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A B S T R ' A C T  

, 

Experiments were  performed on the NS SAVANNAH Service 

Core I to  supply information on future shipboard operation of the 

Nuclear Merchant Ship ~ e a c t o r .  

Testing of instrumentation equipment shipped to The Babcock 

and Wilcox Company f r o m  New York Shipbuilding Corporation was 

satisfactory. Correction factors  for 'shipboard u s e  were  determined. 
. . 

Fas t  neutron flux, neutron flux distribution,. and stuck control ' 

rod studies were  ca r r i ed  out successfully,  a s  was a three-dimensional 

calculation ,(TKO) to match two cr i t ical  rod pat terns .  



1 .  I N T R O D U C T I O N  

The extended ze ro  power studies 6n the NS SAVANNAH Service 

Core L were  conducted by The Babcock a.nd Wilcox Company (B&W) .at 

i t s  Critical. Experiment Laboratory (CEL). The CEL facil i t ies afforded 

s impler  operatiofi and bet ter  access  to  the co re  than would have been 

possible on board ship. 

All t e s t s  were  designed to provide information for  the future 

operation of the Nuclear Merchant Ship Reactor (NMSR) on board ship. 

The follow.ing a r e a s  w e r e  investigated. 

1. Character is t ics  of i.nstrumentation to  be  
installed aboard the NS SAVANNAH. 

2. Manner in which +a stuck rod within a 
rod group affected reactivity and reqctor  
operation. 

3.  Neutron flux distribution with a var iety 
of control rod pat terns .  

4. ~ e a s u r e m e n t s  leading to  an es t imate  of 
the fast  flux a t  the p r e s s u r e  vesse l  wall. 
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2 .  D E S C R I P T I O N  O F  T H E  F A C I L I T Y  

Bay number one in the CEL has  a c o r e  tank adapted to  accept the 

SAVANNAH serv ice  co re  internals ,  lower flow baffle, fuel elements,  . 

.and coht:rol rods with followers attached. 

Two se t s  of control rod dr ives  w e r e  used: The first was the 

cable-drum drives usedwith the 'MARTY experiments.  These dr ives  

position. t o  within 0.01 c m  and will operate  the SAVANNAH rods ,  but 

they do not have. adequate snubbing aktion to  handle a rod under s c r a m  

conditions. The.  shafts of these dr ives ,  therefore,  have been securely 

pinned to prevent sc ram.  A second se t  of fou'r hydrairlically operated 

rod dr ives  was  adapted to han'dle s c r a m s .  Snubbing i s  done by a 

hydraulic orifice. These rod dr ives  position to  withtn 0. 1 cm.  

All rod positions - a s  in the c a s e  of the Zero  Power Tes t s  - a r e  

measured with reference to  the position where  the rod r e s t s  on the 

emergency snubber . I  Rod indicators read  ze ro  a t  this point, s o  that 

the bottom of the active poison of the pods is 7 . 5  c m  above the'bottom 

of the active fuel, a s  shown in Figure 1. 

The normal  c o r e  instrumentation consis ts  of two l inear  channels, 

both using Neutronics Model BR ion chambers ;  two l inear  s a f e t ~  channels,  

both using "bean.pole"* chambers ;  a logarithmic channel, read1.11~ ther  

cur rent  f r o m  a Neutronics Model BR chambe!:; an.d a fissi.on chamber ,  

Westinghouse Model WL-6376. F igure  2 shows the 1oc:ation of these  

instruments ,  and Figure  3 shows the core .  Additional details of the 

facility a r e  given in ~ A ~ - . 1 2 0 2 . 1  

Reactor ruxls reported h e r e  a r e  numbered ser ial ly .  These numbers  

a r e  c a r r i e d  through this repor t  a s  positive identificati.ons for  each run..  

* 
"Beanpole" is the name -of a long ioni.zation. chamber,  designed and 
constructed a t  the CEL. 
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3 .  I N S T R U M - E N T A T I O N  T E S T S  

Work for this contract included the determination of operational 

.character is t ics  of instrumentation to  b e  installed aboard ship. The 

i tems sent to  the CEL f r o m  the shipyard were  instrumentation cabinet 

A, instrumentation cabinet D, a BF3 multiple counter,  a fission counter, 

a compensated ion current  chamber,  and the associated cables and 

connectors.  This equipment was tested in conjunction with the reac tor ,  

and the expected ,operating conditions aboard ship were  determined. 

3.1. DESCRIPTION O F  INSTRUMENTATION 

3 . 1 . 1  General 

Figure 4 shows the connections between the detectors  and 

their  associated amplifier's and indicators.  The digital s c a l e r s  - used 

for the ship BF3 and fission counters - were  connected a t  the "amp out" 

jack of the pulse amplifier-integrator.  During measurements  with the 

' log microammete.rs ,  these sca le r s  were  disconnected to eliminate any 

loading effect. .The Keithley micromicroammeter  was used for the com- 

pensated chamber ra ther  than the ship instrument because it  was readable 

down to  10'13 amps ,  a s  opposed to. 10-lo amps  for the ship instrument.  

3. 1. 2 Shipboard Instrument Calibration and Installation . 

. . 
The ship cabinets were  se t  u.p and 'cal ibrated in accordance 

with the instruction manual.2 The microammeter  in cabinet D and the 

l inear  power channel in cabinet A required serv ice  to  co r rec t  defects. 

A s e r i e s  of electr ical  disturbance measurements  , taken throughout the 

work a t  the CEL, indicated that both the BF3 and the fission counter 

amplif iers  were  sensitive to  electr ical  t ransients  caused by switching 

pumps and other power equipment on and off. Of various methods ef 

shielding t r ied ,  the most successful was 'standard, magnetic, thin-wall 

house conduit. The power consumption of the two cabinets was 440 w, 
' 
as measured on a Simpson model 390 wattmeter.  The temperature <n 



the cabinets was taken by a thermometer  suspended in a i r  a t  the mid- 

plane. After a 17-hour run with the cabinets closed, and an outside 

ambient of 70 F, cabinet A was at  98 O F and cabinet D was at  120 O F. 

3. 1. 3 Cable and Gain Measurements 

Using in turn the fission counter, the BF3 counter, and a 

pulse generator ,  the attenuation caused by the insertion of 200 ft of t r i -  

axial cable was measured.  The amplifier outputs were  viewed direct ly 

on a Tektronix type 531 oscilloscope. 

On the BF3 amplifier,  the peak pulses (caused by neutrons) 

with 200 ft of cable were  11 v 0.6 p occ wide. With the 5-ft cable attached 

t o  the chamber,  the peak pulees were 16 v. 'I'he pulser with either length 

of cable gave a 4-v output pulse for a 1-mv input pulse, indicating a gain 

of 4000. The normal  noise level with o r  without Lhe cable connected a t  

the amplifier output was 0 .5  v peak-to-peak. 

On the  fission counter amplifier,  the peak pulses (caused 

by neutrons) with 200 ft and a l so  with 5 ft of cable, were  4 v. T h e .  

pulser  with either length of cable gave a 2-v pulse out for a 100-pv 

pulse in, indicating a gain of 20, 000. The normal  noise level a t  the 

amplifier output was 0. 8 v peak-to-peak. 

3.  1.4  Discrimator  Measurements 

Section 11-5- 18, Step 14 of the manual s t a t ~ s  that the d is -  

c r iminator  is to be set at  a pofnt where the noise generates  about 10 c / s e c  

and then the b ias  is to  be  reduced by about 3 v.2 Uoing this ~nformat ion ,  

the minimum pulee level counted f rom the fission counter i s  190pv and 

f r o m  the BF3 counter i t  i s  870 I.J.V. 

3. 1. 5 BF3 Counter, Plateau and Sensitivity Requirements 

The ship B F 3 ,  WL-7087, i s  specified a o  having a sensi-  

tivity of 40 c/aec/nvth.  F'igure 5 shows the co~lnting ra l e  ve r sus  voltage 

applied to  the cou i~ te r .  A neutron source was placed near  the counter, 

and 200 f t  of t r i -axial  cable was used between the counter and the ship 

amplif ier .  The voltage was measured with a University model electro- 

s tat ic  voltmeter.  Thc discr iminator  setting was 21 v, 3 v below the 

10 c / s e c  noise setting. F r o m  the plateau, a 2200-v setting was selected 

as the operating point for all subsequent measurements  with this counter. 



3. 1. 6 Fission Counter, Pulse Height Curves, and Sensitivity 
Measurements 

The ship fission counter, WL-6376, is specified tb have 

a sensitivity of 0 .4  c l s e c  /nvth. However, the sensitivity was found to 

b e  a function of the discriminator setting. Several measurements  were  

taken with a constant source (either the reac tor  source o r  polonium- 

beryllium) of count r a t e  versus  discriminator  setting . Curves shown 

in Figures 6 and 7 show the loss  of sensitivity a s  a function of dis-  

criminator setting. The procedure given in the manual for setting the 

discriminator will reduce sensitivity of the fission counter mope than 

a factor of 20 compared with the setting found operable a t  the CEL. 

In Figure 6, the one volt bias point i s  690; in Figure 7, the one-volt 

bias  point is 345. The relationships a r e  l inear .  

3. 1. 7 Compensated Ion Chamber, Compensation and Sensitivity 
Measurements 

The ship compensated ion chamber, WL-6377, is specified 

to have a sensitivity of 4 x 10-l4 amp/nv 
th' 

?"his chamber was placed 

in the mockup shield water tank and the effect of changing the compen- 

sating voltage while the reactor  was a t  power was determined. With the 

compensating voltage a t  0 (measured  on an  RCA voltohmySt model 98A), 

the output current  f rom the chamber was 57 ppamp. With the compen- 

sating voltage a t  -5.0 v, the current  dropped 3270 to  43 ppamp and 

remained there  a s  the compensating voltage was changed in 5-v incre-  

ments to -90.0 v. 

In another experiment, the output of the compensated 

chamber a s  a function nf reac tor  power was determined. The deviation 

f r o m  linearity is about 10% over the decade fro111 4 to 40 ppamp, a s  

shown below. 

Reactor Power, Chamb el- Output, 
Arbi trary Units t-'PamP 

1 4 .6  
2 

. . 
8. 3 

5 ' 22 
i o 46 

3.  1. 8 Inter sensitivity Comparison 

The three  ship detectors were  inserted in wells (the BF3 

in a non-metallic 6-ill. -ID pipe, others  in metallic 6-in. -ID pipe) in 



the mockup shield water tank; and during a yeactor run, the outputs 

were  read simultaneously. The BF3 and the fission chamber were  

connected to the ship amplifiers and indi.cators and the compensated 

chamber with - 10. 0 v compensation was connected to the Keithley 

m i c ~ o m i c ~ ~ a m m e t e r .  As seen in. Figure 8, al l  instruments indicated 

l inearly with reactor  power. Although the detectors were  a t  slightly 

different distances from the reactor ,  the ratio of BF3 counts to fission 

counts should be  in about the same ratio a s  their neutron sensiti.vity. 

The fact that the fission counter. appears ' less  sensitive by a factor .of 
' 

20 than expected i s  attributed to the .3-v bias betting of the di.scriminator 

(according to the manual). 

3. 1. 9 Non-Ship Instrurnentatioa .- 

In addition to the ship instruments in the shield watc~:  lank 

mockup, there  were  f isoio~l  ehambcrcr and ion chambers located around 

the core in the core  tank a s  shown in Figure 9. One additional BF3 was 

placed in the shield water tank and i s  labeled "Auxili.ary BF3 ". 
3.  1. 10 Instrument Location and Shield Water Tank Descripti.on 

Figures 9 and 10 show the mockup shield water tank in 

plan and side views. The wells a r e  6-,in. diamete,r pipe. The distances 

a r e  shown in the figure for  both the shipboard i.nstallation and the G E L  

mockup. Figure 11 shows the location of various in.struments around 

.the core. when installed -on board ship.. 

3 , 2  RELATIONSHIP OF GEL TO SHIP INSTRUMENT RESPON3E 

3.2.1 Flux .Scam 
-: 

Flux was measured in the water from the outer wall of 

the inner thermal shield to determine the attenuation of 11eut.- ~ o n s  a s  a 

function of distance from tile Core. This information i s  used to csta- 

blish the relationship between. the shipboard and CEL instrll.niknt loca- 

tions. Figure 12 shows that the attenuation in water i s  appraxi.mately. 

exponential with a 6 .2  c m  relaxation length. The measurements were 

taken with pure indium foils 0. 5 in, d.iameter, 96 mg/cm2 , loaded i.1.1 

a lucite holder and placed a t  the <:.ore vertical centerline. The exposure 

W R . S  made a t  full water height with a l l  of the control rods inserted an.d 



the two sources  in place in the core .  The strength of the sources  on 

the date  of exposure (23 March 1960) was  4 .07  x l o8  neu t l sec . .  The 

activity plott.ed in F igure  12 is the saturated activity of the foils;  the 

flux (nv ) is about eight t imes  'this value. 
t h 

3.2. 2 Attenuation Fac to r s  

The thickness of s tee l  between the outer wall of the.inner 

thermal  shield and the BF3 detector is 25. 7 c m  on board $hip, and 19.4 

crn a t  the CEL. The thickness of water  between the outer wall of the 

inner thermal  shield and the BF3 detector is 33. 7 c m  on b'oard ship and 

57. 8 c m  a t  the CEL. The removal c r o s s  section of s tee l  for  fission 

neutrons i s  Z r  = 0. 17 cm-I  using data in ORNL-1843.2 The relation- 

ship (cold) between ship and CEL is 

-C t 
r (Ship) 

where  D is the  distance f r o m  the  c o r e  center  to  the instruments  i.n 
(CEL) o r  (Ship), D(CEL) = 80. 3 c m ,  D(Ship) = 67.9 cm,  

A i s  the attenuation factor for' water  taken f r o m  relaxation 
length of Figure 12 using the thickness of water  for  (GEL) 
o r  (Ship), A(Ship)/A(CEL) = 49, 

Z r  is the removal  c r o s s  section of st.eel, 0.17 cm-' , and 

t is the thickness (in c m )  of s teel  between the inner thermal  
shield and th8 in i t ruments  for  the (CEL) o r  (Ship), t 
= 19.4,  t = 25..'7. . . (CEL) 

(Ship 
R the rat io  betwken ship and, CEL readings due to  g e o ~ ~ l t t r y  

is 23. 5. 

3 .2 .  3 Differences Due to Source Strength 

Startup source  decay will reduce the absolute count r a t e  

measured  on board ship a s  compared with the CEL measurements .  The 

two polonium-beryllium sources  decay with a 138-day half life. The 

total strength on 18 January 1960, a s  calibrated by Mound Laboratory 

was  5.63 x lo8 neut / sec  o r  256.6 cur ies .  According to  the plotted decay 

as shown in BAW-1202, the s t rength on 1 September 1960 would be  1 .8  x 

10' neut1sec.L Another source  of neutrons i s  the spontaneous fission 



of the U-238 in the fuel. Using data from Weinberg and Wigner, this 
4 rate is-1;  8 x lo! neut/sec.- . 

3 . 3  LOADING RESPONSE OF INSTRUMENTS 

The location of instruments around the core i s  shown in Figures 2 

and 9. Table I shows the indication of 'the various instruments a s  fuel 

was added to the core.  More detailed information on the nonship instru- 

mentation loading response i s  found in BAW- 1202.1 Figure 13 i s  a plot 

of the ship detector response a s  the fuel was loaded, starting on 25 March 

1960 with a source strength of 3.9 x lo8 n /see .  The level of 2. 7 c / sec  

i s  consider.ed primari ly neutron or  instrument background although all 

so~lrpses aild fuel were removed from the vi.cirzfty of the experiment. 

Uwirlg n currested indication forthe fully loaded core of 1.8 e / s ec  and 

the corrections for  differences in source strength and attenuation, it was 

expected that on 1 September 1.960 the ship BF, (aboard ship) would read 

higher by a factor of 10.8 or  20 'clsec. 

3.4 ROD WITHDRAWAL RESPONSE OF INSTRUMENTS 

Continuing the approach to criticality, safety rods were cocked 

in the fullyjoaded core,  and water was admitted until the c,ore was 

completely covered. Starting from the fully inserted position of al l  

rods the E groupe and then the D group, were withdrawn until the reactor 

became critical.  The instrument location i s  the same. as before and the 

response. i s  shown in Table 11. A normalized plot of the ship detector 

response i s  shown in Figure 14, where the inverse count rate i s  plotted 

to show the'approach to criticality. A similar plot should result during 

the approach to criticality aboard ship. 

3.5 EXTRAPOLATION TO SHIPBOARD USE 
\ 

3 .5 .  1 Source Power Calibration With All Rods h 

, A convenient base point fnr power calibration (identical for 

the ship and ihc GEE) i s  the ease  with full water, the sources in their 

normal locations, and all control rods fully inserted. This will provide 

the f i r s t  power information available on board ship. 



3.5 .2  Measurement of Power 

During the  power calibration run the CEL; BF3, in  the' 

shield water  tank indicated 250 c / s e c ,  corresponding .to a power of 

135 f 28 w. The s a m e  BF3 in the same- location indicated 0.42 c / s e c  

( see  Table I) when al l  of the fuel was loaded, the sources  located 

normally,  and the rods full ili with full water  height. Thus, as of 

25 March 1960, the source power was 0.23 f 0.06 w. 

3.  .5* 3 Calculation of Power 

The neutrons emitted f r o m  the source  at  shutdown a r e  

multiplied by an amount dependent on the degree of subcriticality. The 

subcriticality of the core ,  a s  measured by pulse neutron techniques, 

was -$2.9 f 0.47.L The keff is 0.98 f 0. 03. 

,The multiplication of the c o r e  i s .  

Knowing that for  every source  neutron emitted, 50 fission 

neutrons a r e  created,  the c o r e  power may be  determined. The yield 

of 2.47'neutrons p e r  fission indicates that the number of fissions pe r  

source neutron, and thus the source power, can b e  calculated from 

where 

P = power, w, 

M = multiplication, SO, 

v = neutrons per  fission, 2 .47 ,  
0 

Ko=~f iss ions /sec /w,  3,  12 x 1 Dlo, and 

S = source  strength in neut / sec .  
0 

Using the above information, the calculated source  power 

on 25 March 1960 was 0:25 f. 0. 04.w, in  g ~ o d ' a ~ r e e r n e n t  with the 

measured value. 

3.  5 .4  Anticipated Ship Indications 

This information can b e  used t o  extrapolate to the antici-  

pated ship indication fop  a given date. The a r b i t r a r y  date selected is 

1 February  1961 ; &her dates can bk used by applying source  decay 

correct ions.  



3. 5. 5 Startup Channel at Source Power, Cold 

The anticipated source power on 1 February 1961 i s  0.048 

watts (0. 19 of 25 March 1960 value 1; the anticipated BF3 reading is  

'8. 9 c / s .  Both conditions should exist with full water,  source in, and 

rods fully inserted. 

3. 5.6 Startup Channel at  Source Power, Hot 

As water temperature increases, three effects a r e  noted: 

(1) a change 'in the leakage of neutrons from the core,  (2) a change in 

the shielding of neutrons by the water between the core and the neutron 

detectors, and (3) a decrease in k resulting from the temperature,  
eff 

defect. 

.= one- The f i r ~ t  @£ these effects may be estimated from th, 

group model: . , 

1 
where .the non-leakage i s  

1 + M " ~  ' 
The leakage probability, 

, therefore,  i s  1 - 1 
1 + M ~ B ~  Or 

MZBZ The change in leakage a s  the 
1 + M ~ B  

core  water i s  heated i s  attributed to the increase of the migration area.  

The ratio of ieakage hot to leakage cold is then given by 

X B L ]  
1 + MQB" hot 

MZ B" 
1 + M2Bg 

using migration a reas  calculated in connection i4rith' t l ~ e  Savannah core 
. . 

physics program, 

. . The effect of decreased water shielding.may be regarded 

a s  a n  effective decrease in the shielding thickness of hot shield w d e r  

compared with cold shield water. W~thin the pressure  vessel,  between 

Lhe active core and the shield water tank, 35. 1 em of water is, hcatcd tu 

approxi.mstely 508 'F, changing thc water density from 0.998 to 0. 793. 

The ~ h a n g e  In neutron leakage may be determined from Figure 12,, 

comparing the flux a t  35. 1 e m  to that at  35. 1 x O 0  793 This ratio i.s 0.998 ' 
3.47. 

Assuming a temperature defect of 3.270 k eff ', the effect on 

source power may be calculated by eonsidering the multiplication: 



Thus, the hot source  power will b e  reduced by a factor of 0.4.  ' ' 

Combining these effects, the instrument  response a t  cr i t ical  

will b e  increased by 1.34 x 3.47, o r  4.65. These  effects a r e  shown a s  

a function of tempera ture  in Figure 15. The source  power response of 

the instruments  will increase  by 1. 34 x 3.47 x 0.4,  o r  1. 8.5. A table 

of source  power response is shown'below: 

Date 

January 1 ,. 196'1 

J?ebruary 1, 1961 

March 1, 1961 

April 1, 1961 

M a y ' l ,  1961 

June. 1 , 19'6 1 

July 1, 1961 

August 1, 196 1 

September 1, 1961 

October . l ,  196 1 

November 1, ,196 1 

December 1, 1961 

January 1, 1962 

Expected Indication an Startup Channel 
Cold - Hot 
CIS  , . CIS  



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



4 .  P O W E R  L E V E L  C A L I B R A T I O N  

4 . 1  INTRODUCTION 

This experiment measured  the total power generation of a specific 

c lean,  cold, cr i t ical  configuration of the NS SAVANNAH serv ice  c o r e ,  

and cor re la ted  this power with observed reac tor  control instrumentation 

readings.  The experimental procedures  for the measurement  can be  

analyzed into four distinct s teps.  

Step 1 was the measuring of the relative neutron f l u  distribution 

in the Core (both vertically and radially) by scanning the induced activity 

on Mn-Cu alloy wires .  Because of loading symmetry  only one-quarter  

of the co re  was analyzed. 

Ste,p 2 analyzed the fine s t ruc ture  of the neutron flux ( a s  shown by 

the wire  data);  this yielded an  est imate of the average radial  and vert ical  

flux in each fuel can. At this point, the flux numbers  a r e  only relat ive,  

since no attempt was made to cal ibrate  the Mn-Cu wires  to m e a s u r e  

absolute neutron flux. 

Step 3 was the measurement  of the absolute 'neutron flux in a 

specific location with. calibrated Dy-A1 alloy foils,  and the conversion 

of the relative wire  data in Step 2 to absolute 2200 m e t e r l s e c  f l . ~ .  

Stcp 4 was the fina.1 c a l c u l a t i ~ n  of fission r a t e  for  the core  by the 
\ 

activation formula and i ts  conversion to total power. 
4 

4 . 2  EXPERIMENTAL PROCEDURES 

4 . 2 . 1  Step 1 

The c o r e  that was calibrated i s  shown in Figure 16 and the 

posi t ioi~s of the M ~ - c L  wires  a r e  indicated. The procedures  for loading 

and counting the wires  were  identical with those descr ibed in Section 7 

of this repor t .  



4 . 2 . 2  Step 2 

T o  analyze the fine s t ruc ture  of the neutron flux in each can ,  

the f l u x  m u s t  be  av,eraged in the vert ical  direction, and 'then, in the radial  

direction. The  vert ical  average i s  readily obtained'by numerically 

averaging the data points f rom a vert ical  scan of a lmost  any'Mn-Cu wi re ,  

since the ver t ica l  flux shape i s  relatively constant throughout each can., 

F o r  this reason ,  a Mn-Cu wire  was i r rad ia ted  in the center  of each can . 

and a ver t ica l  average  count r a t e  computed &om the scan data. The 

absolute flux determinations ( a s  explained in Step 3) were  made  a t  a 

ver t ical  height of 80 cm above the bottom of the fuel. Therefore it was 

1~ecess;FYy to m t i o  the average coullL.rate of each center .wire  to the 80- 

c m  count r a t e  on that wire ,  s o  that count r a t e  could. be con.vert.ed to. flux. 

These ra t ios  are given in thc fourtli column of Table IV, 

The radial  average is  not so  readily available. Ideally, a 

Mn-Cu wi re  should he i ~ r a ' d i a t o d  in every waLer  channcl in each can,  but 

this was ruled out by the t ime and effort requi.red, As explained in 

Section 9 .2  an  eight-wire pat tern was established for  estimating the 

radial  averages  in each can. When many- se ts  of radial. averages were  

inspected, ,  i t  was found that the-center  w i r e  data could be cor rec ted  for 

the radial  effects by a single factor  dependent only on the rod  configuration 

around each can. These factors  w e r e  estimated to be a s  follows: 0.85 

for a can surrounded by completely insert.ed rods;  0.95 for a can 

surrounded by partially inser ted  rods;  and 1.00 for a can surrounded by 

completely withdrawn rods ( see  Table IV) . 
4 . 2 . 3  Step 3 

The absolute flux determinatinns were dons witli fl-ll.LI. ~y L\l 

toils i r rad ia ted  in each  of three  cans  in Run 352 a s  shown in F i g u ~ e  16. 

The foil's were  vert ical ly  located 80 c m  above the bottom of thefu.el .  an.d 

wHre  calibrated such that, their  saturated activit ies could be converted to  

absolute 2200 m e t e r l s e c  neutron flux. The foil data a r e  shown in. Table 
. . 

111.. An average  flux was computed . . from the. four foils and a ra t io  was 

found between the flux and the corresponding center  w i ~ e  count r a t e  for' 

the three cans .  The flux-to-count r a t e  ra t ios  were  averaged and applied 

to a l l  center  wi re  data ,  thereby converting a l l  center  wire  count; r a t e s  a t  



80 cm td absolute 2200 meter lsec '  flux, as  shown in Table IV. The 

average 2200 mete r l sec  flux for each can was computed by applying the 

vertical ( f  ) and the radial (f ) correction factors to the 80-cm flux values. 
v r 

. . 
4.2 .4  Step 4 

To compute the power generated in each can, the total 

fission rate in each can must be determined. The fission rate may be 

calculated from the basic activation formula and several correction 

factors (refinements necessary to calculate total fissions rather than 

just thermal fissions). The power formula in i ts  refined form is as  

follows. 

f i ss /sec  
power = x correction factors o r ,  

3.1 x 101° fiss/sec/watt 

N25 (af) 2200 4 2200 
watts = x VFRE, 

3.1 x 1ol0 

where N25 = number of U-235 atoms per can, 

= 24.6 x atoms per  can (for cans with 4.270 
enrichment), 

= 27.0 x atoms per can (for cans with 4.6% 
enrichment) ; / 

(of)22OO = fission c ross  section for U-235 at  2200 me te r s / s ec ,  

= 579 barns; . 

6 2200 = averaged 2200 mete r / sec  neutron flux for entire can; 

V = non l / v  correction,to the U-235 thermal c ross  section, 

F - - - +fuel (This correction is  'needed since the flux values 
+water were obtained in water channels and not in the 

fuel; the factor was 'calculated from MARTY 
62 

critical experiment data.) 

= 0.696 for 4.270 enrichment, 

= 0.678 for 4.6'70 enrichment; 



total U-235 fissions R , =  
sub-cadmium U- 235 fissi0n.s ' 

= 1. 18 (This correction is to account for non-thermal fissions 
.in U-235; data is given i.n .8. 2.2. ) 

U-235 fissions + U-238 fissions = 
05 E = 

U-235 fissions 

(This correction accounts 'for the U-238 fast fissions 
.determined in MARTY Critical Experiments. ) 

Thus by inserting the values for  all factors into the power formula, two 

constants a r e  generated. 

1. For  cans with 4,270 enrichment, power = 

3 .88  x i 0 - 7  x glro0 watts . 
2. For cans with 4.670 enrichment, power - 

4.15 x x $zloo watts. 

The power for each can a s  calculated by the above formula i s  shown in 

Table IV. 

4.3 RESULTS 

The ship BF3 counter and the ship fission chamber, located as  

shown in Figures 9 and 10, were observed during the power calibration 

run.   able V l is ts  the resulting correlation between reactor power and 

count ra te  for each detector. 

Although thc instrument-power calibration was measured for on.ly 

one rod configuration, i t  should be approximately valid fox most standard 

rod patterns. The calibration is limited, however, since it ,was calculated 

from data taken at room temperature and thus will not apply to determina- 

tions at operating power and pressure.  It may be used only for the critical . 
experiment and initial startup power determinations.' 

4 .4 DISCUSSION OF ERRORS 

Since the power formula i s  made up of only multip1yin.g factors, 

the best estimate of the total percentage e r r o r  i s  the square foot of the 

sum of the squares of each individual percentage e r r o r .  A tabulation of 

the estimated e r r o r s  shows that the e r r o r  in +2200 dominates all others. 

This large e r r o r  i s  due to the uncertainty in correction factors used to 

average the radial flux. The available fine structure data indicate that 



the outer row of pins in 'each  can a r e  the ones m o s t  affected by rod 

posit ions,  but there  were  not many data taken in these regions that 

could be 'used  for  the Padial correct ion factors .  The e r r o r  in the abso-  

lute-flux calibration by the Dy-A1 alloy foils i s  a lso included in $ . and 
2200 

i s  es t imated to be *57'0. Table V I  l i s t s  the estimated e r r o r s  for  each 

factor of the power formula and the calculated total e r r o r  for the power 

calibration i s  * 217'0. 
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5 .  F A S T  N E U T R O N  F L U X  M E A S U R E M E N T S  . . 

5 . 1  INTRODUCTION 

Several A212 carbon s teel  samples  will be i r rad ia ted  in a tes t  well 

( see  Fig. -17') just outside the SAVANNAH core .  These samples  will be 

used for  radiation damage effe'ct studies that can be cor re la ted  with the 

expected p r e s s u r e  vesse l  life. Since the tes t  samples  can be removed 

on1.y during a complete reac tor  shutdown, i t  i s  expected that they will be 

i r radiated fo r  about two yea r s .  The long range i r radiat ion t ime ,  coupled 

with the fact that the tes t  well i s  inaccessible once full-power operation 

i s  ~ e a c h e d ,  makes the flux monitoring extremely difficult. 

Usually, the experimental program for a radiation effects study 

includes many i rradiat ions of monitor foils in the tes t  facility to m e a s u r e  

the 2200 m e t e r l s e c  flux, the ~ I E  flux, and the fast  neutron flux above 

1 Mev. These measurements  r,equire cadmium ra t ios ,  threshold de tec tors ,  

and variable  power levels  to  ,accommodate the wide range of activation 

charac ter i s t ics  af the monitors .  Most of the neutron spectrum m e a s u r e -  

ments  a r e  made a t  the beginning of the experiment', and severa l  monitors  

a r e  then left with the test  samples  for the duration of the experiment to 

obtain the t ime-integrated neutron flux. If necessa ry ,  the integrating 

monitors  a r e  replaced during experiments that continue for many months.  

All of these operations a r e  possible in most  r e sea rch  o r  te'st r eac to r s ,  

but they a r e  virtually impossible in the SAVANNAH core .  Thus the 

following experiments were  devised during the ze ro  power t e s t s  to pro-  

vide a l imited number of fast  neutron measurements  that will help fill 

the obvious gap of the flux data required for adequate interpretation of 

the s tee l  t e s t  samples  in the SAVANNAH program.  

' The f i r s t  experiment was the correlat ion of a threshold-type 

reaction (which i s  pr imar i ly  sensit ive to fast  neutrons) with a long-lived 

thermal  neutron reaction product that would be a good integrator  fo r  the 

power-time his tory of the long time i rradiat ion for the s tee l  t e s t  samples .  



This experiment  was ,considered necessary  for two reasons.  F i r s t ,  no 

flux moni tors  a r e  to be  used with the s teel  t e s t  samples .  Secon.d, none 

of the threshold react ions that a r e  current ly bei.ng used in fast  neutron 

damage effect  studies resul t  in nuclides with half-lives that a r e  1.ong 

enough to integrate  properly a 2.-year, o r  longer ,  irradiation. The  

Ni-58(n,p)Co-58 .reaction was chosen for the threshold measuremen t s ,  

p r imar i ly  because of i t s  cu r ren t  popularity ,i.n fast  neutron damage 

studies in s tee ls .  The resulting nuclide, Go-58, has  a half-life of 71 

days.  The Go-59(n, y)Co-60 reaction was chosen for  the thermal. neutron 

reaction j.nasmuch a s  the natural  Go-59 impurit ies (mcasurcd  by ORIUL 

to he 103 ppm i r l  A212 carbon steel.) in the test; ~ w p l e u  woulil .4.1.0iv th.e 

saiml.d.eo to Le their own rnon. i lurs .2  The Go-60 half-.life, 5 .24 y e a r s ,  

thus fulfil.1.s the long-lived requirements .  

The second expcxii~lent was the measurement  of the attenuation of 

the f a s t  n.eutron flux ( a s  measured  by the Ni-58 reaction) a t  the p res su rq  

vesse l  wall f rom the t e s t  sample I.ucatfon, In addition, a complete map- 

ping of the thermal  and epithermal neutron. flux in this region was made 

with ba re  and cadmium-covered gold foils, 

5 . 2  THEORY O F  EXPERIMENTS 

5 .2 .  1 Correlat ion of Ni-58 Reaction With Co-59 Reaction 

I t  i s  assumed that the damage effects observed i.n the steel 

t e s t  samp1.e~ will be prnport;ional Lu the total. nu.1nber of interactions of 

neutrons above some energy with the samples .  At presen.t ,  the  rtxaot 

.relationship h ~ t w e o n  daluage eifects 'and the type of fast neutron spectra  

i s  not fully understood. However, ,widespread r e s e a r c h  i s  being conducted 

a t  many l a b o r a t o ~ i e s  in an attempt to cor re la te  damage effects in. s teels  

with fast  neutron spec t ra  as I T I P ~ S U T C . ~  LY severa l  typ'es of threshold and 

iast-f iss ion detectors .  As indicated above, one popular redctiun under 

stlady io thc Ni-58(n,p)Co-58 reaction. If th.c ta:ltrl number of Go-58 

alums iorrned in a nickel foil could be determined - assuming the foil 

had been i r rad ia ted  along side the steel. t es t  samples  - then some c o r r e -  

lation of the SAVANNAH s tee l  tes t  samples  could be made  with data from 

o t h e ~  laborator ies .  Unfortunately, even i f  a nickel. foil were  to be 

i r rad ia ted  with the SAVANNAH steel  tes t  samp1.e~ , the relatively short  



7 1 -day half-l ife for  Co-58 would make i t  essent ial ly  impossible to calcu- 

la te  the total number of Co-58 atoms formed in the foil during a 2-yr 

irradiation. 

The Co-59(n, y)Co-60 reaction that occurs  in the natural  

cobalt impuri t ies  in the s teel  tes t  samples  will allow'a moderately accura te  

determination of the total number of CO-60 a toms formed in the samples  

during a 2.-yr i r radiat ion,  provided that the power ve r sus  t ime history 

i s  known an.d that the absolute disintegration ra te  of the Co-60 can be 

.measured .  

Although the number of CO-60 atoms formed i s  proportional 

to the' thermal  neutron absorptions p r imar i ly ,  and, although the thermal  

neutrons a r e  not the neutrons causing damage interactions in the s tee l  

samples ,  it i s  assumed that the rat io  of the thermal  neutron ' f lux  to the 

damaging fast  neutron flux will remain constant throughout the i r radiat ion.  

This assumption may be in e r r o r ;  however, for a f i r s t  approximation, i t  

allows the only pract ical  approach to the problem. 

It c a n b e  shown that t h e  rat io  o i  specific activity of Co-60 

to the specific activity of Co-58, in a pa i r  of cobalt and nickel foils 

simultaneously i r radiated for a few-minutes in the s teel  tes t  'sample 

location a t  low power; i s  the rat io  of the .total number of Co-60 a toms 

formed in the cobalt foil to the total number of Co-58 atoms formed in 

the' nickel foil. F o r  example, the activation formula can be. wii t ten a s  

follows: 

whcre AN = disintegrations p e r  second of nuclide formed 

W = weight in g r a m s  p e r  atomic weight of isotope being 
i r radiated 

A -. Avagadro's number 

u - c r o s s  section for the reaction involved 

9 ::: neutrrln flux causing the reaction in neutrons / c m 2  / sec  

t r i r radiat ion t ime in same units a s  A i s  expressed 
exp 

A s.  decay constant for nuclide *being formed,  and i s  in units 
. of reciprocal  seconds when multiplying N ,  and i s  i,n s a m e  

reciprocal  t ime units a s  t in the exponential. 
exp 0 

N = number of a toms of' nuclide formed a t  the end of the 
irradiation 



For the 'cobalt foil then, 

1 - A  t 
Go exp 

~Co60NCo6~ /gram = 5 9  - A %h th ( 1 . - e  1 J 

and when the exposure time is  very small compared to the half-life, 

Likewise, for the nickel foil, 
CO 

where o(G) $ (E)dE is the complicated relationship of cross  section, 
J 

Ecff 
and fast neutron. .spectrum for the reaction. 

Th11s t h e  ratio of the specific activities i s  

A ~ 0 6 0 N ~ 0 6 0  -. ' 58 '=-th +th _ .- ACo60 t 
- - .  ex?? 

Xco58 NCo58 
5 V  u(E)+(E)dE 

' ~ 0 5 8  texp 

Eeff 

Simplifying, 

In the Cd-60 activation, no consideration was given to the 

epithermal or  resonance neutron activation. It is estimated that this 

e r r o r  i s  less  than 10% so,  in lieu of the other assumptions used in this 

treatmcnt, '  i t  has been neglected. Also, it  is rcalized that the use of 

an Eeff in the threshold reaction may be somewh.at fictitious; i l  is . 

assumed that a t  some fast  n e ~ j t r o n  energy, a~arlltJly E cross 
effJ 

section for the reaction becomes significant. 

We assume that to good approximation the ratio of the 

thermal fl.ux to the fast neutron flux remains constant at al.1 power levels,  

operating temperatures, and t ime,  so that the ratio 

NCd60 
= constant 

. . N ~ ~ 5 8  



for any given i r radiat ion t ime.  Thus ,  that constant can  be  measured  by 

observing the ra t io  of the specific activit ies of a cobalt and nickel foil 

that were  exposed a t  low power for a short  duration. NCoso can be de ter -  

mined from the CO-60 activity in s teel  t e s t  samples  following the. 2-yr 

i r radiat ion,  by considering the saturation factors  and the power-time 

his tory,  and NCos can be estimated from the above relationship. This 

gives an est imate 'of the total. number of Co-58 atoms that would have 

been formed if a nickel monitor foil had been present .  This information 

along with the observed damage effects in the s teel  samples  can then be 
' 

corre la ted .  

5 . 2 . 2  F a s t  Neutron Flux Attenuation 

It i s  a l so  des i red  to know the ra t io  of the fast  neutron flux 

a t  the s teel  sample tes t  location and a t  the p r e s s u r e  vesse l  wall. Two . 

problems occur in this measurement .  The f i r s t  i s  that the fas t  neutron 

flux level was too low in the zero-power tes t s  to m e a s u r e  the,Ni-58(n,p)  .. 

Co-58 reaction at  the p r e s s u r e  vesse l  wall. The second i s ' t ha t  a correct ion 

m u s t  be made  for  any room tempera ture  measurements  i,n extrapolating 

to  operating tempera ture  of the SAVANNAH c o r e .  

In order  to est imate the fast  neutron f l ~ L  a t  the p r e s s u r e  

vesse l  wall ,  a par t ia l  t r a v e r s e  of the water gap between the tes t  well 

and the p r e s s u r e  vesse l  wall was made with nickel foils. Simultaneously, 

a complete map of the ent i re  gap was made  with both b a r e  and cadmiurn- 

covered gold foils. Based on previdus data obtained in bulk shielding 

experiments ,  i t  i s  reasonable to assume that the slope of. the fast  f l u x  

will be essentially that of the thermal  flux in the water  gap. The par t ia l  

nickel t r a v e r s e  was thus extrapolated on this bas is  to the p r e s s u r e  vesse l  

wall. 

Since the water  density dec reases  a s  the tempera ture  

inc reases ,  the rat io  of the nickel activit ies between the tes t  sample 

location and the p r e s s u r e  vesse l  wall will decrease  a t  operating tem-  

pera ture  from that value observed a t  room tempera ture .  The density 

of water .  decreases  f rom 0: 997 g m / c m 3  a t  room tempera ture  to 0.765 

g m / c m 3  a t  512°F.  This change effectively moves the p r e s s u r e  vessel  

wall c loser  to the tes t  weli ,  so  that 



effective distance = actual distance x 0.765 
0.997 

= actual distance x 0.: 767 

5 .3  EXPERIMENTAL PROCEDURES 

5-3 .  1 Irradiation Conditions 

Figure 17 shows the location of the 'nickel foils, bare and 

cadmium-covered gold foils, and the cobalt foils that were irradiated 

simultaneously for this experiment. The exposure time was 660 sec ,  

and the integrated power was estimated to be 10.8 kilowatt-hours. 

The gnld fo i l s  Inrere calibrated so  that their! oaturatcd 

activities could be converted directly to absolute thermal neutron flux, 

based on an intercomparison with the standard neutron flux at the 

National Bureau of Standards, Washington, D. C. 

The nickel foils were counted 13 days following the irradiation, 

and this decay time was considered in the calculation of their absolute 

disintegration rates.  The 13-day decay time was neglected in the calcu- 

lation'of the Co-60 disintegration rate. Counting times on these foils 

ranged from one to thirty minutes, and all data were reported in net 
-- 

counts per minute. 

5 . 3 . 2  Step 1 

Following activation, the nickel toils (approximately '1 in. x 

1 in. x 0.020 in. and 99+% pure) were counted on a gamma-ray single- 

channei spectrometer similar to that of R. L o -  Heath.?>b The detector 

was a right-circular cylinder of NaI(Tl),  1-314 in. diameter by 2 in. 

high, located inside a 2-in. -thick lead shield which was 16 inches wide, 

16 inches deep and 24 inches high. Some of the factors for  cal.cul.ating 

the absolute disintegration rate must be estimated since the detector 

was not exactly the same size as  that given in the r e f e r e n c e s , ~ ~ ~  Inspec.. 

tion of the gamma-ray spectra from the nickel samples several days 

after activation indicated that the activity contribution from impurities 

was negligible, and'that the foil activities were quite smal.1. Thus, to 

enhance the counting statistics,  the integral count rate of each foil was 

determined rather than obtaining a complete spectrum analysis.. The 

count rates of the nickel foils a r e  given in Table VII. 



In o rde r  to calculate the absolute disintegration: ra te  of the 

nickel foils,  a complete spectrum analysis  was performed on nickel. foil 

No. 8 which had been activated near  the center  of the core  to a much 

higher nvt than the foils near  the test  sample 1.ocation. Using Heath's . 

formula 

where 

N = the number of gamma-rays  p e r  minute emitted by the 
0 foil a t  end of irradiation; 

N = -the a r e a  under the photo peak in counts pek minute 
P 

A I = the correct ion factor . for  absorption in the source and 
any beta absorber  used, 

N = the peak counting ra te  in counts p e r  minute,  m 
= 92 counts per  minute; 

a = the.half width a t  one-half maximum of the photo peak in 
pulse height units (PHU), 

20.0 PHU; 

measured  width of the "window" of the single-channel. 
analyzer 

9,0 PHU; 

the peak to total ra t io ,  

0 . 3  17 (based on an  extrapol.ation of Heath's data on a 
volume basis  for the s ize of the NaI crystal.); 

the total absolute detection. efficiency for the sourc;e- 
detector geometry used, 

0; 0180 (based on an extrapolation of Heath's data on a 
volume bas is  for the s ize of the NaI crystal) ;  and ' . 

decay factor ,  where tw i s  the elapsed t ime of 13 days 

between counting of the foil and end of exposure,  and h 
i s  the decay constant f o r  Go-58, 

0.881. 



T h e  activity of nickel.foi1 No, 8 is 

= 8.65 x l o 4  disintegrations pe r  minute. 

The  absolute disintegration r a t e  of nickel foil No. 6 ( i r radiated in the 

t e s t  well for the s teel  samples)  can now be computed by comparing the 

integral count r a t e  with that for  nickel foil No. 8. . ? .  

Thus,  

Since foil No. 6 weighs 2.58 gm,  i ts  specific activity, i s  

( N o ) ~ i  6 
= 6.45 x 10' disintegrations pe r  minute of Go-58 

p e r  g ram of nickel. 

5.3.3. Step 2 . , 

The 2200 m l s e c  flux measured  a t  the stee.1 sample t e s t  

well with b a r e  and cadmium-covered 'gold foils, .was 5.9 x lo8  neut /cm2 / sec: 

a t  the power level  of this experiment.  The ].ow n.eutron flux ].eve1 pro-  

hibited d i rec t  coba1.t activity measurement  due to  the Go-59 impurity in 

the A21 2 carbon s tee l  samples .  To  determine the.tota1 cobalt. activity 

in this location, a pure  cobalt foil (1 in. x 0.5 in, x 0.020 in. ) was 

i r rad ia ted ,  and its  disintegration r a t e  was determined by comparing 

the count r a t e  with that of a calibrated Go.-60 standard. 

Thus, 

(count rate)Co foil 
(Dis /min)  - - x (di s /min) 

Co foil (count ra te )  GO ~ t d ,  
Co Std 

' = 3 .  15 x lo4  disbmin, 

and dividing by the weight 'of the £oil (0.956'6 grams)  

- 3 .  i 5  x 104 (Specific Activity) - 
Go foil 0.9566 

= 3.30 x l o4  dis/rnin of c0...6O p e r  g ram coba1.t. 

As  a check for  the absolute disintegration. r a t e  of the cobalt foil., one 

h a y  use the activation formula  and calcul.ate the neutron flux to which 

the foil had been exposed. Using 3 4  barns  for  the c r o s s  sectior,, an 



exposure t ime 0f.660 seconds and a half-life of 5 .24 yea r s  for Co-60, 

the thermal  flux i s  computed to be 5.7 x lo8  neut /cm2 / 'sec. This i s  in 

goodagreement  with the 5 . 9  x lo8  measured  by the calibrated gold foils. 

Assuming that the Co-59 impurity in the A212 carbon s teel  

samples will be ,  103 ppm * 1070 (by weight), th.e calculated cobalt specific 

activity in the tes t  samples  (had they actually been exposed in this experi-  

ment) wou1.d be , 

(No)Co~O = 3 .4  dis /min  of Co-60 pe r  gram of A21 2 ca rbon  steel.< 

Combining th i s ' r e su l t  with the specific activity of nickel foil, #6, a s  
. % 

computed in 5 . 3 . 2 ,  the following rat io  i s  obtained: 

No. of atoms of CO-60 pe r  gram steel  - - 3 ' 4  = 5 . 2 7 x 1 0 e 3  . 

No. of a toms of Co-58 p e r  gram nickel 6.45 x 10' 

One correct ion for  this ra t io  i s  necessary .  The cross .  section of Co-59 

i s  essentially reduced a t  the operating tempera tures  due to the spectrum 

shift  of the thermal  neutrons. If the c r o s s  section i s  reduced, then the 

specific activity of the Co-60 i s  likewise reduced. The correct ion i s  

estimated a s  follows: 

Let 

ul = c r o s s  section of Co-59 a t  room tempera ture  

u = c r o s s  section of Co-59 a t  operating tempera ture  

T 1  = room temperature = 293 K 

T, = operating tempera ture  = 538 K ,  

then 

. No. of a toms of Co-60 p e r  gram s tee l  . . = 5.27 x 10-3x0 .740  
No. of a toms of Co-58 p e r  g ram nickel 

a t  508 OF 

= 3.9 x, 10-3 

5 .3 .4  Step 3 

P 
Ideally, the fast  neutron flux should be measured  a t  the 

t e s t  sample location and a t  the p r e s s u r e  vesse l  wall. However, the 

fast  neutron flux was not high enough to activate a nickel foil a t  the 

p r e s s u r e  vesse l  wall ,  but i t  was high enough to obtain a par t ia l  t r a v e r s e  

in the water  gap. This was done with five nickel foils equally spaced 



3 c m  apa r t .  (See Fig.  17.) The count r a t e s  of these foils a r e  shown in 

Table VII:, ar,d their  normal.ized activit ies a r e  shown in F igure  18. To 

obtain a complete flux p ic ture ,  b a r e  and cadrni.um -covered foils were  

i r rad ia ted  on lucite s t r ip s  (Fig.  17) that t raversed '  the en.tire distance 

between the tes t  well and the p r e s s u r e  vesse l  wall. The gold foil activit;ies 

a r e  a l so  plotted in F igure  18, and the slope of the nickel data appears  to 

a g r e e  with the slope of the b a r e  gold data. Assuming that the nickel act i -  

vations do follow the slope of the ba re  gold data ,  the nickel activity a t  the 

p r e s s u r e  v e s s e l  wall can be est imated.  This es t imate ,  when compared 

with the nickel activity a t  the t e s t  well ,  yield6 an attenuation of approxi.-. 

mately 100. However, this factor mu.st, he o o r ' r e ~ r ~ c l  for. t h e  change in. 

rn~clei-ator  clc118 fty that occuPs a t  NS SAVANNAH operating tempera tures ,  

Since water  density decreases  a s  tempera ture  inr :~cascs ,  the ra t io  of the 

nickel activit ies betweerl the t e s t  sample location and the p r e s s u r c  vesse l  

wall will be decreased  from that observed a t  room t e m p e ~ a t u r e s .  'l'he 

density of the water  dec reases  fxom 0.997 g m / c m 3  at room temperat:u:re 

to  0.765 g m / c m 3  a t  5 12°F.  This  change in density effectively moves th.e 

p r e s s u r e  vesse l  wall c loser  to the tes t  well ,  so that 

0.765 
effective distance = actual distance x - 

0.997 

= 32.4 cm x 0.767 

= 24.8 c m .  

Refer r ing  to the extrapolated nickel curve (h'ig. 18), the ra t io  of the 

activity a t  the tes t  well to activity a t  24.8 cm i s  34 .  

Some of the 4212 id rb6n  s teel  samples  will be placed a t  
! 

the top of the fuel in the tes t  well, in addition to  those placed at the 

P'eactor fuel centerline.  Thus the moderator  gap was t r ave r sed  a t  this 

level  with b a r e  gold foils,  in the s a m e  manner  a s  descr ibed above. The 

slope of this  t r a v e r s e  (Fig.  19) i s  approximately the s a m e  as the b a r e  

gold curve in Figme 18. The attenuation factor for the fast neutron flux 

i s  expected to he similar to that measured  a t  the reac tor  fuel center  l ine.  
1 
5.4  CONCLUSIONS 

Combining the data in Steps 1,  2,  and 3 ,  the fol1owin.g general  

relationships can  be formulated fo r  the t e s t  well location.. 



\ 

1. The thermal  nvt (neglecting epicadmium contribution) can be 

calculated f rom the Co-60 disintegration r a t e  .observed'in the s teel  tes t  

samples ,  by using the activation formula and the power - t ime hi'story 'of 

the irradiation. 

2. The number of a toms of Co-58 that would have been formed in 

a nickel' foil. placed along side the tes t  samples  can be obtained from . 

- (No. of a toms of Co-60 p e r  gm steel)  (No. of -atoms of Co-58 p e r  gm nickel)at 500 - . 
3.9 x 10-3 

I 

assuming that the number of a toms of Co-60 formed can be calculated 

f rom the Co-60 disintegration r a t e  observed in the s tee l  samples .  

3 .  The rat io  of the fast  flux a t  the tes t  well to the ' fas t  flux a t  the 
I 

p r e s s u r e  vesse l  wall ( a s  measured  by the .Ni-58(n,p)Co-58 reaction) can 

be obtained by 

Co-58 activity a t  tes t  well . = 3 4  
Co-58 activity a t  p r e s s u r e  vesse l  wall. a t  5 1 2 ° F '  

F o r  example,  a s sume  the following radiation history: 

T = 2 y r  = 6 . 3  x lo7  sec 
exp 

Power Level - constant = 69 MW 

Weight of A212. Steel Sample = 1 g r a m  

Co-60 Disintegration Rate = 4. 25 x 10' d i s / s e c  p e r  g r a m  steel.  
(a t  end of irradiation) 

Then, 

(1) The thermal  nvt m a y  be est imated by 
.,. -At 

A~o'O 
=; d i s / s e c  = lo - '  ~ 6 . 0 2 ~  10" ~ ~ $ ~ ~ ~ 2 5 . 2 ~ 1 , 0 - ~ 4 - ~ ( 1 - e  exp),  

5 9  

Solving for the average + thermal '  - 
+th = 6.9 x 10" n e u t / c m 2 / s e c ,  

and the total integrated thermal  nvt,  

( n ~ t ) ~ ~  = 6.9  x 10" x 6 . 3  x lo7  = 4 . 3  x 1019 neu t / cm2 .  

::< Note that the crth for Co-59 has  been reduced from 3 4  barns  to  25.2 
ba rns  to  account for-the energy shift in the thermal  neutron distribution 
a t  the operating tempera tures  of 508°F.  



1 . . 

(2) The total number df Co-60 a tomsformeddur ing  irradiation 
. .. 

may b'e f0un.d a s  foll.ows. 

(nvt) 
t h 

= 1. 14 x loi5 atoms, c0-.6O per gram steel. 
. . .  

(3) The total number of Co.-58 atoms that would have been 

formed,duririg the ircadiation in the test well if a nickel monitor had been 

used would be .. .. . 

1.14 x 1015 - - 
CI 

5 1  /."F Y o 9  x 
. . 

pc058] 
= 2.93 x 10 l7 atoms' of Go.-58 pep gram rlickel. 

512°F 

Thc allserved damage effects in the A212 carbon steel samples can now 

b.e correlated to the total number of fast neutron interactions that ,would 

have been suffered by the Ni-58 (n, p)Co-58 reaction. 

(4) The total number of Co-58 atoms that would hav'e been 

formed during the irradiation at  the pressure  vessel wall, i f  a ni.cke1 
. . 

monitor had been used, would e 

- - ! N ~ ~ ' ~ I  .... Test W e l l  
P . V ' .  Wail 3 4 

- - 43 lo"  = 8.60 x loi5 atoms pf Co-58 
3 4 per gram nickel.. 

Obviously, ' this i s  an indirect method fey obtain irlg ncuiroh 

bux data for correlation will1 thc sleel darnage effects; however, in the 

case  of the SAVANNAH samples, it appears to be the only feasible 

method for ubtaining neutron f l u x  inforn~at isn .  

::: Note that the uth for Co-59 has been reduced from 34 barns to 25.2 
I , 

barns to account for  the enereyshif t  in the thermal neutron distribution 
a t  the operating temperatures of 598 OF. 



6 .  S T U C K  R O D  T E S T S  

Each rod group was withdrawn f r o m  a pat tern of fully inser ted  

rods to determine i f  the reac tor  would remain  subcrit ical  in c a s e  of 

control rod dr ive malfunction, It was established that the. r eac to r  was 

subcrit ical  i f  ei ther the XI C, Dl o r  E group i s  independently withdrawn. 

The reac tor  becomes cr i t ical  a s  'the third rod of the A group is. with- 

drawn and a s  the fourth rod of the B group i s  withdrawn. Measurements  

were.done a t  room tempera ture ,  15.8" C, the point of maximum reactivity. 

Results a r e  shown in Table- VIII. 
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7 . 1  NEUTRON FLUX DETECTORS 

The detectors used for determining flux distributions were  0. 020-in. - 
diameter  wires  of a manganese copper alloy. Two alloys were .used ,  a 

nominal 20 w / o  Mn-80 w / o  Cu, and a nominal 80 w / o  Mn-20 w / o  Cu. 

The deviation f rom nominal composition is discussed elsewhere in this 

report .  

The wires  were  inserted into two different sizes. of acryl ic  plastic 

tubes depending upon the proposed location. of the wire  in the core.  The 

smal ler  tubes were  3116-in. OD and 1116-in. ID; the l a rge r  tubes were  

5116-in. OD and 3116-in. ID. Both were  approximately 6 ft long. . 
The "wired:' plastic tubes were  inserted into selected posi.tions in  

the c o r e  in spaces within the fer ru les .  The smal ler  plastic tubes were  

used a t  positions near  the corners  of fuel bundles. 

The wires  were  drawn taut within the plastic 'tubes but some 

horizontal displac.ement was sti l l  possible. The maximum displacement 

was equivalent to  the tolerance of the wi re  within the tube plus the 
. . 

tolerance of the tube within the fer ru le ,  for a total maximum displace- 

ment of 0. 135 in. f rom centerline. 

Skveral experiments were  performed to determine the maximum 

possible activation e r r o r  for  maximum disp1aeomen.t in a position of 

maximum flux gradient. (See Section 8.5.. ) The resul t s  indicate a . 

maximum possible e r r o r  of k670 for a given point, but the maximum 

possible e r r o r  for the integrated activity over the full length of a wi re  

should be cons.iclerably l e s s  since a loose wi re  has a tendency 'to sp i ra l  

in a tube and thus average out e r r o r s .  

7; 2 WIRE SCANNER 

The activity a t  increments 'along the length of the wi re  was 

determined by an automatic scanning devide s imi lar  to  that described 



for .fuel pins by Mortenson and Ball, 

The irradiated wires were removed from the tubas and 

positioned under tension on an a l u m i n ~ m  bed, ' A .fricti.on-.drive 

mechanism moved the bed under a lead shield contaiming a c:oll.imat.i.ng 

hole and'a beta- sensitive scintillation detector. At a predetermined 

poeition, thebed  was arres ted by a mechanical stop, and the activity 

of the wire under the collimating hole was counted for a time i.nterva1. 

At the conclusion of the time interval the bed was. advanced to the next 

mechanical stop and the cycle was repeated, 

The mechanical stops were positioned within f 0 9  05 cm. The . 

position of the wire under the colll".mator was rigidly controll.ed by 

forcing the wire  through a groove i.n a tenon. Block, allowing about 

0.02 crn tolerarice, The distance between the wire and the anthracen.e 

scintillation crystal (depth of the 2,54.-cm T%) sollin~ating hole) was 

app~oxirnataly 5. i) em. Figure.20 shows the resolution of the collimating 

hole . 
Figure 21 shows a block diagram of the instrumentation, which is 

divided into two identical channels, the master  chan.nel and the slave 

channel. The master  channel monitors; one small section of an 

irradiated wire during a counting ,session, and the. activity of this wire 

i s  displayed on the master  scaler.  The counting interva1,of both counting 

channels i s  determined by the time necessary for the master  scaler to 

accumulate a preset count. As the activity of .the master  wire: decreases, 
. . 

the counting intervals increase proparticlnstely , lhptis correcting all.data 

accumulated in the slave channel for radi.oactiaro decay; Uata from the , 

8 1 % ~ ~  C ~ C L R I I ~ ~  was recorded on paper tape by a Berkeley digital printer 

and. simultaneously punched into IBM cards. by an IBM serial  card pun.ch. 

~ h : e  uncertainty of an individual count, due to the.otaticstica1 

nature of the r;l.dioac+ive decay process, i s  a fun.ction of the total number 

of counts accumulated on both. scalcrs .  F:rom ~ o r t e n . s o n  and Ball., the 

standard deviation of an indi.vidual count i s  



where Ns bnd Nm a r +  the total number of counts accumulated on the 
. . .  

slave and mas.ter scalers ,  r espec t ive ly .~  . FOP all wire mapping data 

reported here,  N was preset to 10,000 counts; therefore, the standard 
m . . 

deviation, due to counting statistics, for any single activity measure- 

ment reported in ~ o l u m ' e s  I, ' HI, and iIE of this report may be determined 

from the relation 

Several experiments were performed to determine the dead time 

resolution losses of the entire seanner system (see Fig. 2 2 ) .  Although 

resolution losses at  count rates above 20, 000 e / s ec  a r e  indicated, in 

practice count ra tes  were never allowed to exceed 10,000 c /sec .  

Deviation of the decay curves from the straight line at  the extreme 

right i s  due to the contribution of the longer half life copper isotope. 

The decay curve represents the decay from 8 to 31 hr  after reactor 

shutdown. In practice all wires a r e  counted within 8 h r  after shutdown. 

7 .3  DESCRIPTION OF MEASUREMENTS 

Eaeh flux experiment was. performed in a similar manner. The 

f irst  activation.was performed by exposing the wires to a steady neutron 

flux for ten minutes; each subsequent activation. was aeeomplished by 

exposing the wires to an exponentially rising flux. 

Tables X and XI list  the reactor conditions for each flux 

measuring run, including control rod settings, boron plastic. inventory, 

peak instrument readings, and doubling .time when ascending to peak 

p,ower. ,In addition to normal. reactor in.etrumentati.on, some of the 

runs used a Neutronies Model BR ion chamber in the shield. tank mockup. 

These readings, where available, a r e  also shown in Table X.' 

7. 3, 1 Wire .Identification 

For  the purposes of wire position identification, a standard 

nomenclature was adoped. Each wire i s  assigned a ser ies  of three 

numbers which completely define i ts  position. The f irst  number 

identifies the can in which :t i s  located; the second number ider,ti.fies 

the x position in the can, and .the third number identifies the y positi.on. 

within the can. Figure 40 shows the location matrix. 



7. 3. 2 Borated Polyethylene 

. Many of the rod patterns r e q ~ i r e d  the addition of borated 

polyethylene rods to attain full water height. These rods consisted of 

257'0 by weight of natural enrichment boron carbide and 757'0 by weight 

polyethylene. The rods a r e  0.250 
+ 0.002 
- 0.010 

in. in diameter, 6 ft f 112 in. 

long. To test their uniformity, 34 samples were cut at  random from 

a few of the poison rods. These samples were 10 cm long, and their 

weights a r e  shown in Table IX. Note that, since the density of the boron 

carbide i s  approximately 2.5 times the density of normal polyethylene, 

slight variations in uniformity will show up a s  differences in density of 

the mixture. Table IX lherefore, gives an indication ~ r f  both dimen- 

sional and en~n.pooiticr~r unf fnkmity. 

7 , 4  WIRE QUALITY CONTROL 

An extensive program of wire calibration waa undertaken to 

investigate uniformity of the wire a s  received from tlte vendor. Wire 

spools wore spot-checked a s  they were received from the vendor, until 

large variations in wire activity were obse~ved .  At this point, the 

I ' wire  quality control program was expanded,. begin~ing with run 405. 

I Samples. 2-in. long were taken f rom each section of each roll a s  

it  was received from the vendor. These were irradiated a s  described 

below, and the wires were separated for use  a s  determined by the 

results .  

As the w i r e s  were loaded into the  l u c i t e  wire holders, a 1 112 

tu 2-.in. section was taken from each wire. mill iet  aside for "quality 

aontl u1" testing. Samples. were chosen at random from these sections 

for. an irradiation test. 

After separating the wire into gr&lps for 1n.ding rlllu the lucite 

tuhes, e.1-11 l - l~ad  tape Was applied for permanent identification; and ,  where 

possible, wires with a. c o m m o n  color identific:atioa were  uaec l  in a 

run. 

The wire samples, approximately 0.47-in. long, were irradiated 

in a lucite wheel 3.  07 in. in diameter by 0.48 in. thick, ~he'wh.cel .  has 

fifty-five 0.42-in. indexed holcs on a Z .  72-in. diameter. The:r.e is an 

U. 25-.in. thick undercut t6p piec'e t~ hold the wires in place. 



The loaded wheel was placed on the end of an adjustable length 

shaft  and dr iven by an electr ic  motor .  The wheel assembly was then 

hung f r o m  the top and on the outside of the thermal  shield with the wheel 

a t  the ver t ical  center  of the core .  The'wheel was rotated at  60 r p m  

throughout the irradiation. The wi res  were  i r radiated a t  the s a m e  
. . 

power level that the flux map required. 

After i r radiat ion,  the wi res  were  put in smal l  envelopes, and the 

envelopes were  indexed. Each wi re  was counted for one minute on each 

of th ree  gas-flow proportional beta counters,  and then weighed. 

All data w e r e  cor rec ted  to saturated activity and divided by 

m a s s  on the Burroughs 205 Computer, s o  resu l t s  a r e  given in units. of 

counts per  minute pe r  gram, (c /min/gm) .  

Table XI1 summarizes  the resu l t s  of each colored flag group and 

identifies the run where this group was used. 
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8 .  S U P P L , E M E N T A R Y .  F L U X  D T S T R I B U T I O N  
M E A S U R E M E N T S  

$. 1 PARTIAL WATER HEIGHT TRAVERSES 

A set of three wire t raverses  were done with all rods withdrawn. 

Fox these t raverses ,  run 401 had 594 boron plastic str ips in the core, 

run 404 had 256 str ips,  and run 40.5 had no boron plastic str ips;  the 

reactivity differences being adjusted by water height. These  runs gave 

information to determine the effects of the boron plastic str ips on corner 

peaking. The data a r e  shown in Figures 23 through 25 and in Volume.II1 , 

of this report.  

8.2 MARTY CAN ' MEASUREMENTS 

A bundle. of MARTY pins was constructed on. a 0.663-.in. pitc~h, 

using a specially designed tube sheet arrangement that allows the bundle 

to fit within the NS SAVANNAH internals, This bundle, although con- 

structed using 4% enriched fuel, differed in reactivity by only about 2 

cents from the NS SAVANNAH element (the MARTY bundle. i s  slightly 

more  reactive because of i ts  smaller amount of steel). 

This bundle was completely instrumented with wires. Using the 

wire  scanner to. count the wires and the. MARTY pin scanner to determine 

the garnr~la activity of the fuel pins, data were taken in half of the 

symmetrically located can. . ,The experiments were designed t;o investi- 

gate the effects of 'borated plastic str ips on peaking factors and wire .flux 

, to  pin power conversion. 

The MARTY can was exposed five separate tinies, Table XI11 

gives the runs, conditions, .and comments. In each case,. the pin 

activities were normalized to the average pin activity, and the wire  

activities were  normalized to the average wire activity. The data for 

each run a r e  shown in Volume 111 of this report. 



8 .3  CADMIUM FRACTION MEASUREMENTS 

These measurements were underta.ken to determine the spectral 

similarity of manganese and fuel in various positioris in the can. 

8.3.1 Mn- Cu Cadmium Fractions 

The. wire  used in this measurement was the same Mn-Cu 

wire  that was used in the power maps. The cadmium tubing used was 

0. 075-in. OD with a 0.020-in. wall thickness. 

The thermal component of the bare  Mn-Cfu wire i s  given by 

Total Activity minus Cadmium-covered Activity 
= Fed. A, where Fcd = 

TotaI Activity 

The quantity, Fcd9 the cadmium fraction. reprcsmt  s thc peruenta.ge of , 

1 hgrmal aclivaelnns. The variation of the Mn- Cu cadmium fraction was 

rneasured in an axial direction, and the change was not appreciable in 

the regions unperturbed by the control blades. A total of 11 different 

se ts  of data were  taken, varying the control blade positions and the. wipe 

locations in different, cane, Tliest! data a r e  shown in Figures 25 through 

36. 

A composite curve was then constructed to give the F in 
ed 

the horizontal direction in a fuel can. This was done by measurin.g the 

Mn-Cu cadmiu~n fractions a t  a point bn the wires 49.4 cm above the bot- 

tom of t he  fuel. In all  cases the control blades were  out of the core in 

the regions measured. The Fcd was found to vary from 0.96 near the 

edge of the can to an zpparent asymptotic value of. 0, 74 n.ear the center 

por&.ion. of the can (see Fig. 37).  

tJ-235 Cadmium Fractions - 
Two U-235 cadmium fractions were' taken with fully enriched 

U-A1 foils. Figure 37 shows a vallae of 0. 075 nehr the edge of the fuel can, 

but near the center region the value drqps to 0,845. Cadmium. boxea 

0.020 in. thick werc used in these cases. 

G o r e  symmetry was used in both uranium and Mn-Cu cadmium 

fraction measurements to establish equal fluxes a t  the cadmium-covered 

and bare  wire locations. A summary of the data i s  shown in Table XTV. 



8.4 COCKED, ROD MEASUREMENTS 

Two se ts  of experiments were  performed i.n whi.c:h the control rod 

'was intentionally cocked in i t s  channel. In run 456, rod A-4 was wedged 

toward can No. 12. Table XV shows the ra t io  of the wi re  activities ,in 

symmetrical cans.  In run 458, rod A-2 was wedged toward the MARTY 

element in can 20, and rod A-3 was wedged away f rom this element. 

Table XVI shows the analysis of this exper imen t  based on fuel pin activity. 

F r o m  either run, it i s  difficult to  evaluate effects of the cocked 

rods  on peaking factors.  In only one case  did the rat io  between flux in 

the pin away f rom the cocked rod and the flux in the pin against the cocked 

rod exceed 1.05. In this case,  wi res  located one position away f rom the 

rods gave a ra t io  of l e s s  than one. 

8 . 5  FLUX GRADIENT MEASUREMENTS 

Small sections of manganese-copper wi re  w e r e  loaded into a lucite 

rod which had holes dril led along i t s  diameter .  This rod was attached to  
I 

a smal ler  rod and inserted into a f e r ru le  in positon 1:3-2,s-25. . The r e -  

sults of this t r a v e r s e  a r e  shown in Figure 38. 
' 

In a second se t  of measurements  (Run 4221, wires .  were  taped to ' 
the fuel pins in  can 31 a t  a point 49.4 c m  above the bottom of the active 

fuel. The resul t s  of this measurement  - compared to the same  point on 

wi re  31-3-25 - a r e  shown in Figure 39. 

8.6 REPRODUCIBILITY CHECK 

The conditions of run 418 were  repeated i.n run 45.9, with the A rod 

group banked a t  7'9.0 cm. 

A direct  eomparis'on rxlay be  made by comparing Figures  48 and 63, 

and Figures  75 and 86. The data for  runs 418 and 459 a r e  in Volume If 

of this Report. There  a r e .  slight di.fferances 'in point-by-point acti.vity, 

with the wors t  disagreement occurring in the corners .  As stated ea r l i e r ,  

if a co rne r  wi re  is cocked to  one ext reme in run 418, and to  the other  

ex t reme in run 459, a 1270 difference would exist ,  although each w i r e  is 

only 6% off of the t r u e  corner  position activity. 

It may  be  seen in Table XVII that the axial position of the peak is 

not . the s a m e  in runs  418 and 459. Actually the  t r u e  peak probably fal ls  

between the two points, and the differences a r e  not statistically significant. 
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9 .  F L U X  M.AP A N A L Y S I S  

9 . 1  DATA REDUCTION PROGRAM 

To expedite the data reduction and to p r e p a r e  a printed r ecord  of 

the data points measured ,  the data were  punched automatically into IBM 

ca rds .  A computer program was prepared  to average and normalize 

the data ,  to a r r ange  it in a reasonable o r d e r ,  .and to pr in t  the raw data ,  

along with the normalized da ta ,  on paper  offset plates .  Details of this  

computer program a r e  given in ,Volume I1 of this repor t .  In summary ,  

the program f i r s t  computes by numerical methods,  the average axial  

activity by performing the operatio11 
. . 

where + (z) = the activity a t  each axial  position along a w i r e ,  

z = the f i r s t  point counted, and 
0 

z = the l a s t  point coun.ted. 
m 

A total c'ore avevage is then computed by 

where W. i s  a weighting fac tor ,  denoting the importance o'f this wire  in 
1 

representing the flux of a .region. 

The computer then normalizes  each point by dividing the data  point 

by.the average activity." .This  number i s  pr inted,  along with the measured  

da ta ,  a t  i t s  respect ive position, identified by can  number ,  x ,  y ,  and p 

position as  defined in Scction. 7 .  3 .  1 and Figure  40; 



9 . 2  RADIAL WEIGHTING FACTOR SELECTION 

Weighting fac tors  for  m a p s  where wi res  a r e  concentrated in one 

octant a r e  determined by estimating the a r e a  of influence of the wire .  

This  method was checked by computing can averages  from the 32-can 

MARTY c o r e  a s  repor ted  in BAW-1124.8 The following computation was 

done for  comparison: the.can average for  the wire  pat tern was computed 

by assigning weighting f ac to r s  to the wire  according to their . location 

and computing the average  f rom the extrapolated flux existing a t  the 

wire  location. This  number ,  when compared to the numerical  average 

of the fuel pin da ta ,  gave an average  difference of + 0.970 * 4. 1%.  

In many of thc maps measured ,  a maximum of eight wil - rs  tsrao 

a.vailablc tn r.leterminz Lhe a.vPsagc flux l u r  a part icular  can ,  s o  an  

eight-wire patte'rn was established upon which an average  could be  

based. A number of combinations ul wires  were  t r ied  in an  effort to 

determine a s e t  of weighting factors  which could be independent of the 

rod  positions around the can. T h p  hest  agreement  with the MARTY 

"power maps  descr ibed above came  by using an average determined by 

4 4 

where +o = each of  four  corner  wi res  and 

= each of four specltied i n ~ r e r  wi res  
(9-9,  9-19, 1 9 - 9 ,  19-19). 

Comparison with the hQhRTY maps  gave an average  difference of 

-0.37'0 * 3.070 for 7 c a s e s  compared.  

The extrapolation of the flux in k h t  hIAR'i'Y can to the flux in the 

co rne r  w i r e ,  however,  underestimated the flux iil Lhe co rne r  wi re  a s  

ileLerni?lned by activation of MARTY fuel p ins ,  along with wi res ,  in a 

special  t 7 a t  inccr t  ill the Savannah co re .  Calcl11,ation nf t l i u  average by 

this  fni-n~ula g i v e s  an average that  i s  1.09 * 0.05 t imes  the t rue  average 

determined by the use of wires  in each position in the can. 

In genera l ,  the measuremen t  of peak normalized flux i s given an 

uncertainty of 6.. 3%. This  e r r o r  includes the maximum e r r o r  due to 

positioning the wire  ( see  Section 7 . 2 ) ,  the uncertainty in activity of the 

point a s  a r e su l t  of counting s ta t i s t ics ,  and the variation in wi re  compositi  



Figures  41 through 64 show profiles of the axially averaged flux, 

and the data a r e  tabulated in volumes I1 and I11 of this report .  

9.3' POWER PEAKING ANALYSIS 

The' transition. f rom flux peaking factors  to  cold, power.peaking 
' . '  

factors  i s  one involving severa l  correct ions,  each having some asso -  . . 

ciated uncertainty. The major  correct ions a r e  a s  follows. 

1. The higher flux seen by the corner  wi re  due 
to i t s  location 

2. The spectral  differences between wi re  activity 
and fuel activity 

3. The effect on peaking of the boron plastic str 'ips 

.Items 1 and 2 have been evaluated by the MARTY can maps  de- 

scr ibed in Section 8.2. To evaluate these factors ,  the rat io  of the 

normalized wi re  fluxes in each corner  to  the normalized fission product 

. activity in the corner  pins was determined. The average rat io for the 
1 

data available was  1. 21 f 0.. 13.  Statistically, no dependence of .this 

factor.  on borated plastic loading may b e  observed. This i s  fur ther  

substantiated by an  experiment to establish the flux gradients through 

fuel pins in the co rne r s  using manganese wire ,  a s  shown in Figure 39. 

The effects of borated plastic w e r e  determined by two s e t s  of 

runs,  where two se t s  of s imi lar  MARTY can data w e r e  run with and 

without borated plastic. In one c a s e  ( ~ u n s  426 and 430) the reactivity 

difference was taken up by adding m o r e  boron plastic to  the remainder  

of the core .  In the other c a s e  (runs 458 and 460), the reactivity dif- 

f e r  ence was taken up by changing the. water  height. For  10 to  12 

bora.ted plastic s t r ips  pe r  can, the average  rat io of peak-to-average 

with borated plastic to  peak-to-avcrage without borated plastic was 

1 .08  f 0.06. The wors t  c a s e  observed was  1.17. 

The second approach was to  analyze th ree  runs with eight wi res  

pe r  can for  peaking factors  discussed in Section 8. 1. The average  

rat io of peak-to-average flux with 594 borated plastic s t r ips  to  peak- 

to-average with no borated plastic was  1.04 f 0. 15. The average  

rat io of peak-to-average flux with 256 borated plastic s t r ips  compared 

to the no borated plastic. c a s e  was 1.  10 f 0. 21. 

The conversion f rom wi re  peak-to-average flux to cold power 

peak-to-average may be  broken down into three  cases .  



9:3. 1 No Borated' Plastic,  Octant Symmetry 

The correction factor i.s 

where 0.9545 i s  ' the reduction resulting f rom the 

lower than average enrichment in the inner 

cans where the peak occurs,  and 
1 - 

1.21 i s  the pin power to wire  flux ratio 

'previously discussed. , 

The uncertainty on this case ,  calculated from combining 

the uncertainties of each factor,  including the wi re  flux 

unceitainty, i s  f .12. 5%'. 

*This Pde t~ r  applie~l to runs  418, 420, and 459. 

9 :3. 2 With Borated Plastic,  Octant Syn~ l~ l e t ry  

The correction factor i s  

i s  the borated plastic effect on peaking where - 1.08 
a s  previously discussed. 

The combined uncertainties a r e  13.670. This factor 

applies to runs 360, 363, 422, 425, 433, and 449. 

9. 3. 3 With Borated Plastic,  Usingxight-  WireAadCal A s ~ a g i A  
Method 

The correction ,fd@r6r i s  

0.7334 x 1.09 = 0.7961, 

where l m i  09 is Lhe over-estimate of the can average due 

to the higher flux seen by the corner wir.00. 

Thc i r i ! . ~~~ ta i~ l t l . a s  in this case  a r e  f 14.. 370. 

This factor i$ applicable to runs 367, 370, 378, 

383, 401, 404, 416, 422,  and 445. .It was applied 

partially to runs 432, 435, and 439 since a portion 

of the cans in each of these runs was averaged in 

this manner. 

A slight correction, necessary due to renormalization of 

average power to 1.00, was not applied to the. peak-to-average power 

in each of these cases  since i t ' i s  too small  to be important with these 



ranges of uncertainty. A systematic e r r o r  of several  percent a l so  

exists since. the bottom 8. 2 c m  and the top 5 c m  of the fuel region do 

not contribute to  the average. 

F igures  65 through 86 show averaged can fluxes and can '. 

powers for  each of the flux maps,  and Table XVII shows a sum.mary of 

the peak flux factors  and the peak power factors .  
. . 
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1 0 .  T H R E E  D I M E N S I O N A L  C A L C U L A T I O N  

10. 1 INTRODUCTION 

Three  dimensional calculations w e r e  c a r r i e d  out to  match two 

cr i t ica l  rod pat terns  a s  experimentally determined in this program. 

Data f rom runs 418 and 420 w e r e  the bas i s  of this work. The two. 

c a s e s  a r e  distinguished by control rod positions, a s  shown below. 

POSITION O F  

BOTTOM O F  ACTIVE CONTROL ROD 

Rod Referenced to  Referenced to  Active . ' 

Run . Group Snubber s Fuel  Bottom 

418 Group A , 79 c m  
Others In 

Rod X Out (.I50 c m )  157.24 c m  
420 Group C 108 c m  115.24 c m  

Others In 

The TKO code solves few-group, t ime  independent, neutron dif- 

fusion equations in x, y ,  z geometry.  The  number of le thargy groups 

may b e  one, two, three ,  o r  four,  and the solution i s  obtained over a 

rectangular parallelepiped that i s  symmetr ica l  with respect  to the plane 
, 
x=y,  over one fourth of the core .  A m e s h  of horizontal and vert ical  

planes is. imposed on, this  parallelepiped, and a l l  region faces must  

.. occur on mesh  planes. Input pa ramete r s  a r e  specified region-wise, and 

completely var iable  mesh  spacings a r e  permit ted.  The number of mesh  



points 0.n and to one side of the plane x=y i s  limited to 2675 on 16, 384-word 

computers and 4725 on 32,768-word computers. Either a zero flux or  a 

zero  current  boundary condition may be applied at each boundry plane. 

The equations solved a r e  of the form 

'I 
where 1 5 K s 4, 

The physical interpretations of these symbols a r e  a s  follows. 

D = diffusion c.oefficient 

I=" = absorption c ross  section 

zR = removal c ross  section 

Xi = integral of the fission spectrum ove r the  lethargy 
range represented by group i. 

v. = average number of neutrons produced by a fission 
1 

in group i 

zf = fission c ross  section 

1) = fission source 

+ = nell t rnn f l i~x  

X = eigenvalue. 

Code input consists of a description of the mesh (interva:ls between 

successive mesh planes and composition placement) together with com- 

position coefficients and a flux guess for each composi.tion. . . 

Output includes a complete edit of the input, a picture of each 

different x-y plane with all regions and interfaces indicated, the comi 

position volumes, the composition integrated flux and source, and the 

point-wise flux and source values. 



10.3 TKO INPUT PREPARATION. 

10. 3. 1 Composition Coefficients: . 

A l l  coefficients were  generated by the B & W  '40-group 
' 

Spectral Code; which gives spectrum weighted polygroup coefficients ' 

for the desired.groups.  The groups used in the TKO problem.s'were " ' 

a s  follows. 

Group Energy Range 
- -- 

10 Mev to 9. 119 ke; 

2 9. 119 kev to 50.3 ev 
. . 

3 50.3 ev to  0 .4  ev 

4 Thermal  ' (0.4 ev cutoff) 

Data for the Spectral Code consist  pr imar i ly  of the atomic 

concentrations (Table XVIII), and the disadvantage factors  (Table X.IX) 

for  each region. The leakage f rom one region can be used a s  a source  in 

another (for example, f rom a fuel composition into steel).  The coeffi- 

cients a r e  on page 1 of the TKO printout in Volume IV of this report .  

10. 3. 2 Mesh Description and Overlay 

The x-y mesh, is identical in the two cases  because only 

vert ical  rod position changes. Since a ve ry  limited number of points 

a r e  available in the IBM-704 version of TKO, a cer tain amount of homo- 

genization i s  required. Previous experience has  established the strong 

influence of the s teel  cans on flux distribution, and for this reason the 

cans were  shown a s  finite regions. The control rods  were  then homo- 

genized with the adjacent water .  A separa te  one-dimensional study 

showed a small  i~lcreasc in computed rod worth when using this  method 

but i t  promised to give a better flux shape in the important a r e a s  (where 

flux peaks a r e  expected) than i f  the can and water  were  combined. A 

diagram of the x-y mesh,  including dimensions' and composition position, 

i s  shown in Figure 87. Areas labeled " 5 , 6 "  a r e  either control rods  o r  

followers a t  any given plane, depending on rod positions. The i l lustrated 

mesh  applies to a l l  ver t ical  planes'except those a t  the two ref lectors ,  

where the fuel in a r e a s  2 and 3 i s  replaced with water .  



A different e-mesh is required for each case. Lines 

defining necessary points such a s  region. interfaces and rod tips were 

chosen first.  Previous NMSR axial flux calculations were  used to 

detelrmine the optimum locations for the remaining planes. Figures 

88 and 89 represent the two e meshes with dimensions and plane locations. 

The detailed input for the two TKO cases  i s  shown in 

Volume .IV a s  part.of the machine printout. 

10.4 COMPARISON OF TKO AND EXPERIMENTAL RESULTS, 

Agreement between experiment and calculation might be expected 

in these four a r ea s :  

1. General fliix shape 

2, Locatinn and magnitude - .  of peaks 

3, Ekcess reactivity of the core 

4, Can averages of fiux'and p o w e ~  

10.4.1 General Flux Shape 

The TKO code determines a point flux distribution, a s  does 

the experimental program, and a power, or  source, distributi.on. Flux 

shapes a r e  compared by normalizing the group four (thermal) f l u x  to the 

average flux in the two fuel regions a s  determined by averaging the 

composition averages for group four in regions two and three a s  reported 

in Volume IV. This i s  compared to the man.ganese wire activity, also 

normalized to the average in the fuel region. 

T l ~ e  general axial flux shapes a p e e  well. as fihourn in 

b'igures 90 through 99. In some cases,  the wii-e location and the TKO 

. line coincide exactiy; in other cases  they a r e  several centimeters apart,  

but a r e  in the same a rea  of importance. 

An examination of the t raverses  reveals a sys temat i .~  

difference between the axial location of the peaks a s  calculated and a s  

measured. The source of this difference has not resolved; a recheck 

of experimental and c a l ~ u l a t i o n ~ l  dil~lcrrisions did riot show a positioning 

ei-ror. This systematic position difference adds more uncertainty to the 

comparison of magnitudes since the peaks occur in regions of high 

gradients. 



10,4.2 Location i n d  Magnitude of Peaks 

The location of both f1.u~ and power peaks given by TKO ? -  +. 

i s  different from that measured. This difference occurs because the 
1 

curved can corner and the curved follower a t  the can.corner cannot:be 7:.  

accurately described with a limited x-y mesh. The highest peak in 

thermal.flux, and powex occurs in a posi.tior, not directly measured 

with a wire;  but a s  shown in Figures 39, 5 2 ,  53, 61 and 62, this 

position does not see this larger  power or  f l u x  in physical reality. The . 

highest n'ormalized thermal flux and power a r e  shown in Table XX. 

10.4.3 Calculated Excess Reactivity 

h the process of generating the mesh spacings, 'computer 

storage limitations required that the control rod and water gap be 

homogenized. A one-dimensional, four-group analysis established that 

this homogenization would increase control rod worth in the critical 

core by 2%. Thus, for the two experimental critical cases,  a k e f f  of 

about 0.98 would be expected, and TK0,gives 0.9795 for run 418, and 

0.9792 fox fun 420. Considering 'the very limited mesh, agreement is 

exe ell ent. 

10..4.4 Can Averages of Power 

Can averages of power were  computed by volume weighting 

each point within' the cans. The nor.malbzed can powers a r e  shown in 

Figures 100 and 101. The flux numbers shown on these figures a r e  

calculated by dividing by the ratio of the zone enrichment to the average 
, 

enrichment, and then renormalizing the power to a quadrant average of 

., . unity. 

10.5 CONCLUSIONS AND RECOMMENDATIONS 

Comparison between experiment and calculation shows that in 

certain core positions reasonable agreement may be obtained with a , 

limited mesh. The mesh planes can be placed to cover. the most I 

important locations, but a general lack of detail i s  inevitable. This 

becomes more and more serious a s  the complexity and size of the core  

increases. 

TKO uses few-group neutron diffusion theory, Ektensive experience 

with this model in one- and twq-di.mensiona1 work establishes i ts  validity 

- 55 - 



in production work. The four-group model, when p:roperly used,  gives 

good. agreement  with experimental data; 

The p r i m a r y  s,hortcoming of TKO a s  present ly used is the 1.i.mi.ted 

mesh.  It i s  impossible to deser ibe  a NMSR-type co re  well enough with 

the l imited s torage of-an IBM-704. .TKO i s  being rewri t ten for  the 

Philco 2000 (TRANSAC) ma'chine whieh allows 100,000 inter ior  points 

compared with only 4.725 on the IBM-704. This new development will 

subs tantially increase  the usefulness .and value of this  three-dimensional 

code. . . 2 

The IBM-704 version of TKO is 'adequate  for  simple problems; 

-bu t  f o r  a c o r e  a s  complex a s  the NMSR it i.s recommended lhat the 

~ h i l c o  2000 (TRANSAC) version o r  itg eq~~i.rral,ent bc  usicl. 





CONTROL ROD LOCATION IN SAVANNAH C0R.E 

Location in Reactor  

E 1 

C 1 

D l  

n 11 
B4 

A1 .- 
B1 

E2 

C;4 

A4 

X 

A2 

C.2 

E4  

B 3  

A3 

B2 

D2 

D3 

C3 

E 3 ,  

Control Rod Number 

1 . . 

2 

3 

4 .  . 

5 

19 Dimensioned.Rod - 
7 

8 

' 9 

10 

1 P 

12 

13 

14 

15 

I 6  

1 % 

i 8 

6 

20 

;? 1 
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TABLE I 

INSTRUMENT RESPONSE DURING F U E L  LOPDING 

Conditions Ship BF, 

Added Total Number Lab BF, . 7-.ssion 
Run Bundles Bundles Ships Meter, L a j  Scaler, c l s e c  Ccunter, Linear No. 1 ,  Linear No. 2, 

Numb e + In Position In Core C / S = C  c l s e c  b Mockup: c / s e c  PPamP PPamP 

(Source In) 
12 

* 
Corrected for backgrcund 



TABLE I1 
. . 

. APPROACH TO CRITICAL B Y  ROD WITHDRAWAL 

Rod Positions Ship BF:3 
Fiss ion 

Run Group D,  Group E ,  . ,Ships Meter ,  Lab Scaler ,  Lab B F 3 ,  Counter, Linear No. 1, Linear  No. 2, , 

c l s e c  Number in. in. '. c / s e c  c / s e c  c / sec PPamP PPamP 
. . I 

m .  0 4 . 2  4. 15 0.48 109 410 23 
I+ 9 ' .  4 . 3  4.45 ' 0 . 41  11 3 420 32 . 

I 19 4 . 2  . 4.68 0.50 127 5 10 5 6 
,5 . 4. 6.  25 0.90 198 960 99 
8 . 0  8 . 4 1  1.53 37 3 2040 165 . 

4  9  10.7 12.91 2.. 69, 662 38 00 25 0 
59 . . 15.0 . 16.78 3.61 8 9 1 5200 3 20 

17.0 18.73 3.86 956 5500 350 . 
u 

. 3  
.17.0 ; 19.66 . 4.  23 . . .  . 1063 6000 440 

351 , 12 .. 0' 24.0 .: 28.8'2 6 .70  1572 . . ' 8700 7 30 
. . 14 A 39.0 , - 4 4 . 4 1  11.. 21' , . 2450 ' 12900 . 1080 '-; 

4 .  

3785 , ,19800 1980 15 . Cz 59.0 , 68.36. 15 .87 ,  
16 147.0 160.64 36. 32 8813 46000 4900 
17 Slightly Supercri t ical  

. . 



Can Dy-A1 
Number Foi l  Number 

10 4 

5 

6 

7 

14 8 
G 

TABLE III 
ABSOLUTE FLUX MEASUXEMENTS 

, ?An-Cu: Wire 

4 2200 
4 Asat x 2 7 . 8 , T  

Saturated 
Activit-r . neu t / cm2  i s e c  

Count Rate  
q 2200 a t  8 0  c m  

P e r  Can,  a r b i t r a r y  
neut /cm2 / sec  units 

1 . 5 8  x lo7 274 

- 
4 2200 

Wire  Count Rate  

Average 0 . 5 7 1  x l o 5  - 

:$ The conversion fac tor  of 2 7 . 8  was determined for  the Dy-A1 foils  f rom an  intercal ibrat ion with the 
National Bureau of Standards  absolute neutron flux. 



TABLE IV 

POWER CALCULATIONS 

Can 
Number 

Mn- Cu Wire 
Count Rate 

a t  80 cm 

(4 110O)*.~ Cm 

Wire Count 
Rate x 

0.571 x lo5 

$ 
2200 

per  Can, 
neut /cm2 / s e c  

Power 
Fac tor  

power  / c a n ,  
watts 

16 296 1.69 x lo7 0.746 0.95 1,20 lo7 . 4.15 1 0 - ~  5.0 

Total ~ o w e r l ~ u a d r a n t  = 33.8 watts 

Power of ~ o t a l  Core = 33.8 x 4 - 135 watts 

* ' f  = Vert ical  Correction Fac tor  
v . . 

f = Radial Correction Fac tor  
r_ 

a The factor 112 was used' since only one-half the can was in the measu red  quadrant. 
* .  



TABLE V 

SHIP INSTRUMENT CALIBRATION AT GEL 

Reactor 
Instrument P o w e r ,  

Instrument  Count .Rate,  c / sec watts . ' counts /  sec /watt 

Ship B F 3  1 . 7 x 1 0 3  . , 135 .. . ' '12.5 

Ship Fission .. . 

Chamber 1T..2 ' 135 0.083 

/ 

TABLE VI 

ESTIMATE OF POWER CALIBRATION ERRORS ' 

~ a c t 6 r  Est imated E r r o r ,  70 Comments. 

Estimated from fuel manufacturing 
data ' 

Reference 10 

+ 20 Includes e r r o r s  in f,, f r ,  and 
a'hsn11it.e Ilm calibration 

Includ=s bath calodationa! a n d  
experimental e r r o r s  - 
.Experimental err.or 

. . 
. . 

E. * 2 Experimental e r r o r  

Total error = d(1)" +'(212 t ( 2 0 ) ~  t (1): t (5)' + (3)"t (2) '  YO = * 21% 

Total power = 135 28 watts for run 35 2 



TABLE VII 

INTEGRAL COUNTS O F  NICKEL FOILS 
, 

Nickel 
Foil Net Counts Weight, Net Counts 

Number P e r  Minute g m P e r  Minutelgm 

1 3 84 2 .  56 150 



TABLE VIII 

SUMMARY O F  "STUCK ROD GROUP" MEASUREMENTS 

Rod Group 
Withdrawn 

(All Others  Inserted) Conditions Comments 

C Subcritical 

D Subcritical 

E Subcritical 



TABLE HX 

BORAT ED PLASTIC SAMPLE WEIGHTS 

Sample Number 
10-cm Long 

Weight, Sample Number 
10 e m  Long 

Average. 3.339.5f 0.057 

Weight, 
g m  



TABLE X 

FLUX MAP EXPOSURES 

Reactor Log Log N. 
Run Number CRM W amp 

352 65000 0.023 

360 Off Scale 9 

363 Off Scale 6 

367 Off Scale 2 

370 Off Scale 2 

378 Off Scale 8 

383 ++ 
401 Off Scale 6 

404 Off Scale 4 

405 Off S a l e  3 

416 Off Scale 8.5 

418 Off Scale 7 

420 Off Scale 8 

422 Off Scale 8 

425 Off Scale 8 

426 Inoperative 2 

430 Inoperative 0.8 - 
432 Inoperative 8 

433 Inoperative 8 

435 Off Scale 9 

439 Off Scale 9 

442 Off Scale 5 

445 Off Scale 7 

449 Off Scale 8 

456 Off Scale 3.5 

458 Off Scale 2.0 

459 Off Scale 10.0 

460 Off Scale 4.0 

N: 3 x lo-' amperes fill scale 
0: 10 x LO-' amperes fkll scale 
P: 3 x 10-: amperes fill scale 
Q: 10 x 10- amperes !ill scale 

Linear 
No. 1 

40% K 

37% N. 
50% 0 

49% 0 

46% 0 

80% 0 

45% 0 

41% 0 
37% 0 

89% 0 

32% P 

68% 0 

30% P 

34% P 
35% 0 

42% N 

30% P 

30% P 

93% 9 
35% P 

70% 0 

87% 0 

55% P 

24% P 

95% N. 

43% P 

93% N 

Linear 
No. 2 

3 1  N 

33% 0 

66% Q 
29% Q 

29'51 0 

85% P 

24% Q 

30% 0 

26% 0 

32% Q 

665 P 

70% P 

25% Q 

23% Q 

29% P 

63% 0 

75% P 

246 Q 

8956 P 

24% Q 

8odb P 

l o r n  P 

8496P 
4% P 

7W N 

6 6  P 

8 s  0 

Monitron, 
R l k  

0.023 

1.0 

7.0 

7.0 

7.0 

7.0 

7.0 

' 7.0 

11.0 

10.0 

7.0 

7.0 

6 .0  

7.0 

5.0 

1.5 

1.0 

7.0 

7.0 

7.0 

7.0 

7.0 

7.0 

7.0 

2.5 

6.5 

7.0 

6.0 

a *  All Instruments Not Read 

Safety 
No. 2 
amp 

5 % ~  lo-' 

2 0 % ~  lo-' 

8 % ~  lo-' 

55%'~ ID-' 

5 0 % ~  lo-' 

1 8 % ~  lo-' 

Shield 
Tank 

Chamber. 
am:, 

Core 
Tank Water 

Temper- Height, 
.iture. C crn 

-- - 

19.2 Full 

18.8 Full 

19.1 Full 

18.3 Full 

17.8 Full 

17.5 , Full 

Full 

20.8 Full 

20.0 51.74 

20. 0 35.65 

20.2 Full 

19.5 Full 

18.9 Full 

Full 

18. 5 Full 

19. 0 ,Full 

1 8  0 Full 

18. 0 Full 

18. 1 Full 

17.9 Full 

la .  o F U I ~  

19.9 Full 

19.5 Full 

16.0 Full 

15..5 Full 

20.5 47. 2 

20.0 Full 

19.9 114.53 

Ekposure Time 

.20 min ' 

10 min 

60 eec DT 

59 sec DT 

62 aec DT 

56 sec .DT 

56 sec DT 

60 sec DT 

73 sec DT 

115 sec DT 

66 sec DT 

60 sec DT 

67 sec DT 

62 sec DT 

58 sec DT 

63 sec DT 

61 sec DT 

50 sec DT 

50 sec DT 

57 sec DT 

57 sec DT 

61 sec DT 

65 sec DT 

55 sec DT 

48 sec DT 

59 aec DT 

43 sec DT . 
63 sec DT 

DT: Doubling Time 



TABLE XI 

ROD POSITIONS FOR FLUX MAP EXPOSURES 

Rod Posit ion,  cm Withdrawn Number of 
Reactor o Boron 

,Run Number X ~ r o u p  A Group B Group C Group D Group E St r ips  Comments 

0 352 0 0 . .  0 42.25 15 1 0 
360 0 0 88.6 15 0 150 150 / 336 - 

k- 363 0 89 .0  0 150 150 150 320 
367 0 80 .0  30.0 C1-0 C2,3 .4 , -150 150 1.5 0 3 20 
370 , 0 25.0 79.8 C l -0  C2.3 .4 , -150 150 150 3 20 
378 0 A3-0 A1,2 ,4 , -150 91.0 150 150 , '  150 448 
383 - 150 ,A3-0 A1,2 ,4 , -150 82 .8  150 150 150 488 I 

' 401 150 150 150 150 150 150 5 94 
0\ 404 ' 150 . 150 B1.2 , -150 B3.4.-70 150 150 150 25 6 
V) -10 5 150 150 . B1.2 , -150 B3,4 . -50  150 D1.2 ,3 , -150 D4-60 E1 ,2 ,3 , -150  E4-60 0 

I 416 ' 0  . ' 1 0 1 . 0  0 150 Dl -0  D2.3 .4 , -150 150 320 
418 0 79.0 0 0 0 0 0 
420 150 0 0 108.0 0 0 0 .  
422 0 .  100.0 0 101.7 150 150 3 20 
L25 0 89 .6  45.0 150 150 150 384 
426 0 82 .5  45.0 150 ' 150 150 384 MARTY can in Posit ion 27 
430 0 88.  1 45.0 150 150 150 4 19 MARTY can in Posit ion 27 
432 ' 0 90.0  B2,4 , -150 B 1 . 3 , - 7 5 . 0  150 ' 150 150 ' 458 
433 0 90.0 90 .0 '  150 150 150 458 
435 0 90.0 B1.3 , -102.B2,4 , -180.0  180 180 180 458 
43 9 90 . ' 90.0 B2.4 .  -150.B1.3,-39.0 150 150 .  150 458 
442 0 A1-150 A2 ,3 ,4 , -101 .3  B2.3 , -150 B1 ,4 , -55 .0  150 150 150 458 
4-15 0 A1-150 A2.3 .4 ,  -104.0 . 150 C l - 0  C2.3 .4 , -150.0  150 150. 496 . 
449 0 88 .5  0 .  50.0 150 150 240 

0 MARTY can in Posit ion 20 
0 MARTY can in Posit ion 20 
0 

320 M A R T Y c a n i n P o s i t i o n 2 0  



TABLE XI1 

STANDARD DEVIATION O F  COLOR GROTJPS 

Color Group 

Red 

Blue 

Red and Blue 

Brown 

G r  aeii 

Nominal 
Composit ion,  

Reac to r  Runs % Mn 

4 1 3 ,  416  , 20 

416 20 

Standard Deviati.on., . 
'70 

Over -all Standard Deviation in w i r e  composit ion within cdt~lpus  iLion 
'group: 1.570. 



TABLE XI11 

MARTY ELEMENT MEASUREMENTS 

Number of. . Water 
Run Marty Element Refer to  Borated Polyethylene Height, Rod Positions,  . . 

Number In Can Number Figure Strips in Marty Can e m  e m  Comments 

full 

full 

full 

4 7 . 2  

X: in F o r  compaiison to  
A: 82.5 Run 430 to  evaluate 
B: 4 5 . 0  boron plastic 
C, Di E: out effects 

X: in. F o r  comparison 
A: 88.1 to  Run 426 
B: 4 5 . 0  
C, D, E: out 

X: in F o r  evaluation of 
A: 75.2 flux to power con- 
B, e, D, E: in version in c a s e  to  

b e  calculated on 
the PBM 704: 

X: in ' F o r  comparison to  
A: out Run 460 for  boron 
B: in plastic. effects and 
G, D, E: out flux to  power 

conversion 
. - 

114.53 X: in F o r  comparisoa 
A: out to  Run 45'7 
B: in .z.- 

C, D, E: out 



TABLE XIV 

SUMMARY O F  CADMIUM FRACTION MEASUREMENTS 

Manganese- Copper 
A 

Run 
Numbor Can and 'Position 'Cadmium Ratio a t  49.4 c m  Cadmium Fraction I 

Uranium 
\ 

Kun 
A 

NurrrLel- Can and Position - Cadmium - - Ratio a t  49.4 crn Cadliiium Fraction1 



TABLE XV 

COCKED ROD :MEASTJRE.MENTS 

RUN 456 ' ROD A-4 COCKED 

Can 12 Can 18 

Wire Average Axial. Wire Average Axial 
Posit ion Activity , Counts . ~ a t i o ' :  

. - Posit:ion. Activity,. Counts 

Wire 
Position 

Can 13 

Average Axial 
Activity, Counts 

Can 19 

Wi.re Average Axial 
Ratio:$':: Posit ion Activity, Counts 

The rat io  of wire  activit ies of syrnrnefrical1.y located wires- in 
Can 18 to wi res  in Can 12,. 

: *  The ratio,of wire  activit ies of symrnei;rical.ly located wi res  i.n 
Can 19 to .wires  in Can 13. 



TABLE XVI 

COCKED ROD MEASUREMENTS 

, RUN 458 

MARTY CAN 20 RODS A- 2 & A-3 COCKED 

Fuel  Average Axial Fuel  Average Axial 
Posit ion Activity, Counts ~ a t i o *  Position Activity, Counts 

:$ Ratio of fuel activit ies in symmetr ica l  c o r n e r s  .of the can away from 

the rod  to activity in c o r n e r s  against  the rod. 



Run 
Number 

Posi t ion,  
Can #, x, y. 

TABLE XVII 

PEAK FLUX AND p~~~ POWER FACTORS 

Axial Posit ion,  
cm from Bottom 

of Active Fue l  

Highest Normalized 
Flux ( a s  measured)  

Av. = 1.000 

Highest Normalized 
Power  

Av - 1.000 



TABLE XVIII 

ATOM CONCENTRATIONS 

Composition Element 

1 ,  Moderator Hydrogen 
Oxygen 

2 ,  Inner 
zone 
fuel 

3 ,  Outer 
zone 
fuel 

4 ,  Flow 
block 
area 

' 5 ,  Control 
rod.  and 
modera tor  

6 ,  Follower 
and modera tor  

7 ,  Can 

Hydrogen 
Oxygen 
Stainless Steel 
U-235 
U-238 

Hydrogen 
O ~ Y  g en 
Stainless Steel 
Un- 235 
U-238 

Hydrogen 
Oxygen 
Zirca1.0~ I1 

Hydrogen 
B- 10 
Oxygen 
Stainless Steel 

Hydxogen 
Oxygen 
Aluminum 
Zircaloy 

Stainless Steel 

DISADVANTAGK FACTORS 
(In Fuel  Regions as Determined by Pj  Approximation) 

Composition - ;... Elemer11 
-.. . +'+cell 

2 H 1.1356 
0 1.0000 
SS 0.9160 
U- 235 0.7751 
U.- 238 0.7915 



TABLE XX , 

EXPERIMENTAL AND' CALCULATED FLUX AND POWER PEAKS 

Run Position Ekperimental Magnitude Calculated Magnitude 
~ T K O  Mesh Mn-Cu wire1 F l u x  PO- I - w a  

418 $1: ; plane 4 14-03-25; 48.4 c m  7.53 f 0.47 5.94 * 0.74 7.67 7,36 

I 

-4 418 3- ;  lane 4 - - -  7-3 - - -  - - -  10.3 
4 

9.31 

I 

420 4-4 ; plane 5 . 19-25-25; 69.0 c m  5.77 * 0. 36 4.55 * 0.. 57 3. 86 3.59 

420 ; plane 5 

t 
Note that norm-alized power peak in the experiment i s  determined for the neares t  fuel pin to  the co rne r  
and does not l i e  on the point of measured flux; calculated normalized power peak i s  determined a s  i f  
homogenized fuel existed a t  -the mesh  point. 



FIG. 1 :  .ELEVATION DIAGRAM O F  SAVANNAH CONTROL RODS AND 
F U E L  ELEMENTS IN TEST FACILITY 

Tap of  Can 197.9  

Handling Knob 

Top of Fuel Pins 172.6 
169. 3 

Top of Active Fuel 167. h 
165.5 

148. 7 

Forrille Plane 
Total of Nine 

128.0  

125.4. 

Zero On Water Height 24. 7; 

Indicator t=F 2 2 . 2  

Bottom of Active 

Bottom of Fuel Pins 

All .Dimensions' in ern 



FIG. 2: NORMAL INSTRUMENT LOCATION AROUND CRITICAL , 

FACILITY 



FIG. 3: PHOTOGRAPH OF SAVANNAH CORE 



FIG. 4: BLOCK DIAGRAM OF INSTRUMENTATION FOR ZERO POWER 
EXTENSION TESTS ON CORE I 

Ship BF, 
W L  7087 

Beckman 
Digital Scaler 

Ship Fission 
Counter 
WL-6376 

i 

(Amp Out) 

I 

-. 

100 ft Coaxial 

Ship Compensated 
Ion Chamber 

Signal 

WL-6377 

- - L 

200 ft-Triaxial Cable 

Pulse  Amplifier 
Integrator 

(Cabinet A) 

Indicating 
Meter  

jCabinet A) 

Log Microammeter  
(Cabinet A ) 

Proportional 
High Voltage 

supply 
(Cabinet A) 

b 

Pulse  Amplifier 
Integrator 
(Cabinet D) 

Keithley 

- 

- 
(Disc 

I 
Compensated Voltage 

Beckman 
Digital Scaler  

(CEL) 

- 

- 

a ln) Model 2025 B 

Log Microammeter  
( Cabinet D) 

Micro-Microammeter Supply - Cabinet D 

- 

- 

Lab B F 3 ' s ,  
Fiss ion counters  , 

Ion Chambers 

Indicating 
Meter 

(Cabinet D) 

. c 

. 

Lab Amplifiers 
Sca lers  & Indicators 



FIG. 5: VOLTAGE PLATEAU FOR SAVANNAH BF, COUNTER, WL- 7087 

1.6 1.7 1.8 1.9 2.0 2.1 2.2 2. 3 2.4 

High Voltage, kv 



FIG. 6: BIAS CURVE WITH REACTOR FOR SAVANNAH FISSION 
COUNTER, WL-6376 

900 800 700 600 - 500 0 

Discriminator Setting 



FIG. 7: BIAS CURVE WITH Po-Be SOURCE FOR SAVANNAH FISSION 
COUNTER, WL-6376 

1000 800 600 400 200 0 

Discriminator Setting 



FIG. 8: SIMULTANEOUS RESPONSE OF THREE SHIP DETECTORS 

Output From Detectors, coante / sec* or micro-micro amps** 



FIG. 4: LOCATION O F  INSTRUMENTS IN SHIELD MOCKUP AT 
GEL - T O P  VIEW 



FIG. 10: RELATIVE DISTANCES O F  INSTRUMENTS FROM 
REACTOR - SIDE VIEW 

,, 4 h 0 h B 1L 1 1 0  J 8 L -  24'0 
Braid M.t.hce From Core M.l Csmer Line, sm 

NS Savannah GEL Bxperiment and NS Sauaunah I 
Thimble Shie ld ing  Difference 

cm R a m  
I W R  BF3 Piasion CIC 

1 25.7 19.4 19.5 19.8 
33.7 57.8 61.3 63.8 

V& 8.5 3.1 4.8 7.0 
TOW 67.9 80.3 85.6 90.6 

Diffel.ance Rpon m R  
Aam R a d i a  
BPq P i s d o n  CIe . 

Steel -6.3 -6.2 -5.9 
0 te4.1 427.6 tp.1 
Void -5.41 -3.7 -1.5 

Net t12.4 +17.7 t22.7 

- Fisdon CIC 
BF3 - - 

; n r n x n z  

Thermal Shield OD - 91.5 91.5 91.5 

%O 46.3 46.3 46.3 
Core Tack W 137.8 137.8 137.8 

Steel 1.1 1.1 1.1 

Core Tank OD 138.9 138.9 138.9 

Void- 0.8 2.8 5-5 
Plate "ID" - 139.7 141.7 144.4 

Steel 18.0 18.1 18.4 

Plate "OD" 157.7 159.8 162,8 

v ~ i a  - 2.3 2.0 1.5 

Tank "W" - 160.0 161.8 164.3 

Steel 0.3 0.3 0.3 

Tank "OD" 160.3 162.1 164.6 

Ha0 11.5 15.0 17.5 
Thimble Outer Edge - 171.8 177.1 182.1 

Thimble Wall 0.8 0.8 0.8 

Thimble bmr Edge - iT2.6 177. Y 182.9 

Void 7.7 7.7 7.7 

Thimbk Center L h e  - 180.3 185.6 190.6 

NOTE, 4- Difterenam 

c= sum 



FIG. 11: PLACEMENT OF DETECTORS AROUND CORE ABOARD 
NS SAVANNAH 



FIG. 12: FLUX DISTRLBUTION Vs DISTANCE FROM THERMAL 
SHIELD AT CEL 

0 5 10 15 20 25 30 35 40 45 50 55 60 

Distance From Shield, c n  



FIG. 13: SHIP DETECTOR RESPONSE V s  FUEL ELEMENTS LOADED 

15 20 25 

Number Elements Loaded 



I 3x03 HVNNVAVS SN - dflX30H 133 
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FIG. 15: DETECTOR RESPONSE VERSUS TEMPERATURE 

200 300 40 0 

Temperature, F 



FIG. 16: WIRE AND FOIL LOCATION FOR POWER CALIBRATION 



FIG. 17: NICKEL AND GOLD FOIL. LOCATION IN ,CORE FOR FAST 
FLUX MEASUREMENT 

Src Detail "A" J 

Note: All foils located 84 cm belaw lop ul Iurl pins - 



FIG. 18: GOLD FOIL TRAVERSE A.T CORE-CENT ERLINE FROM 
CORE TANK T O  THERMAL SHIELD 

Distance, c m  



FIG. 19: GOLD FOIL TRAVERSE AT T O P  O F  F U E L  FROM CORE 
TANK T O  THERMAL SHIELD 

Distance, c m  



FIG. 20: SPATIAL RESOLUTION O F  WIRE SCANNER 

- 3 - 1 0 1 2 3 

Distancc J?~.urn Center,  in. 



FIG. 21: BLOCK DIAGRAM O F  WIRE SCANNER 

I-li Voltage 

A n t h r a C r ~ ~ c  Ktol 

+ Slave  Photomult ipl ier  

Slave 
P re  , 

+ Hi Voltage 

Amp. supply Type 024 
IBM S e r i a l  
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FIG. 22: RESOLUTION LOSS O F  WIRE SCANNER WITH Mn-Cu WIRE 
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FIG. 23: RADIAL PROFILE OF AXIALLY AVERAGED FLUX 
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FIG. 25: RADIAL PROFILE OF AXIALLY AVERAGED FLUX 
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Ê $ llO esl  
E-* 6 0 -  

gf ::0= 
lii 150 Cm 
s r  Me- 



FIG. 26: CADMIUM FRACTION Vs  AXLAL POSITION 
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FIG. 27: CADMIUM FRACTION Vs AXLAL POSITION 

BOW 

RUN 422 

Bare Wire 14-09-19 0 
Cad. Cov. Wire 14-19-09 
Rod Positions 

A's-----100.0 c m  
B's-----h 
C'e-----101.7 c m  
D1e-----out 
E's-----out 
&------in 

.- 

Ell 
Legend 

A; ---- 
~ ' s  .--. 
cb . . . . . . . 

\ 

~b -..- 
~b - . -  
X - 

0 60 80 1r)W 120 146 1 do 
Distance From Bottom of Fuel, c m  



FIG. 28: CADMIUM FRACTION V s  AXLAL POSITION 
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FIG. 29: CADMIUM FRACTION Vs AXIAL POSITION 
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FIG. 30: CADMIUM FRACTION Ve AXIAL POSITION 
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FIG. 31: CADMIUM FRACTION V s  AXIAL POSITION 
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FIG. 32: CADMIUM FRACTION V s  AXIAL POSITION 

RUN 439 

Bare Wire 14-23-05- 0 
Cad. Cov. Wire 14-05-23-• 
Rod Positions 

Afs------90.0 cm 

Legend 

A'$ ---- 
B& . - - .  
cb . . . . . . . 
oh -..- 
~b -.- 

X - 

" 

0 20 40 6 0 8 0 LOO 120 140 160 

Distance From Bottomof Fuel, cm 



FIG. 33: CADMIUM FRACTION VS .A XI A I ,  POSI'J'ZQN 
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FIG. 34: CADMIUM FRACTION Vs  AXIAL POSITION 
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FIG. 35: CADMIUM FRACTION Vs  AXIAL POSITION 
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FIG. 36: CADMIUM FRACTION Va AXIAL POSITION 
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FIG. 37: CADMIUM FRACTION ACROSS CAN 
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FIG. 38: FINE STRUCTURE THROUGH C-ORNER OF SAVANNAH 
FUELBUNDLE 
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FIG. 39: WIRE ACTIVITIES AD JACEWT TO CORNER FUEL PINS 
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FIG. 40: LOCATION MATRIX FOR PIN AND WIRE POSITIONS 

BOW 



FIG. 41: RADIAL PROFILE OF AXIALLY AVERAGED FLUX 
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FIG. 42: RADIAL PROFILE 0g AXIALLY AVERAGED FLUX 
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'FIG. 45: RADIAL PROFILE OF AXIALLY AVERAGED FLUX 
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FIG. 47: RADLAL PROFILE OF AXIALLY AVERAGED FLUX 
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FIG. 48: RADIAL FROFILE O F  AXIALLY 'AVERAGED F L U X  



FIG. 49:  RADIAL PROFILE OF AXLALLY AVERAGED F L U X  



FIG. 50: RADIAL PROFILE  O F  AXIALLY AVERAGED FLUX 
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FIG. 5 1: RADIAL PROFILE O F  AXIALLY AVERAGED F L U X  



FIG.  52:  RADIAL P R O F I L E  O F  AXIALLY AVERAGED FLUX 
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FIG. 53: RADIAL PROFILE O F  AXIALLY AVERAGED FLUX 
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FIG. 55: RADIAL PROFILE O F  AXIALLY AVERAGED FLUX 
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FIG. 57: RADIAL PROFILE OF AXIALLY AVERAGED FLUX 
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FIG. 59: RADIAL PROFILE OF AXIALLY AVERAGED FLUX 
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FIG. 60: RADIAL PROFILE O F  AXIALLY AVERAGED FLUX 
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FIG. 61: RADIAL PROFILE O F  AXIALLY AVERAGED FLUX 
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FIG. 62: RADIAL P R O F I L E  O F  AXIALLY AVERAGED FLUX 
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FIG. 6 3 :  RADIAL P R O F I L E  O F  AXIALLY AVERAGED FLUX 

FULLY INSERTED ROD 

PARTIALLY INSERTED R 

WIRE L4CbTION 

NO bOROI, PLASTIC. THIS 

X - n r m  

A - 19 c m  

8 -  Ocm 

OD 

RUN 



FIG. 64: RADLAL PROFILE O F  AXIALLY AVERAGED FLUX 
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FIG. 65: CAN F L U X  AND POWER AVERAGES 
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FIG. 6 6 :  CAN F L U X  AND POWER AVERAGES 
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FIG. 67: CAN FLUX AND POWER AVERAGES 
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. FIG. 68: CAN FLUX AND POWER AVERAGES 

BOW 

P 1.327 

STERN 

Rod 'Positions 
(c m) 

A1 25.0 61- 79.8 C I  0 Dl ,150 El 150 . -- 
A2 25.0 82 79.8 C2 150 02 150 'E2 15a 

A3 25.0 83 79.8 C3 150 03 150 F3 150 -- 
A4 25.0 84 79.8 C4 150 04 150 F4 15.0 

x o  



FIG. 69: CAN FLUX AND POWER AVERAGES 
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FIG. 70: CAN FLUX AND POWER AVERAGES 
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FIG. 71 : CAN F L U X  AND POWER AVERAGES 
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FIG. 72:. CAN F L U X  AND*POWER AVERAGES 
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' FIG. 73:  CAN, FLUX AND POWER AVERAGES 
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FIG. 74: CAN FLUX AND POWER AVERAGES 
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FIG. 75: CAN FLUX AND POWER AVERAGES 
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FIG. 76: CAN FLUX AND POWER AVERAGES 

BOW 

STERN 



FIG. 77:  CAN FLUX AND POWER AVERAGES 
' 

STERN 

Hod Po ition -* 



FIG. 78: CAN FLUX AND POWER AVERAGES 

BOW 



FIG. 79:  CAN FLUX AND POWER AVERAGES 
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FIG. 80: CAN F L U X  AND POWER AVERAGES 

BOW ' .  
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FIG. 81: CAN F L U X  AND POWER AVERAGES 
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FIG. 82: CAN F L U X  AND POWER AVERAGES 
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FIG. 83 :  CAN FLUX AND POWER AVERAGES 
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FIG. 84: CAN FLUX AND POWER AVERAGES 
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FIG. 85: CAN FLUX AND POWER AVERAGES 

R d Position + . 



FIG. 86:  CAN FLUX AND POWER AVERAGES 
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FIG. 87: XY MESH FOR TKO CODE 

Symmetry About Line x = 1, y = 1 
Flux = 0 on Outer Boundaries 



FIG. 8 8  Z MESH FOR TKO CODE - RUN 418 
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FJG, 89; Z MESH FOR TKO CODE -RUN 420 
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FIG. 90: AXIAL FLUX TRAVERSE 
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FIG, 91: AXIAL FLUX TRAVERSE 
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FIG. 92: AXIAL FLUX TRAVERSE 
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FIG. 93: AXIAL FLUX TR AVERSE 
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FIG. 94: AXIAL F L U X  TRAVERSE 
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FIG. 95: AXIAL FLUX TRAVERSE 
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FIG. 96: AXIAL FLUX TRAVERSE 
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FIG. 97 :  AXI-3L FLUX TRAVERSE 
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FIG. 98: AXIAL FLUX TRAVERSE 
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FIG. AXIAL FLUX TRAVERSE 
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FIG. 100: CAN F L U X  AND POWER AVERAGES 
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FIG. 101: CAN FLUX AND POWER AVERAGES 
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R d Po itions * 
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