
I 1 

3 4 4 5 6  0016675 4 L ORNL-4169 (Val. II) 
UC-80 - Reactor Technology 

THE OAK RIDGE RESEARCH REACTOR - SAFETY ANALYSIS 

F. T. Binford 

r 

O A K  RIDGE NATIONAL LABORATO 
operated by 

UNION C A R B I D E  C O R P O R A T I O N  
for the  

U . S .  A T O M I C  E N E R G Y  C O M M I S S I O N  

IRY 



< -. 
I; iii 

t %,( 
. - 2  

." t 
.f 

* ;t. .." >:< 

Printed i n  the United States of Amerlca. Avai lable from Clearinghouse for Federal 

Scientif ic and Technlcol Information, Nottonal Bureau of Stondords, 

U.S. Department of Commerce, Springfield, Virginia 22151 
Price: Printed Copy $3.00; Microfiche $0.65 

LEGAL NOTICE 

T h i s  report was prepared as an account of Government sponsored work. 

nor the Commission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, w i th  

3 'r, .r * 
' *- *c 

- *  .-&,e ' 
%. *** +, &$% 

**. *? 2 . .  
e, -1 

J '  

+ '  ' . I  

any information, apparatus, method, or process disclosed in t h i s  report may not infringe 

pr ivately owned rights; or 

6. Assumes any l i a b i l i t i e s  w i th  respect t o  the use of, or for domoges resul t ing from the use of 
any information, apparatus, method, or process disclosed i n  t h i s  report. 

As used i n  the above, "person acting on beholf of the Commission" includes any 

contractor of the Commission, or employee of such contractor, t o  the extent that su 

or contractor of the Commission, or employee o f  such contractor prepares, disseminates, or 

provides access to, any information pursuont t o  h i s  employment or contract k i t h  the Commission, 

or h i s  employment w i th  such controctor. 

.c 



. . f .. 

i . ORNL-4169 (Vol. II) , 

Contract No. W-7405-eng-26 

OPE R A T  IONS DIVISION 

THE OAK RIDGE RESEARCH REACTOR - SAFETY ANALYSIS 

F. T. Binford 

With Appendixes by 
R. S. Stone and C. C. Webster. 

MARCH 1968 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 

operated by 
UNION CARBIDE CORPORATION 

for the 
U. 5. ATOMIC ENERGY COMMISSION I--, 

I 3 4 4 5 6  0036675 4 
I 
d 



. 
c 

ii 

. 



i 

* .  . 
1 : 

. . . . . .  . . . .  
U.:..‘ 

! 

i 
i 

I 
-” 

CONTENTS 

PREFACE ................................................................................................................................................ 1 

1. INTRODUCTION ............................................................................................................................ 1 

2. MODIFICATIONS FOR 45-MW OPERATION .............................................................................. 3 
t . 
I 

. -. 
3. METHOD O F  ANALYSIS ................................................................................................................ 3 

.4. T H E  CONSEQUENCES O F  T H E  EMISSION OF FISSION PRODUCTS .FROM 
THE ORR STACK FOLLOWING AN ACCIDENTAL RELEASE .............................................. 4 

5. ANALYSIS O F  CREDIBLE ACCIDENTS IN T H E  REACTOR CORE ...................................... 6 

5.1 Reactivity Accidents .............................................................................................................. 7 
5.2 Loss-of-Coolant Accidents .............................................................................. : ..................... 12 

6. T H E  MAXIMUM HYPOTHETICAL ACCIDENT .......................................................................... 13 

7. POTENTIAL ENERGY RELEASE .............................................................................................. 16 

8. ACCIDENTS NOT INVOLVING THE REACTOR CORE .......................................................... 17 

9. ADEQUACY O F  T H E  REACTOR SHIELDING .......................................................................... 19 

10. HISTORY O F  OPERATING DIFFICULTIES ......................... .................................. 28 

11. CONCLUSIONS ........................................................................ .................... 31 

APPENDIX A ........................................................................ 

APPENDIX B ................................................................................................ 

APPENDIX C ............................................... ........................................................ 42 

APPENDIX D .................... ......................................................................................... 62 

APPENDIX E .......................................................................................................................................... 62 

iii 



, .: 

. . 

. 
I 

i 

I 



THE OAK RIDGE 

' . F. T. 

PREFACE 

RESEARCH 

T h e  original description and safety analysis  of 
the Oak Ridge Research Reactor '  w a s  published 
in  1954. Although the bas ic  design h a s  remained 
unchanged, th i s  report referred to a 5-Mw version 
of the  reactor. The  safety analysis  was subse- 
quently updated by a s e r i e s  of le t te rs  and docu- 

. ments, which have been summarized i n  Appendix 
A. On the b a s i s  of these and the  original safety 
analysis ,  routine operation of the ORR at power 
leve ls  up to 30 Mw was authorized by the  USAEC 
on May 22, 1958. Operation at power h a s  continued 
s i n c e  that t i m e  with no ser ious difficult ies or 
interruptions. 

T h e  present analysis  of the consequences of 
potential accidents to the  ORR is the  second of 
two documents which may b e  considered to be  a 
current safety analysis  of the  reactor. T h e  first  
of these,  The Oak Ridge Research Reactor - A 
Functional Description, by T. P. Hamrick and 
J. H. Swanks, will b e  published as ORNL-4169 
(Vol. I). I t  presents  a reasonably detailed de- 
scription of the ORR and its ancillary facilities. 
Although the reactor is currently operating at a 
power level  of 30 Mw and is expected to remain 
at this power level in  the  foreseeable future, the 
safety analysis  h a s  been based upon operation 
at 45  Mw because of the possibil i ty that  an 
increase in power to th i s  level  may b e  contem- 
plated at s o m e  future date. Clearly the results 
obtained under the assumption of 45-Mw operation 
contain those which apply to 30-Mw operation. 
A third document will b e  published if it is decided 
to increase the  reactor power to 45  Mw. This  
document will give t h e  details of the physical 
modifications required in  order to permit operation 
of t h e  ORR at power up to th is  level. T h e  pur- 

REACTOR - SAFETY ANALYSIS 

Binford 

pose of the present document is twofold: (1) to 
collect and to clarify the existing information 
concerning t h e  safety aspec ts  of the  operation 
of the ORR as it now exis t s ,  and (2) to extrapo- 
late and, where necessary,  to supplement this 
information in order to present a safety analysis  
of the  conditions associated with operation at 
45  Mw. 

T h i s  safety analysis ,  which dea ls  primarily 
with potential environmental contamination and 
its attendant hazards to the local as well as the 
general population, h a s  been prepared under the 
assumption that  the  reader is familiar with, or at 
least h a s  access to, the descriptive report. For 
convenience, references to various sect ions of 
the descriptive report have been included where- 
ever  th i s  seemed appropriate. 

The  modifications which would be required in 
order to permit 45-Mw operation are  relatively 
simple and straightforward. In the main, they 
involve an increase in the  external heat-removal 
capacity. Because no design work on these 
modifications h a s  been started,  they cannot be 
described in detail. Their required function can, 
however, b e  stated; it will be  assumed, for the 
purpose of t h e  safety analysis,  that  the design 
will be  adequate to permit th i s  function to 
be  realized. 

1. INTRODUCTION 

T h e  Oak Ridge Research Reactor (ORR) is a 
light-water-moderated and -cooled, beryllium- and 
water-reflected research reactor designed and 
built for u s e  as a general-purpose research tool. 
T h e  reactor, which is described in  detai l  else- 
where, ' employs highly enriched uranium- 
aluminum alloy p l a t e t y p e  fuel of conventional 

'F. T. Binford (ed.), The Oak Ridge National Labo- 
ratory Research Reactor Safeguard Report, ORNL-1794 
(Oct. 7, 1954). 

2T. P. Hamrick and J. H. Swanks, The Oak Ridge Re- 
search Reactor, A Functional Description, ORNL-4169 
(vol. I )  (to be published). 
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design. Since 1960, i t  h a s  been operated at its 
present power level of 30 Mw. 

construction was  started in 1955, and init ial  
criticality was achieved on March 21, 1958. 
The  original design concept ca l led  for a power 
level of 5 Mw; however, th i s  was  revised to 20 
Mw in  early 1955, and, with the  exception of the  
external heat-removal system, the  reference design 
was  finally based upon operation at 30 Mw. Ample 
safety factors were included in  the  design of the  
reactor vesse l ,  underground piping, and biological 
shield in order to permit eventual escalation to a 
higher power level, which would b e  determined 
after operating experience was  gained and refine- 
ments of the heat-removal calculations were made. 

Following an init ial  testing period, in which i t  
was  found that the  ex is t ing  external heat-removal 
system was inadequate to handle 20 Mw during 
periods of hot weather, routine operation at 15 to 
20 Mw was  begun and continued for two years. 

During the  summer of 1960 extensive modifica- 
t ions to the  cooling system were completed. 
These  included the  replacement of the original 
water-to-air forced-draft hea t  exchangers with 
shell-and-tube hea t  exchangers which uti l ize a 
secondary water system cooled by a two-cell 
forced-draft cooling tower. T h e s e  modifications 
permitted year-round operation at 30 Mw, which 
h a s  continued ever since.  

T h e  design of the  reactor and its ancillary 
facil i t ies was, to a very large extent, influenced 
by two important requirements: (1) that the 
reactor be  capable of accepting a variety of 
different types of experiments with a minimum of 
interference with operation, and (2) that  signifi- 
cant radioactive contamination of the environment 
from any cause  whatsoever b e  prevented. The  
former is necessary in order for the  reactor to 
fulfill its mission a s  a research tool. The  latter 
i s ,  of course, required of any reactor built and 
operated at  ORNL; it is provided for by the 
control and safety sys tems4 and by the operating 
procedures’ and is guaranteed by the  reactor 
containment features. 

Conceptual work began on the  ORR in 1954; 

‘ 

3T. P. Hamrick and J. H. Swanks, The Oak Ridge Re- 
search Reactor, A Functional Description, ORNL-4169 
(vol. I), sect .  6.22 (to be published). 

search Reactor, A Functional Description, ORNL-4169 
(vol. I), sects .  8.3 and 8 .4  (to be published). 

4T. P. Harnrick and J. H. Swanks, The Oak Ridge Re- 

In addition to the  fuel cladding, t he  reactor is 
provided with two other types of containment. 
T h e  f i r s t  of these  is the  reactor ves se l  and the 
primary coolant system. ’ Because  the  primary 
cooling system does  have an interconnection 
with the  reactor pool, i t  does  not provide absolute 
containment. F iss ion  products escaping  through 
the equalizer l eg  into the reactor pool may find 
their way into the  reactor building. Material 
conveyed along th is  path must p a s s  through a 
demineralizer and a degasifier and then be car- 
ried upward through approximately 1 4  ft of pool 
water before reaching the  atmosphere of the 
reactor building. Experience’ h a s  shown that 
virtually all of the  iodine which may escape  in 
th i s  fashion is retained in the  water; however, 
some of the  noble gases  d o  reach the reactor 
building. 

containment, is provided by the  ORR dynamic 
containment or  “confinement” system. 
constantly removed from the  building and ex- 
hausted through the  building ventilation system. 
Th i s  system, designed to remove -9000 c f m  of 
a i r ,  directs t he  effluent through appropriate 
fi l ters to the 250-ft ORNL s tack ,  with stack 
discharge a t  an elevation of 1064 ft. I t  provides 
inleakage of air to the  potentially contaminated 
areas,  thus preventing outleakage of air- or 
vapor-borne fission products from the  building 
a t  ground level. The  effluent air in pass ing  
through the  fi l ters deposits therein, with the 
exception of the  noble gases ,  virtually all of 
the  airborne activity. 

ment is not required to prevent environmental 
contamination, it is a maximum-reliability sys- 
t em capable  of handling any credible accident. 
Administrative safeguards require tha t  the  con- 
tainment be  operative whenever the  reactor is 
in operation. Air flow through the  system’is 
continuous; however, to put t he  building into 

T h e  second type of containment, t he  principal 

Air is 

Although in many cases the  principal contain- 

’Operating Manual for the Oak Ridge Research Reac- 
tor, ORNL-TM-506. 
6T. P. Harnrick and J. H. Swanks, The Oak Ridge Re- 

search Reactor, A Functional Description, ORNL-4169 
(vol. I),’sect. 4 .2  (to be  published). 

search Reactor, A Functional Description, ORNL-4169 
(vol. I), sect .  6 .2  (to be published). 

‘T. M. Sirns and W .  H. Tabor, Report on Fuel-Plate 
Melting at the Oak Ridge Research Reactor July 1,1963,  
ORNL-TM-627 (October 1964). 

’T. P. Hamrick and J. H. Swanks, The Oak Ridge Re- 
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containment, it is necessary that certain damper- 
equipped ventilating fans be  shut  off. This  is 
done automatically by any one  of three separate  
radiation-detection systems or by the activation 
of a fire alarm, or it may be  done manually from 
the control room or from outs ide of the building. 

A second type of environmental contamination 
involves the accidental  introduction of contami- 
nated water into White Oak Creek as a result  of 
sp i l lage  or runoff o r  because of the  failure or 
malfunction of the ORR aqueous was te  ~ y s t e m . ~  
Such events  are effectively prevented by the 
design of the  system and by operating proced- 
ures’ 
minor in terms of hazard to the  population. 
The  activity level  of the creek is constantly 
monitored, ’ and its rate of discharge through 
White Oak L a k e  can  b e  controlled. Moreover, 
the t i m e  l a g  between the introduction of contami- 
nated water into the  watershed at the ORR site 
and the  appearance of activity at the mouth of 
the creek is in e x c e s s  of 12 hr. T h i s  gives 
ample t ime  to spread the warning downstream. 

but i n  any event would be  relatively 

2. MODIFICATIONS FOR 45-MW OPERATION 

On the b a s i s  of calculations which have been 
confirmed by experimental work and experience 
(see Appendix B), it h a s  become obvious that the 
internal heat-removal mechanisms of the ORR are 
capable of safely handling hea t  loads  considerably 
in e x c e s s  of those imposed by 30-Mw operation. 
Since an increase in reactor power offers a number 
of advantages to the experimenters who uti l ize 
the ORR, it may be  proposed to increase the 
power of the reactor from 30 to 45 Mw. The  bas ic  
modification required to permit th i s  involves an 
increase  in the capacity of the external heat- 
removal system to permit wasting of the  additional 
heat to the atmosphere. No increase in primary 
coolant flow or in core heat-transfer area is 
needed or is contemplated. In addition, a number 
of relatively minor changes will be  necessary to 
permit orderly operation at 45 Mw. T h e  changes 

’T. P. Hamrick and J.  H. Swanks, The Oak Ridge Re- 
search Reactor, A Functional Description, ORNL-4169 
(vol. I), sect.  11.3 (to be published). 

F .  L. Culler, “Criteria for Handling Melton Valley 
Radioactive Wastes,” internal memorandum (May 1961). 

River Study, ORNL-3119 (July 1961). 

10 

“R. J.  Morton (ed.), Status Report No. 1, Clinch 

which would b e  required a re  described in Ap- 
pendix D. 

not represent a significant departure from the 
current mode of operation. Virtually all of the 
safety problems associated with 45-Mw operation 
are  identical  with those encountered over the  pas t  
eight years. T h e  only significant differences 
are: (1) The margin between the maximum operat- 
ing heat  flux and the burnout heat  flux under 
normal operation conditions is reduced from 4.0 
to 2.7. (2) T h e  margin between burnout heat flux 
and maximum hea t  flux at the  low-flow scram 
point (14.800 gpm) is reduced from 3.6 to 2.4. 
(3) The margin between burnout heat  flux and 
maximum heat flux at the level safety trip point’* 
is reduced from 2.7 to 2.1. If the  flow is jus t  
above the low-flow trip point, th i s  margin is 
reduced from 2.4 to 1.9. (4) T h e  maximum (hot 
spot) fuel surface temperature under normal 
operating conditions will increase from 230 to 
274’F. (5) T h e  inventory of short-lived fission 
products will increase by a factor of 1.5. l 3  

Thus  the safety margin between normal operating 
conditions and burnout remains well above 2, and 
the safety margin under emergency conditions is 
nearly 2. These  changes will have no material 
effect on the consequences of an accident beyond 
the fact that t h e  inventory of iodines and noble 
g a s e s  available for re lease is increased by about 
50%. 

In general, an increase of 50% in  power would 

‘ 

. 

3. METHOD OF ANALYSIS 

The method which h a s  been se1ecte.d to pursue 
the investigation of the  environmental conse- 
quences of a reactor accident cons is t s  f irs t  in a 
detailed examination of the resul ts  of a “unit” 
release of activity, and then the application of the 
resul ts  so obtained to the re leases  which could 
result  from the various credible accidents.  Unless  
otherwise specified,  the accidents  discussed will 
be assumed to occur under the  assumption that the 
normal operating power level  of the reactor is 45 
Mw. Thus,  i n  general,  the^ consequences discussed 

”For the purpose of this comparison the level safety 
trip point has been arbitrarily chosen to be 125% of the 
45-Mw power level. 

3The inventory of long-lived fission products is es- 
sentially unchanged because at 45 Mw the fuel burnup 
will be about the same a s  at 30 Mw. 
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are  associated with a power level  50% greater than 
the present 30 Mw. 

The  only credible cause  for a massive re lease  of 
fission products from the  ORR fuel is overheating 
to an extent sufficient to  cause  melting and de- 
s tmct ion of the  integrity of the fuel cladding. 
Th i s  can  be  brought about either by an increase 
in  power beyond the  capacity of the  heat-removal 
mechanisms, a decrease in the heat-transfer capa- 
Sility of the system, or  a combination of both. 

T h e  consequences of such  an  occurrence will 
vary depending upon the extent to  which the reac- 
tor core i s  affected and a l so  upon whether the fis- 
sion products e scape  directly into the  pool water, 
because the reactor vesse l  is open at the  t i m e  of 
the accident, or whether the  fission products must 

less severe,  nevertheless  require consideration. 
T h e s e  are: 

6. An accident to an experiment which contains 
radioactive material. 

7. An accident  involving radioactive material 
other than that  contained i n  t h e  fuel or an ex- 
periment; that  is, contaminated waste, ion ex- 
change resin, etc. 

8. A crit icali ty accident involving reactor fuel. 

Each  of t h e s e  types of accidents  will be dis- 
cussed ,  including their  poss ib le  c a u s e s  and the  
likelihood that  they can  occur. Those  that may 
result  i n  significant environmental contamination 
will b e  considered in  detail .  

t ake  the  more tortuous path through the  equalizer 
leg before reaching the pool. In the latter c a s e ,  
most of the iodine will remain behind on the de- 
mineralizer or  i n  the water. The  e scape  of the  

4. THE CONSEQUENCES OF THE EMISSION 
OF FISSION PRODUCTS FROM THE ORR STACK 

FOLLOWING AN ACCIDENTAL RELEASE 

noble gases will b e  slower, but it can  be assumed 
that eventually they will all be  conveyed to the 
2 5 0 4  stack serving the oRR. 14  Despite this, it 
will be  arbitrarily assumed for the  purpose of th i s  
analysis  that  the reactor ves se l  is ineffective in  
containing the volatile f iss ion products and that 

are  only five apparent conditions which could 
cause  sufficient overheating to m e l t  the  fuel. 
These  are: . -  

Calculation of the downwind radiation doses  to 
b e  expected as a result of the  emission of f iss ion 
products from the  ORR s t a c k  have been made using 
the Gaussian plume formula. T h e  method, which 
takes  into consideration decay, growth of daughter 

due to emission velocity, is described in  ORNL- 
4086 (ref. 16). In principle, it is quite similar to  
the  method used  to compute t h e  doses  for the HFIR 

they all escape  directly into the  pool water, There products, and t h e  augmentation of the  s tack height 

1. 

2. 

3. 

4. 

5. 

A nuclear excursion caused by t h e  inadvertent 
addition of sufficient reactivity to  permit the  
reactor to reach a very high power level before 
being shut  down ei ther  by the  safety system or 
by one  or  more of the various negative reactiv- 
i ty coefficients. 

An increase in  power beyond the  capacity of 
the cooling mechanisms. T h i s  would require 
failure of both t h e  control and safety systems. 

A decrease i n  reactor flow to a point well be- 
low the  low-flow scram point. T h i s  too would 
require multiple failure of the  safety system. 

A combination of conditions 2 and 3 above. 

A local flow blockage in  the core due to the 
presence of foreign material o r  the  failure of a 
core component, either undetected at startup or  
occurring suddenly during power operation. 

safety analysis ;  
that  study, the procedure used  t o  convert atmos- 
pheric concentrations to whole-body dose  rates  
was based  upon an approximation which grossly 
underestimates the dose  near  the  source of e m i s -  
s ion and, it h a s  been found by comparison with the 
present  work, which overestimates the doses  a t  
d i s tances  greater than about ten s tack  heights  
from the source. T h e  method described in  ORNL- 
4086 makes u s e  of actual space  integration over 

however, as was  pointed out in 

1 4 J .  F. Manneschmidt and E. J. Witkowski, The Dis -  
posal of Radioactive Liquid and Gaseous Waste at Oak 
Ridge National Laboratory, ORNL-TM-282 (Aug. 17, 
1962). 

persion in the Lower Atmosphere, USAEC pamphlet 
(July 1961). 
16F. T. Binford, F.  B. K. Kam, and J. Barish, Esti-  

mation of Radiation Doses  Followine a Reactor Acci- 

"F. R. Gifford, Jr., The Problem of Forecasting Dis -  

In addition to t h e s e  five conditions, all of which 

accidents  which, although they are  i n  general much 

dent~ 0RNL-4086 ( tobe  
- 

"F. T.  Binford, T. E. Cole, and E. N. Cramer, The reactor there are three Other types Of High Flux Isotope Reactor, Accident Analysis, ORNL- 
3573. 

. 
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the  volume of the plume, taking into consideration 
the gamma energies of each  of the radioisotopes 
involved as well as the  appropriate buildup factors. 
Thus,  it is believed that the method used gives re- 
s u l t s  which are quite accurate within the limita- 
t ions inherent in  the u s e  of the Gaussian plume 
model. 

As will be s e e n  in  Sect. 6, even a 100% melt- 
down of the ORR core presents  no significant 
problem beyond the controlled area boundaries. 
On the other hand, because the ORR is located 
within the  main ORNL complex, an accurate  esti- 
mate of the radiation doses  to be expected near 
the reactor are  important so that proper precautions 
can b e  taken to protect the  Laboratory personnel. 
For  th i s  reason the whole-body gamma-ray dose 
that  resul ts  from direct  radiation from fission prod- 
uc ts  within the building h a s  been computed as a 
function of t i m e  and must be  added to that de- 
l ivered by the s tack plume. In th i s  calculation no 
credit  h a s  been taken for the shielding effect of 
buildings and other structures which may be along 
the l ine of sight from the  building to the receptor. 

T h e  integral method outlined above is not ame- 
nable to the dose maximization procedure used in 
the case of the HFIR. Consequently, two types of 
meteorological conditions have been examined: 
(1) m o s t  representative conditions, in  which mod- 
erately unstable (C-type) atmospheric conditions 
prevail, the  wind speed II is 100 m/min, and the 
effective s tack  height is given by h = 76.2 + 2106/u 
m, and (2) inversion conditions, where s table  
(F-type) atmospheric conditions prevail, the wind 
speed is 50 m/min, the s tack height is fixed at 
76.2 m, and vertical  dispersion is restricted when 
the vertical  dispersion parameter reaches the value 
38.1 m. In both cases, the fractional building ex- 
haust  ra te  is taken to be  the  normal value of 0.01 
min- 

Parameter s tud ies  of accident conditions at the  
HFIR" have led to the conclusion that  the inver- 
s ion condition described above gives  sufficiently 
pessimist ic  resul ts  to cover virtually all possible  
cases, including fumigation, at dis tances  greater 
than about ten t i m e s  the s tack  height. Moreover, 
as in  the  case of the HFIR, it is only the  noble 
g a s e s  and the iodines which make a significant 
contribution to the doses.  Consequently, attention 

"The constant 2106 i s  based upon a minimum emis- 
sion rate of 95,000 cfm and an orifice diameter of 8 ft. 

h a s  been restricted to  the internal dose  which re- 
s u l t s  from the inhalation of iodine and to the 
whole-body gamma-ray dose delivered by the noble 
g a s e s  in  the s tack plume and by direct radiation 
from the building contents. 

T h e  bas ic  data  for the iodine-inhalation dose a re  
given in  Figs .  4.1 and 4.2. The former represents 
the  doses  to be  expected under most representative 
conditions (i.e., sl ightly unstable meteorological 
conditions and a wind speed of about 3.7 mph), 
whereas the la t ter  provides the same information 
for inversion conditions. In both cases, the doses  
are  given for several  different exposure t imes .  It 
can be  seen that, although inversion conditions 
produce a lower peak dose,  the peak is displaced 
several  kilometers from the emission source and 
thus is more likely to  occur outside the  site 
boundary. 

Figures  4.3 and 4.4 give the whole-body noble- 
g a s  d o s e s  from the s tack plume for the most repre- 
sentat ive and the inversion case respectively. 
Here the displacement of the peak is not so 
marked, but the d o s e s  delivered under inversion 
conditions are  nearly a factor of 3 higher than 
those to  be expected under the mos t  representative 
conditions. 

T h e  gamma-ray dose  delivered by the  radioactive 

, 

material in the  building is displayed in Figs.  4.5 
and 4.6. T h e  former includes the dose  from the  
noble gases ,  their daughters, and the noble g a s e s  
which appear as a result  of the decay of iodine. 
T h e  la t ter  includes only the  iodines themselves. 

In addition, the external gamma-ray dose  de- 
livered by the building contents h a s  been com- 
puted as a function of t i m e  for several  nearby lo- 
cations. T h e  resul ts  are given in Figs. 4.7 and 
4.8. A perusal of t h e s e  curves will give s o m e  
idea  of the t i m e  available for persons located near 
the reactor to  escape  following any given accident. 
I t  should be  realized that the values given are 
gross  upper bounds because of the very liberal as- 
sumptions used. These  include the assumption 
that the fission products appear uniformly distrib- 
uted in  the building at t i m e  zero, and no credit h a s  
be,en taken for shielding by the building wall, struc- 
tures  within t h e  building, or  other structural mate- 
rial that  may intervene between the building and 
the receptor. (These assumptions also hold for 
the values  given in Figs .  4.5 and 4.6.) Thus, it 
is quite likely that the doses  computed are con- 
servative by a factor of 2 o r  more. 
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Fig. 4.1. Internal Iodine Dose os a Function of Distance Downwind and 

Exposure Time. Most representative conditions. 

All of the  data cited above are given on a “per 
kilowatt” bas i s ,  that  is, for 30-Mw operation under 
the  assumption that 1/30,000 of t he  fission prod- 
uc ts  are released or for 45-Mw operation under the  
assumption that 1/45,000 of the fission products 
are released. It is emphasized that t hese  curves 
(Figs.  4.1-4.8) contain no correction for filtration, 
re lease  efficiency, or  other processes  that reduce 
the  amount of activity released. The  appropriate 
correction factors a re  incorporated in  the results 
of the accident analysis given in Sect. 6. Appli- 
cation to any given accident situation can  easily 
be  made by the  use  of appropriate multipliers. 
For example, if at 4 5  Mw an accident occurs which 
re leases  from the  fuel 10% of the  noble gases  and 

40‘ 

5% of the  iodines present i n  the  core, then noble- 
g a s  doses  given in F igs .  4.3, 4.4, 4.5, and 4.7 
should be  multiplied by 4500, while t he  iodine 
doses  given in  F igs .  4.1, 4.2, 4.6, and 4.8 should 
be  multiplied by 2250. Appropriate factors must 
also be  included to account for iodine retention in 
the pool water and, in  the  case of F igs .  4.1 and 
4.2, decontamination by the  charcoal filters. 

5. ANALYSIS OF CREDIBLE ACCIDENTS 
I N T H E  REACTORCORE 

As h a s  been pointed out previously, overheating 
of the fuel is the  only mechanism which can cause  
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Fig.  4.2. Internal Iodine Dose as a Function of Distance Downwind and Ex- 

posure Time. Inversion conditions. 

ser ious damage to the  ORR core. Overheating 
could only result  from an increase i n  reactor power, 
a loss of cooling capacity, o r  a combination of 
both. The  various circumstances which could lead 
to one o r  the other of t h e s e  conditions are  dis- 
cussed  below. 

5.1 Reactivity Accidents 

Reactivity accidents a re  s i tuat ions i n  which 
reactivity is added to the  reactor in an uncon- 
trolled manner at a rate  sufficient to c a u s e  the  
reactor power to r i se  to  a dangerous level.  Two 
types of reactivity accidents  are  considered pos- 
sible: (1) a startup accident and (2) a rapid inser- 
tion of reactivity due to failure or  malfunction of 
some component or because  of misoperation of 
the reactor. 

T h e  conventional “startup” accident may b e  
defined as a situation in which all of the control 
rods are withdrawn from the rea’ctor at their maxi- 
mum rate of travel. In the case of the ORR, th i s  
would amount to an average rate of 0.071% reac- 
tivity per second over the entire length of the rods, 
with the maximum rate being 0.14% at the position 
of greatest  worth. It is assumed in  th i s  accident 
that ,  with the exception of the level safety trips, 
all of the  control and safety instrumentation fails;  
so  that, unless  the reactor is shut  down by an in- 
tr insic mechanism such a s  the  temperature or void 
coefficient, the  power level will continue to rise 
exponentially until the level  sa fe t ies  produce a 
reactor scram. 

Startup accidents in the ORR have been investi- 
gated by analog techniques. T h e  resul ts  of th i s  
investigation, which are  presented in Appendix C, 
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doughters of iodines. 

Radiation from the Building vs Distance from the Build- 

ing. lodines. Noble gases, noble-gas daughters, and noble-gas 

indicate that t he  consequences of the  startup ac- 
cidents a re  trivial and would not cause  damage to, 
or  even a significant temperature r i se  in, the reac- 
tor core. Calculations were made under full-flow 
conditions and also under the  assumption of es- 
sentially zero flow, starting, in  both cases, with 
the  reactor subcritical. Initial moderator tempera- 
tures of 70 and 90°F were investigated; however, 
the temperature effect is negligible. T h e  only 
case in  which significant ,overheating could oc- 
cur is that in  which a startup accident occurs un- 
der zero flow conditions with the  level safety trip 
s e t  at a value corresponding to full-power opera- 
tion. However, the  leve l  sa fe ty  trip point is auto- 
matically reduced to - 1 Mw when the  coolant flow 

rate is less than 14,000 gpm. 
shows that a s c r a m  at 1.35 Mw is more than ade- 
quate to prevent overheating. 

It is concluded, therefore, that  a startup accident 
cannot cause  damage to the  ORR core. 

Because  an ORR core may initially contain as 
much as 16% excess  reactivity, it is necessary to 
determine how much of th i s  reactivity could be  
added rapidly to the  core in  an inadvertent fashion 
and to estimate the  consequences of such an 
addition. 

Analog calculations, also shown in Appendix C, 
have been made in  order to estimate the  magnitude 
of the  s t ep  increase  in  reactivity which would be  
required to c a u s e  significant damage to the core. 
T h e s e  calculations are quite conservative, be- 

The  analog study 

* 
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cause  the  model used does  not include the nega- 
t ive reactivity e f fec ts  of the moderator-void coef- 
ficient. Moreover, the only safety-system action 
included in the model used  is that of the level . 
safeties. It is shown in th i s  study that even under 
these  pessimistic conditions a s t ep  insertion of at 
l e a s t  2% in  reactivity is required before any melt- 
ing  would occur. 

T h e s e  results a re  consistent with those  obtained 
by comparison with the  SPERT experiments, in 
which i t  was demonstrated that a reactor core quite 
similar to that of the  ORR can  withstand a 5-msec 
period without melting. Th i s  corresponds in  the 
case of the  ORR to a s t ep  input of slightly over 
2% in  reactivity. Again, t he  results a re  conserva- 
t ive because  no safety action was  operative during 

th i s  tes t .  Tallackson2'  h a s  shown that inclusion 
of a period scram circuit would permit the  reactor 
to withstand a 3-msec period (* 3% reactivity 
step). Moreover, i t  must be conceded that a true 

dition must take  place over a finite t ime .  Th i s  
introduces a further element of conservatism. 

require the  rapid addition of at least 2% in  reac- 
tivity to the  ORR in  order to init iate a transient 
of sufficient magnitude to c a u s e  significant dam- 
age to the  core. 

Aside from deliberate sabotage,  there appears 
to be no credible method for rapidly introducing 
th i s  amount of reactivity. I t  is a firm requirement 
that  the reactor be loaded in  such  a way that it is 
subcrit ical  when the control rods a re  less than 

step" is not possible,  so  that any reactivity ad- ( (  

Thus  it appears from the  foregoing tha t  i t  would 

"M. R. Zeiss ler ,  Non-Destructive and Destructive 
T e s t s  of the Spert 1 -D Fully Enriched Aluminum Plate- 
Type  Core: Data Summary,Report, IDO-17886 (November 
1963). 

201nstrumentation and Controls D iv .  Ann. Progr. Rep t .  
Ju ly  1 ,  1960, ORNL-3001, s e c t .  16 (Jan. 27,  1961). 

. 
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halfway withdrawn. Thus,  when shut  down, it 
would require the complete removal of a t  least 
two of the control rods t o  even reach criticality. 
T h i s  cannot be  done rapidly. T h e  withdrawal of 
all of t h e  control rods h a s  been d iscussed  above. 

There  remains only the possibility that  failure 
or malfunction of an experiment or  core  component 
could result i n  a reactivity increase. T h i s  is 
guarded against  by careful review of all experi- 
ments 
s ta l led which, by failure, could rapidly introduce 
more reactivity than can be  handled by the servo- 
control system (-0.5%). At present the total  avail- 
able  worth of the most reactive experiment is less 
than 1%; the probability that  t h i s  could b e  realized, 
even slowly, is very small. Each  experiment is 

to make sure  that  no experiment is in- 

carefully reviewed prior to its installation to make 
sure  th i s  is so. 

Of the core hardware, the fuel elements, beryl- 
lium reflector pieces ,  and control rods possess  
significant amounts of reactivity. Since the 235U 
mass coefficient of reactivity is everywhere posi- 
t ive,  removal of fuel will reduce reactivity; the 
same is true of the removal of beryllium. Removal 
of the control rods h a s  been considered previously; 
however, it is worth noting that, s i n c e  the control 
rods are  driven from below the core and are  re- 
tained by posi t ive,s tops at the shock absorbers, 2 2  

they cannot fall out of the core. The  only possible  
way in which reactivity could be  added to  the  core  
by removal of a fuel element o r  reflector piece is 
as follows. Assume that  a core component is 

c 21C. D. Cagle, General Standards Guide for Experi- 
ments in ORNL Research Reactors, ORNL-TM-281 
(Aug. 20, 1962). 

22T. P. Hamrick and J.  H. Swanks, The Oak Ridge 
Research Reactor, A Functional Description, ORNL- 
4169 (vol. I), sect.  8.2 (to be published). 
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moved up out of the core by some mechanical 
action (which would have to be  associated with 
an experiment or  control rod). Th i s  would cause  
a decrease in reactivity, which could be compen- 
sa ted  for (up to 0.5% in reactivity) by the  servo. 
If the core piece then fell back into position, it 
could quickly add the amount of reactivity avail- 
able to the  servo a t  the time of its removal. T h i s  
alone presents no problem; however, i f  the operator 
manually shimmed the reactor by withdrawing the  
control rods, the entire worth of the core piece in  
question could be involved. All of the more  reac- 
tive core components - those  located in the cen- 
tral part of the reactor - are  retained in  place by 
the two holddown arms which carry the control rod 
bearings. 23 Thus, only low-worth components 
could be  involved. T h e  maximum amount of reac- 
tivity attributed to any such single core element is 
less than 1.4%. Moreover, because  of the  precau- 
t ions taken during the design and installation of 
experimental apparatus, the  probability of such an 
occurrence is nil. 

5.2 Loss-of-Coolont  Acc idents  

Loss of adequate cooling capacity due to a reac- 
tor “walkaway,” that is, an undetected gradual 
increase in power, or due to a gradual l o s s  in cool- 
ing a re  effectively prevented by the level safety 

and by the low-flow scram.25 In addition, 
scrams on the reactor AT and outlet temperaturez6 
would a l so  operate to terminate such a situation 
before dangerous leve ls  were reached. All four of 
these  are elements of the  reactor safety system 
and are characterized by redundancy and maximum 
reliability. In addition, operation a t  a power level 
significantly above normal is guarded against  by 
the inclusion of a “setback” and a “reverse” be- 
tween the normal power level and the  scram trip 
point. 

23T. P. Hamrick and J. H. Swanks, The Oak Ridge 
Research Reactor, A Functional Description, ORNL- 
4169 (vol. I), sect .  5.2 (to be published). 

24T. P. Hamrick and J. H. Swanks, The Oak Ridge 
Research Reactor, A Functionaf Description, ORNL- 
4169 (vol. I), sect .  8 . 4  (to be published). 

25T. P. Hamrick and J. H. Swanks, The Oak Ridge 
Research Reactor, A Functional Description, ORNL- 
4169 (vol. I), sect .  8.32 (to be published). 

26T. P. Hamrick and J. H. Swanks, The Oak Ridge 
Research Reactor, A Functional Description, ORNL- 
4169 (vol. I), sect .  8 .5 .2  (to be published). 

. 

As is shown i n  Appendix B,  the  reactor can  be  
operated quite sa fe ly  a t  a power leve l  jus t  below 
the  power scram point and a t  a flow jus t  above the  
low-flow scram point. Operation at  power leve ls  
greater than about 1 Mw with flow less than 14,000 
gpm is prevented by the  automatic reduction of the  
power-level scram trip point when th i s  flow is 
reached. 

T h e  ORR is provided with afterheat protection 
by d c  motor drives mounted coaxially with the  
main ac motors which drive the primary circulat- 
ing pumps. 27 As shown in  Appendix B, any one 
of these  is more than adequate to prevent boiling 
in  the core. Moreover, s ince  the  maximum heat 
flux to be  expected from a shutdown ORR core is 
75,000 Btu ft-’ hr-’ and the  natural circulation 
burnout heat flux is estimated to be 125,000 Btu 
ft-2 hr-’, it appears that  forced convection cool- 
ing is not necessary to prevent significant core 
damage from afterheat. Nevertheless,  t he  after- 
heat provisions represent a redundant maximum 
reliability system and are  always required to be 
operable when the  reactor is at power. 

One situation which could cause  l o s s  of forced 
convection afterheat protection would be a primary- 
coolant system break of sufficient magnitude to 
essentially uncouple the  reactor from the  pumps. 
Except in the  pipe chase  below the reactor pool, 
in the  vicinity of the pump house  and heat ex- 
changers, and a short span in  the  pool, the primary 
water l ines  a re  buried, either in  concrete or under- 
ground, so that there is no possibility of a break 
of th i s  magnitude - except in the locations cited. 
Moreover, because  the  primary system operates at 
low temperature and pressure, i t  is not subjected 
to high s t r e s ses ,  and thus  a major rupture is highly 
unlikely. Because  of the design of the system and 
the elevations involved, the reactor ves se l  would 
not be drained by such  a break; water from the pool 
would enter the ves se l  through the equalizer leg. 28 
Under these  conditions it is unlikely, but possible, 
that  some melting could occur. 

Probably the  most likely c a u s e  for core damage 
is as a result of a local flow blockage in one or  
more fuel elements. Such blockages have occurred 

27T. P. 
Research 
4169 (vol 

Hamrick and J. H. Swanks, The Oak Ridge 
Reactor, A Functional Description, ORNL- . I), sect .  6 .2 .1  (to be published). 

28T. P. Hamrick and J. H. Swanks, The Oak Ridge 
Research Reactor, A Functional Description, ORNL- 
4169 (vol. I), sect .  6.4.1 (to be published). 
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a t  several  reactors, 2 9 v 3 0  including the  ORR, 3 1  
and have caused  fuel melting. In none of t h e s e  
cases were the resul ts  catastrophic or  even par- 
ticularly serious, except  in terms of lost time re- 
quired for cleanup and investigation. 

Occurrences of th i s  type have  been due  to the  
accidental  introduction of foreign objec ts  into the  
reactor core, usually p las t ic  or  other sof t  material 
which blocks the  flow of water through the  cooling 
channels  or which coa ts  their  surfaces ,  thus in- 
hibiting hea t  transfer. I t  is conceivable that fail- 
ure of a fuel element as  a result of faulty manu- 
facture or  mishandling could cause  sufficient flow 
blockage to  result in  overheating; however, no 
such incidents  have been reported. 

The  only real protection against  accidents  of 
th i s  type is the  establishment of procedures de- 
s igned to prevent the  introduction of foreign mate- 
rial into t h e  system, coupled with careful surveil- 
l ance  to  ensure that  t hese  procedures are  carried 
out. T h i s  h a s  been done at t h e  ORR and includes 
a visual  inspection of the  core following startup 
but prior to operation at any substant ia l  power 
level.  
once  at the  fabricator’s plant; once  upon being 
received at ORNL; and, finally, immediately before 
insertion into the  reactor. 

Usually, flow-blockage s i tuat ions occur  du-g 
reactor s tar tup and may b e  detected by the  prac- 
t iced observer before any damage is done. As-the- 
power level  of the  reacktois increased, boiling 
will begin i n  a blocked channel and make itself, 
evident by a dis t inct  increase in  the  fluctuations 
i n  t h e  output of the  power-level instruments., In 
the case of the ORR meltdown ci ted above, an in- 
spect ion of the  charts  indicates  that  detectable  
fluctuations began at a power level of about 9 Mw. 
Burnout occurred at approximately 24 Mw. Thus,  
had t h e  operators known how to interpret the noisy 
output signal, the  incident could have  been avoided. 

Fue l  elements receive three inspections: 

---PI.-I -u -------- 

29J. W. Dykes, J. D. Ford, and K. R. Hoopingarner, 
A Summary of the 1962 Fuel  Element Fiss ion Break in 
the MTR, IDO-17064 (February 1965). 

Element Flow Blockage in the Engineering T e s t  Reac- 
tor,” Conference on Light-Water-Moderated Research 
Reactors,  Gatlinburg, Tennessee,  Book 3, TID-7663 
(June 1962). 

31T. M. Sims and W. H. Tabor, Report on Fuel-Plate 
Melting a t  the Oak Ridge Research Reactor July 1 ,1963 ,  

‘Standard procedure ca l l s  for a core inspection when 

30F. R. Keller, W. S .  Little, and J. H. Ronsick, “Fuel  

!j ,:ORNL-TM-627 i (October 1964). 

the reactor has  reached 3 Mw and once per shift there- 
after. 

T h e  lesson  learned here  h a s  been incorporated i n  
t h e  operator and supervisor training program and is 
now thoroughly. understood. Moreover, a high-sen- 
5itivitv instrument which magnifies t h e s e  fluctua- 
t ions is-now routinely used  during startup. 

While it is believed that  the  flow-blockage prob- 
l e m  is now sufficiently understood to  prevent such 
an accident during startup, a sudden flow blockage 

cc 

- - - _ _ ~  .__-- 

during full-p=operation would be likely to 
cause  damage before the reactor could be  shut  
down /.-- 

It  follows that  t h e  flow-blockage accident must 
b e  considered the most likely cause  for a fission 
product release. However, i t  is highly unlikely 
that  more than a s m a l l  fraction of the core  would 
b e  involved; i n  the cases experienced so far, there 
h a s  been only a very minor re lease  of f iss ion prod- 
uc ts  from the  primary coolant system. 

6. THE MAXIMUM HYPOTHETlCA,L ACCIDENT 

Based  on  the discussion i n  Sect. 5, it appears 
highly unlikely that  any malfunction of the ORR 
could result i n  a major re lease  of fission products. 
In fact, it is difficult realist ically to postulate a 
meltdown which involves more than very small 
fractions of the fuel. Nevertheless, in  order to 
i l lustrate the resul ts  of a very severe  accident, 
the consequences of a “maximum hypothetical ac- 
cident” have  been calculated for the  ORR. 

In th i s  accident, which is not only incredible 
but nearly an order of magnitude worse than any 
credible accident to the ORR, i t  is assumed that  
the ORR core operating a t  45 Mw suffers a 100% 
meltdown i n  which 100% of the  noble gases  and 
50% of the iodines  a re  released. It is a lso  as- 
sumed that  t h e  noble-gas daughters of 100% of the 
iodines  are a l so  released. 3 3  The  e scape  of non- 
volatile fission products from the vicinity of the  
fuel is so small as to  be  negligible, particularly 
s i n c e  the re lease  takes  p lace  under water. 3 4  

ger ience  i n d i c a t z t t  that  virtually all of the jodine 
will remain in  the  water. Parker3’ has  estimated - - -  - _ _ _  <.I... 

331n this  treatment the iodine daughters are actually 
counted twice; this lends a slight additional element of 
conservatism but simplifies the calculation. 

34F. T. Binford, T. E. Cole, and E. N. Cramer, The 
High Flux Isotope Reactor, Accident Analysis, ORNL- 
3573, Appendix A. 

35G.  W. Parker, ORNL Reactor Chemistry Division, 
private communication (February 1965). 
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that  between 65 and 90% retention appears con- 
servative.  Consequently, it is assumed that the 
reactor pool provides a decontamination factor of 
3 for iodine. The  iodine which remains in the  pool 
is available neither to the s tack  plume nor as a 
source of direct  radiation. In addition to this,  the  
building a i r  is directed through fi l ters before being 
passed  up the  ORR stack.  T h e s e  f i l ters  are de- 
signed to have a minimum decontamination factor 
for iodine of 10. They are  normally operated with 
a decontamination factor of 100 or more, which is 
verified by semiannual testing. The  fi l ter  factor 
is therefore‘taken to be 100. 

Although the noble g a s e s  do have a finite solu- 
bility in water and are retained to  some extent on 
the charcoal f i l ters,  it  will be  assumed that they 
reach the s tack plume undiminished except by 
decay. 

Figs .  6.1 through 6.3. Both “most representative” 
and “inversion” meteorological conditions are 
shown, with the latter being in  general the most 
severe. It is at once obvious from Fig.  6.1 that ‘ 
the iodine release presents  no problem. Even for 
an infinite exposure time the maximum dose is 
more than an order of magnitude below the 300 rems 

The  results of t h e s e  computations a re  given in 

specified i n  the guidelines of 10 CFR 100. Since 
the doses  delivered in  finite t i m e  are all less than 
that for infinite t ime,  they have not been shown in 
the figure. T h e  maximum d o s e  delivered is about 
16 rems, and from th is  fact  it  is possible  to deduce 
that a filter decontamination factor of 5.3 is all 
that is required to keep th i s  peak dose  below 
300 rems. 

As  can  be  s e e n  from Figs .  6 .2  and 6.3, the whole- 
body doses  from gamma radiation do not exceed the 
25 rems specified i n  1 0  C F R  100 at  any point out- 
s ide  the site boundary, even under the assumption 
of infinite exposure. Within 150 m of the building, 
the 25-rem guideline is exceeded for periods of 
exposure in  e x c e s s  of 15 min; but, at  the most 
densely populated location in the Laboratory, the 
4500-area complex, the exposure t i m e  required to 
exceed 25 rems is at l e a s t  ?2 hr. T h i s  gives more 
than adequate time for evacuation. 

within 150 to 200 m of t h e  building, the  controlling 
external dose  is that delivered by direct  radiation 
f rom t h e  building. The  direct  doses  delivered for 
various exposure t i m e s  following the maximum liy- 
pothetical  accident are plotted in  Fig. 6.4 a s  a 
function of distance.  It should also b e  recalled 

It should b e  borne i n  mind that,  at dis tances  

Fig. 6.1. Internal Iodine Dose, Infinite Exposure. Maximum hypothetical 

accident: 100% meltdown; 50% iodine release; 0.666 retained i n  water; decon- 

tamination factor of f i l ters,  100. 
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Conditions. Maximum hypotheticot accident. 

40 : 

that  t h e s e  doses  a re  based  on the extremely con- 
servative assumptions: (1) that all the released 
fission products appear in  the  building instantly, 
(2) that the building and i t s  contents afford no 
shielding, and (3) that there is no shielding of any 
kind between the  receptor and the  building. Thus, 
the ,va lues  given are  a gross  upper bound. 

following th is  accident is 300 rems/min. Th i s  h a s  
fallen to 7 rems/min at 100 m. Thus ,  an individual 
standing ju s t  outside the  reactor building could 
e scape  very ser ious  consequences i f  h e  took swift 
action to leave the scene. T h e  initial whole-body 

T h e  init ial  dose  rate 1 m from the building wall 

dose  rate within the  building would be  about 700 
rems/min; however, the init ial  internal dose rate 
from 
sons in the  reactor bay would very likely become 
casua l t ies  un less  they escaped  before the fission 
gases  became mixed with the atmosphere in the  
building. 

dent of th i s  incredible magnitude would have no 
serious off-site environmental consequences. 
Moreover, prompt evacuation of the  Laboratory - 
which can  be  accomplished in  15 to 20 min, as 
demonstrated by unannounced practice drills - 

'I would exceed 7500 rems/min. Thus, per- 

In summary, i t  appears c lear  that even an acci- 



16 . 

\ 

IO0  

50 

- 
E 20 - 
w . Y )  

0 

& 40 

6 z 
0 m 
w 

2 

I 
04 0.2 05 I 2 5 40 

DISTANCE DOWNWIND (hml 

Fig.  6.3. Whole-Body Gamma Dose vs Distance Down- 
wind Under Most Representative Conditions. Maximum 

hyp'othetical accident. 

would ensure that a minimum number of persons 
were exposed to the  risk of receiving radiation 
doses  in e x c e s s  of the guidelines of 10 CFR 100. 
Those  in  most danger would be  staff personnel 
whose place of work i s , loca ted  near the reactor. 
This  involves approximately 490 people located 
within a 100-m radius of t he  ORR building. T h e  
location affected is shown in  Fig. 6.5, and the  
estimated area population is given in Table 6.1. 
Despite the  fact  that  considerable shielding may 
be interposed between their work location and the  
reactor building, persons working within the radius 
indicated must evacuate a t  once  following the 
postulated hypothetical accident. I t  should be  
noted that the figure of 490 people is the.normal 
daytime complement. On weekends and night 
shifts ,  the number is reduced to  a maximum of 
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Fig. 6.4. Direct Radiation Dose near the Building 

Following the Maximum Hypothetical Accident. 

about 15. Finally,  i t  is emphasized again that the 
accident d i scussed  above represents a gross upper 
bound and does  not represent a credible occur- 
rence. 

. 

. 

. - 

+. . 

7. POTENTIAL ENERGY RELEASE 

None of the  credible accidents d i scussed  in 
Sect. 5 involve a significant re lease  of nuclear 
energy. Based  upon SPERT results,  a 2% s t ep  
addition of reactivity will result  in  a burst of only 
17.5 Mw-sec and only minor damage to the fuel ele- 
ments. Even the  destructive 3.2-msec SPERT t e s t  
released only 30.7 Mw-sec of nuclear energy. 3 6  

3 6  M. R. Zeissler ,  Non-Destructive and Destructive 
T e s t s  of the Spert 1-D Fully Enriched Aluminum Plate-  
Type  Core: Data Summary Report, IDO-16886 (Novem- 
ber 1963). 
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I 1  

Fig. 6.5. Buildings Located Within a 100-m Radius of the ORR. 

T h e  only other potential source of energy is the  
aluminum-water reaction. Th i s  requires an ignition 
temperature of about 2140°F, which is considerably 
in  e x c e s s  of the  melting point of aluminum (1220OF) 
and thus  much higher than the  incipient melting 
temperatures which might be  reached following a 
2% s t ep  increase  in  reactivity. Even in  the SPERT 
destructive t e s t  it is estimated that only about 4 
Mw-sec of chemical energy was  released. 37 

It is extremely doubtful that  a flow-blockage- 
type accident could develop sufficient temperature 
to c a u s e  any appreciable metal-water reaction. 
Moreover, the heating rate would be  relatively slow 
in th i s  case. 

It is concluded that the  likelihood of an appre- 
c iab le  metal-water reaction is s m a l l  enough to be 
considered incredible. 

8. ACCIDENTS NOT INVOLVING 
THE REACTORCORE 

All experiments in  ORNL reactors are required 
to m e e t  two bas i c  criteria: (1) they must not pre- 
s en t  an unacceptable hazard to personnel and (2) 
they must not interfere with the  orderly operation 
of the reactor. To ensure that t hese  criteria are 
satisfied,  all experiments must undergo an internal 
safety review3' before they are installed. In many 
cases, th i s  review also extends throughout the  
design period. Initially, the review is carried out 
by the Technical Ass is tance  Department of the  
ORNL Operations Division. It is attempted at th i s  
level to resolve any problems regarding safety and 
to produce a design which meets the necessary 
requirements. Once agreement h a s  been reached, . 

3 7 R :  W. Miller, A. Sola, and R. K. McCardell, Report 
on the Spert I Destructive T e s t  Program on an Alumi- 
num, Plate-Type, Water-Moderated Reactor, IDO-16883 
(June 1964). 

38C.  D. Cagle,  Considerations Involved in the Safe ty  
Review o f  Experiments to Be  Operated in Nuclear Reac-  
'tors, ORNL-TM-745 ( 1  964). 
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Table 6.1. Number of People Located 

Within 100 m of the ORR 

Building 
Number 

Number Present 
During Day Shift 

3001 27 
3009 0 
3010 8 
3012 4 
3019 42 
3024 
3025 79 
3026 18 
3028 1 
3029 4 
3030 1 
3032 0 
3033 2 
3034 0 
3036 0 

3037 45 
3038 12 
3042 47 
3044 15 
3047 52 
3080 1 
3104 95 
3105 4 

34 I 

Total 491 

the  experiment may b e  approved for insertion in the  
reactor by the Technical Ass is tance  Department. 
If any significant hazard had existed,  even though 
it was corrected by the  design, the experiment is 
submitted with appropriate recommendations to the  
Experiment Review Committee for further review. 
When th is  committee concurs that the experiment 
is safe ,  it may be inserted in  the  reactor. T h e  , 

committee a l so  periodically reviews the  operation 
of all experiments to make sure that its recommen- 
dations are being carried out. 

utilized to prevent malfunction o r  misoperation of 
experimental apparatus, experience indicates tha t  
the most likely radiation accidents a re  minor re- 
leases from th is  source. Such incidents do not 
involve the  reactor i tself  and in  most ins tances  
occur after t he  experimental apparatus h a s  been 
withdrawn from the core. Because  of the  contain- 

Despite the  careful design and review procedures 

ment features of the  building and the s m a l l  amount 
of activity involved, they do  not produce environ- 
mental contamination. They do, however, consti- 
tute a hazard to the operating personnel. 

In general, such acc idents  include leaking cap- 
su l e s ,  broken off-gas l ines ,  loss of shielding, etc. 
Protection against  t hese  accidents is afforded by 
constant anticipation and planning and by the uti- 
lization of various spec ia l  procedures, such as the 
u s e  of temporary off-gas l ines,  shielding, etc. 
While such  incidents a re  annoying and potentially 
dangerous, to da te  no excess ive  radiation expo- 
sures  have been experienced; t he  frequency of the 
incidents is decreasing. 

Perhaps  the only type of waste-handling accident 
which might be of any significance is a large sp i l l  
of contaminated water, which could eventually find 
i t s  way to the  White Oak Creek watershed and 
thence to the  Clinch River. T h e  only way in which 
any quantity of highly contaminated water could be  
accumulated at the  ORR would b e  as a result of 

. 

some previous ma jo r  accident, in which case spe- 
cial  emergency procedures would be  put into effect. 

T h e  fission products of most significance with 
respect to contamination of watershed are  the  long- 
lived isotopes "Sr, lo6Ru, 137Cs ,  and '44Ce. 
These ,  together with their characterist ics,  are 
l i s ted  in  Table  8.1. Clearly the  controlling factor 
here is "Sr. 

In a study of the ORNL waste-disposal pits  
undertaken in  1960,39 i t  was  found that with the  

. 

39F. T. Binford, An Analysis of the Potential Hazards 
Associated with the Disposal of Radioactive Waste in 
Open Pits at ORNL, internal correspondence (May 17, 
1963). 

Table  8.1. Characteristics of the Long-Lived Product; 

ORR 
isotope Half-Life MpCa Inventoryb 

(pc/cm3) Organ (curies) 

9oSr-90Y 28 years . 1 X Bone 2.6 X l o 3  
106Ru-106Rh 1 year 1 X lo-' Kidney 4.5 x l o3  

26.6 years 2 x lo-' Muscle 2.6 x l o 3  1 3 7  cs 
144Ce-144Pr 290 days 1 x lo-' Bone 1 x l o 5  

aNonoccupational MPC for water from Report of Com- 
mittee I I  on Permissible Dose for Internal Radiation, 
Pergamon, New York, 1959. 

bBased on average bumup of 20% in a 5.5-kg core. 



19 

. exception of Io6Ru virtually 100% of the long- 
lived activity is removed from solution by sorption 
as the contaminated water percolates through so i l  
of the type found in the vicinity of the  ORR site.  
The  Io6Ru is removed to the extent of about 93%. 
This,  coupled with the  fact that probably only a 
s m a l l  percentage of the inventory l i s ted  in Table  
8.1 would e scape  from the fuel, makes it appear 
unlikely that any s izable  quantity of activity would 
reach the  watershed. 

Should the re lease  postulated in the  maximum 
hypothetical accident actually occur and should 
the entire inventory of long-lived fission products 
reach the  river undiminished, the  computational 
procedures c i ted  in the referenced report indicate 
that the result would b e  equivalent to the discharge 
of about 100 curies of ”Sr to the  Clinch River. 
Under the  assumptions that the  average flow rate 
of the  river is 5000 cfs and that there is little or  
no reduction in  the  concentration due to dispersion 
and sett l ing,  but only by dilution, the  integrated 
dose  received at the Oak Ridge Gaseous Diffusion 
Plant,  the  nearest  significant user of water, lo- 
cated -7.4 m i l e s  downstream, is equivalent to that 
received from approximately 1.5 weeks at continu- 
ous nonoccupational MPC. At locations farther 
downstream, the  integrated dose  would b e  consid- 
erably less because  of additional dilution and 
dispersion in  the  Watts Bar Reservoir. 

Spent and partially spent  fuel elements a re  
stored routinely in  racks in the  ORR pool. At 
t i m e s  the  inventory of these  elements may exceed 
100. T h e  element location and fuel content of 
stored elements are known at all t imes ,  s ince  
burnup  calculation^^^ are made immediately after 
a core change, and new weights and locations a re  
posted. 

Fue l  manufacturing procedures a re  such  that it 
is not possible to fabricate by current techniques 
fuel elements containing more than a few percent 

’u above that ca l led  for in ORNL specifica- 
tions. That  the  fuel elements actually m e e t  ORR 
fuel-content experiments h a s  been conclusively 
demonstrated by both measurements on new ele- 
ments and ana lys i s  of depleted elements. 40 

through strict  administrative procedures, which 
require that not more than two elements be  moved 

* 

f 

Criticality safety is maintained during fuel moves 

I 40T. P. Hamrick and J .  H. Swanks, The Oak Ridge 
Research Reactor, A Functional Description, ORNL- 
4169 (vol. I), Appendix C (to be published). 

at a t i m e  and that each  element be  either in the  
reactor, in a storage rack, or in transit.  The  stor- 
age  racks, which a re  located under approximately 
25 ft of water, are designed in such  a manner that 
they consti tute an always critically safe array. 
Although criticality sa fe ty  depends very heavily 
on administrative procedure, there h a s  never been 
a criticality accident or  near accident a t  the ORNL 
reactors. All such  administrative procedures are 
constantly reviewed in  order to incorporate the 
m o s t  recent information available concerning fuel 
handling. 

All core loadings a re  prepared by one  qualified 
technical person and checked by another. During 
the  pas t  nine years,  many cores  have been as- 
sembled with not one case, of inadvertent assem- 
bling of a core which formed a crit ical  array unex- 
pectedly. The  operating criteria for the  ORR 
specify that the  “excess  reactivity loading above 
clean-cold-critical will not exceed that which will 
permit achievement of criticality with the control 
rods withdrawn less than half their reactivity 
worths.” However, when the rods are on seat, i t  
would require approximately 1500 g of additional 
235u distributed over the core to achieve critical- 
ity. 4 1  This  is assuming the present configuration 
and control rod worths. It may be  concluded that 
the entire core could be loaded with new 240-g 
elements with the  rods on seat and the  reactor 
would not be  critical. 

It must be emphasized that fuel may be moved 
into and out of the  core only upon the written in- 
structions of the  reactor supervisor or h is  repre- 
sentative and that during such  refueling the sub- 
critical multiplication is monitored audibly in order 
that the  reloading crew will be  immediately aware 
of any sudden increase of multiplication. There- 
fore, inadvertent assembly of a critical array during 
reloading appears to b e  impossible. 

9.  ADEQUACY OF THE REACTOR SHIELDING 

The  maximum permissible exposure l i m i t s  speci- 
fied for personnel at ORNL are given i n  Table  9.1. 

For administrative purposes the  Operations Divi- 
sion works to one-half of t hese  values. Moreover, 

4 1  T. P. Hamrick, “An Experimental Evaluation of 
Errors Arising from the Bumup Calculation Used at the 
ORNL Research Reactor,” American Nuclear Society 
Conference on Reactor Operating Experience, Jackson, 
Wyo., July 28-29, 1965. 

L 



Table 9.1. Personnel Exposure Limits 

to Direct Radiation ' 

AVERAGE FOR LOW DOSE 

0.36 remlyr 
- GROUP (C 4 rem) 

Recommended Quarterly 
Maximum Dose 

h n u a l  
Dose 

Weekly Dose (13 weeks) (rems) 
Organ 

(millirems) (rems) 

Total body, 100 3 12 
head, and 
trunk, eye 
lens,  go- 

nads, 
blood-form- 
ing organs 

Skin of 600 10 30 
whole body 

Hands 1500 25 75 

Other organs 5 15 

t5  

14 

43 

12 

4 4  

5 10 
2 9  
W > 
a 
5 
w 8  
LL 

LT 
0 7  

; 6  

= 5  

4 

3 

2 

1 

0 
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each employee of the  Division receives as part of 
h i s  training extensive instruction in health physics 
techniques. That  t he  program of minimizing expo- 
sure has  given satisfactory resu l t s  is illustrated 
in Fig. 9.1, which presents  a distribution of t he  
annual whole-body dose  of penetrating radiation 
received by all currently employed persons asso- 
ciated with ORR operation. T h e s e  have been aver- 
aged over their respective periods of employment, 
which represents a total of over 600 man-years. 
As can  b e  seen ,  the  average for all ORR employees 
is less than 1 rem/year, and only one employee h a s  
received an average of more than 2.5 rems/year. 
Of the two peaks  in the distribution, t he  one a t  the  
lower dose  level represents administrative and 
technical personnel, while the  other peak is asso- 
ciated with the  doses  received by the direct operat- 
ing personnel. It should be realized that all of the  
individuals represented in  th i s  diagram are  from 
time to time assigned to other reactors or  areas 
which may or  may not involve radiation: so that 

ORNL- DWG 67-7691 
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Fig. 9.1. Distribution of the Average Annual Dose of Penetrating Radiation 

Received by Employees Working a t  the ORR Through 1966. 
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PERFORMED BY 

H.C and H. A .  

Table 9.2. Background Survey (30-Mw Operation) 

REASON DATE TIME 

Weekly Check 12-10-66 1:oo p.m.  . 

a. Pipe Tunnel 
b. Sub-Pile Room Door 

c. North Walkway 
d. South Walkway 
e. Pool Heat Exchanger Area 

1. Near Reactor Bottom Plug 

f. Beam Hole Plug Storage Are0 

1.5  1 
0.4 0.4 

25 2 
1 1 

12 2 
7 4 

24 1 

AREA I MAXIMUM BACKGROUND I PRE-SET LOCATION 

d.  HB-2 4 1 
e.  HB-3 3 .0.8 

1 5 1.5 
f. HB-4 1 

h. HR-h I 10 I 10 

c 

t 
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Table 9.2 (Continued) 

AREA 1. MAXIMUM BACKGROUND I PRE-SET LOCATION 

the doses  indicated a re  not exclusively due to 
work at the ORR. The  data  presented reflect the 
actual operating history of the ORR. I t  is perhaps 
worthy of note that no employee of the ORR operat- 
ing organization h a s  ever recorded a dose  greater 
than 1 rem from a radiation incident. T h e  highest  
s ingle  dose recorded is 900 mr, which occurred 
during the handling of a piece of experimental ap- 
paratus following its removal from the reactor. 

Although the radiation-dose history presented 
above is ample evidence that the ORR shielding 
together with the administrative controls uti l ized 
to minimize radiation exposure is more than ade- 
quate to permit safe operation a t  power leve ls  
well in e x c e s s  of 30 Mw, it is to b e  expected that, 

all other things being equal, the average exposure 
would increase somewhat at 45 Mw. T h e  existing 
background leve ls  (30 Mw) near  the reactor are 
given in  .Table 9.2, which reproduces the  resul ts  
of a typical background survey. T h e  locations re- 
ferred to in th i s  survey are  shown in Figs.  9.2 
through 9.6. In interpreting t h e s e  data,  it should 
be understood that  the high-background regions 
such .as the subpile room, degasifier cel l ,  demin- 
eralizer cells, pump cells, and the  vicinity of the 
experiment facilities are  restricted access areas  
and not normally occupied during operation. 

at the 45-Mw power level  none of the  background 
leve ls  will  increase  by a factor of more than 1.5. 

As a f i rs t  approximation,.it can  be  assumed that 

. 
-. 

c 
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Actually i t  is likely that i n  many c a s e s  the in- 
crease would be  less than this .  Where necessary 
or desirable, additional local shielding can be pro- 

vided and access further limited i n  order to mini- 
mize the risk of exposure. 

-- N ORNL-DWG 67-7692 

Fig.  9.2. Radiation Survey Points. Third level, ORR. 
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Fig. 9.4. Radiation Survey Points. F i rst  level, ORR. . 
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10. HISTORY OF OPERATING DIFFICULTIES 

Operation of the  ORR h a s  proceeded in an or- 
derly and uninterrupted fashion during the nearly 
nine years s ince  the reactor was  first brought criti- 
cal. During th i s  t i m e  t h e  ORR h a s  been operated 
at  power approximately 80% of the  time, and s ince  
January 1 ,  1964, th i s  figure h a s  increased to more 
than 85%. 

Operating difficulties have been relatively minor 
and have constantly decreased in frequency and 
severity. Th i s  is due largely to two factors: (1) 
increasing familiarity with the  characterist ics of 
the reactor, which permits developing troubles to 
be recognized and corrected before they become 
problems, and (2) constant improvement and modi- 
fication of components, systems, and procedures 
which are found lacking in  performance. 

the most vexing problem involved numerous un- 
scheduled control rod drops. The  frequency of 
these  occurrences, which in each  case shut the 

‘ reactor down, is shown in Fig.  10.1. In general, 
the specific cause  for a given rod drop h a s  been 

. difficult to determine; however, inspection o f  the 
equipment has  revealed that in some c a s e s  they 
were caused by faulty components, such  as defec- 
tive magnetic clutches and magnet amplifiers, 
electrical short circuits, l eaks  in the  bellows seal, 
and gaps between magnets and armatures. The  
most frequent cause  appears to have been nonuni- 
form thermal expansion of the various components. 

During the first five years of operation, probably 

The  decline in rod drops that occurred from 1959 
to 1964 is attributed to a systematic inspection 
and preventive maintenance program instituted fol-, 
lowing the  onse t  of the  difficulties. 

Improved rod-drive mechanisms were installed in 
June 1964, and s ince  that time there h a s  been only 
one rod drop; th i s  was  due to  a human error which 
occurred during the replacement of a defective mag- 
net amplifier. 

Of considerably more significance is the fact  
that  on a number of occas ions  prior to 1964 a con- 
trol rod failed to drop upon receipt of a scram sig- 
nal. T h e  frequency of t hese  occurrences is shown 
in Fig. 10.2. Of the  nine incidents of th i s  type, 
seven occurred during performance t e s t s  of the  
mechanism. In each  of the two which occurred dur- 
ing reactor operation, only a single rod failed to 
scram; the  others behaved in  a normal fashion. 
Each t i m e  a “fail-to-drop” incident occurred, the  
rod drive in question was  replaced by an accept- 
able unit. Since the  new rod-drive mechanisms 
were installed i n  1964, no “fail-to-drop” incidents 
have occurred. 

with which the  safe ty  or control system circuits 
have been tripped due to some reason other than 

real cause . ”42  Since 1958 system action has  
occurred 308 times. Of these,  185 (60%) were 

- 

, 

A second type of difficulty h a s  been the frequency 

( (  

- 
4 

. 
W 

42Real cause - a reactor power reduction was initi- 
ated by an instrument because an operating limit was 
exceeded. 

ORNL-DWG 67-7697 
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Fig.  10.1, ORR Distribution of Unscheduled Rod Drops. 
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Fig. 10.2. ORR Distribution of “Fail-to-Drop” of Shim Rods. 

c caused by s igna l s  originating in experiment equip- 
ment and 123 (40%) by s igna ls  originating with the  
reactor. Of the  experiment-induced scrams, only 
9 (4.86%) were due to a real cause.  The  remainder 
occurred because  of com’ponent failure, human 
error, electrical power fluctuation, etc. Of the  
reactor-induced scrams, only 5 (4.06%) were due 
to a real cause.  A tabulation of t hese  system ac-, 
tions together with their cause  is given in  Table  
10.1. 

A breakdown of the  incidents included in the  
“real cause”  category is as follows: 

5 
c 

1966 - On June  25, when the  reactor w a s  re- 
turned to power, a setback resulted when the  high- 
temperature set point was  exceeded in the  P4-B4 
experiment . 

flow in the hydraulic tube dropped below the low- 
flow s e t  point. Th i s  facility is connected to the 
reactor control circuit only when samples contain- 
ing fissionable materials a re  irradiated. 

1961 - On January 3 two se tbacks  were received 
when the high-temperature set points on the Loop 1 
experiment were exceeded. 

1962 - On March 1 4  a setback resulted when the  

Table 10.1. Occasions When ORR Safety or Control System Circuits Have Been Tripped 

Cause 1959 1960 1961 1962 1963 1964 1965 1966 Total 

Instrument failure 
Mechanical or component failure 
Real cause 
Human error 
Electrical power fluctuation 
Other 

Subtotal 

Instrument failure 
Mechanical or component failure 
Real cause 
Human error 
Electrical power outage 

Subtotal 

Total 

1 22 
3 17 
3 1 
2 0 
2 0 
0 0 

11 40 
- - 

5 2 
0 1 
1 1 
5 5 

4 5 

13 16 

27 53 

- - 
- - 

Experiments 

19 8 
5 14 
4 0 

3 0 
6 0 

0 15 

52 22 
- - 

Reactor 

2 0 
3 12 
2 1 
0 4 

5 5 

12 

64 44 

- - 
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On January 22  a setback resulted when the tem- 
perature of the reactor exit  water exceeded the  
high-temperature s e t  point. 

perature of the reactor exit  water exceeded the  
high-temperature set point. 

On September 5 a reverse resulted when the  low- 
flow s e t  point of the  Loop 1 experiment was actu- 
ated due to the low flow in  the experiment. 

On September 1 4  a scram resulted when the high- 
pressure set point was  exceeded when the B-8 
experiment encountered excessively high pressure. 

1960 - On March 30 a reverse resulted when the  
temperature differential of the primary water across  
the reactor exceeded the  s e t  point. 

On April 23 a setback resulted when the temper- 
ature of the GCR capsule experiment exceeded the 
high-temperature s e t  point. 

point of the GCR capsule experiment was exceeded, 
which produced a setback. 

On May 8 the high-temperature s e t  point of a GCR 
capsule experiment was  exceeded, which produced 
a setback. 

On May 17 a setback was  experienced when a 
safety recorder exceeded the  110% of full power 
s e t  point. 

HN-1 loop experiment, which produced a setback 
of the reactor power. 

Finally it  is worth while to list the incidents of 
higher-than-normal radiation, surface contamination, 
and high air activity which have occurred s ince  
initial reactor startup. T h e s e  a re  given in Table  
10.2. 

any abnormal event was  75 r/hr a t  4 ft  from the  
experiment. Th i s  occurred when an experiment 
tube was  accidentally removed from the  pool water 
during the desegmenting operation. T h e  maximum 

On September 2 a reverse resulted when the  tem- 

1959 - On April 12 the  high-temperature set 

On May 25 low water flow w a s  experienced in the  

T h e  maximum radiation level encountered during 

Table  10.2. Abnormal Incidents lnvolvin'g Radiation 

Cause Reactor Experiments Total 

High radiation 3 8 11 
. Surface contamination 2 7 9 

10 High air activity 5 

Total 10 - 20 30  

Building evacuations 4 9 13 

- 5 - - 

30 

exposure received during th i s  incident was  900 mr 
when personnel who were performing the  operation 
were inadvertently subjected to  the  high dose rate. 

The  maximum surface contamination resulted 
from a "spill" when an experiment was  being re- 
moved from the  reactor facility. Th i s  activity was  
identified a s  18'W and was  particulate matter. T h e  
radioactivity level of the  highest smear was 400,000 
di s/ min. 

T h e  maximum level of air contamination resulted 
from a malfunctioning UO, experiment (-0.6 g of 
235U). T h e  activit ies which escaped  to the build- 
ing were identified as '38Xe and 138Cs. .All other 
fission products were retained in the  experiment 
or trapped in  the  water through which the  gases  
traveled. Although no estimate was  made of the 
total re lease  to the  building, a filter from a contin- 
uous a h  monitor gave a reading of -300 mr/hr. 
T h e  background radiation leve l  due  to 
13'Cs, and 88Rb at the  northwest personnel door 
of t he  ORR building was -60 mr/hr, while the  
general background due to the  same radionuclides 
in the vicinity of the  pool was  -100 mr/hr. I t  is 
interesting to note that during the  melting of a fuel 
plate of an ORR fuel element4' a general back- 
ground due to the  same radionuclides in  the vicin- 
ity of the pool w a s  -25 mr/hr, while a filter from 
a continuous air  monitor gave a reading of -65 
mr/hr. 

ditions no personnel received either external or 
internal exposure in e x c e s s  of the  MPC. 

When evaluating the  da t a  which appear in  the  
table, s o m e  additional information should be con- 
sidered. For example: 

1. All o f  the four building evacuations charged 
to the  reactor were a direct  result  of the partial 
fuel-element p la te  melting. 

2. Four of the five ins tances  of high air activity 
charged to the reactor can  be attributed to the  
fission products in the water system resulting 
from the  partial fuel-element plate melting. 

3. T h e  incidents encountered with experiments 
can  be  categorically grouped as follows: -47% 
due to component failures, and -53% due to 
inadequate procedure o r  human error. 

38Xe, 

I t  is important to note that during the  above con- 

Considering the  very large number of experiments 
handled routinely in  the  ORR and the  operational 
activit ies routinely performed, t he  number and se- 
verity of the  abnormal events  which have been ex- 
perienced are quite low. 

. 

b 

. 
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11. CONCLUSIONS 

It may be  concluded from the analysis  presented 
above that  the Oak Ridge Research Reactor can 
be operated at 30 Mw in an entirely safe and or- 
derly fashion. That  th i s  is true has  been amply 
demonstrated by the excellent operation record 
compiled-over the pas t  nine years.  Moreover, be- 
cause  of experience gained during t h i s  time, the 
operating procedures have been continually im- 
proved, and the incidence of component failure h a s  
been reduced to a minimum. In addition, this ex- 

perience h a s  served to increase the ski l l  and 
knowledge of the  operating and technical personnel. 
, T h e  analysis  h a s  shown that  even a 100% melt-  
down of the ORR core would not produce off-area 
environmental contamination in e x c e s s  of the 
guidelines given in 1 0  C F R  100 and would not pro- 
duce catastrophic resul ts  within the Laboratory. 

T h e  foregoing conclusions are  equally valid for 
operation at a power level of 45 Mw, which could 
easi ly  be  made feasible  by relatively minor modi- 
f ications to the external heat-removal system. 

APPENDIX A - STATUS OF SPECIFIC ACRS AND AEC RECOMMENDATIONS 
WITH RESPECT TO ORR OPERATIONS AS OF JANUARY 1,1962’ 

The following list of documents includes all 
those which may be considered to  consti tute the 
original authorization for operation of the ORR. 

March 25, 1955 
S. R. Sapirie (USAEC) to C. E. Center (CCCC) 

Subject: ACRS and Budget Approval for 20  Mw 
ORR 

T h i s  le t ter  gives  authorization to proceed with 
construction. It asser t s  that  ACRS h a s  given 
approval for 20 Mw power leve l  i n  accordance 
with the descriptions given in  ORNL-1794, ORR 
Safeguard Report; CF-55-3-8 (later i s sued  as 
ORNL-2086), A Method for the Disposal o f  Vola- 
t i le Fission Products from an Accident in the 
ORR; and CF-54-11-115, Advisory Committee on 
Reactor Safeguards ORR ( this  is a letter from 
C. E. Larson summarizing the  answers to some 
questions brought up in an ACRS meeting held 
a t  Oak Ridge). 

In general, construction and operation at 20 Mw 
were approved subject  to the provisions that  con- 
tainment be  provided by m e a n s  of an emergency 
ventilation system and scrubber and that the ex- 
cess reactivity be  minimized. 

December 30, 1955 
S. R. Sapirie (USAEC) to  H. L. P r i c e  (USAEC) 

T h i s  is an intra-office memorandum in reply to 
a request from Price,  dated November 8, 1955, 
requesting information on recommendations made 

‘Internal correspondence dated Feb. 8, 1962. 

by RSC and ACRS in connection with reactor 
safeguards at Oak Ridge. 

t ions on reactor operations necessi ta ted by 
safety are  self-originated at ORNL. In s o m e  
cases these  limitations developed as a result  
of informal review by ACRS Committee members.” 

A list of ACRS recommendations is included. 
T h e s e  are the same o n e s  contained in  the le t ter  
of March 25, 1955. They are as follows (quoted 
from the December 30, 1955, letter): 

It is asser ted that “nearly all existing l imita-  

“Containment is to be provided to the extent 
that  an accident releasing the volatile f iss ion 
product gases  from the  reactor core will not 
consti tute a wide-spread hazard.” 

“Available e x c e s s  reactivity is to be  minimized 
insofar as practical.” 

“That experimental installations in  the engi- 
neering test facilities b e  restricted such that 
upon failure or malfunction of the installation 
no more than 1.4% reactivity will be  added to 
the  reactor.” 

December 3, 1957 
J. A. Swartout (UCNC) to H. M. Roth (USAEC) 

This  letter is a request to permit tes t ing of 
the ORR at power leve ls  in  e x c e s s  of 20 Mw. 
No l imi t  on power is suggested,  and the request 
is for temporary authorization. 

February 17, 1958 
H. M. Roth (USAEC) to J. A. Swartout (UCNC) 

T h i s  is in reply to the December 3,  1957, le t ter  
and advises  that the “available information is 



insufficient for Headquarters’ review and action.” 
A memorandum from H. L. Price to P. W. McDaniel 
l ist ing the required information is enclosed. 
Th i s  memorandum, dated February 6, 1958, points 
out that the  AEC h a s  no information concerning 
the  incorporation of the ACRS suggestions into 
the  ORR as built. I t  is requested that quantita- 
t ive information on the  features of the reactor 
which relate to s a f e t y  be  supplied. Certain spe- 
cific information is requested. 

February 28, 1958 
J. A. Swartout (UCNC) to H. M. Roth (USAEC) 

Th i s  letter is in reply to the  letter of February 
17, 1958, and the memorandum from Pr i ce  to 
McDaniel of February 6, 1958. It is pointed out 
that  the design h a s  changedl i t t l e  from that set 
forth in ORNL-1794, ORR Safeguards Report. 
T h e  specific questions asked in the  February 
6 ,  1958, memorandum are answered in most in- 
s t ances  by reference to various documents. 
T h e s e  include: 

which updates the  description in ORNL-1794. 

Distribution and Critical Mass in Clean, Cold 
ORR Cores. 

C F-54- 11- 115, Advisory Committee on Reactor 
Safeguards ORR, which d i scusses  the  minimiza- 
tion of e x c e s s  reactivity. 

CF-58-2-11, Preliminary Report on the Results 
o f  the Oak Ridge Research Reactor Hydraulic 
Tes t ,  which verifies the hydraulic design bas i s  
experimentally. 

posal o f  Volatile Fission Products in the ORR. 
It is pointed out that  th i s  report overestimates 
the maximum credible accident by a factor of at  
l e a s t  100. 

A list ing of the  experiments scheduled for in- 
stallation in  the  ORR as of that t i m e  is included. 

In th i s  letter it is asser ted  with respect to test-  
ing the  building containment: “The  first t e s t  
conducted using the  scrubber to withdraw air  
from the  ORR Building resulted in a building 
pressure of -0.3 in. of H,O at a flow of 6000 
cfm. Th i s  pressure and flow a r e  considered 
quite satisfactory.” In th i s  letter the  scrubber 
specifications are s e t  forth. T h e s e  include a 
decontamination factor of 1000 for iodine. Also 
at th i s  time the emergency ventilation system 
and scrubber were described as being actuated 

ORNL-2200, The Oak Ridge Research Reactor, 

CF-57-5-31, Two Group Calculations for Flux 

CF-55-3-8 (ORNL-2086), A Method for the Dis- 
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either manually from the  ORR control room or 
by signal from a shielded ion chamber near the  
control room. 

March 18, 1958 
H. M. Roth (USAEC) to J. A. Swartout (UCNC) 

Th i s  letter permits interim operation of the 
ORR at leve ls  not to exceed  1 M w  pending review 
at He,adquarters of the  information contained in 
the letter of February 28, 1958. I t  contains cer- 
tain restrictions which are termed “temporary 
limitations. ” 

March 28, 1958 
H. M. Roth (USAEC) to J. A. Swartout (UCNC) 

T h i s  letter supplements the letter of March 18, 
1958, and modifies the  “temporary limitations” 
for operation below 1 Mw. It further tacitly per- 
m i t s  operations above 1 Mw “for t he  initial ex- 
ploratory operation.” T h e s e  a re  as follows: 

a )  “The  core will not be operated with less than 

b) “The  e x c e s s  reactivity loading above clean 
cold critical will not exceed that which will 
permit achievement of criticality with the rods 
withdrawn less than ‘/2 their reactivity worths.” 

c )  “No experiments, voids or  p las t ic  strip poi- 
sons  will be  loaded i n  or adjacent to the core.” 

6) “Short exploratory and check-out power experi- 
ments may be performed to l eve l s  of 40 Mw.” 

e)  “Average power leve ls  will not exceed 20 
MWD/day.” 

I t  appears from the  context of th i s  letter that  
t hese  restrictions were meant to apply only dur- 
ing  the  testing period and were to be superseded 
by other limitations once  the  tes t ing  program 
was  completed. 

four or more than s i x  control rods.” 

. 

? 

. 

May 22, 1958 
H. M. Roth (USAEC) to J. A. Swartout (UCNC) 

Th i s  letter notifies ORNL that routine opera- 
tion of the ORR at 30 Mw is authorized sudject 
to the “satisfactory completion of the  initial 
exploratory experimental program within the  lim- 
i tat ions outlined in my March 28 letter.’) Th i s  
communication does  nothing spec i f ic  to resolve 
the  question concerning the  permanent or tempo- 
rary nature of the  restrictions set forth in  the  
letter of March 28, 1958. 

* 
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April 27, 1959 
M. E. Ramsey (UCNC) to H. M. Roth (USAEC) 

In th i s  letter a b a s i s  for reducing the required 
iodine decontamination factor in the scrubber 
from 1000 to 1 0  is presented. I t  is further stated: 
“Measurements of the  differential building-to- 
atmosphere pressure were also made, which 
showed that  more than 0.3 inch differential pres- 
sure  is maintained under operating conditions. 
T h i s  is quite adequate to insure t h e  necessary 
in-leakage. ” 

May 8, 1959 
S. R. Sapirie (USAEC) to E. J. Bloch (USAEC) 

T h i s  letter transmits Ramsey’s le t ter  of April 
27, 1959, to AEC Headquarters. It asserts that 
a decontamination factor of 100 was measured 
a t  the scrubber and recommends that  a reconsid- 
eration of the scrubber system factor is not neces- 
sary.  No mention of the factor of 10 is made in 
the transmittal letter. 

On the b a s i s  of the foregoing correspondence, it 
appears c lear  that  the specif ic  ACRS and AEC rec- 
ommendations with respect  to ORR operation in- 
clude the following: 

1. Containment is to b e  provided to the extent 
that  an accident releasing the  volati le f ission 
product g a s e s  from the reactor core will not 
consti tute a widespread hazard. 

2. Available e x c e s s  reactivity is to b e  minimized 
insofar as practical. 

3. Experimental installations in the engineering 
test facilities are  to be  restricted so- that upon 
failure or  malfunction of the installation no 
more than 1.4% reactivity will be added to the 
reactor. 

4. “Routine” operation of the ORR may be  con- 
ducted at power levels  up to  30 Mw. 

APPENDIX 6 - THERMAL ANALYSIS OF THE ORR CORE FOR 45-MW OPERATION 

C. C. Webster 

1 .  Introduction reflector pieces ,  sol id  aluminum spacers ,  or experi- 
mental apparatus of one kind o r  another. Four 
typical core loadings are  shown in Figs.  B . l  
through B.4. Although there is no intention that 
the loading patterns be  restricted to those shown, 
they are representative of the configurations which 
have been in u s e  for several  years  and will be  em-  

T h e  following thermal analysis  of 45-Mw opera- 
tion of the  ORR core is based partially upon calcu- 
lations using conventional and well-substantiated 
methods and partially upon direct  extrapolation of 
observations made a t  power leve ls  up to 30 Mw. 
Because the core  configurations and fuel distribu- 
tion at 45 Mw will differ little from those employed 
at  30 Mw, the  excellent agreement in  the  values 
obtained by the  two methods permits the resul ts  to 
be viewed with considerable confidence. 

* 

2. Power Density and Neutron Flux Distribution 

T h e  ORR core contains  63 core-component posi- 
tions. Of these,  s i x  are capable  of accepting any 
core component, including a shim-safety rod. T h e  
remaining 57 are  capable  of accepting any core . 
component except a shim-safety rod. Under current 
practice, a normal core loading contains  either four 
or s i x  shim-safety rods and 25 or 26 fuel elements. 
T h e  remaining posit ions a re  occupied by beryllium 

ployed as reference configurations for th i s  study. 
The  fuel content of the individual elements will, 

of course, decrease with t i m e  during the fuel cycle,  
which lasts two to three weeks depending upon the 
init ial  loading. Moreover, the beginning-of-cycle 
fuel loading is not uniform but is composed of a 
combination of new and partially depleted fuel ele- 
ments ranging in  fuel content from about 135 to 
240 g of 235U. T h e  weight of fuel in  the shim-rod 
fuel followers may vary from 0 to 154 g of 235U. 

‘The amount of fuel initially loaded may vary from 5 
to 6 kg of 235U. It is governed by the requirement that 
the reactor shall be subcritical when the shim-safety 
rods are withdrawn l e s s  than one-half of the total reac- 
tivity worth of the rod complement. 

3 
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Although the beginning-of-cycle fuel distribution 
for any given configuration is not always exactly 
the  same, in general the  loading procedure is repet- 
itive so that the  loading pattern is similar from 
cycle  to cycle. It follows that changes in  the neu- 
tron flux pattern from cycle  to  cyc le  are also sma l l .  
Th i s  h a s  been frequently confirmed by measure- 
ments. Since the  power density is proportional to 
the  product of the  fuel density and the  local neu- 
tron flux, and s ince  for a particular location 
changes in the  local neutron flux vary inversely 
as changes in the fuel density, any local changes 
in power density are quite small. 

static.  From time to time, however, some experi- 
ments are removed and others are added. These  
changes,  together with changes in the  fuel distri- 
bution, can b e  expected to alter the  neutron flux 
distribution and to change the  power output of the  
individual fuel locations. T h e s e  e f fec ts  have been 
carefully studied over the pas t  several  years. The  
power output of the  individual fuel elements is 
shown in  Figs.  B.l t o  B.4. Theave_rage,p<sr-of 
the ith fuel element is determined by the  equation 
on the  right of t he  figure, where F i  = the average 
power of the  element, M i  = m a s s  of 235U in  the  
element, qi = the average neutron flux in the ith 
element, qC = the  average neutron flux in the core, 
5 means to sum the product M i + i / + c  over the 

number (m) of elements in  the  core, and the  number 
(30) represents the 30-Mw power level. As can  be 
seen ,  the variation in the power output in any given 
position is quite small, desp i te  the  rather signifi- 
cant differences in fuel loading. Perhaps the mos t  
striking change is that which occurred in position 
D-3, where replacement of a fuel element in posi- 
tion D-2 by a highly absorbing experiment drasti- 
cally reduced the  power output in  position D-3. 
It is the  practice to make a careful analysis of all 
such  changes and, when deemed necessary, to 
perform low-power tests on the  changed configura- 
tion in  order to ensure that the  power densit ies 
developed are not excessively high. 

On the bas i s  of pas t  investigations, positions 
E-5 and D-4 have 6een se lec ted  a s  typical core 
positions upon which to b a s e  the  thermal analysis:  
E-5 because  it h a s  consistently exhibited the  high- 
est power level of any core position and D-4 be- 
cause  i t  h a s  the highest power output among the  
shim-safety rod fuel followers. Since beginning- 
of-cycle conditions a re  most severe,  th i s  condition 
h a s  been chosen as a bas i s  for the  analysis.  At 

The  experiment load in  the reactor is reasonably 

- -  
i= 1 

1 

that t i m e  the  four control rods are banked at  about 
15 in. withdrawn. T h e  thermal neutron flux in each  
of these  positions h a s  been measured on numerous 
occas ions  and with a number of variations of t he  
core configuration shown, and the axial  distribution 
of the  flux is given in Fig.  B.5. It can be  seen  
that the three distributions shown for each  position 
differ little from one  another, desp i te  the fact tha t  
they were measured for different core configura- 
tions and different fuel concentrations. The  axial  
distribution of the  fuel density in partially depleted 
fuel elements h a s  been calculated by Colomb2 
based  upon fission-product distribution measure- 

'A. L. Colomb, Fission Product Distribution in ORR 
Fuel Elements, ORNL-2897 (May 5 ,  1960). 
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.. . ments. Upon uti l izing the  macroscopic fission 
cross section as a function of position deduced 
from Colomb's work ( see  Fig.  B.6) and the  meas -  
ured flux distribution from Fig. B.5, the  a x i i  
power distribution in the reference posit ions was 
cGmputed. T h e  resu l t s  are shown in Fig. B.7. Ex- 
tr;i-ijiSlXon from 30 t o  45 Mw is accomplished by 
merely multiplying the  ratio of the  power levels. 

I t  is worth noting that the ratio of peakto-aver: 
age-power density in the-fuel element is only about 
1 7. over that ppltion-of the  shim-rod follower- > 
within the  reactor (- 16 in.), it is only 1.6. More- 
over, t hese  ratios change little with burnup. Be- 
cause,  in general, lower-weight fuel elements are 
loaded near the  center of the core  and the  newer 
or higher-weight elements a re  loaded on the pe- 
riphery of the  core, the radial power density dis- 
tribution is also flattened. 
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Fig.  6.7. Power Density Profi le of ORR a t  30 Mw. 

3. F u e l - P l a t e  Surface Temperatures 

The fuel-plate surface temperatures for the po- 
si t ions of interest  were determined using he2t 
fluxes obtained from the  power-density distribu- 
t z n s  -_ -- computed as dEsccibed k v e  and from -- forced- -- 

convection heat-transfer coefficients derived from 
a ser ies  of experimental observations made using 
TiectangulFr cooling channels of the  type found in 
ORR T h e  results for 30- and 45-Mw opera- 
tions are given in Figs.  B.8 and B.9 respectively. 

_--- - 

5 

Fig. 6.6. Macroscopic Fission Cross Section in ORR 
Fuel.  

3W. R. Gambill and R. D. Bundy, HFIR Heat Transfer 
Studies of Turbulent Water Flow in Thin Rectangular 
Channels, ORNL-3079 (June 5 ,  1961). 
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Fig. B.8. Temperature Distribution in Hottest ORR 
Channels at 304; Operation. Inlet temperature, 1 2OoF; 
flow, 17,300 gpm (28.8 fps). 

These  figures a l so  show the  calculated burnout 
wall temperature, the  coolant saturation tempera- 
ture, t he  estimated minimum wall temperature a t  
the onse t  of nucleate boiling, and the  bulk coolant 
temperature. T h e  range of va lues  of the  heat- 
transfer coefficients used is a l so  shown. 

4. Boi l ing Experiments - Calculat ions 

and Exper imenta l  Measurements - Comparison 
w i t h  Ear l ie r  Experiments and MIT Data  

On May 7, 1965, a boiling experiment was per- 
formed in the ORR. In th i s  experiment a new 200-g 
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Fig. 8.9. Temperature Distribution in Hottest ORR . Channel ot 45-Mw Operation. Inlet temperature, 115OF; 4- 

flow, 17,300 gpm (28.8 fps). 

* 

235U fuel element was equipped with an  orifice to 
reduce coolant flow and three thermocouples to 
permit observation of the temperature rise in the  
fuel element. Boiling was observed to occur a t  a 
power level of 5.6 Mw and a coolant velocity of 
1.88 fps. T h e  conditions to b e  expected under 
these  circumstances were calculated using the 
methods outlined above. A s  can  be  s e e n  from the 
results shown in Fig.  B.lO, t h e  calculated va lues  
agree quite well with those  actually observed. 
The  computed maximum surface temperature of 
269'F, is within the boiling range, and the com- 
p u t 2  bulk water temperature agrees with the 
measured values.  

.-- 
t 
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Fig. B.10. Temperature Distribution in Hottest Chan- 

nel During ORR Boil ing Test  May 7, 1965, a t  5.6 Mw. 

Flow, 1.88 fps. 

During the  ORR approach-to-power t e s t s  in  1958, 
a similar s e r i e s  of boiling experiments was con- 
ducted. 
of power a t  which boiling begins v s  coolant flow 
was developed. Th i s  curve is shown in Fig. B.11, 
and it is interesting to note that, s ince  a coolant 
velocity of 1.88 fps  corresponds to  a total reactor 
coolant flow of * 1200 gpm, the  va lues  of power 
level and flow found in the  m o s t  recent test fall 
on the  curve developed in  1958. 

the power at which boiling begins, P (Mw), and 
reactor coolant flow, F (gpm), is 

From the  results of t h e s e  tests, a curve 

At flows above 1500 gpm, the  relation between 

* '  

.. P = 0.0244F0.8 .' 

4J. A. Cox e t  a l . ,  ORR Operations for Period April 
1958 to April 1959, ORNLCF-59-8-39 (1960).  

Substitution of the  normal reactor flow of 17,300 +-.- gpm into th i s  relation reveals that  under normal 
operating conditions boiling would be  expected 
to begin at about 60 Mw. If the reactor were op- 
erated j u s t  above the  low-flow scram point, 14,000 
gpm, boiling would begin at about 51 Mw. 

Curves were developed from experimental da ta  
at the MIT Heat-Transfer Laboratory. 
tion of boiling is considered to occur at the AT = 

becomes greater than zero. The  correlation curve 
relating the  dimensionless term Re to ( N u ~ / P ~ ~ ' . ~ )  
is used  to determine ( Q / A ) ,  (forced-convection 
heat-transfer term); Q / A  is determined from the  
measured power input to the  t e s t  section and the  
surface area. F rom the  experimental da ta  obtained 
with different coolant flow rates and power input, 
a curve was  prepared which g ives  the relationship 
of heat flux to AT (wall temperature minus coolant 
saturation temperature) when incipient boiling oc- 
curs for spec i f ic  tube diameters and pressures. 
With an inlet  water temperature of 115' and bulk 
water temperature of 147O in the  fuel element, it 
is determined that t he  fuel-plate surface will reach 
the  temperature for incipient 9 o i h g e J L - e  
the saturation temperature. Using th i s  AT and a 
pressure of 27.8 psia,  the  heat flux at which boil- 
ing will begin, as determined f rom the curve de- 
scribed above, is 10.12 x l o 5  Btu hr-' ft-', which 

The  incep- 
I 

Tw - T s  when the  term [ ( € ) / A )  - (Q/A) , . , l / (Q/A)  

5A. E. Bergles and W. M. Rohse.nsow, Forced Con- 
vection Surface Boiling Heat Transfer and Burnout in 
Tubes o f  Small Diameter, NP-11831 (May 25, 1962). 

I,! , , , ORi4L-LR-DWG 3 Z I B j  

t= 2/1 .. 
0 
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Fig. B.11. Power L e v e l  vs Flow a t  Which Boil ing 

Commences from 1958 Experiment Compared with 1965 
Boil ing Test. 



40 

the ratio of the  burnout heat flux to the e u m  
operating heat flux by the corresponding operating 
power level. An equivalent burnout power level 
was then arrived a t  by dividing th i s  value by the 
hot-channel factor. T h e  burnout ratio was  obtained 

is equivalent t o  the heat flux at the point of maxi- 
mum temperature in E-5 at  a reactor power of 
58.5 Mw. 

The  MIT da ta  were gathered from experiments 
performed with round tubes  ins tead  of rectangular 
channels but with the  same L / D  ratio, equivalent 
diameter, flow rate, and inlet  temperature as the 
ORR channels. Using the AT = Tw - T ,  of 30°F 
and the same method of calculation used for the  
rest  of th i s  thermal analysis, '  t he  reactor power 
level at which boiling can  b e  expected to occur 
in position E-5 with normal operating conditions 
is calculated to be  58 Mw. 

T h e s e  results agree quite well with the value 
of 60 Mw obtained by extrapolation of t he  experi- 
mental curve. 

5. Ca lcu la t ion  of the Burnout Rat io  

The  burnout ratio is calculated by dividing the  
maximum heat flux to b e  expected during normal 
operation into the  hea t  flux required to produce 
f i l m  blanketing and subsequent burnout of the  
fuel platee Th i s  important quantity is a measure 
of the margin which ex i s t s  between normal operat- 
ing conditions and those  which could lead  to melt- 
ing of the fuel. 

T h e  heat flux to be  expected under normal op- 
erating conditions is readily computed from the  
power distribution da ta  previously discussed. 
The  Labuntsov correlation' for subcooled forced- 
convection burnout for water-cooled channels was  
used  to compute the  burnout heat flux. Th i s  cor- 

. 

relation h a s  the form 

J 
= 4.61 105 O(P)  , 

0.232V2 

where 

e(p) = p1l3(1 - P ~ ) ~ / ~ ,  

P = pressure (abs  atm), 

Pr = reduced pressure (P/Pc) ,  

6W. R. Gambill and R. D. Bundy, HFIR Heat Transfer 
Studies of Turbulent Water Flow in Thin Rectangular 
Channels, ORNL-3079 (June 5, 1961). 

'D. A: Labuntsov, Soviet J .  A t .  Energy (English 
Transl.) 10, 516-18 (Nov. 1961). 

, 

Pc = critical pressure (abs  atm), 

V = velocity (fps), 

Cp = spec i f ic  heat (Btu lb-'  O F - ' ) ,  

Atsub = saturation temperature minus bulk water 
temperature (OF), 

X = heat of vaporization (Btu/lb). 

' .  

T h e  burnout heat flux was  obtained for the refer- 
ence  core posit ions and for both 30- and 45-Mw 
operating conditions. 

posit ions by uti l izing the following factors: 
Hot-channel factors were obtained for both core 

' 8  - 
Posit ion _c 

v.' Factor 

D-4 E-5 ,,j 

1' 
. . 

Error in flux determination 1.10 1.10 
Variation of isotopic ratio 1.03 1.03 
Error in 235U content 1 .04 1.08a A 

Geomefric variation 1.05 1.05 
Nonuniformity of flux within element 1.40 1.40 

Hot-channel factor 1.73 1.80 

aCore position E-5 contained a 240-g element which, 
had been depleted to 200 g.  

. .  
, .. . .  

P 

I - .  
i 

\ 

6: Af terheat  Removal  

Tests conducted in 1958 revealed that detect- 
able boiling would not occur in the  ORR following 
a shutdown from operation a t  power levdls  up to 
17 Mw, even i f  no forced convection cooling were 

V 

\ 9- 
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Table 6.1. Heat  FJux and Burnout Rat io 

-‘b 

. 

Burnout Maximum Burnout 
Burnout 

Ratio 
Power Heat Flux Hea tF lux  , Flow Powera Position 

(Mw) (Btu ft-’ hr-’) (Btu ft-2 hr-’) (Mw) 
- 

x IO6 x l o 6  G 
4.60 

4.54 0.55&;: 4.01 
E-5 30 Normal 
D-4 30 Normal 4.99 0.72 

>E-5  - 30 -Low _- - I- - - 1 3 m  L- -r@ - 1_ 121 ---- 
D -4 Low 4.42 0.72 107 3.55 

E-5 
D -4 
E -5 
D-4 

45 Normal 4.48 
45 Normal 5.02 
45 Low 3.88 
45 Low 4.44 

0.82 136 3.04 
1.07 122 2.71 
0.82 118 2.63’ 
1.07 108 2.40 ’ 

aNote that a t  30 Mw the inlet coolant temperature is 120°F and a t  45 Mw i t  is 115’F. 

supplied. More recently, experiments by Gambill 
and B ~ n d y ~ ” ~  have permitted predictions of a 
natural-circulation burnout heat flux in the  ORR of 
approximately 125,000 Btu ft-2 hr-’. Immediately 
following a shutdown from 45-Mw operation, the  
maximum heat flux in the  ORR core will not ex- 
ceed 75,000 Btu ft-2 hr-’, and th i s  will decrease 
rapidly with t i m e .  

Despite t he  fact that the  available shutdown 
heat flux is considerably lower than that required 
for burnout, the  reactor is provided with positive 
afterheat protection in the  form of d c  motors co- 
axial with the  main primary pump motors. ’’ Any 
one of the  pumps so powered is capable of cir- 
culating 1000 gpm through the  primary coolant 
system. 

T h e  maximum temperature of the hottest  fuel- 
plate surface h a s  been calculated under the fol- 
lowing assumptions: (1) the  reactor is shut down 
by the  low-flow trip following loss of ac power to 
the primary pumps; (2) the  flow from those  pumps 
coas t s  down according to the  experimental curve 

*J. A. Cox e t  al., ORR Operations for Period April 

’W. R. Gambill 2nd R. D. Bundy, private communica- 

‘OW. R. Gambill and R. D. gundy, Burnout Heat 

1958 to April 1959, ORNL-CF-59-8-39 (1960). 

tion, Mar. 31, 1960. 

Fluxes for Low Pressure Water in Natural Circulation, 
ORNL-3026 (1960). 

T. P. Hamrick and J. H. Swanks, The Oak Ridge 
Research Reactor, A Functional Description, ORNL- 
4169 (vol. I), sect .  6.2.1 (to be published). 

11 

shown in Fig. B.12; (3) the heat flux drops ac- 
cording to a Way-Wigner-type relation; and (4) only 
one dc-driven pump is in operation and i t  delivers 
not its rated capacity of 1000 gpm but only 500 
gpm. The  results,  shown in  Fig.  B.13, show that 
no excess ive  temperatures are developed follow- 
ing shutdown from 45  Mw. 

7. Conclusions 

It is c lear  from the foregoing that although op- 
eration at 45  Mw reduces the  margin of safety be- 
tween the  normal operating conditions and burnout 

IO0 

-I 
3 40 t z 

20 

0 

ORNL-DWG 67-7709 

0 4 8 I2 16 20- 24 28 
ELAPSED TIME ( s e d  

Fig.  6.12. ORR Primary Coolant Pump Coastdown 

Curve. 



42 
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c 

Fig. 8.13. ORR Fuel Plate Surface Temperature vs Time with One Cooling 
Pump Operating on Auxiliary Power (One Pony Motor). 

conditions there is still ample headroom. In fact, 
it appears, as was  originally contended following 
the approach-to-power tests in 1958, that insofar 

as internal heat removal is concerned the  ORR 
could be  successfully and safe ly  operated at 
power leve ls  up to  60 Mw. 

APPENDIX C - ANALOG ANALYSIS OF ORR WITH REFERENCE TO 45-MW 
FU LL-POW E R 0 PE RAT I ON 

R. S. Stone 

1. Introduct ion 

As a precautionary measure before raising the  
power of the  ORR to  45 Mw, it was  felt that an 
ana lys i s  of the  “startup accident” should be  done 
with the safety level trip set at 55 Mw. 

A “startup accident” is defined as a situation 
in which the control rods a re  withdrawn from the  
reactor at their maximum speed  and cannot be 
stopped. T h e  period meter and/or t he  period trips 
do not work, so that the  only protection left in 
the system comes from the  safe ty  level tr ips and 
such self-limiting effects as temperature coeffi- 
cient, void coefficient, etc. 

As part of the  same program, i t  was  suggested 
that an analys is  of reactor response to the  failure 
of the  primary cooling circuit pumps would give 
valuable information. 

T h e s e  ana lyses  were carried out on the  ORNL 
Reactor Control Analog Facil i ty.  

> -  

2. ORR Simulator Block Diagram 

T h e  ORR’ was  simulated on the Analog Com- 

T h e  reactor network so lves  the  reactor kinetic 
puter by the  system shown in  Fig.  C. 1. 

equations for power, with the  various reactivity 
inputs summed by the reactivity network. The  
reactivity network is controlled by the  control rod 
simulator and by the  metal and water temperature 

‘T. P. Hamrick and‘J. H. Swanks, The Oak Ridge Re- 
search Reactor, A Functional Description, ORNL-4169 
(vol. I) (to be published). 
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FLOW RATE , SCRAM 
FLOW RATE 

f 
RUNDOWN L r l  

Fig. C.l. ORR Simulator Block Diagram. 

coefficients. The  control rod simulator generates 
rod position and from th is  introduces. reactivity as 
a function of the  S-shaped control rod calibration 
curve. In a scram situation th i s  block simulates 
the delay due to the magnet re lease  t i m e  and then 
generates. the rod's accelerated motion. 

3. Methods of Calculat ion 

T h e  reactor kinetics and heat-transfer equations 
were written for the  reactor core  assuming a flat 
temperature profile in  the fuel and a uniform tem- 
perature in  the bulk water. T h e  heat-transfer coef- 
ficient across  the metal-water f i lm is given by the  
formula' 

6 = 170 (1 + O . O I O T ~  - T~~ x 

x ( V o . 8 / D o . ' )  Btu hr-' ft-' O F - '  . 

This  was  approximated as 

hA = (35.2 + 0.232Tw)V0.8 Btu sec-' OF-' . 

The  boiling of the  moderator was  not simulated. 

'After J .  A. Lane; see S. Glasstone, Principles of 
Nuclear Engineering, Van Nostrand, p. 678. 

4. ORR Data  Used in  Simulation3 

Neutron generation t i m e  in the  beryllium-reflected 
core 

8* = 6.4 x sec 

Effective delayed-neutron fraction 

p = 0.0080 

Temperature effect4 

-Ak = 0.18 x 7.6 x Tm 

+ 0.82 x 7.6 x lo-' Tw 

Fraction of power generated in fuel 

90% 

Fraction of power generated in  moderator 

4.9% 

3T. P. Hamrick, private communication. 
4Exgerimental net temperature coefficient of 7.6 X 

tionally to  their relative thermal expansions (expulsion 
of moderator). 

. 
F was divided between metal and water propor- 
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Heat capacity of fuel 

0.21 Btu lb-’ O F - ’  or 40.1 Btu/’F for the core 

Heat capacity of moderator I 

1 Btu lb-’ O F - ’  o r  108 Btu/OF for the core 

Period s c r a m  

It is assumed that the period safety is 
inoperative 

Safety level trip 

55 Mw for full coolant flow 

1.35 Mw for low coolant flow, except as noted 

Magnet release t i m e  

25  msec, except a s  noted 

Control rod acceleration 

, 0.6 g 

Initial level for “shutdown” cases 

1.1 w 

Initial negative reactivity for “shutdown” cases 

’ -1% 

Rate  of rod withdrawal used  for startup accident 

0.156%/sec for maximum value portion of rod 

0.03l%/sec for minimum value portion of rod 

Negative reactivity v s  t i m e  after s t a r t  of s c r a m  

Shown in  Fig.  C.2 

5. Startup Accident 

Uncontrolled rod withdrawals were investigated 
under a variety of simulated conditions. Table  C. 1 
l i s t s  t hese  init ial  conditions and their effects upon 
reactor response. Runs with the  reactor shut down 
were made at init ial  temperatures of both 70 and 
95”F, but results were so nearly identical that  
only the  95’ data  are presented. In all runs, in- 
cluding those  where s c r a m  did not occur, rod with- 
drawal was stopped when the  safe ty  trip point was  
reached. In those  runs which used  a scram, a 25- 
msec t i m e  delay w a s  assumed between attainment 
of trip level and s ta r t  of rod insertion. 

Fig. C.2. Time Response of Safety Rods as  Used i n  Simulation. 

-. 

/ -  

I 
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Table C.l. Startup Accident Results for Various Initial Conditions 

A 25-msec delay is assumed between trip point and s tar t  of rod drop. 
Figures i n  parentheses are  for runs with scram disconnected. 

Maximum Maximum Maximum Total  Posi t ive 
Reactivity Power Mean Fuel  Bulk Water 

Level Temperature Temperature Period 
Reached 

Inserted Run No. Initial Conditions 

(Mw) (OF) (OF) (%) 

49 (48) 

57 

46 (47) 

45b 

43c (54b) 

44 
.” 

50 

52 

Shut down, no  pumps, maximum 
rod worth, trip point = 1.35 Mw 

Shut down, no pumps, minimum 
rod worth, trip point = 1.35 Mw 

Shut down, full flow, maximum 
rod worth, trip point = 55 Mw 

Shut down, full flow, minimum 
rod worth, trip point = 55 Mw 

Full  power, full flow, maximum 
rod worth, trip point = 55 Mw 

Full  power, full  flow, minimum 
rod worth, trip point = 55 Mw 

Shut down, no pumps, maximum 
rod worth, trip point = 55 Mw 

Shut down, no  pumps, maximum 
rod worth, trip point = 30 Mw 

’ 

0.85 
(0.85) 

0.32 

0.95 
(0.95) 

0.52 

0.16 
(0.16) 

0.18 

3.87 

0.90 

84 msec 
(84 msec) 

0.975 sec 

75 msec 
(75 msec) 

1 sec 

4 sec 
(4 s e c )  

27 sec 

84 msec 

84 msec 

1.35 

(17) 

1.35 

57.5 

(155) 

56.0 

55.4 

(70) 

55.0 

55.0 

32.0 

101 
(350)a 

109 

205 
(370)b 

210 

198 

97 
(160)e 

101 

110 
(139)b 

110 

128 

(135) 

128 

C 

105 

aThese values were read 18.6 sec after s ta r t  of rod withdrawal (7.4 sec after s tar t  of power excursion). Tempera- 

bThese values were read 16.5 sec after s tar t  of rod withdrawal (5.2 sec after s tar t  of power excursion). Tempera- 

‘Bulk water temperature reaches 270°F (boiling) 19 sec after s ta r t  of withdrawal (7 sec after s tar t  of power 

tures at that time were s t i l l  rising but showed s igns of leveling off. 

tures a t  that time were s t i l l  rising and looked like they would get  5% higher before leveling off a t  about 155 Mw. 

transient). 

Power a t  that  time was  steady at about 8 Mw. 

Terms used in Table  C . l  a r e  defined as follows: their maximum worth per inch. T h i s  

Shutdown: Reactor initially in  equilibrium at 
9S°F and -1% A K .  
Flow limited to 1 fps  through core. 
T h i s  is a reasonable value for con- 
vection cooling. 

Ful l  flow: 30 fps  through the  core. 

Ful l  power: Reactor initially in  equilibrium a t  45 
Mw. Ful l  flow is assumed with an in- 
let temperature of l l S ° F ,  mean fuel 
temperature of 201.7’F, and mean 
coolant temperature of 127.5OF. 

Rod withdrawal is assumed to take  

is, at the  location where they have 

No pumps: 

Maximum 
rod worth: p lace  with the  rods half inserted, that 

c rea tes  a faster moving accident but 
also makes the  rods more effective 
when a scram begins. 

Rod withdrawal is assumed to take  

drawn, that  i s ,  at t he  location where 
they have their  minimum worth per 
inch, about 20% of the  maximum value. 
T h i s  c rea tes  a slower moving excur- 
sion but also makes the rods less ef- 
fective when a scram begins. 

T h i s  is t h e  power level at which a 
scram is initiated. In the  analog 
model, t r ip  point at full flow is set at 
55 Mw. In the  ORR, when coolant cir- 

Minimum 
rod worth: p lace  with the  rods almost fully with- 

Trip point: 

1 
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culation drops below 77% of full flow, 
the trip point is automatically reduced 
to 3 N,. When full power is 45 Mw, 
th i s  low-flow trip point becomes 1.35 
Mw and is so used in the  simulated 
( I  no pumps” runs. Other trip points of 
interest  were used  as shown. 

5.1 Discussion of Results. - T h e  da ta  in Table  
C . l  show that a level safety system set to trip a t  
55 Mw for full flow and 1.35 Mw for low flow is 
capable of halting a startup accident with virtu- 
ally no power overshoot and with minimal increases  
in fuel and coolant temperatures (Figs.  C.3 to C.6). 
In order to check the  necess i ty  for reducing the  trip 
point when the  pumps are  off, a no-pumps startup 
accident was run with the  trip point a t  55 Mw (as 
used  a t  full flow). Resul t s  a re  shown in Fig. C.7 

0 5 (0 4 5 2 0 2 5 3 0 3 5 4 0 4 5  
SECONDS AFTER !START OF ROD WITHDRAWAL 

and summarized in Tab le  C . l .  T h e  main point to 
be  seen  here is that t he  temperature coefficients 
turn the  excursion well before the power level 
reaches the trip point, and the reactor runs a t  1 0  
Mw or more for 18 sec before the  still-withdrawing 
rods work the  power up to the  55-Mw trip point. 
With no coolant flow, the reactor cannot stand such  
power levels;  boiling and burnout may possibly 
occur. (In an actual reactor incident, t he  coolant 
temperature interlocks would protect t he  core from 
a slow temperature r i se  of t h i s  kind. However, i n  
determining the  proper set point for the neutron 
level safeties, credit should not be taken for “non- 
safety” systems.) It should be  noted that the con- 
tinued withdrawal of rods is a worse feature of 
th i s  run than the  failure to scram (see no-scram 
runs). T h e s e  results show that the  55-Mw trip 

POWER 
( M W )  

MEAN FUEL 
TEMPERATURE 

(OF) 

BULK WATER 
TEMPERATURE 

(OF) 

400 

0 
500 

0 

250 

0 

40 

SCRAM 
INSERTION 

( -70) 

0 

20 25 30 35 40 45 
SECONDS A F E R  START 

Fig..C.3. Startup Accident from Shutdown Condition (-1% L k ) ,  Ful l  coolant flow; ini t ia l  temperature, 95OF; 

rods a t  30 in. (position of least wotth/in.); trip point, 55 Mw. Run 45b.’ 

., 
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. *  

point is perfectly adequate under full-flow condi- 
tions but should be ,  and is, reduced for cri t ical  
runs with no flow. 

Since for low flow the  temperature coefficient 
turns the power transient at about 33 Mw (see Fig. 
C.7), another no-flow run was  made with the trip 
point s e t  at 30 Mw to determine the effect of scram- 
ming jus t  before t h e  temperature coefficient re- 
duces  the  power level.  The  resu l t s  a re  shown in 
Fig. C.8 and summarized i n  Table  C.l. The out- 
come is a relatively minor excursion wherein the  
fuel temperature reaches 198'F and the  bulk cool- 
ant temperature goes  up 10'F. Th i s  indicates  
that, with respect  to  the  s tar tup accident, the 3 N, 
( 1 . 3 5 4 ~ )  low-flow trip point se t t ing  is extremely 
conservative. T h e  maximum allowable set t ing will 
depend not on the  s tar tup accident  but on the maxi- 
mum power the reactor can  safely and continuously 
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sus ta in  without coolant flow. T h i s  is probably as 
high as 5 M W . ~  

In those cases when rod withdrawal is cut off 
upon reaching trip point but when the rods do not 
drop (no scram), the fuel reaches temperatures such  
that the contacting coolant will boil (Figs. C.9 and 
C.10 and Table  C.l), but i t  is not a t  all likely 
that damage will result to t h e  core. Temperatures 
reached are moderate, even though the simulation 
takes  no credit for the  negative Ak introduced by 
s team void formation. The  case star t ing at full 
power is particularly innocuous. Here only 0.16% 
Ak is inser ted before trip point is reached, and the  
fuel temperature barely reaches the coolant boil- 
ing point. 

'C. C .  Webster, private communication (January 1967). 
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In light of the above, the  s tar tup accident does  
not constitute a significant challenge to the safety 
system; i f  the  rods' removal is halted a t  trip point, 
nothing very drast ic  happens, even  i f  no scram oc- 
curs.  The  one  requirement is that  t h e  trip point 
be  dropped somewhere below 30 Mw for low-flow 
operation. 

6 .  Pump Rundown 

Loss of main pumps with consequent coolant 
flow coastdown was  simulated for the case where 
the pony motors are  inoperative and the  reactor 
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bypass  valve closed.  ' For  the first  minute follow- 
ing pump failure, the  bypass  valve and/or t h e  pony 
motors have  only a s m a l l  effect upon coastdown 
of t h e  coolant flow. Consequently, only the one  
coastdown case w a s  simulated. Init ial  power w a s  
assumed to be  45 Mw, inlet  temperature constant  
at llS°F, and all reactor temperatures and delayed- 
neutron precursors at equilibrium values. 

'Values of flow vs  time after pump failure were ob- 
tained from data taken by W .  H .  Tabor et a l .  on Nov. 
17, 1966. 
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4 

In the run where low-flow scram was  used, trip 
point was  taken to be  80% of full flow, that is, 24 
fps through the core. T h i s  point was  reached about 
1.5 sec after pump rundown began. After reaching 
trip point, a half-second delay was  simulated before 
safety rod insertion began. Rods were assumed to 
be  almost fully withdrawn, that  is, in  their l ea s t  
effective position, when the  emergency began. In 
the scram-terminated run, t he  servo was  assumed 
to oppose the  temperature coefficient by pulling 
rods so as to hold the  reactor at 45 Mw until rod 
drop actually began. Th i s  is an arbitrary and pes- 
simistic situation which assumes  the failure of 
operational interlocks. Under these  extreme con- 
ditions, pump failure results in  a transient r i se  of 
only 20°F in the  mean fuel temperature and S°F in . 
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the bulk water temperature. The  whole transient 
was  over and all temperatures were down to reactor 
inlet  temperature within 3 sec after the start  of 
pump rundown (see Fig. C . l la ) .  

T h e  s a m e  transient was  run for the  case where 
no scram occurs. Here the  only action taken was 
to turn the  servo off at the  t i m e  when rod drop was 
supposed to  begin. In th i s  ca se ,  the  temperature 
coefficient drops reactor power, so  that 8 sec after 
rundown s t a r t s  t he  mean fuel temperature has  lev- 
e led  off at 27S°F, the  mean coolant temperature 
is holding at 145OF, and power is down to 35 Mw 
and dropping proportionally with flow (see Fig. 
C. 1 1 b) . 

These  results indicate that pump rundown at 
45 Mw does  not create a dangerous init ial  tempera- 
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4 

ture rise, even where no s c r a m  occurs. Afterheat 
considerations require pony motor operation, and 
the rods obviously should be inserted, but such  an 
occurrence consti tutes no burden on the  fast  safety 
system. 

7. Rapid Insertions of P o s i t i v e  R e a c t i v i t y  

A number of computer runs were made to investi- 
gate the response of the  reactor model to rapid 
insertions of positive reactivity. T h e s e  insertions 
were made both as s t e p s  and as fast ramps, with 
results as shown in Tables  C.2 to C.4. The re- 
su l t s  a re  unrealistic for the larger reactivity- inser- 
tions, s ince  the  model makes no provision for 
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negative- reactivity shut down through s t e a m  void- 
ing (steam voids a re  a major contributor to self- 
shutdown from short periods, as shown by the 
SPERT experiments). The  temperatur6 a t  which 
boiling is initiated and the  fraction of thermal 
energy which goes into steam production appear 
to be  complex functions of a number of variables, 
including reactor period. For want of a steam- 
generation model which faithfully reproduces the  
SPERT results, steam effects have simply been 
omitted in  th i s  study of the  ORR. The  data shown 
in  Tables  C.2 through C.4 are the results of shut- 
down by temperature coefficient plus safety system 
only, and are useful only as a general guide to the 
type of transient which is potentially dangerous. 
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Table C.2. 

Reactor initially a t  -l%, 9s0F, with no coolant flow; 1.35-Mw trip point 

Response of Shutdown 'Reactor to Rapid Reactivity Insertions 

Maximum Maximum 
Mean Fuel  Bulk Water 

Power Temperature Temperature 

Reactivity Minimum Stable Maximum 
Run Safety System Insertion Period Period 

(OF) (OF) (msec) (msec) (MW) 

32 Maximum rod worth, 25-msec delay Step to  +1% 3 24 40 135 101 

22 Maximum rod worth, 25-msec delay Step to  +1.25% , 2.7 13 258 335 112 
31 Minimum rod worth, 25-msec delay Step to +1% 3 24 160 400 140 

29 Minimum rod worth, 25-msec delay Step to +1.25% 2.7 13 600 797 235 
30 Minimum rod worth, 15-msec delay Step to + 1.25% 2.7 13 580 7 62 205 
26 Maximum rod worth, 25-msec delay Step to +1.40% 2.5 10 580 550 160 
2 8  Minimum rod worth, 15-msec delay Step to +1.40% 2.5 1 0  990 1000 270 (boiling) 

after 1 s e c  
23 Maximum rod worth, 25-msec delay Step to +1.50% 2.4 8.9 1000 740 170 
24 Maximum rod worth, 15-msec delay Step to +1.50% 2.4 8.9 63 0 570 >140 
25 Maximum rod worth, 40-msec delay Step to  + 1.50% 2.4 8.9 1250 940 220 

Table C.3. Response of Shutdown Reactor to Rapid Reactivity Insertions 

Reactor initially a t  -170, 95'F, with full coolant flow; 55-Mw trip point 

Maximum Maximum 
Mean Fuel Bulk Water 

Temperature Temperature 

Reactivity Minimum Stable Maximum 
Run Safety System Insertion Period Period Power 

(msec) (msec) (Mw) (OF) (OF) 

7 e  
8 c  
l l c  
1 0  N o  scram 

Maximum rod worth, 25-msec delay 
Minimum rod worth, 25-msec delay 
Maximum rod worth, 40-msec delay 

1 5  Maximum rod worth, 25-msec delay 
126 Maximum rod worth, 25-msec delay 

13 Maximum rod worth, 15-msec delay 
21 Maximum rod worth, 25-msec delay 

20 Maximum rod worth, 25-msec delay 

Step to +1% 
Step to +1% 
Step to +1% 
Step to +1% 

Step to  +1.25% 
Step to +1.5% 

Step to +1.5% 
3%/sec to 
+l .So% (Ramp) 

3%/sec to 
+1.5% (Ramp) 

3 
3 
3 
3 

2.7 
2.4 

2.4 
12.2 

9.7 

24 
22 
24 
20 

13 
8.9 

8.9 
Mean = 

Mean 2 

c\, 

18 

19 

172 
225 
200 
480 

585 
1330 

1190 

670 

1280 

240 
350 
2 84 
760 

470 
760 

690 
5 05 

740 

115 
130 
119 
270 (boiling) 

after 1.4 s e c  
142 
185 

172 
147 

182 
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Table C.4. Response of Full-Power Reactor to Rapid Reactivity Insertions 

Reactor initially at  4 5  Mw, full flow, 115OF coolant inlet temperature; 55-Mw trip point, 25-msec delay 

Maximum Maximum 
Mean Fuel Bulk Water Minimum Average Maximum Reactivity 

Insertion Power Temperature Temperature Period Period Run Safety System 

( O F )  (OF) (msec) (msec) (Mw) 

b 

W’ 

37 Maximum rod worth +1.1% s tep  5.3 16 560 495 170 
38 Maximum rod worth +1.2% step 4.8 15 750  580  185 
39 Minimum rod worth +1.2% step 4 .8  15 750  605 193 
36 Maximum rod worth +1.5% step 3.9 12 1600 8 65 233 
33 Maximum rod worth +2% step 3 .0  1 0  2200 1065 270 (boiling) 

after 6 0  msec  
41 Maximum rod worth 25%/sec till scram. 18 36 280 340 150 

42  Mmimum rod worth 25%/sec ti l l  scram. 18 36 340 420  165 
Gets to  0.95% 

Gets to 0.95% 

For an upper limit to the  reactivity insertion a reac- 
tor can  absorb without damage, SPERT results pro- 
vide more realistic information. 

Taking the  results shown in Tab les  C.2 and C.3 
at face value, posit ive reactivity s t e p s  in  a shut- 
down reactor show a threshold for damage at about 
2% i f  the rods are in  the  middle (mos t  effective) 
portion of their range when the  transient begins. 
Th i s  threshold drops to a value of about 1.4% if 
the rods must come in from near the top of t he  
reactor ( see  F igs .  C. 12  and C. 13). Most runs in- 
cluded a delay such  that the safe ty  rods did not 
start  to drop until 25 m s e c  after the  reactor reached 
trip point. Th i s  delay is the  upper l imi t  permitted 
for ORR release t i m e s .  Actual operational release 
times are 12  to 15 msec, and excursions simulated 
with 15 m s e c  delay permitted a few tenths percent 
more reactivity to be  added without damage. The  
effect of th i s  10-msec reduction in delay was much 
less noticeable when the  rod started from the 30-in. 
(nearly withdrawn) position. Th i s  was  because a 
drop from that point s t a r t s  with a “built-in” delay 
of 45  msec before the  rod can  be  appreciably felt.  
C a s e s  run with no flow and a trip point of 1.35 Mw 
and those run with full flow and a trip point of 55 
Mw both showed about the same allowable s t ep  
reactivity insertion. Powers and temperatures 
reached were somewhat higher in the  full-flow 
case (see Figs.  C.12 and C.14). 

With the  reactor initially shut  down, the  reac- 
tivity damage threshold was the same for a moder- 
ately fas t  ramp (3%/sec) as for a s t ep  of the  same 
total amount, s i n c e  the  ramped reactivity was  all 
inserted by the  time the  neutron level got to the  
power range (see Table  C.3). T h i s  behavior did 
not hold true for reactivity insertions made with 
the reactor initially a t  full power. With the  reac- 
tor at power, a +2% s tep  was  about t he  m o s t  that  
could b e  tolerated for any init ial  position of the  
safety rods. However, a ramped insertion called 
temperature coefficients into play immediately, 
so that a 25%/sec ramp of any potential amount 
was eas i ly  tolerated, with shutdown accomplished 
before + 1% reactivity had been reached ( see  
Table  C.4 and Figs .  C.15 and C.16). S’ ince  ac- 
cidental reactivity insertions are always ramps of 
one speed  or another, t hese  resu l t s  indicate that 
the reactor at power h a s  a great deal of self-pro- 
tection against  such  additions. Even in the case 
of the  shutdown reactor, the  ramp nature of reac- 
tivity additions g ives  the  period safety,  tempera- 
ture safeties,  and boiling void coefficients time 
to come into play. For very fast reactivity addi- 
t ions to the  shutdown reactor, SPERT da ta  pro- 
vide the bes t  guidelines available. 

. -6 . 
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APPENDIX D - CHANGES REQUIRED TO PERMIT OPERATION AT 45 Mw 

Only minor changes would b e  required in order 
to permit s a f e  and orderly operation of the  ORR a t  
45 Mw. Although not currently under active con- 
sideration, t hese  changes a re  l i s ted  below. 

to add one  o r  more shell-and-tube hea t  exchangers 
and a third cooling tower cell in  order to provide 
sufficient capacity to remove 4 5  Mw of heat. T h e  
temperature of t he  inlet  cooling water will b e  de- 
c reased  by approximately 5 O F  in  order to maintain 
the  exit  temperature at its present value, 13O0F. 
Th i s  is to maintain the  magnitude of the  thermal 
cycling of t he  dished heads  on  the  engineering , 

fac i l i t i es  at or below the  present level. Since no 
primary flow increase  is planned, the present pip- 
ing is quite adequate. It is poss ib le  that the ad- 
dition of the extra hea t  exchangers in parallel with 
the presently installed exchangers will reduce the  
system pressure drop sufficiently to produce a 
small increase  in flow. T h i s  additional advantage 
is not required and will not b e  considered in the  
safety ana lys i s  . 

ing system cons i s t s  of a shell-and-tube heat ex- 
changer which h a s  a rated capacity of 1.5 Mw. I t  
is possible that th i s  will prove inadequate to main- 
tain the  pool temperature at t h e  desired value when 
the reactor is operating at 45 Mw. If design cal- 
culations show th is  to be  true, additional heat- 
exchanger capacity will be  provided. 

3. At present t h e  transport of 16N to the  surface 
of the pool by thermal convection along the  reactor 
vesse l  walls is prevented by downward-directed 
j e t s  of water near t he  exterior vertical sur faces  of 
the vessel .  If required, t hese  j e t s  will be  modified 
to provide adequate protection from 6N convection. 

4. Although both measurements and calculations 
indicate that t he  sl ight increase  in gamma heating 
which will be  experienced in  the  various structural 

1. External Heat-Removal System. It is planned 

2. Pool Cooling System. T h e  present pool cool- 

components is insufficient to c a u s e  any concern 
(see Appendix E), temperatures in t h e  pool wal l s  
and the  beam tube will initially b e  kept  under sur- 
veillance. Should any of these  increase  signifi- 
cantly, t he  si tuation will b e  corrected by providing 
thermal shielding in the  case of the  pool wal l s  or 
additional turbulence in the  case of t he  beam tubes.  

5. T h e  biological shield is in  general adequate 
for 45-Mw operation; however, in  some locations, 
such  as the  pump house and the  demineralizer 
ce l l s ,  additional local shielding may be  required. 
Th i s  will b e  ins ta l led  as required following initial 
t e s t s  a t  45 Mw. 

6. T h e  iodine absorbers loca ted  in  the  building 
ventilation system a re  to  be  improved i n  accordance 
with the technology developed in  connection with 
the HFIR containment studies.  T h i s  includes the  
installation of thicker beds  containing charcoal of 
a type adequate to remove organic iodine from t h e  
effluent stream. In addition, certain off-gas l ines ,  
notably tha t  from the  equalizer-leg degasifier, 
which a re  not at present provided with high-effi- 
ciency iodine filters, will b e  modified to improve 
their iodine-removal capacity. 

trol and safe ty  system instrumentation set points 
in  order to reflect t he  change in  operating condi- 
tions. The period t r ips  will remain unchanged; 
however, t he  level sa fe ty  tr ips will b e  set a t  a 
lower percentage of “full power” than the  present 
value of 150%. T h e  reactor AT will increase  from 
11 to 16.S°F, so tha t  t he  scram se t t ing  will b e  in- 
c reased  from t h e  present value of 15.5 to  20.6OF. 
Since the reactor outlet  temperature will  b e  t h e  
same at 45  Mw as it is now a t  30 Mw, t h e  o u t l e t ,  
temperature scram se t t ing  will remain at 1 4 0 O F .  
Likewise,  there is no necess i ty  to increase- 
low-flow scram from the  present value of 14,000 

/ 

7. Appropriate changes will b e  made to  the  con- 

- 
‘gpm. - 

APPENDIX E - REACTORSTRUCTURE TEMPERATURES 

Tab les  E . l  and E.2 a re  tabulations of actual T h e  locations of the  thermocouples used  to meas- 
ure t h e s e  temperatures a re  given in  F igs .  E . l  and 
E.2. A s  can  b e  s e e n  from the  data,  no  high tem- 
peratures were observed, even in  posit ions PSF-1 
and PSF-3, which were expected to b e  quite high. 

temperatures measured in  various locations in and 
near t he  ORR during a t e s t  conducted on November 
27 and 28, 1959. T h e  purpose of t h i s  t e s t  w a s  to 
determine the  ac tua l  extent of gamma heating in  
the  reactor structure and in  the  pool walls. 

i 

.? .. 
Y 
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Table  E.l. Reactor Structure Temperatures 

Temperature (OF) a t  - 

November 2 7 November 28 
Location 

5:37 P M  8:00 P M  9:00 P M  11:OO P M  3:OO AM 7:OO AM 11:OO AM 2:50 P M  6:50 P M  
20'o Mw 22.5 Mw 25.0 Mw 27.5 Mw 30.0 Mw 30.0 Mw 30.0 Mw 30.0 Mw 30.0 Mw 30.0 Mw 

T-1 I 

T-2 
T-3 
T-4 
ITS-1 
PSF-1 
PSF-3 
OTS-1 
OTS-2 
OTS-3 
TOP BH-3 
NFTS-3 

~ 

97 95 95 
103 103 103 
114 113 115 
112 112 112 
125 124 125 
124 124 126 
122 123 126 
113 113 113 
115 - 116 116 
114 115 115 
100 100 100 

100 100 100 

96 
103 
117 
1 1 2  
125 
127 
127 
114 
117 
115 
100 
100 

96 
104 
115 
113 
125 
130 
127 
114 
117 
115 
101 
101 

99 96 
105 105 
116 116 / 
112 112 
125 125 
128 128 
127 128 
114 114 
117 117 
116 115 
102 100 
102 100 

95 
103 
120 
113 
125 
129 
127 
114 
115 
115 
100 
100 

96 97 
104 ' 104 
116 116 
113 113 
125 125 
128 130 
127 127 
114 114 
116 117 
115 115 
100 100 
101 101 

1. 

. 
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T a b l e  E.2. Shield Concrete Temperatures 

Temperature (OC) a t  - 

t 
i' 

November 27 November 28 
Location 

5:lO P M  7 5 0  P M  9:lO P M  10:45 P M  3:OO AM 7:OO AM 1 1 : O O  AM 3:OO P M  7:OO P M  
2 0 M w  22.5 Mw 25 Mw 27.5Mw 30 Mw 30Mw 30Mw 30Mw 30Mw 30Mw 

"i 

A-4 
A-5 
A-6 
A -7 
A-8 
A-9 
A-10 
A-1 1 
A-12 
A-14 
A-15 
A-16 
A-18 

B-2 
B-3 
B-4 
B-5 
B-6 
B-7 
B-8 
B-9 
B-10 
B-11 
B-13 
B-14 
B-15 
B-16 

c-5  
C-6 
c - 7  
C-8 
c - 9  
c-10 
c-11 
c-12 
C-16 

D-1 
D-2 
D-3 
D-4 
D-5 
D-6 
D-7 
D-8 
D-10 
D-11 

D-12 
D-13 
D-14 
D-15 
D-l.6 
D-18 

42.5 
43.5 
42.5 
41.0 
40.0 
42.5 
41.0 
41.0 
40.0 
41.5 
41.5 
42.0 
43.0 

42.0 
42.0 
40.5 
39.0 
38.5 
43.5 
43.5 
41.0 
41.0 
38.0 
35.0 
31.0 
23.5 
30.0 

37.0 
37.5 
41.0 
43.0 
43.5 
40.0 
37.5 
43.0 
28.0 

41.0 
42.0 
42.5 
42.5 
42.5 
41.0 
39.0 
39.5 
39.0 
39.0 
39.5 
40.0 
41.0 
41.0 
41.0 
42.5 

43.5 
43.0 
42.0 
41.0 
40.0 
43.5 
41.0 
41.0 
40.0 
42.5 
42.5 
43.5 
42.5 

42.5 
42.0 
40.5 
39.0 
38.5 
44.5 
44.5 
42.0 
41.0 
38.0 
35.0 
30.5 
27.5 
30.0 

37.5 
37.0 
42.0 
44.0 
49.5 
40.0 
37.0 
44.5 
27.5 

42.0 
43.0 
43.5 
42.5 
42.5 
41.0 
39.0 
40.5 
40.0 

38.5 
41.0 
41.0 
42.5 
42.5 
42.0 
42.5 

44.5 

44.0 
44.0 
42.5 
41.0 
44.5 
42.0 
43.0 
41.0 
43.5 
43.5 
44.0 
44.0 

44.0 
43.5 
41.5 
40.5 
39.5 
46.0 
46.0 
43.0 
42.0 
39.0 
36.0 
32.0 
29.0 
31.0 

38.0 
38.5 
42.5 
45.0 
53.5 
41.0 
38.0 
45.0 
29.0 

43.0 
43.5 
45.5 
43.5 
43.5 
42.5 
40.0 
41.5 
41.0 
40.0 
42.0 
42.0 
43.5 
43.5 
43.5 
44.0 

44.5 
44.0 
44.0 
43.0 
41.5 
44.5 
42.5 
43.5 
41.5 
44.0 
44.0 
44.0 
44.5 

44.0 
43.5 
12.0 
40.5 
39.5 
46.0 
46.0 
43.5 
42.5 
39.5 
36.5 
32.0 
29.0 
31.0 

38.0 
3,8.5 
43.0 
45.0 
53.5 
41.5 
38.5 
47.5 
29.0 

43.5 
43.5 
46.0 
44.0 
44.0 
43.0 
40.5 
42.0 
41.0 
40.5 
42.0 
42.5 
43.5 
43.5 
43.5 
44.0 

44.5 
44.5 
44.5 
43.5 
41.5 
45.0 
42.5 
43.5 
41.5 
44.0 
44.0 
44.5 
44.5 

44.0 
43.5 
42.5 
41.0 
40.0 
46.0 
46.0 
43.5 
43.0 
40.0 
37.0 
32.5 
29.5 
31.5 

38.0 
39.0 
43.5 
45.0 
54.0 
42.0 
39.0 
47.5 
29.5 

43.5 
44.0 
46.5 
44.5 
44.5 
43.5 
40.5 
42.0 
41.0 
40.5 
42.5 
42.5 
44.0 
44.0 
43.5 
44.0 

46.2 
46.5 
45; 5 
44.3 
42.0 
46.2 
43.3 
43.7 
42.6 
44.2 
44.2 
45.0 
46.0 

44.3 
44.3 
43.0 
41.5 
40.5 
46.5 
46.5 
43.7 
44.0 
40.7 
37.5 
32.0 
30.0 
31.0 

38.3 
39.5 
43.5 
45.7 
54.3 
42.5 
39.9 
49.0 
30.0 

43.8 
44.2 
47.2 
45.3 
45.3 
44.0 
41.5 
42.0 
42.0 
41.4 
42.5 
43.0 
44.0 
44.3 
43.7 
44.2 

45.0 
43.5 
43.5 
43.4 
42.2 
45.0 
43.3 
43.7 
42.6 
44.0 
44.3 
45.0 
45.8 

47.2 
45.0 
43.0 
41.5 
40.3 
46.5 
46.5 
43.5 
43.7 
40.4 
37.3 
32.5 
30.0 
31.4 

38.0 
39.0 
43.5 
45.8 
52.8 
42.5 
39.6 
49.0 
29.6 

43.5 
44.2 
46.8 
45.3 
45.2 
44.0 
41.3 
42.0 
41.2 
40.9 
42.4 
42.6 
44.2 
44.3 
43.8 
42.7 

46.0 
47.0 
46.0 
44.5 
43.0 
46.0 
43.5 
44.0 
43.8 
44.5 
45.0 
45.0 
46.0 

47.5 
45.5 
43.0 
42.0 
40.5 
46.5 
46.5 
44.5 
44.0 
40.5 
37.5 
33.0 
30.0 
32.0 

38.0 
40.0 
44.0 
46.5 
53.0 
43.0 
40.0 
46.5 
29.5 

44.0 
44.5 
47.5 
45.5 
45.5 
44.5 
41.5 
42.0 
42.0 
41.5 
43.0 
43.0 
44.5 
44.5 
44.5 
43.5 

46.1 
46.8 
46.0 
44.5 
42.8 
45.9 
43.8 
44.3 
41.0 
45.1 
44.0 
45.9 
46.1 

47.5 
45.2 
43.4 
41.9 
40.9 
47.4 
46.3 
44.1 
44.2 
41.2 
38.0 
33.0 
29.8 
32.1 

38.9 
39.7 
44.6 
46.9 
53.5 
43.2 
40.0 
47.2 
29.7 

44.2 
45.0 
45.1, 
43.6 
44.0 
42.0 
40.5 
42.5 
42.6 
42.1 
43.0 
43.7 
45.1 
44.6 
44.2 
46.0 

47.2 
46.8 
46.2 
44.7 
42.8 
47.2 
43.8 
44.2 
42.7 
45.1 
44.7 
45.8 
46.2 

47.7 
45.3 
43.2 
41.7 
40.6 
47.3 
47.4 
44.2 
44.2 
40.8 
37.7 
32.7 
29.7 
31.8 

38.8 
39.5 
44.6 
46.8 
52.7 
43.0 
39.8 
48.4 
29.6 

44.3 
45.0 
47.6 
46.2 
45.7 
44.6 
41.8 
42.5 
42.5 
42.0 
43.3 
43.6 
45.1 
45.0 
44.9 
46.2 
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Table E.2. Continued 

Temperature (OC) at - 

November 27 November 28 
Location 

5:lO P M  7:50 P M  9:lO P M  10:45 P M  3:OO AM 7:OO AM 11:OO AM 3:OO P M  7:OO P M  
2 0 M w  22.5 Mw 25Mw 27.5Mw 30Mw 30Mw 30Mw 30Mw 30Mw 30Mw 

E-1 
E-2 
E-3 
E-4 
E-5 
E -6 
E-7 
E-8 
E-9 
E-10 
E-12 
E-13 
E-14 

F-1 
F-2 
F-3 
F-4 
F-5 
F -6 
F -7 
F-8 
F-9 
F-11 

G-5 
G-6 
G-7 
G-8 
G-9 
G-1 0 

G-1 1 
G-12 
G-13 
G-14 

34.5 
34.0 
36.0 
36.0 
36.0 
34.0 
36.0 
33.5 
34.0 
34.0 
36.0 
35.0 
34.0 

34.0 
34.0 
34.0 
34.5 
34.5 
34.0 
34.0 
30.5 
28.5 
34.0 

34.5 
32.0 
31.5 
32.5 
32.0 
34.5 
36.0 
36.5 
32.5 
33.5 

34.5 
34.5 
35.5 
35.5 
35.0 
34.5 
35.0 
33.0 
34.0 
34.5 
34.5 
34.5 
34.0 

34.0 
34.0 
34.0 
34.5 
34.5 
34.0 
34.0 
30.5 
28.0 
33.5 

34.0 
32.5 
31.5 
32.5 
32.5 
35.0 
37.0 
37.5 
32.5 
33.5 

35.0 
35.5 
36.5 
36.5 
36.5 
35.5 
36.5 
34.0 
35.0 
33.5 
37.0 
36.0 
35.0 

35.0 
35.0 
35.5 
36.0 
36.0 
35.0 
35.5 
31.5 
29.5 
35.0 

35.5 
35.0 
32.5 
33.5 
34.0 
36.0 
37.5 
38.5 
33.5 
35.0 

35.5 
36.0 
37.0 
37.0 
36.5 
36.0 
36.5 
35.0 
35.5 
35.5 
35.5 
35.5 
35.5 

35.5 
35.5 
35.5 
35.5 
35.5 
35.5 
35.5 
31.5 
29.5 
35.5 

35.5 
33.5 
33.0 
34.0 
34.0 
36.0 
37.5 
38.5 
33.5 
35.0 

36.0 
36.5 
37.0 
37.0 
31.0 
36.5 
37.0 
35.5 
36.0 
36.0 
35.5 
35.5 
36.0 

36.0 
36.0 
36.0 
35.5 
35.5 
36.0 
35.5 
32.0 
30.0 
35.5 

35.5 
33.5 
33.5 
34.5 
34.0 
36.0 
37.5 
38.5 
34.0 
35.5 

37.0 
37.0 
37.5 
37.0 
37.2 
37.0 
37.0 
36.0 
36.5 
36.5 
36.0 
36.0 
36.3 

36.3 
36.3 
36.3 
36.0 
36.0 
36.2 
36.0 
32.3 
30.5 
36.0 

35.8 
36.0 
33.7 
34.8 
34.2 
36.2 
37.8 
38.7 
34.5 
36.0 

36.9 
37.0 
37.0 
37.2 
36.8 
36.8 
36.9 
35.5 
36.0 
36.0 
36.0 ' 

36.0 
36.0 

36.0 
36.0 
36.0 
36.0 
36.0 
33.5 
36.0 
32.2 
30.2 
36.0 

36.0 
36.0 
33.7 
34.5 
34.0 
35.8 
37.2 
38.3 
34.3 
35.5 

37.0 
37.0 
37.5 
37.5 
37.0 
37.0 
37.0 
36.0 
36.5 
36.5 
37.5 
37.0 
35.0 

37.0 
37.0 
37.0 
36.5 
36.5 
36.0 
36.5 
32.0 
30.5 
36.0 

36.0 
36.0 
34.0 
34.5 
34.0 
36.5 
37.5 
38.5 
34.5 
36.0 

36.8 
35.6 
38.1 
37.9 
37.5 
36.3 
38.5 
36.1 
36.3 
38.7 
37.9 
36.9 
36.0 

36.8 
37.8 
38.0 
37.2 
37.0 
36.8 
36.5 
32.4 
30.6 
36.1 

35.9 
33.5 
33.8 
34.7 
36.9 
39.2 
38.0 
38.9 
34.6 
36.1 

36.9 
36.9 
37.7 
37.7 
37.2 
36.9 
37.2 
36.0 
36.5 
36.5 
37.7 
36.8 
36.2 

36.2 
36.2 
35.6 ' 

36.8 
36.8 
35.7 
36.5 
32.3 
30.4 
36.2 

36.6 
34.2 
33.8 
34.7 
34.3 
36.5 
38.2 
38.9 
34.6 
36.1 
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