing due to in creasin g  slant paths 
through shield  m a ter ia ls .

3. M easurem ents of P o ss ib le  Stream ing

Gamma dose m easurem ents w ere perform ed at cr it ic a l a reas in 
the prim ary building to determ ine if s ign ifican t radiation stream ing  
occu rs. The m easurem ents showed that there was no detectable  
stream ing, even with the steam  generator tank cover rem oved.
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Qf particular in terest were:

(1) The reactor package double wall {air space between the water 
and earth sh ie ld ) .

(2) Stream ing from  the steam  generator tank.

During plant design , it was determ ined that these areas represented  
the m ost lik e ly  reg ion s for stream ing to o ccu r . P articu lar em phasis  
w as placed on evolving a design  which m inim ized  any such stream ing. 
F or the reactor package double wall, a portion of this air space near 
the shield  w ater surface was filled  with polyethylene shot, thus e lim in a t
ing a "straight path'' for radiation. B locks of polyethylene and Sigm a-K  
shield ing in the interconnect w ere "staggered" to elim inate stream in g  
p ath s. H ow ever, due to piping penetrations and m ateria l to leran ces, 
it was anticipated that stream ing could occur. Thus, a steam  gen era 
tor shield  tank lid was provided p rim arily  to attenuate neutrons 
scattered  in the low er region of the steam  generator package in the 
event that there was appreciable stream in g of neutrons through the 
in terconnect. A s p rev iou sly  indicated, no stream in g is  present even  
with this lid rem o v ed .

The gamma survey in the prim ary building was perform ed at five  
location s on the reactor  tank ledge and along five horizontal tra v e r se s  
through the building as shown in F ig . 36. The m easurem ents on 
T ra v erses  I, II and III w ere taken at a le v e l of approxim ately 3 inches  
above the deck p la tes and at in crem ents of 1 foot. T ra v erses  IV and 
V w ere taken at a le v e l of appr oxim ately  40 inches above the deck p lates  
and at in crem en ts of approxim ately 10 in c h e s . The m easured dose  
ra tes  are shown in Tables 25 through 27.

4. D ose R ates at Plant and A rea M onitors

A s part of the te s t  procedure for the PM -1 plant, radiation surveys  
w ere perform ed to survey norm al a c c e s s  a rea s  of the plant during 
operation so  a s to estab lish  radiation l e v e l s . G enerally , re su lts  of 
m easurem ents w ere low er than those predicted during the design  of 
the sy stem . In m o st c a se s , m easured  values at full power are a factor  
of 2 to 10 low er than the predicted m axim um  le v e l s . R esu lts of the 
survey are presented  in Table 28.

In many c a s e s , the geom etry u tilized  in the ca lcu lations represented  
a "worst case"  with resp ect to radiation le v e ls  and se lf-sh ie ld in g .
This was p articu larly  true in the ca se  of estim atin g  gamma dose ra tes  

16from  decay of N in the prim ary coolant w ithin the steam  g en era to r . 
F inal d esign  of th is component was com pleted after shield  design . 
C alculational u n certa in ties led to an underestim ate of se lf-sh ie ld in g .
In general, such in stan ces tend to indicate that the factors of 2 to 10 
m entioned above are rea so n a b le .
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TABLE 25

G am m a Dose R ate  in P r i m a r y  Building at 
Full R eactor Pow er

D istance from
Gamma D ose Rate ( m r /h r )*

Building W all T raverse  T ra v erse  T raverse
(ft) I II III

1 38 - -  1 .7

2 94 - -  2 .8

3 123 28 5 .3

4 113 30 7 .5

5 66 19 13

6 38 7 .5  36

7 53 8 .5  47

8 43 9. 5 45

9 34 9. 5 53

10 30 5 .7  66

11 38 6 .5  51

12 32 6 .5  47

13 30 7. 5 38

14 32 6 .5  28

15 25 4 .5  4 .7

16 7 .5  2 .3

17 7. 5 2 .3

18 2 .6  1 .3

19 1 .7  1 .1
^Instrument u til ized  was J o rd a n  Radgun.
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TABLE 26
Gamma D ose Rate In P rim ary  Building at 

Full R eactor Pow er

D istance from  
Steam G enerator 

Tank R ailing  
( in .)_______

0

10

20

30

40

50

60

70

80

90

100

Gamma D ose Rate (mr/hr)=''=
T raverse

IV

100

120

140

150

140

150

180

190

130

60

T raverse
V

57

57

100

130

140

160

170

230

230

250

250

'^Instrument u tilized  was Jordan Rad gun.

TABLE 27
Gamma D ose Rate on R eactor Tank Ledge at 

Full R eactor Pow er

Location

A
B
C
D
E

^Instrument u tilized  was Jordan Radgun.

D ose Rate = 
(m r/hr)

53 
3 ,2  
1 . 8  
4. 9 

38
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TABLE 28
PM -1-T 46 for P lan t  P erform ance T e sts  (a ll num bers in m r /h r  u n less  indicated)*

L ocation  o f M ea su rem en t

M ain door to se co n d a r y  bu ild in g  
b etw een  o ffic e  and bu ild in g

E n tran ce to con tro l ro o m
C en ter  o f co n tro l co n so le

Shift su p e r v is o r ’s d esk  (out-

P o w e r  L e v e l 66 
to 70%; T im e  0930; 

D ate 9 /1 7 /6 2

0.052

0 .0 5 4

0 .055

P o w er  L e v e l 100%; P o w e r  L e v e l 45%; 
T im e  0845; T im e 1440;

D ate 9 /1 9 /6 2  D ate 9 /2 5 /6 2

0 .0 4 8
0 .052

0 .0 5 5

0.055

0 .051

0 .055

sid e  con tro l room ) 0.055 0 .0 5 0 0 .050

5 . C en ter  a is le  at jun ction  of 
m ain ten an ce and sw itch g ea r  
p ack a g es 0 .055 0 .052 0.051

6 . E n tran ce to  rad ar sta tio n  
w alkw ay 0 .052 0 .0 5 5 0 .055

7 . C en ter  o f  w alkw ay b etw een
seco n d a ry  bu ilding and d eco n ta m i
nation package 0 .055 0 .0 6 5 0 .057

8 . E n tran ce to  "cold" s id e  o f  d eco n 
tam in ation  package ♦♦0 .175 ♦♦ 0 .22 ♦ ♦ 0 .22

9. E n tran ce to "hot" s id e  o f  d econ 
tam in ation  package 0.15 0 .15 0.15

10 . C en ter  o f  "hot" s id e  o f  d eco n 
tam in ation  package 0.15 0 .15 0.15

11. E n tran ce to  p r im a ry  bu ild ing 0 .40 0 .4 3 0.30

12. E n tran ce to  p r im a ry  b u ild in g  
s to ra g e  a rea 0 .48 0 .3 3 0.27

13. Top o f  spent fuel tank (w a ist  height) 0 .7 0 0 .7 0 0.50

14. Top o f  sh ie ld  w ater  tank (w aist  
height) 6.5 15 5.5

15. Top of s tea m  g en e r a to r  pack age  
(ladder at f lo o r) 110 200 110

16. S h ie ld  w a ter  c o o le r  p a ck a g e  (in sid e) 35 80 25

17. Top o f  w a s te  d isp o sa l tank 0 .1 3 0 .125 0.095

18. O u tsid e seco n d a ry  b u ild in g  (front 
door) 0 .065 0 .065 0 .050

19. W alkw ay to  rad ar sta tio n  (tec h 
n ic a l supply  door) 0 .060 0 .0 6 0 0 .047

20 . T e ch n ica l supply b u ild in g  (in s id e) 0 .055 0 .055 0 .048

2 1 . E n tran ce to tow er (F P S 6) 0.052 0 .0 5 0 0 .0 5 0

2 2 . South en tra n ce  to o p era tio n s  
build ing (outsid e) 0 .055 0 .055 0 .0 5 4

23 . AP co n tro l and ID bu ild ing 0 .054 0 .0 5 3 0 .052

2 4 . O utside p r im a r y  bu ild in g  
(double d oors) 0 .22 0 .2 4 ♦ 1 .0

2 5 . B etw een  o ff g a s  m o n ito r  and  
p r im a ry  building 2 4 1.7

2 6 . O utside sh ie ld  w ater  c o o le r  p ack age  
(south, e a s t ,  north)

1.2 2 .6
3.0
5.5

1.25
1.4
3.5

27 . O utside north  w a ll p r im a ry  bu ild in g  
(at p iping b r a c e s ) 2 .4 6 to  10 4

2 8 . T en  fe e t  e a s t  o f sh ie ld  w a ter  c o o le r  
p ackage 0.25 0 .4 0 0 .30

29 . Ten fee t  north  o f  p r im a r y  bu ild ing  
north w a ll 0 .1 8 0 .3 0 0.25

♦Instrum ent u t iliz e d  w a s Jordan  R adgun.
♦♦A dditional so u r c e  o f  g a m m a  ra d ia tio n  p r e s e n t  due to so u r c e  s to r a g e  a n d /o r  te s t in g .



76 T A B L E  28 (continued)

L ocation  o f M ea su rem en ts

P o w e r  L e v e l 66 
to 70%; T im e 0930; 

D ate 9 /1 7 /6 2

P o w e r  L e v e l 100%; 
T im e  0845; 

D ate 9 /1 9 /6 2

P o w e r  L e v e l 45%; 
T im e 1440; 

D ate 9 /2 5 /6 2

30., C en ter  stea m  g en era to r  tank top 200 250 150
31., S id e o f  p r e s s u r iz e r  at 1 foot out 350 600 260
32., G ratin g  in stea m  g e n e r a to r  tank 4 r /h r 6 r /h r 2 .6  r /h r
33,, T op o f p r im a ry  coolant pump 25 r /h r 30 r /h r 15 r /h r
34., B ottom  o f p r im a ry  coo lan t pump 35 r /h r 50 r /h r 30 r /h r
35., M ain coo lant p iping b elow  coolant 

pump 70 r /h r 100 r /h r 60 r /h r
36., S ide o f  s tea m  g en era to r  (4 fee t  

down) 1.5 r /h r 1 .8 r /h r 1 r /h r

T 4 6 -A -1  R ea d in g s taken  on d eck  at tank top

1. N orth  s id e  ste a m  g en e r a to r  tank 
(w a ist  height) 20 35 20

2 . E a s t  s id e  stea m  g en era to r  tank  
(w a ist  height) 100 ‘ 150 55

3. W est s id e  stea m  g e n e r a to r  tank  
(w a ist  height) 35 38 31

4 . South s id e  s tea m  g en era to r  tank 
(w a ist  height) 7 12 7
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B. ARGON ACTIVITY

A irb o rn e  ra d io a c t iv ity  m ay  be p rod u ced  a s  a r e s u l t  of neu tron  
in te ra c t io n  with the b a s ic  co n s ti tu en ts  of a i r  and a i rb o rn e  co n tam in a
t io n  in re g io n s  where re la tiv e ly  high neutron flu xes e x is t . In the PM-1 
plant, significant activ ity  is  mo st lik ely  to be produced within the 
steam  generator package, w herein the h ighest neutron flux le v e ls  in 
a ir  e x ist . H owever, le v e ls  w ere below detectable lim its; hence, the 
argon activity  lev e l w as calculated, fo r  a con servative ca se , using  
m easu red  values of neutron flux. It w as found that for th is  "worst

“ 8case,"  le v e ls  w ere only one-fifth  of the mpc value of 4.0 x 10 m ic ro 
curie s I m illilite r  for u n restr icted  a rea s .

F orced  ventilation required  for cooling th is package during power 
operation continually p a sse s  a ir  through the unit and could conceivably  
form  a c losed  loop c ircu it which has as its  com ponents the ventilation  
ducts, steam  generator package and the prim ary building above the 
pack ages. A ctivity produced as a resu lt of th is c lo sed , circu lating air  
sy stem  rep resen ts  the "worst case" in regard  to norm al plant op er
ation.

40Of particular im portance is  the A (n, Y) therm al neutron reaction
41which produces radioactive A with a 1.83-hour h a lf- life  and decays  

by negative beta em issio n  with an a sso c ia ted  1 .29-M ev gam m a. Argon 
activ ity  produced in air in a flux fie ld  w ill norm ally be much greater  
in magnitude than other activ ity  produced in the sam e air sam ple. 
U tilizing experim ental r e su lts  for the therm al neutron flux in the 
steam  generator package and the conservative c lo sed -lo o p  m odel de-

41 - 9
scr ib ed  above, the m axim um  A activ ity  w as computed to be 7.6 x 10 
m ic ro cu r ies  per m illilite r  of a ir . This value is  19% of that p rescrib ed

-8by CFR- 10-20 for u n restr icted  areas (CFR value is  4 x 10 m icro 
c u r ie s / m illilite r  of a ir).

D eta ils  of the com putations are presented  in Appendix C.

C. RADIATION LEVELS AFTER SHUTDOWN

Data concerning radiation le v e ls  in the steam  generator and w aste  
d isp osa l packages after shutdown w as com piled. D ose ra te s  in the 
w aste d isp osa l system  w ere m easured  just prior to initiation of w aste  
p ro cessin g  on Septem ber 28. A fter p ro cessin g  w as com plete, le v e ls  
w ere again m easured . This data is  presented  in Table 29.
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TABLE 29
Radiation  L e v e ls  in Radioac tive  W aste D isp o sa l  P ack ag e

Location

Before-
O p era tio n

(m r/h r)

After
Operation

(m r/hr)

Hatchway opening 0.125 0.15

Top of sump tank 0.4 4.2

Bottom of sump tank 4.7 4.2

Top of evaporator 2.0 3.5

Side of condenser 1,0 0.9

Bottom of evaporator 1.1 1.25

Condensate pump 0.9 1.6

T ransfer pump 0.5 0,9

Deck (above storage tank) 0.5 1,0

It w as  in tended  to m e a s u re  the radia.tion le v e ls  in the s te a m  
generator package as a function of tim e after shutdown. H owever, 
due to the tight schedule, rhany of the plant perform ance te s ts  w ere  
conducted as part of the 400-hour te s t . At the com pletion of th is te st ,  
the plant w as shut down but kept at tem perature in an attempt to 
m easu re rea ctiv ity  changes due to xenon buildup. A s d iscu ssed  in 
Section V, G, it w as n ecessa ry  to operate the reactor  at low power 
during th is te s t . Thus, no after- shutdown radiation le v e ls  in the 
steam  generator package could be obtained. The only data available  
w as obtained toward the end of May, and th is  rep resen ts  radiation  
le v e ls  2 hours after shutdown from  the power le v e l of 700 kw. This 
data is  p resen ted  in Table 30.

D. PERSONNEL RADIATION EXPOSURE HISTORIES

Radiation exposure h is to r ie s  of the m ilita ry  crew  w ere tabulated  
for the f ir s t  three calendar quarters of 1962. This inform ation is  
p resen ted  in Table 31.
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TA BLE 30
R adiation  L eve ls  in S team  G e n e ra to r  P ack ag e  

(2 h o u rs  a f te r  shutdown)

Location

Steam generator package
(floor lev e l, p r im a r y  building)

P r e s s u r i z e r

Expansion tank

D e m in e ra l iz e r

P rim ary  pump

P urification  cooler

Steam g e n e ra to r

G eneral area average

5 feet down

10 feet down

15 feet down

20 feet down

25 feet down

Interconnect to shield  w ater tank 
upper portion

North side

Lower portion

Radiation L evel 
(m r/h r)

0.4

1.5

7.0

7.0

15 north side; 
25 w est side

5.0

10 at grating

1.0 

2.0  

10.0 

10.0 

20.0

30.0

50.0
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TA B LE 31 
Radiation Exposure H is to r ie s

J an  1 to  M ar 31, 1962  
_______ (m il l ir e m ) _____

A pr 1 to  Jun 30, 1962 
_______( m il l ir e m )_______

Ju l 1 to  Sep 30, 1962  
_______ (m il l ir e m ) ______

In teg ra ted  
E x p o s u r e  

P r io r  to  P M -1

In d iv id u a l
D o s im 

e te r
F ilm

B adge
D o s im 

e te r
F ilm

B a d g e
D o s im 

e te r
F ilm

B ad ge
A s s ig n m e n t

(r e m )

B o c k s te d t 10 < 50 101 * 110 < 20 2 . 58

H o b so n 38 < 50 170 38 < 20 2 5 .8 6 5

S in g le to n 48 < 50 217 102 < 210 0 .4 4 0

A lle n 22 < 50 39 >1= 76 < 20 1. 09

F ie r a b e n d 10 < 50 123 * 28 < 20 1. 551

F e i l 80 < 50 137 20 < 20 0 . 555

B ro w n 7 < 50 69 * 62 < 20 1 .36

G ay 66 < 50 192 * 59 < 20 3. 801

O ndek 54 < 50 171 126 41 0 . 252

S p rey 21 < 50 5 * 5 < 20 3. 386

B r o w n le e 32 < 50 268 81 < 20 0 . 343

E l l i s 191 < 50 166 200 < 20 0. 314

L e c k e l l 151 < 50 317 * 131 < 20 0 . 218

S p u rlin 184 < 50 385 184 < 20 1. 548

U lr ic h 42 < 50 145 99 143 0 . 324

H ofer 170 < 50 80 * 18 < 20 0. 548

G a r r is o n 129 < 50 110 144 < 20 1 .2 6 2

R a sk in 67 < 50 46 309 < 20 0 . 177

Q uick 10 < 50 137 124 < 20 N one

K lig m a n 72 < 50 118 * 134 179 1. 387

* F ilm  b ad ge r e c o r d  not a v a ila b le . s in c e  b ad ge w a s fo g g e d .
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V. PLANT INSTRUMENTATION AND CONTROL

Data pertaining to the PM -1 plant instrum entation and control is  
presented  in th is section . The follow ing item s are d iscu ssed  individ
ually:

(1) Scram  resp on se t im es .

(2) Actuator e le c tr ic a l power requ irem en ts.

(3) F inal instrum entation set and trip point.

(4) Amount of overlap betw een channels.

(5) Flux to which nuclear instrum entation is  exposed.

(6) Xenon overrid e dem onstration.

(7) Instrum entation reca lib ration  data.

(8) Radiation m onitor detection lim its  and alarm  p o in ts .

(9) Instrum entation e le c tr ic  power req u irem en ts.

A. SCRAM RESPONSE TIMES

The scram  resp on se tim es of the nuclear and p r o c e ss  instru m en ta
tion w ere determ ined from  B rush  record er data obtained during a te st  
where sim ulated p aram eters w ere introduced into the c ircu its  to p ro 
vide the in itia l scram  conditions. The resu lts  are p resen ted  in Table 
32 and show that the m ajority of tim e delay is  in the p ro cess  in stru m en 
tation am p lifiers and b ista b les.

The p ro cess  instrum entation chain (instrum entation associa ted  with 
tem perature, p ressu re  or pump power scra m s) is  lis te d  below  with 
average delay tim e or tim e constants.

(1) P r o c e ss  am plifier - -tim e constant of 320 m illiseco n d s.

(2) P r o c e ss  b is ta b le --d e la y  tim e of 420 m illiseco n d s.

(3) P r o c e ss  b istab le relay , safety  sy stem  and scram  am plifier - - 
delay tim e of 9 m illiseco n d s.
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E la p s e d  T im e  f r o m  S im u la te d  S ig n a l In p u t 
(m il l is e c o n d s )

H igh
T e m p e r a tu r e

L ow
P r e s s u r e

L ow
F lo w

L ow
P u m p
P o w e r H ig h  P o w e r S h o r t  P e r io d

E x p a n d e d
R an g e

F u l l
R an g e

E x p a n d e d
R an g e

F u l l
R an g e C h a n n e l  5 C h a n n e l  8 C h a n n e l 7 C h a n n e l  3 C h a n n e l 4

T im e  to  t r i p  s c r a m  b is ta b le 659 912 600 738 650 873 ~0 ~0 ~ 0 48 62

T im e  to  in i t i a te  s c r a m  am p  
t r i p 676 923 608 748 660 884 4 5 5 50 65

T im e  to  d ro p  o u t s c r a m  r e 
la y

682 930 617 753 668 889 9 10 9 54 73

r i m e  to  in i t i a te  r o d  m o tio n 768 1016 697 820 743 973 89 87 88 136 154
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(4) C ontrol rod s c r a m  r e la y  - -d e la y  t im e  of 4 m i l l i s e c o n d s .

(5 ) Initiation of contro l rod m o t io n - -d e la y  t im e  o f 82 m i l l i s e c o n d s .

S im ilar  data for the com pon en ts  of the n u clear  in stru m en ta tion  chain  
( instrum entation  a sso c ia te d  with r ea c to r  pow er or sh ort  p er io d  s c r a m s )  
i s  p re sen ted  below:

(1) N u c lea r  b is t a b le - - d e la y  t im e  of ~ 0 m i l l i s e c o n d .

(2) C ontrol rod s c r a m  r e la y - - d e la y  t im e  of 4 m i l l i s e c o n d s .

(3) Initiation of contro l rod m otion  - -  delay  t im e  o f 82 m i l l i s e c o n d s .

The r e sp o n se  is  dependent on the magnitude of the change and the
s e t  point o f  the b is ta b le .  T h is  fact i s  e s p e c ia l ly  no t iceab le  in the high  
tem p eratu re  s c r a m  resp o n se ,  w here the t im e  de lays until b is ta b le  trip  
for the expanded range and full s c a le  range w ere  659 and 912 m i l l i 
s ec o n d s ,  r e s p e c t iv e ly .  T h ese  d e lays  w ere  a re su lt  of a s im u la ted  step  
change in tem p eratu re  from  ap p rox im ate ly  465° to 600° F .  If the s i m 
ulated tem p eratu re  change had been  l e s s ,  the t im e  delay  would have  
been  even  g r ea ter .  The r e sp o n se  t im e s  of the b a s ic  tem p era tu re  sen s in g  
e lem en ts  are not con s id ered , but th ese  would probably add co n s id era b ly  
to the delay  shown by the e le c tr o n ic  instrum entation .

B . ACTUATOR POWER

The 4 4 0 -v o lt  actuator pow er u t il iza tion  w as m e a su r ed  at 4. 4 kva  
when the 6 -ro d  bank w as being withdrawn and 1. 2 kva with the rod s  
station ary . The 120 -v  input p ow er  w as not obtained during th is  test;  
the P M -3 A  value was ap p rox im ate ly  0. 8 kva.

C. FINAL INSTRUMENTATION SCRAM AND SET POINTS

Data concern in g  the final in stru m en tation  se t  poin ts  a s so c ia te d  with  
the sa fe ty  c ir c u i t s  was com piled . The o ther  instrum en tation  s e t  poin ts  
are l i s te d  in the final r e v is io n  to the op eratin g  manual.

Table  33 contains data on the s c r a m  and rod hold instrum en tation  
se t t in g s .  Table 34 p r e se n ts  in form ation  con cern in g  a larm  and in t e r 
lock  b yp ass  s e t  poin ts .

D. AMOUNT OF OVERLAP BETW EEN CHANNELS

Data re la ted  to the overlap  b etw een  the so u r ce ,  in term ed ia te  and
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I te m I n s t r u m e n ta t io n  C a te g o ry
N u c le a r  In s t r u m e n ta t io n  

C h a n n e l No.
N u c le a r  In s t ru m e n ta t io n  

B is ta b le  No. S e t P o in t

S c r a m  P o in ts

S h o r t  p e r io d S o u rc e  r a n g e 1 2 15 s e c

S h o r t  p e r io d S o u rc e  r a n g e 2 4 15 s e c

S h o r t  p e r io d I n te r m e d ia te  r a n g e 3 6 15 s e c

S h o r t  p e r io d I n te r m e d ia te  r a n g e 4 9 15 se c

H ig h  p o w e r P o w e r  ra n g e 5 11 120% o f fu ll 
p o w e r

H ig h  p o w e r P o w e r  r a n g e 6 12 120% o f fu ll 
p o w e r

H ig h  P o w e r P o w e r  r a n g e 7 13 120% o f fu ll  
p o w e r

R e a c to r  o u t le t  
t e m p e r a tu r e

P r o c e s s NA NA 500° F

P r i m a r y  c o o la n t  
lo w  p r e s s u r e

(1) E x p a n d e d  s c a le
(2) F u l l  r a n g e

P r o c e s s
P r o c e s s

NA
NA

NA
NA

1210 p s ig  
1210 p s ig

P r i m a r y  c o o la n t  
p u m p  p o w e r

P r o c e s s NA NA 90% o r  l e s s  
r a te d  p o w e r

P r e s s u r e  d ro p  a c r o s s  
p r i m a r y  c o o la n t pu m p

P r o c e s s NA NA 30 p s i

R od  H old  P o in ts

L ow  co u n t r a te S o u rc e  r a n g e 1 o r  2 1 5 cp s

S h o r t  p e r io d S o u rc e  r a n g e 1 o r  2 3 30 s e c

S h o r t  p e r io d I n te r m e d ia te  r a n g e 3 o r  4 7 30 se c

•
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TABLE 34

Final A larm  and Interlock B ypass Set Points

Item

Alarm  Points

High power

Channel
discrepancy

Short period

Short period

Interlock  
B ypass Points

Startup period  
bypass

High voltage  
rem oval

Interm ediate  
period bypass

Instrum entation C ategory

Pow er range

N uclear instrum entation  

Source range 

Interm ediate range

Interm ediate range 

Interm ediate range 

Pow er range

Set Point

110% of full power

10% of full range  

30 sec  

30 sec

10^ nv

10% of full power
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power range channels was com piled . It was found that the interm ediate  
range channels overlap the source range by approxim ately 1. 8 decades  
and overlap the entire power range instrum entation.

3
The m inim um  interm ediate range m eter reading is  2 x 10 nv. The 

in term ediate range m eter reading corresponding to the m axim um
5p ra ctica l source range reading is  1 x 10 nv. Thus, the interm ediate  

range overlap s the source range by approxim ately 1. 8 decades.

The interm ediate range is  operational to 2. 5 x 10^^ nv, and fully  
overlap s the power range instrum entation to its  m axim um  of 150% full 
reactor pow er.

E . FLUX TO WHICH NUCLEAR INSTRUMENTATION IS EXPOSED

During the PM -1 plant perform ance stud ies, the radial and axial 
therm al neutron flux was m easured  in the sh ield  water region outside  
the reactor p ressu re  v e s s e l .  T h ese m easured fluxes w ere u tilized  to 
determ ine the fluxes to which the nuclear instrum entation was exposed. 
It was found that, at 100% pow er, the average flux experienced  by the

9pow er, interm ediate and source range counters are 3.7 x 10 nv, 4.5 x
9 910 nv and 3. 2 x 10 . nv, resp ectiv e ly .

The tops of the counters are located  approxim ately at the plane of 
the top of the active core . The lengths are shown in Table 35. Since 
th ese  lengths are appreciable, it was n ecessa ry  to axia lly  average the 
flux over the length and position  of the counter. T his ax ia lly  averaged  
flux is  shown in F ig . 37, and,along with the radial location  of the 
counters, determ ines the average flux at the counters. T his data is  
presented  in Table 35.

TABLE 35

Flux at N u d e ar Instrum entation

Radial D istance A xially
Length from  Lead Shield A veraged Flux 

Counter (cm ) (cm)___________   (nv)

Pow er range 35 30 3 .7  x 10^
9Interm ediate range 69 30 4 .5  x 10

Source range 23 33 3. 2 x 10^
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The actual flux at the interm ediate counters was com pared to the 
counter readings. To determ ine the interm ediate channel readings at 
100% full power, the operational logs of the P M -1 w ere used to plot 
the interm ediate channel readings as a function of the pow er channel 
readings. This is  shown in F ig . 38. (The power channel readings were 
calibrated to reactor power as d iscu ssed  below in Section G. ) A p
proxim ately  220 readings, taken over a period of e leven  days, w ere  
plotted for Channels 3 and 4. A line which equates the rate of change 
of the counter readings to the rate of change of the power readings has 
been superim posed on each set of data and is  used to determ ine the 
counter reading for any given percent power value betw een 40 and 110%. 
It was found that the counter u tilized  for Channel 4 agrees  c lo se ly  with 
the m easured flux and that the counter associa ted  with Channel 3 reads  
low  by a factor of a lm ost 2.

F. XENON OVERRIDE DEMONSTRATION

An attempt was made to dem onstrate that the PM -1 reactor is  
capable of overrid ing the m axim um  rate and total magnitude of xenon 
buildup. There has been no difficulty due to xenon e ffec ts  in restartin g  
the reactor throughout the en tire PM -1 perform ance program ; how
ever, operational d ifficu lties and the basic reactor ch a ra c ter istic s  
early  in core life  made it im p ossib le  to follow the te s t  p rocedures p r e - 
c ise ly . The m ajor problem  stem s from  the fact that, at the beginning 
of life , the heat input due to fiss io n  product decay and the prim ary coolant 
pump power do not equal the he at lo s s  in the reactor coolant system .
Thus, it is  im p ossib le  to keep the sy stem  at operating tem perature  
without the reactor operating at som e power.

To determ ine the rate of buildup of xenon after shutdown, control 
rod position  m ust be adjusted so as to keep the reactor just cr itica l, 
and at tem perature, without operating at pow er. The d ifference in rod 
position  can then be related  to xenon reactiv ity  e ffec ts . It is  n ecessa ry  
to keep the reactor at tem perature so that the xenon e ffec ts  are not 
m asked by the tem perature coeffic ien t and to operate at v irtually  zero  
power so that the xenon is  not burned up. As stated above, it was im 
p ossib le  to m eet th ese conditions at the PM-1 s ite . The reactor was 
kept at tem perature but was operating at a power lev e l of approxim ately  
2%. Thus, much of the xenon was burned up and v irtually  no rod move - 
ment was required to keep the reactor cr itica l.

An analytical an alysis of xenon effects  is  d iscu ssed  in detail in 
Section VI D of th is report. It show s that the anticipated m axim um  rate 
of xenon buildup resu lts  in a reactiv ity  d ecrea se  of approxim ately 0. 1% 
an hour. Even with the rods in serted  only one inch into the core , the 
six -ro d  bank has a nuclear worth of 0. 1% per inch. Since norm al rod 
speed is  two inches per m inute, there would be no difficulty in w ith-
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drawing the rods at a rate fast enough to overcom e m axim um  xenon 
buildup.

G, INSTRUMENTATION RECALIBRATION DATA

During the plant perform ance stu d ies, ca lo r im etr ic  calibrations of 
the nuclear power instrum ents were perform ed on Septem ber 15, 18 
and 29, 19 62, A greem ent between the ca lo r im etr ic  calibration and the 
nuclear power instrum ent readings was within 2% for all three dates. 
Since the power range cham bers have been relocated  on various o c 
casion s {due to operational or experim iental requirem ents), no co m 
parison  with in itia l calibration  can be made. The la s t  nuclear in 
strum ent calibration  was perform ed on July 14, 1962, when the in 
strum ents w ere m atched to a ca lo r im etr ic  pow er of 48, 7% full pow er.
A s noted above, agreem ent between power and instrum ent readings has 
rem ained constant s in ce July 14, 1962.

H. RADIATION MONITOR DETECTION 
LIMITS AND ALARM POINTS

The detection lim its  and alarm  settin gs of the radiation m onitors  
are presented  below:

1. D etection L im its (identical to m eter range)

(1) A rea m onitors (d irect rad ia tion )--0 . 10 m r /h r  to 10 r /h r
0

(2) Fluid m o n ito rs--1 0  to 10 cpm (each 10 cpm  above background
"7 3= 2 x 1 0  m ic r o c u r ie s /c m  ).

6(3) Off gas m on itor--1 0  to 10 cpm (each 10 cpm  above background
“8 3= 4, 3 X 10 m ic r o c u r ie s /c m  ).

2. A larm  Points

(1) A rea m onitors - -10 m r/h r  (except for area m onitor No, 1 
over steam  generator, which is  set at 30 m r/h r).

3(2) Fluid m onitors - - 5 x 10 cps (background approxim ately 1 x 
10^ cpm ),

4(3) Off gas m on itor- -4  x 10 cpm (background approxim ately 1 x 
10^ cpm ).
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I. INSTRUMENTATION ELECTRICAL POWER REQUIREMENTS 

Instrum entation power requirem ent data is  tabulated below . The
instrum entation is  served  by three m ain lin es  which ca rried  the fo l
lowing m easured loads during reactor operation:

Phase A 0. 48 kva

P hase B 0. 49 kva

P hase C 
Total

0 .6 3  kva
1. 60 kva

Seven individual channels are fed from  th ese  three  
and their m easured  full load requ irem ents are:

m ain sou rces

V ital Bus 
C ircu it No. Channel kva

1 Radiation m onitoring 0. 14

2 P r o c e s s  instrum entation 0. 46

3 N uclear instrum entation 0. 39

4 P r o c e ss  instrum entation 0. 33

5 Not used

6 Annunciator and scan system 0.

7 C om m unications system
Total

0. 08 
1. 60

* An additional 0. 1 kva is  drawn when the c ircu it is  being tested .
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VI. REACTOR CHARACTERISTICS

Data pertaining to the core and control rod ch a ra c ter istic s  is  p re 
sented in th is section . The following top ics are d iscu ssed :

(1

(2

(3

(4

(5

(6

(7

(8

P rediction  of core life  based on actual operating data.

V ariation of control rod position  with life .

C o n tro l  ro d  w orth .

Tem perature coeffic ien t of r e a c t iv i ty .

Xenon and high c ro ss  sectio n  f is s io n  product reactiv ity  e ffec ts . 

R eactor shutdown m argin.

Control rod sp eed s.

P ressu re  coeffic ien t of rea ctiv ity .

A. ESTIMATED CORE LIFE

The estim ated  life  of the PM -1 co re  was reca lcu la ted , using the 
follow ing experim ental data from  the a s-b u ilt  core:

(1) Initial core cold reactiv ity .

(2) Cold control rod worth.

(3) S ix-rod  bank position  at beginning of l ife - -c o ld .

(4) S ix-rod bank position at beginning of life --h o t.

Previous estim a tes of core life  w ere based on nuclear m ea su re 
m ents of an experim ental mockup of the co re . Manufacturing to lera n ces  
resu lted  in a sligh tly  le s s  rea ctiv e  co re  (approxim ately 0. 5%) and, hence, 
a d ecrea se  in estim ated  core life . The current calcu lations predict a 
core life  of 16. 6 m egaw att-years. U sing the sam e correction  applied  
previously  and reported in Ref. 9, a life tim e  of 17 .4  megawatt -y ea r  s 
is  predicted , in com parison  to the previous estim ate  of 18 .2  m egaw att- 
y ea rs . The correction  factor is  based on a com parison  of the actual 
life  of the SM-1 core with predictions using e sse n tia lly  identical analyt
ic a l techniques. H ow ever, th ere  are  u n certa in ties as to the exact com 
position of the SM-1 core s ta in le ss  stee l; th erefore , th is correction  
factor might not be com pletely  applicable.
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A com parison  of final design  and "as“built" fxiel elem ent and lumped 
poison rod concentration is  presented  in Table 36.

TABLE 36
C om parison of the PM -1 Final D esign  and 

A s-B u ilt  C ore C om position

Final D esign A s Built

1, Fuel E lem ent Data

Type
Number
Length, overa ll ( in . )
P itch , triangular ( in . )
D iam eter, outside ( in . )
D iam eter, inside ( in . )
M atrix th ickness ( in . )
M atrix com position  

UOg (wt %)
304 L SS (wt %)

Clad th ickness ( in . )
Loading, U -235 /tu b e, nom inal (gm) 

Total U -235 (kg)
2. Burnable P oison  Elem ent Data

Type
Number

Full length  
2 /3  length

P itch , triangular ( in .)
D iam eter, ( in . )
C om position

N atural boron (wt %)
304 SS (wt %)

Loading, B -lO /fu ll LPR nom inal (gm) 
Total B -10  (gm)

Tubular, cerm et  
741

0. 665
33.25

0. 506 
0.416  
0. 030

28 .17  
71 .83  
0 .0075  
4 0 .1 3  
2 9 .737

Rod, so lid

72
18
0. 665 
0 .496

0. 275
0 .7206
0 .3829  
32.161

33.254

0. 507 
0 .417  
0.0284

29, 63 
70. 37 
'^'0.0083 
4 0 .4 3  
29.959

0.2794  
0.7206  
0.3764  
31.572
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The axia l dead-end region  com positions w ere obtained from  "as- 
built" draw ings. T hese concentrations are given in Table 37.

TABLE 37 
PM -1 Dead-End M aterial Concentrations

Upper Lower
Dead End Dead End

T hickness ( in .)  1. 75 1.625

Volume fraction  of SS 0. 2816 0. 4077

Volume fraction  of w ater 0. 7184 0, 5923

The r e -e st im a te  of PM -1 co re  life  required three individual ca lcu la 
tion s, namely:

(1) The determ ination of control rod worth as a function of s ix -  
rod bank position, so  that control rod effects  could be in 
cluded in the burnup ca lcu lation s.

(2) C alculation of in itia l reactiv ity  and com parison  with the 
m easured  value to determ ine a bias to be applied to the non- 
uniform  burnup ca lcu lation s.

(3) Perform ance of nonuniform burnup calcu lations to determ ine  
core life .

These three individual calcu lations are d iscu ssed  b riefly  below; m ore  
detail is  provided in Appendix D.

1. Control Rod Worth

To consider the effect of control rod position  throughout life  in the 
core life  estim ate , it was f ir s t  n ecessa ry  to calcu late control rod worth 
as a function of bank position. T w o-dim ensional CURE calculations  
w ere perform ed to obtain three-group , hom ogenized c ro ss  section s by 
flux weighting techniques with B lack n ess Theory absorber constants.
The three-group  constants w ere then u tilized  in a one-d im ensional d if
fusion code (window -shade m odel) to determ ine the hot reactiv ity  worth 
of the s ix -ro d  bank as function of position . The procedure was repeated  
to determ ine cold rod worth. In both c a s e s , actual be ginning - of - lif  e 
s ix -ro d  bank positions w ere u tilized  in the w indow -shade m odel. The 
resu lts  are presented in F ig . 39 and show rod worth as a function of 
the s ix -ro d  bank position.
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2. Initial Core R eactiv ity

The in itia l r e a c t iv i ty  of the PM -1 core w as calculated  by a o n e-d i
m ensional diffusion code. An Sg approxim ation to the transport equa
tion  w as used to obtain c e ll  co rrectio n s of the core com ponents. The 
actual s ta in le ss  s te e l  com position  u tilized  in the PM -1 core and the 
la te st  data pertaining to boron c r o ss  sectio n s w ere u tilized  in the c a l
culations . The r e su lts , which w ere norm alized  to agree with the e x 
perim ental value of core  rea ctiv ity , showed the hot and cold rea c tiv itie s  
to  be 8. 58% and 12. 5%, resp ec tiv e ly .

3. L ifetim e C alculations

The r e -e st im a te  of the PM -1 life tim e was m ade, u tiliz in g  nonuniform  
burnup calcu lations and considering the effect of s ix -ro d  bank position  
throughout life . The r e su lts , showing the predicted control rod bank 
position  as a function of days of fu ll-pow er operation, are presented in 
F ig . 40. The actual b eg in n in g-o f-life  rod positions without xenon and 
the bank position  as of Novem ber 30, 1962 are  shown.

B. VARIATION IN CONTROL ROD BANK POSITION 
WITH CORE LIFE

The predicted variation  of control rod position  as a function of core  
life  is  illu strated  in F ig . 40. A lso  shown are actual hot (463° F) bank 
positions as follows:

Beginning of life  12 .41  inches withdrawn

N ovem ber 30, 1962 15 .68  inches withdrawn

C. CONTROL ROD WORTH

The nuclear data obtainable at the PM-1 s ite  was lim ited  to those  
configurations of s ix  control rods which resu lted  in a k̂ ^̂  of approxi
m ately  unity in a re la tiv e ly  fresh  co re . In addition, the inability to 
m aintain reactor operating tem perature at zero  reactor power (see  
Section ViP) precluded the p o ssib ility  of getting m eaningful data at that 
tem perature. D esp ite th ese  lim ita tion s, sufficient data was obtained 
at the s ite  to verify  d esign  pred iction s. For the sake of com p leten ess, 
som e data is  a lso  presented  from  cr it ica l experim ents perform ed on a 
nuclear mockup of the PM -1 during the core d esign  phase. This mockup 
w as designated PM Z-C ore 27 in Ref. 10 and w ill be referred  to by that 
designation in th is report. A ll data from  PM Z-Core 27 reported herein  
has been corrected  to correspond to the effective  delay fraction  of the 
PM -1 core .
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T hese top ics are considered  individually:

(1) Worth of individual rod s.

(2) Worth of 2 - , 3 - , 4 - ,  5- and 6 -rod banks.

1. Worth of Individual Rods

The cr itica l, 5 -rod bank height, with Rod 6 fully in serted  and fully  
withdrawn, was m easured at the PM -1 reactor . It w as found that with 
Rod 6 at 30. 74 inches withdrawn, the c r it ica l bank height w as 5. 31 
inches; and, with Rod 6 in serted , the c r it ica l bank height w as 9. 55 
in ch es. U tilizing the data on 5 -rod worth from  F ig. 41, the approxi
m ate worth of Rod 6 was determ ined to be 2. 69%.

The c r itica l five-rod  bank position  with each rod fu lly  withdrawn  
w as a lso  determ ined at the PM -1 s ite . By com paring the cr it ic a l bank 
height with that which occurred with Rod 6 withdrawn and using the 
f ive-rod  bank worth from  F ig . 41, the appro rimate worth of the other 
five rods was determ ined. This data is  presented in Table 38.

TABLE 38 
Individual Rod Worth

Rod
Number

C ritica l Bank P osition  
of Other F ive Rods 
(inches withdrawn)

C orrection  Worth 
of Rod No. 6 
(% reactiv ity)

Approxim ate 
Rod Worth 

(% reactiv ity )

6 5. 31 0, 0 2. 69

5 5. 35 ■̂ 0. 0 2. 69

4 5. 12 +0. 06 2. 75

3 4 ,9 6 +0. 12 2. 81

2 4. 53 +0. 28 2, 97

1 5. 04 +0. 09 2. 78

The worth of the five-rod  bank, presented  in F ig . 41, w as d e ter 
mined in PM Z-C ore 27. Rod worth is ,  of cou rse , dependent on the 
distribution of other poison m a teria l in the co re . The data shown in 
F ig . 41 was obtained by poisoning out the e x c e ss  core reactiv ity  with 
a re la tiv e ly  uniform  distribution of boron-polyethylene s tr ip s . T h ere
fo re , its  value for other configurations is  only approxim ate.
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During the PM -1 final design  phase, the worth of a typical Y-rod  
was determ ined in PM Z-C ore 27 with the other rods withdrawn and the 
core poisoned out uniform ly. This data yielded  an approxim ate rod 
worth of 2.4% . The d ifference betw een th is value and those shown in 
Table 38 is  probably rep resen tative of the effect of different m ethods 
u tilized  to poison out the core reactiv ity .

’A ' Worth of Rod Banks

Data concerning the worth of 2 - , 3 - , 4 -  and 5-rod  banks was ob
tained at a tem perature of 68° F for PM Z-C ore 27. This data is  p re 
sented in F ig . 41. It should be noted that the tw o-rod bank data shown 
in F ig . 41 pertains to the situation w here the other four rods are fu lly  
in serted . Thus, the value of 8. 5% A p,  with two rods fully withdrawn, 
rep resen ts  the worth of the four fu lly  in serted  rods.

The th ree-rod  bank data, shown in F ig . 41, rep resen ts a configura
tion w here a lternate rods are being m oved as a unit. That i s ,  the bank 
does not contain any two adjacent rod s. On the other hand, the four-rod  
bank data pertains to the ca se  w here two adjacent rods are fully w ith
drawn. F or som e of th ese configurations, the total worth of the th ree-  
rod bank exceed s that of the four-rod  bank. A ctually, the data in F ig . 41 
rep resen ts  the reactiv ity  of the unpoisoned core reg ion s. The con
figurations of the unpoisoned regions of the core are a function of both 
bank configuration and location.

A sum m ary of the total worth of various rod configurations is  p re 
sented in Table 39.

TABLE 39 .
PM -1 Total Bank Worth

Number of Rods Location of Configuration Worth
in Bank Bank of Other Rods (% A p)

2 14 .75  inches A ll in 4 .3
withdrawn

3 Fully in serted  A ll out 8 .8

4 Fully in serted  A ll out 8 .46

5 Fully in serted  A ll out 13.06

6 8 .41  inches - -  12 .55
withdrawn
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The worth of the 6 -rod bank was m easured  at the PM -1 s ite  at 
m oderate tem peratures and a g rees  quite w e ll with the d esign  prediction . 
The predicted control rod worth data shown in F ig . 39 was replotted in 
term s of rod worth per inch as shown in F ig . 42. Along with the p re 
dicted worth. F ig . 42 show s the PM -1 and the PM Z-C ore 27 data.

The control rod poison m ateria l is  europium , w hose daughter 
products are a lso  rare  earths. N uclear calcu lations have shown that 
the worth of the control rods w ill change only negligib ly over the life  
of the co re . T herefore, core  life tim e calcu lations assum ed  no change 
in rod worth due to control m ateria l burnup. The data from  the early  
stages of core life  (the only data p resen tly  available) shows that actual 
bank position  is  in good agreem ent with that predicted (se e  F ig . 40). 
This is  an indication that control rod worth has not changed with control 
m ateria l burnup.

D. TEMPERATURE COEFFICIENT OF REACTIVITY

Tem perature coefficien t of rea ctiv ity  at low and m od erate'tem pera- 
tures was m easured exten sively  on PM Z -C ore 27. It w as planned to  
m easure the tem perature coeffic ien t of reactiv ity  at operating tem p era 
ture at the PM -1 s ite . H owever, the sam e d ifficu lties  described  above 
for xenon buildup m easurem ents hindered tem perature coeffic ien t and 
worth m easu rem en ts. That is ,  the prim ary loop tem perature could 
not be maintained at 460° F without reactor heat. To use reactor heat 
to m aintain loop tem perature req u ires the reactor to be at som e power 
lev e l, which v io la tes  the zero-p ow er p rereq u isite  of the te s t .

It was a lso  observed that, im m ediately  after the reactor power le v e l  
was low ered from  the power range (at 463° F), the reactor tem perature  
dropped very  rapidly to below the 400° F m ark. This tem perature  
d ecrea se  was too rapid to allow tem perature coefficien t m easurem ents  
to be m ade. Inability to m aintain even a near constant tem perature at 
463° F made it im p ossib le  to make accurate m easurem ents at that 
tem perature. At 366° F, a valid tem perature coeffic ien t of reactiv ity
was m easured  and found to be - 1. 96 x 10  ̂ A p /°F . At 160° F , the

-4tem perature w as m easured at -0 . 92 x 10 A p /°F . The beginning-of-
life  predictions at 68° and 463° F w ere  -0 . 675 x lO'^ and 2. 83 x lO"^
A p/ °F, resp ectiv e ly . Thus, the lim ited  data obtained at the s ite  tends 
to confirm  the d esign  predictions.

E xperim ental data, at cold and m oderate tem p eratu res, obtained  
at the M artin Company C ritica l F a c ility  for the prototype P M -1 core  
is  included in th is report for co m p le ten ess. R eactivity as  a function
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of tem perature and six -ro d  bank position  w as obtained for  the PM Z- 
Core 27 o v er  a range of 20° to 70° C, T his  data is  p resen ted  in F ig , 43.

The cu r v es  in F ig , 43 w ere  d ifferentia ted  and tem p era tu re  c o e f f i 
c ien ts  w ere  obtained. This is  sum m arized  in Table 40.

TABLE 40 
Tem perature C oefficient of R eactivity

Six-R od Bank P osition  T em perature Tem perature C oefficient 
(in. withdrawn)   (°C) (% A p / ° C )

8.95 25 0.0075
70 0.0205

2 0 . 2 5
25 0.0054
70 0.0119

31.00
25 0.0022
60 0.0081

E. XENON AND HIGH CROSS
FISSION PRODUCTS

SECTION

As d iscu ssed  in Section III.G, it was not p o ssib le  to obtain definitive  
data as to xenon effects  after shutdown and upon restartin g . In order  
to keep the reactor at tem perature, it was found n ec essa r y  to operate  
at approxim ately 2% power. T his resu lted  in enough xenon burnup that 
no buildup w as noted. This is  not too surprisin g , s in ce  the predicted  
change in core reactiv ity  due to xenon buildup after shutdown is  only
0.3%.

A nalytical pred ictions of xenon and high c r o s s -se c t io n  fiss io n  product 
effects  are presented  below. The follow ing top ics are d iscu ssed  in 
dividually:

(1) Initial buildup of x en o n -135.

(2) X e-135 buildup after shutdown at equilibrium  xenon.
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(3) X e -135 effects  after startup at tim e of m axim um  xenon after  
shutdown.

(4) Equilibrium  xenon and high c r o s s -se c t io n  fiss io n  products 
effect as a function of core life tim e.

D etails a s  to the calcu lational m ethods used are provided in Appendix
D.

1. Initial Buildup of Xenon

Buildup of xenon in the clean PM -1 core  was calculated at se v er a l  
tim es during life . The xenon concentration was determ ined for each  
core radial region as a function of tim e. A on e-d im en sion al diffusion  
calculation was then perform ed to determ ine the effect of xenon on core  
reactiv ity . A xial effects  w ere treated  by using an axia l windowshade 
m odel.

The effect of xenon buildup on core reactiv ity , in a clean core , is  
given in Table 41 and Fig. 44.

TABLE 41
Effect of X e-135 Buildup A fter Initial Startup 

Tim e
(hr) % Ap

0 -0 .0
5 -0 .28

10 -0.71
20 -1 .38
40 -1 .86

Equilibrium  xenon -1 .94

2. Xenon Buildup A fter Shutdown

Buildup of X e-135 from  equilibrium  xenon conditions, a fter a shut
down, was determ ined analytically . The resu lts  are shown in Table 42 
and Fig. 44.
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TA BLE 42 
Effect of Xenon Buildup A fter Shutdown

Tim e
(hr) % Ap

0 0.0
1 -0.12
3 -0 .2 6
5 -0 .30

10 -0.14
20 10.54

3. Xenon R eactivity  E ffects Upon R estarting

The effect on core reactiv ity  of restartin g  the reactor at tim e of 
peak xenon was determ ined analytica lly . The resu lts  are shown in
Table 43 and Fig. 45.

T A B LE 43
Xenon R eac tiv ity  E ffec ts  Upon R e s ta r t in g

Tim e
(hr) % A p

0 0.0
5 "0 .43

20 ‘•0.45
40 -0.33

Equilibrium  xenon -0 .30

4. Equilibrium  Xenon and High C ross-S ection  F is s io n  Product E ffects

The e ffects  of equilibrium  xenon and high c r o s s -se c t io n  fiss io n  
p ro d u c ts  on core reactiv ity  w e re  calculated. The f is s io n  products con 
sid ered  w ere:
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(1) C adm ium -133.

(2) Sam arium -149.

(3) Sam arium -151.

(4) E uropium -155.

(5 ) G adolinium -155.

(6) G adolin ium -157.

The m ateria l concentrations at se v e r a l tim e step s w ere obtained  
d irectly  from the burnup calcu lations and evaluated in a one-d im ensional 
diffusion calculation. A xial nonuniform effects  w ere determ ined from  
a windowshade m odel. The resu lts  obtained are presented  in Table 44.

TABLE 44
Xenon and High C ross-S ection  

F issio n  Product Worth

Equilibrium  F issio n
Tim e Xenon Worth Product Worth

(days at 9.37 Mw(t)) (% Ap ) (%Ap )

0  ̂ -1 .94

200 -2 .0 5  -0 .85

400 -2 .15  -0 .85

600 -2 .2 5  -0 .8 6

F. SHUTDOWN MARGIN

The PM -1 core can be shut down cold throughout life  with no difficulty, 
when using s ix  control rods. In fact, the b eg in n in g-of-life  shutdown 
m argin is  approxim ately 7%. Since the core reactiv ity  d ecrea ses  m ono- 
ton ically  with life , the shutdown m argin in crea ses  continuously.

The P M -1 core has two additional shutdown requirem ents. Through
out life , the control rods are to be adequate to accom plish  a cold shut
down, even with one rod fully withdrawn or any two adjacent rods held
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in their operating positions. The ab ility  of the control sy stem  to m eet 
th ese  requirem ents was evaluated from  experim ental data whenever 
p o ssib le .

1. One Stuck Rod Condition

At the P M -1 s ite , each rod, in turn, w as withdrawn to its  fu ll-out 
height and the rem aining five rods w ere brought to the required bank 
position for cr itica lity  to prove that the core would not go c r it ica l with 
one rod stuck fully withdrawn. T hese te s ts  w ere, how ever, perform ed  
at a tem perature of approxim ately 105° F, To prove that the on e-stu ck -  
rod cr iter ia  was s t il l  met at 70° F , the highest worth rod (No. 2) test  
was repeated at 70° F. The fiv e -ro d  bank had to be withdrawn to 3.82 
inches to bring the reactor cr itica l, therefore proving the one stuck  
rod requirem ent was m et. This data is  sum m arized  in Table 45.

Figure 41 shows that the additional worth of a five-rod  bank in 
serted  from  a position 3.82 inches withdrawn is  0.5% Ap . Extrapolating  
data for Fig. 43 from 21° C (70° F) to 4° C shows that core reactiv ity  
w ill in crease  approxim ately 0.17% Ap . Hence, the shutdown m argin  
at 4° C, with the rod of greatest worth fully withdrawn, is  estim ated  to 
be 0.33% Ap .

Since the core reactiv ity  d ecrea ses  m onotonically throughout life , 
the m inim um  shutdown m argin, with one rod fully withdrawn, occurs  
at the beginning of life .

TABLE 45 
Cold C ritical Bank Heights

C ritical
Height Tem perature P r essu re  

Configuration (in.) (°F)_________ (psig)

Rod 6 at 30.74 in. 5.31 104.6 95
Rods 1,2 ,3 ,4  and 5 banked

Rod 5 at 30.74 in. 5.35 104.4 85
Rods 1,2 ,3 ,4  and 6 banked

Rod 4 at 30.77 in. 5.12 105.7 85
Rods 1,2,3,5 and 6 banked

Rod 3 at 30.64 in. 4.96 105.6 100
Rods 1,2,4,5 and 6 banked
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TABLE 45 (continued)

C ritica l
Height Tem perature P ressu re  

Configuration (in.) (°F)_____  (psig)

Rod 2 at 30.79 in. 4.53 105.6 90
Rods 1,3,4,5 and 6 banked

Rod 1 at 30.79 in. 5.04 104.9 '^120
Rods 2 ,3 ,4 ,5  and 6 banked

Rod 2 at 30.76 in. 3.82 70 92
Rods 1,3,4,5 and 6 banked

2. Two Stuck Rod Conditions

The evaluation of the two rods stuck at operating position  is  m ore 
com plex, s in ce cold clean core reactiv ity  and rod bank position  under 
various conditions m ust be obtained. Experim ental data obtained at 
the s ite  shows that the core could be shut down at the beginning of life  
with two rods stuck in the operating condition. A com bination of analytical 
stud ies and experim ental data show s that the core  w ill m eet the two- 
rod shutdown criterion  throughout life .

a. A nalytical studies

Cold clean rea ctiv ities  w ere determ ined by reca lcu lating  the non- 
uniform  depletion case  with cold contents and no xenon or equilibrium  
f iss io n  products. The resu lts  are shown in F ig. 46.

The s ix -ro d  bank positions under conditions of equilibrium  xenon, 
equilibrium  fiss ion  products and burnup w ere obtained from  the xenon 
study (Fig. 44) and the life tim e stud ies (F ig. 40). Cold worth versu s  
in sertion  for the tw o-rod  bank is  presented  in Fig. 41. From  th ese , 
the shutdown m argin throughout life  can be determ ined. The resu lts  
are sum m arized in Table 46 and show that the two stuck rod shutdown 
criterion  is  met throughout life . The sm a lle st  m argin occu rs at the 
tim e of in itia l equilibrium  xenon and other f is s io n  product buildup. Rods 
would have been withdrawn som ewhat to overcom e xenon e ffec ts . If, 
at that tim e, two rods got stuck and the reactor was shut down, the 
xenon would eventually decay and the core reactiv ity  would be e ssen tia lly  
that of the fresh  core.
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TABLE 46
Shutdown Margin for Two Rods Stuck 

at Operating Position

Condition
Tim e
(days)

Six-Rod  
Bank 

(in. out)

Control Rod 
Worth at 

68° F--TWO 
Rods Fully  
Withdrawn 

(% Ap )

Cold
Clean Shutdown 

R eactivity Margin 
(%p) (% Ap )

Clean 0 12.41 14.08 12.55 -1.53

Equilibrium
xenon

- 2 14.37 13.02 12.5 3 -0.49

Equilibrium 5 to 10 15.3 12.57 12.45 -0.12
xenon and 
high c r o s s - 100 15.7 12.40 11.19 -1.21
section  f i s  200 16.5 12.02 10.66 -1 .36
sion  products 300 17.9 11.45 10.13 -1.32

b. Experim ental data

The cr itica l bank position  of Rods 1 and 2, with the other rods fully  
in serted , was determ ined at the P M -1 s ite . This corresponds to the 
situation where two rods are stuck and shutdown is  accom plished with 
the other four rods. It was found that the tw o-rod  cr itica l bank position  
was 15.15 inches withdrawn, with the core tem perature at 103,5° F. The 
original hot rod bank position  was 12.41 inches withdrawn.

Rods 1 and 2 w ere se lec ted  for the experim ent, s in ce  the p resh ip 
ment wet cr it ica l te s ts  indicated that th is configuration would yield  the 
minimum shutdown m argin. Two adjacent rods stuck is  by far the m ost 
sev ere  condition, s in ce  th is y ield s the la rg est unpoisoned core region. 
Rod 2 has the greatest rod worth, so it was se le c ted  for te st . The 
worth of Rod 3 is  s ligh tly  greater than that of Rod 1; how ever, the r e 
activity  of the bundle in which Rod 1 is  in serted  is  greater. T herefore, 
the m ost stringent condition occurs when Rods 1 and 2 are partia lly  
withdrawn.

The reactor did not start up and go im m ediately  to fu ll power, 
building up equilibrium  xenon as assum ed in the analytical m odel. 
Hence, there is  no c lea r ly  defined rod position corresponding to in i
t ia l equilibrium  xenon buildup which could be com pared to the bank 
height of 15.15 inches and corrected  for tem perature effects .
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It should be pointed out that th is tim e of m inim um  shutdown m argin  
has passed  without incident and that shutdown m argin, for both the one 
and two stuck rod cr iter ia , w ill continue to in crea se  throughout life .

G. CONTROL ROD SPEEDS

Control rod speed s, during both in sertion  and extraction , w ere  
checked at the P M -1 site . The live core was u tilized  to determ ine  
both slow and fast in sertions between approxim ately 8 -1 /2  inches and 
3 inches out. The resu lts are shown in Table 47. Fast withdrawal 
speeds w ere m easured with the dummy core in order to evaluate for 
extended travel. Later observations with the live  core indicated no 
significant d ifference in speed. Withdrawal speed s are presented  in 
Table 48. The speeds shown in T ables 47 and 48 are applicable whether 
the control rods are moved individually or in a banked configuration.

The control sy stem  drive speeds m easured  in the plant are le s s  
than the orig inal design specification . The rate of tra v e l for each  rod 
is  determ ined by the length of step taken by the rod for each m ovem ent 
c y c le --th e  number of m ovem ent c y c le s  per minute being constant for 
a ll rods and fixed by a central tim ing o sc illa to r . However, the length 
of step taken can, and does, vary between rods as a resu lt of the in ter 
play between sligh tly  different coeffic ien ts  of fr iction , m agnetic field  
buildup and decay factory, and m agnetic co il current settin gs.

As a resu lt of th ese conditions, it would be p o ssib le  to adjust the 
tim ing o sc illa to r  so that the fa stest rod would tra v e l at the design  
speed s, or that the average-sp eed  rod was at the design sp eed s. There 
w ill, of cou rse , s t i l l  be a variation between the individual rods. The 
only reason  to in crea se  the present rod speed s to the design values  
would be to make faster  adjustm ents of rea ctiv ity  during such m aneu
v ers as xenon burnout. The present rod drive speed s are m ore than 
adequate for th ese  m aneuvers and no justification  e x is ts  for in creasin g  
the drive speeds.

Control rod scram  speed s, m easured  on three different occa sio n s, 
are shown in Table 49. The data is  for a rod travel of 12 inches and 
includes the 82-m illisecon d  delay from  the tim e the scram  relay  is  
tripped until rod motion is  initiated.

The data in Table 49 indicates that there was an average d ecrea se  
in scram  speed , between the fir st and second te s t , of 37 m illiseco n d s.
It is  believed  that th is in crease  rep resen ts  d ifferen ces in experim ental 
techniques rather than an actual variation in control rod scram  speed.
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In determ ining the scram  sp eed s, three p ossib le  in accu racies  occur, 
each of which could account for a ll, or part, of the 3 7 -m illiseco n d  v a r
iation between the fir st and second run. These p ossib le  uncertainties  
are:

(1) The design of the control rod actuator m echanism  is  such  
that, during testin g , the position  indicator is  m oving at the rate  
of approxim ately 0, 5 inch per second at the tim e the rod is  
scram m ed. T herefore, the d istance the rod tra v e ls  is  not 
known exactly .

(2) The scram  tim e can be determ ined either by m easuring the 
length of the record er trace and dividing by the nom inal value 
of recorder speed or by counting the number of c y c le s  of the 
standard 60-cp s frequency a lso  recorded on the tra ce . The 
form er method was used for the first test; the la tter  method, 
for the two subsequent te s ts .

(3) The p assage of the control rod position slug through the p o s i
tion indicator is  determ ined by a null point on the record er  
trace. The exact location of th is null point on the trace  cannot 
be determ ined within a d istance corresponding to two cy c les  
or 33 m illiseco n d s.

TABLE 47
Rod Insertion Speeds

Slow Insertion Rate Fast Insertion Rate
Rod Number (in. /m in) (in. /m in)

1 1.93 4,87

2 2.00 4.93

3 1.92 4.87

4 2.27 5.44

5 2.17 5.47

6 2.50 5.97
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TABLE 48 
Rod Extraction Speeds

Fast Extraction Rate 
Rod Number (in. /min)

1 3.84

2 4.46

3 3.79

4 4.61

5 4.21

6 4.98

TABLE 49 
Control Rod Scram Speeds

Tim e (m illisecond)

Rod Number Test of April 8 Test of July 22 Test of September 9

1 270 298 300

2 250 281 300

3 200 298 300

4 260 298 294

5 250 269 276

6 260 265 267
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a  PRESSURE COEFFICIENT OF REACTIVITY

M easurements of the pressu re  coefficient were made at the PM-1 
site . However, the magnitude of the experim ental erro r  exceeded the 
magnitude of the coefficient. Various m easurem ents  indicated that

”  6the pressu re  coeffic ient was about ±10 Ap /p s i .  For all practica l  
purposes, this coefficient is  negligible. Analytical calculations also  
predicted a negligible p ressu re  coefficient.
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VII. PRIMARY SYSTEM CHARACTERISTICS

This section  is concerned with:

(1) P r im a r y  coolant water chem istry .

(2) P r im a ry  coolant chem ical consumption.

(3) P r im ary  coolant pump power.

(4) Purification system  res in  life .

(5) P r im ary  system  conditions following a scra m  from  full power.

(6) Shield water sy stem  perform ance.

(7) Shield water chem istry .

(8) Shield water d em ineralizer  res in  life .

(9) Steam generator package heat load.

A. PRIMARY COOLANT PROPERTIES

Data pertaining to the prim ary coolant activity, total d isso lved  so lids ,  
radioactive constituents, conductivity and pH was compiled.

The coolant activity during periods of plant operation is  shown in 
Table 50. Both dem ineralizer influent and effluent were monitored.
The fluid entering the dem inera lizer  is  representative of the loop activity  
and var ies  over a considerable range. As expected, the effluent activity  
is  not only lower but, for the m ost part, falls  in a narrow range around
10  ̂ m icrocu ries  / cm ^. This constant effluent ch aracter ist ic  is  typical 
of dem ineralizer  perform ance.

The radioactive constituents and total d isso lved  so lids  of the prim ary  
coolant were analyzed from sam p les  taken during the 400-hr run and 
sent from  the s ite  to Baltim ore. This data is  presented  in Table 9, 
above.

The activity of the rela tive ly  long h a lf- life  constituents shown in 
Table 9 was adjusted to yield the co rrec t  values at the tim e the sam ple  
was drawn. However, the sh o r t- l ife  radioactive constituents decay to 
undetectable le v e ls  between the tim e the sam ple is  obtained at the PM-1
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TA BLE 5 0  

P r im a r y  Coolant A ctiv ity  (juc/cc)

Purification D em ineralizer

Date Inlet Outlet

5 - 2 3 ( 1 . 0 1 7  ±  0 . 0 3 5 )  X l O " ^ ( 1 . 2 6 3  ±  0 . 1 4 1 )  X 1 0 " ^

5 - 2 4 ( 1 . 1 2 5  ±  0 . 0 1 2 5 )  X l O " ^ ( 2 . 9 4  ±  0 . 1 9 6 )  X l O " ^

5 - 2 5 ( 2 . 5  ±  0 . 0 1 8 )  X 1 0 " ^ ( 3 . 9  ±  0 . 6 9 4 )  X l O " ^

5 - 2 7 ( 4 . 8 6  ±  0 . 0 6 7 )  X 1 0 “ ^ ( 1 . 0 5  ±  0 . 0 3 )  X l O ' ^

5 - 2 8 ( 8 . 7 9  ±  0 . 0 0 0 3 3 )  x  1 0 ~ ^ ( 9 . 9 4  ±  1 . 6 6 )  X 1 0 " ^

7 - 2 4 ( 2 . 1 5  ±  0 . 0 4 )  X l O ' ^ ( 2 . 1  ±  0 . 4 )  X l O ” ^

7 - 2 5 ( 1 . 0 1  ±  0 . 0 3 7 )  X l O ’ ^ ( 2 . 1 6  ±  0 . 5 2 )  X l O ' ^

7 - 2 6 ( 2 . 2 0  ±  0 . 0 3 )  X 1 0 “ ^ ( 1 . 9 4  ±  0 . 3 1 )  X 1 0 “ ^

7 - 2 7 ( 3 . 3 0  ±  0 . 1 4 5 )  X 1 0 “ ^ ( 9 . 6 6  ±  2 . 5 )  X 1 0 " ^

7 - 2 8 ( 1 . 1 5  ±  0 . 0 3 )  X l O " ^ ( 1 . 6  ±  0 . 1 4 )  X l O " ^

7 - 2 9 ( 1 . 8 4  ±  0 . 1 2 3 )  X l O ’ ^ ( 7 . 6 9  ±  1 . 0 1 5 ) X l O ' ^

7 - 3 0 ( 1 . 3 1  ±  0 . 0 2 )  X l O " ^ ( 1 . 1 6  ±  0 . 2 6 )  X 1 0 " ^

7 - 3 1 ( 1 . 4 7  ±  0 . 0 2 )  X 1 0 “ ^ ( 7 . 6 6  ±  2 . 3 )  X l O " ^

8 - 1 ( 1 . 1 3  ±  0 . 0 3 6 )  X 1 0 “ ^ ( 1 . 4 8  ±  0 . 4 5 8 )  X l O ' ^

8 - 2 ( 6 . 7 3  ±  0 . 1 6 )  X 1 0 ~ ^ ( 4 . 6 2  ±  0 . 4 7 )  X 1 0 “ ^

8 - 3 ( 3 . 1 2  ±  0 . 1 9 9 )  X l O ” ^ ( 2 . 7 9  ±  5 . 8 1 )  X l O ” ^

8 - 4 ( 2 . 3 5  ±  0 . 0 9 5 )  X l O " ^ ( 5 . 0 8  ±  2 , 2 )  X l O ' ^

8 - 6 ( 3 . 8  ±  0 . 1 7 8 )  X l O " ^ ( 5 . 3 9  ±  3 . 7 1 )  X l O " ^

8 - 7 ( 5 . 2 6  ±  0 . 2 6 6 )  X l O ' ^ ( 1 . 7 6  ±  0 . 5 2 6 )  X l O ' ^

9 - 1 6 ( 9 . 7 6  ±  0 . 0 6 )  X 1 0 “ ^ Not recorded



TABLE 50 (continued)

Purification D em ineralizer
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Date Inlet Outlet

9-19 Not recorded (5.77 ± 0.97) X 10“^

9-20 (1.44 ± 0.02) X 10'^ (2.26 ± 0.32) X 10’ ^

9-21 (3.72 ± 0.04) X 10"^ (7.02 ± 0.53) X 10"'"

9-22 (3.5 ± 0.11) X 1 0 ” ^ Not recorded

9-24 (3.08 ± 0.03) X lO"^ (9.20 ± 0.06) X lO"^

9-25 Not recorded (2.29 ± 0.35) X lO"^

9-26 (1.92 ± 0.03) X lO”^ (4.02 ± 0.42) X lO"^

9-27 (3.62 ± 0.06) X lO'^ (6.6 ± 0.87) X l O " ^

9-28 (3.63 ± 0.068) X lO'^ (7.99 ± 1.02) X lO'^

9-29 (3.72 ± 0.036) X 10~^ (1.18 ± 0.07) X lO'^

9-30 (4.41 ± 0.04) X lO'^ (9.97 ± 0.66) X lO'^

10-1 (3.44 ± 0.04) X lO'^ (7.63 ± 0.55) X 10"^

site  and the tim e at which detailed analysis  is  com pleted in Baltimore. 
The sam ples analyzed represent PM-1 conditions during the period  
from September 24 to September 27. The difference in activity of a 

2
factor about 10 between that observed at the s ite  and that found in 
Baltimore represents  this re la tive ly  short- lived  activity.

The following conclusions w ere made as a result of the analysis  
performed at Baltimore:

(1) The total radioactivity le v e l  in the prim ary coolant sample  
is  of the order of magnitude that might be expected from  
a reactor of this type, operated for this period of tim e and 
allowed about one month's decay.
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(2) Over 90% of the radioactivity is  contributed by corrosion  
products from the structural m ateria l. The predominant 
nuclide, about 80%: of the radioactivity, is  C obalt-58 which 
is  formed by an n, p reaction of fast neutrons with Nickel-  
58. M anganese-54 is a lso  formed by n, p reaction on Iron- 
54, The Iron-59 is formed by therm al neutron activation,
F e-58  (n, y ) F e-59 . Chromium-51 is undoubtedly present, 
but in too low a concentration to detect. These data are in 
conformity with the findings of Ref. 15.

(3) Less than 10% of the radioactivity is contributed by fiss ion  
products, the predominant ones being B a r iu m -140 and Strontium- 
89. Shorter-lived fiss ion  products have decayed, and longer-  
lived ones have not yet built up in sufficient concentration to
be observed during this re la tive ly  short period of reactor  
operation. This data agrees  with Ref. 16.

(4) The concentration of the f iss io n  product activity may be a c 
counted for by the surface uranium contamination on the fuel 
elem ents. There is no indication of any fuel defect of suffi
cient magnitude to contribute f iss ion  products to the coolant.

(5) The absence of any detectable radioactivity in sam ples of 
main steam  condensate, feedwater and radioactive waste  
disposal sy stem  returns indicates the facility  is  being kept 
clean of any c r o ss  contamination. The relative  lev e ls  of 
contamination in the various sam ples are a lso  generally in 
the proper order, indicating control of c r o s s  contamination.

The pH and r e s is t iv ity  of the coolant entering and leaving the p urifica
tion system  dem ineralizer  are presented  in F ig s .  47 through 49. Three  
periods are covered; Fig. 47 presents data on operation for the end of 
May, Fig. 48 presents  data for July and August, and Fig. 49 presents  
data for September.

In general, the prim ary coolant pH was held within the desired  range 
of 9.5 to 10.5. However, the conductance of the prim ary  coolant water

_ 0
exceeded the specified  maximum value of 2 x 10 /ohm-cm; this value 
was based on the conductance resulting from d isso lv ing  sm all  quantities 
of corrosion  products in the water. The factors which increased  the 
conductance of the prim ary coolant above the specified  value w ere in 
vestigated. It was found that the in crease  was due alm ost entirely  to 
the ammonia utilized to control pH.

Experiments w ere conducted with prim ary coolant water, shield
6water and high purity water (res is tiv ity  greater  than 10 ohm -cm ) to
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determine the effect of added ammonia ions upon the pH and conductivity  
of the water. All the sam ples indicated that the r e s is t iv ity  of the water  
decreased  rapidly as ammonia was added. In the case  of the high r e 
s is t iv ity  water, the variation of conductance with pH w a s :

Conductance

PlL (10 ®/ohm

7.5 1.5
8.0 2.0
8.5 3.3
9.0 5.5
9.1 6.1
9.2 6.8
9.3 7.8
9.4 9.0
9.5 10.7
9.6 13.0
9.7 15.7
9.8 18.3
9.9 21.9

10.0 27.5

To determine the net r e s is t iv ity  of the coolant due to d isso lved  con
stituents other than ammonia, the following formula is  to be applied:

A e t  ‘

("n !m eas

where

R = m easured res is ta n ce  of the water from  F igs .  47m eas through 49 (ohm-cm)

conductance due to the addition of ammonia, tabulated 
above ( l /o h m -cm )
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R , = re s is t iv ity  of the water if no ammonia had been
added (ohm-cm).

The use of the above formula is  restr ic ted  to c a ses  where 1/R m eas
> C. Values of C > 1 /R  indicate that R  ̂ equals or exceeds  g m eas net
10 ohm -cm , the r e s is t iv ity  of the control sam ple.

B. PRIMARY COOLANT CHEMICAL CONSUMPTION

Information pertaining to prim ary coolant chem ical utilization was
of operation between July 23

through August 8 and September 12 through October 2. This data is  
presented in Table 51.

TABLE 51
P r im a r y  System  Water T reatm en t

C h em ica l T reatm ent

A m m onium  Hydroxide  
Hydrogen (H^) Hydrazine (NH^OH)

Date (ft at STP) (m l)  (ml)_________

7 - 2 3  - -  - -  4 0

7 - 2 4  1 . 5

7 - 2 5  - -  - -  1 7 . 7

7 - 2 6  - -  - -  4 0

7 - 2 7  - -  - -  2 0

7 - 2 8  - -  - -  4 0

7 - 2 9  - -  - -  4 0

8 - 1  2.0

8 - 2  1 . 5

8 - 4  - -  - -  2 0

9 - 1 2  - -  - -  8 0

9 - 1 3  2 . 5  2 0 0  8 0

9 - 1 5  - -  - -  4 0
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TABLE 51 (continued)

Chemical Treatment

Ammonium Hydroxide
Hydrogen (H^) Hydrazine 

Date (ft at STP) (ml)  (m l)_________

9-21 1.5
Total 9.0 200 417.7
(37 days of
operation)

Since the data presented in Table 51 was obtained toward the end 
of the test  period, it is  probably representative  of future chem ical  
requirem ents. On a monthly b asis ,  the following quantities w ere con
sumed:

Hydrogen 7.3 ft^/month

Hydrazine 162 m l/m onth

Ammonium hydroxide 338 m l/m onth

C. PRIMARY COOLANT PUMP POWER

The power consumed by the prim ary coolant pump was recorded as  
a function of coolant water tem perature on three occas ions , namely:

July 23, 1962 

August 8, 1962 

September 12, 1962.

This data is  presented in Fig. 50.

D. PURIFICATION SYSTEM RESIN LIFE

The prim ary coolant purification sy stem  dem ineralizer  was originally  
charged with res in  on February 24, 1962 and was recharged on October 3,
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1962, This rep resen ts  a res in  life of slightly over 7 months, compared  
to a predicted life of 12 months. It Is believed that th is shorter  life  r e 
sulted from the large amounts of makeup water utilized during the plant 
te s t  period and that future res in  charges w ill exhibit a longer life. How
ever , no r e -e s t im a te  of res in  life can be made from the limited data 
currently available.

It should be noted that replacem ent of the resin  in the PM-1 is  r e la 
t ive ly  s im ple . The spent res in  is  s lu iced  to the waste storage tank, the 
lines are flushed, and fresh  res in  is  s lu iced  into the dem ineralizer . The 
entire operation for both the prim ary coolant and shield  water d em in era l- 
iz e r s  required approximately 10 hours. No handling of the spent (radio
active) re s in  is  involved and there are no spent res in  shipping casks  
required.

E. PRIMARY SYSTEM CONDITIONS 
DURING COOLDOWN

Prim ary  system  conditions during a cooldown from  full power were  
com piled and evaluated. The conditions im m ediately  after a scram  
from full power were d iscu ssed  in Section III, D and illustrated in Run 
XXIII of Appendix A.

The data relating to cooldown to low tem perature on October 2 is  
presented  in this section. The test  schedule was such that the cooldown 
followed a normal shutdown rather than a scram; however, this should 
not appreciably affect the cooldown rate.

Figure 51 shows the rate of reactor coolant sy s tem  tem perature  
and steam  generator p ressu re  d ecrea se  as a function of t im e. The in 
dividual steps in the cooldown procedure are indicated in Fig. 51 and 
are listed  below in more detail:

(1) The secondary plant was secu red  in accordance with norm al 
shutdown procedures.

(2) During the f irst  hour and 45 m inutes, cooldown was adequately 
maintained by the purification system .

(3) Steam was then admitted to the main steam  line and cooldown 
was maintained by steam  leakage through the hogging jet.

(4) The hogging jet was put into operation at a steam  p ressu re  
of 150 p sig  and a vacuum was pulled on Condenser lA  air  
coo ler  section. Again, s team  escaping through the hogging 
jet was adequate to maintain plant cooldown.
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(5) At a s t e a m  p r e s s u r e  of 40 psig, initial dumping of steam  
to Condenser lA air  cooler section  was initiated. The de-  
superheater steam  flow control valve was opened until tube 
tem peratures reached 150° to 160° F. One fan was put on 
high speed and the louvers were opened. Steam flow was in 
creased  to maintain tube tem peratures. Valve position at 
this tim e was approximately 1/16 open. As cooldown p ro
ceeded, the valve was opened further to maintain tube te m 
peratures.

(6) At a prim ary tem perature of 2 50° F, the prim ary coolant 
pump was secured , and the decay heat system  was put in 
operation.

NOTE: From 1330 to 1700 hours, the decay heat system  was 
intermittently operated only to maintain loop tem p era
ture for other plant te sts .

The operating procedure lim its  the maximum cooldown rate to 100 
degrees per hour. This limitation is imposed by therm al s tr e s s  con
siderations. Therm al predictions show that there would be no difficulty  
in maintaining this cooldown rate when steam  was bled to the condensers.  
Actual cooldown to 260 d egrees  took slightly le s s  than 3 hours; con
sequently, the average rate was approximately 70 degrees  per hour.
The difference between the 1 0 0 -d eg ree -p e r -h o u r  rate and the 70-degree-  
per'hour rate represents the steps taken by the operating crew to make 
sure that it would not exceed the maximum rate. D iscu ss ion s  with the 
operating crew indicate that cooldown rates  much greater  than 100 d e
grees  per hour could be accom plished by bleeding steam  to the air  
condensers.

At 250 degrees , the decay heat rem oval system  was placed in op
eration, in accordance with the operating procedures. In 2 hours, the 
loop had cooled to 165 degrees . The design predictions were that the 
loop could be cooled from 260 to 204 degrees  in 2 hours. During the 
next 6 hours, the loop was cooled from 165 to 118 degrees .  Design  
predictions indicated that during this period the loop would be cooled  
from 205 to 157 degrees . Hence, it is  evident that actual cooldown rate 
with the decay heat system  exceeded design predictions.

Since this test  of plant cooldown rate occurred re la tive ly  early  in 
core life , the question a r ise s  as to the effect of en d -o f- life  f iss ion  
product decay heat. At the tim e the test  was conducted, the total in 
tegrated core energy output was approximately 230 megawatt days.
The plant had been operating at approximately 75% power for the 10 
days im m ediately preceding the test .  From design predictions, it
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was concluded that the f iss ion  product decay heat under this condition 
would be about 60% of the en d -o f- l ife ,  fu ll-pow er condition. During 
the initial stages  of cooldown, afterheat amounts to approximately 50% 
of the total heat to be rejected. During the later s tages , this in crea ses  
to about 70%, Thus, the data presented is  reasonably representative  
of conditions to be expected in the future. However, cooldown rate 
with the decay heat rem oval system  w ill probably d ecrease  somewhat 
but s t i l l  be equal to or greater than the design predictions.

SHIELD WATER SYSTEM 
STEADY-STATE DATA

Steady-state perform ance data of the PM-1 shield  water system  is  
presented as a function of reactor power in the prim ary system  heat 
balance in Section HI, A of this report (see Fig. 7). The data ref lec ts  
operation at an ambient tem perature of 70° F, or l e s s ,  with 3 of the 4 
shield water coo lers  in operation. It was found that the system  heat 
load was ea s ily  handled under this condition, provided the waste d is 
posal system  was inoperative. This a g rees  with the design predictions.

The variation in shield  water coolant outlet tem perature as a func
tion of power, shown in Fig. 7, is  not indicative of the heat transfer  
capacity of the system : rather, it is  a m easure of the difference in 
the individual louver controls of each cooler . During the course of 
the test ,  various units w ere placed in operation. Each controller has 
a slightly  different dead band and/or tem perature sen sin g  device.
Thus, a slight variation in actual tem perature resu lts .

The shield water sy stem  is not norm ally operated with the four 
coo lers  in serv ice .  However, if  the plant is  operating at power and 
the waste d isposa l sy stem  is in operation, four co o lers  are required  
to handle the heat load. It has been found that the shield water coolers  
can maintain the shield water at the design temperature of 125° F under 
these  conditions, provided the ambient tem perature does not exceed  
60° F. Thus, the waste d isposal system  can be operated during the 
daytime in the winter, spring, fall and cool sum m er days. On warm  
sum m er days, the operation of the waste d isposal sy stem  w ill be limited  
to the nighttime. This p resents  no problem s, s ince the waste d isposal  
sump tank provides storage capacity for approximately one month's 
waste accumulation, based on an average accumulation rate, during 
operation, of 55 to 60 gallons per day (see  Section 1, E).
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G. SHIELD WATER SYSTEM 
COOLANT PROPERTIES

Data pertaining to the shield water activity, pH, conductivity, total 
disso lved  so lids  and constituents was compiled. The coolant activity  
during periods of plant operation is  shown in Table 52. Both d e 
m in e ra l iz e r  influent and effluent were monitored. The fluid entering  
the dem ineralizer  is  representative of the shield  water tank activity

-5 -3 3and, for the most part, varies  from 6 x 10 to 10 p c / cm . The
activity of the dem ineralizer  effluent, like that of the prim ary coolant,
varies  over a much narrower range and has an activity of an order
of magnitude le s s  than that of the prim ary coolant.

TABLE 52
3

Shield Water Activity (p c /c m  )

Shield Water D em ineralizer

Date Inlet Outlet

5 - 2 3 ( 2 . 8 5  ±  0 . 7 3 6 )  X 1 0 ' ^ ( 1 . 4  ±  0 . 5 6 )  X 10“^

5 - 2 4 ( 5 . 7 4  ±  0 . 8 4 5 )  X lO"^ ( 7 . 7 6  ±  4 . 9 )  X 10”®

5 - 2 4 ( 2 . 0  ±  0 . 1 9 5 )  X 1 0 " ^ ( 2 . 5 2  ±  1 . 2 2 )  X 1 0 “

5 - 2 8 ( 1 . 3 9  ±  0 . 1 3 9 )  X lO”^ ( 2 . 3 2  ±  0 . 2 0 5 )  X 1 0

7 - 2 4 ( 2 . 0 1  ±  0 . 3 1 )  X 1 0 ' ^ Not recorded

7 - 2 5 ( 2 . 4  ±  0 . 6 1 )  X lO"^ Not recorded

7 - 2 6 ( 3 . 4 8  ±  0 . 3 7 )  X lO '^ Not recorded

7 - 2 7 ( 3 . 1 2  ±  0 . 4 0 )  X lO'^ Not recorded

7 - 3 0 ( 3 . 1 5  ±  0 . 3 6 )  X lO'^ Not recorded

7 - 3 1 ( 3 . 1 8  ±  0 . 3 7 )  X 1 0 ~ ^ Not recorded

8 - 1 ( 2 . 9 8  ±  1 . 7 7 )  X 1 0 “ ^ Not recorded

8 - 3 ( 2 . 9 2  ±  0 . 6 4 4 )  X lO'^ Not recorded

-5
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TABLE 52 (continued)

Shield Water D em ineralizer

Date Inlet Outlet

8 - 4 ( 1 . 9 3  ±  0 . 3 2 )  X 1 0 ~ ^ Not recorded

8 - 6 ( 2 . 1 1  ±  0 . 5 5 )  X 1 0 " ^ Not recorded

8 - 7 ( 2 . 5 4  ±  0 . 6 1 9 )  X lO""^ Not recorded

9 - 1 1 Not recorded ( 1 . 2 3  ±  0 . 4 )  X 1 0 " ^

9 - 1 4 ( 3 . 8  ± 1 . 6 )  X 1 0 “ ^ ( 0  ±  1 . 3 )  X 1 0 “ ^

9 - 1 5 ( 6 . 7 3  ±  2 . 2 1 )  X 1 0 " ^ ( 1 . 5 9  ± 1 . 7 7 )  X 1 0 " ^

9 - 1 6 ( 5 . 8 9  ±  0 . 5 )  X lO"^ ( 2 . 3 9  ±  1 . 8 6 )  X lO"^

9 - 1 9 ( 5 . 5 1  ±  0 . 4 7 )  X 1 0 “ ^ ( 1 . 9  ±  0 . 9 1 )  X 1 0 " ®

9 - 2 0 ( 4 . 4 3  ±  0 . 4 4 )  X 1 0 " ^ ( 3 . 2  ±  1 . 9 )  X lO"®

9 - 2 1 ( 5 . 9 6  ±  0 . 5 )  X 1 0  ^ ( 6 . 1 4  ±  2 , 0 7 )  X lO"®

9 - 2 2 ( 3 . 4 2  ±  0 . 3 )  X lO'^ ( 1 . 4 2  ±  1 . 0 7 )  X lO”®

9 - 2 4 ( 5 . 5  ±  0 . 5 )  X lO'^ ( 5 . 4 9  ±  2 . 1 )  X 1 0 “ ®

9 - 2 5 ( 4 . 7 7  ±  0 . 4 3 )  X lO"^ ( 3 . 7 0  ±  1 . 9 2 )  X 1 0 ' ®

9 - 2 6 ( 4 . 6 2  ±  0 . 4 5 )  X 1 0 “ ^ ( 3 . 8 0  ±  1 . 8 )  X lO”®

9 - 2 8 ( 7 . 4 5  ±  0 . 9 5 6 )  X lO'^ ( 1 . 1 4  ±  0 . 4 9 )  X lO'^̂

9 - 2 9 ( 8 . 5 4  ±  0 . 6 )  X lO"^ ( 2 . 1 9  ±  0 . 2 1 )  X 1 0 " ®

9 - 3 0 ( 8 . 6 6  ±  0 . 6 )  X 1 0 “ ^ ( 1 . 5 1  ±  0 . 2 9 )  X lO"^

1 0 - 1 ( 1 . 0 2  ±  0 . 0 6 )  X 1 0 “ ^ ( 1 . 1 3  ±  0 . 2 6 )  X 1 0 “ ®

Data pertaining to the pH and r e s is t iv ity  of the coolant entering and 
leaving the shield w ater dem ineralizer  is  presented  in F igs. 52 through 
54. The sam e three periods of power operation for which primary coolant 
data was presented in Section A are again covered. A lso, the correction  
to water r e s is t iv ity  d iscu ssed  in that section  applies.
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The ra d io ac tiv e  co n s ti tu en ts  and to ta l  d isso lv ed  so lid s  of the  sh ie ld  
w a te r  were analyzed from sam ples taken during the 400-hour run and 
sent from the s ite  to Baltimore. This data is presented  in Table 9. 
Again, this represents  only the long-life  radioactive constituents.

H. SHIELD WATER DEM INERALIZER LIFE

The shield water d em ineralizer  was orig inally  charged with res in  
on February 24, 1962 and was recharged on October 3, 1962. This 
represents a res in  life  of slightly  over 7 m onths,com pared to a p r e 
dicted life of 12 months. It is  believed that th is shorter life  resulted  
from the large amounts of makeup water utilized during the plant test  
period and that future res in  charges w ill exhibit a longer life . However, 
no re -est im a te  of res in  life can be made based on the currently available  
data.

I. PRIMARY SYSTEM HEAT LOSSES

Data was compiled and evaluated to determine:

(1) The total primary sy stem  heat lo s s .

(2) The steam  generator package heat lo s s .

1. Total Prim ary  System Heat Loss

During p recr it ica l  testing  at the PM-1 s ite ,  the prim ary sy stem  was 
tested  at operating tem perature and p ressu re .  The sy stem  was brought 
up to operating conditions with an e lec tr ic  heater (in place of the core)  
and the prim ary coolant pump as energy so u r ces .  The sh e ll  side of 
the steam  generator contained fluid; therefore , the total sy stem  heat 
lo s s e s  were representative of those experienced  under norm al operating  
conditions.

It was found that a heater input of approximately 70 kw was required  
to maintain the prim ary sy stem  at 463° F with the prim ary coolant pump 
in operation and the purification system  inoperative.

The net energy input supplied by the prim ary coolant pump at op
erating temperature was determined, from the data presented in F igs.
7 and 50, to be 25 kw. Thus, the total prim ary sy ste m  heat lo s s  is  
approximately 324,000 Btu/hr.
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2̂  Steam Generator Package Heat Lx)ad

The heat load in the steam  generator package was determined by 
m easuring the air velocity  in the duct to the steam  generator tank and 
the temperature r ise  of this air. The a ir  velocity  was m easured with 
a portable hot wire anem om eter probe in an extension of the duct.
The ambient tem perature and the tem perature in the top of the tank 
were measured. The heat load was found to be 66,400 Btu/ hr with 
2000 ft I min duct air velocity , ambient tem perature of 48° F and tank 
tem perature of 120° F.
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VIII. SECONDARY SYSTEM CHARACTERISTICS

This section presents  data concerning these item s:

(1) Steam generator blowdown.

(2) Secondary system  chem ical consumption.

(3) Secondary system  water chem istry .

(4) Condensate and feedwater pump cavitation.

(5) Time required to get turbine generator on line.

(6) Tim e required to get d iese l  generator on line.

(7) Noise lev e l  in the secondary building.

A. STEAM GENERATOR BLOWDOWN

The desired concentration of chem ica ls  and d es ired  pH in the steam  
generator is  defined by the PM -1 Operating Manual as:

Phosphates- -125  to 175 ppm

Sulphates - -grea ter  than 10 ppm

pH --10. 1 to 10. 5

Data was compiled for three periods of plant operation during May, 
July-August and September. This is  presented  in F ig s .  55 through 57 
and shows that, in general, the desired  concentrations and pH were  
maintained.

In all ca ses ,  the blowdown rate was fixed at 200 Ib/ h r .

B. SECONDARY SYSTEM CHEMICAL CONSUMPTION

Data pertaining to the secondary sy stem  chem ical consumption is  
presented in Table 53 for operating periods during July, August and 
September. Since this period was the latter portion of the PM -1 test  
program and includes the 400-hour run, th is data is  probably r e p r e 
sentative of future chem ical utilization.
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TABLE 53 
Secondary Water Treatment

Sulphite (NaSO„) ^ ^3 Trisodium  Phosphate Disodium Phospnate
Date (grams) (grams) (grams)

7-23-62 100 1,  150 2, 020
7-24-62 150
7-25-62 175 1, 150 2 ,  020
7-27-62 175
7-29-62 175
7-30-62 172
8-1 -62 129
8-2 -62 129 1, 150 2 ,  020
8-3 -62 129 1,  332 2 ,  023
8-4 -62 175
8-6 -62 150
8-7 -6 2 175
8-8-62 175
9-14-62 164 1,  437 2,525
9-15-62 167
9-16-62 187
9-17-62 187
9-18-62 187
9-19-62 187 1, 150 2, 020
9-21-62 250 1, 130 1, 696
9-23-62 250 1, 130 1,  696
9-24-62 250 1, 130 1,  696
9-25-52 200
9-26-62 250 1, 130 1, 696
9-29-62 300 1, 130 1, 696
9-30-62 500
10-1-62 500
Totals (34- 
day period) 5570 I J .889 19,412
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Table 53 shows the total quantities of chem ical consumption. Based  
on this, the predicted monthly consumption would be:

Sulphite 10 .8  lb/m onth

Trisodium  phosphate 22. 1 lb/m onth

Disodium phosphate 37. 8 lb/m onth

C. SECONDARY SYSTEM COOLANT PROPERTIES

Data pertaining to the activity, pH, conductivity, total d isso lved  
so lids and radioactive constituents of the secondary sy stem  water was 
compiled.

The activity of the condensate storage tank, steam  generator b low 
down and deaerator liquid, and main steam  is  presented  in Table 54.
It can be seen  that the le v e ls  are quite low.

Data on the pH and r e s is t iv ity  of the fluids in the main condenser, 
the main steam  line and feedwater line is  presented  in F ig s .  58 through 
60 for periods of reactor operation from May to September.

Samples of the main steam  flow and feedwater flow were sent to 
Baltim ore for more detailed analysis . No lon g -term  radioactive con 
stituents were found in the fluids. The sen sit iv ity  of the instrumentation

“8 3and techniques utilized at Baltim ore is  2 x 10 p c /c m  . No chlorides  
were detectable in either sam ple. Total so lids  in the main steam  con
densate and the feedwater sam p les  were 25 and 21 ppm, respective ly .

D. CONDENSATE AND FEEDWATER PUMP CAVITATION

Conditions at which cavitation in the condensate and feedwater  
pumps occurs are presented  in Table 55. Cavitation does not occur at 
normal operating conditions, including transient conditions more  
severe  than the design cr iter ia .

E. TIME REQUIRED TO GET TURBINE GENERATOR ON LINE

Typical data of the tim e required to get the turbine generator on the 
line was tabulated from  the operating log  of September 18. One hour 
and 15 minutes elapsed  from the tim e rolling of the turbine started to 
the tim e the turbine generator was paralleled  with the s ite .
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TABLE 54
3Secondary System  A ctivity (juc/cm )

C o n d e n s a t e  S t o r a g e  S t e a m  G e n e r a t o r
D a t e  T a n k  B l o w d o w n  D e a e r a t o r  M a i n  S t e a m

5 - 2 5 - 6 2  1. 42 ± 0. 756  X 10 (7. 19 ± 7. 19) x  lO '®  (3 .  14 ± 7. 0 2 )  x  l O ' ^  (6. 51 ± 7. 19) x  lO"®

-7
5 - 2 6 - 6 2  (1 .  0 2 8  ± 0. 6 5 6 )  X 10

5 - 2 7 - 6 2  L e s s  t h a n  b a c k g r o u n d

5 - 2 8 - 6 2  (199  ± 4. 63)  x  lO '®

7 - 2 4 - 6 2  (1. 17 ± 0. 11) X l O " ’̂  (2 .  14 ± 5. 1) x  lO '®

7 - 2 5 - 6 2  (6. 16 ± 7. 19) X 1 0 " ^  (8. 25  ± 32 .  9)  x  1 0 ‘ ®

7 - 2 6 - 6 2  ( 1 . 0 3  ± 2 .  05)  x  l O ' ^

7 - 2 7 - 6 2  2 .  87 ± 6. 2 x  1 0 ’ ^ (4 . 72 ± 6. 4) x  l O ' ^  < 5 . 7 5 x l O ' ®  < 5 . 5 4 x l 0 " ^

7 - 2 9 - 6 2  (2 ,  06 ± 2, 46) x  1 0 ‘ ^

7 - 3 0 - 6 2  (6 ,  36 ± 2. 26) X 1 0 ‘ ® (2 .  81 ± 0. 47) x  l O ’ ’̂

7 - 3 1 - 6 2  (5 .  74 ± 3, 08) X 1 0 '®  (1, 23 ± 2. 06) x  10

8 - 2 - 6 2  (1 .  33 ± 9. 55) X lO"®

8 - 7 - 6 2  (1 .  03  ± 0, 93) X  1 0 ’ ’̂  (8 .  26 ± 8, 76) x  lO"®

9 - 1 5 - 6 2  (9 .  49 ± 6. 5) X 1 0 '®  < 6 . 1 x l 0 ' ®

9 - 1 6 - 6 2  (1 .  38 ± 5, 9) X lO '®

9 - 1 8 - 6 2  < 6 . 0 x 1 0 ' ®  (0. 97 ± 6. 38) X 1 0 '®  < 6 . 2 x l 0 ' ®

9 - 2 1 - 6 2  (6 .  81 ± 6. 44) x  lO"®

9 - 2 2 - 6 2  (1 .  2 ± 1. 4) X lO '®



TABLE 54 (continued)

C o n d e n s a t e  S t o r a g e  S t e a m  G e n e r a t o r
D a t e ____________  T a n k _______  B l o w d o w n  D e a e r a t o r  M a i n  S t e a m

9 - 2 4 - 6 2  (4 .  49 ± 7. 32) x  lO"®

9 - 2 5 - 6 2  (2 .  36 ± 0.  72) x  l O ’ ’̂

9 - 2 6 - 6 2  (1.  56 ± 6.  15) x  lO '®

9 - 2 7 - 6 2  (9 .  14 ± 8. 25) x  10*®

9 - 2 9 - 6 2  ( 8 .  00  ± 6 .  8)  X 10*®

9 - 3 0 - 6 2  < 0. 8  X 10*®

1 0 - 1 - 6 2  (2 .  00  ± 0. 67) X lO*"^

to
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TABLE 55
Condensate and Feedw ater Pump Cavitation

Condensate li’ump 

Hotwell le v e l

Hotwell tem perature  

Hotwell p ressu re  

Condensate flow  

Feedw ater Pump

D eaerator le v e l  

D eaerator tem perature  

D eaerator p ressu re  

F eedw ater  flow

Conditions for Cavitation  

4 inches* started cavitating  

7 inches* violent cavitation  

9 inches* lo st  flow 

151° F

8 -1 /  2 inches Hg Abs

10.000 lb /h r

1 5 -3 /4  inches* started cavitating  

236° F  

10.9  psig

10.000 lb /h r

*Height below normal operating lev e l



129

F. TIME REQUIRED TO GET D IESEL GENERATOR ON LINE

T ypica l tim e required to place the d iese l  generator in operation  
was tabulated from  the operating log  of September 22nd. It required  
six  minutes from  the tim e the d iese l  generator w as  started until it was  
carrying the PM -1 auxiliary load. Two additional minutes w ere  r e 
quired for the d iese l  generator to be paralle led  with the radar site .  
Other operations w ere being perform ed concurrently with the d iese l  
generator startup.

G, NOISE LEVEL IN THE SECONDARY BUILDING

The noise le v e l  in the secondary building w as  recorded for two con
ditions, namely:

(1) D ie se l  generator off, auxiliary  b o iler  off, plant load 430 kw.

(2) D iese l  generator off, auxiliary b o iler  on, plant load 1250 kw.

The maximum noise  le v e l  for the f ir s t  condition was 100 d ec ib e ls ,  
which occurred  one foot away from  the generator. Maximum noise  
lev e l  for the second set of conditions w as 104 d ecibels , and th is  
occurred  one foot away from  the turbine generator reduction gear.

A ll readings w ere  taken with a General Radio, Model 1555-A,
Sound M eter, which w as calibrated on July 31, 1962, All recorded  
data i s  presented in Table 56,
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TABLE 56 
N oise L eve l in Secondary Building

1.  T est  Conditions

Die s e l  generator off 
A uxiliary bo iler  off 
Plant load, 430 kw

Locations of High N oise  L ev e ls  D ecib els

Control room console  72 to 75
Maintenance area 85
Counting room  78
O ffice area 80
Turbine gen erator--red u ction  gear 1 - 1 / 2

feet away 94
Turbine g en erator--gen erator  1 foot away 100
Turbine g en erator--gen erator  2 feet away 95

Maximum noise l e v e l - -100 db one foot away from  generator. 
Source of maximum noise le v e l- -g e n e r a to r

2. T est Conditions

D ie s e l  generator off 
A uxiliary bo iler  on 
Plant load, 1250 kw

Locations of High N oise  L e v e ls  D ec ib e ls

Control room console  77
Maintenance area 88
Counting room  82
Office area 80
Heat transfer  area 90
Switchgear area  97
Turbine generator - -reduction gear 1 foot away 104
Turbine generator- - reduction gear 2 feet away 94
Turbine generator- - generator 1 foot away 98
Turbine generator- - generator 2 feet away 96

Maximum noise le v e l  T-G  reduction gear 1 foot a w a y --104 db
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IX. MALFUNCTION REPO R TS

The plant malfunction reports are sum m arized  in Table 57. The 
various reports  were f ir s t  categorized as to general area, namely:

(1) Prim ary system

(2) Secondary system

(3) Nuclear instrumentation

(4) Reactor component

(5) E lec tr ica l equipment

(6) Operator error .

Summary information was then compiled for each malfunction as  
follows:

(1) Specific malfunction

(2) Date

(3) Malfunction report number

(4) C orrective action taken.

Table 57 provides information as to the im m ediate corrective  action  
taken as a resu lt  of each malfunction. Additional efforts w ere required  
to obtain acceptable operation in three a rea s ,  namely:

(1) Turbine governor

(2) Nuclear instrumentation

(3) Control rod actuators.

A. TURBINE GOVERNOR

The manufacturer's representative observed  the operation of the 
turbine and inspected the turbine governor on a number of occas ions .  
Finally  it was concluded that the main cause for governor malfunction  
was e x c e ss iv e  air entrained in the turbine o il.  Air bubbles passing  
over the lip of the speed governor cup valve w ill  cause a fa lse  signal 
to go to the pilot re lay  of the servom otor. A lso , e x c e s s  air w ill tend 
to make the oil spongy.
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Several steps w ere taken to m in im ize  the effect of th is  air.

(1) An orifice  vent was installed  in the high p ressu re  line at the 
inlet to the speed governor,

(2) The pilot re lay  of the servom otor was vented to the drain.

(3) The cavity above the servom otor operating piston was also  
vented.

(4) Baffle scr e e n s  w ere added at the bottom of the reduction gear  
housing to prevent the windage of the gear from  whipping up 
the oil and to break up the drain oil into sm all partic les  for 
better liberation of a ir  before entering the pump.

(5) The main oil pump suction was changed by adding a drilled  
section  of 2 -inch pipe. This w ill tend to prevent any vortexing  
which may have ex isted  and a lso  get a better sampling of o il  
c lo ser  to the bottom of the re serv o ir .

(6) An accumulator was insta lled  in the control o il line.

B. NUCLEAR INSTRUMENTATION

A number of re la tive ly  minor changes to the nuclear instrumentation  
system  w ere accom plished  over a period of t im e. T h ese  changes, which 
are sum m arized below, s ignificantly improved the operation of the 
system .

(1) N uclear instrumentation signal cables for the source range 
w ere replaced  with tr iax  (double shielded) cable.

(2) The ground bus in the nuclear instrumentation cabinet was 
modified to provide a low er res is ta n ce  to ground.

(3) The wiring of the prim ary coolant pump bypass coupler was  
rev ised  to provide proper contactor arc suppression .

(4) A rc suppression  d ev ices  (condensers) w ere insta lled  on the 
temperature scan  stepping switch.

(5) Ventilation in the nuclear instrumentation cabinet was im 
proved to low er the tem perature of the e lectron ic  equipment.



133

C. CONTROL ROD ACTUATORS

The operation of the control rod actuators was im proved by low ering  
the operating temperature of the a ssoc ia ted  e lectron ic  gear. This was  
accom plished by improving the air circulation in the control rod drive  
m echanism  cabinet.



TABLE 57 
Malfunction Reports

03

G e n e r a l  A r e a S p e c i f i c  M a l fu n c t io n D a te
M a l fu n c t io n  
R e p o r t  No.

C o r r e c t i v e  
A c t io n  T a k e n

P r i m a r y  s y s t e m  
e q u ip m e n t

L e a k a g e  on  c h a r g i n g  p u m p  
v a lv e s  p r e v e n t s  p u m p  
o p e r a t io n

3 / 3 / 6 2 4 M a in te n a n c e  done  on 
p u m p s

R a d io a c t i v e  io d in e  in 
p r i m a r y  c o o la n t

4 / 3 / 6 2 15 F a l s e  in d ic a t io n  o f  
io d in e

P u r i f i c a t i o n  d e m i n e r a l i z e r  
in le t  s a m p l e  v a lv e  l e a k a g e

4 / 1 3 / 6 2 18 W eld ed  l e a k

F r e s s u r i z e r  r e l i e f  v a lv e  
l e a k a g e

4 / 2 0 / 6 2 28 R e p la c e d  o u t le t  p ip in g  
w i th  f l e x ib l e  p ipe

P r e s s u r i z e r  d r a i n  v a lv e  
l e a k a g e

4 / 2 0 / 6 2 29 R e p la c e d  so l e n o id  v a lv e  
w i th  a i r - o p e r a t e d  v a lv e

R a d io a c t i v e  w a s t e  d i s p o s a l  
s y s t e m  c o n d e n s a t e  p u m p  
c a b le  s h o r t

6 / 2 0 / 6 2 49 R e p la c e d  c a b le

R a d io a c t i v e  w a s t e  d i s p o s a l  
s y s t e m  s u m p  p u m p  f a i l u r e

7 / 3 0 / 6 2 73 R e p la c e d  p u m p

S e c o n d a r y  s y s t e m  
e q u ip m e n t

M o t o r - d r i v e n  c o n d e n s a t e  
p u m p  n o t  p u m p in g  a t  
c a p a c i t y

3 / 1 7 / 6 2 5 R e p la c e d  w i th  a  l a r g e r  
c a p a c i t y  p u m p

C o n d e n s e r  V a lv e  I B  l e a k a g e  
f r o m  c r a c k e d  body

3 / 1 9 / 6 2 6 W eld ed  l e a k

S t e a m  g e n e r a t o r  b low dow n 
l in e  f r o z e n

3 / 3 0 / 6 2 8 R e r a n  l in e  a v o id in g  
i n t e r c o n n e c t  t r o u g h

T u r b i n e  t h r o t t l e  v a lv e  d r a i n  
l in e  f l a n g e  l e a k a g e

4 / 1 5 / 6 2 21 R e p a i r e d

M a in  s t e a m  t r i p  v a lv e  
f a i l u r e  to  c lo s e

4 / 1 5 / 6 2 22 P e r f o r m e d  m a i n t e n a n c e  
on v a lv e



TABLE 57 (continued)

G e n e r a l  A r e a S p e c i f i c  M a l f u n c t io n D a te
M a l fu n c t io n  
R e p o r t  No.

C o r r e c t i v e  
A c t io n  T a k e n

S e c o n d a r y  s y s t e m
e q u ip m e n t
(co n t in u ed )

T u r b i n e  t h r o t t l e  v a lv e  l i f t in g  
r o d  b in d in g  c a u s e d  f r e q u e n c y  
o s c i l l a t i o n

6 / 1 6 / 6 2 41 E n l a r g e d  c l e a r a n c e s

T u r b i n e - g e n e r a t o r  g o v e r n o r  
m a l f u n c t io n

#

6 / 1 9 / 6 2
7 / 2 4 / 6 2
7 / 2 8 / 6 2
8 / 4 / 6 2
9 / 2 2 / 6 2

44
61
71
76
84

R e a d j u s t e d  g o v e r n o r  
a n d  s e r v o m o t o r  n e e d le  
a n d  r e l a y  s p r i n g s ,  
r e s p e c t i v e l y .  R e p la c e d  
s e r v o  r e l a y  v a lv e  a n d  
g o v e r n o r  c u p  v a lv e  
a s s e m b l i e s

T u r b i n e  e x h a u s t  p r e s s u r e  
c o n t r o l  m a l f u n c t i o n  w h i le  
p l a c in g  ID  c o n d e n s e r  on 
l i n e - - v a c u u m  l o s t

6 / 2 1 / 6 2 45 P e r f o r m e d  i n s t  
m a i n t e n a n c e

S c r a m - - t u r b i n e  g e n e r a t o r  
c o u ld  n o t  h a n d le  f r e q u e n c y  
r e s p o n s e  on s t e p  lo a d  200 
to  600 kw, low p o w e r  p r i 
m a r y  p u m p  s c r a m

6 / 2 1 / 6 2 47 See  m a l f u n c t i o n  No. 44

T u r b i n e - g e n e r a t o r  o i l  
su p p ly  l in e  l e a k a g e

7 / 1 9 / 6 2 52 R e p a i r e d

S te a m  d r i v e n  f e e d w a t e r  
p u m p  b e a r i n g  f a i l u r e

7 / 2 9 / 6 2 72 D i s m a n t l e d  p u m p  an d  
r e p a i r e d  b e a r i n g s

E v a p o r a t o r  b low dow n 
b a c k u p  c o n d e n s a t e  ta n k  
o v e r f lo w  l in e  d e c r e a s i n g  
w a t e r  q u a l i ty

7 / 3 1 / 6 2 74 C h e c k  v a lv e  i n s t a l l e d  in 
c o n d e n s a t e  s t o r a g e  t a n k  
o v e r f lo w

S te a m  l e a k a g e  in  t r a p  
d r a i n  in  in le t  to  d e s u p e r 
h e a t e r

8 / 3 / 6 2 75 W e ld ed  l e a k  a n d  r e p l a c e d  
p ipe

00
on



TABLE 57 (continued)

Ca2

G e n e r a l  A r e a S p e c i f i c  M a l fu n c t io n D a te
M a l fu n c t io n  
R e p o r t  No.

C o r r e c t i v e  
A c t io n  t a k e n

N u c l e a r  i n s t r u m e n  S c r a m - - t u r n e d  to t e s t  on 4 / 3 / 6 2 14 R e v i s e d  c i r c u i t
t a t i o n  s y s t e m  e q u ip 
m e n t

C h a n n e l  1, a  f a l s e  s h o r t  
p e r i o d  in d ic a t io n

5 / 1 8 / 6 2 31

C h a n n e l  7 - - l o o s e  p in 
c o n n e c to r  on  d e t e c t o r

5 / 2 3 / 6 2 33 R e p a i r e d

S c r a m - - e r r a t i c  r e a d i n g s  
on  C h a n n e l s  1 a n d  2

4 / 1 4 / 6 2 20 R e c a l i b r a t e d

S c r a m - - n o  o v e r l a p  b e tw e e n  
C h a n n e l s  1, 2, 3 a n d  4, 
c a u s e d  s h o r t  p e r io d  s c r a m

6 / 1 6 / 6 2 42 R e c a l i b r a t e d  s o u r c e  
a n d  i n t e r m e d i a t e  r a n g e  
c h a n n e l s

S c r a m - - s h o r t  p e r io d  
s c r a m  C h a n n e l s  1 and  
2 on  sh u td o w n

8 / 8 / 6 2 78 R e c a l i b r a t e d  b i s t a b l e s

S c r a m - - s h o r t  p e r io d ,  
n o i s e  on  C h a n n e l  3

3 / 3 / 6 2 3 See m a l f u n c t io n  No. 31

S c r a m - - w h e n  c h an g in g  
C h a n n e l  3 f r o m  c a l i b r a t e  
to  r u n ,  a  f a l s e  s h o r t  
p e r io d  w a s  i n d i c a t e d

3 / 3 0 / 6 2 7 See  m a l f u n c t io n  No. 31

S c r a m - - C h a n n e l  3 gave  
f a l s e  s h o r t  p e r io d  s c r a m

7 / 2 3 / 6 2 56 R e p a i r e d  l e a k in g  c a n  o n  
C h a n n e l  3 d e t e c t o r

C h a n n e l  3 w o u ld  n o t  r e a d  
in  o p e r a t o r  p o s i t io n

7 / 2 5 / 6 2 67 O p e r a t i n g  a n d  c o m p e n 
s a t in g  v o l t a g e s  r e 
a d ju s t e d

R a d ia t io n  m o n i t o r i n g  
s y s t e m  p o w e r  su p p ly ,  
d e t e c t o r  a n d  c a b le  
d a m a g e d  by  l ig h tn in g  
s t r i k i n g  p lan t

7 / 2 / 6 2 50 P r o t e c t i o n  a g a i n s t  
l ig h tn in g  a d d ed

S c r a m - - r a d i a t i o n  m o n i  7 / 1 9 / 6 2 55 R e p la c e d  s h o r t e d  c o m 
t o r i n g  s y s t e m  b low n 
f u s e

7 / 2 5 / 6 2 64 p onen t



TABLE 57 (continued)

G e n e r a l  A r e a S p e c i f i c  M a l fu n c t io n D ate
M a l f u n c t io n  
R e p o r t  No.

C o r r e c t i v e  
A c t io n  T a k e n

N u c l e a r  i n s t r u m e n 
t a t i o n  s y s t e m  e q u ip 
m e n t  (co n t in u ed )

High  v o l ta g e  to  r a d i a t i o n  
m o n i t o r i n g  of s t e a m  g e n 
e r a t o r  b lo w d o w n  f a i l u r e

7 / 2 3 / 6 2 59 R e p l a c e d  s h o r t e d  c o m 
p o n e n t

L o w  r e a d i n g - - A r e a  1 
m o n i t o r ,  due  to  p o w e r  
su p p ly

7 / 2 5 / 6 2 63 R e p l a c e d  s h o r t e d  c o m 
p o n e n t

S c r a m -  - b y p a s s  c o u p le r  
c o o la n t  p u m p  t r i p

6 / 2 1 / 6 2
3 / 3 0 / 6 2

46
9

A d d i t io n a l  v e n t i l a t i o n  
a d d e d  to  NIS c a b i n e t s  
a n d  s o m e  c i r c u i t r y  
r e v i s e d

S c r a m - - f a l s e  s h o r t  p e r io d .  
C h a n n e l s  3 a n d  4, d u r i n g  
s t a r t u p

9 / 1 7 / 6 2 82 R e a l i g n m e n t  of NIS

R e a c t o r  c o m p o n e n t  
f a i l u r e

No. 1 c o n t r o l  r o d  d r o p p e d  
in ,  K -1  r e l a y  f a i l e d

2 / 2 5 / 6 2 1 R e p l a c e d  K -1  r e l a y

N o . 1 c o n t r o l  r o d  d ro p p e d ,  
N o .  4 s t u c k  K -1  r e l a y

4 / 3 / 6 2 11 R e p la c e d  K -1  r e l a y

N o .  4 c o n t r o l  r o d  s tu c k ,  
on  w a y  in ,  a t  a  p o s i t io n  
1 . 8 4  in .  w i th d r a w n

2 / 2 7 / 6 2 2 R e m o v e d  r o d  b u n d le  
a n d  r e p a i r e d  b u f f e r  
p i s to n  o f  No. 4

N o. 4 c o n t r o l  r o d  w o u ld  n o t  
p u l l  o u t  (low c u r r e n t )

6 / 7 / 6 2 38 I n c r e a s e d  h o ld ,  l i f t  and  
g r i p  c u r r e n t s  to  N o.  4

N o .  4 c o n t r o l  r o d  s t u c k  
on  w a y  o u t  a n d  b ound

6 / 2 2 / 6 2 48 R e p l a c e d  l i f t  p o w e r  
su p p ly  of No. 4

No. 4 c o n t r o l  r o d  w i l l  no t  
i n s e r t  u n l e s s  s c r a m m e d

7 / 2 5 / 6 2 66 I n c r e a s e d  g r i p  c u r r e n t  
to  No. 4

No. 6 c o n t r o l  r o d  i n d i c a t o r  
o u t  of c a l i b r a t i o n

7 / 2 5 / 6 2 65 R e - z e r o e d  No. 6 p o s i t io n  
i n d i c a to r

R o d  p o s i t io n  i n d i c a t o r s  
n o t  r e a d i n g  c o r r e c t l y

6 / 7 / 6 2
6 / 1 4 / 6 2

39
43

R e - z e r o e d  p o s i t io n  
i n d i c a t o r s

OO--3



TABLE 57 (continued)

w
CO

G e n e r a l  A r e a S p e c if ic  M a lfu n c t io n D a te
M a l fu n c t io n  
R e p o r t  No.

C o r r e c t i v e  
A c t io n  T a k e n

E l e c t r i c a l
e q u ip m e n t
f a i l u r e s

S c r a m - - s t a t i o n  t r a n s f o r m e r  
p r i m a r y  b r e a k e r  t r ip p e d  
w h e n  p u t t in g  t h i r d  c o n d e n s e r  
in  s e r v i c e

4 / 1 0 / 6 2 16 I n s t a l l e d  l a r g e r  c a p a c i ty  
t r a n s f o r m e r

S c r a m - - s t a t i o n  t r a n s f o r m e r  
s e c o n d a r y  t r i p p e d  on o v e r -  
c u r r e n t

7 / 1 8 / 6 2 51 I n s t a l l e d  l a r g e r  c a 
p a c i ty  t r a n s f o r m e r

S c r a m - - c o n t r o l  r o d  p o w e r  
su p p ly  f u s e  b lew

4 / 1 3 / 6 2
4 / 1 4 / 6 2

17
19

C le a n e d  c o n t r o l  ro d  
c a b in e t  f i l t e r s

A u to m a t i c  v o l ta g e  r e g 
u l a t o r  no t  o p e r a t in g

4 / 1 9 / 6 2 23 W e s t in g h o u s e  r e p 
r e s e n t a t i v e  m a d e  
r e p a i r s

M a n u a l  v o l ta g e  r e g u l a t o r  
no t  o p e r a t i n g  a t  460 kw

4 / 1 9 / 6 2 25 W e s t in g h o u s e  r e p 
r e s e n t a t i v e  m a d e  
r e p a i r s

M a in  g e n e r a t o r s  kw and 
c u r r e n t  m e t e r s  not 
fu n c t io n in g

4 / 1 9 / 6 2 24 I n s t r u m e n t  m a i n t e n a n c e

D i e s e l  g e n e r a t o r  g o v e r n o r  
m a l f u n c t io n

4 / 1 9 / 6 2 26 S e r v i c e d  g o v e r n o r

S c r a m - - s t a r t i n g  d i e s e l  
c a u s e d  low  v o l ta g e  on 
v i t a l  a - c  b u s

4 / 1 9 / 6 2 27 C h a n g ed  p h a s e  load  
d i s t r i b u t i o n  o f  v i ta l  
a - c  and d - c  b u s e s

S c r a m - - c o n t r o l  ro d  ho ld  
p o w e r  f u s e  b e c a m e  u n 
s o l d e r e d  d u e  to  h igh  
t e m p e r a t u r e

6 / 1 3 / 6 2 40 C le a n e d  a i r  f i l t e r  
o f  r o d  c o n t r o l  c a b in e t

S c r a m - - o v e r h e a t e d  
s w i t c h g e a r

8 / 7 / 6 2 77 A d d i t io n a l  v e n t i l a t i o n  
a d d e d  to s w i t c h g e a r  
a r e a

1
L o ad  b a n k  i n o p e r a t i v e 5 / 2 5 / 6 2 34 R e la y  m a l f u n c t io n  

d u e  to  m o i s t u r e



TA BLE 57 (continued)

G e n e r a l  A r e a S p e c i f i c  M a l fu n c t io n D a te
M a l fu n c t io n  
R e p o r t  No.

C o r r e c t i v e  
A c t io n  T a k e n

E l e c t r i c a l  
e q u ip m e n t  
f a i l u r e s  ( c o n t in u ed )

L ow  l i n e  v o l t a g e  f r o m  
d i e s e l  p l a n t  c a u s e d  
m o t o r - g e n e r a t o r  s e t  to  
t r i p  ou t

3 / 3 0 / 6 2 10 O p e r a t e  v i t a l  a - c  s y s t e m  
in  i s o l a t e d  m o d e  w h i le  
d i e s e l s  o f  r a d a r  s i t e  
a r e  s u p p ly in g  P M - 1  lo a d

S c r a m - - q u a l i t y  o f  r a d a r  
o r  l o s s  o f  s i t e  p o w e r

9 / 2 2 / 6 2
4 / 3 / 6 2
4 / 3 / 6 2

85
12
13

No a c t i o n  r e q u i r e d

T ie l in e  b r e a k e r  t r i p — 
s h o r t  in  sw i t c h in g  
h a n d le

9 / 2 1 / 6 2 83 R e p a i r e d  s w i t c h in g  
h a n d le

L o a d  b a n k  t i m e  d e la y  
w ou ld  no t  p i c k  up  
p r o p e r l y

9 / 3 0 / 6 2 87 L o ad  b a n k  r e m o v e d  
b e f o r e  r e p a i r s  co u ld  
b e  m a d e

T u r b i n e - g e n e r a t o r  e x 
c i t e r  a n d  m a i n  b r e a k e r  
d id  no t  o p e n  up o n  
m a n u a l  s c r a m

1 0 / 2 / 6 2 88 I m p r o p e r  p o s i t i o n  
o f  t r i p  s h a f t - - r e p a i r e d

O p e r a t o r
e r r o r

S c r a m - - a u x i l i a r y  o i l
p u m p  on  t u r b i n e  g e n 
e r a t o r  n o t  s e c u r e d  w h en  
t u r b i n e  s t a r t e d  to  r o l l

6 / 6 / 6 2 36 No a c t i o n  r e q u i r e d

S c r a m - - i m p r o p e r  r e 
m o v a l  of  s e c o n d a r y  
e q u ip m e n t  f r o m  o p 
e r a t i o n  on  sh u td o w n  
c a u s e d  s h o r t  p e r io d  
s c r a m s

7 / 1 9 / 6 2 53 No a c t i o n  r e q u i r e d

S c r a m - - d r i v i n g  r o d s  
i n  on  sh u td o w n  c a u s e d  
f a l s e  s h o r t  p e r io d  
s c r a m  C h a n n e l s  1 an d  2

7 / 1 9 / 6 2 54 No a c t i o n  r e q u i r e d

05
CO



TABLE 57 (continued)

O

G e n e r a l  A r e a S p e c ia l  M a l fu n c t io n D a te
M a l fu n c t io n  
R e p o r t  No.

C o r r e c t i v e  
A c t io n  T a k e n

O p e r a t o r  e r r o r  
( c o n t in u ed )

S c r a m - - f a l s e  s h o r t  p e r io d  
in d ic a te d  on  C h a n n e l s  1 
a n d  2, w r o n g  a d ju s tm e n t

5 / 1 6 / 6 2 30 No a c t i o n  r e q u i r e d

C h a n n e l  3 b i s t a b l e  no t  
p r o p e r l y  a d ju s te d

7 / 2 3 / 6 2 57 No a c t i o n  r e q u i r e d

C h a n n e l  3 b i s t a b l e  no t  
p r o p e r l y  a d ju s te d

7 / 2 4 /6 2 58 No a c t i o n  r e q u i r e d

S c r a m - - i m p r o p e r  m a i n 
t e n a n c e  on  C h a n n e l  3 
c h a m b e r s ,  s h o r t  
p e r io d  s c r a m

7 / 2 3 / 6 2 60 No a c t i o n  r e q u i r e d

S te a m  g e n e r a t o r  l e v e l  
to o  low  on  s t a r t u p ,  
o p e r a t i n g  p r o c e d u r e s  
c h a n g e d

7 / 2 5 /6 2 68 No a c t i o n  r e q u i r e d

S c r a m - - s h o r t  o n  
l ig h t in g  c i r c u i t ,  r e s u l t 
ing  in  t r i p p i n g  o f  m a i n  
s t e a m  v a lv e

7 / 2 7 /6 2 69 M a in te n a n c e  m a n  i n 
a d v e r t e n t l y  s h o r t e d  
c i r c u i t  w h i le  p e r 
f o r m in g  m a in te n a n c e .

S c r a m - - f a l s e  p e r io d  
on  C h a n n e l s  1 and  2

1 0 / 2 /6 2 89 C h a n n e l  4 w a s  sw i tc h e d  
f r o m  t e s t  to  o p e r a t e  
b e f o r e  t h e  p o w e r  l e v e l  
w a s  w e l l  a b o v e  th e  
s o u r c e  s c r a m  d i s a b le  
l e v e l

S c r a m - - s h o r t  p e r io d  
a d m i t t i n g  s t e a m  to  
m a i n  s t e a m  l in e  r a p id l y

9 / 1 3 / 6 2 79 No a c t io n  r e q u i r e d



TABLE 57 (continued)

G e n e r a l  A r e a S p e c ia l  M a l fu n c t io n D a te
M a l fu n c t io n  
R e p o r t  No.

C o r r e c t i v e  
A c t io n  T a k e n

O p e r a t i n g  e r r o r  
( co n tin u e d )

S c r a m - - a d m i t t i n g  f e e d -  
w a t e r  to  s t e a m  g e n e r a t o r  
to o  r a p id l y

1 0 / 2 / 6 2 90 No a c t i o n  r e q u i r e d

S c r a m - - f l u x  f e l l  r a p i d l y  
i n  i n t e r m e d i a t e  r a n g e  
c a u s i n g  s c r a m  o f  s o u r c e  
r a n g e  i n s t r u m e n t a t i o n  
b i s t a b l e  No. 8 an d  No. 5

1 0 / 3 / 6 2 91 No a c t i o n  r e q u i r e d

U n a c c o u n te d  f o r  
s c r a m s 6 / 7 / 6 2

9 / 2 9 / 6 2
9 / 1 7 / 6 2
9 / 1 4 / 6 2

37
86
81
80
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APPENDIX A 

PLANT TRANSIENT DATA

The PM -1 tra n sien t perform ance w as recorded  by an automated Data 
Acquisition System. The data i s  presented  in g rap h ica l form  in the 
Illustrations portion of th is report. The data is  generally  described  in 
Sections E and F of Chapter III. The specific  transient runs and the 
corresponding pages of the i l lu strations are defined in T ables 19 and 21.
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APPENDIX B

EXPERIMENTAL DETERMINATION OF GAMMA 
AND NEUTRON FLUXES

Details of the experim ental method are provided in this appendix. 
Four areas are d iscussed , namely;

(1) Therm al flux m easurem ents in the reactor and steam  
generator tanks.

(2) Therm al flux m easurem ents at the interconnect.

(3) Fast flux m easurem ents.

(4) Gamma dose rate m easurem ents.

In general, the d iscussion  for each type of m easurem ent includes  
information on:

(1) Detector m aterials

(2) Positioning

(3) Procedures

(4) Experimental analysis .

A. THERMAL FLUX MEASUREMENTS IN REACTOR 
AND STEAM GENERATOR PACKAGES

1. Detector M aterials

Thermal flux was m easured by m eans of the activation of m etal 
foils by (n, y )  reactions. For the m easurem ents  in the reactor tank, 
the sensitive  m ateria l was dysprosium  in the form of a 5% dispersion  
of dysprosium in aluminum. Two s iz e s  of the foil were used: one, 3 /16  
inch in diameter and 0.005 inch thick and the other, 1/32 inch in diameter  
and 0.001 inch thick. For the m easurem ents  in the steam  generator  
tank, the sen sit ive  m aterial was pure indium in the form of a foil 0.010 
inch thick and 3 /4  inch in diameter.

2. Positioning

The m easurem ents in the reactor tank w ere carried  out using a 1 /8 -  
inch thick p lex ig lass  plate containing an array of 1 /4 -in ch  diam eter  
holes (Ref. 2). The foils were held in place in the center of these holes  
between plugs of polyethylene, which, in turn, were held in place with
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m ylar tape. Unused holes were left empty and allowed to f il l  with the 
shield  water. The p lex ig lass  plate was held in place against the lead  
shield ing surrounding the p ressu re  v e s s e l  and in a vert ica l and radial 
plane of the reactor core by m eans of an aluminum framework hung 
from the beam s of the refueling work platform.

For the m easurem ents in the steam  generator tank and at the top 
of the reactor tank, the fo ils  w ere positioned by enclosing them in poly
ethylene bags and lowering them into place by str ings.

It is  estim ated that positioning in the reactor tank was reproducible  
to approximately ± 1 /1 6  inch axially  and ± 1 /4  inch radially  from the 
core. Positioning reproducibility in the steam  generator tank for the 
vert ica l tra v erse  along its  length was approximately ± 1 /4  inch vertica lly  
and up to ± 2 inches horizontally in any direction for m easurem ents  at 
the bottom of the tank. For the m easurem ent at the interface in the 
steam  generator tank, the positioning accuracy was approximately  
± 1 /8  inch vertica lly  and ± 1 /2  inch horizontally.

3. Procedures

The fo ils  in their  holders w ere inserted  into position and rem oved  
while the reactor was operating at power. The insertion  and rem oval  
w ere accom plished as quickly as possib le  and the t im es  for th ese  op
erations were recorded. While the fo ils  were in position, the reactor  
power lev e l  was observed on the nuclear power lev e l instrum ents in 
the reactor  control room, and a ll significant fluctuations were recorded.  
The calibration of the power le v e l  instrum ents was checked sev era l  
t im es  during the course of the program  against a ca lor im etr ic  heat 
balance computation, but no significant variations w ere observed.

4. A nalysis

Following the activation, the fo ils  were counted in a w indowless flow 
proportional counter, using preset tim e techniques. The data was then 
analyzed. The correction  factors which were used are d iscu ssed  below 
in the order in which they were usually  applied to the data.

a. Resolving tim e

The reso lv ing  tim e of the flow proportional counter instrumentation  
was determined by counting repeatedly the apparent activ ity  of a highly 
activated dysprosium  foil as  it decayed. (This a lso  verified  that there  
was no significant extraneous activ ity  of other h a lf- l iv e s  in the f o i l s . ) 
With the data thus obtained, the reso lv ing  tim e was determ ined by using  
the formula for counting lo s s e s  in nonparalyzable-type counting c ircu its,  
namely:
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N = ■—-JL— . ss n (1 + n p)
1 ” n  p

w here

n = observed counting rate

N = true counting rate 

p = resolv ing  tim e.

This measurem ent of the reso lv ing  tim e was carried  out each tim e the 
therm al flux was m easured in the reactor tank. The thermal flux 
m easurem ents in the steam  generator tank and the fast flux m ea su re 
ments in the reactor tank resulted  in activ it ies  too low for the resolv ing  
tim e to produce a significant effect. The data for the counting rates
in dysprosium was corrected for counting lo ss  due to this m easured
resolv ing  time.

b. Background

The background counting rate for the counter with no foil or with 
an unactivated foil was m easured at the beginning and end of the counting 
of each set of fo ils  from a reactor run, and m ore often when conditions 
warranted. The m easured background rate was subtracted from the 
observed counting rates after they were corrected  for reso lv ing  tim e.

c. Foil decay

The count rates were next corrected  for the decay of the fo ils  between 
the tim e they were irradiated and the tim e they w ere counted. The de
cay constants used were 0.012803 minute for indium and 0.004980  
minute  ̂ for dysprosium.

d. Reactor power and exposure tim e

Using the above decay constants, the duration of the irradiation  
tim e and the reactor power lev e l  during irradiation, the observed a c 
t iv it ies  were next corrected  to the saturation activity at full reactor  
power.

e. Inter calibration

Since the foils  differed slightly from each other in the amount of 
indium or dysprosium each contained, the activ it ies  were next corrected  
by intercalibration factors. These inter calibration factors were obtained.
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in the ca se  of the indiuna fo ils ,  by weighing each one to the nearest
0.0001 gram (approximately 0.02%). In the ca se  of the dysprosium  
fo ils , this method could not be used because of their sm all  s iz e  and 
because of the uncertainty as  to whether the percent concentration of 
the dysprosium  was constant. The dysprosium  fo ils  were therefore  
intercalibrated by irradiating them sim ultaneously  on a rotating wheel 
in the PMZ reactor so that each rece ived  the sam e average neutron 
flux. The m easurem ent of the relative activation of these foils was then 
used to compute the intercalibration factors.

f. Epithermal corrections

Since indium has a large epithermal activation c r o ss  section , the 
therm al activation of the indium foils  was determined by activating  
both bare fo ils  and fo ils  covered with 0 .030-inch  thick cadmium sheet.  
The therm al activation was then computed, using the formula

^ t h  " ^ T  ■ ^ c d ^ c d

where

Arj. -  total activity  m easured with bare fo ils

Aed ~ activ ity  m easured with cadm ium -covered  foils

^cd ~ correction  factor to account for the attenuation of ep i-
cadmium neutrons in cadmium, taken to be equal to 1.073 
(Ref. 4).

D ysprosium  has a relatively  low epitherm al activation; hence, the 
data w as not co rrected  for it. Spot checks of the radm ium - covered  a c 
tivity w ere made at s ev era l  locations, however, and these indicated that 
neglect of th is correction might cause an over estim ation of the flux by 
about 1% near the reactor core and by as much as 6% at the farthest  
m easured location from the core.

g. Absolute calibration

The final correction  made to the data was the absolute calibration  
of the counting rates  in term s of therm al fluxes. This calibration was 
performed by irradiating a few se lec ted  fo ils  in the known therm al flux 
of the cr it ica l  facility  sigm a pile and then counting the fo ils  in the sam e  
type of counter as was used previously. The observed counting rates,  
when corrected  for background and corrected  to saturation activity,  
were then used to obtain the absolute calibration factor in the form of



151

2
(neutrons/cm  secon d )/(cou n ts / minute). The counter used was not the 
sam e one as had been used in the experiment; however, an in ter ca li
bration of the two counters, using standard sou rces ,  showed their  s e n 
s it iv it ies  to be the same within approximately ±1%.

The sigm a pile i tse lf  was calibrated in term s of therm al neutron 
flux by using a technique involving the activation and absolute counting 
of gold foils with a  j3 -  y  coincidence detection instrument. Due p r i
m arily  to the uncertainty in the gold activation cro ss  section , the a c 
curacy of the absolute calibration is approximately ±10.6^ C,

B. INTERCONNECT THERMAL FLUX MEASUREMENTS

The procedures and analyses for the therm al m easurem ents at the 
steam  generator interconnect were somewhat different because the foils  
could not be inserted  into place while the reactor  was running and b e
cause there was only one opportunity for doing so with the reactor  shut 
down. Accordingly, three se ts  of fo ils  w ere placed on the interconnect  
before the reactor startup. Each set formed a vertica l tra v erse  a cross  
the face of the interconnect. The three s e ts  were placed as c lo se  to 
one another as practicable; however, they were separated from each 
other by approximately two-inch spacings in the direction horizontally  
a cro ss  the face of the interconnect.

The first set of foils was rem oved after the reactor had been brought 
up to power and the second set,  som e tim e later. The m easured activity  
in the first set of fo ils  was corrected  for background, decay before  
counting and the intercalibration factors; then it was further corrected  
to the activity that was remaining at rem oval of the second set.  The 
activity of the second set of fo ils ,  which contained both bare and cadmium- 
covered fo ils , was also corrected  for background, inter calibration and 
decay since rem oval. The ratio of the corrected  activ it ies  of the bare 
fo ils  in the first and second s e t s  of fo ils  then gave the fraction of the 
observed activity in the second set which was due to their  irradiation  
during the tim e after the first set  had been removed. The fraction was 
then used to correct the bare and cadm ium -covered  activ it ies . The 
activ it ies  were then corrected  for the power leve l and irradiation tim e  
for the period after rem oval of the f ir st  set  of fo ils . The therm al a c 
tivity  was then computed, and the absolute flux was found. Unfortunately, 
wide fluctuations in the reactor power le v e l  during this irradiation lim ited  
the accuracy of the resu lts .

The third set of foils was left in place until such tim e as the reactor  
had been operating at one stable power for a long enough interval (ap
proxim ately four hours) to estab lish  the saturation activity in the foils  
of that power level. The data was then analyzed in the normal way, ex-
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cept that the epitherm al correction  was obtained from the observed  
cadmium ratios  of the second set of fo ils ,  mentioned previously .

C, FAST FLUX

1. Detector Material
32The fast neutron flux was m easured by the activation of the S con

tent of sulfur by m eans of the (n, p) threshold reaction. The detector  
"foils" were formed by p ress in g  flow ers of sulfur into polystyrene  
cups approximately 13/16 inch in d iam eter and 3 /8  inch deep. The 
cups were then covered over with m ylar tape to se a l  the sulfur in 
place. In the initial reactor exposure, som e sulfur fo ils  of a larger  
s iz e  were a lso  used. These fo ils  w ere approximately 2 inches in 
diam eter and 1/4  inch thick. They w ere a lso  contained in polystyrene  
cups, but did not have the m ylar tape covering them. Instead, they  
w ere sea led  with a polystyrene cover, which was rem oved during the 
counting operation.

2. Positioning

Positioning in the reactor tank was accom plished with the sam e  
m etal positioning tool as for the therm al flux m easurem ent, but with 
a different p lex ig lass  plate (Ref. 2) to hold the fo ils . The plate, in 
this ca se ,  was one inch thick, drilled  with blind holes 2 - 1 /4  inches  
in diam eter and 1/2 inch«^eep into which the foils were inserted . In 
the f irst  s e r ie s  of fast flux m easu rem en ts , this plate was covered  
over with a so lid  one-inch thick p lex ig lass  cover for purposes of 
waterproofing. In subsequent runs, the second plate was discarded, 
and m ylar tape was used to s e a l  the fo ils  in place. The reproducibility  
of positioning of the foils  in the tank was approximately ± 1 /4  inch 
vertica lly  and ± 3 /8  inch radially from the core.

3. Procedures

The irradiation procedure followed the sam e techniques described  
in the therm al flux m easurem ents.

4. A nalysis

Following the irradiation, the fo ils  w ere sent back to the cr it ica l  
facility  in Baltim ore where they w ere  counted on a thin window propor
tional flow counter, using preset  t im e techniques. The counting rates  
were found to be sufficiently low that reso lv in g  tim e correction s  were  
not n ecessa ry .  The decay of two of the fo ils  was followed over a suffi
ciently long tim e to estab lish  that there was no appreciable amount of
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35extraneous activity of other h a lf- l ives .  In particular, the S activity  
was negligible. The factors which w ere used in correcting  the data 
are described below.

a. Background

The background counting rate was m easured in the manner described  
previously  and subtracted from the observed counting rates .

b. Foil decay

The count rates were then corrected  for decay of the foil in the in 
terva l between irradiation and counting. The half-life  used for this 
correction  was 343.2 hours.

c. Reactor power and exposure tim e

The activ ities  were then corrected  to the saturated activ it ies  at 
full reactor power.

d. Intercalibration

The foils  had purposely been made sufficiently  thick that s e lf -a b -
32sorption of the beta activity of the P rendered the fo il essen tia lly  

independent of the exact amount of sulfur present and dependent only 
on the foil area. Since variations in the area of the fo ils  w ere insignificant, 
inter calibration of the fo ils  was neither n e c e ssa r y  nor attempted.

e. Absolute calibration

The absolute calibration of the fo ils  was carried  out by exposing a 
few foils  to the fast neutron flux from a plutonium -beryllium  neutron  
source. The observed counting rate was corrected  for background and 
corrected  to the saturation activity. This activity can be exp ressed  
by the formula

A K = (j) rj. a

where

A = activity

cj) ^ = total neutron flux from the source

32
o  = S (n, p) c r o ss  section weighted over the Pu-Be neutron 

spectrum
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K = unknown calibration factor, which depends on counter 
effic iency and s im ila r  factors.

Using this formula and substituting in the observed activ ity , the neutron 
flux (as computed from the source manufacturer's quoted neutron 
em iss io n , em iss ion  growth rate and em iss ion  anisotropy, plus the 
g eom etrica l factors of the irradiation) and the weighted c r o s s  section  
(whose computation w ill be explained later), the value of K is  found to
be 5.442 barn neutrons / cm second/ counts / minute. This factor was 
then used to correct the data. Multiplying this by the observed  foil 
activ it ies  in counts per minute g ives  the product of c r o s s  section  and

2
flux in units of barn neutrons / cm second. The quantity (a 4>) equals  

 ̂ a  (E) c|) (E)dE of the total flux (above the energy Eq) t im es  the

Eq
activation cro ss  section  (weighted against th is flux). It is  this quantity 
which is  reported here, rather than the absolute flux, s in ce  the flux 
spectrum  must be known before the flux magnitude can be obtained 
from th ese  resu lts .

The flux-weighted c r o ss  section  for the plutonium source was c a l 
culated from both a theoretica l and an experim ental spectrum  for the 
P u -B e source (Ref. 5) and an experim ental sulfur activation c r o s s -  
section  curve (Ref. 6). The calculation used a technique which in
volved breaking each curve up into increm ents of energy and graphically  
interpreting each curve in each energy increm ent to find the average  
over that increment. Two s e ts  of energy increm ents were used; one 
se t  of equal increm ents 1 Mev wide and the second based on equal 
lethargy increm ents. The resu lts  obtained for the P u-B e weighted  
sulfur c r o s s  section  are shown in Table B-1 for the experim ental and 
th eoretica l curves and the equal energy or lethargy increm ents . The 
value used in the calculation of the data was the average of the four 
values shown.

TABLE B-1
Pu-B e Flux-W eighted C ross Sections  

for Sulfur in Millibarns

Experim ental Theoretical
Increments Flux Flux

Energy 213.4 199.4
Lethargy 213.4 201.5
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D. GAMMA DOSE RATE MEASUREMENTS

1. Techniques

Three different techniques were used for m easuring the gamma  
dose rate. In the reactor tank, chem ical dosim etry  was employed,

-1"++using the standard Fe - Fe dosim etry technique (Ref. 7), which 
has an energy-independent response in the range from 40 kev to 2 
Mev. The chem ical solution, which consisted of 0,001 normal FeSO^,
0.001 normal NaCl and 0.8 norm al H^SO^, was used in g lass  vials  ap
proximately 1/2 inch in diam eter and 1 -3 /4  inches long. In the steam  
generator tank, film  dosim etry techniques w ere  em ployed, using standard  
Dupont Type 558 film packets approximately 1 -1 /4  by 1 -3 /4  inches in 
s ize .  In the primary building itse lf ,  a Victoreen "Radgun” model AGB- 
lOKG-SR was used to make the m easurem ents. This has an energy-  
independent response in the range from 80 kev to 1.2 Mev.

2. Positioning

The v ia ls  were positioned in the reactor tank by m eans of the fast 
flux foil holder described ea r lier .  The vials w ere placed in a vertica l  
position in the holder. Positioning reproducibility was comparable to 
that of the fast flux foils . The dosim etry  film  packets w ere placed in 
the steam  generator tank by using the sam e techniques employed with 
the therm al flux foils and with equal reproducibility.

3. Procedure and Analysis

The sam e general irradiation procedure was used with the chem ical 
and film d osim eters  as was described for the neutron flux irradiations.  
Meter readings from the Radgun were obtained in the prim ary package 
while the reactor was operating at stable power. The data was then 
corrected  for the reactor power leve l so as to give resu lts  in the form  
of m r /h r  at full power.

The film packets w ere developed by a com m erc ia l health physics  
laboratory. The data was reported in units of rep. This was then c o r 
rected for reactor power and duration of exposure so as to give resu lts  
in term s of rep / hr at full reactor  power.

The chem ical dosim eters  w ere m easured on a Beckman sp e c tro 
photometer at a wavelength of 305 m illim icron s  and a s lit  width of 0.4 
m illim eter . The raw data was obtained in the form  of an optical 
density. This was corrected  first  by subtraction of the optical density  
of the unirradiated solution. The data was converted to rads by use  
of the formula:
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^ _ KADExi PG  

w h e r e

R = radiation dose in rads

K = i n s t r u m e n t  calibration factor in m icro m o les  Fe / l i te r /  
optical density

17A = constant 6.025 x 10 m o le c u le s / m icrom ole

D = m easured  optical density change in the solution
- 12

E - constant 1.6 x 10 rad/ 100 ev absorbed/gram

P = solution density of 1078.7 g r a m s/ l i te r

15.45 ±0  
(Ref. 8).

G = 15.45 ±0.11 m olecu les of Fe"̂ "*"̂  c r e a te d /100 ev absorbed

Substituting in the above values: R = K D (57.9 ± 0.4).

The calibration factor K, relating optical density to ferr ic  concen
tration, was determ ined in two ways. The f ir st  method involved i r 
radiating a batch of the solution to saturation so  that a ll  the ferrous  
ions w ere oxidized to ferr ic .  The optical density of th is  known concen
tration of ferr ic  was then m easured, as was the optical density of 
various dilutions of this solution. This served  not only to estab lish  
the value of K but to verify  the linearity  of the relationship between  
optical density and ferr ic  concentration. The second method of d e ter 
mining K was to irradiate sev era l  v ia ls  of the solution for different 
lengths of tim e in the known gamma flux of the Martin gamma irra d ia 
tion facility. The calibration of the gamma facility  i t s e l f  was checked  
with a Victoreen roentgen ratem eter. The calibration factor K which
was used in the an a lysis  of the data was 424 m icro m o les  Fe / l i t e r /  
optical density. It is  estim ated  from the agreem ent of the above two 
methods that the accuracy is  approximately ± 10%.

4
Substituting th is value into the previous equation gave R = 2, 46 x 10 D 

± 10%.
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APPENDIX C

ANALYTICAL DETERMINATION OF NEUTRON FLUXES

This appendix d iscu sses  the analytical methods utilized to predict  
flux lev e ls  in the PM-1 plant, namely:

(1) Therm al flux computations.

(2) Fast flux computations.

(3) Calculation of argon activity.

A. THERMAL FLUX

Therm al flux was calculated as a function of radial distance from  
the P M -1 reactor core at various axial heights, using Eq (1) as p r e 
sented in Ref. 3.

 ̂ PK - . PIMG . .

^th(r) = - PI MG / .
cb (r)

where

cj)th (r) = 2200-m /sec  therm al neutron flux at a distance
r from the core in the actual m eta l-w ater  con
figuration

PI jyjQ,
(J) (r) = PI multigroup es t im a tes  of the Maxwellian

therm al neutron flux in the actual m eta l-w ater  
configuration

PK<{) (r) = 22 0 0 -m /sec  therm al neutron flux at a distance
r in an a ll-w ater  medium surrounding the core

(r) = PI multigroup estim ate of the Maxwellian
thermal flux in an a ll-w ater  medium surrounding  
the core.

The point kernel used in the calculation was determined from Eq
(2), which was considered to be valid within 15% in the range from 15 
to 160 cm of water.
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 ̂^ M  = 17^2 +0.357  e"0-0951 r (2 )

where

<J) (r) = therm al neutron flux at a distance r from the point
2source (n /cm  - se c )  

r = distance (cm) from source  in water at STP

S = source strength in f iss ion  neutrons per second.

To determ ine the flux distribution in the a ll-w ater  medium, the point 
kernel was integrated over the reactor  core, using the SPEND code.

The PI multigroup diffusion flux distribution was determined through 
the PI MG code, which utilizes  54 energy groups to cover the range from  
10 Mev to 0.625 ev and a single group to d escr ibe  therm al en erg ies .

B. FAST FLUX

As described  above, the modified PI MG approximation, used to 
calculate therm al neutron flux, calcu lates flux in 55 energy groups. It 
has been demonstrated (Ref. 3) that this method produces a reliable  
computation of flux distribution for fast neutrons. Calculation of fast 
neutron flux distributions for the PM-1 Plant Perform ance Studies 
program s was accom plished by considering the first seven  energy  
groups (from 10 to 1.74 Mev). In applying the PI MG approximation to 
fast neutron flux, Eq (1) must be modified. Equation (1) may be r e 
written as:

, / \ -  o  , PI MG / Y
4>fast - R 4> M  (3)

where

R = ratio of fluxes in an a ll-w ater  medium surrounding the
core, i .e . ,

, PK , .
J? s _______    (4)
“  T p i m G . . ' '(b (r)
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PKSince cj> (r) represents  a 220 0 -m /sec  therm al neutron flux while
^ PI MGthe therm al flux represented by 4’^ (r) is  based on a Maxwellian

distribution, these fluxes must be corrected  using Eq (5) when co m 
puting this fast flux to rem ove the Maxwellian dependence.

^  2 2 0 0  ^2200 " '^max ‘̂ max

The normalization factor, the ratio of the 2200 m / se c  to Maxwellian 
total m acroscopic c ro ss  sections of water, was calculated to be 1.24,

The experim ental fast neutron data were m easured and reported  
in term s of the activation of Sulfur-32. To perm it com parison of c a l 
culated and experim ental fast neutron data, the calculated fast flux 
data was converted to Sulfur-32 activations by applying Eq (6), integrated  
over the first seven energy groups.

A (r , Z) = 1.24 R (r, Z) Y  . (6)
^  1 o A

i=  1  ̂ ^

C. ARGON ACTIVITY CALCULATIONS
4 2

A volume weighted average therm al neutron flux of 1.4 x 10 n /c m  ■ 
sec  for the steam  generator package during full power operation was 
determined from the experim ental data. This is  shown in Fig. 33.
The saturation (maximum) activity in a c losed  loop is  given by

1 - eA = a cb N —1 - e - ^ T

where

A = saturation activity (d isintegration/ s e c / m illi l iter )
2

o  = activation c r o ss  section (cm )
2b = therm al flux (neutrons/cm  -se c )

40N = number of atoms of the parent nuclide (A ) per unit 
volume

t = tim e that sam ple spends in the flux field (sec)
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T = total loop circulating tim e (sec)
41  “ 1X -  decay constant of A (sec )

For the case  under consideration, a cj> < < A and AT < < 1 and the 
above expression  may be adequately approximated as

A - CT cj) N

A ssum ing the t im es  t and T to be d irectly  proportional to the volume
3

of the steam  generator package (V a 1700 ft ) and the total volume in
3

the package and maintenance area (V » 11,100 ft ), r e sp ectiv e ly ,  then
3

for a flow rate of 644 ft /m in  to the steam  generator package:

V _ 1700 ft^ o « ■t = -pT- = ---------5 ---------  = 2.6 min
644 ft /m in

T  -  X  -  1 1 . 1 0 0  .  ,  7  .“ -p ■“ o *“ 1T B ̂  min
644 ft / min

- 3
For Argon-40, assum ing a ir  at a density of 1.29 x 10 g m /m l  

CT = 0.53 X 10 cm^
40

AT o Kc in i'! atoms AN = 2.56 X 10 —,— T—.-----m l of a ir

40(isotopic abundance of A in argon is  0.996; weight fraction of argon 
in a ir  is  0.013).

Thus the argon activity is

A = 2.8 X 10 d i s /m l - s e c

or

A = 7 . 6 x i o " ’’/ - y , £ H i S im l of air
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It is  significant to note that the above calculation should represent  
a very conservative estim ate  of the argon actually present at the plant 
during full-power operation s in ce , in the present plant design, cooling  
a ir  for the steam  generator is  taken d irectly  from outside the maintenance 
building. Thus, the present setup c lo se ly  approximates a s in g le -p a ss  
system  for which the activity per unit volume of a ir  produced would be 
much lower.
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APPENDIX D

NUCLEAR ANALYTICAL TECHNIQUES

This appendix d i s c u s s e s  the de ta i l s  of the n u c le a r  ana ly t ica l  t e c h 
niques u t i l ized in th is  p ro g ra m .  In many in s t a n c e s ,  methods  a r e  id e n 
t i c a l  to those  d e s c r ib e d  in Ref. 9. However ,  som e  changes  were  made 
in the g e o m e t r ic a l  m odels  used  in the ca lcu la t ions .

During the PM-1 final design,  a s ix - r a d i a l  reg ion  b reakup  of the 
co re  was used.  It was felt that  b e t t e r  r e s u l t s  could be obtained if m o re  
rad ia l  reg ions  were  used; t h e re fo re ,  the r a d i a l  c o re  configurat ion  was 
in c rea sed  to seven r eg ions ,  as  shown in Fig. D-1. This  conf igurat ion 
will  be r e f e r r e d  to a s  the s e v e n - r a d i a l  reg ion  core .

An addition was a l so  made in the r a d ia l  r e f l e c to r  region.  During 
the final design s tud ies ,  p r e l im in a r y  diffusion ca lcu la t ions  indicated  
that  the s ta in le s s  s t e e l  p r e s s u r e  v e s s e l  would have l i t t le  effect  on 
co re  reac t iv i ty .  However,  co m p a r i so n  of PM-1 rod bank pos i t ions  o b 
ta ined  dur ing  the PM-1 p re sh ip m en t  c r i t i c a l s  and at in i t ia l  s t a r tu p  at 
Sundance showed a p r e s s u r e  v e s s e l  wor th  of 0.23% in reac t iv i ty .  
T h e re fo re ,  the p r e s s u r e  v e s s e l  has been included in a l l  r a d i a l  c a l c u 
lations.

Cell  c o r re c t io n  ca lcu la t ions  p e r fo r m e d  dur ing  th is  study used  an 
Sg approx imation  to the t r a n s p o r t  equat ions ,  a s  did the ca lcu la t ions
in the final design. However ,  a change was made in the IBM machine  
code used. P rev ious ly ,  one -g roup  ca lcu la t ions ,  with c o r r e c t io n s  for  
so u rce  and slowing down, w ere  made for  each  level.  The la te s t  c a l 
culations w ere  p e r fo r m e d  with a m ul t ig roup  code which au tom at ica l ly  
handles so u rce  and s lowing down.

A change was a lso  made in the  g e o m e t r i c a l  m odel  used  in the ce l l  
co r rec t io n .  During the final design s tu d ie s ,  it was found that  cons is ten t ly  
low cell  c o r r e c t io n s  w ere  obtained when t r a n s p o r t  th e o ry  was used  with 
a ze ro  gradient  at  the o u te r  boundary of the lumped poison cel l .  The 
condition was c o r r e c t e d  by su rro u n d in g  the ce l l  with a  l a r g e  homogenized 
c o re  reg ion  and by forc ing  the flux to ze ro  at the o u te r  boundary.  Sub
sequent s tud ies  have shown that the s a m e  r e s u l t s  a r e  obtained  when the 
homogenized co re  reg ion  is r educed  and a z e ro  flux g rad ien t  is used. 
(This reduct ion  in s ize  is  advantageous  in that it r e d u c e s  the running 
t im e  of the p rob lem .)

The following topics  a r e  d i s c u s s e d  individually  in this  appendix:

(1) Initial  r e a c t iv i ty

(2) Control  rod worth
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(3) Core l i fe t ime

(4) Xenon rea c t iv i ty  effects .

A. INITIAL REACTIVITY

The ca lcula t ion  of in i t ia l  c o re  r e a c t iv i ty  is d i s c u s s e d .  Methods 
of obta in ing cel l  c o r r e c t i o n s  (to com p en sa te  fo r  the h e te ro g en e i ty  of 
the  co re )  and c o re  buckling (to account  fo r  neu tron  leakage)  a r e  t r e a t e d  
individual ly . Bas ic  ce l l  c o r r e c t i o n s ,  r a d i a l  and ax ia l  bucklings,  and 
r e f l e c t o r  group cons tan ts  a r e  rep o r ted .

1. Ce l l  C o r re c t io n s

E p i th e r m a l  and t h e r m a l  ce l l  c o r r e c t i o n s ,  defined as  the r a t io  of 
the a v e ra g e  flux in the m a t e r i a l  to the a v e ra g e  flux in the cell ,  w e re  
ca lcu la ted  for  the PM-1 fuel e le m e n ts  and lumped po ison  ro d s .  GAM 
22-group ,  fast  c r o s s  sec t ions  and s p e c t r u m  h a rdened  (i .e . ,  T^^^ c o r 
respond ing  to the a v e ra g e  h a rdened  t e m p e r a t u r e  in the co re )  t h e r m a l  
c r o s s  sec t ions  w e re  used  in a m ult ig roup ,  m u l t i reg io n  S„ t r a n s p o r t  
ca lcu la t ion  (Ref. 12).

The geo m e t r ic  m odels  used  a r e  shown in F igs .  D-2 and D-3. The 
two m o d e ls ,  n e c e s s i t a t e d  by the PM-1 co re  conf igura t ion  were :

(1) Fue l  e lem en t  c e l l - - o n e  fuel e lem en t  su r ro u n d e d  by its 
a s s o c i a t e d  water .

(2) Lumped poison rod  c e l l - -o n e  lum ped  poison  e lem en t  s u r 
rounded by five homogenized  fuel e lem en ts .

The 22-group  ce l l  c o r r e c t i o n s  obtained were  re d u ce d  by averag ing  
o v e r  le th a rg y  to the  d e s i r e d  19 groups  r e q u i r e d  by the  diffus ion theo ry  
code used  to ca lcu la te  c o re  r eac t iv i ty .  The r e s u l t in g  c e l l  c o r r e c t io n s  
a r e  given in Tab le s  D-1 and D-2.

♦ P re v io u s  s tud ies  have shown tha t ,  in cy l in d r ica l  g e o m e t ry  t r a n s p o r t  
th eo ry ,  the  u se  of a z e ro  g rad ien t  at  the  o u te r  r a d iu s  of the ce l l  y ie lds  
ce l l  c o r r e c t io n s  which a r e  c o n s is ten t ly  low, e s p ec ia l ly  if the las t  
reg ion  is  w ate r .  T h e re fo re ,  a reg ion  of hom ogenized  fuel e le m e n ts  
was p laced  around  the fuel e lem en t  ce l l  to m in im ize  th is  effect.
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T A B L E  D-1 
P M - 1  A s - B u i l t  Cold C e l l  C o r r e c t i o n s

C e l l  C o r r e c t i o n s

L u m p ed  P o i s o n  Rod M odel F u e l  E l e m e n t  M ode l

L e th a r g y
L u m p ed
P o i so n W ate r

H o m o g e n ize d
C o re

F u e l
M a t r ix

F u e l
E l e m e n t

S tee l W ate r

10 0.988 1.002 1.001 0.993 0.994 1.001

12 1.000 1.003 0.999 0.984 0.986 1.003

14 0.975 1.007 1.002 0.973 0.977 1.005

15.5 0.938 1.010 1.010 0.987 0.988 1.002

16.5 0.882 1.014 1.014 0.976 0.979 1.004

T h e r m a l 0.561 1.066 1.053 0.838 0.857 1.030

It shou ld  be no ted  th a t ,  when th e  c e l l  c o r r e c t i o n s  w e r e  u s e d  in the  
r e a c t i v i t y  c a l c u l a t i o n s ,  they  w e r e  n o r m a l i z e d  to the  c e l l  g e o m e t r y  of  
th e  p r o b l e m .  F o r  e x a m p le ,  in the  s e v e n - r e g i o n a l  r a d i a l  c a l c u l a t i o n s ,  
the  fue l  e l e m e n t  c e l l  c o r r e c t i o n  w as  def ined  a s

g
$ fuel

$  fue l  e l e m e n t  c e l l

in the  r e g i o n s  without l u m p e d  p o i s o n  r o d s  and

$fue l
g

^ ^ h o m o g e n i z e d  c o r e  r e g io n  
fue l  e l e m e n t  c e l l  s l u m p e d  p o i s o n  r o d  c e l l

in the  r e g io n s  w i th  l u m p e d  po iso n  r o d s .

2. Buckl ing  and  R e f l e c to r  C on s tan ts

R ad ia l  and  a x i a l  c o r e  buckl ing ,  f o r  u s e  in the  d i f fus ion  t h e o r y  r e 
a c t iv i ty  c a lc u l a t i o n s ,  w e r e  ob ta ined  f r o m  d if fu s ion  t h e o r y  flux s h a p e s .

2
The  a v e r a g e  B w as  c a l c u l a t e d  by  i n t e g r a t i n g  th e  L a p la c i a n  o v e r  the  c o r e .



NOTE:

T A B L E  D -2  
P M -1  A s - B u i l t  Hot C e l l  C o r r e c t i o n s

05
05

Lumped P o ison  Rod Model 

Lumped P o ison  Water Hom ogenized  C ore Region

Fuel E lem ent Model  

Fuel Matrix Fuel E lem ent Steel Water

Lethargy Bol Eol Bol Eol Bol Eol Bol Eol Bol Eol Bol Eol

10 0, 982 0, 980 0, 998 0, 994 1, 002 1. 003 0, 992 0, 994 0, 994 0, 996 1, 001 1, 001

12 0, 996 1, 001 1, 007 1, 003 1, 000 1, 000 0, 984 0, 988 0, 986 0, 990 1, 003 1, 002

14 0, 972 0, 998 1, 008 1, 008 1, 002 1. 000 0, 973 0, 980 0, 977 0, 983 1, 005 1, 004

15, 5 0, 914 0, 982 0, 984 0, 999 1, 010 1, 002 0, 987 0, 990 0, 989 0, 992 1, 002 1, 002

16, 5 0, 882 0, 977 0, 979 1, 000 1, 014 1, 002 0, 976 0, 983 0, 980 0, 985 1, 004 1, 003

T herm al 0, 653 0, 946 0, 938 1, 033 1, 041 1, 002 0, 876 0, 908 0, 893 0. 919 1, 022 1, 017

B o l- -B e g in n in g  of l i fe  

E o l- -E n d  o f  life .
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?  = '  i c o r e ^  (1)

I 6 (r )  d rc o r e

T h e  r e s u l t i n g  t h r e e - g r o u p  b u c k l in g s  a r e  p r e s e n t e d  in  T a b le  D -3 .  
T h e  n e g a t iv e  v a lu e s  in the  t h e r m a l  g ro u p  show l e a k a g e  in to  the  c o r e  
f r o m  the  r e f l e c t o r .

R e f l e c t o r  c o n s t a n t s  w e r e  ob ta ined  by u s in g  the  n e u t r o n  l e a k a g e  
2

(i.  e. , DB (j)) out of the  c o r e  a s  the  s o u r c e  s p e c t r u m  in m od i f ied  age 
t h e o r y  s lo w in g -d o w n  c a l c u l a t i o n s .  T he  r e s u l t i n g  t h r e e - g r o u p  c o n 
s t a n t s  a r e  g iven  in T a b le  D -4 .

3. C o r e  R ea c t iv i ty

In i t i a l  c o r e  r e a c t i v i t i e s  w e r e  c a l c u l a t e d  by u s in g  a s e v e n - r e g i o n  
r a d i a l  c o r e  c o n f ig u ra t io n  ( s e e  F ig .  D-1)  in a  o n e - d i m e n s i o n a l ,  t h r e e -  
g roup ,  m u l t i r e g i o n  d i f fu s io n  code  (R efs .  13 and  14). Modif ied  a g e  
t h e o r y  w as  u s e d  to o b ta in  t h r e e - g r o u p  c o r e  and  r e f l e c t o r  c o n s t a n t s .  
The  t h e r m a l  c r o s s  s e c t i o n s  w e r e  e v a lu a te d  a t  a n  e f f e c t iv e  n e u t r o n  
t e m p e r a t u r e  to a c c o u n t  fo r  s p e c t r u m  h a r d e n i n g  in the  c o r e .  The  e f 
f e c t iv e  t e m p e r a t u r e  w a s  c a l c u l a t e d  by:

( ‘
T = T (1 + 0. 75 t h e r m a l   ̂ ^2 )

°  ^ ^ 683 ev/

w h e r e  T^ = c o r e  t e m p e r a t u r e  in  °K.

B. C O N T R O L  ROD WORTH

T h is  s e c t i o n  d i s c u s s e s  the  c a l c u l a t i o n  of w o r th  v e r s u s  i n s e r t i o n  
of t h e  P M -1  s i x - r o d  ban k  by m e a n s  of a  window s h a d e  m o d e l  t e c h 
n ique .  Both  hot and  cold  c o n d i t io n s  w e r e  in v e s t ig a t e d .  C r i t i c a l  rod  
b a n k  p o s i t io n s  w e r e  a l s o  c a l c u l a t e d  and  n o r m a l i z e d  to e x p e r i m e n t a l  
d a ta .

A window s h a d e  m o d e l  t e c h n i q u e  w a s  u s ed  fo r  c a l c u l a t i n g  w o r th  
v e r s u s  i n s e r t i o n  of  th e  P M -1  s i x - r o d  bank.  T h e  window s h ad e  t e c h 
n ique  c o n s i s t s  of s i m u l a t i n g  th e  r o d  ban k  i n s e r t i o n  by s m e a r i n g  a 
u n i f o r m  p o iso n  o v e r  the  ro d d e d  r e g i o n  of the  c o r e  in  a n  a x i a l  c a l c u l a 
t ion .



T A B L E  D - 3
P M - 1  A s - B u i l t  R ad ia l  and  A x ia l  

T h r e e - G r o u p  B u ck l in g  (68° F  and  463° F)

05
CXI

T e m p e r a t u r e  

68° F  

463° F

5 .7 5 0  X 10

5. 694 X 10

R a d i a l  B uck l ing  

^  2 B,

4 .1 6 1  X 10"^ - 8 . 7 6 6  x 10 ^

3 .5 5 5  X 1 0 ' ^  - 7 . 8 7 7  x l O ' ^

B,

1. 421 X 10

1. 430 X 10

A x ia l  B uck l ing  

^  2 B.

1 .1 1 4  X 10"^ - 1 . 5 6 2  X 10  ̂

1. 046 X 1 0 ' ^  -2 .  143 X lO"'"^

E n e r g y  b r e a k p o i n t s  F a s t 2. 470 X 10 ev

E o i t h e r m a l  0. 683 ev



T A B L E  D -4
T h r e e  G ro u p  R e f l e c t o r  C o n s t a n t s  

f o r  th e  P M - 1  A s - B u i l t  C o r e  
(68° F  and 463° F)

W a t e r S t a i n l e s s  S tee l  U p p e r  D ead  E n d s  L o w e r  D ead  E n d s

D,

D,

“ 3
2 s l

2 s L

1

68° F 463° F 68° F 463° F 68° F 463° F 68° F 463° F

1. 8277 2. 3135 1 .0574 1 .0825 1. 5120 1 .7502 1 .4165 1. 5936

0 .5 8 9 9 0. 7245 0 .3 2 9 2 0 .3 3 0 0 0. 4815 0. 5411 0 .4 4 5 7 0. 4870

0 .1 4 6 8 0 .2 3 1 6 0. 3062 0 .3 2 4 0 0 .1721 0 .2 5 1 8 0 .1 8 6 4 0 .2 6 2 0

0. 0003 0. 0003 0 .0 0 1 9 0 .0 0 1 9 0 .0 0 0 6 0 .0 0 0 6 0 .0 0 0 8 0 .0 0 0 8

0 .0 0 0 9 0 .0 0 0 7 0 .0 0 8 7 0 .0 0 8 7 0 .0 0 4 3 0 .0 0 4 2 0 .0 0 5 9 0, 0057

0 .0 1 9 5 0 .0 1 2 0 0. 2370 0. 1773 0 .0 8 0 8 0 .0 5 8 6 0. 1082 0. 0794

0 .0 8 6 1 0 .0 7 0 7  • 0 .0 0 3 8 0 .0 0 3 8 0 .0 7 1 0 0 .0591 0 .0 6 2 3 0 .0 5 2 1

0 .1 3 4 9 0 .1 0 9 9 0 .0011 0 .0011 0. 0959 0 .0 7 8 0 0. 0784 0. 0636

05
CD
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T h e  u n i f o r m  po iso n  w a s  c a l c u l a t e d  by w e igh t ing  P M -1  Y - r o d  a b 
s o r b e r  c o n s t a n t s ,  ob ta ined  f r o m  B l a c k n e s s  T h e o r y ,  w ith  th e  r a t i o  of 
the  f lux in  a  Y - r o d  b la d e  to  the  flux in  the  c o r e .  T h i s  f lux r a t i o  w as  
ob ta in ed  f r o m  a tw o - d i m e n s i o n a l ,  f e w - g r o u p  c a l c u l a t i o n  of the  P M -1  
c o r e  w i th  th e  Y - r o d s  e x p l i c i t ly  r e p r e s e n t e d .

T h e  t h r e e - g r o u p  u n i f o r m  a b s o r b e r  c o n s t a n t s  a r e  g iv en  in  T a b le  D-5 .

T A B L E  D -5

U n i fo r m  A b s o r b e r  C o n s t a n t s  
fo r  Window Shade C a lc u la t io n

Cold  Hot

S  2 .4 6  X 10 ^ 2 .4 9  x lO"^
^1

Z 1 .7 0  X 10“ ^ 1 .7 0  X 10“ ^
^2

Z 1. 69 X 10“ ^ 1 ,8 2  X 10"^
^3

T h e  a x i a l  c a l c u l a t i o n  e m p lo y e d  a  t h r e e - g r o u p ,  m u l t i r e g i o n  d i f fu s ion  
code  in  s l a b  g e o m e t r y .  T he  c o n t r o l  r o d  w o r t h  a s  a  func t ion  of i n s e r t i o n  
w a s  c a l c u l a t e d  f r o m  fu l l -o u t  to the  c r i t i c a l  p o s i t io n  fo r  both the  hot and  
co ld  c o n d i t io n s .

C. C O R E L I F E T I M E

T h i s  s e c t i o n  d i s c u s s e s  the  P M -1  c o r e  b u rn u o  c a l c u l a t i o n s .  Non-  
u n i fo r m  b u r n u p  l i f e t i m e s  w e r e  d e t e r m i n e d  with  and  wi thout  c o n t r o l  
r o d s  i n s e r t e d .

1. L i f e t i m e  w ith  Rods  F u l ly  W i th d ra w n

T h e  r a d i a l  n o n u n i fo r m  b u r n u p  c a l c u l a t i o n  t r e a t e d  a s even -  r e g i o n  
c o r e  c o n f ig u r a t io n  in  a  o n e - d i m e n s i o n a l ,  t h r e e - g r o u p ,  m u l t i r e g i o n  
d i f fu s io n  code  (R efs .  13 and  14). T h e  p r o g r a m  c a l c u l a t e d  r e g i o n w i s e  
b u rn u p  and  f i s s i o n  p ro d u c t  bu i ldup  in  100-day  t i m e  s t e p s .  T he  r e 
f l e c t o r  g ro u p  c o n s t a n t s  and the  p e r p e n d i c u l a r  buck l ing  w e r e  c a lc u l a t e d  
a s  d e s c r i b e d  above .  E p i t h e r m a l  and  t h e r m a l  c e l l  c o r r e c t i o n s  w e r e  
v a r i e d  a s  a  func t ion  of  b u rn u p  by th e  e x p r e s s io n ;
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 ̂o. + / j .F

w h e re

Si = c e l l  c o r r e c t i o n  a t  l e v e l  i

F  = f r a c t i o n  of m a t e r i a l  r e m a i n i n g  

a. = —  (at  b eg inn ing  of l ife)1 Si

Q. = —  - —  (a t  end of l ife) .
^  gf «'i

The  a x i a l  n o n u n i fo rm  b u rn u p  w as  p e r f o r m e d  in a m a n n e r  s i m i l a r  to 
the  r a d i a l ,  e x ce p t  tha t  the  c o r e  w a s  d iv ided  in to  12 equa l  a x ia l  r e g io n s .

T h e  u n i f o r m  b u rn u p  in  both the  r a d i a l  and  a x ia l  d i r e c t i o n s  ( the  r e 
s u l t s  a r e  id e n t ic a l )  w e r e  l i k e w i s e  p e r f o r m e d  a s  d e s c r i b e d  above ,  e x 
cep t  t h a t  a  o n e - r e g i o n  h o m o g e n iz e d  c o r e  r e g i o n  w as  u sed .

App ly ing  the  r a d i a l  n o n u n i fo r m  b u r n u p  e f fec t  ( i . e . ,  p u n i f o r m  -p  
no n u n i fo rm )  to  the  a x ia l  n o n u n i fo r m  b u rn u p  r e s u l t e d  in  a  c a l c u l a t e d  
l i f e t i m e  of  16. 5 M w - y r .

2. L i f e t i m e  with  Rods  P a r t i a l l y  I n s e r t e d

C o r e  b u rn u p ,  with r o d s  i n s e r t e d  to  t h e i r  c r i t i c a l  b a n k  p o s i t io n s  
a t  e a c h  t i m e  s tep ,  w a s  c a l c u l a t e d  w i th  th e  u s e  of the  window s h ad e  
m o d e l  d e s c r i b e d  above .  T h e  c a l c u l a t i o n  w as  p e r f o r m e d  on a  1 2 - r e g io n  
a x i a l  c o r e .  T h e  d i f fu s ion  code  u s e d  (Ref.  13) v a r i e s  the  c o n t r o l  ro d  
b a n k  p o s i t io n  on a  po in tw ise  b a s i s  a t  e a c h  t i m e  s t e p  to  o b ta in  a  d e s i r e d  
r e a c t i v i t y .  The  d e s i r e d  r e a c t i v i t y  m a y  be  v a r i e d  o v e r  l i f e t i m e  to  i n 
c lude  the  e f fe c t s  of r a d i a l  n o n u n i fo r m  b u rn u p  o r  to o v e r r i d e  any  b ia s  
p r e s e n t  in  th e  c a lc u la t io n .

T h e  r e s u l t  of th i s  c a l c u l a t i o n ,  a f t e r  n o r m a l i z i n g  the  in i t i a l  hot 
ba n k  p o s i t io n  to th e  e x p e r i m e n t a l  v a lue ,  i s  16 .6  M w - y r .

D. XENON R E A C T IV IT Y  E F F E C T S

T h i s  s e c t i o n  d i s c u s s e s  the  e f fec t  on c o r e  r e a c t i v i t y  and r o d  bank  
p o s i t i o n  of the  fo llowing cond i t ions :

(1) In i t i a l  bu i ldup  of  X e n o n - 135.
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(2) X enon  bu i ldup  a f t e r  shu tdow n a t  e q u i l i b r i u m  xenon.

(3) X enon  bu i ldup  a f t e r  s t a r t u p  a t  t i m e  of m a x i m u m .

1. In i t i a l  Bu i ldup  of X enon  135

Bui ldup  of xenon  in the  c l e a n  P M - 1  c o r e  w a s  c a l c u l a t e d  a t  s e v e r a l  
t i m e s  a f t e r  in i t i a l  s t a r t u p  by the  fo l lowing  equation:

X(t) = (1 - e ' * ’' Xe"^ “ x E  ‘

+ ^ ^  ( e - ' ^ X E ^ ^ X E + ^ ' - e - ^ t  (4)
X E  “XE ‘I’

w h e r e

^XE ^XE

r i ^ f < i >
I = Eq  I =o ^ \ j

\  = d e c a y  c o n s ta n t

y  = f i s s i o n  f r a c t i o n

cr^E ■ X® a b s o r p t i o n  c r o s s  s e c t i o n

<t> = a b s o lu t e  flux

= c o r e  f i s s i o n  c r o s s  s e c t i o n  

t = t i m e

U sing  E q  (4), xenon  c o n c e n t r a t i o n s  v e r s u s  t i m e  w e r e  c a lc u l a t e d  
f o r  each  c o r e  r e g i o n  in the  s e v e n - r e g i o n  r a d i a l  c o r e  c o n f ig u ra t io n .
T h e s e  c o n c e n t r a t i o n s  w e r e  then  in c lu d ed  with th e  c l e a n  c o r e  m a t e r i a l  
c o n c e n t r a t i o n s  in  a  o n e - d i m e n s i o n a l  d i f fu s io n  c a l c u l a t i o n  to find t h e i r  
e f fec t  on c o r e  r e a c t i v i t y .

S ince  a  o n e - d i m e n s i o n a l  c a l c u l a t i o n  a s s u m e s  a  u n i fo r m  flux and 
m a t e r i a l  c o n c e n t r a t i o n  in  th e  p e r p e n d i c u l a r  d i r e c t i o n ,  a  m e th o d  w as  
d e r i v e d  by which  th e  a x ia l  e f fec t  of r o d  bank  i n s e r t i o n  could  be  e v a lu a ted .  
T h i s  m e th o d  c o n s i s t e d  of c a l c u l a t i n g  th e  e q u i l i b r i u m  xenon  c o n c e n t r a 
t ion  in e a c h  of the  12 a x ia l  r e g i o n s  w hen  the  Y - r o d s  w e r e  i n s e r t e d  to 
t h e i r  c r i t i c a l  p os i t ion .  T h e s e  c o n c e n t r a t i o n s  w e r e  then  inc luded  in an  
a x i a l  window s h a d e  m o d e l  c a l c u l a t i o n  and  t h e i r  effect  on r e a c t i v i t y  
e v a lu a ted .  T he  s e c o n d  s t e p  c o n s i s t e d  of e v a lu a t in g  the  e f fec t  of  u n i fo r m
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xenon  c o n c e n t r a t i o n  in  a  window sh ad e  c a lc u la t io n .  T h e  a x ia l  non- 
u n i f o r m  e f fec t  w a s  t h e n  d e f ined  a s  the  d i f f e r e n c e  in t h e  two c a lc u l a t i o n s .  
T h i s  e f fec t  w a s  c a l c u l a t e d  to be  -^0.48% in r e a c t i v i t y .  T h i s  e ffect  w as  
th e n  ap p l ied  p r o p o r t i o n a l l y  to th e  r a d i a l  r e s u l t s .

It w a s  i n t e r e s t i n g  to no te  th a t ,  when a n o n u n i fo r m  r a d i a l  xenon  e f 
f ec t  w a s  ob ta ined  in the  s e v e n - r a d i a l  r e g i o n  c o r e  c o n f ig u ra t io n ,  it w as  
found to  h a v e  no e f fec t  (i. e. , < 0. 05%) on  c o r e  r e a c t i v i t y ,

2. B ui ldup  of X enon  A f t e r  Shutdown

Buildup  of X e n o n - 135 a f t e r  shu tdow n a t  e q u i l i b r i u m  xenon  was  
d e t e r m i n e d  a s  a  func t ion  of t i m e  f r o m  the  fo llowing equat ion:

X ( t )  =
^XE ■ \

- Xf t  '^ X E  ^
e - e  )+ X e/  o (5)

The  n o m e n c l a t u r e  i s  the  s a m e  a s  in  Eq  (4). T he  e f fec t  on c o r e  
r e a c t i v i t y  w as  o b ta in ed  a s  d e s c r i b e d  above  and the  a x i a l  xenon  effect  
ap p l ie d  p r o p o r t i o n a l ly .

3. X enon  B u i ldup  Upon R e s t a r t i n g

X enon  c o n c e n t r a t i o n  w a s  c a l c u l a t e d  a s  a  func t ion  of  t i m e  a f t e r  r e 
s t a r t i n g .  It w a s  a s s u m e d  th a t  the  s t a r t u p  o c c u r r e d  a t  the  t i m e  of 
m a x i m u m  x en o n  bu i ldup  a f t e r  shutdown.  The  fo l lowing  equa t ion  w as  
used :

X ( t )

+ Xe (t)

m a x

1

(  - K t  -A t ]  \e 1 - e  J

w h e r e

( 6 )

m a x

A 

X.

^max 

Xe (t)

^XE *̂ XE

Xe c o n c e n t r a t i o n  a t  t i m e  of m a x i m u m  Xe 

1 c o n c e n t r a t i o n  a t  t i m e  of m a x i m u m  Xe 

in i t i a l  bu i ldup  of Xe a f t e r  s t a r t u p .
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Fig.  1. Air Force Crew Organization (as o f  Nov 1, 1962)
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Fig.  3. P lan t  Liquid Balance--Based on Data C ol lec ted  
During 400-Hour Run
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D e s ig n  P r e d ic t io n s A c tu a l  M e a s u r e m e n ts
1270 kw 1270 kw 1080 1■w 857 <w 67 = kw 44 0  kw

N o. D e s c r ip t io n p s ia °F lb  / h r B tu  / lb p s ia »F lb  / h r B tu / lb p s ia °F l b / h r B tu  / lb p s ia °F lb  / h r B tu / lb p s ia ° F lb  / h r B tu  / lb p s ia °F lb  / h r B tu  / lb

1. S te a m  g e n e r a t o r  o u tp u t 337 428 2 6 ,8 0 0 1 2 0 3 .7 332 425 2 8 , 500 1 2 0 3 .6 347 430 2 4 ,2 5 0 1 2 0 3 .8 364 433 2 0 ,2 5 0 1 ,2 0 4 . 1 372 430 1 6 ,2 0 0 1 2 0 4 .2 392 455 1 2 ,0 0 0 1 2 0 4 .4

2. S te a m  to  d e a e r a to r 2 2 . 5 325 1, 212 1 2 0 3 .7

3 . S te a m  to  a i r  e je c t o r 112 360 450 1 2 0 3 .7

4. G la n d  s te a m  to  a i r  e j e c t o r 12 320 223 1 2 0 3 .7

5. T u r b in e  t h r o t t l e  s te a m 325 425 2 4 ,9 1 5 1 2 0 3 .7

6 . E x t r a c t io n  s te a m 50 281 2 , 470 1 1 4 2 .0 2 , 540 1150 2, 000 1, 550 1 ,2 0 0 No ex ;ra c t io n

7. T u r b in e  e x h a u s t  s te a m 11 in . Hg a b s 165 2 2 ,4 4 5 1 0 0 1 .5 10 in . Hg a b s 157 10- 1 in .  Hg a b s 157 1 0 .2  in . Hg a b s 156 10. 8 in . H g a b s 155 10. 1 in . Hg a b s 151

8. C o n d e n s a te  f r o m  h o tw e ll 9 in . Hg a b s 157 2 7 ,4 0 0 125. 0 8 in .  Hg a b s 148 115. 9 8 ,2  in .  H g a b s 150 117. 9 8 . 5 in . H g a b s 152 119. 9 8. 6 in .  Hg a b s 154 121. 9 9 in . Hg a b s 154 121. 9

9. S JA E  d r a in s n .  5 2 0 0 . 1 673 168. 0

10. C o n d e n s a te  p u m p  r e 
c i r c u la t io n 182. 8 4 , 282 1 5 0 .4

11. C o n d e n s a te  to  d e a e r a to r 182. 8 2 3 , 118 150. 4 166 134 168 135, 9 169 136. 9 172 139. 9 175 142. 9

12. F e e d  h e a t e r  d r a in s 85 . 0 3 1 6 . 2 2 ,4 7 0 2 8 6 .4 80. 0 312 2 , 540 282 6 8 . 0 301 2 . 000 270. 6 56 . 0 2 8 8 .2 1. 550 2 57 . 5 4 6 . 0 2 75 . 8 1 ,2 0 0 2 44 . 7 No ex ; ra c tio n

13. F e e d w a te r  f r o m  d e a e r a to r 2 2 . 5 2 3 3 . 7 2 6 ,8 0 0 2 0 2 . 5 2 1 .0 230 2 8 , 100 198. 8 22 . 5 232 2 4 ,0 0 0 2 0 0 .2 5 2 2 .4 232 1 9 .7 0 0 2 00 . 25 2 2 . 8 233 1 6 ,1 0 0 2 01 . 2 23 . 0 232 11, 700 2 0 0 . 2

14. F e e d w a te r  to  s te a m  
g e n e r a t o r 3 1 1 .5 2 6 ,8 0 0 2 8 1 .4 310 2 8 ,1 0 0 2 7 9 . 9 300 2 4 .0 0 0 269. 6 285 1 9 ,7 0 0 2 54 . 0 277 1 6 ,1 0 0 243 235 1 1 ,7 0 0 2 0 3 . 3

R e q u i r e d  c o r e  p o w e r  
N e t  c y c le  e f f ic ie n c y  
G r o s s  c y c le  e f f ic ie n c y  
N e t  p o w e r  
A u x i l ia r y  p o w e r

7. 24 Mw 
1 3 .6 0 %  
17. 58% 
985 kw 
285 kw

7. 6 Mw 
13. 0% 
1 6 .7 5 %  
985 kw 
285 kw

6. 58 Mw 
12. 0%
16 .19%  
793 kw 
2 87 kw

5. 50 Mw 
10. 9%
15. 60% 
601 kw 
256 kw

4 . 53 Mw 
9 .2 4 %
14. 9% 
418 kw 
257 kw

3. 43 Mw 
6 .6 %
1 2 .81%  
227 kw 
213 kw

Fig. 6. Secondary Plant Heat Balance Summary



A ctu a l M e a su re m e n ts D esign  P re d ic tio n

440 kwe g ro s s 857 kwe g ro s s 1270 kwe g ro s s 1270 kwe g ro s s

D e sc rip tio n
Flow 

(lb /h r  )
T e m p e ra tu re

(°F)
Flow 

( lb  /h r )
T e m p e ra tu re

(°F)
Flow  

( lb  /h r )
T e m p e ra tu re

(°F)
Flow 

(lb /h r )
T e m p e ra tu re

(OF)

1. R e a c to r  in le t 452 449. 1 443 870,975 449. 8

2. R e a c to r  o u tle t 472 473. 6 476 870, 975 476. 2

3. Supply to  e c o n o m iz e r  sh e ll 453 449. 1 443 1, 000 446. 7

4. E c o n o m iz e r  sh e ll o u tle t 245 241 235 1, 000 203

5. C o o le r o u tle t (e c o n o m iz e r 
tube in le t) 110 103 100 1, 000 120

6. P u r if ic a t io n  r e tu r n  (e c o n o m iz e r 
tube  o u tle t) 1, 000 370. 2

7. A ir  b la s t  c o o le r  in le t 3 6 ,0 0 0 110 3 6 ,000 107 3 6 ,000 104 37, 170 120

8. A ir b la s t  c o o le r  o u tle t 3 6 ,0 0 0 97 3 6 ,000 92. 5 3 6 ,000 91 37, 170 106

9. Shield  w a te r  d e m in e ra l iz e r  supply 920 97 920 92. 5 920 91 1, 000 106

10. Shield  w a te r  to  sp en t fu e l ta n k 5, 740 97 5, 740 92. 5 5, 740 91 7, 410 106

11. S h ield  w a te r  f ro m  sp en t fu e l ta n k 5, 740 94 5, 740 92 5, 740 88 7, 410 106

12. Shield  w a te r  to  w aste  
d is p o s a l e v a p o ra to r 6, 040 97 6, 040 92. 5 6, 040 91 4, 930 106

13. Shield  w a te r  f r o m  w aste  
d is p o s a l e v a p o ra to r 6, 040 92 6 ,0 4 0 88 6, 040 86 4, 930 106

14. Shield  w a te r  to  p u r if ic a tio n  
s y s te m 13,000 97 13 ,000 92. 5 13 ,000 91 13,830 106

15. Sh ield  w a te r  f ro m  p u r if ic a tio n  
sy s te m 13, 000 100 13,000 97 13 ,000 94 13,830 112

16. Shield  w a te r  to  co o lan t pum p 10,300 97 10 ,300 92. 5 10, 300 91 10, 000 106

17. Shield  w a te r  fro m  co o lan t pum p 10, 300 102 10, 300 100 10, 300 97 10, 000 112

18. S h ield  w a te r  r e tu rn 3 6 ,000 106 3 6 .000 105 3 6 ,000 103 37, 170 110. 1

Fi g .  7.  Primary System Heat Balance Summary
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112 in . C h arg ing  
pum p No. 2

C C 03-P P 1
3 /4  in.

1 /2  In,
C h arg in g  

pum p No, 1 4"—<

1 /2  in.
S team  g e n e ra to r  p a c k ag e --0 2

R eactor package-01
To a tm o s p h e re  

6 in . M ain s te a m  to  
se co n d a ry  

sy s te m

3 /4  in.
2 in .

1 /2  in,Shield  w a te r - a i r  b la s t  
c o o le r  p ack ag e-2 1

2 in,

 Shield w a te r  l e v e l --------- RC 02-T K 2
Steam

g e n e ra to r 2 in.SW21-HX1 

— V A — 3 in. P r e s s u r lz e r

1 /2  in. 1 in.
PR 02-TK 1

E x p an sio n
tan kNo. 1 h e a te r s  

No. 2 h e a te r s
1 /2  in. 3 in.3 in.

SW 21-HX2 D ecay h ea t 
r e m o v a l  pump No. 3 h e a te r s6 in.

DH02-
P P l

RC02-
P P lR eac to rShield

w a te r
d e m in e r 

a l iz e r
SWOl-

lE l

DV02-TK1 -v e s s e l
R C O i-T K l

1 /2  in.No. 2No, 1 6 in. 3 in.6 in.
3 in .P r im a ry

coo lan t
pum p

S W 0 i-P P 2SW 21-HX3
1/2  in.

3 in. ■3 in. 1 /2  in. 1 /2  in.Shield
w a te r
pum ps

1/2 in.

1 /2  in .1 /2  in .
1 -1 /2  in . 1 -1 /2  in.

1 /2  in .
1 -1 /2  in.

3 in.SW 21-HX4 112 in.1 - 1 /2  itv.1 -1 /2  in.

1 - 1 / 2  in. C o o le r

1 /2  in . C P 02-H X 2
1 / 2  in.Shield  w a te r  c o o le r Shield 

w a te r  \ 
h e a te r

-1 /2  in.3 in.

112 in.
C oolant

p u r if ic a tio n
d e m in e r 

a l iz e r
C P 02-IE 1

2 in.

1 -1 /2  in.

deco n tam in a tio n  
bu ild ing  No. 03 

hot d ra in
1 -1 /2  in.

1 /2  in .3 in .

1 -1 /2  in.3 in.

1 -1 /2  in.
Sum p

pum ps
U evel

o p era tio n )
1600 -g a i w aste  

su m p  tan k  
WD 2 3 -T K l

A g g lo m era to r  
1 -1 /2  in.

3 /4  in.

1 in.
P C 0 2 -P P 2  P C 0 2 -P P 1

3 /4  in.
Sum p tank

mE v ap o rato r 
WD 23-EV l 1 -1 /2  in . 2 in.WD 23-H X l HC 22- 

TS2T rap
C o n d en se r Spent c o re  

tank  
PC 22-TK3

HC 22- 
TSi

500-1 1 / 2  in. C on d en sa te  r e tu r n  to 
se co n d a ry  sy s te mtank T ra p

WD 23-TK2
1 /2  in . S team  fro m  

se co n d a ry  sy s te m  I  - - - - - - - - - - - - 1 T ra p  |4--------
[ 1 / 2  In.  '------------ '

W aste  d isp o s a l  package-W D 23-TK 3

Sum p pum p 
WD 23 P P l 1 in.

F ro m  se co n d a ry  
s y s te m  m ain  
s te a m  line

2 in. 1 in.
1 /2  in.

Fig. 7. Primary System Heat Balance
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Fig .  10. PM-1 Plant Performance Test Instrum entation Hookup
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500

NOTE: E lectric driven condensate 
and feedwater pumps in 
operation.400

200

— Plant starting power

— Plant hotel load
100

200 400 600 800 1000 1200 1400

Fig. 22. Plant Gross E le c tr ic a l Power (kw)



i hr

  'i Vented and hydro tested primary

Latched rods and installed stud insulation can gaskets

Installed center bundle port (rod actuator problems and removal of 
tensioner parts from 0-1 tank)

1, Estimated tim e lost due to 
equipment malfunction and 
operator training indicated 
by Mai; tim e and cause in 
parenthesis

2. Shutdown tim e as per May 28

1 hr
Completed tensioning (tensioner broke)

N———4 Installed reactor head nuts and started tensioning 

Lowered head on studs (snow in primary building)

7 hr

Attached reactor head handling fixture and lifted head off stand (primary building 
very cold)

Installed upper skirt (guide tube alignment)

Upper skirt installation problem s, BF^ flooded and periscope repaired

4 hr
■ ■ ■  Periscope’ and upper skirt installation problems

Installed core , unlocked and removed handling fixture

Installed stud protectors and removed dummy core  

Moved reactor head to support stand (periscope and upper skirt support stand problems)

May 28 iShr

y ' ”1 Removed nuts and hooked up head leveler  

5*' i Loosened reactor head nuts 

 H Installed stud tensioners

Secured secondary and cooled p iim a r y -d e c a y  heat pump on

i ____________________L.
21 22 23

February
24 25 26

Fig. 23. Dummy Core Refue1ing—Actua1 Time



Vent and hydro test primary-

205

Latch rods and install insulation* 8 hr

Install center bundle port 2 hr

Install and tension reactor head nuts • 15 hr

Lift reactor head from stand and lower onto 
studs

2 hr

Install upper skirt*
1 hr

<D>
K

Install core, unlock and remove ■ 
handling tool

8 hr

12 hr

‘Install stud protectors and remove and 
transfer core

1 hr
— Move head to support stand

8 hr Remove nuts and hook up head leveler

8 hr Loosen reactor head nuts

8 hr Install stud tensioners

5 hr
Secure secondary, cooldown

JL
10 20 30 40 50

Hours
60 70 80 90

F ig. 24. E stim ate o f Refueling Time
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E x p e r im e n ta l  P o in ts

F lu x  X 10 a t  4.1 c m  f r o m  le a d

Flux  X 10 at 25.4 cm  f r o m  le a d

F lu x  X 10 at 50.0 c m  f r o m  le a d

P o w e r  l e v e l - -1 0  Mw (t)

0 0) m1

ao
14tfl

ofn P r e d ic t e d  flux x 10 
4 c m  f r o m  le a d

30)
P r e d ic t e d  flux x 10 
25 c m  f r o m  le a d

P r e d i c t e d  f lux  x 10 
50 c m  f r o m  lead

20 30
D is ta n c e  Above B o t to m  of C o r e  (cm )

40 50 60
(

70 80 90

Fig. 25. Axial D istribution  o f Thermal Neutron Flux 
in the Reactor Tank
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NOTES:

(1) R ad ia l  d i s t r ib u t io n -  -31 .7  cm  above
I b o ttom  of c o re  
\  (2) P o w e r  l e v e l - - 1 0  Mw (t)

\  ^ - - E x p e r i m e n t a l  points

0a>
to
1

P re d ic te d  

flux X 10^
ao

P r e d ic te d  fluxso
0)c

co

r— i

!U

20 30 40
D is tan ce  f r o m  L ead  Sh ie ld ing  (cm )

50 60

Fig. 26. Radial Distribution of Thermal Neutron
Flux in the Reactor Tank
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10 NOTES;
(1) R ad ia l  d i s t r i b u t i o n - - 7 4 .9 

c e n t im e te r s  above bo ttom  
of co re

(2) P o w e r  l e v e l - - 10 Mw (t)
(3) C u rv e s  r e p r e s e n t  b e s t  f i t  

of e x p e r im e n ta l  da ta .

E x p e r im e n ta l  P o in ts

Run 1F lux  X 10

Run 2

Run 3o<u
03
t

ao
m
COu

c
ou

"3a
<u

T3
a i

30 50 6020
D is ta n c e  f r o m  L ead  Shie ld ing  (cm )

40

Fig. 27. Radial D istr ib u tion  o f  Thermal Flux 
in  the Reactor Tank



20990 NOTES:
(1) C u rv e s  d e p ic t  p re d ic te d  v a lu e s

(2) P o w e r  l e v e l - - 10 Mw (t)

6 .0  c m  f r o m  l e a d

1 7 .5  c m  f r o m  l e a d
-e-

o

7 2 8 .9  c m  f r o m  l e a d10

4 0 .3  c m  f r o m  l e a d

610 7060500 4010 20 30

D is ta n c e  Above B o t to m  of C o re  (cm )

Fig. 28. Axial Distribution of Fast Flux in the Reactor Tank
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F ig .  29. Radial Distribution of Fast Flux in the Reactor Tank
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NOTES:

0(Dto1
CMao
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(1) Radial d istribution--64. 8 cm above bottom of core
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vî

s ia
»M

 
I

. 
is

s
a

. 
>

-

a

-

-

aB
«ai

fii»
|||ji

4f|
P4

«* 
n 

if- 
■”

***
***

***
 *S

"S
S"

*S
"S

*lS
SS

"S
TI

w*
S3

55S
™*

™S
3S

'
"
-'

S
a
S

S
g

S
S

f S
"
! 

S 
“
 
I

 
*■
 

fi
i*

 
s

^
-’

ls
s

s
s

"
 

?
 
“
 
s
 

*
5*

"
* 

r*
«S

na
nif

iii£
S5

t »
 I

 
£ 

*.«
» a

uE
it u

iiH
SS

wl
nS

in'
**

 
%»

«%
<!>

3
d

tf
i

I■
■

■
 

■
r

^
il

ii
l

iS
iil ii

f
if

■ 11
1 ,i!

ii 
ii

ii
ii

 it
al

la
a

a
ii

flK
 

V
 

* 
U
k
r
x
P
 
9

m
 

iu
m

» 
tf-

W
ll«

m
ifk

««
k 

*]
i 

nM
H

M
» 

tab
 

a 
% 

» 
a 

«r
*w

BM
a«

aiM
 

a 
a*

AB
A 

B
AA

BB
BA

 
BB

BB
BB

 
a»

 
B

un
« 

B 
^B

K
ra

vA
B

« 
SB

IT
B 

B4
> 

BA
«B

«4
A 

.B
BA

BN
M

JfU
 

HB
BB

BB
BM

W
 

BB
ftf

lB
B 

K 
Bf

A
 B

A 
B 

B
tB

bB
 B

 
4C

;
fl 

R«
ea 

4
^

4
 

ttW
KB

M
AK

 
A 

^ 
tU

AB
Vh

 
SA

A
BB

B 
«f

te^
4£

 A
AW

B«
» 

A 
aa

 B
S 

hB
-N

9li
B*

IA
 

« 
Af

ftH
IC

BH
BB

Ife
BA

TA
a 

if
 

14
k 

aW
BB

A
 

B
 

B
«B

 
tc 

A 
B 

BB
Bf

tB
BB

ttB
BB

AJ
R 

& 
AA

R 
«T

K 
A

B^
a 

ILV

:::
■

5
-i

ll
IT

T
5

II

'A
II

II
I

E
li

h"
i

L
li

t
II

■
1

r
—

)- -
--

-
—

--
.-4

-
--

__
_

“
*

~~

-
:F

II
■1

I 
I f

5
-

--
--

-T
t

tt
r

--
_
_

II
r 

' 'i
-h

-
—

--
^-

- —
4-

_i_
i_

II
!

..I.. 
1 I

p
-

II
--

...
.

H
-f

!■
-+-

—
--

- -
 -

Q
-[

-
'h

.
.

.. I
l

1 1
II

-f-
-r-

—
1-

■-
-

--
-

-M
Hl

---
.

-|_
_

i-i_
.

II
!

I~
|l[

lI_
. 

.
I

L
II

—
1 I

" II
II

--
- -

--
-

1 1
—r

_
II

..
I..

.
~

13
1I

I I
I

‘7
+

II
3

T
-I

■
—

_L -J-
—

--
II

i
““

■ 
i""

f--
’”

01
j_j

1
__

fl
1

+“
--

f
3

—
---

,L
l

_
-

_i
---

_
_

!_ I
I

:
--

—
'

II
II

II
II

II
“

--
“̂I

“■
__

-
-U

-
—

_
_

II
-

--
--

...
II

-
-

II
I

”-
tI

I
_ ...

. A.
..

■
”3

I
“

■“
II

II
--

“I
i_

II
I

II
- _.

L.̂
..

-
--

--
...

I-
--

--
T

—
!

-
~~

-
—

-4-
l"

~
---

«c
—

i e F

II II

■I
I

-T
--

I

fch
+fr

!4w
3M

4i-
H-

4-H
H"

H

â
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R egion

1 2 3 4 5 6

FE 6 21 108 60 126 156
F u ll LPR 18 18 24 12
2 /3  LPR 18
SS tube 1

SS rod 3
Guides 3 6

Control rod- 
guide

Lumped p o ison

R egion 1 
Equivalent rad ius  

0.92 in.

o o

OO
no

5.18 in.
Reg 4 

6.46 in.

05 in

9.72 in.

F u el e lem en t

SS tub e

2 /3  length  
lum ped  
p o ison  rod

2.97 in

Reg 7 

11.36 in.

F ig . D-1. Seven Radial Region PM-1 Core C onfiguration
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Inner SS clad  

UO2 in SS

Outer SS clad

Six h om ogen ized  fuel  
e lem en t  c e l l s

0 .416 in.
0.4328 in 
0.4906 in 
0.507 in. 
0.698 in 
1.720 in.

F ig . D-2. Fuel Element C e ll
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N atura l boron in SS

I L , 0

5 h om ogen ized  fuel  
e lem en t  c e l l s

0.496 in. 
■0.698 in:

m.

Fig. D-3. Lumped Poison Rod Cell


