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OPERATING EXPERIENCE WITR THE SODIUM REACTOR 
EXPERIMENT AND ITS APPLICATION TO THE 

HALLAIvI NUCLEAR POWER FACILITY 

By R .  J, Beeley and J .  E. Mahlmeister 
A'%omics I n t e r n a t i o n a l  

ABSTRACT 

The Sodium Reaokor Experiment (SRE) w a s  designed and cons t ruc t ed  by 

Atomics I n t e r n a t i o n a l ,  a Div i s ion  of North American Av ia t ion ,  h e . ,  as 

p a r t  o f  a program o f  t h e  United S t a t e s  Atomic Energy Commission t o  demon- 

s t r a t e  t h e  t e c h n i c a l  and economic f e a s i b i l i t y  of sodium cooled g r a p h i t e  

moderated r e a c t c a r s  f o r  c e n t r a l  s t a t i o n  power, The o p e r a t i n g  exper ience  

from t h i s  developmental  r e a c t o r  has  provided va luab le  d a t a  f o r  t h e  des ign  

o f  t h e  H a l l a m  Nuclear Power F a c i l i t y  (HNPF). The HNPF i s  c u r r e n t l y  under  

s o n s t r u c t i o n  a t  H a l l a m ,  Nsbraska, as p a r t  of t h e  Sheldon Power S t a t i o n  

be ing  cons t ruc t ed  by t h e  Consumers P u b l i c  Power D i s t r i c t  of Nebraska. 

Operat ion of t h e  SRE r evea led  a r e a s  i n  which des ign  mod i f i ca t ions  weye 

r e q u i r e d  o r  would lead  TO improved performance. These mod i f i ca t ions  a re  

predominantly concerned wi th  t h e  coo l ing  systems. D i f f i c u l t i e s  wi th  t h e  

h o r i z o n t a l  0- tube intei-mediate (sodium-to-sodium) h e a t  exchanger were 

experienced.  A v e r t i c a l  u n i t  which w i l l  avoid  t h e s e  d i f f i c u l t i e s  w i l l  

be used i n  HNPF. The SRE sodium pumps, which were adapted  f r o m  h o t  o i l  

pumps through t h e  a d d i t i o n  of a f r e e z e - s e a l ,  gave cons ide rab le  d i f f i c u l t y  

and r e q u i r e d  mo6 i f i ca t ions .  The f r e e z e - s e a l  w a s  i n i t i a l l y  cooled with 

t e t r a l i n .  A l e z k  developed which permi t ted  t h e  t e t r a l i n  t o  e n t e r  t h e  

r e a c t o r  and p a r t i a l l y  p lug  some of t he  f u e l  channels .  This  r e s u l t e d  i n  

l o c a l  ove rhea t ing  and damage t o  13 of the  43 f u e l  elements i n  t h e  core.  

The HNPF loops  w i l l  u se  a f r e e - s u r f a c e  pump which does n o t  r e q u i r e  a 
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freeze-seal, During the SRE cleanup, following the fuel element damage, 

it was found that the SRE fuel handling machine would not permit handling 

of broken elements, Both the fuel elements and the handling machine for 

the Hallam Nuclear Power Facility are of a modified design so that this 

difficulty should not arise. In addition, it was found necessary to control 

the coolant f l o k  in SRE so that system temperatures could be maintained 

after a reactor scram, thus avoiding excessive thermal stresses in the 

reactor and syst.em components. Such flow control has also been incor- 

porated in the HNF'F design. 

Special HNE'F features which were incorporated subsequent to the SRE 

fuel element damage include the addition of an activity monitoring system 

for the core cover gas, the complete elimination of tetralin f o r  auxiliary 

cooling of plant equipment, provision of instrumentation for fuel elements, 

and addition of carbon traps in the primary sodium system. 

Special tests and experiments on SBE have demonstrated unusual reactor 

stability and capability for rapid power changes. Similar characteristics 

are predicted fo r  HNPF, 

The experiences gained from the SRE and the HNPF development programs 

which have been incorporated in the design features of the HNPF should 

result in a facility of high reliability and long life. 



INTRODUCTION 

Development of the Sodium Graphite Reactor (SGR) was initiated in 

1949 at Atomics International when studies of this concept and limited 

experimental work on materials were initiated to determine its applicat' 

bility to combined plutonium and power production. 

were reoriented to emphasize power production, and all subsequent work has 

been done with 1;he objective of developing the SGR to produce economical 

electric power in central station plants. 

In 1951 the studies 

The features of the SGR which make it attractive as a heat source 

for modern steam turbines are its high operating temperature and the 

excellent heat transfer characteristics of the sodium coolant, The high 

temperature is available with essentially atmospheric pressure on the 

reactor and sodium systems. The low pressure, together with lack of 

energetic chemical reactions among reactor materials and negligible corrosion 

of ordinary structural materials by liquid sodium make large, high power 

reactors entire]-y practical. A negative power coefficient of reactivity, 

the considerablo difference between the normal operating temperature and 

the boiling temperature of sodium, the high heat capacity of the pools of 

sodium coolant rrt the reactor inlet and outlet, and the natural convection 

cooling characteristics combine to make the reactor unusually safe to 

operate. 

A considerable amount of research and development effort, particularly 

on sodium components and fuel materials, was required to bring the SGR con- 

cept to the point at which a reactor experiment aould usefully be constructed, 

Construction of the Sodium Reactor Experiment (SRE) was started on April 25, 

1955, and compl'eted in February, 1957. The first wet critical experiment 

was performed on April 25, 1957. The purposes of the SBP ueret 
G 4 . , {l' -7 
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1. To provide a f a c i l i t y  f o r  i r r a d i a t i o n  o f  f u e l  m a t e r i a l s  o f  

I 

i n t e r e s t  t o  sodium cooled r e a c t o r s ,  i n  t h e  environment ( tempera ture  and 

c o o l a n t )  f o r  which they  were in tended  and i n  adequat.e q u a n t i t i e s  t o  pro- 

v i d e  s t a t i s t i c a L l y  meaningful da t a .  

2.  To determine t h e  s t a t i c  and k i n e t i c  neut ron  behavior  o f  t h i s  

r e a c t o r  type and e s t a b l i s h  i t s  s a f e t y  c h a r a c t e r i s t i c s .  

3 .  To t e s t  and demonstrate sodium system components which were i n  

g e n e r a l  adapted  from convent iona l  des igns  and commercially a v a i l a b l e .  

4. To demonstrate  maintenance techniques  and gene ra l  p l a n t  opera- 

b i l i  t y  . 
Opera t ing  experience wi th  t h e  SRE has  y i e l d e d  informat ion  on m o s t  o f  

t h e s e  a r e a s  o f  u n c e r t a i n t y  which e x i s t e d  du r ing  t h e  d e s i g n  phase. This  

exper ience  has  been a p p l i e d  i n  eng inee r ing  t h e  H a l l a m  Nuclear  Power 

F a c i l i t y  (HNPF),, The HWF, under  c o n s t r u c t i o n  f o r  t h e  Consumers Pub l i c  

Power D i s t r i c t  of Nebraska, i s  t h e  f i r s t  SGR t o  be  b u i l t  p r i m a r i l y  f o r  

power producti.on, The HNPF i s  a 75,000 kwe p l a n t ,  s t i l l  s m a l l  f o r  

economic nuc1ea:c power product ion  but  u t i l i z i n g  sodium components o f  t h e  

s c a l e  r e q u i r e d  l o r  l a r g e  p l a n t s .  Because of t h e  f a c t o r  o f  1 2  sca le -up  from 

SRE, a r e s e a r c h  and development program has  been r equ i r ed  on components. 

The HNPF program w a s  i n i t i a t e d  i n  November, 1957; s i t e  c o n s t r u c t i o n  began 
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SRF: DESCRIPTION 

The SRE hat3 been desc r ibed  i n  d e t a i l  elsewhere, '  and only those  

f e a t u r e s  p e r t i n e n t  t o  t h i s  paper  w i l l  be d i scussed  he re .  The m a j o r  f e a t u r e s  

o f  t h e  r e a c t o r  itre shown i n  F igu res  1 and 2. 

The moderator c o n s i s t s  of hexagonal l o g s  of g r a p h i t e  canned i n  zirconium 

and submerged i n  a pool of sodium. An a x i a l  p rocess  channel through t h e  

g r a p h i t e  l o g  con ta ins  the  f u e l  elements.  Some of t h e  moderator assembl ies  

have a s c a l l o p  a long  t h e  edge o f  t h e  hexagon. When t h r e e  such assembl ies  

a r e  s t acked  t o g e t h e r  a channel i s  formed i n t o  which a c o n t r o l  rod  o r  

i n s t rumen t s  may be i n s e r t e d .  A l l  moderator assembl ies  a r e  supported and 

located on t h e  g r i d  p l a t e .  A t y p i c a l  moderator assembly i s  shown i n  

t i i .qure  3 *  T I  " 

The f u e l  element c o n s i s t s  o f  a c l u s t e r  o f  3/4 i n c h  rods  suspended i n  

the c e n t r a l  channels  o f  t h e  moderator cans and supported f r o m  t h e  t o p  s h i e l d  

b y  means o f  a hanger rod.  The f u e l  rods  are  spaced f r o m  each  o t h e r  and 

f r o m  t h e  process  channel by a 0.091 i nch  diameter  wi re  wrapped i n  a s p i r a l  

around t h e  p e r i p h e r a l  r o d s .  (F igu re  4 ) .  

The e i g h t  shim and s a f e t y  rods  ope ra t e  d ry  i n  c losed  th imbles  i n  t h e  

sca l loped  co rne r  channels of t h e  moderator ma t r ix  wi th  t h e  d r i v e  mechanisms 

mounted on the  t o p  s h i e l d .  The neut ron  absorb ing  m a t e r i a l  i s  boron n i c k e l  

a l l o y  c o n t a i n i n g  aboirt 2 pe rcen t  boron. 

The r e a c t o r  primary coo l ing  system c o n s i s t s  of two s e p a r a t e  coo l ing  

l o o p s ,  a 20 Mw l o o p  for power ope ra t ion  and a 1 Mw a u x i l i a r y  loop f o r  

emergency cool ing.  A schematic  f low diagram i s  presented  i n  F igure  5 .  The 

components w i th in  t h e  d o t t e d  l i n e s  o f  t h e  f i g u r e s  are  wi th in  s h i e l d e d  v a u l t s  

wi th  a n i t r o g e n  atmosphere. 

d e s i r a b l e  i n  o rde r  t o  avoid r a d i o l y t i c  decomposition of wa te r  i n  t h e  steam 

The induced N a 2 4  a c t i v i t y  makes a secondary loop 

06 ~ <-* -7 
L; ;.J I 
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g e n e r a t o r  and t o  i s o l a t e  t h e  seactoor i n  t h e  event  o f  a major 1.jsl.C on t h e  

steam gene ra to r .  

Coolant f low through t h e  core  i s  upward f r o m  a plenum under t h e  g r i d  

p l a t e ,  p a s s i n g  1;hrough t h e  f u e l  channels  t o  t h e  pool above t h e  co re .  

Add i t iona l  f l o w  f o r  moderator coo l ing  i s  f r o m  a d i s t r i b u t o r  p ipe  l o c a t e d  

above t h e  g r i d  p l a t e .  Moderator coolan t  f l o w s  upward between moderator cans 

t o  t h e  upper  pool.  

The h e a t  sLnk i s  a steam g e n e r a t o r  and a 7500 kw tu rb ine -gene ra to r  

system provided by t h e  Southern C a l i f o r n i a  Edison Company. 

HNPF DESCRIPTIOIf 

The HWF, l?igure 6 ,  i n c o r p o r a t e s  a 240 M w t  sodium r e a c t o r  and a s s o c i a t e d  

equipment; t o  gene ra t e  steam o f  s u f f i c i e n t  q u a n t i t y  t o  produce 75,000 n e t  kw 

e l e c t r i c  power. The steam, a t  800 p s i g  and 800'F w i l l  be used i n  a 

100,OQO kw modif ied t u r b i n e ,  which i s  a l s o  shared wi th  t h e  Conventional 

F a c i l i t y  p a r t  o f  t h e  Sheldon Power S t a t i o n .  The Conventional F a c i l i t y ,  which 

will be completed before  t h e  r e a c t o r ,  i nc ludes  a f o s s i l  f u e l  f i r e d  b o i l e r  

and a u x i l i a r i e s .  

e lsewhere and O i l l y  p e r t i n e n t  f e a t u r e s  w i l l  be d iscussed .  

The n u c l e a r  f a c i l i t y  has  been descr ibed i n  d e t a i l 2  '' 
The r e a c t o r  bu i ld ing ,  F igu res  7 and 8,  houses t h e  r e a c t o r ,  t h e  h e a t  

t r a n s f e r  system, r e a c t o r  s e r v i c e  system and equipment, and misce l laneous  

ma~intenance and s e r v i c e  a r e a s .  The b u i l d i n g  des ign  conforms t o  a l l  a p p l i -  

c a b l e  b u i l d i n g  codes. The b u i l d i n g  i s  of s t e e l  frame cons t ruc t ion  wi th  

i n s u l a t e d  roof  deck and metal  s id ing .  The b u i l d i n g  i s  275 f t .  long by 

1x6  f t .  wide. 'The 116 f t .  width of  t he  b u i l d i n g  comprises two bays,  one 

which i s  81 f t .  wide by 70  f t .  h igh over  t h e  r e a c t o r  and an a u x i l i a r y  bay 

35 f t .  wide by 51 f t .  high.  Overhead c ranes  of 60 t o n s  and 25 t ons ,  
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respectively, service each of the bays. 

reactor plant is at finished plant grade elevation of 1440 ft. 

The operating floor of the 
z 

Beneath the operating floor, in shielded compartments, are the sodium 

graphite reactor, and radioactive portion of the sodium heat transfer system, 

fuel cleaning and storage facilities, the maintenance cell, and piping and 

service equipment. These shielded compartments are of regular concrete 

having adequate thickness to fulfill the shielding requirements. 

density concrete is used above the reactor and in the operating face of the 

maintenance cell. 

High 

The compartments housing radioactive sodium equipment are lined with 

steel to prevent spalling of concrete in the event of a sodium leak. The 

concrete access plugs to these areas are gasketed to minimize nitrogen 

leakage, and all plugs are stepped toipreolude radiation streaming. A rail- 

road spur track enters the high bay area at the south end of the building to 

facilitate the delivery of heavy components and for shipment of spent fuel 

elements to the reprocessing plant. The sodium melt atation is adjacent to 

the railroad spur at the south end of the low bay area. 

The steam generators and associated components of the nonradioactive 

portion of the sodium heat transfer system are housed in three separate 

enclosures at the north end of the high bay area. The high bay bridge 

crane has coverage over the steam generator rooms. 

A lead-shielded fuel handling cask is mounted on a gantry which operates 

in the reaotor room between the reactor and the fuel cleaning and storage 

- - area. The control rod drive mechanisms are mounted on movable support 

structure. The drive meohanism can be disconnected f rom the control rods 

at the upper surface of the reactor loading face shield and the entire 

assembly can be moved away, leaving the shield face clear for fuel handling 

i - 

-: y G8 ' I  

operations. 
t ,  i d  I 
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c -* Adjoining <;he reactor plant at the north end is a controi mom serving 

both the conventional plant and the nuclear facility. Adjoining the reactor 

plant to the west are offices, the equipment decontamination room and the 

plant ventilation equipment room. 

The HNPF reactor core, which is basically similar to that of the SRE 

is shown in Figure 9. The reactor structure, which is designed for operation 

w i t h  lOOOOF sodium, is below the operating floor level and provides shielding 

and Gontainment as well as support for the core components. The cere com- 

ponents, located within the reactor vessel are accessible through the loading 

face shield, 

The major core components are the fuel elements, moderator and reflector 

elements, and control rods. Fuel is suspended from the top shield in a matrix 

of moderator carts. The fuel and other core elements are individually 

loaded through the top shield by the fuel handling cask. 

moderator cans, which are submerged in sodium, are scalloped along each edge 

as shown in Figure 10. 

a circle in which process channels for fuel and control rod thimbles are 

located. All moderator cans are supported and located upon grid plate 

pedestals which transmit the can weight to the core support structure. 

The hexagonal 

When stacked together three scalloped corners form 

The moderator and reflector elements are identical and are made up of 

machined graphite blocks canned in 0.016 inch stainless steel as shown in 

Figure 10. Each element is a prism o f  hexagonal cross section, neasuring 

16 in. across the flats, and is scalloped at the corners. The elements are 

17 ft. in height. 

Design features provide for support of the stainless steel sheath and for 

gettering of the thermally and radiolytically released gases which will 

A total of 141 elements makes up the graphite assembly. 

evolve from the graphite. 
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The f u e l  element,  F igu re  11, c o n s i s t s  of  a c l u s t e r  of 18 f u e l  rods 

assembled w i t h i n  a a i rca loy-2  process  tube. The f u e l  rod i s  comprised o f  

0.500 i n .  diame$er U-Mo s l u g s  i n  0.010 i n .  w a l l ,  0.660 i n .  OD,  type  304 

s t a i n l e s s  s t e e l  t u b i n g  with an  a n n u l a r  sodium bond. The a c t i v e  l e n g t h  o f  

f u e l  i s  l 3 - l / 2  ft.; each rod i s  provided with 2 1  i n .  of expansion space 

a t  t h e  t o p  of t h e  tube. The f u e l  e lements  a r e  suspended from t h e  t o p  

s h i e l d ;  t h e  suspension hardware i n c o r p o r a t e s  a v a r i a b l e  o r i f i c e  f o r  t h e  

c o n t r o l  of sodium flow i n  each f u e l  element. 

The HNPF c o n t r o l  rods  are combined shim-safety rods  which r e g u l a t e  t h e  

r e a c t o r  power love1 and provide f o r  emergency se tback  o r  scram as r e q u i r e d  

IIJ- tke  p r o t e c t i v e  system. Each rod (F igure  1 2 )  c o n s i s t s  of an abso rbe r  

~~rs:rr .bly,  a c t u a t o r  assembly and dr ive .  The abso rbe r  assembly, which i s  

suspended from t h e  load ing  face s h i e l d ,  i n c l u d e s  a a i r ca loy -2  thimble,  

snubber,  and poison column. The poison column c o n s i s t s  o f  a 1 2  f t .  can made 

nf Hastalloy-X which is f i l l e d  wi th  a mixture  o f  gadolinium and samarium 

oxides .  These abso rbe r  assembl ies  are  in t e rchangab le  wi th  t h e  fue l  

e lements ,  a l l owing  placement as d e s i r e d  wi th in  t h e  c e n t r a l  core  reg ion .  

The sodium h e a t  t r a n s f e r  system (Figure 13) c o n s i s t s  of t h r e e  p a r a l l e l  

c i r c u i t s  o r i g i n a t i n g  a t  t h e  r e a c t o r  and t e rmina t ing  a t  t h e  steam gene ra to r s .  

Each c i r c u i t  cor t s i s t s  of a r a d i o a c t i v e  primary loop and a nonrad ioac t ive  

secondary sodium l o o p ,  wi th  exchange of thermal  energy through an i n t e r -  

<- 

L 

Q 

mediate  h e a t  exchanger. 

The t h r e e  primary sodium loops  are i n  p a r a l l e l  and common t o  t h e  

r e a c t o r .  The i n t e r m e d i a t e  h e a t  exchangers are l o c a t e d  i n  i n d i v i d u a l  

s h i e l d e d  c e l l s .  I n  each primary sodium loop t h e r e  i s  a v a r i a b l e  speed 

primary pump l o c a t e d  i n  t h e  c e l l  wi th  t h e  in t e rmed ia t e  h e a t  exchanger. 
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I Blocking and t h r o t t l i n g  va lves  are a l s o  provided. The d r i v e  f o r  t h e  pump 

i s  l o c a t e d  o u t s i d e  o f  t h e  c e l l  above t h e  r e a c t o r  f l o o r  l e v e l .  

The secondary sodium system c o n s i s t s  of t h r e e  p a r a l l e l  loops  each 

o r i g i n a t i n g  on t h e  s h e l l  s i d e  of an in t e rmed ia t e  h e a t  exchanger and termin- 

ating a t  t h e  sodium s i d e  of  a steam gene ra to r .  Each l o o p  c o n t a i n s  a 

v a r i a b l e  speed secondary sodium pump, expansion tank ,  t h r o t t l i n g  va lve ,  and 

a r a d i a t i o n  detctctor,  Only t h a t  p o r t i o n  of t he  p i p i n g  i n  a loop  which 

connects  t o  an in t e rmed ia t e  h e a t  exchanger ex tends  i n t o  t h e  s h i e l d e d  c e l l s .  

The remainder o f  t he  loop i s  i n  an a c c e s s i b l e ,  unshie lded  a r e a  above f l o o r  

l e v e l .  

The HNPF pumps, F igure  14, a r e  similar i n  c o n s t r u c t i o n  t o  convent iona l  

ver t ica l ly-mounied ,  c e n t r i f u g a l  pumps, u t i l i z i n g  a h y d r o s t a t i c  (sodium) 

c_ shaft  bear ing.  An o i l - f i r e d ,  double f a c e  s h a f t  s e a l  i s  provided t o  s e a l  t h e  

helium cover  gas  over  t h e  f r e e  sodium s u r f a c e  i n  t h e  pump. The pumps, which 

a r e  provided w i t h  16 i n .  s u c t i o n  and 14 i n .  d i scha rge  l i n e s ,  are r a t e d  a t  

7200 gpm and 160 f t .  o f  sodium head. 

The sodium-to-sodium i n t e r m e d i a t e  h e a t  exchangers a r e  mounted as shown 

i n  F igu re  15.  !Che exchangers are v e r t i c a l  t o  reduce s t r a t i f i c a t i o n  problems 

a t  low flow r a t e s .  The exchangers are designed f o r  a p r e s s u r e  o f  100 p s i g  

a t  1000°F. 

The steam gene ra to r ,  F igu re  16,  c o n s i s t s  of an evapora tor ,  mois ture  

e l i m i n a t o r  and a supe rhea te r .  Cons t ruc t ion  i s  o f  t h e  s h e l l  and tube type ,  

u t i l i z i n g  duplex tubes  t o  p reven t  i n t e r l e a k a g e  between t h e  sodium and t h e  

water  o r  steam. The t h i r d  f l u i d  i s  helium, provided t o  monitor  t h e  duplex 
~ 

tubes  f o r  l eaks .  I =  
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The main primary sodium va lves  a r e  spl i t -wedge block va lves  and 

v e n t u r i  b a l l - t y p e  t h r o t t l e  va lves  as shown i n  F igu re  17 .  Each va lve  has  a 

f rozen  sodium stem s e a l .  The seal  i s  cooled by c i r c u l a t i n g  n i t r o g e n .  The 

va lves  a r e  of convent ional  des ign  except  t h a t  t h e  stems a r e  longe r  than 

s t anda rd  t o  acconunodate the f r e e z e  s e a l  assembly. 

The sodium s e r v i c e  systems provide t h e  means t o  f i l l ,  d r a i n ,  f l u s h ,  

and p u r i  y t h e  sodium i n  t h e  r e a c t o r  core  tank and t h e  sodium h e a t  t r a n s f e r  

sys  tems. 

The f u e l  hand l ing  machine, F igu re  18, i s  provided with f e a t u r e s  which 

permit  f u e l  hand l ing  i n  an i n e r t  atmosphere. 

SRE POWER OPERATIONS AND REACTOR CHARACTERISTICS 

The SRE i s  E .  mult ipurpose development f a c i l i t y  wi th  t h e  product ion of 

power o f  secondary concern. 

hours  o f  e l e c t r i c a l  energy were produced i n  t h e  f i r s t  two y e a r s  of opera t ion .  

I t s  o p e r a t i n g  c h m a c t e r i s t i c s  have i n  gene ra l  proven t o  be very sa t i s -  

f a c t o r y .  T h i s  f z x t  must be borne i n  mind s i n c e  t h i s  paper, by i t s  n a t u r e ,  

must emphasize t h e  d i f f i c u l t i e s  and t h e i r  s o l u t i o n s .  

I n  s p i t e  of t h i s  more than  l5,000,000 k i lowa t t -  

The power o p e r a t i n g  h i s t o r y  i s  summarized i n  b a r  c h a r t  f o r m  i n  

F igu re  19 .  The c h a r t  covers  t h e  two y e a r  pe r iod  from 1 J u l y  1957 through 

30 June 1959. Fuel  damage w a s  experienced i n  J u l y  1959 and most o f  t h e  

fo l lowing  y e a r  WE.S spen t  i n  mod i f i ca t ions  and recovery  ope ra t ions .  

Most of t h e  d i f f i c u l t i e s  experienced with t h e  SRE have been concerned 

wi th  t h e  coo l ing  system. These inc lude  s t r e s s  problems r e s u l t i n g  from l a c k  

of  a f te r -scram flow c o n t r o l ,  h igh  s t r e s s e s  i n  the  in t e rmed ia t e  h e a t  exchang- 

e r  due t o  r e c i r c u l a t i o n ,  and some problems wi th  pump s e a l s ,  and va lves .  

These w i l l  be  d iscussed  l a t e r  wi th  r e f e r e n c e  t o  t h e  HNPF des ign .  
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t A number of tests have been performed on the SRE to determine the 

kinetic behavior of  the core and the response of  the entire system to 

imposed conditions. 

The kinetic stability of the reactor was conclusively demonstrated by 

The reactor has an isothermal temperature 4 a series of  oscillator tests. 

coefficient which is positive u p  to about 800'F. This is due to the 

moderator contribution to the coefficient. However, the moderator coefficient 

has an associated thermal time const;ant of about 10 minutes while the fuel 

plus coolant coefficient has a time constant of about 10 seconds. The result 

1 s  a power- coefficient which is negative and which provides the SRE with 

i l;s high degree of stability and self-regulation. 

The static stability of the reactor was demonstrated in a test in 

which integrating timers showed only 3.5 minutes of control rod motion during 

j; i44- hour pericd. 

The Hallam reactor has a calculated stability characteristic similar 

to -tl.ist of the SRE. A major advantage accrues to a power reactor with 

these oharacteristlcs: no shim rods are required to compensate for a change 

in reactivity when the reactor is brought up to operating temperature. 

Other tests on SXE, which have important implications for Hallam or 

other SGR power plants, demonstrated its ability to f o l l o w  power demand 

quickly. 

entirely feasible. Flow control tests have demonstrated that the reactor 

temperature gradient can be maintained f o r  at least two hours ax"ter a shut- 

down; with the gradient established the reactor can be restarted in about 

The tests show that load changes at a rate of 20% per minute are 

P 
.i twenty minutes. a 

1 '  
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A v a r i e t y  of o t h e r  t es t s ,  p a r t i c u l a r l y  on components, have been 

performed on thi3 SRE whioh have provided informat ion  t o  a i d  t h e  des ign  of 

t h e  H a l l a m  f a c i l i t y .  A b r i e f  summary o f  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  

SRE and HNPF i s  p resen ted  i n  Table  I. 

Table  I 

SRE and HNPF D e s i m  Parameters  

Thermal Power (Mw) 
E l e c t r i c a l  Power (Mw) 
Steam Condit ions (psig/OF) 

Fuel  M a t e r i a l s  

Fue l  Loading (kg  U )  

S o d i urn T em)? e r a t u  re  s 
7 

Primary o u t l e t  ( O F )  

Primary : i n l e t  (OF) 

Secondary o u t l e t  (OF) 

S e c o n d a q  i n l e t  ( O F )  

Sodium Flow 

Primary I: l b / h r )  

Secondary ( l b / h r )  

Maximum H e a t  Flux 
Btu/hr-f t2 

S p e c i f i c  Power (kw/kg-25) 

HNPF 

240 

76 
800/825 

U-10 MO 
27,600 

945 
602 

900 

557 

8,400,000 

8,400,000 

350,000 

256 

SRE 

20 

6 
600/8 25 

U 

3,000 

960 

500 

900 
44 0 

510,000 

510,000 

340 9 000 

240 

SRE 

20 

6 
6 00/825 
Th-U 

1030 ( a l l o y )  

510,000 

510,000 

420,000 

27 5 
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SRE EXPERIENCE AND APPLICATION TO COMPONENT DESIGN FEATURES OF HNPF 

Operational experience with the SRE has provided insight for design 

improvements which have been incorporated into modified SRE components and 

components for the HNPF. Components which have been improved are: after- 

scram flow control, the intermediate heat exchanger, sodium pumps, sodium 

valves, fuel handling machine, cover gas monitoring system, fuel element 

design and outlet sodium temperature monitoring system. 

Coolant Flow Control - During the initial operations with the SRE, 
unanticipated results involving the heat transfer system were observed. 

Perhaps the most important of these was excessive thermal convection flow 

in the primary sodium system following a reactor scram. Because of the 

lasge temperature rise across the core (460'F) it is necessary to match the 

coolant flow rate to the afterglow power level in order to avoid temperature 

fluctuations and resulting thermal stresses. It was found on the SRE that 

normal flow decay was not sufficiently fast to avoid a rapid reduction in 

temperature of the upper sections of the reactor. To correct this situation 

eddy-current brakes were added to both the primary and secondary cooling 

circuits. The improvement in stability of the reactor outlet temperature 

is shown in Figure 20. On the basis of this experience, the major components 

for the HNPF were physically oriented to provide approximately the correct 

convection sodium flow through the core from any one of the three sodium 

circuits to remove the afterflow energy. Control of the convective flow is 

obtained by automatic positioning of throttling valves as shown in Figure 17.  

Heat Exchangers - Another unexpected result from the SRE operation wzs 
a tendency for the sodium to stratify in the intermediate heat exchanger at 

low flow. The exchanger is a horizontal U-tube unit of conventional design. 



Following a r e a c t o r  scram, w i t h  t h e  sodium flow reduced t o  a low va lue ,  

i t  w a s  found thal; a temperature  d i f f e r e n c e  of more than 2 0 0 ° F  could develop 

between t h e  top  and bottom of  t h e  h e a t  exchanger s h e l l ,  This  appa ren t ly  

was due t o  s t r a t i f i c a t i o n  o f  t h e  secondary sodium on t h e  s h e l l  s i d e  and t o  

r e c i r c u l a t i o n  of t h e  primary sodium f r o m  t h e  top  t o  t h e  bottom tubes ,  The 

r e s u l t i n g  thermal- s t r e s s e s  produced some buckl ing  of t h e  h e a t  exchanger 

s h e l l .  This  problem i s  avoided i n  t h e  HNPF des ign  by v e r t i c a l  o r i e n t a t i o n ,  

a s  shown i n  F igu re  15. The d i f f i c u l t y  wi th  t h e  SRE in t e rmed ia t e  h e a t  ex- 

changer has  n o t  y e t  been co r rec t ed .  However, a new u n i t  o f  h ighe r  capac i ty  

has been ordered which should n o t  be s u s c e p t i b l e  t o  t h i s  d i f f i c u l t y .  

The performance of t he  SRE in t e rmed ia t e  h e a t  exchanger depar ted  from 

des ign  i n  anothe?: r e s p e c t ;  t h e  l o g  mean temperature  d i f f e r e n c e  w a s  observed 

t o  be about  50% h i g h e r  than  w a s  a n t i c i p a t e d  because of poor b a f f l i n g ,  

p a r t i c u l a r l y  i n  she  bend a r e a  o f  t h e  U-tubes. The temperature  v a r i a t i o n  on 

6 

t h e  s h e l l  s i d e  on t h e  exchanger i s  shown i n  F igure  21.  A s  t he  f i g u r e  i n d i -  

ca t e s ,  %he h e a t  t r a n s f e r  s u r f a c e  i n  t h e  bend a r e a  i s  n o t  u t i l i z e d  t o  any 

a p p r e c i a b l e  e x t e n t .  

Sodium Pumps - The sodium pumps i n  t h e  SRE a r e  o f  t h e  f r e e z e - s e a l  type  

i n  which t h e  l i q u i d  sodium i s  permi t ted  t o  e n t e r  a narrow annulus  between 

t h e  s h a f t  and housing and i s  f rozen  t h e r e  by an a u x i l i a r y  coolan t .  The 

sodium seal is cont inuous ly  sheared by r o t a t i o n  o f  t h e  s h a f t .  A similar 

f r e e z e  s e a l  used on t h e  pump c a s i n g  of t h e  main secondary sodium pump i s  shown 

i n  F igu re  22. The main primary pump i s  of s imilar  des ign  except t h a t  t h e  

hous ing  i s  extended v e r t i c a l l y  t o  permit  ope ra t ion  of t h e  d r i v e  motor out-  

s i d e  o f  t h e  sh i e lded  g a l l e r y .  The f r e e z e - s e a l s  on t h e  SRE sodium pumps have 

been sources  o f  cons iderable  o p e r a t i o n a l  d i f f i c u l t y  due t o  s h a f t  b inding ,  
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sodium extrusion and gas in-leakage. The temperature gradient in the seal 

provides a diffusion trap for sodium oxide which collects in the seal area. 

On three occasione, twice with the main primary pump and once with the main 

secondary pump, ma.teria1 failures have permitted leakage of the auxiliary 

coolant, tetralin, into the sodium systems. On the last occasions a 

sufficient quantity of tetralin was admitted into the primary system to 

produce severe plugging of the fuel channels in the reactor. The resultant 

overheating of the fuel elements caused failure of the fuel cladding on 1 3  

of the 43 elementa in the core. 7 

The SRE pumpei have been modified to permit the use of NaK for the 

auxiliary coolant on the freeze seals. This will avoid the introduction of 

a non-compatible material into the sodium systems. 

The HNPF sodium pump shown in Figure 4 utilizes hydrostatic sodium 

bearing and requii-es no auxiliary coolant. This feature eliminates the 

possibility of introducing foreign material into the primary coolant through 

this component. 

Sodium Valvea - Valve performance i n  the SRE has been g e n e r a l l y  s a t i s -  

factory. Both freeze-seal and bellows-seal valves have been used without 

major difficulty. Four of the bellows-seal valves in the sodium service 

system have had to be replaced because of damage to the bellows resulting 

from extrusion of solid sodium during pre-heating operations or to valve 

operation when the bellows was partially filled with solid sodium. No 

difficulties have been encountered with the freeze-seal valves. The desire 

to remove any possibility of contamination in HNPF led to changes to the 

sodium valves so that cooling is provided for the freeze-seal valve stems 

by circulating the nitrogen atmosphere in the cells that contain the 
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components. Vapcir t r a p s ,  f r e e z e  t r a p s  and p lugging  meters  a r e  cooled i n  

t h e  same manner. 

Fue l  Handling Machine - I n  i t s  r o l e  as a f u e l  t e s t i n g  f a c i l i t y ,  t h e  

SRE has  r e q u i r e d  ex tens ive  f u e l  hand l ing  f o r  i n s p e c t i o n  o f  elements.  The 

o r i g i n a l  f u e l  hand l ing  machine performed t h i s  t a s k  s a t i s f a c t o r i l y  as long  

as the  elements  were undamaged. The f u e l  elements which were damaged when 

te t13ai in  e n t e r e d  t h e  primary system could no t  be handled s a t i s f a c t o r i l y  and 

i t ,  b r a s  a e c e s s a r y  t o  b u i l d  a modified machine. Jamming o f  t h e  SRE f u e l  

hand l ing  machine occurred when broken space r  w i re s  f r o m  t h e  f u e l  element 

became en-t;afigled i n  t h e  h o i s t  chains .  A modified machine has  been b u i l t  

which avoids  these  d i f f i c u l t i e s .  I n  t h e  HNPF machine (F igu re  18) two guide 

tubes dre provided which run t h e  f u l l  h e i g h t  o f  the  f u e l  hand l ing  machine. 

I'hus, any joint;  or damaged i tem being handled cannot g e t  o u t  of p o s i t i o n  

a n d  jaa %he i n t e r n a l  mechanisms. 

l - e h  maximum and a l l  j o i n t s  a r e  smoothly chamfered. The machine i s  designed 

rucn t h a t  t h e  e n t i r e  i n t e r n a l  mechanism cain be lowered out  of t h e  s h i e l d e d  

Gaps between s e c t i o n s  a r e  l i m i t e d  t o  1/16 

body sections f o r  maintenance. A maintenance c e l l  i s  inc luded  i n  t h e  f u e l  

hand l ing  a r e a  of t h e  HNPF (F igu res  7 and 8 )  which has  t h e  c a p a b i l i t y  o f  

accomplishing t h i s  ope ra t ion  

Cover Gas A c t i v i t y  Monitor - During power run No. 14, s e v e r a l  f u e l  

Plements i n  t h e  SRE were s e v e r e l y  damaged, This s i t u a t i o n  w a s  no t  known 

u n t i l  t h e  r e a c t o r  w a s  shu t  down t o  i n s p e c t  t h e  f u e l .  E a r l i e r  d e t e c t i o n  

would have minimized the  damage, perhaps t o  f a i l u r e  of a s i n g l e  rod. One 

ol" t h e  modrficatfLons t o  t h e  SRE fo l lowing  t h e  f u e l  element damrzge i n c i d e n t  

was i n s t a l l a t i o n  o f  a r a d i a t i o n  d e t e c t i o n  system t o  monitor  cont inuous ly  

t h e  Xe ''' r a d i o a c t i v i t y  i n  t h e  helium cover gas over  t h e  r e a c t o r .  

background a c t i v i t y  w i l l  always e x i s t  i n  the cover  gas from minute l e a k s  i n  

Some 
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the cladding, but these are not harmful. Any major cladding failure in the 

future, such as opsning of a crack, should be detected within seconds. The 

HNPF reactor is provided with a similar detection system. 

Fuel Element Design - The fuel damage of power run No. 14 led to 
modifications of the SRE fuel element. A screen was added at the inlet to 

provide for collection of particulate matter from the coolant. This modi- 

fication should greatly reduce the probability of collecting such material 

in the fuel element where its insulating properties could result in local 

overheating of the element. The clearance between the element and the process 

channel was also increased, by reducing the number of fuel rods from seven to 

five, to reduce the possibility of binding in the event of extensive fuel 

swelling. The thermocouples which measure the temperature of the sodium 

leaving each fuel channel have been lowered in the channel to avoid the thermal 

effect of the upper sodium pool. The number of thermocouples within the fuel 

rods has been increased. 

A fuel element of sodium bonded uranium slugs within 304 stainless 

steel tubes is also utilized in the HNPF fuel element (Figure 11). Detailed 

investigations of the SRE fuel damage have strengthened the belief that this 

economical design can be used successfully in the HNPF. Fuel elements, 

instrumented with thermocouples embedded in the fuel at different locations, 

are a l s o  provided. Readouts for these thermocouples will be located within 

the control room. 

Outlet Sodium Temperature Control and Monitoring Systems - The SRE fuel 

elements are desiened with a fixed orifice plate for control of sodium flow. 

The matching of the sodium flow with power generation to obtain a uniform 

outlet temperature across the reactor has been only moderately successful. 
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Flow control thrc.ugh the HNPF element (Figure 11) by providing a variable 

orifice which can be adjusted from the loading face shield. In addition, 

the reactor is designed with an outlet temperature monitoring system for 

all core positions. This system consists of two multi-point scanner- 

recorders and six continuous recorders located in the control roomo The 

recorders are equipped with high and low temperature alarms. With this 

system the outlet. temperature of each channel is observed every six minutes 

and as many as si.x channels may be continuously monitored. 

Monitor Handing - The SRE fuel damage resulted in lodging of portions 
of t ne  fuel elements in the moderator elements. The removal and replacement 

of" the damaged moderator elements through the loading face shield was 

successfully concluded without incident, The HNPF is provided vith complete 

moderator element removal equipment, as well as the necessary design features 

!-n the loa,ding face shield and core support structure to accomplish this 

operation, The fuel handling cask, with special components, is used for 

this operation. 

P l a n t  Control System - The plant control system for the HNPF provides 

automatic operation and load following between 15 and 10% of design power, 

It provides for fiemi-automatic control capability at all power levels and 

maintains a l l  temperatures and pressures within their design limits at all 

times. 

A diagram o f  the plant control system is shown in Figure 2 3 .  During 

normal operation an increase in plant load which initiates opening of the 

turbine inlet valves will result in an increased steam flow and decreased 

steam pressure. Signals representing steam flow and steam pressure are 

immediately transmitted to both the primary and the secondary sodium pumps, 

increasing the piimp speeds proportionately. The increase in sodium flow 

through the reactor acts on the neutron flux controller to withdraw the 
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sh im-regula t ing  :rods, i n c r e a s i n g  t h e  r e a c t o r  power l e v e l .  These a c t i o n s  

r e p r e s e n t  t h e  i n i t i a l  response of t h e  c o n t r o l  system t o  a change i n  p l a n t  

load.  Re-adjus t ing  ( r e s e t )  signals then  come i n t o  p l ay  t o  prevent  

cummulative e r r o m  i n  t h e s e  i n i t i a l  responses  f r o m  d r i v i n g  t h e  c o n t r o l l e d  

v a r i a b l e s  ou t  of l i m i t s .  The secondary sodium flow r a t e s  a r e  r e s e t  t o  main- 

t a i n  steam p res su re  a t  i t s  s e t  po in t .  The primary sodium pump speeds a r e  

r e s e t  t o  main ta in  t h e  programmed r e a c t o r  i n l e t  sodium temperature  a t  i t s  

v a r i a b l e  s e t  po in t .  The sh im-regula t ing  rods  a r e  r e s e t  t o  main ta in  f u e l  

channel  e x i t  temperature  a t  i t s  s e t  po in t .  

Cur ren t ly  t h e  SRE c o n t r o l  system i s  load- forc ing ,  t h e  t u r b i n e  acoep t ing  

any steam r a t e  set by t h e  SRE. A load-fol lowing system s i m i l a r  t o  t h a t  f o r  

HNPF i s  be ing  i n s t a l l e d  however, which w i l l  permit t he  power l e v e l  t o  be 

e s t a b l i s h e d  by the  t u r b i n e  t h r o t t l e .  

Loading Face Shie ld  Coolant - The d e s i r e  t o  e l i m i n a t e  t e t r a l i n  from 

t h e  HNPF a l s o  l e d  t o  a modi f ica t ion  i n  t h e  coolan t  f o r  t h e  load ing  f a c e  

s h i e l d .  A 230 p s i  n i t r o g e n  coo l ing  system w a s  designed f o r  t h i s  component 

wi th  a s p e c i a l  c i r c u l a t i n g  system. Modif ica t ion  of t h e  SRE load ing  f a c e  

s h i e l d  t o  inco rpora t e  gas coo l ing  w a s  no t  f e a s i b l e ,  bu t  kerosene bas  been 

used t o  r e p l a c e  t e t r a l i n .  
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SUMMARY 

The SRE has played a major role in developing the information required 

for engineering of the HNPF. The operation of the reactor has provided the 

necessary experience for better design of the large-scale components and 

systems for the Hallam reactor. The fuel damage in the SRE, although 

requiring most o.f a year f o r  modification and recovery, has been highly 

informative. A means of avoiding such occurrences and successful recovery 

techniques have been developed which will assist in operation and maintenance 

of all sodium cooled reactors. It is noteworthy that none of the personnel 

involved in the SRE recovery operations received more radiation than the 

accepted tolerances 

The data from SRE, together with the information obtained f r o m  the HNPF 

research and development program on the much larger Hallam components, have 

yielded a plant (design which should have a high reliability and a long plant 

life. 
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Figure  2 .  Cutaway V i e w  o f  SRE Reac to r  



Figure 3 .  SRE Hoderatoi. Assembly 
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Figure  9.  HNPF - S e c t i o n a l  P e r s p e c t i v e  V i e w  of  t h e  Reac tor  Core 
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Figure  10. HNPF - Moderator - R e f l e c t o r  Element 
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Figure  14. HNPF - Primary Sodium C i r c u l a t i n g  Pump 
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Figure 18. HNPF - Fuel Handling Machine 
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SRE COMPONENTS AND SYSTEMS 
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Figure 22. SRE - Secondary Sodium Pump 



PRC 

F. w. F. W. CON D. 
REGULATOR PUMP PUMP 
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