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In  runs 22, 23 and 24 the  HRT w a s  operated with downward 
flow through t he  core a t  powers 143  t o  5 Mw, Because o f  leakage 
pas t  t h e  lower core tank patch, uranium could not  be prevented 
from en te r ing  the  blanket ,  so the  concentrat ion w a s  de l ibe ra te ly  
kept above 1 g  kg D20. The core power w a s  about 0.6 of the  
t o t a l .  

Nuclear power f luc tua t ions  were l a rge r  than with upward core 
flow, and the  cause was invest igated in tens ive ly  i n  run 22 a t  
powers up t o  1.8 Mw. Run 22 w a s  -terminated a f t e r  778 hours when 
a leak developed i n  a f u e l  feed p~unp weld. In run 23 t h e  power 
was r a i s ed  stepwise t o  5 Mw. This run was terminated a f t e r  794 
hours by the  removal of  t he  fue l ,  containing t he  f i s s i o n  and cor-  
rosion products accumulated i n  10,028 hours of  operation.  Fuel  
replacement required th ree  days. Run 24 operat ions  were hampered 
by a leak which developed between t he  feed and letdown streams i n  
the  f u e l  letdown heat  exchanger. The run was terminated a f t e r  
546 hours, when a crack developed i n  a f u e l  feed l i n e  t e e  and 
leaked solut ion i n t o  the  reac to r  c e l l .  

The changes i n  t he  core flow and hea t  t r a n s f e r  were evident ly  
~ f f e c t i v e  i n  e l iminat ing regions of high temperatures and uranium 
deposit ion.  In  a l l  t h e  operations,  including more than 100 hours 
a t  5 Mw, the re  was never any ind ica t ion  of f u e l  i n s t a b i l i t y .  
Previous operation a t  the  same pressure  (1400 p s ig )  and core mean 
temperature had r e su l t ed  i n  detecT;a,ble i n s t a b i l i t y  a t  lower powers. 
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IWRODUCT I O N  

Following run 21 the HRT was shut down f o r  maintenance and f o r  modi- 
f ica t ion  of the core flow pattern. The top f ive  diffusor screens were re-  
moved from the  core and the  fue l  circulating pump connections were modi- 
f i ed  t o  reverse the direct ion of flow through the core. The purpose of 
these changes was t o  reduce the poss ib i l i ty  of hot spots i n  the core, 
part icular ly on the core w a l l . '  The purpose, when operation was resumed, 
was t o  determine i f  full-power operation without f u e l  i n s t a b i l i t y  or fur ther  
damage t o  the core tank was now possible. System conditions were chosen 
t o  improve the chances of trouble-free operation. The reactor pressure 
was limited t o  below 1450 psig, so tha t  the boiling point of the fue l  so- 
lu t ion  was well below the minimurn temperature f o r  second-liquid-phase for -  
mation. The core average temperature was kept below 2700C so tha t  the 
maximum solution temperature expected i n  the core should not exceed 2 9 0 0 ~ ~ ~  
well below the boiling point. A s  an a id  i n  cooling the  core w a l l ,  the 
blanket was operated a t  230°C.  h he core average was 260°c, so it was 
necessary t o  separate the core and blanket steam systems.) 

This report covers the  period between the  end of run 21 and the  start 
of run 25. The summaries of three runs a r e  presented here i n  a single re-  
port, ra ther  than i n  individual reports a s  has been the  practice, because 
runs 22, 23 and 24 were closely related both i n  time and i n  experimental 
program, Runs 22 and 23 were extensions of a single experimental program, 
the stepwise approach t o  f u l l  power t o  t e s t  the  efficacy 0% the  core modi- 
f icat ions.  The two runs were separated by a brief  shutdown t o  replace a 
fue l  feed pump. The run designation was changed from 23 t o  24 when the 
fue l  charge was replaced, There was l i t t l e  interruption i n  the  operation; 
the  reactor was not drained during the  replacement, and internal  recom- 
bination experiments s ta r ted  i n  run 23 were continued in run 24, 

REACTOR ALTERATIONS, CBSERVATIONS AND MAINTENANCE 

From February 20 t o  September 30, 1960, the  reactor was shut down f o r  
al terat ions,  observations and maintenance, A sunmry of t h i s  work followso 
detailed descriptions of the work are available i n  HRP Progress Reports.3,4,5 

'1. Spiewak - e t  a1 j HRP Quar. Prog. Rep. July 31, 1960, ORNL-3004, 
P 29-32. 

3 ~ .  E. Beall e t  a 1  HRP Quar. Prog. Rep. Apr. 30, 1960, 0 ~ ~ ~ - 2 9 4 7 ,  - 9 

p 3-14. 

4 ~ .  E. B e a l l  - e t  -a a1 b HRP Quar. Prog. Rep. July 31, 1960, ORNL-3004, 
P 1-9. 

5 ~ .  E. Beall e t  a1 HRP Rog. Rep. for  Period From August 1 t o  - -O I 
November 30, 1960, ORNL-3061, p 1-14, 



Screen Removal, Core Repair and Flow Reversal 

The f i r s t  step i n  the reactor a l te ra t ions  was removal of the  upper 
f ive  diffuser screens i n  the core entrance section. Corrosion had al- 
ready loosened these screens from the  core w a l l  so that they could be 
pulled free; the  screens were picked up one a t  a time with a special  
torch-manipulator and cut in to  1-112-in. wide s t r i p s  under water, The 
s t r i p s  were then fished out in to  a container with hook tools.  The re-  
moval of some 145 screen pieces was completed by April  30. Meanwhile, 
p l a s t i c  impressions were made of the  core holes t o  a i d  i n  fabricat ion 
of the  plugs. 

From May 13  t o  18, the core was wire-brushed, a l so  under water, t o  
remove any uranium-bearing scale from the  inner surface of the  core w a l l ,  

On May 26, the  f i r s t  plug was ins ta l led  i n  the  lower hole, However, 
the plug did not f i t  well, and i n  attempting t o  remove the  plug the  
toggle bol t  galled, By June 16, the lower plug had been removed, by 
pa r t i a l ly  sawing and breaking the bo l t ,  

On June 28, the upper hole was sawed t o  a circular  shape with a 
1-518-in. hole saw,  Most of the w a l l  segment removed was retained suc- 
cessfully i n  the  saw and was subsequently examined by the  Post-Irradi- 
a t ion  Evaluation Group of the Metallurgy ~ i v i s i o n . ~  The examination in- 
dicated tha t  the hole had been formed by melting of the  Zircaloy i n  a 
rapid temperature excursion of 2 t o  5 secondsD duration. The upper 
hole was reamed t o  a conical taper, and the upper plug was successfully 
ins ta l led  on August 5. Meanwhile, on July 26, a new plug was ins t a l l ed  
i n  the lower hole. 

The leakage r a t e  through the  plugged holes was measured; the  leak- 
age through the  lower hole, i n  pounds of water per minute, was equal t o  
f ive  times the square root of the head i n  inches of water. The leakage 
through the upper hole was too small t o  be measurable. 

Temporary pip%ng f o r  flow reversal,  including a screen f i l t e r ,  was 
ins ta l led  on the fue l  c i rculat ing pump, so t h a t  the  debris from the  
screen-cutting and core-brushing could be back-flushed in to  the  f i l t e r  
and removed, Two flushes of the core system were completed by September 2. 
By September 20, a new f u e l  c i rculat ing pump and a new multiclone were 
ins ta l led  with permanent piping t o  reverse the direct ion of flow i n  the  
fue l  high-pressure loop. 

Core Observations 

Several observations, measurements and photographs were made of the  
core during the maintenance period. 

b 
F. W. Cooke and M, Lo Pieklesimer, IIRP Quar, Prog. Rep. July 31, 1960, 

0RNL-3004, p 9-17. 



On March 25, the in ter ior  of the core from the equator downward was 
systematically photographed, using the  Omniscope. On June 25, following 
the core-brushing, the same core area was photographed again. The brushed 
surface had a shiny metallic appearance. 

On August 3 and 4, ultrasonic measurements were made of the  core-wall 
thickness. Excluding regions of loca l  damage, the thickness was measured 
t o  be 15 t o  20 m i l s  l e s s  than when the core was f i r s t  i n s t a l l edO7 

On September 29, a detai led examination of sections of the  core in-  
t e r i o r  was made, using the Omniscope and a Questar telescope f o r  magnifi- 
cation. The surface of p i t s  i n  the core w a l l  appeared bright and smooth. 
A complete report of the ex ination, with photographs, appears i n  the "SJ November 30 Progress Report, 

Maintenance 

In  addition t o  the work i n  the core, considerable general maintenance 
was performed. The replacement of components which fa i l ed  during run 21, 
including the f u e l  feed pump west head and four process valves, i s  de- 
scribed i n  the  Run 21 Summary ~ e ~ o r t , 9  The major additional jobs were 
ins ta l la t ion  of a new low-pressure t ransfer  l i n e  and replacement of the 
fue l  prirnary and secondary recombiners and the  thermocouples on one of 
the f u e l  pressurizer heaters. The blanket feed pump eas t  head was re-  
placed during the  l i g h t  water test ing.  These instal . lations a r e  discussed 
individually i n  subsequent sections of t h i s  report ,  

OPERAT IONS 

Preliminary Operations 

On October 2, the reactor was f i l l e d  with l i g h t  water (steam conden- 
sate)  f o r  a shakedown run. The high-pressure systems were hydrostatically 
tested a t  2700 psig. The l i g h t  water was then circulated a t  1400 psig 
and 260°c core average and 230°c blanket average temperature, The chemi- 
ca l  plant was placed on stream t o  help remove any sol ids  remaining i n  the 
system from the core repair  operation, 

's. E. Beall  e t  a l . ,  HRP Quar, Prog. Rep, July 31, 1960, ORNL-3004, 
p 18-19. 

'So E. Beall  3 a., HRP Prop- Rep. f o r  Period From Aurmst 1 t o  
November 30, 1960, ORNL-3061, p 3-11. 

'P. N. Haubenreich - e t  a1 Sunmry of HRT Run 21, ORNL TM-42 
(act. 10, 1961), 



Mixing Ekperiment 

Starting October 10, a mixing experiment was performed, using chronic 
acid as a tracer, to determine the rate of back-mixing through the imper- 
fectly-plugged lower core hole, 

Samples were taken to establish base Cr concentrations for the core 
and blanket regions. A chromic acid solution containing 280 g Cr was 
added to the fuel system, several sanples were taken to make sure that the 
Cr remained in solution, and an additional 1295 g of Cr was added. The 
steady-state blanket-to-core concentration ratio was found to be 0.075 
for a blanket purge rate of 6 lb/min and 0,222 for 3 lb/min, equivalent 
to back-mixing rates of 0.4 and 0.8 lb/min, respectively. These data 
were used to estimate the blanket purge rate required to obtain a given 
blanket uranium concentration for power operation. 

Test of Fuel Recombiners 

Following the mixing experiment, the reactor was cooled and depressur- 
ized for the replacement of the blanket feed pump west head (the head had 
failed during the experiment; see page 44) and the mlticlone filter, 
which apparently had become plugged with solids remaining in the system 
fromthe core repair operation. While the reactor was shut down, the new 
recombiners in the fuel low-pressure system were tested by metering 02 
and % directly to the fuel dump tanks. It was found that the efficiency 
of the primary recombiner was very low at normal fuel dump tank boilup 
rates, but that recombination was essentially complete in the secondary 
recombiner (see pages 41-44), 

Heavy Water Rinses 

Between October 21 and 29, the light water was transferred from the 
reactor to the waste system, and the reactor was rinsed three times with 
small quantities of heavy water. The fuel was transferred from the stor- 
age tanks to the low-pressure system in preparation for startup, 

Pretreatment 

On November 2, the reactor was pressurized to 1400 psig and heated 
to 2800~. Oxygenated D20 was circulated for 50 hours, followed by a sub- 
critical concentration of fuel solution for an additional 50 hours, to 
form a passive film on the stainless steel surfaces of the high-pressure 
system, To minimize hydrolytic precipitation in the blanket, part of the 
fuel was pumped directly from the blanket dump tank, so that the blanket 
uranium concentration was quickly raised through the precipitation range 
(up to about 1 g  kg ~ ~ 0 ) .  

Operating Conditions 

The reactor power, nuclear average temperature (NAT) , pressure, and 
blanket-to-core concentration ratios are shown in Figs. 1, 2 and 3 for 
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t he  periods of power operation i n  runs 22, 23 and 24. The blanket average 
temperature was held constant a t  230'~ throughout a l l  three runs. The 
core average temperature, usually about 260°c, and the  reactor pressure, 
usually 1400 psig, were adjusted as required by the  experimental program. 
The blanket purge r a t e  was adjusted t o  hold the  blanket concentration 
s l ight ly  above 1 g u/kg D20. 

Since it was intended that the  reactor be operated only i n  the  region 
of fue l  s t ab i l i ty ,  the  indications of possible ins t ab i l i ty  were observed 
closely, The reactor high-pressure systems were sampled (usually) dai ly 
t o  detect any loss  of uranium from solution, A s  i n  previous runs, a l i m i t  
was s e t  on the  permissible change i n  NAT; the  power would be lowered t o  
heat loss  if  the  NAT increased or decreased by ~ O C  from the  temperature a t  
the  start of higher power operation, The power would a lso  be lowered i f  a 
power pip exceeding 50$ of: the  average power occurred, or if two or more 
pips exceeding 300 kw occurred i n  any 8-hr period, During run 22 it was 
found that power fluctuations tha t  did not appear t o  be pips caused by 
ins tabi l i ty ,  regularly exceeded 300 kw and the  l a t t e r  r e s t r i c t ion  was 
l i f t e d  , 

Beginning i n  run 23, an additional r e s t r i c t ion  was imposed, based on 
a s t a t i s t i c a l  method fo r  distinguishing possible power pips from random 
power fluctuations; i .e. ,  tha t  the  power would be lowered t o  heat l o s s  if  
the  frequency of short, positive, reactor-period fluctuations exceeded a 
given l i m i t  (see pages 71-74 ). During the  stepwise approach t o  ful l  
power, the  l i m i t  was s e t  fo r  each power level  by extrapolation from a 
s t a t i s t i c a l  analysis of the  frequency a t  the  preceding power level.  The 
l i m i t  a t  5 Mw, f o r  example, was that the  number of power fluctuations with 
a positive period shorter than 8 seconds should not exceed four i n  two 
hours. 

Power Operation, Run 22 

Heat -Loss Power 

On November 7, the reactor was glade c r i t i c a l  by cooling t o  a blanket 
average temperature of 230% and a core average of 260°c. The power was 
held a t  heat loss  f o r  seven days, while baseline data were obtained f o r  
reference during the  approach t o  ful l  power. During t h i s  time, su l fur ic  
acid was added t o  the  fue l  t o  bring the  core acid concentration t o  0.031 
mohl.  D a t a  were taken t o  determine the  r a t i o  of core and blanket temper- 
a ture  coefficients of react ivi ty,  Core and blanket high-pressure system 
samples were taken dai ly t o  provide base inventory data, 

Both heads of the  fue l  feed pump were i n i t i a l l y  i n  service; however, 
the output of the  west head became er ra t ic ,  apparently due t o  leakage of 
air in to  the intermediate system, and from November 9 t o  29, only the  eas t  
head was used (see page 44 ) , 

Operation a t  1.0 Mw 

On November 14, the  power was raised t o  1 Mw, where it was held, with 
four interruptions, u n t i l  November 22. 



On November 15, the  power was adgusted t o  various leve ls  between 50 kw 
and 1 M w  f o r  short  in te rva ls  while addi t ional  data  were taken t o  determine 
the  weighting f ac to r s  (applied t o  the  core and blanket i n l e t  and ou t l e t  
temperatures) used i n  calculat ing the nuclear average temperature. It was 
observed t h a t  the  core i n l e t  and out le t  temperatures both decreased a s  the  
power was raised,  indicat ing t h e  presence of a region i n  t he  core t h a t  was 
a t  a higher temperature than the  core ou t l e t  (see pages 51-54). 

On November 16, the  fuel-circulating-pump purge pump stopped pumping, 
apparently because the  check valves were not seating t i gh t ly .  The power 
was lowered t o  heat loss ,  and pumpilag was res tored by i n s t a l l i n g  a new 
dr ive cam, which gave a f a s t e r  suction stroke (see page 45). The f u e l  
feed pump r a t e  was readgusted a t  the  same time, On November 17, t he  power 
was ra i sed  t o  1 Mw again; t he  reactor  operated smoothly a t  t h i s  power leve l  
f o r  two days. The MAT had decreased by 2.6'6 on November 20, apparently 
because of sh i f t i ng  feed and purge r a t e s ,  The power was lowered t o  heat 
loss ,  and, since no change i n  nuclear average temperature (MAT) was ob- 
served, a f t e r  18 hours, the  power was returned t o  1 M w ,  The power was 
again lowered t o  heat l o s s  on the  2%st when a blanket pressurizer heater 
fuse blew, upsett ing the  system, The blanket purge r a t e  was increased 
from 3,9 t o  4,3 lb/min ( t o  lower the  blanket coneentration closer  t o  1 g 
u/kg D20, equivalent t o  a blanket-to-core concentration r a t i o  of about 
O . 1 1 ) ,  and the  core was concentrated t o  r a i s e  t he  core average temperature 
t o  about 265'~; operation a t  1 Mw was continued, 

Throughout the  foregoing power operation a t  1 Mw, it was obvious t h a t  
t he  magnitude of nuclear power f luctuatfons was about double that i n  previ-  
ous runs with upward flow through the  core, It seemed l i k e l y  t h a t  t h i s  
was a d i r ec t  r e s u l t  of t he  changed core flow pattern;  however, the  phenom- 
enon was studied intensively throughout run 22 and succeeding runs (see 
p g e s  66-71 1. 

To a i d  i n  studying the  power f luctuat ions ,  t he  neutron l e v e l  s ignal  
was transmitted t o  a data  logger i n  the  main Laboratory area t o  obtain a 
d ig i t a l ,  punched-tape record of the  reactor  power f o r  subsequent computer 
analysis,  Record tapes were made under varlous operating conditions 
throughout t he  runs. 

Several experiments were performed t o  determine whether t he  reactor  
power f luctuat ions  were affected by operating conditions. For br ie f  
periods the  letdown valve was th ro t t l ed  manually, t he  pressurizer heaters 
were shut off, t he  steam w-ithdrawal r a t e  was varfed, t he  blanket feed pump 
and f u e l  feed pump were stopped, and the  f u e l  c i rcu la t ion  r a t e  was lowered 
(by changing t h e  pump frequency from 60 t o  40 cps).  None of t he  above 
changes resul ted i n  a s ignif icant  change i n  the  power f luctuat ions .  

Tke study of t he  power f luctuat ions  indicated t h a t  they were random 
f luctuat ions  ra ther  than "pips," and since there  were no indications of 
f u e l  i n s t a b i l i t y  from observations of the  inventory and nuclear average 
temperature, it was decided t o  continue the  approach t o  f u l l  power oper- 
a t ion.  Before t he  power was raised,  however, another aspect of operation 
with downward flow through the  core was investigated; namely, t he  e f fec t ive-  
ness of heat removal from the  core during a stoppage of the  f u e l  c i rcu la t ing  



pump. On November 22, with the reactor power at  1.0 Mw, the  circulat ing 
pump was stopped. Core i n l e t  and out le t  temperatures dropped rapidly 
when the pump was stopped, but did not cross f o r  about 20 minutes, indi- 
cating t h a t  downward flow through the core persis ted f o r  some time. When 
the pump was restar ted,  the i n l e t  and out le t  temperatures crossed again, 
indicating tha t  the  flow had e i ther  stopped or changed direct ion while 
the pump was off ,  There were no surges i n  nuclear power caused by stop- 
ping and s t a r t ing  the  circulat ing pump, 

Following the pump-stop experiment, the blanket purge r a t e  was again 
increased, from 4,3 t o  5.3 lb/min, bemuse the  blanket-to-core concen- 
t r a t ion  r a t i o  was s t i l l  high (0.22). 

Operation a t  Higher Power 

After establishing a base NA%I a t  heat-loss power, the  power was 
raised t o  1.4 Mw on November 23. Since the f u e l  feed pump r a t e  appeared 
t o  be sensi t ive t o  f u e l  dump tank pressure, a controller was ins t a l l ed  t o  
control the  dump -bank a t  a constant pressure (usually 18 ps ia)  by th ro t t l i ng  
the off-gas valves, 

After about 24 hours the power was raised t o  1.8 Mw; experiments a t  
t h i s  power l eve l  continued over the  next four days. 

During t h i s  period the  reactor power was lowered t o  1.0 Mw or  t o  heat 
l o s s  several times; once t o  concentrate the  f u e l  dump tank t o  r a i s e  the  
NAT above 250°C, twice because power fluctuations exceeding the  l imi t  of 
300 kw were observed, and once because the N .  had declined as a r e s u l t  of 
a d r i f t  i n  the f u e l  feed r a t e ,  

The re la t ive  s ize  of the power fluctuations was observed t o  increase 
with power; however, an analysis of the magnitude and frequency of the  
power fbuetuationa indicated tha t  even those exceeding 300 kw were random 
fluctuations rather  than pips,  For t h i s  reason, and since no signs of 
f u e l  i n s t ab i l i t y  were observed, the  300-kw pip l i m i t  was eliminated. 

The blanket-to-core concentration r a t i o  had been d r i f t i ng  upward, 
from O,l7 on November 15,  t o  0.27 on November 28, despite two small in-  
creases i n  blanket purge r a t e  (see Fig. 11, A heat balance on the blanket 
dump cooler indicated t h a t  some leakage had developed past the sea t  of the  
blanket dwnp valve ( in  run 23 t h i s  leakage was measured t o  be about 
1 lb/min), which decreased the effect ive blanket purge. The loading 
pressure on the dump-valve operator was temporarily increased from about 
30 t o  50 psig t o  see i f  the  leakage could be reduced, but no ef fec t  was 
detectable. The n o m l  loading pressure was restored a f t e r  about 2 hours, 
and the blanket purge r a t e  was increased from 4,3 t o  5.9 lb/min t o  com- 
pensate f o r  the leakage, 

Experiments on Power Fluctuations 

The power fluctuations were most l i k e l y  caused by variations i n  the 
in te rna l  recirculat ion of f u e l  i n  the  core as a re su l t  of the  changed 
flow pattern,  However, another hypothesis was that they were the r e s u l t  



of a variable void volume i n  the core caused by steam bubble formation 
on hot surfaces. Since steam bubble formation would be strongly affected 
by the reactor temperature, pressure and flow rates ,  a ser ies  of experi- 
ments was performed i n  which these variables were changed and the  re-  
sul t ing reactor behavior observed. 

On November 28, the system pressure was lowered from 1400 t o  1200 
psig, and the power was raised t o  1 Mw t o  investigate the ef fec t  of 
pressure on the power fluctuations; no ef fec t  was noted. The pressure 
was readjusted t o  1400 psig a t  heat-loss power, The blanket c i r c d a t i o n  
r a t e  was lowered from a nominal 260 gpm t o  100 gpm by reversing the  di-  
rection of pump rotation; a t  1 Mw no significant e f fec t  on the  power 
fluctuations was noted. 

Over the  next two days an experiment was performed t o  determine the 
ef fec ts  of core power and core inlet-out let  temperature d i f f e ren t i a l  on 
the power fluctuations. The core power and circulat ion ra t e s  were varied 
a s  follows: 

Power 
Qm) 

Core Circulation Rate 
Q a m )  

Core 
Temperature 
Different ial  

(Oc > 

A four-hour d i g i t a l  record of the power was obtained a t  each con- 
d i t ion  (see page 68) ,  

On December 2 and 3, the reactor was operated a t  power levels  of 1.0 
and 1.8 Mw at  core average temperatures of 280 and 2 4 0 ~ ~ .  On December 4, 
the core average temperature was returned t o  260'6, the  pressure was 
lowered t o  1200 psig, and the  reactor was operated a t  1 .0 and 1.8 Mw, 
The changes i n  temperature and pressure had no significant e f fec t  on the 
power fluctuations. 

Termination of Run 22 

A t  2100 on December 4, the  c e l l  air a c t i v i t y  began r is ing,  reaching 
a peak of 40 m/hr at  the  c e l l  a i r  monitor. A f u e l  sump sample indicated 
that fresh f i ss ion  product ac t iv i ty  was present i n  the  c e l l ,  The m was 
terminated so t h a t  the source of ac t iv i ty  could be located, 

In run 22, the  reactor operated a78 hours, was c r i t i c a l  653 hours and 
generated 511 Mw-hours of heat. 



Replacement of the Fuel Feed Fump Head 

After the  appearance of f i s s ion  product ac t iv i ty  i n  the  ce l l ,  indi- 
cating a leak i n  the  primary containment, the reactor high-pressure 
system was cooled, depressurized, drained and rinsed twice with D 0 con- 
densate. The f u e l  was stored i n  the f u e l  storage tank. Several L i e l d  
plugs were removed from the  top of the ce l l ,  and smears of the c e l l  f loor  
and reactor equipment were taken through the dry maintenance shield.1° 

On December 8, smears reading up t o  640 mr/hr through 2 inches of 
s t e e l  were obtained from the eas t  head of the  fue l  feed pump, and in-  
spection disclosed a stained area around the discharge check valve. The 
pump was observed remotely while pumping against freeze plugs a t  1500 
psig, but no leakage was visible .  However, the surface contamination was 
ample evidence of leakage, and the  pump head was replaced (see page 44 ) . 

The leaking head was transferred t o  the cut t ing tank of the hot 
storage pool f o r  examination. The head was pressurized with gas and the 
leak was located a t  the weld on the high-pressure s ide of the  discharge 
check vaLve. 

The c e l l  air monitor piping was decontaminated and reassembled. By 
December 11, the c e l l  had been resealed; however, it was necessary t o  l o -  
cate  and repair  leaks i n  the shield roof pans and the  c e l l  a i r  monitor 
piping; an acceptable c e l l  leak t e s t  was completed December 14. Mean- 
while, the fue l  was transferred from the storage tank t o  the  reactor 
system i n  preparation f o r  run 23. 

Reactor Operation, Run 23 

During the 12-day shutdown, run 22 data had been studied i n  su f f i -  
c ient  d e t a i l  t o  conclude that the nuclear power fluctuations were not 
symptomatic of fuel. i n s t ab i l i ty  (see page 71). Furthermore, the  f luc tu-  
at ions were not serious i n  themselves, because heat capacities and mixing 
ef fec ts  smeared them out so that there were no detectable fluctuations i n  
the reactor steam heat removal, Therefore, the  stepwise increase i n  power 
toward 5 Mw was resumed without delay a t  the  beginning of run 23. 

Approach t o  and Operation a t  5 Mw 

The reactor was made c r i t i c a l  and raised t o  heat-loss power on 
December 16, 1960. After waiting several hours t o  allow a l l  operating 
conditions t o  reach steady s ta te ,  the power was raised t o  1 Mw. The 
system was operated f o r  a few hours a t  1.0 and 1.8 Mw t o  ensure that the  
reactor behavior was not dras t ica l ly  different  from tha t  observed i n  
run 22. 

''1. Spiewak - e t  a 1  9 HRP Quar. Prog. Rep. Jan. 31, 1960, amL-2920, 
p 13-14. 



Star t ing on December 19, the reactor power was raised i n  steps of 
0.8 Mw u n t i l  the f u l l  power of 5 Mw was reached. However, each major step 
was made i n  two parts ,  with four hours1 operation a t  0.4 Mw above the previ- 
ous l eve l  t o  be cer ta in  t h a t  no gross i n s t a b i l i t i e s  had appeared. Operation 
a t  each major l eve l  was continued u n t i l  four pa i rs  ( fuel  and blanket) of 
high-pressure samples had been obtained and analyzed fo r  chemical studies 
of the f u e l  s t ab i l i t y .  Detailed records of the nuclear behavior of the  
reactor were made f o r  several hours a t  each power level .  The l inear  neu- 
t ron leve l  was recorded i n  d i g i t a l  form on punched paper tape a t  the  r a t e  
of one value per second. These records were subsequently analyzed, using 
a high-speed electronic computer. In addition t o  the above, a continuous 
record of the f ine  s t ructure of the  neutron leve l  was obtained with a San- 
born recorder and the  reactor period was continuously recorded on a Brown 
recorder. These data were t rea ted  manually (see pages 71-74) t o  provide a 
basis f o r  judging the operational s t a b i l i t y  before the  next power increase 
was mde and t o  es tab l i sh  c r i t e r i a  f o r  reducing the  power under unstable 
conditions. 

The required operating time a t  2,6 Mw (the f i r s t  m J o r  step above 
1.8 Mw) was completed on December 21, On one occasion the power was re-  
duced t o  1 Mw f o r  four hours because of the  frequency and s ize  of the  power 
osci l la t ions.  However, there  was no evidence of i n s t a b i l i t y  from the  
nuclear average temperature, so the  power was returned t o  2.6 Mw. A t  the 
end of this period the  power was reduced t o  heat loss  f o r  12 hours and a 
pa i r  of samples was taken. 

On December 22, t he  power was raised t o  3 Mw as the  f i r s t  par t  of the  
increase t o  3.4 Mw. After only 4 hours a t  this power the  MAT had dropped 
2.5'~. Although there was evidence that the  pumping r a t e  of the  f u e l  feed 
p q  had decreased, t he  power was lowered t o  heat loss  t o  be sure t h a t  the  
temperature decline was not caused by fue l  i n s t ab i l i t y ,  Since the  temper- 
a ture  decline continued a t  heat-loss power, the pumping r a t e  was measured, 
found t o  be low and adjusted t o  the proper value. The power was subse- 
quently raised t o  3.0 and then t o  3.4 Mw t o  accwniLate data. There were 
two interruptions i n  the  operation a t  3.4 Mw. The f i r s t  of these occurred 
when several short  reactor periods were experienced i n  a short  time in t e r -  
val. It was shown, however, t ha t  there was no s ignif icant  deviation from 
the  normal s t a t i s t i c a l  d is t r ibut ion  of the  periods and operation was re-  
sumed. The second interruption was due t o  a malfunction of the  fue l  feed 
pump which resul ted i n  one remote head being taken out of service. A t  no 
time did the  NAT give any indications which could be a t t r ibu ted  t o  f u e l  
ins tab i l i ty .  

While the reactor was a t  heat-loss power, 4.77 moles of H SO was 
2 * 4  added t o  the fue l  solution t o  reduce the  poss ib i l i t y  of hydrolytic pre- 

c ip i ta t ion  i n  the  solution, The acid addition was required because of the  
buildup of nickel from the  corrosion of s ta in less  s t e e l  (see page 85). 

Operation a t  the  next higher power leve l  (4.2 Mw) was Lnterrupted 
f ive  times before the desired amount of data could be accumulated. Of 
these interruptions two were the r e su l t  of apparently excessive frequencies 
of short reactor periods, one was due t o  a br ief  e l e c t r i c  power fa i lure ,  
one t o  malfunction of the  f u e l  feed pump and one was planned. S t a t i s t i c a l  
analysis of the  frequency of occurrence of the periods f a i l e d  t o  show any 



a b n o m l  behavior. Three pa i rs  of high-pressure samples were taken a t  
heat-loss power during t h i s  period i n  addition t o  the  four pa i rs  a t  4.2 Mw. 
A pa i r  of samples was a l so  taken a t  heat-loss power at  the end of the  per- 
iod of 4.2 Mw-operation. 

Before attempting t o  operate the  reactor at  5 Mw, t he  core average 
temperature was raised from about 260°c t o  about 270'~ by concentrating 
the solution i n  the  fue l  dump tanks, This act ion was taken t o  improve 
the  internal  recombination of radiolyt ic  gas, thus reducing the  possibil-  
i t y  of gas-bubble formation a t  the  higher power. 

The increase t o  5 Mw was made on January 4, 1961, The power was 
f i r s t  held a t  1 .5  Mw fo r  three hours t o  observe the  core-blanket power 
dis tr ibut ion and then raised t o  5 Mw, Operation a t  t h i s  l eve l  was in te r -  
rupted on January 7 because of a continued slow decline i n  the  nuclear 
average temperature (4% i n  60 hours ) , However, the temperature behavior 
on lowering the  power indicated tha t  the  loss  was not due t o  f u e l  ins ta-  
b i l i t y .  

While a t  heat-loss power it was found that increasing leakage through 
t h e  blanket dump valse had caused the  temperature loss  by allowing a 
gradual buildup of f u e l  i n  the blanket dump tanks. The air loading on the  
blanket dump valve was increased (see page 46) t o  reduce the  leakage, and 
the  water inventory i n  the  blanket dump tanks was lowered by about 600 l b  
t o  reduce the  f u e l  holdup a t  tha t  location. 

Operation a t  5 Mw was resumed on January 9 and continued fo r  29 hours. 
A t  t ha t  t h e ,  the diaphragm i n  the  east head of the f u e l  feed pump f a i l e d  
and it was necessary t o  make the  reactor subcri t ical  u n t i l  t he  standby 
head could be put i n  service. Since the  n ickel  concentration i n  the  fue l  
was close t o  the l i m i t  fo r  hydrolytic precipitation, it was p l a ~ e d  t o  
carry out a ser ies  of in terna l  recombination experiments and then charge 
fresh fue l  Into the reactor.  The reactor had operated fo r  89 hours at  
5 Mw and, although only three pairs  of high-pressure samples were obtained 
at  t h i s  power, it was f e l t  that these samples, along with the  temperature 
and power data, provided adequate evidence of f u e l  solution s t ab i l i ty .  

Internal Recombination Fxperhents 

The east  head of the  f u e l  feed pump was isolated with freeze plugs, 
the west head was put i n  service and the  reactor conditions were adjusted 
fo r  the internal  recombination experiments, The system pressure was 
lowered t o  1000 ps ia  t o  permit gas-bubble formation at  nuclear powers of 
2 t o  3 Mw, and the  f u e l  feed r a t e  was adjusted t o  give a nominal letdown 
r a t e  of 12 lb/min instead of the  usual 13 lb/min. A s e t  of f i v e  experi- 
ments was performed a t  these conditions with various core average temper- 
atures.  For each experiment the power was raised slowly u n t i l  rad io ly t ic  
gas bubbles appeared i n  the high-pressure systenaQU The power was then 

? S i n c e  the  bubbles formed i n  the  core, t h e i r  appearance was de- 
tected by a sharp drop i n  c r i t i c a l  temperature; there was no letdown of 
radiolyt ic  gas t o  the  low-pressure system. 



lowered about 500 kw t o  l e t  the  temperature recover and raised again t o  
check the bubble point. In one experiment the  power was held a t  500 kw 
below the bubble point f o r  12 hours t o  see i f  there  was any ef fec t  of re -  
l a t ive ly  short-term power operation on the  bubble point. The de ta i l s  and 
r e su l t s  of these and other recombination experiments a re  discussed on 
page 80 e t  seq. -- 

Fuel Replacement 

With the  recombination experiments completed, the reactor was made 
suber i t ica l  i n  preparation f o r  replacing the fue l .  The high-pressure 
systems were allowed t o  cool t o  about 180'~ (the highest temperature which 
could be maintained by supplying building steam t o  the primary heat ex- 
changers) but the circulat ion was continued and the  system pressure was 
raised t o  1400 psia ,  The old fue l  was accumulated i n  the f u e l  dump tanks 
and transferred t o  the fue l  storage tanks, The fue l  was t ransferred with 
about 200 l b  of D20, followed by two D20 t ransfers ,  of about 100 l b  each, 
t o  r inse  the dump tanks, 

A s  soon as the old f u e l  charge had been isolated, the reactor high- 
pressure systems were heated t o  280°c a s  a pretreatment t o  f o r t i f y  the  
metal oxide fi lm f o r  the next run. While a t  t h i s  temperature, a f resh  
fue l  charge was added t o  the fue l  dump tanks, Pump-up of the f resh  fue l  
t o  the high-pressure systems was s ta r ted  on January 16, 1961, 80 hours 
a f t e r  the reactor was made subcr i t ica l  with the  old charge, 

The t o t a l  amount of material transferred t o  the f u e l  storage tanks 
with the old fue l  charge was 463 lb ,  of which 410 l b  was heavy water and 
the  remainder, solute ,  Samples taken a f t e r  the  t ransfer  indicated that 
190 g of uranium was l e f t  i n  the  reactor system, out of a circulat ing in- 
ventory of 9.1 kg. The book inventory of uranium a t  the  time was 9,958 kg 
(83.lQk U-2351, and it was assumed that the  f rac t ion  of the book inventory 
of the other f u e l  constituents remaining i n  circulat ion was the  same a s  
tha t  fo r  the uranium ( i ,  e ,  , 1,91$), The new fue l  charge contained 7-53 kg 
of uranium (93.14$ U-235) i n  204 l b  of heavy water, The fue l  addition con- 
tained onby about half sf the copper that was required f o r  full-power oper- 
ation; the remainder was added during the  course of the subsequent recom- 
bination experiments. 

Reactor Operation, Run 24 

With the addition of the new f u e l  charge, the HIV run desfgnakion w a s  
changed t o  run 24, The high-pressure systems were pretreated, a t  2800c, 
f o r  24 hours with oxygenated B20 and 24 hours with a subcr i t ica l  eoncen- 
t r a t ion  of f u e l  solution, The reactor was made c r i t i c a l  a t  0405 on 
January 18, 1961, and the experimental program was resumed, 

Internal Recombination Experiments 

The f i r s t  experiments with the f resh  fare% charge were two ser ies  of 
internal  recombination t e s t s .  Since the fue l  contained essent ia l ly  no 
f i s s ion  products or soluble corrosion products, an oppor't.unity was afforded 



t o  measure the effect ive recombination r a t e  without the ef fec ts  of these 
variables. Both ser ies  of t e s t s  were carried out a t  a system pressure of 
1000 psia and a variety of core average temperatures. 

The first ser ies ,  consisting of four experiments, was performed with 
only about half the normal copper concentration and with a re la t ive ly  low 
f r e e  acid concentration, Upon completion of these t e s t s ,  8.01 moles of 
copper as CuS04 and 6.98 moles of H2S04 were added t o  the  system i n  106 l b  
of heavy water. A ser ies  of f ive  recombination experiments was then per- 
formed i n  the same core average temperature range as the f i r s t  se t .  These 
experiments, along with those performed i n  run 23, provided information 
about the  effects  on recombination of f i s s ion  and corrosion products, acid 
concentration and copper concentration. 

The pun 24 recombination experiments were s ta r ted  on January 18 and 
completed on January 22, 1961. The general procedure fo r  these experi- 
ments was the same a s  that used i n  run 23. The re su l t s  of a l l  of the  in -  
t e rna l  recombination experiments a re  discussed on page 80 - e t  =. 
Power Operation 

A t  the  conclusfon of the recombination experiments, system conditions 
were adjusted t o  those at  which the reactor had been operating before the 
f u e l  replacement: core temperature, 270%; blanket temperature, 230%; 
and pressure, 1400 psig. On January 24, the  power was raised i n  1-Mw steps 
(2 hours a t  each s tep)  t o  f u l l  power. After 7 hours a t  5 Mw, the power was 
lowered because the  MAT was decreasing, There was no recovery upon lowering 
the  power; the  MAT f ina l ly  leveled off 7 ' ~  below the  s ta r t ing  point. No 
explanation was found for  the  decrease; uranium had not accumulated i n  the  
blanket dump tanks, and the feed cooler temperatures indicated that the  
feed r a t e  had remined steady. The f u e l  dump tanks were concentrated t o  
bring the NAT back up, and, on January 26, the  power was again raised, t h i s  
t i m e  t o  3 W. A f t e r  24 hours a t  3 W with no unexplained MAT changes, the  
power was raised t o  4 Mw, In  20 hours a t  t h i s  power, the NAT changed l i t t l e ,  
then it began t o  decrease and Lost 4 ' ~  i n  8 hours. The power was lowered 
t o  heat loss  and the  MAT leveled off 70C below the  NAT at  the  beginning of 
the  3-Mw operation, A measurement of the fue l  feed r a t e  showed that it was 
low, but not enough t o  account for  a l l  of the  MAT decrease. Further at-  
kmptsto operate a t  high power were suspended u n t i l  the cause fo r  the  
anomalous changes i n  NAT could be investigated. 

Bvest igat ion of Reactivity Loss 

The loss  of reac t iv i ty  had been accompanied by a decrease i n  the  cal- 
culated physical inventory of fuel  solute, implying e i ther  a r e a l  lo s s  of 
solute from circulation or increased error  i n  some factor used i n  the in-  
ventory calculation. 

One suspected error  was i n  the  calculat%on of the solute i n  the  f u e l  
dump tanks. Over one-third of the solute was i n  these tanks, and the  cal-  
culation of the  amount there depended on an assumption, It was assumed 
t h a t  the r a t i o  of the dump tank concentration t o  the  core concentration 



was the same as the  r a t i o  of the  letdown r a t e  t o  the feed ra te ,  which was 
inferred from the  pumping ra t e s  of the several feed and purge pumps, The 
actual  r a t i o  of letdown t o  feed a t  the  core loop would be d i f fe rent  from 
that obtained from the  pumping ra t e s  i f  there  were short-circuiting of so- 
lu t ion  from the  feed stream in to  the  letdown stream i n  the  f u e l  letdown 
heat exchanger. On January 29, an experiment was conducted t o  check this 
poss ib i l i ty ,  The dump tank weight was reduced from 550 t o  300 l b  while 
the feed pump stroke was adjusted t o  keep the NAT (and the core concen- 
t r a t ion )  constant. The pumping r a t e  mts measured t o  determine the amount 
by which it had been reduced. 

While the r e su l t s  of t h i s  experiment were being analyzed, operations 
were conducted t o  recover any solute which might, by some unknown way, have 
accumulated i n  the various low-pressure tanks not n o m l l y  i n  use. There 
w a s  no solute recovery from th i s ,  nor was there any recovery during 13 hours 
of subcr i t ica l  operation. 

The dump tank-feed pump experiment indicated that feed solution was 
leaking in to  the letdown stream i n  the letdown heat exchanger a t  about 
1 .5  lb/min, a r a t e  suf f ic ien t  t o  account f o r  the  apparent decrease i n  re -  
ac t iv i ty  and calculated inventory, Various s teps were then taken t o  con- 
firm t h i s  leakage. The feed pump was stopped, and the  temperature on the 
feed l i n e  between the letdown heat exchanger and the  core loop rose, 
implying backflow through the  l i n e  and leakage i n  the  heat exchanger, The 
experiment of varying the  dump tank weight and the  feed r a t e  was repeated, 
and a dump tank sample was taken t o  compare with the  concentration inferred 
from the core concentration and the assumed letdown-to-feed ra t io .  Both of 
these experiments indicated some leakage, but the  r e su l t s  were not en t i re ly  
conclusive, The dump-tank sampling operation, involving t ransfer  of so- 
lu t ion  through l i n e s  normally f i l l e d  with condensate, could not be r e l i ed  
upon t o  obtain an absolutely representative sample. The r e su l t s  of the  
other experiment were compromised because of the  behavior of the f u e l  feed 
pump, The r a t e  d r i f t ed  so that there was no fixed re la t ion  between con- 
t r o l l e r  se t t ing  and feed r a t e ,  Therefore r e l i ab le  values f o r  the  f u e l  feed 
r a t e  during the  experiment could not be inferred from the observed controller 
sett ings.   here had been trouble with the fue l  feed pump col lect ing a i r  
i n  the  intermediate system f o r  some time and e f fo r t s  t o  sea l  points of 
possible inleakage had not been successful,)  

Temperature records f o r  the  letdown heat exchanger were used t o  com- 
pute heat balances over a long period before and a f t e r  the  beginning of the  
reac t iv i ty  loss .  The heat balances indicated increasing leakage. It was 
decided, therefore, t o  plan f o r  the replacement of the  heat exchanger a t  the  
next shutdown. F i r s t ,  however, the f u e l  s t a b i l i t y  would be investigated a t  
full power, i f  the  fuel-feed-rate variations could be overcome, 

Termination of Run 24 

In an e f fo r t  t o  remedy the leakage of a i r  i n to  the  pump intermediate 
system, the pulsator housing was replaced on February 2. With the in te r -  
ruption i n  feed, the  reactor went subcri t ical ,  but the  temperatures were 
held up with the  package boi ler ,  Following t h i s  repair ,  the  feed r a t e  



showed l e s s  variation, and on February 5 and 6, the  NAT and the feed cooler 
temperatures indicated steady operation f o r  over 24 hours. 

The power was raised t o  5 Mw on February 6. During the next several 
hours, the  temperatures on the  f u e l  feed cooler indicated that the  feed r a t e  
was increasing, so the  controller was lowered twice t o  return the  r a t e  indi- 
cation t o  the  original  value, The NAT decreased, bnplying that the feed 
r a t e  had actual ly been lowered, Before the s i tuat ion could be resolved, how- 
ever, the power was lowered f o r  another reason. 

The c e l l  a i r  ac t iv i ty  had begun t o  r i s e  when the power was raised, and 
a f t e r  16 hours it was up by a factor  of 20, about twice the previous high 
i n  operation a t  5 Mw. This could not be accounted f o r  by fissioning of 
uranium already i n  the c e l l  from the  run 22 leak, so it appeared that there 
was another leak. The power was, therefore, reduced t o  heat los s  as the 
f i r s t  s tep i n  a shutdown t o  locate the leak. 

Before the  reactor was shut down completely, a t e s t  was conducted t o  
help local ize the leak, Because of %he composition of the a c t i v i t y  (pre- 
dominantly xenon), the dump tanks were suspect. (see page 27 . ) The dump 
tank pressure was raised by about 10 p s i  on February 7 t o  observe the  ef fec t  
on the leakage, The c e l l  air ac t iv i ty ,  which had been decreasing since the 
power reduction, rose s l ight ly.  After f resh  a c t i v i t y  was found i n  sump 
samples on February 8, the  Ngh-pressure system was diluted, cooled, de- 
pressurized and drained. Three r inses with heavy water condensate followed. 
During one of the rinses, the leak i n  the  letdown heat exchanger was con- 
firmed by freezing the  feed l i n e  and pumping with the  feed pump, 

Post-Operation Maintenance 

The principal reason f o r  the shutdown was the  breach in the primary 
containment. It was, of course, necessary t o  locate  t h i s  leak and correct 
the condition before power operation could be resumed. There were, however, 
a number of other malfunctioning components i n  the c e l l  which did not con- 
s t i t u t e  an operational hazard, but which did l i m i t  the  qual i ty  of cer ta in  
experimental data that could be obtained from the operating reactor.  These 
included the  fue l  letdown heat exchanger, the blanket dump valve ( ~ ~ ~ - 2 5 2 ) ,  
the  chemical-plant isolat ion valves (HCV-141 and -142) and both heads of 
the fue l  feed pump. A l l  of these components were replaced while the system 
was shut down t o  repair  the leak, 

The reactor c e l l  was opened t o  start the ac tua l  maintenance work on 
February 10, and t h i s  phase was completed on March 11. Some of the  main- 
tenance operations were carried out with the  reactor c e l l  dry, working 
through the  dry-maintenance shield, and others were done with the  c e l l  
flooded. The work was programmed t o  minimize the amount of flooding water 
discharged t o  the  waste pond, with the  r e su l t  that there was sometimes a 
significant time lapse between the start and completion of a part icular  job. 
However, it is  convenient t o  report each gob under a single heading with 
reference t o  the chronological order where necessary. 



Location and Repair of Primary System Leak 

Since the principal reason fo r  the shutdown was the prinaary system 
leak, one of the f i r s t  operations that was undertaken was the location of 
the  leak, This was done with the c e l l  b y  and most of the searching was 
done using the smearing technique tha t  was developed f o r  locating the  feed- 
pump leak a t  the end of run 22, However, several supplementary approaches 
were a l so  used t o  good advantage, 

The a c t i v i t y  of l iqu id  samples taken from the  fue l  and blanket sumps 
indicated tha t  the leak was probably on the fue l  sade (west  ha.^) of the 
reactor ce l l .  The nature of the  c e l l  air a c t i v i t y  pr ior  t o  the shutdown 
a lso  provided some informtion,  It was noted that the  r a t i o  of xenon t o  
krypton i n  the c e l l  a i r  was mch higher than $he n o m b  Rfssfon yield,  
This implied that the  leaking fluid had been outside the f i ss ionin  
long enough f o r  most of the krypton t o  be formed and strLpped out. f2reEii:e 
it seemed reasonable that hy-pton would be stripped from solution m r e  
readily than the  iodine, it was tentat ively concluded t h a t  %he leaking ria- 
t e r i ab  was dump-%ank solution--either d i rec t ly  from %he dump tanks or from 
the f u e l  feed piping, 

S t i l l  another approach t o  locating the  Be& =s the use of a high- 
l eve l  (6000 r/hr), beta-gamm radiation probe which could be lowered in to  
the c e l l  f o r  scanning the  f loor  and equipment, The probe was used t o  look 
f o r  areas of gross contamination on the  c e l l  f loo r  and on s t ruc tura l  com- 
ponents tha t  a r e  not normally strong sources of radiation, The probe it- 
self  was shielded t o  make i t s  response direct ional ,  

Fktensive smearing of' the  c e l l  f loor  i n  the v l e b i t y  of %he fue l  feed 
pump and the fue l  letdown heat exchanger $ailed %o produce m y  signif icant  
indications, A few smears around the blanket feed p q  were a l so  negative. 
The vkot test 'P  smears obtained i n  the  first three days were from around the  
fue l  sump, In the  meantime, surveys with $he radiat ion probe had revealed 
a large source of ac t iv i ty  i n  the direct ion sf $he south end of the f u e l  
dump tanks. When the dry mintemnee faei l%%g (through whfch a U  smearing 
was done) was moved t o  t M s  location t o  permat d i rec t  viewing sf the area, 
a large,  blue-green s t a i n  was fou3d on %he c e l l  f ' B s o ~  between the  two fue l  
dump tanks. A sf ngle smear13 frcm %he stained area read 200 r/hr a t  5 i n ,  , 
a s  opposed t o  readings of about $0 r /k ,  or  l e s s ,  at eont,aet f o r  smears 

l20f the radiokryptons having half- l ives  greater than one hour, 73% i s  
formed ef ther  d i r ec t ly  or by decay of b~omine precwsers  having half- l ives  
of l e s s  than one mfnute, By conpar$son, essent$any a l l  of the radfoxenons 
with half- l ives  greater than one hour a r e  $oa"maed by iodine precwsers  wfth 
half- l ives  a t  l e a s t  6,a hours, 

'%hemica1 analysis of the  material picked up by the smear showed that 
it contained uranium, 



taken from regions other than the fuel, sump. Additional f loor  smears 
around the fue l  feed valve (HCV-337) revealed tha t  the s t a i n  had not come 
from the  only flanged closure i n  tha t  area,  

The exact location of the  leak was f i n a l l y  established by looking 
through a periscope lowered through the  dry maintenance f a c i l i t y .  A th ick  
deposit of dried salt was found on a 1-in. t e e  i n  the fue l  feed l i n e  (L-107) 
between the  downcomers from the two f u e l  dump tanks.14 Figure 4 i s  a 
photograph, taken from the top of the ce l l ,  showing the salt deposit on 
the tee ,  The location of the  t e e  i s  shown scheanatically i n  Fig. 5. 

The salt deposit on the tee ,  and on the  f loor  under it, was flushed 
away with a solution of hydrogen peroxide (1s) and ammonium oxalate (4$), 
and rfnsed with water, The r inse  material, containing 180 grams of uranium, 
was then Jet ted from the ce l l .  With the  pipe clean, it was possible t o  see 
water dripping from the  body sf the t e e  when the  dump tanks were pressurized. 
Although it was not possible t o  see the  exact source of the leakage, it 
appeared t o  be coming from the body of the tee ,  ra ther  than from any of the 
welds. Careful r e -exmimt io~1  of the  gamma-graphs of a l l  the welds a l so  
showed no cause f o r  weld f a i lu re ,  Figure 6 shows the  cleaned t e e  with an 
arrow pointing t o  the  approximate location of the  leak, 

It was planned t o  i so la t e  the  leak with freeze plugs rather  than at-  
tempt t o  repair  it, A s  may be seen from Fig, 5, the interconnection of the  
dump tanks through the evaporator legs  made it possible t o  i so la t e  the  leak 
without affect ing the  homogeneity of e i ther  the  dump-tank solution or the  
f u e l  feed stream, It was a l so  planned t o  put a chmp around the t e e  f o r  
mechanical support, The only function of the clamp was t o  prevent com- 
p le te  rupture of the  t e e  while the dump tanks were a t  high pressure i n  the  
event of a dump with the freeze plugs thawed, Since it was necessary t o  
fabricate  the freeze Jackets and the  clamp, the in s t a l l a t ion  of these items 
was scheduled as the l a s t  operat%on i n  the  muaintenance program, The leaking 
t e e  was painted with Gly-ptal t o  keep the  c e l l  flooding water from leaking 
in to  the piping during %he maintenance period. 

The i n s t a u a t i o n  of the  clamp and the  freeze jackets on l i n e  107 was 
made with the reactor c e U  flooded, The work was done under conditions of 
very poor v i s i b i l i t y  because of increasing turb id i ty  of the  water. An at-  
tempt was made t o  *rove %he v%sibi l i ty  'by adding floeeulat%ng agents 
[A$ ( ~ 0 ~ )  and Na0H ] . This cleared the  water but the f l o c  se t t l ed  i n  a 

layer  about 2 - f t  thick i n  %he bottom of the  c e l l .  Since the  work area was 
l e s s  than l f t  above the f loorB it was necessary t o  drain some water from 

116 
In the origin%% IW%I deslgn t h i s  t e e  had served the t ransfer  l i n e  

between the  dump tanks and storage tanks, However, i n  a piping revision, 
which included the instaPlation of a sediment t r a p  i n  the  f u e l  feed l i n e ,  
the t ransfer  l i n e  was moved and a cap was welded over the branch opening 
of the tee .  



LlNCLASSlFlED 
PHOTO 52974A 

Fig. 4. Leaking Tee i n  Fuel Feed Line. 
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Fig. 5. Schematic Arrangement of  Fuel  Dump Tanks and Fuel  Feed 
Line . 
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Fig. 6. Leaking Tee i n  Fuel Feed Line After  Removal of S a l t  Deposit. 



the bottom of the  c e l l  t o  remove the floc.  The net improvement of v i s i -  
b i l i t y  i n  the work area was small. 

Since the tee-clamp was the smallest item t o  be instal led,  it was put 
i n  place f i r s t  and the two attached bol t s  tightened. Then the  two freeze 
jackets, each with insulated supply and return coolant l i n e s  attached, 
were ins ta l led ,  The coolant l ines  and four thermocouple leads were brought 
out through a specially-fabricated penetration i n  the top of the  ce l l .  
Coolant fo r  the freeze jackets was supplied by the chemical plant re f r iger -  
a t ion  system. 

Photographs of the  ins ta l la t ion  were made a f t e r  the shield water was 
drained from the ce l l .  These revealed that only one of the  two bol t s  on 
the tee-clamp was completely made up, but, with the  freeze jackets i n  place, 
it was impossible t o  reach the  other bol t  fo r  fur ther  tightening. Subse- 
quent hydrostatic t e s t s  showed tha t  the t e e  was adequately supported, The 
freeze-Jacket ins ta l la t ions  appeared t o  be i n  good order. Figure 7 shows 
the tee-@- and part  of the  adjacent freeze Jacket, while Fig. 8 shows 
the other freeze Jacket. 

Re~la~ement  of Fuel Letdown Heat Exchanner 

The second major maintenance operation performed during t h i s  shutdown 
was the replacement of the  f u e l  letdown heat exchanger (LDHX). Reactor 
operations during run 24 (see page 24 )  had indicated an interconnection 
between the  feed and letdown sections of the uni t  and special t e s t s  during 
the early pa r t  of the  shutdown had confirmed the f ac t .  

The most d i f f i c u l t  part  of the replacement operation was the removal 
of the old LDHX. Although the  uni t  has a re la t ive ly  small t o t a l  heat 
t ransfer  surface, it is  a very cumbersome piece of equipment, Figure 9 
i s  a sketch of the  LDHX showing some of the principal dimensions, 

The heat exchanger has eight flanged joints,  of which six are  process 
l ines  with ring-joint flanges and two a re  cooling-water l ines  with sof t  
gaskets. It was originally planned t o  i n s t a l l  temporary freezer jackets 
and t o  freeze ice plugs i n  a l l  of the process l i n e s  so tha t  the en t i r e  
removal operation could be performed under water. Although the jackets 
were ins ta l led  without much d i f f icu l ty ,  it was not possible t o  establ ish 
freeze plugs in a l l  of the l i n e s  at  the  upper end, (One of the freeze 
jackets was only 1 in .  long because of space l imitat ions.)  It was then 
decided t o  open the upper flanges with the  shielding water below the level  
of the flanges by working through the dry maintenance shield. Since it 
was necessary t o  flood over the open flanges f o r  removal of the LDHX, 
rubber stoppers were inserted i n  the  open ends of the  p e m n e n t  flanges 
t o  keep l i g h t  water out of the  process piping. In order t o  provide access 
fo r  insertion of the stoppers, the  m t i n g  flanges on the LDIM were sawed 
off.  Figure g indicates the  flanges which were cut of f ,  The process l ines  
a t  the  lower end were sealed with i c e  plugs and these flanges were opened 
under water. 

With a l l  of the  flanges opened, the c e l l  water leve l  was raised t o  
provide the required shielding for  moving the LDHX. Again, because of the  
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Fig. 7. Photograph of Clamp Around Cracked Tee i n  Line 107. 
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Fig. 8. Freeze Jacket Installed on Downcomer from East Fuel DI 
to Fuel Feed Line. 
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Fig. 9. Schematic of t h e  Fuel Letdown Heat Exchanger. 



awkward shape of the unit ,  it was necessary t o  cut it in to  two par ts  t o  
permit i t s  removal without rais ing parts of it above the water. After 
removal, it was stored i n  the  reactor c e l l  because this was more con- 
venient than cut t ing it in to  sections small enough so that they could be 
transported i n  the available shielded car r ie r .  

The ins ta l la t ion  of the new LDHX reversed the  above procedure except 
that, since it was uncontaminated, it could be handled above the water, 
thereby great ly simplifying the  operation. In  the new ins ta l la t ion  two 
thermocouples which had been welded t o  the old LDHX were not reinstal led.  
In addition, one thermocouple on the permanent piping was destroyed i n  
ins t a l l ing  the temporary freeze jackets. 

Other Mintenance Operations 

Several, re la t ive ly  simple, maintenance operations were a l so  per- 
formed during the shutdown. The blanket dump valve (XV-252) and the  
chemical-plant i so la t ion  valves (XV-141 and -142) were replaced by dry- 
maintenance techniques, and both heads of the  f u e l  feed pump were replaced 
under water. 

Before the reactor c e l l  was flooded, the east  head of the  f u e l  feed 
pump was temporarily unbolted t o  permit the  ac t iv i ty  i n  the intermediate 
drive l i n e  t o  be flushed out. While the  flanges were open, the ref r iger -  
a t ion system fa i l ed  and was out of service f o r  several hours, allowing 
the i ce  plugs i n  the process l ines  t o  t h a w .  This, along with misoperation 
of a valve, resulted i n  the loss ,  t o  the  c e l l  f loor ,  of about 200 l b  of 
heavy water that had been stored i n  the fue l  condensate tank,15 The 
flanges were reclosed and some heavy water was transferred from the blanket 
condensate tanks t o  re-establish the i c e  plugs, 

In general, the  use of i ce  plugs and other techniques was very suc- 
cessful i n  keeping l i g h t  water out of the  process piping during the  m i n -  
tenance period. Samples taken at  the  end of the period indicated tha t  no 
more than 14 l b  of l i g h t  water had entered the  system, 

Reactor Steam System 

Changes 

Several changes were made i n  the reactor steam system before run 22, 

The containment of ac t iv i ty  was improved i n  the event tha t  a f a i l u r e  
i n  the main heat exchanger allowed fue l  solution t o  enter the  reactor 

151t had been necessary t o  s tore some of the D20 i n  the  condensate 
tanks because the  blanket storage tanks did not have suff icient  capacity 
fo r  abl of the  operating inventory. The fue l  storage tanks contained the  
old fue l  charge tha t  was taken out of circulat ion a t  the end of rm 23. 



steam. The existing monitors and block valves closed the main steam 
lines if activity was detected in the steam. Two new lines with valves 
actuated by the existing activity interlock were installed to vent the 
steam lines downstream of the block valves to the reactor cell (which is 
maintained at subatmospheric ~ressure) .16 Any leakage past the block 
valves would be conducted back to the cell, minimizing contamination of 
the air-cooled condenser and other unshielded parts of the system. 
Another interlock was provided to close the vent valves if the cell 
pressure exceeded 1 psig. 

A pressure-control valve was installed in the condensate discharge 
line from the air-cooled condenser. This valve allowed the operating 
pressure of the condenser to be raised sufficiently to provide capacity 
for subcooling the condensate, to prevent excessive flashing as the con- 
densate discharged into the deaerator. An indicator-controller for the 
valve was installed on the main control board. 

To improve the operation of the feedwater deaerator, an automatic 
steam-pressure control valve was installed. The steam supply had pre- 
viously been throttled manually. 

The 1/4-in. valves in the heat-exchanger blowdown-sample lines were 
replaced with 318-in. valves. On several occasions the smaller valves 
had become plugged with solids from the heat-exchanger blowdown. 

herat ion 

The reactor steam system operated smoothly. The only difficulty was 
the rupture of the deaerator-steam-controller bellows early in run 22 due 
to freezing. The deaerator steam was controlled manually until the end 
of run 24, when an improved controller was installed. 

Reactor Steam and Cooling Water Systems Chemistry 

The reactor steam system was operated in the normal manner with con- 
tinuous addltion of hydrazine to remove radiolytic oxygen and with buf- 
fered phosphate to control the corrosion of carbon steel. The concen- 
tration of chloride in the letdown was very low and rarely exceeded 0.1 
ppm. The rate of addition of hydrazine was very generous at 1,77 x 10'5 
parts N2H per part steam produced. A rate of treatment 3 6  less than 
this was %ound adequate in run 21.17 

16S. E. Beall et al HRP Quar. Prog. Rep. Jan. 31, 1960, QRm-2920, - -O 

p 16-18. 

17p. N. Haubenreich - et a1 -v j Sunmary of HRT Run 21, QRNL-TM-42 
(oct. lo, 1961). 



The average concentrations of ammonia and hydrazine i n  sixteen se t s  
of heat exchanger samples at  1.8 Mw and above showed s t r ik ing  differences 
between the blanket heat exchanger (BRX) and fue l  heat exchanger ~ ~ ) ,  
The same chemical treatment per pound of feedwater reached both heat ex- 
changers. However, the BHX was operated at  a lower temperature than the 
FHX i n  order t o  maintain the blanket solution at  2 3 0 ~ ~ .  There were the 
usual differences i n  the radiation dosage i n  the BHX and FHX resul t ing 
from the smaller power fraction, lower power density and the slower r a t e  
of circulation of the blanket fue l  solution. 

The average concentration of BHX hydrazine was 23 pp~n i n  the letdown 
and 3.4 pprn i n  the steam. The FHX hydrazine was 1.6 pprn i n  the letdown 
and 0.5 pprn i n  the steam. 

The average concentration of BHX ammonia was 90 pprn i n  the Letdown 
and 75 pprn i n  the steam. The FHX ammonia was 22 pprn i n  the  letdown and 
65 pprn i n  the steam. The ammonia level  was considerably higher than 
would be found i n  a once-through steam cycle with the r a t e  of hydrazine 
treatment used because the  steam condensate was recycled, Since the de- 
aerator removed only fractions of the ammonia and hydraz,ine from the 
steam condensate, a defini te  buildup of ammonia was t o  be expected, 

The demineralized cooling water system was mintained a% a nominal 
concentration of 0.15 potassium chromate. It was necessary t o  replace 
about 255 of the potassium chromate per week a f t e r  a steady eoo1:ing water 
leak in to  the reactor c e l l  developed, The pH varied from 8 t o  9, 

Instrumentation and Control 

During the long shutdown preceding run 22, a number of revisions were 
made i n  the reactor control circui ts .  Some were required because of the 
plugging of the core tank holes; others were t o  improve containment 01- t o  
f a c i l i t a t e  operations. No major d i f f i cu l t i e s  with instrumentation and 
control were encountered during runs 22 through 24. Some of the changes 
are described i n  the sections on the steam and off-gas systems and con- 
tainment. Others a re  described below. 

Pressurizers 

After the ins ta l la t ion  of the core tank patches, which res t r i c t ed  
the f ree  access between core and blanket, it became necessary t o  operate 
with steam i n  both pressurizers t o  accommodate expansion of solution i n  
ei ther  region. (1n ea r l i e r  runs, the core pressurizer alone provided 
adequate r e l i e f  f o r  both regions.) The pressurizers could not be freeLy 
interconnected, however, because the leak which remfned around the  lower 
core tank patch was large enough tha t  it was necessary t o  maintain the  
pressure in the blanket pressurizer several p s i  below tha t  i n  the core 
pressurizer t o  reduce transfer through the hole t o  within the capacity of 
the blanket purge supply (about 6 lb/min). During the i n i t i a l  t e s t s  of 
the pressurizer level  control, a rupture-disc assembly separated the 



i>re:2surizur.:;. J-U An o r i f i ce ,  0. u G ' ~  inchun i n  diameter, was d r i l l e d  i n  
pa ra l l e l  with t he  rupture d i scs  s o  t ha t  a small flow of steam would help 
minimize presswe f luctuat ions  between the  pressur izers .  The control  re- 
quirements were qu i te  s t r ingent ,  since i f  t he  d i f f e r e n t i a l  pressure 
changed by more than about 0.2 p s i ,  both l i q u i d  l eve l s  could not be kept 
within t he  5-inch ranges of t he  level-element f l o a t s .  The solut ion t o  
t h i s  problem was t o  control  t he  f u e l  pressurizer l eve l  with the  f u e l  l e t -  
down valve, and t o  control  t he  blanket l e v e l  by regulat ing t h e  blanket 
pressurizer heat input r e l a t i v e  t o  the  core pressur izer  heat input. 
Backujj protection against  solution r i s i n g  i n t o  t h e  blanket pressurizer 
was provided by an inter lock which opened the  blanket letdown valve 
(normally closed) on high leve l .  The heater control  proved t o  be qu i t e  
e f fec t ive ,  and the  blanket letdown valve opened only a few times during 
runs 22 through 24. 

With steam i n  both pressur izers ,  t he  use of t he  dump valves a s  
pressure r e l i e f  valves was no longer necessary, and t h e  loading pressure 
on the  blanket dump valve was increased t o  reduce leakage pas t  the  s ea t  
(see page 46). Another measure adopted during operation with one pressur- 
i z e r  was t h e  use of a temperature probe t o  back up t h e  f loat- type l e v e l  
indicator  on the  f u e l  pressurizer.  This was retained, but t he  rout ine 
da i ly  check of i t s  response was discontinued, since undetected f a i l u r e  of 
the  f l o a t  element was l e s s  l i k e l y  and the  consequences of f a i l u r e  were 
l e s s  severe with both pressur izers  i n  service. 

Two s e t s  of inter locks which had proved t o  be unnecessary i n  oper- 
a t i on  were eliminated before run 22. The f i r s t  were pressur izer  l e v e l  
inter locks which had stopped t h e  c i rcu la t ing  pumps an low leve l .  The 
other unnecessary inter locks which were removed were those which prevented 
the  pressur izers  from being vented during f i l l i n g  of t he  high-pressure 
systems (with t h e  s ta r t - run  switch i n  "s ta r t "  pos i t ion) .  

Automatic venting of t he  blanket pressurizer i n  t h e  event of ex- 
cessive pressure (600 p s i  above normal) was re ins ta ted .  (While t h e  
blanket pressur izer  was l i qu id - f i l l ed ,  only the  f u e l  pressur izer  was 
automatically vented.) 

While t he  core and blanket were f r e e l y  connected, only t h e  blanket 
dump valve was used during a dump ( the  core dump valve was not allowed 
t o  cpen) t o  avoid t h e  possible over f i l l ing  of t h e  f u e l  dump tanks. After 
t he  core tank was patched, t he  act ion of the  core dump valve was restoreti  
t o  both the  controlled dump and the  '"ast di tch"  dump. Interlocks on 
core-blanket d i f f e r e n t i a l  pressure were s e t  t o  close t he  appropriate durn:? 
valve during a controlled dump should excessive pressure d i f f e r e n t i a l  
develop.  h his was more l i k e l y  during; operation with t h e  blanket temper - 
a tu re  much lower than t h a t  i n  t he  cores.) 

18During the  reactor  s ta r tup  i n  Efovember, it was found t h a t  the  
blanket-to-core d i sc  had f a i l e d ,  even though no pressure differences ap- 
proaching t h e  100-psig r a t i ng  of the  c.isc had occurred. Since the  rup twe  
discs  were a precautionary measure ra ther  than a necessity,  they were r e -  
i~ l accd  with a blank, a l s o  provided with a 0.0625-inch o r i f i c e .  



Blanket Temperature 

In  order t o  help cool t he  core w a l l ,  t h e  blanket was kept a t  a lower 
temperature than the  core. This was accomplished by separating the  steam 
systems, which had been connected, and operating the blanket heat ex- 
changer a t  a lower pressure. The steam withdrawal from the f u e l  heat ex- 
changer was l e f t  on mnual  control and t h i s  was used t o  adjust  the  t o t a l  
power. Steam withdrawal from the blanket was controlled au tomt ica l ly  
t o  maintain the desired blanket temperature. The signal used f o r  control  
was proportional t o  an average temperature, derived from i n l e t  and out- 
l e t  thermocouples. (A constant blanket average temperature was desirable  
t o  minimize solution concentration changes due t o  expansion and contraction 
of the blanket solution. ) 

Low-Fressure System 

In  addition t o  the revised condensate t ransfer  system (described on 
pages 74-77), there  were two other changes i n  instrumentation and con- 
t r o l  of the  low-pressure system. The o p e r a t i ~ n  of checking the blanket 
feed pump r a t e  was f a c i l i t a t e d  by changes fn  the  c i r cu i t ry  control l ing 
the blanket d i l u t e  valve (HCV-435)o A switch was provided so t h a t  HCV-435 
could be operated without actuating the  f u e l  system shutdown-dilution c i r -  
c u i t ,  Clamp-on thermocouples were in s t a l l ed  on the  f u e l  feed cooler t o  
provide be t t e r  response than had been obtained with the  e l e c t r i c a l l y  in-  
sulated couples previously i n  use, ( ~ h e s e  thermocouples were used i n  
calculating t h e  f u e l  feed r a t e  by a heat balance.) 

Oxygen and Wf-Gas 

Oxygen was ingected in to  the  core and b1adce.t high-pressure systems 
a t  1.5 and 1.0 standard l i t e r s  per minute, respectively, throughout the  
operating portions of runs 22, 23 and 24. The indection system, a s  such, 
performed normally except f o r  two minor interruptions,  one near the  end 
of run 22 and one a t  the s t a r t  of run 23. Both of these were due t o  in-  
strument lnalfunctions and were readi ly  corrected. Two mechanical repa i rs  
of t he  oxygen compressor were mde during the  operating period, However, 
since the compressor operates only intermit tent ly  t o  recharge supply cylin- 
ders, these repa i rs  d id  not interrupt  t he  oxygen service t o  the  reactor  
system. 

As a r e s u l t  of the  re-evaluation of the  reactor secondary contain- 
ment, the operation of the charcoal adsorber beds was modified i n  run 22 
t o  keep the  operating pressure of the beds below atmospheric pressure. 
Frior t o  t h i s  time, the  discharge of t he  beds had been allowed t o  flow 
normally, through a mercury t r a p  and the  metering s ta t ions,  t o  t he  stack. 
Because of the  pressure drops i n  t h i s  equipment and i n  the charcoal beds 
themselves, the  pressure a t  t he  i n l e t  t o  t he  beds was no rml ly  about 
5 p s i  above atmospheric pressure, In  run 22 and subsequent runs, the  
discharge gas from the charcoal beds was routed through a vacuum pump 
which provided the  pressure required t o  force the gas through the metering 
s ta t ions  t o  the stack, The pressure at the  discharge end of t he  charcoal 
beds ( i n l e t  of t he  vacuum pump) was automatically controlled, by a 



t h ro t t l i ng  valve, a t  a value which kept the bed i n l e t  pressure just  below 
atmospheric--14 t o  14 .5  psia .  Since most of the  charcoal-bed pressure 
drop occurs i n  the  f i r s t ,  small-diameter adsorber sections, t h i s  arrange- 
ment l e f t  t he  major portion of t he  beds (where most of t he  f i s s i o n  gas 
holdup i s  achieved) a t  pressures well below atmospheric. Because of t he  
reduced adsorptive capacity of t he  charcoal at lower pressure, a l l  three 
beds were normally used i n  pa ra l l e l  i n  these runs t o  insure adequate hold 
up time f o r  the  decay of gaseous f i s s ion  products. 

On December 29, 1960, a re lease of gaseous a c t i v i t y  i n  the  reactor 
building was traced t o  the  off-gas system. The discharge of the adsorber 
vacuum pum~ normally followed two pa ra l l e l  paths t o  the  off-gas metering 
s ta t ion .  One of these was a very small stream through a hydrogen analyzer 
and the  other was a by-pass around the  instrument. The bypass was th ro t t l ed  
manually t o  regulate t he  flow through the hydrogen analyzer. On t h i s  oc- 
casion t h e  bypass flow was th ro t t l ed  excessively, allowing a pressure 
buildup i n  the  vacuum pump discharge l i n e ,  Under these conditions, some 
of the off-gas, carrying a small amount of ac t iv i ty ,  Leaked out of a loose 
f i t t i n g  and was detected by the  building monitors. Normally the gas was 
vented t o  the stack where it was great ly  di luted before being released. 

On January 6, 1961, while the reactor was operating at 5 Mw, the  
temperature i n  t h e  6-in, section of charcoal bed "A" rose t o  80'~.  A l -  
though there  was no evidence of combustion i n  the bed, it was iso la ted  
t o  allow the  temperature t o  drop. Within 24 hours a f t e r  bed "AA" was iso-  
la ted ,  s ignif icant  amounts of short-lived gaseous a c t i v i t y  began t o  appear 
i n  the discharge from bed "B." Bed '3" was then isolated and bed "A" was 
put back i n  service. Bed '$" was a l so  restored t o  service a s  soon a s  the  
shorter-l ived a c t i v i t y  had decayed. The general temperature of the  char- 
coal adsorbers was reduced about ~ O O C  (by lowering the  cooling water 
temperature from 26Oc t o  1 4 O ~ )  t o  increase the  e f fec t ive  adsorption ca- 
pacity of the  beds and improve the  safety mrgfn  i n  the  off-gas holdup 
t ime with a l l  three beds i n  service. 

The deuterium concentration i n  the  reactor  off-gas was continuously 
monitored by a conductivity-type hydrogen analyzer which had been in -  
s t a l l ed  l a t e  i n  run 21. The r e l i a b i l i t y  of the hydrogen analyzer had 
been demonstrated i n  pre-operational t e s t s  and the  zero and range of the 
instrument were checked per iodical ly  with standard gas mixtures, During 
normal operation, t he  instrument reading was recorded once per s h i f t .  
With the  new low-pressure recombiners i n  service (see below), the 
highest deuterium concentration recorded i n  the off-gas was 3 . 4  i n  run 22. 
The usual concentration i n  a l l  th ree  runs was 1 t o  @, which was much lower 
than had been observed before the  recombiner replacement. 

COMPONENTS 

Recombiners 

Because of progressively poorer recombination of rad io ly t ic  gas i n  
previous runs, both the primary and secondary fue l  low-pressure recombiners 
were replaced during the  shutdown which preceded run 22. A number of 



changes were incorporated i n  the  replacement uni ts  t o  improve performsnce 
and permit a more detailed observation of the i r  operation.lg In the 
primary recombiner, the catalyst-support material was changed from alumina 
pel le ts  t o  Incoloy ribbon, and the bed was designed fo r  ax ia l  rather than 
radia l  flow. In the old recombiner, there was evidence tha t  the alumina 
pel le ts  had been degraded and had set t led,  leaving an open path through 
which vapor could bypass the catalyst ,  The new bed was expected t o  have 
greater mechanical durabili ty and the axia l  flow pattern further  reduced 
the possibi l i ty  f o r  forming channels. Thermocouples were ins ta l led  a t  
the in le t  and outlet  of the recombiner section t o  permit evaluation of 
the recombination heat. The secondary recombiner was made larger  and was 
provided with an e lec t r ica l ly  heated jacket t o  permit heating t o  600%. 
Thermocouples were instal led i n  the secondary recombiner bed and i n  the  
heating jacket. 

Pre -operational Tests 

Extensive tes t ing  of both the primary and secondary recombiners, 
under a variety of conditions, was carried out in the light-water tes t ing  
period from October 6 t o  20, 1960, The t e s t s  were run with oxygen and 
norm1 hydrogen injected, from cylinders, d i rec t ly  in to  the low-pressure 
system. The off-gas was routed d i rec t ly  t o  the off-gas metering station, 
bypassing the charcoal adsorber beds. This arrangement permitted the de- 
tect ion of unrecombined gas within a few minutes of the time it l e f t  the 
recombiners, permitted complete purging of the system i n  about two hours, 
and also eliminated the possibi l i ty  of set t ing f i r e  t o  the charcoal. The 
presence of low levels  of hydrogen was detected with the Thematron hydro- 
gen analyzer, and, by material balance, the  off-@s flow ra te  indicated 
the amount of hydrogen present at high concentrations. 

Secondary Recombiner.--The secondary recombiner was tested a t  
conditions simulating those t o  be expected with the reactor i n  normal oper- 
at ion.  Hydrogen was inJected a t  from 2 t o  4 standard l i t e r s  per minute 
along with oxygen a t  2.5 SLPM i n  excess of the stoichiometric recombi- 
nation requirement. High D,O vapor flow ra tes  were miintained i n  the p r i -  
mary recombiner t o  reduce tfie possibi l i ty  of recombination a t  that location. 

No recombination occurred when the secondary recombiner was pre- 
heated t o  UO°C.  However, when the bed was preheated t o  200°c, essent ial ly 
complete recombination took place, At the low hydrogen addition rates ,  
the recombination was accompanied by regularly spaced flashes which ap- 
parently originated a t  the leading edge of the secondary recombiner bed. 
The f lash  frequency increased with increasing hydrogen flow up t o  3.0 SLPM 
of hydrogen. The temperature at the upstream end of the recombiner bed 
rose gradually t o  about 450'~ just before each f lash  and dropped t o  300 

19w. R .  Gall e t  - a 1  , HRP Prog. Rep. f o r  Period May 1 through 
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t o  350°C afterwards. The lower minim temperatures were associated with 
the lower f lash  frequencies and, hence, with the lower hydrogen flow rates .  
The time between flashes decreased from 12-14 mfn a t  2 SLPM of hydrogen t o  
about 6 min a t  3 SLPM. 

When the hydrogen addition ra te  was increased t o  3.5 SLPM, the flashes 
stopped and continuous recombination, ei ther  catalyt ic  or by burning, took 
place. The temperature a t  the upstream end of the  recombiner bed leveled 
a t  300~C. These conditions remained unchanged when the hydrogen flow was 
increased t o  4.0 SLPM. 

The m i m u m  concentration of hydrogen detected i n  the off-gas was 
about 0.5$, which corresponds t o  a minimum recombi n a t i  on eff i c i  ency of 
99.546. 

Primary Recombiner.--The f i r s t  t e s t s  of the fue l  p r imry  recombiner 
were carried out a t  the following simulated reactor operating conditions: 

1. dump tank boilup r a t e  of 8 lb/min, 
2, heating steam on t o  iodine adsorber bed, cooling water off,  
3. saturated, high-pressure ( a 5  ~ s i g )  steam on t o  rec~mbfner 

heater , 
4. f u e l  dump tank pressure a t  1 7  psia,  
5. excess oxygen flow a t  2.5 SLPM, and 
6 .  hydrogen flow a t  2.0 SLPM. 

The secondary recombiner was unheated during these t e s t s  t o  prevent 
recombination there.  Off-gas measurements indicated a complete lack of 
recombination. The t e s t  was repeated with superheated (4000~)  steam on 
t o  the recombiner heater, a l so  with negative resul t s ,  Then the vapor 
boilup r a t e  was progressively lowered t o  1035 lb/min and the hydrogen 
addition r a t e  was increased t o  6 SLPM, Although the l a s t  conditions gave 
a hydrogen concentration i n  the vapor of 20 times the value expected with 
the reactor operating, there was no evidence of recombination, 

In the next t e s t s ,  the  vapor flow r a t e  through the  primary recom- 
biner was reduced t o  zero and essent ial ly complete (rg*)  recombination 
was achieved with 4 SLPM of hydrogen. The hydrogen flow r a t e  was then 
progressively increased t o  38 SLPM with no diluent vapor. This f l g w  r a t e  
raised the maximum prfmary-recombiner-bed temperature t o  about 500 C where 
it was held fo r  several hours. The recombination efficiency during t h i s  
time was greater than 9%. After this treatment, the vapor boilup ra te  
was gradually raised t o  0.84 lb/mfn and then t o  2,43 lb/min, still with 
38 SLPM of hydrogen flowing. High efficiency recombination continued a t  
the lower vapor r a te  but, a t  the higher ra te ,  the efficiency dropped t o  
80 to ,  g@. Since t h i s  low efficiency prevailed a t  condftions a t  l eas t  50 
times more favorable fo r  recombination than reactor operating conditions, 
it was concluded tha t  the primary recombiner would serve no useful. 
function during normal reactor operation. However, since it had been 
demonstrated tha t  adequate recombination was obtained i n  the secondary 
recombiner, normal reactor operation was resumed without further  at tent ion 
t o  the primary recombiner, 



Performance During Operation 

Superheated steam was maintained on the grimary recombiner and the 
secondary recombiner was held a t  a t  l e a s t  250 C throughout runs 22, 23 
and 24. Under these conditions, the net  recombination eff ic iency was very 
good. The maximum deuterium concentration detected i n  the  off-gas was 
3.8% and the  usual concentration w a s  1 to 2%. 

Diaphragm Purnps 

The west head of the blanket feed pump was taken out of service on 
October 12 (during the  l i g h t  water t e s t ing  period) because the intermediate 
system would not r e t a in  phasing water. While the  reactor was shut d m  
on October 18 t o  replace the  multiclone f i l t e r ,  the  west head was replaced, 
without flooding the ce l l ,  by working through the dry-maintenance shield.  
Bamfnation of the  head (No. 14) showed t h a t  a weld crack had developed 
where a plug had been welded in to  a spare connection on the  intermediate 
s ide of the  pump head. Head No. 14 was removed a f t e r  4035 hours of 
service and a new head (No. 24) ins ta l led .  

Fuel Feed P u m ~  

Run 22 was s t a r t ed  with both heads of the  fue l  feed pump i n  service. 
The west head would not remain properly phased, apparently because of 
leakage of gas in to  the  intermediate system. The west head was taken out 
of service on November 9 (while pumping continued with the  eas t  head) t o  
replace the O-ring sea ls  i n  the pulsator housing. The new ins t a l l a t ion  
s t i l l  leaked under a vacuum t e s t ,  and the  west head was l e f t  i n  standby. 

On November 26, it was necessary t o  rephase the  eas t  head because of 
gas accumulation i n  the intermediate system, and on November 29 both heads 
were rephased and remained i n  service t o  the end of the run. 

Run 22 operation w a s  ended on December 4 when fresh fission-product 
a c t i v i t y  was detected i n  the c e l l .  By remote smearing, the source of t h i s  
a c t i v i t y  was traced t o  the  eas t  head of the  f i e 1  feed pump. The surface 
contamination was rinsed from the pump head, using a 4$ ammonium oxalate, 
3% hydrogen peroxide solution, and the  head was removed through the  remote- 
maintenance shield and t ransferred t o  the storage pool. Because of the  
short  cooling period, the radiat ion from the  pump was unusually high, 
100 r /hr  at  4 inches through the shielded c a r r i e r  (1-112 inches lead and 
112 inch s t e e l ) .  In the  storage pool, the head was pressurized t o  1600 
psig with gas, and the leak located at a weld on the high-pressure s ide of 
the discharge check valve. 

The head (No. 26) had been i n  service fo r  3399 hours i n  the reac tor  
and for  19,256 hours i n  previous nonradioactive operation, and was replaced 
with a new head (No. 25). 

R u n  23 was s t a r t ed  with both fue l  feed pump heads i n  service.  The 
bellows of the phasing valve i n  the intermediate system was replaced on 
December 15. 



Because of gas accumulation i n  the intermediate system, it was neces- 
sary t o  rephase the west head on December 22 and 23, and f ina l ly  on 
December 24 the head was phased out of service, while pumping continued 
with the east head only. A vacuum t e s t  indicated tha t  a i r  was leaking 
into the west pulsator housing. A s  a corrective measure, the O-rings were 
backed up with sealing compound, which appeared t o  stop nearly a l l  the 
leakage, and the head was l e f t  i n  standby. 

On December 30, the fue l  pumping r a t e  became er ra t ic ,  and it was d is -  
covered tha t  the aluminum air-signal l i n e  t o  the pump stroke controller 
had cracked, apparently due t o  vibration fatigue. The broken section was 
replaced with a new copper l ine.  

On January 10, fresh fission-product ac t iv i ty  appeared i n  the  east  
intermediate system, indicating that the diaphragm had ruptured. The west 
head was placed back i n  service i n  sp i te  of the small inleakage of a i r  
suspected a t  the pulsator housing. The east  head was isolated with freeze 
plugs, and the intermediate piping, which read about 300 mr/hr, was 
shielded with one inch of lead. 

During run 24, a new west pulsator housing was instal led i n  an a t -  
tempt t o  stop the leakage of gas in to  the intermediate system. The reactor 
was held subcri t ical  and the intermediate l i n e  was frozen during the 
change. It was found that some gas continued t o  accumulate i n  the in ter -  
mediate system even a f t e r  the new housing was installed. 

A t  the end of run 24, the east  head, (No. 25) was replaced a f t e r  622 
hours of service i n  the reactor and 3308 hours of previous nonradioactive 
operation. The replacement head (No. 28) was fabricated by assembling 
t e s t  head No. 16 (which had 1728 hours of previous service out-of -pi le)  
with new discharge check valves, since material was not available f o r  a 
complete new head. The suction check valves were taken from the former 
reactor fue l  feed pump No. 16. 

The west fuel-feed-pump head remained In service t o  the end of run 24. 
However, during the ensuing shutdown, a low leve l  of fresh fission-product 
ac t iv i ty  was detected i n  the west intermediate system, indicating a very 
small leak i n  the diaphragm. The head ( No. 27) was replaced a f t e r  1844 
hours of service i n  the reactor and 19,000 hours of previous nonradioactive 
operation. The replacement head (NO. 30) was fabricated from the former 
blanket feed pump head No. 14, by repairing the weld crack and ins ta l l ing  
new flanged connections t o  f i t  the fue l  feed pump. 

Fuel -C i rcula t  ing-Pump Purge Pump 

During run 22, the fuel-circulating-pump purge pump stopped pumping, 
apparently because of check-valve leakage. A fast-suction-stroke cam 
was instal led i n  the drive uni t  on November 1 7  and pumping was restored. 
After a few days the pumping r a t e  gradually decreased. The pumping r a t e  
was braxght back t o  normal by ins ta l l ing  a variable-speed drive uni t  and 
increasing the pump speed from 3 1 t o  75 strokes per minute. 



The pump gave no further trouble u n t i l  December 30, when it again 
stopped pumping. Pumping was restored by operating the pump a t  a very 
high speed (about 200 strokes per minute) f o r  a few minutes, and then 
returning the speed t o  no-1 (30 strokes per minute). Possibly a b i t  
of sol id m t e r i a l  was interfering with the operation of the check valves 
and was flushed away by the rapid operation of the pump. 

Samplers 

The samplers functioned without major d i f f i cu l t i e s  i n  runs 22, 23 
and 24, 

A minor repair yas made t o  the fue l  sampler at  the start of run 24; 
the loading tube cam"kastening had loosened so that there was insuff i- 
cfent clearance f o r  the sample f lask  holder assembly t o  move f ree ly ,  
The cam was retightened with a remote tool.  

The volume distr ibut ion f o r  the reactor samples taken i n  each run 
i s  shown i n  Table 1. In  run 22, 91% of the samples were of the required 
5-ml minimum volume; i n  run 23, 95$; and i n  run 24, 9%$ (compared with 
855 in rm 21). The improvemen% i n  the proportion of successful samples 
resulted mainly from two new techniques (adopted i n  run 21); i .e. ,  (1) 
the adjustment of the isolation chamber pressure t o  about 2 psig before 
draining, and (2) the redraining of the isolat ion chamber using a new 
sample f lask when the volume of the original drain was insufficient.  

Valves 

Two reactor piping changes before pun 22 were fac i l i t a t ed  by the 
accessibi l i ty  of the reactor valves f o r  remote replacement, The new 
secondary recombiner (see page 41) was ins ta l led  by removing HCV-344 
(valve K-23) and replacing it w-ith a unit  consisting of the  new recombiner 
and a new valve (K-06). The new transfer l i n e  ( s e e  page 74) was ins ta l led  
by removing HCV-434 (valve K-48) and replacing it with a new valve (K-14) 
connected t o  the t ransfer  l ine .  The other end of the l i n e  was instal led 
by opening the HCV-938 position (which had been blanked) and connecting 
the l i n e  with valve K-40. 

Except f o r  the blanket dump valve and the chemical-plant supply and 
return valves, the reactor valves functioned without d i f f icul ty  i n  runs 
22, 23 and 24. 

The blanket dump valve was known t o  be leaking s l ight ly  through the 
seat i n  run 21, and the leakage continued t o  increase slowly during the  
following runs. 0x1 January 7, t o  improve the seating of the ~ l v e ,  the 
loading pressure was increased from about 34 psig t o  50 psig. O However, 

2 0 ~ h e  increase i n  l a d i n g  pressure nul l i f ied  the pressure re l i e f  
function of the valve; however, pressure re l i e f  was no longer considered 
necessary since the blanket pressurizer expansion volume was available. 



Table 1. Sample Volume:; in Huns 22, 23 and 24 

Volume Number of Samples Grand 
Range High-Pressure System Low -Pressure System Total 
( d l  

Fue 1 Blanket Fuel Blanket 

Run 22 

10 + 21 8 - 5 - 0 - 
Total 39 37 8 4 88 

Run 23 

Total 32 29 2 1 64 

Run 24 

Total 29 23 1 0 53 



the loading-air mercury seal,  s e t  t o  vent the loading a i r  a t  a pressure 
of about 35 psig, was inadvertently l e f t  open, so tha t  the f u l l  increase 
i n  loading pressure was not effect ive u n t i l  the  valve t o  the mercury sea l  
was closed on January 11. Near the end of run 24, the leakage r a t e  t o  
the blanket dump tank, measured by i so la t ing  the tank and observing the 
increase i n  weight, was 2,2 lb/min, A t  the end of run 24 the  valve (K-71) 
was removed a f t e r  6,882 hours of service, stored i n  the reactor ce l l ,  
and replaced with valve No. 32, which had been used previously i n  non- 
radioactive service. 

The chemical-plant supply and return valves, HW-141 and -142, 
developed leakage through the seats, so t h a t  it became increasingly d i f f i -  
c u l t  t o  i so l a t e  the chemical plant  f o r  periodic draining of the so l ids  
removed by the hydroclone.21 An a i r  loading of 20 psig was applied t o  
the vent side of the valve operators, t o  provide addi t ional  seating force 
t o  supplement the nonnal spring loading. On January 6, with the  valves 
loaded i n  t h i s  manner, the combined leakage was estimated, by observing 
the r a t e  of pressure r i s e  i n  the chemical plant  high-pressure system, t o  
be 50 ml/min a t  1400 psig. 

On March 7, HW-142 (valve L-66) was replaced a f t e r  8,163 hours of 
service with a new valve (L-68), and on March 8, HW-141 (valve L-65) was . 
replaced a f t e r  8,163 hours of service with a new valve ( L-67) . The valves 
were replaced using the dry-maintenance technique, but with the  reactor  
flooded t o  a leve l  below the valves t o  provide background shielding. The 
valves removed were stored i n  the reactor c e l l .  

Letdown Heat Exchanger Leakage 

The f i e 1  letdown heat exchanger i s  a concentric-tube exchanger 
( ~ i g .  9) i n  which the fue l  letdown stream i s  cooled by giving up heat t o  
the fue l  feed stream, the f i e 1  pressurizer purge stream and a stream of 
cooling water. The letdown stream i s  cooled from core temperature, say 
2 6 0 0 ~ ~  t o  80°c a t  the letdown valve. The feed stream i s  heated from about 
5 5 ' ~ ~  a t  the feed pump, t o  within aboat ~ O O C  of the  core temperature. 
The feed stream flows through the central  pipe, a 0.875-inch OD, 0.148- 
inch wall tube, a t  about 1 ft /sec.  The letdown stream, i n  the annulus 
between the cent ra l  tube and a concentric 1-inch schedule-80 pipe, moves 
a t  about 5 f t /sec.  Construction of the exchanger i s  en t i r e ly  of type 347 
s ta in less  s tee l .  

The letdown heat exchanger was known t o  be par t icu lar ly  susceptible 
t o  corrosion because there  a re  portions i n  which the  normal operating 
temperatures a re  i n  the  range most conducive t o  ccrrosion of s t a in l e s s  

210. 0 .  Yarbro, Summary of HRT Chemical Plant Runs 22 Through 25, 
ORNL-TM-101, t o  be issued. 



s t e e l  by the fue l  solution: from 200 t o  225O~ (see page 88 ).  There- 
fore, when the apparent solute inventory began t o  decrease during the 
ear ly  par t  of run 24, leakage from the  feed t o  the letdown stream was 
quickly suspected. 

The discussion of how letdown heat exchanger leakage a f f e c t s  the 
apparent solute inventory makes use of the following symbols: 

f = fue l  feed ra te ,  measured a t  the  feed pump, 

L = fue l  letdown ra te ,  a t  the  letdown valve, 

B = bypass r a t e  from feed stream t o  letdown stream, 

CC = concentration i n  t he  core, and 

CDT = concentration i n  the  dump tank. 

These variables a r e  re la ted  by a steady-state material  balance which 
equates the r a t e s  a t  which solute enters  and leaves the  fue l  high-pressure 
loop i n  the feed and letdown streams, 

Normally, the foregoing re la t ion ,  with B equal t o  zero, i s  used t o  
calculate C from CC, f and Lo ( L  i s  the sum of the  measured pump-up 
r a t e s  l e s s  %e leakage t o  the blanket dump tanks.)  Cm i s  then used t o  
compute the inventory. Since L i s  about twice f ,  calculations ignoring 
B w i l l  underestimate Cm, and solute  inventory, i f  B i s  ac tua l ly  not zero. 

I f  it i s  assumed t h a t  the  solute inventory i n  the  reactor  i s  a known 
constant, C can be obtained from the dump-tank weight and the difference 
between t h e q o t a l  inventory and t h a t  i n  the  high-pressure systems. The 
above equation can then be used t o  compute B. Values fo r  the bypass r a t e ,  
computed i n  t h i s  way, a r e  shown i n  Fig. 10. High-pressure inventories of  
copper and uranium were computed using sample r e su l t s ;  i n  addit ion,  the  
high-pressure inventories were computed using the c r i t i c a l  concentrations 
inferred from the temperature and power d i s t r ibu t ion .  

In a special  experiment on January 29, the  fuel-dump-tank weight was 
lowered and the feed r a t e  was adjusted a s  necessary t o  hold the core 
temperature constant (constant cC).  This ensured tha t  the dump-tank in-  
ventory, i .e. ,  the  product of the  dunlp-tank weight, M, and concentration, 
CDT, remained constant. Thus fo r  two d i f fe ren t  dump-tank weights: 

which was solved fo r  B. 





Another way of calculating B, i n  principle at l eas t ,  i s  by a heat 
balance around the  letdown heat exchanger. Actually, thermocouple error  
and m e a s u r e d  heat losses prevent an evaluation from a single heat 
balance. These effects  were largely eliminated by comparing heat balances 
taken before and a f t e r  bypass leakage began. By this method, the  calcu- 
l a t ed  leakage a t  th i r teen  times on February 5 and 6 ranged from 1.4 t o  
2.6 lb/min, with an average of 2.1 lb/min. On February 6 and 7, twelve 
determinations of bypass r a t e  gave values from -0.4 t o  5.3 lb/min, with 
an average of 2.4 lb/min. 

It appears from Fig. 10  that the leak grew progressively la rger  
throughout most of run 24. 

A t  the end of run 24, during the  r insing operation, the b y p s s  i n  
the letdown heat exchanger was colzrirmed by freezing the  feed l i n e  at the 
upper end of the exchanger and pumping with the feed pump. Because of 
the extremely high ac t iv i ty  of the exchanger, no examination was made 
a f t e r  i t s  removal t o  determine the nature and location of the leak. 

Calculation of Nuclear Average Temperature 

In a reactor without control rods, such a s  the  HRT, the c r i t i c a l  
temperature i s  a part icular ly useful tool  f o r  following the  reactor be- 
havior. Any change i n  reac t iv i ty  i s  ref lected as a change i n  c r i t i c a l  
temperature and, a s  such, can be easi ly observed. However, the  c r i t i c a l  
temperature cannot be measured d i rec t ly  because of the highly noniso- 
thermal character of the system. Therefore, it i s  necessary t o  r e l a t e  
the c r i t i c a l  temperature, or  an approximation of it, t o  those system 
temperatures which can be measured: namely, the i n l e t  and out le t  temper- 
atures  of the  core and blanket regions. 

A weighted average of drrect ly observable temperatures i n  the HRT, 
called the nuclear average temperature (NAT), has been used extensively 
t o  study the behavior of the system. The N&T may be defined as the 
temperature t h a t  would be approached by the c r i t i c a l  reactor under com- 
pletely isothermal conditions i f  there were no changes i n  concentration. 
Thus, under isothermal conditions, the NAT and the  c r i t i c a l  temperature 
a r e  identical.  If the NAT i s  correctly computed, it w i l l  vary with re-  
ac t iv i ty  i n  the same way as the c r i t i c a l  temperature. 

The NIT may be defined i n  terms of the d i rec t ly  observable temper- 
atures as follows: 

NIT = f Fc + (1 - f )  % 



where : 

NIT = nuclear average temperature, 

= regional average temperature, 

T = observed temperature, 

f = core-weighting factor,  

8 = regional out let  weighting factor,  

and subscripts 

c = core region, 

b = blanket region, 

o = outlet ,  and 

f = in le t .  

The core-weighting factor,  f ,  i s  the r a t i o  of the temperature coefficient 
of react ivi ty of the  core region t o  t h a t  of the  reactor. The regional 
weighting factors,  8, depend upon the  flow pattern i n  the region. The 
value of 8 is 0.5 f o r  straight-through slug flow, and it approaches 1.0 
a s  mixing i n  the region increases. The value of 0 may exceed 1.0 i f  there 
is recirculation of f l u i d  from near the out let  of a region back in to  the 
active region. 

In  ea r l i e r  runs with upward flow in the core, the values of the 
factors  used i n  computing the NAT were developed from operating experience. 
The values used were f = 0.5, ec = 0.7 and $ = 0.7. However, experiments 
on the core hydraulic mockup, prior  t o  run 22, indicated that the value 
of 8, would be greater than 1.0 with downward flow through the core be- 
cause of considerable recirculation of the core f l u i d  i n  the new flow 
pattern. Therefore, some special experiments were performed i n  run 22 t o  
re-evaluate the factors.  

The core-weighting factor,  f ,  was evaluated by changing the blanket 
temperature and observing the  change induced i n  the  core temperature. 
The changes were mde with the reactor a t  heat-loss power, and the purge 
ra tes  were adJusted t o  minimize any concentration changes and the associ- 
ated react ivi ty effects.  The value obtained f o r  f was 0.6, which was i n  
agreement with theoret ical  calculations f o r  the  core-to-blanket concen- 
t r a t ion  r a t i o  which existed. This value was used throughout the  three 
runs. 

A value for  8 was obtained by varying the  core-solution circulat ion 
r a t e  with the reacgor operating a t  1.2 Mw. The neutron level,  blanket 
temperature, and core and blanket concentrations were held as nearly 



constant a s  possible. With no changes i n  concentration, there should 
have been no reac t iv i ty  change and, hence, no change i n  NATO Then, with 
the blanket temperature constant, the  core nuclear average temperature 
must have been unchanged. Under these conditions 8 could be evaluated 
from the changes induced i n  Tci and T o  by the varyfng flow ra te .  From 
Equation (2))  f o r  ATc = 0: 

The resul t s  of the  experiments gave values of 8, which varied from 1.1 
t o  1.4, compared with a calculated value of 1.3 based on infomation ob- 
tained from the hydraulic mockup. 22 A l l  i n  a l l ,  a value of 1.3 appeared 
t o  be the  best estimate of 8, and was adopted fo r  subsequent NAT calcu- 
l a t  ions. 

Since there had been no changes in the blanket flow, the value of 
% was not redetermined. The experiments did show, however, %hat the 
values ec = 1.3 and % = 0.7 were consistent with the  system behavior, 
and t h i s  was further  supported i n  subsequent operation of the  reactor,  

In  runs 22, 23 and 24, the above fac tors  provided a useful temper- 
ature index fo r  following the system behavfor. That is ,  a change i n  NAT, 
as computed using these factors,  indicated a change i n  system conditions 
and, conversely, a s table  NAT indicated steady conditions, It should be 
pointed out, however, t ha t  there are  very few reactor operations tha t  can 
be carried out without affect ing the NIT, FOP example, changing the 
power l eve l  does not, as such, change the system reac t i f i ty ,  but the 
change i n  the system temperature distrAbu%ion that accompanies the  power 
change does a f fec t  the concentration arid, hence, the  NIT. In  addition, 
the  changes i n  fission-product poison l eve l  t h a t  follow a power change 
af fec t  the NAT. Thus a change i n  NAT does not necessarily imply in- 
s t ab i l i ty .  It i s  necessary t o  compare the observed change i n  NAT with 
that expected from the operation before a Judgment of the reactor s t a b i l i t y  
can be made. 

In  addition t o  hourly, manual calculations which a re  the basis  fo r  
the NAT plo ts  i n  Figs. 1, 2 and 3, the NAT was sontinuously displayed and 
recorded on the control panel. For t h i s  purpose, the outputs of four 
thermocouples (one each at  the core and blanket i n l e t  and out le t )  were 
fed t o  a small computer which applied the appropriate weighting fac tors  
and transmitted the  resul t  t o  the recording instrument. The mnual cal-  
culations were based on temperature readings obtained from a multipoint 

2 2 ~ .  G. Lawson, personal communication. 



precision indicator. The readings ( in each case, a l l  tha t  were avai lable)  
of three thermocouples were averaged fo r  the core i n l e t  and f o r  the core 
out let  temperatures, and single thermocouples were read f o r  the blanket 
in le t  and outlet  temperatures. 

Both methods of obtaining the NAT were subgect t o  some error.  In 
the automatic record, the l imitat ion was the precision of the  computer- 
recorder chain. In the manual procedure, the variations were due part ly 
t o  the fac t  that the individual temperatures were constantly changing 
somewhat--a f i n i t e  amount of time was required t o  obtain eight thermo- 
couple readings--and part ly t o  the temperature variations i n  the refer-  
ence Junction of the  precision indicator. 23 In both cases the NAT vari-  
ations up t o  f 0.3'~ were observed, even under otherwise steady conditions. 

Fuel Distribution Between Core and Blanket 

Since the new core patches were not leak-tight,  it was necessary t o  
continue purging the blanket with a smU stream of B20--as had been the 
practice i n  previous runs24 -- i n  order t o  l i m i t  the uranium concentration 
and thus the power generation i n  the blanket. However, w%th the new 
patches, the re la t ive ly  high purge ra tes  used i n  the previous runs would 
have resulted i n  a uranium concentration low enough (-= 1 g lJ/kg) t o  cause 
hydrolytic precipitation of some uranium i n  high-temperature areas. Be- 
cause of t h i s  possibi l i ty ,  it was decided t h a t  the blanket purge r a t e  
should be selected and controlled t o  prevent the blanket concentration 
from going below the 1 g/kg level.  

Evaluation of Core-Blanket M&ins 

Since the blanket fue l  concentrations was t o  be eontrolled by the  
operators, a knowledge of the degree of mixing between the core and blanket 
w a s  essent ial  t o  competent operation of the reactor. The mixing m y  be 
conveniently determined from a steady-state solute material balance around 
the blanket high-pressure system: 

where 

C = concentration, 

f = feed-pump pumping rate ,  

L = letdown ra te ,  efther deliberate or by leakage, 

2%.he reference junction was controlled e lec t r i ca l ly  t o  f 0.25°~.  

2 4 ~ .  R. Engel - e t  -a a 1  , Sunmary of ART Run 16, ORNL CF-60-4-4 
(Apr. 8, 1960). 



P = t o t a l  pumping r a t e  i n to  the  high-pressure loop, 

R = backmixing r a t e  from core t o  blanket, 

and subscripts : 

b = blanket 

c = core 

bdt = blanket dump tank. 

The pumping r a t e  of the  blanket feed pump, fb, i s  t r ea t ed  separately from 
the other blanket diaphragm pumps which contribute t o  Pb, because it may 
pump fuel-bearing solution while the  purge pumps pump only condensate, 
The quanti ty,  Lb, represents leakage t o  the  blanket dump tanks since there  
was no del iberate  letdown from the  blanket high-pressure system. The net 
flow r a t e  from the  blanket t o  t he  core high-pressure system i s  given by 
( P b  - h)" The quantity,  R, i s  not intended t o  describe the  mechanism 
by which mfxing occurs; it i s  merely the average flow r a t e  of core so- 
l u t ion  in to  the  blanket which would be required t o  produce the  observed 
e f fec t s .  

A l l  of t h e  quant i t i es ,  except R, i n  equation (1)  can be evaluated 
d i rec t ly ,  but t he  equation can be simplified by combining it with a 
second material balance. A t  steady s t a t e ,  a so lu te  m t e r i a l  balance 
around the blanket dump tanks gives: 

Equations (1)  and (2) may be combined and the  r e s u l t  solved f o r  R: 

Thus, the  backmixing r a t e  can be evaluated from the  blanket-to-core con- 
centration r a t i o ,  t h e  t o t a l  blanket purge r a t e  and the  leak rate t o  the  
blanket dump tanks. 

The value obtained f o r  R from equation (3) var ies  with t he  general 
mixing conditions. Both it and the  instantaneous backmixing depend upon 
the  s i ze  and configuration of t h e  hole through which mfxing occurs, the  
ne t  flow r a t e  through the  hole and the pressure drop across it. However, 
t h e  instantaneous r a t e  m y  vary widely, on a short-time cycle, without 
a f fec t ing  the  average value of R.  



Results of Operation 

In general, the concentration ratios used to evaluate R are obtained 
directly from analytical results. In runs 22 and 23, the averages of tine 
ratios of U, Cu and Ni were used, and in run 24 where the Ni concentration 
ratio was uncertain because of the low Ni concentration in the fuel, only 
the U and Cu results were averaged. Figure 11 shows the relation between 
the core-to-total parer ratio and the blanket-to-core concentration ratio. 
The concentration ratios for the points were obtained from sample results 
in runs 22, 23 and 24, and the power ratios were determined from the flaw 
rates and temperature rises of the primary circulating streams. The solid 
curve is the calculated relation using the GNU code. The agreement between 
the calculated and observed relation is reasonably good; both analytical 
error and errors in the power determination contribute to the scatter in 
the empirical results. With Fig. 11the concentration ratio may be deter- 
mined at times other than sample times. This approach is not sufficiently 
precise for absolute determination of the concentration ratio, but it is 
particularly useful for showing short-term changes in the concentration 
ratio. 

Once the concentration ratio has been determined, it is necessary 
only to evaluate the net blanket purge, (pb - L), to obtain the backmixing 
rate. The observed effect of net blanket purge rate on the concentration 
ratios in runs 22, 23 and 24 is shown graphically in Fig. 12. The results 
cover a relatively narrow range of purge rates because the blanket con- 
centration was controlled at slightly above 1 g  kg D20. The results are 
also somewhat cloudy because of uncertainty in the leak rate to the blanket 
dump tanks. This leakage was low at the start of r u n  22 and apparently in- 
creased with time. A blanket dump tank sample taken November 19, 1960 
showed the leakage at that time to be less than 0.5 lb/min . Therefore, 
the run 22 data up to that time were plotted with no allowance for blanket 
letdown. No run 22 data were used after November 19. The leakage to the 
blanket dump tanks was measured late in run 23 and several times in run 24 
with an average result of 1.9 lb/min. This correction was applied to all 
of the nm 24 data and to the data for the latter part of run 23. The 
concentration-ratio data for the early part of run 23 are not plotted on 
Fig. 12 because of uncertainty in the leak rate. The effect of applying 
a correction for leakage to the blanket dump tanks to a given data point 
is to move that point to the left in Fig. 12. Therefore, the run 22 points 
could be moved only to the left and the run 23 and 24 points, which may 
have been overcorrected (but probably not undercorrected), could be moved 
only to the right. Thus, the change, from early run 22 to runs 23 and 24, 
in the effect of purge rate on concentration ratio is, if anything, under- 
estimated. 

A short straight line25 was drawn through the central mass of data 
for run 22, and a parallel line was drawn through the run 23 and 24 data. 

25~he actual relation is probably a curve since the concentration 
ratio must go to 1.0 when the net blanket purge rate goes to zero, but a 
straight line is a reasonable approximation for the region in question. 
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The concentration ra t ios  a t  a net blanket purge of 4.0 lb/min were then 
used t o  calculate the effective, mean backmixing ra tes ,  The mixing ra tes  
calculated a t  t h i s  condition for  run 22 and fo r  runs 23 and 24 were 0.9 and 
1.3 lb/min, respectively. Thus a change i n  mixing from the s t a r t  of run 22 
i s  apparent, but there i s  no significant difference between runs 23 and 24. 
Since leakage t o  the blanket dump tanks has already been accounted fo r  and 
changes i n  the main loop pressure drops, which determine the A P  across the 
patches are unlikely, it must be concluded tha t  the configuration of one or 
both of the patches changed, 

The t i m e  a t  which the condition of the patches changed cannot be fixed 
with certainty, but it appears that most of the change occurred during 
run 22. Between November 15  and 28, it was observed tha t  the  blanket-to- 
core concentration r a t i o  incre sed (see Fig. 1) while the blanket pumping 
r a t e  was relat ively constant.286 The leakage t o  the  blanket dump tanks was 
not measured during t h i  s period, but an f ncrease f n leakage of 1 . 7  lb/mi n 
would have been required t o  cause the observed change i n  concentration 
r a t i o  i f  there were no change i n  backmixingo An increase of t h i s  mgnitude 
i n  the leakage would be reflected as a decrease i n  %he calculated inven- 
tor ies .  No such ef fec t  was observed a t  the time,27 so it appears l ike ly  
that  the change i n  concentration r a t i o  was due t o  increased backmfxing. 

C r i t i  c a l  Concentrations 

Predictions 

Before the beginning of run 22, calculations were made t o  predict the 
c r i t i c a l  concentrations (and other nuclear properties of the HRT) t o  be 
expected when the rea t o r  was operated with the blanket temperature much 
lower than the core.28 DIW, a one-dimensional, rmrltigroup diffusion code 
f o r  the DM-7090, was used t o  compute c r i t i c a l  concentrations. The cal- 
culations used the most up-to-date cross-section data, and took in to  ac- 
count the stable neutron poisons i n  the HRT f u e l  solution and the enrich- 
ment of uranium (84%) and heavy water (97.5%) whfeh exi sted i n  the HRT a t  
the beginning of run 22, 

The GNU resul t s  were used t o  construct working curves which could be 
conveniently used i n  planning and analyzing the operation of the IWT, 
Figure 13 shows the predicted sore c r i t i c a l  concen%ration a s  a function of 
core temperature fo r  several blanket/eore coneentratf on ra t f  0s.  h he r a t ios  
are for  concentrations on a molal, or mass, basis rather than on a molar, 
or  volumetric, basis; the two are  different i f  the blanket temperature i s  
not the same a s  tha t  i n  the core.) During runs 22 through 24 the blanket 

2 6 ~ h e  increase i n  blanket concentration was reversed and the desired 
concentration restored by increasing the blanket purge ra te .  

2 7 ~ h e  behavior of the calculated physical inventories indicates tha t  
most of the increase in  blanket leakage probably occurred a f t e r  about 500 
hours of operation i n  run 23 (see page 88 ). 

*%. R. Vondy and M. L. Tobias, Nuclear Properties of the HRT-- A Col- 
lect ion of Steady-State Calculations, QRNL CF-61-8-42 (Aug. 4, 1961). 
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temperature was held very near 230'~; the predicted effect of deviations 
from this blanket temperature, shown in Fig. 14, was used to adjust the 
concentrations from Fig. 13. 

Comparisons 

During runs 22 through 24, as in all HRT nuclear operation, the pre- 
dicted critical concentration at the time of each pair of high-pressure 
system samples was compared with the observed concentration. These com- 
parisons served several purposes: Occasionally, abnormal error in sampling 
or analysis was revealed by an unusually large difference between the sample 
results and the predicted concentration. The presence of noncirculating 
uranium in the active region of the reactor was detected, in earlier runs, 
by a correlation between parer level and the difference between the solution 
concentrations and the concentrations required for criticality. The data 
from runs 22 through 24 were examined for such a correlation. Finally, 
the accuracy of the criticality calculations was checked by comparison of 
the predicted critical concentrations with all of the observed concen- 
trations. 

Results of Runs 22 and 23 

Power-Dependent Uranium Gffects.--Figure 15 shows runs 22 and 23 data - 
in the type of plot which would reveal the effect of power-dependent, non- 
circulating uranium, if such existed. Shown in this figure is the ratio 
of the predicted core critical concentration to the core concentration 
indicated by sampling. The critical concentration was obtained from the 
GNU results, using the uranium, sulfate, copper and nickel analyses to 
compute the blanket-to-core concentration ratio. The core and blanket 
average temperatures were computed from the inlet and outlet temperatures, 
using weighting factors of 1.3 on the core outlet and 0.7 on the blanket 
outlet (see pages 51-54). The "observed" U-235 concentrations were com- 
puted from the reported concentrations of total uranium in the samples, cor 
rected for analytical bias,29 and the enrichment of the uranium in so- 
lution.3' Figure 15 shows no correlation of the ratio with puwer. It 
thus appears that there was very little, if any, deposition of uranium on 
the core tank as the parer was raised. (~ifty grams of uranium depositing 
on the core tank wall would increase the ratio by 0.2.) 

29During run 22, the uranium analyses of eighteen control samples with 
concentrations near those in the core averaged 1.0065 of the actual concen- 
trations, with a standard deviation of 0.0124. In run 23, the ratio of 
analysis to actual concentration in thirteen control samples was 1.0116 
0.0101. 

'O~he enrichment used in the conversion was 83.46 weight percent U-235, 
based on run 21 sample results and calculated changes due to burnup. Three 
samples taken during runs 22 and 23 assayed 82.67, 82.63 and 82.70 weight 
percent U-235. If the average of these were used for the conversion from 
total uranium to U-235, all the points on Figs. 14 and 15 would be moved up 
by 0.009. 
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Xenon Effects.--As xenon-135 concentrations i n  the reactor change fo l -  
lowing changes i n  the reactor power, the concentration required for  c r i t i -  
ca l i ty  at  a given temperature a lso  must change. No allowance was mde fo r  
xenon poisoning i n  arr iving a t  the c r i t i c a l  concentration from the reactor 
temperature and the GMU curves, so the r a t i o  of the predicted c r i t i c a l  con- 
centration t o  the  observed concentration should decrease as the  xenon builds 
up. The expected ef fec t  i s  not large, however. J. Hirota, using iodine 
and xenon holdup factors  which were based on early data, 31 predicted tha t  
equilibrium xenon a t  5 Mw should cause a decrease i n  reactor nuclear aver- 
age temperature of 3.3O@, i f  the uranium concentrations were unchanged. 
This is equivalent t o  an increase of about E$ i n  the c r i t i c a l  concentration 
a t  a given temperature. Later data,32 on the  composition of xenon i n  the  
off-gas, indicated that the xenon ef fec t  should be l e s s  than half tha t  cal- 
culated by Hirota. The comparison of predicted c r i t i c a l  concentrations with 
observed concentrations i n  runs 22 and 23 was analyzed f o r  possible ef fec ts  
of xenon as shown i n  Fig. 16. The variable against whi ch the  predicted/ 
observed concentration r a t i o  is  plotted is  the  xenon poisoning expressed 
as a fract ion of that which should exis t  a f t e r  long operation a t  5 Mw. 
This type of plot  i s  different from a plot  of the ra t fo  against power because 
many of the samples with high xenon were taken a t  low power, several hours 
a f t e r  a reduction from hfgh power but while the  xenon concentrations were 
s t i l l  high. The xenon poisoning was estimated from the  power history of 
the reactor using Hirota's calculated transients.   h he shapes of the  cal-  
culated t ransients  were assumed t o  be correct, even though the absolute 
poisoning was too high. ) The sca t ter  i n  the  data i s  such tha t  no signi- 
ficant correlation can be seen i n  Fig. 16. The resul t s  a re  not incon- 
s i s t en t  with the poisoning expected on the basis of the isotopic r a t i o  
measurements. 32 

Accuracy of PPedfctfons,--It i s  apparent from Figs. 15 and 16 t h a t  
the predicted c r i t i c a l  concentrations are,  on the  whole, lower than the  
observed concentrations, thus indicating error  i n  the predictions. There 
i s  no correlation between the error and ei ther  the core temperature (which 
ranged from 242 t o  278%) or the  blanlret/core concentration r a t i o  (which 
ranged from 0.14 t o  0.27 during runs 22 and 23). Lumping a l l  of the  run 22 
and 23 points together the ra t fo  of predicted t o  observed concentrations 
was found t o  be 0.962 4 0.014 (mean and standard deviation). 33 

Results of Run 24 

When the f u e l  was replaced a t  the  end of run 23, the enrichment was 
changed from about 83 t o  9376, and the poisoning due t o  dissolved nickel 
and f i ss ion  products was pract ical ly eliminated. A s  a resul t ,  it i s  neces- 
sary t o  t r e a t  separately the c r i t i c a l i t y  data from run 24. 

31~. Hirota, Internal correspondence. 

3%. Do Burch and 0. 0. Yarbro, HRP Quar. Prog. Rep. Jan. 31, 1960, 
ORNL-2920, p 9. 

33~he  mean would be higher by 0.009 i f  the sample assays were used 
i rs tead  of the book values f o r  the enrichment i n  arr iving a t  the "observed" 
concentrations. See footnote 30. 
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There was no detectable ef fec t  of noncirculating uranium i n  run 24, 
and again the data were not suff icient ly accurate t o  give a value fo r  the 
xenon poisoning. 

Figure 17 serves t o  show a l l  of the  run 24 data. The predicted 
c r i t i c a l  concentrations were obtained from Figs. 12 and 13, with no cor- 
rection fo r  the  reduced poisoning i n  run 24. The "observedt1 concentrations 
were obtained from the sample resul ts ,  corrected fo r  analyt ical  bias, and 
the  enrichment. 34 There was no significant correlation of the r a t i o  with 
any variable. Excluding the highest point ,35 the GNU curves give concen- 
t ra t ions  which a r e  0.997 f 0.009 of those observed i n  run 24.  h he mean 
would be 0.999 if the sample assays were used. ) 

Effects of Fuel Replacement 

Comparison of run 24 c r i t i c a l i t y  data with t h a t  of runs 22 and 23 
shows that the c r i t i c a l  concentration of U-235 decreased by about 3qb a s  
a resul t  of the f u e l  replacement. Net reduction i n  the poisoning due t o  
changes in nickel, copper, sulfur and uranium isotopes accounts fo r  a 
change of lo$ in the c r i t i c a l  concentration. The remainder of the change, 
about 2$, is a t t r ibuted  t o  the removal of the f i s s ion  products which had 
accumulated i n  the  old charge. 

Power Fluctuations 

When the  nuclear operation of the  HRT was resumed i n  run 22, a f t e r  
the reversal of the core flow, two m j o r  differences i n  behavior from 
ea r l i e r  operation were immediately apparent. The f i r s t  was the  behavior 
of the core i n l e t  and outlet  temperatures as the power was changed; as the  
i n l e t  and out le t  temperatures diverged, both decreased instead of diverging 
about a mean a s  had been normal before. This was expected as a resu l t  of 
t e s t s  i n  the hydraulic mockup, which had predicted that "short-circuiting" 
and recirculation of the f u e l  i n  the core would cause some regions t o  be 
much hotter than the core out let .  The other difference was the magnitude 
of the power fluctuations; they were about twice the s ize  of those ob- 
served when the reactor operated with upward flow. Although the  inoreased 

3 4 ~ n  run  24 the r a t i o  of analysis t o  actual  uranium concentration i n  
nine core control samples was 1.0042 f 0.0126. The enrichment used was 
92.89 wei ght percent U-235. Two samples taken during run 24 assayed 92.70 
weight percent U-235. Xf t h i s  enrichment were used, all the ra t ios  i n  
Fig. 1 7  would be increased by 0.002. 

35~here  i s  much independent (a lbe i t  circumstantial ) evidence that 
the blanket concentration reported f o r  t h i s  point was much lower than the 
t rue  blanket concentration. 
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Fig. 17. Ra t io  of C r i t i c a l  Concentrations P red ic t ed  by GNLT Calcula- 
t i o n s  t o  Those Observed i n  Run 24 vs Calculated Xenon Poisoning. 



turbulence i n  the  core was strongly suspected as  the  cause of the larger  
fluctuations, caution was used i n  rais ing the power u n t i l  f u e l  ins tab i l i ty  
or other potentially h a M u l  conditions could be ruled out a s  a cause. 

Typical behavior of the f i ss ion  power, or neutron level,  with down- 
ward flow through the core i s  shown i n  Fig. 18, which i s  a photograph of 
a recorder chart taken i n  run 22. Many of the pe s a re  larger  than w h a t  
had been recognized a s  pips i n  ea r l i e r  operation.% Unlike pips, the 
largest  fluctuations appeared t o  be merely par t  of the  general "noise," 
differing from the  smaller fluctuations only i n  degree, not i n  cause. 
This impression was strengthened when the size-frequency distr ibut ion of 
the power peaks was determined. As shown i n  Fig. 19, the la rges t  peaks 
appear t o  be par t  of the  same s t a t i s t i c a l  dis tr ibut ion as the smaller 
fluctuations. This was not t rue  of pips. 37 

Investigation 

The cause of the power fluctuations became the subject of extensive 
investigation. I n  r u n  22, various changes i n  operating conditions were 
t r i e d  t o  determine the i r  effect  on the fluctuations. Changes included: 
operating a t  various core temperatures and pressures, reducing core c i r -  
culation ra te ,  reducing blanket circulation ra te ,  interruption of fue l  
and blanket feed p q s ,  manual control of letdown valve position, in ter -  
ruption of feedwater pumps, and manual control of the  s t e m  withdrawal 
valves. Some of the changes were necessarily of short duration. For 
others, namely the pressure, temperature and circulation r a t e  changes, 
the reactor was operated fo r  at  l e a s t  four hours a t  a given condition 
while data were collected. None of the changes had a noticeable ef fec t  
on the fluctuations. To f a c i l i t a t e  the analysis of the data, procedures 
were developed which made use of the large automatic d i g i t a l  computers 
i n  Oak Ridge. Through the ef for ts  of R.  K. Adams, provisions were made 
t o  record the neutron level  i n  d i g i t a l  form on punched paper tape. (A 
voltage signal was transmitted t o  a d ig i t izer  and tape punch a t  X-10.) 
The tape was edited for  mistakes by an ORACLE code, then was converted t o  
punched IBM cards, which were used i n  anal s i s  codes devised f o r  the  
IBM-7090 by Me L. Tobias and Do R. Vondy. 3ij Meanwhile, experiments were 
conducted by C .  G. ~awson39 i n  which the HRT hydraulic mockup, with pro- 
visions fo r  salt injection and concentration detection, was coupled with 

3 6 ~ .  W. Rosenthal, S o  Jaye and M. Tobias, Power Excursions i n  the 
BET, - ORNL 2798 ( ~ e b .  15, 1960). 

3 8 ~ e  R e  Kasten e t  - a1 -* 8 HRP Bog. Rep. Dec. 1, 1960 t o  May 31, 1961, 
OR&-3167, p 28-36. 
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an analog c i r cu i t  simulating the  neutron kinet ic  equations. These experi- 
ments produced simulated power t races which were compared with the  actual  
power data from the HRT. Results of a l l  these investigations point t o  
the  small fluctuations i n  the  flow pat tern i n  the core, with consequent 
fluctuations i n  the  core average temperature, as being the cause of the 
neutron power fluctuations.  

h e r a t i n g  Restrictions 

The conclusion t h a t  the  fluctuations i n  neutron l eve l  did not indi- 
cate  potent ial ly  harmful conditions i n  the core had already been tenta- 
t ive ly  reached by the  end of run 22. The fluctuations remained, however, 
a problem i n  the  operation of the  reactor; they would tend t o  conceal 
actual  pips, or disturbances symptoma.tic of f u e l  in s t ab i l i ty ,  i f  such 
should occur. Some way was desired to recognize the  symptoms quickly so 
that prolonged operation under conditions of f u e l  in s t ab i l i ty  could be 
avoided. The approach which was adopted was t o  scrut inize the size- 
frequency dis tr ibut ion of the fluctuations fo r  abnormal deviations. If 
such occurred, the  power was t o  be lowered and the disturbances i n  
question examined carefully t o  judge i f  the  abnormalities were actual ly 
pips. The analysis of the fluctuations t o  provide a guide fo r  operations 
had t o  be done manually, since the  machine computations involved undesirable 
l ag  time i n  the data reduction. 

In  practice,  the  fluctuations i n  reactor period were more convenient 
t o  analyze than the  power fluctuations,  mainly because the mean of the 
inverse period was always zero, while the  mean power was subject t o  slow 
drifts and had t o  be calculated f o r  each section of chart which was ana- 
lyzed. Furthermore, the s ize  of inverse period peaks i s  more closely re-  
l a t ed  t o  the s ize  of reac t iv i ty  disturbances than i s  the  s ize of the power 
peaks. The s ize of the  peaks i n  inverse period was found t o  follow a 
s t a t i s t i c a l  dis tr ibut ion a s  d i  the power peaks, Figure 20 shows data Po a t  s ix  power levels  i n  run 23. The ef fec t  of core power (proportional 
t o  the  temperature r i s e  of f u e l  i n  the  core) i s  evident i n  Fig. 21, which 
i s  a crossplot of Fig. 20. 

The frequencies plot ted i n  Fig. 20 a re  average values measured over 
intervals  of 6 t o  22 hours. It was i'ound that dis tr ibut ions based on two 
hours of data varied considerably from one two-hour in terva l  t o  the  next, 
even though, externally, there had been no change i n  operating conditions. 
The bands shown on the  points at  the highest powers i n  Fig. 21 a r e  the  95% 

40The periods shown on this and Fig. 21, and the  limits referred t o  
i n  the discussion which follows,apply t o  periods indicated on RR-163, a 
Brown recorder. Because t h i s  recorder had a 4-second time constant, the  
shorter periods were not fa i thfu l ly  recorded. (peaks which were recorded 
as 10-second periods on RR-163 were shown as 8-second periods on a Sanborn 
recorder which has a time constant on the order of milliseconds.) 
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confidence limits f o r  two-hour intervals.  In  establishing the operating 
guides f o r  detecting pips among the normal fluctuations,  it was necessary 
t o  take in to  account t h i s  nonstationary nature of the  s t a t i s t i c a l  d is -  
t r ibut ion.  

The operating l imitat ion followed i n  runs 23 and 24 was a specified 
maximum number of inverse period peaks greater than a cer ta in  value i n  
any interval  of specified length. If the specified frequency was ex- 
ceeded, the power was t o  be lowered. In  specifying the  l imits ,  a low 
frequency of occurrence was desirable, because counting of lnany events 
was impractical fo r  operating personnel. Furthermore, a short time period 
was required since operation with separated uranium f o r  extended periods 
was undesirable. A two-hour interval  and a two-per-hour average 
frequency were chosen a s  a reasonable compromise between these require- 
ments and the  be t t e r  s t a t i s t i c s  obtained with longer in te rva ls  and more 
frequent occurrences. The s ize  l i m i t  on the  inverse period peaks was 
based on the  l i n e  representing the mean s i ze  a t  two per hour on Fig. 21 
plus 1.5 times the  95$ confidence spread. To i l l u s t r a t e ,  at  a core power 
of 2.8 Mw ( t o t a l  about 5 MW) the  occurrence of peaks i n  the inverse period 
greater than 12.4 sec-1 (periods shorter than 8 seconds) more than four 
times i n  any two-hour in te rva l  was cause for  lowering the  power t o  heat 
loss .  

Several times during runs 22 and 23 the  operating l i m i t  on inverse 
period peaks was exceeded and the power was lowered. In  every such case, 
analysis of the chart records showed a normal size-frequency dis t r ibut ion,  
but one which had shif ted more than expected toward larger ,  more frequent 
fluctuations.  These power reductions were the  only way i n  which the  power 
fluctuations hampered the  operation of the  reactor.  The heat capacities 
of the fue l  solution and the heat exchanger attenuated the  fluctuations 
i n  f i s s ion  ra te ,  so that there were no detectable fluctuations i n  the  
reactor steam pressure or the reactor thermal power output. 

Condensate Transfer 

Chanae i n  Transfer Route 

A continuous t ransfer  of condensate from the fuel  t o  the  blanket 
low-pressure system i s  required t o  supply D20 f o r  the  blanket purge. 
Before run 22, the  condensate was t ransferred through the  low-pressure 
system transfer  l i n e  provided i n  the or iginal  reactor ins ta l la t ion .  This 
l i n e  enters the blanket feed l i n e  between the  blanket dump tank and the  
blanket feed pump a s  shown i n  Fig. 22. Since make-up t o  the blanket 
dump tank i s  required t o  replace the condensate pumped by the  two blanket 
purge pumps, the net flow i n  the feed l i n e  was toward the  blanket dump 
tank. Thus any f u e l  solution l e t  down t o  the  dump tank from sampling or 
valve leakage remained i n  the dump tank and had t o  be returned t o  the  
high-pressure system periodically by interrupting the t ransfer  and 
emptying the  dump tank. 

During the shutdown b e f ~ r e  run 22, a new l i n e  was ins t a l l ed  t o  per- 
m i t  the  condensate t ransfer  t o  enter the top of the  dump tank (as shown 





by the revised route in Fig. 22). One end of the line was connected to 
a dumtqy valve body with the required flow passages, which was installed 
in place of HCV-434.41 The other end of the line was connected to the 
previously unused blanket chemical processing line at HCV-938. HCV-434 
was reinstalled in a new position, but connected so that the function of 
the original transfer line was unchanged. 

With the new transfer route in service, the blanket feed pump was 
supplied solely from the blanket dump tank, so that any fuel let down to 
the dump tank was continuously returned to the high-pressure system. 

Control of Transfer 

Two principal objectives in the control of the reactor low-pressure 
system are (1) maintaining the desired fuel-dump-tank weight (since this 
controls the fuel concentration in the high-pressure system), and (2) 
maintaining the transfer rate as required to supply the total blanket 
purge 

By run 21, in pursuit of these objectives, the following control 
system had evolved: 

The fuel-dump-tank weight was controlled automatically by throttling 
one of the valves (HCV-333) in the transfer line. This determined the 
withdrawal of condensate from the fuel condensate tank; a second con- 
troller maintained the condensate weight fixed by throttling the valve 
(HCV-336) admitting condensate from the fuel recombiner condenser. To 
provide the driving force required for the condensate transfer, a pressure 
differential was maintained between the fuel and blanket low-pressure 
systems by periodically expelling gas from the blanket system (using 
steam pressure) and then closing the off-gas valves at the cold traps and 
lowering the steam pressure to produce a partial vacuum. 

This control system had several shortcomings; the inclusion of the 
condensate weight controller in the fuel-dump-tank weight loop resulted 
in an unnecessary lag in the dump-tank weight control, the dump-tank 
weight had to be controlled manually whenever the transfer was inter- 
rupted or the fuel condensate weight was changed, and the transfer had to 
be interrupted periodically to renew the blanket vacuum. 

To correct these shortcomings, an improved control system was devised 
and installed for run 22. The fuel-dump-tank weight was controlled di- 
rectly by throttling the flow of condensate from the recombiner condenser 
to the fuel condensate tank via HCV-336. A controller was installed to 
maintain the pressure differential required between the fuel and blanket 
low-pressure systems, by throttling the flow of off-gas from the fuel 
cold traps. The fuel-condensate-tank weight was controlled automatically 
by varying the differential pressure controller setpoint to control the 
transfer rate. The maximum differential pressure was limited to prevent 
gas-binding of the fuel purge pumps. 

41~. E. Beall , et a1 ,* J HRP Quar . Prog. Rep. Jan. 31, 1960, ORNL-2926, 
p 16-17. 



The new control system worked well. However, during run 22 it 
appeared tha t  the changes in  fuel-dump-tank pressure resu l t ing  from the 
action of the d i f f e ren t i a l  pressure control ler  were affect ing the pumping 
ra t e  of the  fue l  feed pump. On November 23, t o  eliminate t h i s  possible 
source of fluctuation i n  the feed rate ,  the d i f f e ren t i a l  pressure con- 
t r o l l e r  was replaced by a fuel-dump-Lank pressure control ler ,  operating 
i n  the same manner, by th ro t t l i ng  the off-gas discharge. The fuel-dump- 
tank pressure was s e t  (usually a t  18 ps ia)  t o  provide ample d i f f e ren t i a l  
pressure (usually 4 p s i )  for  driving the t ransfer ,  The fuel-condensate- 
tank weight was controlled automatically by th ro t t l i ng  t ransfer  valve 
HCV-333. The revised control system worked well, and it was used for 
the remainder of run 22 and succeeding runs. 

Im~rovements i n  Secondary Containment 

As par t  of a Laboratory-wide re-evaluation of the containment of 
radioactive processes, the  HRT was surveyed, and, before run 22, a number 
of improvements were made i n  the secondary containment and the vent i la t ion 
of reactor areas. These changes are  summarized a s  follows: 

1. In the reactor steam system, provision w a s  made t o  vent back t o  
the reactor c e l l  any leakage through the steam block valves. 

2. In the off-gas system, provision was made t o  operate the adsorber 
beds at  subatmospheric pressure. 

3.  The adsorber-bed p i t ,  the waste system, and the sampler cavi t ies  
were vented t o  the stack through a silver-plated-mesh iodine t rap.  Pro- 
vision was made t o  automatically vent the  discharge of the  t r ap  t o  the 
reactor c e l l  i n  the  event of high radioact ivi ty  i n  the  discharge gases. 

4. A new stack fan and f i l t e r  system w a s  ins ta l led .  

5. Special vent i la t ion w a s  provided for  the chemical-plant and 
reactor control levels,  the steam valve p i t ,  and the  waste-evaporator 
enclosure. 

6.  A radiation block valve was ins ta l led  i n  the reactor c e l l  sump 
discharge l ine.  

Reactor Steam and Off-Gas Systems.--The changes in  t h e  reactor steam 
and off-gas systems have been described i n  preceding sections of t h i s  
report. 

Waste System and Sampler Vent.--Charcoal-bed iodine t raps  were 
formerly used i n  the vent l i nes  from the main waste tank and from the  
sampler cavi t ies ,  During the re-evaluation it was decided tha t  charcoal 
beds were unacceptable for  t h i s  application because of the poss ib i l i ty  
tha t  they might become ignited, thus releasing a l l  t h e i r  accumulated 
ac t iv i ty .  The two charcoal beds were replaced by a single silver-mesh 



bed t o  serve a s  an iodine t r a p  f o r  both systems. To prevent a major dis- 
charge of gaseous a c t i v i t y  i n  the  event of a catastrophic f a i l u r e  of a 
sampler, f o r  example, i n  which a large quantity of f u e l  solut ion was r e -  
leased i n  the  sampler cavity, a block-and-vent system was ins t a l l ed  i n  
the discharge from t h e  bed. In  the  event of a discharge of highly radio- 
ac t ive  gas from the  bed, t he  l i n e  t o  the  stack would be blocked and a 
vent l i n e  t o  the  reactor c e l l  opened so t h a t  the a c t i v i t y  would be con- 
f ined  t o  the  reactor  c e l l .  An inter lock was provided t o  prevent t h i s  
ac t ion  if the  reactor  c e l l  pressure were higher than atmospheric pressure. 

Secondary containment of the  off-gas adsorber beds was a l s o  pro- 
vided by t h i s  system. The off-gas adsorber beds a re  submerged i n  water 
i n  a p i t ,  covered with concrete blocks and earth,  but not sealed from the  
atmosphere, Sealing of t he  p i t  was impractical; however, a vent l i n e  &s 
ins t a l l ed  from the  overflow l i n e  of t he  p i t  via t h e  waste vent system t o  
the  iodine t rap.  A valve i n  the  vent l i n e  was th ro t t l ed  t o  m f n t a i n  a 
purge r a t e  of 15  t o  20 cfm i n  the  air space above the  water, so that any 
gaseous a c t i v i t y  released i n  t h e  adsorber p i t  would be carr ied i n t o  the  
waste system. 

Stack Fan.--A higher-capacity dual-unit  stack fan  was ins t a l l ed  t o  
provide addi t ional  vent i la t ion capacity (see below). The standby un i t  
s t a r t ed  automatically on f a i l u r e  of t he  operating unit. A new iodine 
t r a p  and par t icu la te  f i l t e r  were in s t a l l ed  downstream of the  o r ig ina l  
f i l t e r  as addi t ional  protection against  a hazardous re lease  of a c t i v i t y .  

Ventilation.--The secondary containment, i n  th ree  areas  i n  which 
there  a r e  numerous shield penetrations, was improved by seal ing off  t he  
areas from t h e  remainder of the  buiiding and providing e venbila.iing eystem 
t o  maintain them a t  a s l igh t  negative pressure. These were the  reactor  
control leve ls ,  which were connected t o  the  stack-fan system, and the  
chemical-plant control leve ls  and the  steam valve p i t ,  which were each 
provided with independent exhaust fans discharging through iodine-traps 
and f i l t e r s .  

In  addition, the secondary containment of t he  waste evaporator was 
completed by sealing the  openings i n  the  enclosure and providing an ex- 
haust duct t o  the  stack-fan system. 

Cell-Sump Discharge,--A rad ia t ion  monitor and block valve were i n -  
s t a l l ed  on the  cell-sump discharge l i n e  t o  minimize the  poss ib i l i t y  t h a t  
highly radioactive solution (such as s p i l l e d  f u e l )  could be inadvertently 
discharged from the  reactor c e l l .  The monitor was s e t  so t h a t  t h e  block 
valve remained open f o r  t he  discharge of low-level waste (such as c e l l  
f lood water) t o  t h e  waste system, The hand valve i n  t h i s  l i n e  was normally 
kept closed during reactor operation, 

Act ivi ty  Releases 

Both runs 22 and 24 were ended when f r e sh  fissfon-product a c t i v i t y  
was detected i n  the  reactor c e l l  sumps, indicat ing t h a t  there  were leaks 
i n  the  primary containment. 



On December 4, a t  approximately 2100, the c e l l  air ac t iv i ty ,  as 
indicated by the monitors i n  the west instrument cubicle, s ta r ted  in-  
creasing (from t 1 0  mr/hr). One hour l a t e r  and a f t e r  t he  monitors were 
calibrated, the  indicated a c t i v i t y  leve l  peaked a t  about 40 m r / h r .  A 
sample of the  f u e l  shield sump revealed t h a t  f resh  f i s s i o n  products were 
present. The quantity of solution i n  the  sump was so s m l l ,  however, t h a t  
it was necessary t o  add water t o  the  sump before a sample could be with- 
drawn. The blanket sump contained a considerable amount of water (approxi- 
mately 1500 ga l )  because of a cooling water leak. Activity could not be 
detected i n  t h i s  water with portable instruments, but was found t o  be 
present i n  very d i l u t e  quant i t ies  when more sensi t ive detection methods 
were used. The reactor,  which had been operating a t  1.8 Mw, was made 
subcr i t ica l  a t  2230; d i lu t ion  of the  high-pressure system was s t a r t ed  a t  
midnight (ending run 22). The ac t iv i ty  l eve l  of the monitors decreased 
a f t e r  these steps were taken. The t o t a l  gaseous a c t i v i t y  i n  the  c e l l  
reached a peak of 1 t o  2 curies,  with the  gases being predominantly 
Xe-133 and Xe-135- 

The leaking component was found t o  be the east  diaphragm head of 
the  fue l  feed pump (see page 44), Decontamimtfon of the  pump and the 
immediate area freed 19 g of uranium, which was flushed t o  the waste 
system. 

Airborne fission-product a c t i v i t y  was detected i n  the reactor c e l l  
throughout runs 22 and 23. Since the  container was sealed and the  ac- 
t i v i t y  leve l  never rose above 5 curies f o r  t h e  e n t i r e  ce l l ,  t h i s  condition 
was not considered a hazard f o r  continued operation. However, on 
February 8, the  gaseous ac t iv i ty  l eve l  increased t o  10  t o  20 curies and 
f resh  fission-product a c t i v i t y  was detected i n  the  c e l l  sumps, so run 24 
was ended, The leak was located in a 1-in,  tee  below the  fue l  dump tank 
(see pages 26-32). A r in se  of the  area of the leak freed 180 g of 
uranium. 

Each time the  leaks occurred i n  the  p r b r y  system, the reactor was 
shut down i n  a normal manner w%th no release of a c t i v i t y  t o  the  atmos- 
phere. 

Cell  Leakage 

Throughout runs 22, 23 and 24, the  c e l l  was ma$ntained a t  half atmos- 
phere, with leakage being an  acceptable 3 t o  5 l i ters/mfn. This leakage 
was corrected fo r  a normal. nitrogen purge of 3 l i ters /min and a demfner- 
a l ized  cooling water leak of about 0.5 l i ters/min. 

Flange Leakage 

During t h e  runs there was no significant, individual flange leakage. 
Total leakage from the  flange leak-detector system ranged between 20 and 
30 cc/day during periods of steady reactor operat ion, 



Radiation Levels 

Radiation levels outside the reactor shield were negligible during 
operation. Typical values of radiation levels measured inside the shield 
are given in Table 2. 

Internal Recombination Experiments 

A significant problem in the operation of an aqueous, homogeneous 
reactor is the recombination of the gases formed b the radiolytic decon- 
position of the water. In the HRT essentially allT2 of this r2combination 
is accomplished in the high-pressure systems with Cu++ (added as C S 0 4 )  
as the recombination catalyst. It is highly desirable, in the HRT, that 
the internal recombination be sufficiently rapid so that the concentration 
of the gases in solution does not exceed the solubility limits and form 
bubbles. In order to limit the operation of the reactor to those conditions 
where radiolytic gas bubbles do not form, it is necessary to know the ef- 
fectiveness of the catalyst under reactor conditions, 

Recombination experiments were performed in runs 23 and 24 to try to 
determine the effects of acid level and fission and corrosion products on 
the effective recombination rate. The experiments in run 23 were carried 
out with fuel solution which contained significant concentrations of fission 
and corrosion products. In run 24, two sets of experiments were performed 
with relatively clean fuel but at different levels of acid and copper. 
Each set consisted of four or five experiments covering a range of core 
average temperatures. The experimental procedure that was followed has 
been described earlier (see pag2s 22 - 2 3 ) .  

In evaluating the experiments it was assumed that the recombination 
reaction is first-order with respect to deuterium concentration and that 
all of the recombination was due to catalysis by copper. It was further 
assumed that the solution rate constant was proportional to the copper 
concentration and that the copper specific rate constant followed the 
Arrhenius equation. The quantities evaluated were the two constants in 
the Arrhenius e uation. These were expressed in terms of a specific rate 8 constant at 250 C and the activation energy. Under the above assumptions, 
any of the effects sought would appear as differences in these quantities. 
Since there were two quantities to be evaluated, a single experiment 
could not give definitive results. However, any two experiments give a 
value for each of the terms. Thus, with five experiments, ten values are 
obtained for each constant, and, with four experiments, six values are 
obtained. 

42~ince internal recombination requires a finite concentration of the 
reactants, a small amount of gas, proportional to the concentration in so- 
lution and the fuel letdown rate, escapes high-pressure recombination and 
must be handled by the low-pressure recombiners. 



Table -. 2. Radiation Levels Inside Reactor Cel l  

Run No. 22 

Gamma Dose Rate ( r /hr )  

Date Time Reactor Status  RM-2 RM-3 RM-4 RM-5 RM- 6 

NOV. 6, '60 
Nov. 13, '60 
NOV. 16, '60 
NOV. 27, '60 
Dec. 4, '60 
Dee. 5, '60 
Dec. 6, '60 
Dec. 10, '60 

Before power. Fuel i n  HP system. 2 4 
After operating 150 h r  a t  HL power. 2,600 
Operating a t  1 Mw 6,300 
Operating at 1.8 MW. 12,000 
Operating a t  1.7 Mw. 6,900 
22 hr a f t e r  shutdown. Fuel i n  FMI. 460 
46 hr a f t e r  shutdown. Fuel i n  FMI. 95 
142 hr a f t e r  shutdown. Fuel i n  FST. 200 

Gamma Dose Rate 
Reactor Power 

Power 
Date Time (MW) RBI-2 m-3 RM-4 RM-5 RM-6 

Nov. 13, %O 2130 0.33 7.88 16.67 11.21 0.80 13.33 
Nov.14, '60 2130 1.0 6.20 14.40 8.00 0.56 11.00 
N 0 v . 2 3 ~ ~ 6 0  2130 0.94 6.60 13.83 --- 0.60 14.36 
NOV. 27, 160 2130 1.86 6.45 13.17 8.06 0,67 15.59 
~ o v . 3 0 ,  960 2130 0.80 6.25 15.00 11.63 0.80 21.25 
Dec. 4,  '60 2150 1.73 3.99 10.29 9.42 0.67 17.63 

Location of radiation monitors: 

RM-2 A t  blanket c irculat ing pump. 
RM-3 Above reactor t h e r m l  shield. 
RM-4 Above f u e l  dump tanks. 
RM-5 Above blanket dump tanks. 
RM-6 Above f u e l  feed pwlrp (exposed t o  d i rec t  radi.a.tion from the reactor through opening i n  

t h e r m l  sh ie ld) .  



Table 2. Radiation Levels Inside Reactor Cell (conYt . )  

Run Nos. 23 and 24 

Dec. l5, '60 

Dec. 17,'60 
Dec. 18,'60 

P; Jan. 6,'61 
Jan. 15)'61 I- 

Time 

2130 

- - 

3 

P; 

-- 

Gamma Dose Rate (r/hr) 

Reactor Status FN-2 RM-3 FN-4 RM-5 FN-6 

Before power. Fuel i n  FMI. D20 i n  180 500 1,000 90 7 00 
HP system. 
Operating a t  1 Mw. 6 ,~50  13,800 7,750 890 13,400 
Operating a t  1.8 Mw. 10,800 24,000 13,000 1,300 21,000 
Operating at 5 Mw. 30,000 63,000 39,000 3,800 77,000 
56 hr a f t e r  sub-critical.  Fuel i n  530 2,200 2,000 
FST. D20 circulating in HP system. 

85 3,900 

Before power. Fuel i n  HP system 1,600 1,000 2,200 260 2,950 
Operating at heat-loss power. 3)300 7,100 5,400 360 12,000 
Operating a t  2.8 ~ w .  17,000 36,000 18,000 1,600 36,000 
Operating a t  4.8 Mw. 29,000 59,000 33,000 3,100 55,000 
4 hr af te r  sub-critical. Diluting 2,600 4,700 3,900 270 28,000 
t o  m. 
52 hr a f t e r  shutdown. Fuel in BST. 550 1,200 1,400 280 2,500 
100 hr a f t e r  shutdown. 430 800 880 270 2,170 

Jan. b7,'61 
Jan. 20,#61 
Jan. 26,161 
Feb. 6,l61 
Feb. 8,@6b 

Feb. 10,161 
Feb. 12,'61 

Date Time 

Dec. 17,'60 
Dec. 18,'60 
Dec. 21,'60 
Jan. 1 ,#61  
J S ~ .  6,'61 

Jan. 26,161 
Jan. 27,'61 
Feb. 6,'61 

Power 

A!% 
1.0 
1.8 
2.62 
4.25 
4.98 

2.81 
3.81 
4.77 

Gamm Dose Rate 
Reactor Power 

RM- 4 

7.75 
7.22 
7.25 
7.76 
7.83 

6.41 
7.24 
6.92 



Calculation of  the  experimental. r e s u l t s  was based on a flow model 
which considered t h e  temperature d i s t r i bu t i on  i n  the  ex te rna l  piping of 
the  core loop a s  we l l  a s  i n  the  core i t s e l f .  The core temperature dis- 
t r i bu t i on  was t h a t  predic ted from experiments on a fu l l - s ca l e  hydraulic 
mockup of t he  vessel .  Pressure va r i a t i ons  around t he  loop r e s u l t i n g  
from f r i c t i o n  losses  were a l s o  considered. Preliminary ca lcu la t ions  i n -  
d icated t ha t ,  with downward flow through t he  core, r ad io ly t i c  gas bubbles 
would appear i n  the  core vesse l  i t s e l f  where they would be detectable  by 
t h e i r  e f f e c t  i n  lowering the  reactor c r i t i c a l  temperature, Letdown of 
r ad io ly t i c  gas t o  t he  low-pressure system could no t  be expected and w a s  
not  observed. 

The r e s u l t s  of t he  recombinaticn experiments performed i n  runs 2 3  
and 24 a r e  presented i n  Table 3.  The average concentrat ions of a c id  and 
copper a r e  given f o r  each group of experiments. For the  e f f ec t i ve  spe- 
c i f i c  r a t e  constants,  both t he  average of t he  s i x  o r  t e n  independent 
values and t he  range covered by the  individual  values a r e  given. These 
numbers express t he  absolute  reac t ion  r a t e ,  i n  gram-m l e s  per  second of Et D2 reacted per  l i t e r  of 250 '~  solut ion,  a t  u n i t  molar 3 D concentrat ion 

Z and u n i t  molar Cu concentrat ion,  The average apparent a c  i va t i on  energy 
f o r  the  react ion i s  given i n  k i l oca lo r i e s  per gram-mole of D20 

The r e s u l t s  of the  l a s t  two s e t s  of experiments i nd i ca t e  a lower e f -  
f e c t i v e  copper a c t i v i t y  a t  t he  higher concentrat ions of  ac id  and copper. 
I f  it i s  assumed t h a t  t h i s  e f f e c t  i s  due only t o  t h e  ac id  l e v e l  and t he  
r e su l t an t  a c id  dependence i s  l i n e a r l y  ext rapola ted t o  the  ac id  l e v e l  of 
t he  old  f u e l  experiments, an enhancement of t he  c a t a l y t i c  a c t i v i t y  by t he  
f i s s i o n  and/,r corrosion products i s  indicated.  There w a s  no de tec tab le  
e f f e c t  on the  c a t a l y t i c  a c t i v i t y  due t o  short-term (up t o  12 hours) oper- 
a t i o n  a t  power l e v e l s  j u s t  below the  brlbble point .  

FUEL CHBlISTRY .4ND CORROSION 

Changes i n  Fuci D ~ r i n g  Operation 

Nixing Experiment 

In the  mixing experiment a t  t he  s t a r t  of run 22, t h e  reac to r  was 
operated f o r  one week with d i l u t e  chromic a c i d  i n  l i g h t  water (see  
page12). The chromic ac id  served both t o  p r e t r e a t  s t a i n l e s s  s t e e l  p a r t s  
of t he  system and t o  provide a chemit-a1 t r a c e r  f o r  measurement of t h e  
r a t e  of mixing between core and b1an:'cet. The chromic ac id  w a s  s t a b l e  i .n  

431n t h i s  context, molar i s  defined a s  gram-moles of so lu te  per  
l i t e r  of solut ion a t  t h e  temperature i n  question,  



Table 3. Results of Recombination Experiments in Runs 23 and 24 

,%e 1 No. of C u  Acid Specific Rate- Activation 
charge Expts. Concentration Concentration Constant at 250"~ 

(g-moles/kg-~~0) 1 g-moles/kg-D20) 

Average 

old 5 0.0138 

Average Average Range Average I 

0.0288 2 -04 1.99-2.07 23.8 ? 
Fresh 4 0 0077 0.0195 2.25 2.16-2.32 22.1 

Fresh 5 0.0133 0.0239 2.00 1.93-2.2Ta 22.8 

a One value, out of ten, was above 2.02. 



the  absence of radiat ions due t o  f i ss ion .  The core concentration was 
about 2000 ppm C r  and a t  the  end of the operation, t he  core solution a l so  
contained about 70 ppm U, 30 ppm Ag and 20 ppm Cu, There w a s  no t race  of 
N i .  The solution w a s  removed and the system was r insed before the heavy 
water f i e 1  solution w a s  removed from the storage tanks t o  begin nuclear 
operation. 

Acid Additions i n  Runs 22 and 23 

During the course of runs 22 and 23, su l fur ic  acid was added t o  the  
f u e l  on three  separate occasions. Some of t h i s  acid w a s  required t o  re -  
place tha t  consumed by the corrosion of s ta in less  s t e e l  which resul ted i n  
the addition of metal cations t o  the  solution, The remainder was added 
t o  provide a greater  margin of safety against  phase i n s t a b i l i t y  due t o  
heavy-liquid phase separation or  hydrolytic precipi ta t ion,  both of which 
a re  favored by low acid levels .  Improved flow i n  the core vessel  was ex- 
pected t o  prevent generalized overheating, but there  was some concern 
tha t  phase separations could r e su l t  from localized overheating i n  crevices 
around the patches and i n  the deepest p i t s  of the Zircaloy core wall .  It 
was therefore decided t h a t  the acid concentration should be raised as high 
a s  possible without inducing serious corrosion of the  s ta in less  s t e e l .  
The allawabl maximum f r ee  acid concentration, s e t  a s  a r e su l t  of mockup 
e~pe r imen t s , ' ~  was 0.035 nolal .  This l i m i t  was reached a f t e r  three ad- 
d i t ions  of acid: 7.0 moles on November 8, 4.8 moles on November 18, and 
4.8 moles on December 26, 1960. The l a s t  addition was made before the 
reactor power was raised above 3.4 Mw . 
Removal of Fuel After Run 23 

With each addition of acid, there  was a detectable increase i n  the 
generalized s ta in less -s tee l  corrosion r a t e .  Early i n  January 1961, the 
core (0-09 molal so4=) and the blanket (0.02 molal so4=) solutions, because 
of the buildup of nickel, reached concentrations equivalent t o  saturation 
at 300°ce45 In order t o  remain below the 5-component saturation limits 
a t  300°c, it would be necessary t o  r a i se  the t o t a l  su l fa te  ion inventory 
approximately 2.5 moles f o r  each mole increase of nickel  inventory. But 
f'urther acid addition was undesirable from the standpoint of increased 
corrosion. ( ~ n y  sizeable addition would have pushed the concentration 
above the 0.035-molal l imi t  which had been se t . )  Therefore the decision 
was made t o  change the f u e l  solution. 

44 
J.  E. Jones, Jr., HRT Mockup Runs CS-25 and CS-26, ORNL CF-61-4-96 

( ~ p r .  26, 1961). 

45W. 1. Marshall and J. S. G i l l ,  ttAqueous Systems a t  High Temperature. 
111. Investigations on t h e  System uo -Cu0-N~O-SO - 5 0  a t  j06°~," journal ' 
of Inorganic and Nuclear Chemistry ( 2  Press, 1961). 



The operations of concentrating and storing the old fuel are de- 
scribed on page 23. After these operations, samples from the core and 
blanket high-pressure systems and the core and blanket dump tanks shared 
that 0.19 kg of uranium remained in circulation. It was assumed that the 
same fraction of the other solution components also remained. 

O~eration in Run 24 

The addition of new fuel was made in two parts. The first con- 
tained all of the uranium, but only half of the ultimate copper. After 
recombination experiments at low copper concentrations, the remainder of 
the copper, with additional acid, was added to bring the copper-to-U-235 
ratio back to the level it had been in run 23. 

The new Fuel was safely below the saturation limits at 300°c, at a 
sulfuric acid concentration in the core solution of only 0.025 molal. 
This was possible because the nickel, which had reached about 0.015 molal 
in the core, had been removed, and the critical concentration of uranium 
had been lowered by about 12%. As explained on page 66, the critical 
concentration of U-235 decreased because of poison removal, but the main 
effect on total uranium was the increase of enrichment from 83 to 937%. 
(The low enrichment was caused partially by burnup of U-235, mostly by 
the isotopic-dilution experiment in run 18.) 

The increase in the enrichment of the fuel between runs 23 and 24 
is shown in Table 4, which presents the results of isotopic assay of 
samples taken during runs 22, 23 and 24. The changes in composition were 
caused by the addition of uranium containing 7014 g U-235, 402 g U-238, 
77 g U-234 and 38 g U-236. From the change in the U-235/~-238 ratio, it 
was calculated that the added uranium mixed with 0.39 kg of total uranium, 
0.20 kg more than was left in solution when the old fuel was stored. Pre- 
sumably the difference was due to exchan between the dissolved uranium 
and the "permanently deposited" uranium.%  he difference between boob 
and physical inventories, attributed to uranium retained in scale or other 
deposits, was 0.9 kg at the time of the addition.) 

Reactor Power and Fuel Stability 

There was no evidence of power-dependent fuel instability at any 
time during runs 22, 23 or 24. Therewereno reactivity disturbances at- 
tributable to fuel instability (see pages 66-71) nor did the comparison 
of critical and circulating U-235 concentrations show any effect of non- 
circulating uranium (page 59 -- et seq. and Fig. 15). The physical inven- 
tories likewise showed no indications of fuel instability. 

46 H,  B. Piper, S. R. Buxton and P. N. Haubenreich, A Study of Uranium 
Isotopic Ratio Information from the HRT, ORNL CF-60-10-102 (Oct. 27, 1960j. 



Table 4. Isotopic Composition of  Uranium i n  Samples 
Taken During Runs 22, 23 and 24 

Date Sample 
Assay (atom percent) 

U-234 U-235 U-236 U-238 

Jan. 13, 1961 RFH-23-352 0.95 82,79 lq46 14.80 

Jan. 13, 1961 RFB-23-353 0.93 82 -85 1.45 14.76 

Jan. lC[, 1961 RBH -24-21 0.98 92 075 0.54 5.72 



The physical inventories of fue l  solution consti tuents for  runs 22 
and 23 a re  plot ted against  operating time i n  Fig. 23; similar data for 
run 24 a re  given i n  Fig. 24. The reactor  parer l eve l  a t  the time of each 
core and blanket sample pa i r  i s  a l so  shown. The run 22 and 23 inventor ies  
do not include solution i n  the  blanket dump tanks, but the  r u n  24 inven- 
t o r i e s  do. Some solute was held i n  these tanks because of leakage through 
the blanket dump valve. Because of the continuous purge through the  
blanket dump tanks, the  amount of solute i n  them reached a steady s t a t e ,  
which depended on dump tank weight and dump valve leak r a t e .  Leakage t o  
the  blanket dump tanks a l so  affected the  calculated amount of solute  i n  
the fue l  dump tanks, because it reduced the  letdown-to-feed r a t i o  i n  the  
fuel  system. In run 24 the  blanket dump valve leak r a t e  was measured and 
taken in to  account. In  the  e a r l i e r  runs it w a s  not.  The accumulation i n  
blanket dump tanks w a s  first recognized a s  appreciable when the  tanks were 
pumped out a t  559 hours i n  run 23 (see Fig. 23) and the  NAT rose ~ O C ,  

indicat ing the  recovery of about 200 g of uranium. The inventories i n  
the  two days preceding the  pump-out were the  lowest i n  the  run ,  indicat ing 
t h a t  the  holdup was increasing. To minimize the holdup, the  blanket dump 
valve loading pressure was increased t o  the  maximum, and the  blanket dump 
tank weight, which had been running around 860 lb, w a s  reduced t o  250 lb ,  
by s tor ing some D20 i n  the blanket storage tanks. 

Figure 25 i s  a p lo t  of c i rcu la t ing  uranium inventory i n  run 23 
against  core power. The two low inventories a t  2.79 and'2.87 Mw a re  the  
two i n  which there  was probably the  greatest  e r ror  because of the  blanket 
dump tank holdup. This p lo t  shows no correlat ion of inventory with parer,  
which would indicate  power-dependent losses .  Run 24 data i s  l e s s  con- 
clusive, because of e r ro r  resu l t ing  from the  letdown heat exchanger by- 
pass leakage, but there  i s  not evidence of fue l  i n s t a b i l i t y .  

The e f f ec t s  of core pressure and temperature on fue l  s t a b i l i t y  were 
not investigated. With the  exception of the last three inventories i n  
run 23 and the  f i r s t  seven inventories i n  run  24, w h i c h  were taken a t  
1000 psig during recombination experiments, a l l  of the inventories were 
a t  a core pressure of 1400 psig. The core temperature at the  time of 
high-power inventories ranged only from 258 t o  269%. 

Corrosion of S ta in less  S tee l  

The generalized corrosion r a t e  of s t a in l e s s  s t ee l ,  based on the 
area of the  high-pressure systems, i s  shown i n  Figs. 23 and 24 for  runs 
22, 23 and 24. The r a t e s  were calculated from the r a t e  of change of the  
r a t i o  nickel/copper i n  the physical inventories.  In runs 22 and 23, the  
corrosion r a t e  increased from 0.44 to  0.74 mpy a s  the ac id  concentration 
was increased. In run 24 the calculated r a t e  w a s  0.45 mpy. 

Although the  fue l  letdown heat exchanger was not examined t o  v e r i f y  
the nature of the leak between the  feed and l e t d m  streams, it i s  highly 
probable t h a t  there  was penetration by local ized corrosion. Such a 
f a i l u r e  was not unexpected, because of experience with the  HRT mockup. 47 

*'R. E. Wacker and J. C. Griess, Summar o: 
Mockuo Owration Period Wdinn W o v e m b e d  
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Fig. 25.  Plot of Circulating Uranium Inventory vs Core Power i n  Run 
23. 



In the regions of the mockup letdown heat exchanger, which were a t  200 
t o  225O~, severe p i t t i ng  at tack was observed with r a t e s  a s  high a s  75 mpy. 
The suscept ibi l i ty  of 347 s ta in less  s t e e l  t o  a t tack  by uranyl su l fa te  so- 
lut ions n t h i s  temperature range has been well  established i n  loop 
s t u d i e s . b  Advanced reactor designs, f o r  long l i f e ,  have subst i tuted ti- 
tanium fo r  s ta in less  s t e e l  where such temperatures a r e  encountered. 

Precipitation i n  Fuel Samples 

On January 3 and 4, 1961, it was observed t h a t  smll amounts of 
f ine ly  divided precipi ta te  appeared i n  the reactor solution samples a f t e r  
they had been stored i n  the ana ly t ica l  hot c e l l s  for  some hours. The 
phenomenon occurred i n  the samples at  4.19, 4.24 and 0.37 Mw a f t e r  440 
hours o operating time i n  run 23. In contrast  t o  the  similar event i n  t; run 21, 9 the precipi ta te  appeared i n  the  core a s  well  a s  the blanket 
samples and consisted primarily of copper, ra ther  than copper and iron, 
according t o  spectrographic analysis.  

The sol ids  consisted of two phases,50 which could not be ident i f ied  
by X-ray analysis.  One was colorless with a refract ive index l e s s  than 
1.7 and the other was red with a re f rac t ive  index greater than 1.7. 
Both phases were isotropic and transparent. The pa r t i c l e s  ranged from 
2 t o  5 microns i n  diameter. 

48 
J. C.  Griess e t  a l . ,  HRP Quar. Prog. Rep. Ju ly  31, 1957, ORNL-2379, 

PP 71-72. 

49P. I. Haubenreich - e t  -* a 1  j Summary of BRT Run 21, oRNL-TM-42 
(oct.  10, 1961). 

5 0 ~ .  F . Weaver, Internal correspondence. 
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