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ABSTRACT 

I 

In t h e  MSRE r e a c t o r  v e s s e l ,  f l u i d  f u e l  i s  c i r c u l a t e d  a t  1200 gpm 

down through an annular  region and up through 1140 passages i n  t h e  

graphi te  core .  

a one- f i f th  s c a l e  model, followed by d e t a i l e d  measurements with 

water  so lu t ions  i n  a full-scale mockup of t h e  r e a c t o r  ves se l  and 

i n t e r n a l s .  

d a t a  from which v e l o c i t y ,  p ressure  drop and flow p a t t e r n s  are deduced. 

It also descr ibes  how the measurements w e r e  ex t r apo la t ed  t o  molten 

salt  at 1200°F i n  the a c t u a l  r e a c t o r .  The few observat ions poss ib l e  

i n  t h e  r e a c t o r  were cons i s t en t  with the p r e d i c t e d  behavior.  

The core design was based on prel iminary tes ts  i n  

This r epor t  descr ibes  t h e  models , t h e  t e s t i n g ,  and t h e  
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INTRODUCTION 

. 

The MSRE (Molten-Salt Reactor Experiment) i s  a 7.3 MW f lu id- fue led ,  

The f u e l  cons i s t s  of graphite-moderated, s i n g l e  region nuc lear  r eac to r .  

uranium f l u o r i d e  d isso lved  i n  a mixture of  l i t h i u m ,  bery l l ium and z i r -  

conium f l u o r i d e s .  A unique feature of t h i s  r eac to r  concept i s  t h a t  t h e  

power i s  generated i n  c i r c u l a t i n g  f l u i d  f u e l  r a t h e r  than  s t a t i o n a r y  s o l i d  

f u e l  elements.  The nominal opera t ing  temperature i s  1200'F. A d e t a i l e d  

desc r ip t ion  of t h e  r e a c t o r  concept and i t s  components i s  ava i l ab le  i n  many 

sources ,  f o r  i n s t ance  References 1, 2 and 3. A program w a s  undertaken t o  

determine t h e  f l u i d  dynamic and hea t  t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  core .  

This r epor t  p re sen t s  t h e  r e s u l t s  of  t h a t  e f f o r t .  Most of t h e  experimental  

r e s u l t s  presented  here  were obtained i n  the  e a r l y  1960's. 
w r i t t e n  , however, u n t i l  a f te r  t h e  MSRE nuclear  operat ions were te rmina ted  

i n  December of 1969. 

This r epor t  was not  

DESCRIPTION OF MSRE CORE AND TEST PROGRAM 

Figure 1 shows an i sometr ic  view of t h e  MSRE core.  The f u e l  e n t e r s  

t h e  r e a c t o r  ves se l  a t  1200 gpm through a constant  flow area volu te  nea r  

t h e  t o p  of t h e  c y l i n d r i c a l  s e c t i o n .  

grad ien t  in avolu te  of t h i s  t y p e ,  o r i f i c e s  are used t o  obta in  a uniform 

angular flow d i s t r i b u t i o n  t o  t h e  core w a l l  cool ing annulus.  The f u e l  then  

swirls down t h e  core w a l l  cool ing annulus and i n t o  t h e  r e a c t o r  v e s s e l  lower 

Because of t h e  va r i ab le  pressure  

head. Radial  vanes a re  p laced  i n  t h e  lower head t o  destroy t h e  s w i r l  gen- 

erated by t h e  volu te .  The l o w e r  head then  serves as a plenum t o  d i r e c t  t h e  

f u e l  uniformly t o  t h e  moderator region.  The moderator region i s  composed 

of long graphi te  core b locks ,  square i n  cross  s e c t i o n ,  and with grooves 

cut  l ong i tud ina l ly  i n  t h e  4 f aces .  When t h e s e  s t r i n g e r s  are assembled 

v e r t i c a l l y  toge the r ,  t h e  grooves form t h e  f u e l  passages.  Figure 2 shows 

an i somet r i c  and a plan v i e w  of a small c l u s t e r  o r  core  blocks.  After 

pass ing  through t h e  moderator, t h e  f u e l  then  goes i n t o  t h e  ves se l  upper 

head which serves  as a c o l l e c t i o n  plenum and d i r e c t s  t h e  fuel  t o  t h e  o u t l e t  

p ipe .  Each of t h e s e  var ious regions of t h e  core w i l l  be  descr ibed i n  more 

d e t a i l  i n  t h e  appropr ia te  s ec t ion  of t h i s  r epor t .  
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The MSRE core development program w a s  divided i n t o  two phases .  The 

f i r s t  phase c o n s i s t e d  of b u i l d i n g  a 1/5 l i n e a r l y  s c a l e d  p l a s t i c  model and 

t e s t i n g  with water. This w a s  considered t o  be  a rough and prel iminary 

design checking device.  The second phase cons i s t ed  o f  b u i l d i n g  a f u l l  

s c a l e  carbon s t e e l  and aluminum model and t e s t i n g  with water. The only 

d a t a  p re sen ted  i n  t h i s  r epor t  w i l l  be from t h e  f u l l  s c a l e  model, however, 

a b r i e f  d e s c r i p t i o n  of t h e  1 / 5  s c a l e  model and t h e  way it w a s  used i s  

given i n  t h e  next  s e c t i o n .  

Early concepts of t h e  MSRF: c a l l e d  f o r  a v a r i a b l e  speed pump. It w a s  

planned t o  operate  t h e  r e a c t o r  at  flow rates below t h e  design flow of  

1200 gpm. The lowest flow r a t e  w a s  undefined bu t  could have been as low 

as 25% of  design flow. 

i f i c a t i o n  w a s  dropped and design flow r a t e  w a s  f i x e d  at  1200 gpm. This 

change occurred du r ing  t h e  t e s t i n g  of  t h e  f u l l  s c a l e  core model. A s  a 

r e s u l t ,  d a t a  were t aken  at flow rates ranging from 1200 gpm t o  300 gpm, 

b u t  t h e  emphasis i n  t h i s  r e p o r t  i s  on t h e  1200 gpm d a t a .  Late i n  t h e  

ope ra t ing  h i s t o r y  of  t h e  MSRE, t h e  f u e l  pump w a s  connected t o  a v a r i a b l e  

frequency u n i t ,  and t h e  r e a c t o r  was ope ra t ed  a t  reduced flow rates .  The 

purpose of  t h e s e  s p e c i a l  runs w a s  t o  s tudy Xe-135 behavior .  The "worst 

case" as fa r  as la te ra l  temperature g rad ien t s  i n  t h e  core  i s  concerned, 

would be when it w a s  operated a t  5 . 5  MW ( the rma l )  at h a l f  t h e  design flow 

rate f o r  a pe r iod  of  about 3 112 days. 

L a t e r  i n  t h e  design s t a g e ,  t h i s  reduced flow spec- 

Figure 3 i s  a l i s t  of r e a c t o r  parameters and p h y s i c a l  p r o p e r t i e s  of 

i n t e r e s t  i n  t h i s  s tudy .  

One-Fi f t h  Scale  Model 

A s m a l l  t r a n s p a r e n t  p l a s t i c  model o f  t h e  MSRE c o r e ,  l i n e a r l y  s c a l e d  

down by a f a c t o r  or 1/5, w a s  b u i l t  and t e s t e d .  The p a r t i c u l a r  core  com- 

ponents s imulated i n  t h i s  model were t h e  i n l e t  v o l u t e ,  flow d i s t r i b u t i o n  

o r i f i c e s ,  core w a l l  coo l ing  annulus ,  lower v e s s e l  head with s w i r l  k i l l i n g  

vanes,  moderator support  and t h e  moderator f u e l  channels which were simu- 

l a t e d  wi th  a tube bundle.  A photograph of  t h e  model i s  shown i n  Figure 4. 
The p a r t i c u l a r  s c a l e  f a c t o r  of 1/5 w a s  chosen because a geometr ical ly  

similar model of  t h a t  s i z e  t e s t e d  w i t h  water  at about 95"F, and at a flow 

r a t e  such t h a t  i t s  f l u i d  v e l o c i t i e s  are equa l  t o  those  of  t h e  r e a c t o r ,  

w i l l  have t h e  same Reynolds Number as t h a t  i n  t h e  a c t u a l  r e a c t o r  core when 
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DESIGN CONDITIONS 
FUEL SALT FLOW RATE 
REACTOR POWER 
FUEL INLET TEMPERATURE TO CORE 
FUEL OUTLET TEMPERATURE FROM CORE 

REACTOR OPERATING POWER 

FUEL SALT 
COMPOSITION L i F  

BeF, 

UF4 
ZrF, 

LIQUIDUS TEMPERATURE 
PROPERTIES AT 1200°F 

DENSITY 
SPECIFIC HEAT 
THERMAL CONDUCTIVITY 
VISCOSITY 
PRANDTL NUMBER = ( 0 . 4 7 ) ( 1 9 ) / ( 0 . 8 3 )  

HASTELLOY-N 
SPECIFIC GRAVITY 
THERMAL CONDUCTIVITY AT 1200°F 
SPECIFIC HEAT AT 1200°F 
MEAN COEFFICIENT OF THERMAL EXPANSION (70-1200°F)  

GRAPHITE 
GRADE 
POROSITY (ACCESSIBLE TO KEROSENE) 
WETTABILITY 
FUEL SALT ABSORPTION AT 150 psi (CONFINED TO SURFACE) 

UNIRRADIATED 

DENSITY 1 1 7  l b s / f t 3  
SPECIFIC HEAT (1200°F)  0.42 B t u / l b  O F  
THERMAL CONDUCTIVITY 

WITH GRAIN AT 68°F 80 B t u / h r  f t  OF 
NORMAL TO GRAIN AT 68°F 45 B t u / h r  f t  "F  
WITH GRAIN AT 1200°F 
NORMAL TO GRAIN AT 1200°F 

COEFFICIENT OF THERMAL EXPANSION 
WITH GRAIN AT 68°F 
NORMAL TO GRAIN AT 68°F 

0 . 5 6  x 10 -6 / "F  
1 .7  x 10 -6 / "F  

*ESTIMATED 
**GRAPHITE NOT WET BY FUEL SALT AT REACTOR CONDITIONS 

1200 gpm 
10 M w ( t )  
11 75°F 
1225°F 
7 . 3  M w ( t )  

65.0 mole % 
29.1 m o l e  % 

5.0 m o l e  % 
0.9 mole % 

81 3°F 

1 4 1  l b s / f t 3  
0 .47  B t u / l b  OF 
0.83 B t u / h r  f t  OF 
1 9  l b s / f t  h r  
10 .7  

8.79 

0.139 B t u / ' l b  "F  
11 .71  B t u / h r  f t  "F  

7 . 8 1  x 10 -6 / "F  

CGB 
6.2% 

0.2% 
** 

IRRADIATED . 

1 1 7  l b s / f t 3  

3 5  B t u / h r  f t  "F 
20 B t u / h r  f t  "F 
23 B t u / h r  f t  OF* 
1 3  B t u / h r  f t  OF* 

FIGURF: 3. REACTOR PARAMETERS AND PHYSICAL PROPERTIES 
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FIGURE 4. ONE-FIFTH SCALE CORE MODEL 
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c i r c u l a t i n g  f u e l .  

those  of t h e  r e a c t o r  by t h e  fol lowing p r o p o r t i o n a l i t i e s .  

Measurable va r i ab le s  of t h e  model are then  r e l a t e d  t o  

Model = 5 ( l i n e a r  dimensions) MSRE ( l i n e a r  dimensions ) 

( f l u i d  velocity)MSRE = ( f l u i d  velocity)Model 

(Reynolds Number = (Reynolds Number)Model 

( f l u i d  age IMSm = 5 ( f l u i d  age )Model 

( r e l a t i v e  f l u i d  pressure  grad ien ts  i n  f ' t - f luid)  MSRE 
= ( r e l a t i v e  f l u i d  pressure  grad ien ts  i n  -rt-fluid)Model 

= 0.63 x ( tu rbu len t  heat t r a n s f e r  coefficients)Model 

( tu rbu len t  h e a t  t r a n s f e r  c o e f f i c i e n t s  )MSRE 

Since t h e  model w a s  s o  s m a l l ,  not  every sur face  and channel of t h e  

r e a c t o r  core exposed t o  salt  w a s  s imulated.  A s  a r e s u l t ,  t h e  model d id  not  

give exact  comparisons, and w a s  used only as a rough design checking device 

t o  e s t a b l i s h  e a r l y  i n  t h e  program t h e  a c c e p t a b i l i t y  of major core  concepts.  

For example, it w a s  used f o r  s t u d i e s  of t h e  volu te  design and spacing of 

flow d i s t r i b u t i o n  o r i f i c e s ,  design of s w i r l  k i l l i n g  vanes i n  lower head,  and 

prel iminary measurements of s o l i d s  s e t t l i n g  c h a r a c t e r i s t i c s  of t h e  lower 

head. 

F u l l  Scale  Model 

The f u l l  s c a l e  MSRE core model i s  almost an exact  dupl ica te  of t h e  
i- 

' a c tua l  r eac to r .  Figure 5 i s  a photograph of t h i s  model. The model i s  con- 

s t r u c t e d  of carbon s t e e l  with the  exception of t h e  core blocks and par t '  

of t h e  moderator support  g r i d  which a re  of aluminum. The core blocks were 

made by ex t ruding  aluminum approximately t o  shape inc luding  the  long i tud ina l  

grooves and then  t a k i n g  only a f i n i s h  cut  on the  4 s i d e  su r faces .  Most of 

t h e  to l e rances  of t h e  r e a c t o r  were increased  (normally doubled) i n  t h e  model 

f o r  economic reasons.  In  a d d i t i o n ,  o t h e r  s impl i f i ca t ions  were made t o  

reduce t h e  cos t  if they  were presumed t o  have a small e f f e c t  on t h e  f l u i d  

dynamics. The v e s s e l  w a s  cons t ruc ted  with a l a r g e  g i r t h  f lange  j u s t  over 

t h e  volu te  so  t h a t  t h e  i n t e r n a l s  could be removed with re la t ive ease .  

Several  t r anspa ren t  p l a s t i c  windows were placed i n  t h e  ves se l  heads ,  core  

w a l l  cool ing  annulus and volute  for viewing. Numerous holes  were d r i l l e d  

i n t o  t h e  ves se l  w a l l s  at var ious p laces  f o r  f l u i d  measuring probes.  A 

carbon s t e e l  loop was b u i l t  t o  operate  t h i s  model and cons is ted  of a pump, 
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gate  valve t o  c o n t r o l  t h e  flow, o r i f i c e  flowmeter, loop cooler ,  5400 g a l .  

surge tank and an ion-exchange system for removing sal t  i n j e c t e d  during 

f l u i d  age measurements. 

A l l  t h e  i n i t i a l  da t a  from t h e  f u l l  s c a l e  model was taken with t h e  loop 

f i l l e d  with water and operated between 75OF and 8 0 ' ~ .  

a Reynolds Number f o r  t h e  model about four  t imes t h a t  of t h e  r e a c t o r .  

i n  t h e  program a th ickening  agent (Jaguar-508 by S t e i n ,  Hall & Co. ) w a s  

added t o  t h e  system i n  order  t o  s imulate  Reynolds Numbers, and t h e  masure-  

ments which were s t rong  funct ions of t h e  Reynolds Number, were repeated.  

Although Jaguar-508 imparts non-Newtonian c h a r a c t e r i s t i c  t o  t h e  water, i n  

t h e  low concent ra t ions  t h a t  were used i n  t h e s e  t e s t s ,  t h i s  w a s  a n e g l i g i b l e  

cons idera t ion .  A s  da t a  i s  presented  i n  t h i s  r e p o r t ,  it w i l l  be noted 

whether or not  exact  Reynolds Number s i m i l a r i t y  e x i s t e d .  

t h e  t h r e e  con t ro l  rods and t h e  su rve i l l ance  specimen holder  were not 

included i n  t h e  core model because t h e i r  design w a s  no t  s u f f i c i e n t l y  w e l l  

known when t h e  model w a s  b u i l t .  

continued throughout t h i s  regions.  

This r e s u l t s  i n  

Later  

Items t o  simulate 

Rather ,  t h e  r e g u l a r  graphi te  mat r ix  w a s  

DESCRIPTION AND ANALYSIS OF TEST RESULTS 

Volute and Core Wall Cooling Annulus 

The main me1 loop p ip ing  i n  t h e  MSRE i s  5 i n .  Schedule 40. 

t o  e n t e r i n g  t h e  core  v e s s e l  vo lu te  t h e  pipe s i z e  i s  increased  t o  6 i n .  
c ross  s e c t i o n a l  flow area of t h e  6 i n .  p ipe  i s  approximately equal  t o  t h a t  

2 of t h e  v o l u t e ,  28.8 i n . 2  and 26.0 i n .  , r e spec t ive ly .  The volu te  i s  a con- 

s t a n t  flow a rea  type  and t h e  t a i l  end i s  hydrau l i ca l ly  connected t o  t h e  head 

end s o  t h e r e  i s  r e c i r c u l a t i o n .  One c h a r a c t e r i s t i c  of t h i s  type  of vo lu te  

i s  t h e  v a r i a b l e  s t a t i c  pressure  around i t;  t h e r e f o r e ,  i n  order  t o  obta in  

a uniform angular flow d i s t r i b u t i o n ,  it i s  necessary t o  use o r i f i c e s  between 

t h e  volu te  and core w a l l  cool ing  annulus.  

i n  s t acks  of 3. 

apa r t .  

and r e s u l t i n g  h igher  s t a t i c  p re s su re ,  t h e  o r i f i c e  s t ack  spacing i s  increased  

t o  22 1 / 2  deg. 

J u s t  p r i o r  

The 

The o r i f i c e s  a r e  3/4 i n .  and occur 

A t  t h e  head end of t h e  volu te  t h e  o r i f i c e  s t acks  . a r e  5 deg 

A t  t h e  t a i l  end of t h e  vo lu te ,  because o f  t h e  lower f u e l  v e l o c i t y  

This o r i f i c e  d i s t r i b u t i o n  w a s  determined from t h e  1 / 5  s c a l e  
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model. The o r i f i c e  holes  are d r i l l e d  at  an angle  of 30 deg with t h e  tangent  

i n  o rde r  t o  maintain a t a n g e n t i a l  ve loc i ty  component i n  the  annulus.  The 

r e s u l t i n g  high hea t  t r a n s f e r  c o e f f i c i e n t s  cool t h e  core ves se l  w a l l  and 

t h e  r e a c t o r  core can. 

Figure 6 i s  a p l o t  of t h e  experimental ly  measured c e n t e r l i n e  v e l o c i t i e s  

i n  t h e  volu te  as a funct ion of angular  p o s i t i o n  and at var ious flow rates.  

A t  1200 gpm water approaches t h e  core through t h e  5 i n .  pipe a t  a mean 

v e l o c i t y  of 19 .2  f t / s e c .  

t o  about 23 f’t/sec because of  r e c i r c u l a t i o n  around t h e  volu te .  A t  t h e  

t a i l  end of t h e  volu te  t h e  ve loc i ty  i s  about 10 f t / s e c .  The c e n t e r l i n e  

v e l o c i t i e s  cannot be taken as absolu te  r ep resen ta t ions  of flow rate , par- 

t i c u l a r l y  at t h e  i n l e t  where two f l u i d  streams of d i f f e r e n t  v e l o c i t i e s  

merge. Nevertheless , t h e  l i n e a r  decrease i n  v e l o c i t y  i s  a good i n d i c a t i o n  

t h a t  t h e  water i s  d i s t r i b u t e d  uniformly t o  t h e  core w a l l  cool ing  annulus.  

A t  t h e  head end of  t h e  volu te  t h e  mean ve loc i ty  through t h e  o r i f i c e s  i s  

about 4 f’t/sec and at the t a i l  end of t h e  volu te  t h e  mean ve loc i ty  through 

t h e  o r i f i c e s  i s  about 18 f t / s e c .  

v e l o c i t y  i n  t h e , c o r e  w a l l  cool ing  annulus as a funct ion of e l eva t ion .  

Note t h a t  t h e  v e l o c i t y  decreases as t h e  water moves down t h e  annulus,  

because t h e  t a n g e n t i a l  component i s  a t t enua ted .  

c e n t e r l i n e  ve loc i ty  at t h e  bottom of t h e  core w a l l  cool ing  annulus as a 

Immediately i n s i d e  t h e  volu te  t h e  ve loc i ty  jumps 

Figure 7 i s  a p l o t  of t h e  c e n t e r l i n e  

Figure 8 i s  a p l o t  of t h e  

func t ion  of angular pos i t i on  around t h e  core.  Note t h a t  it i s  q u i t e  f la t  , 
i n d i c a t i n g  uniform flow t o  t he  r e a c t o r  v e s s e l  lower head. Data f o r  Figures 

6 ,  7 and 8 w a s  taken w i t h  water i n  t h e  loop.  The Reynolds Numbers involved 

i n  t h e  volu te  and core w a l l  cool ing  annulus are so  high (over  10 

cases  a t  1200 gpm) t h a t  exact  Reynolds s i m i l a r i t y  i s  not important ,  and 

t h e  r e a c t o r  ves se l  conta in ing  f u e l  s a l t  w i l l  have t h e  same v e l o c i t y  pro- 

f i l e s  - 

4 i n  a l l  

A t  t h i s  po in t  it would be informative t o  compute t h e  temperature d i f -  

ference between t h e  bulk salt  i n  t h e  core w a l l  cool ing  annulus and t h e  ves se l  

w a l l  (Has te l loy  N )  . 
t h e  annulus)  and a t  1200 gpm, t h e  f l u i d  ve loc i ty  i n  t h e  annulus i s  7.2 f t / s e c  

(Figure 7 ) .  
s tandard  heat t r a n s f e r  r e l a t i o n s h i p s  may be used. From t h e  Dit tus-Boel ter  

equat ion and with phys ica l  p r o p e r t i e s  from Figure 3 we can compute a hea t  

A t  t h e  midplane of t h e  core (about  30 i n .  up i n  

Now, molten sa l t  behaves as a conventional Newtonian f l u i d  s o  t h a t  
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transfer c o e f f i c i e n t  a t  t h i s  p o s i t i o n  i n  t h e  core  w a l l '  coo l ing  annulus 

(1 i n .  t h i c k )  of  1370 Btu/hr-ft  -OF. The hea t  generat ion rate i n  t h e  
3 vessel w a l l  a t  t h i s  p o i n t  has been e s t ima ted  t o  be about 0.2 watts/cm 

The vessel w a l l  i s  9/16 i n .  t h i c k  so t h e  h e a t  f l u x  t o  t h e  s a l t ,  assuming 

t h e  ou t s ide  s u r f a c e  i s  i n s u l a t e d ,  w i l l  be 905 Btu/hr-f t  . The temperature 

drop ac ross  t h e  f l u i d  boundary l a y e r  w i l l  be only 0 . 6 6 " ~ .  

tu re  drop i n  t h e  v e s s e l  w a l l  wi th  an i n t e r n a l  h e a t  sou rce ,  and assuming 

again t h a t  t h e  ou t s ide  su r face  i s  i n s u l a t e d ,  i s  r ep resen ted  by 

2 

2 

Now t h e  tempera- 

Q t2 
2 k  AT = - 

where : t = w a l l  t h i ckness  = 9/16 i n .  
3 Q = i n t e r n a l  h e a t  source = 0.2 w/cm 

k = thermal conduct ivi ty  - 11.71 Btu/hr-ft-OF 

Evaluat ing gives a temperature drop i n  t h e  metal w a l l  o f  1 . 8 1 " ~ .  

t h e  o v e r a l l  temperature drop from t h e  ou t s ide  s u r f a c e  of  t h e  v e s s e l  w a l l  

t o  t h e  sa l t  i n  t h e  core w a l l  cool ing annulus i s  t h e  sum of  t h e  above o r  

only 2.47OF. 

thermal  analyses  such as above. These analyses  have been made and many are 

r epor t ed  i n  References 8 and 9 .  It w a s  f e l t  however t h a t  one such computation 

would be worthwhile t o  give t h e  r eade r  an i d e a  of t h e  o r d e r  of  magnitude o f  

t h e s e  e f f e c t s .  Because of i t s  r a t h e r  low power dens i ty ,  l a te ra l  temperature 

g rad ien t s  a r e  q u i t e  low i n  t h e  MSRE. 

Therefore 

It i s  beyond t h e  scope of  t h i s  r epor t  t o  i nc lude  many d e t a i l e d  

Reactor Vessel Lower Head 

The lower plenum of  t h e  core v e s s e l  i s  formed by a s t anda rd  60 i n .  OD 

ASME f langed and dished head,  con ta in ing  a n t i - s w i r l  vanes and a d r a i n  l i n e  

conf igu ra t ion .  

2 i n .  up i n  t h e  core w a l l  cool ing annulus and extending along r a d i a l  l i n e s  

i n t o  t h e  lower head f o r  about 38% of  t h e  r a d i a l  d i s t ance  t o  t h e  core center-  

l i n e .  They are s l i g h t l y  e l e v a t e d  o f f  t h e  core -vessel  w a l l ,  t h u s  e l i m i n a t i n g  

as much co rne r  area as p o s s i b l e  where s e t t l e d  s o l i d s  could accumulate. The 

v e s s e l  d r a i n  c o n s i s t  o f  a s h o r t  s e c t i o n  of  1 1 / 2  i n .  p ipe  extending s l i g h t l y  

up i n t o  t h e  v e s s e l  head a t  t h e  e e n t e r l i n e ,  and having a c o n i c a l  umbrella over 

it. I n  a d d i t i o n  it inco rpora t e s  a secondary d r a i n  which i s  a 1 / 2  i n .  con- 

c e n t r i c  t u b e  coming up t h e  middle of t h e  primary d r a i n ,  p e n e t r a t i n g  through 

The a n t i - s w i r l  vanes c o n s i s t  o f  48 p l a t e s  s t a r t i n g  about 



1 5  

. 

the  d ra in  pipe w a l l  j u s t  i n s i d e  t h e  ves se l  and wrapping around t h e  d ra in  

pipe h o r i z o n t a l l y  about 90'. 

s e t t l i n g  of s o l i d  p a r t i c l e s  (should they  e x i s t )  i n t o  t h e  primary d ra in  l i n e ,  

however, fuel  conta in ing  s o l i d s  may s t i l l  d r i f t  i n  and out  of t h e  umbrella 

and over a long pe r iod  of t ime ,  s o l i d s  could s t i l l  plug t h i s  dra in .  The 

1 / 2  i n .  l i n e  serves  as a s a f e t y  d ra in  s ince  it i s  designed t o  prevent  slow 

migration of  f u e l  i n  and out .  

r e a c t o r  t o o  slow under normal condi t ions .  The secondary dra in  te rmina tes  

i n s i d e  t h e  primary d ra in  just below t h e  f r eeze  valve.  

The conica l  umbrella w i l l  prevent gross 

Because of i t s  s i z e ,  it would dra in  t h e  

The ob jec t  of t he  an t i - swi r l  vanes i s  t o  prevent t h e  s w i r l  generated 

i n  t h e  volu te  from pene t r a t ing  i n t o  t h e  lower head and c r e a t i n g  an excessive 

r a d i a l  p ressure  grad ien t .  The uniformity of f u e l  flow through t h e  graphi te  

moderator region i s  a d i r e c t  funct ion of t h i s  pressure  grad ien t .  Figure 9 
i s  a p l o t  of t h e  experimental ly  observed r a d i a l  p ressure  gradient  as 

measured by w a l l  p ressure  t a p s ,  Since t h e  flow i n  t h e  lower head i s  3- 

dimensional,  t h e  s t a t i c  pressure  at t h e  w a l l  i s  not  an absolu te  measure 

of t h e  pressure  in f luenc ing  flow through t h e  moderator reg ion ,  never the less  

it i s  a good ind ica t ion .  

c e n t e r ,  t h e r e f o r e ,  one would expect a s l i g h t l y  h ighe r  flow through t h e  moder- 

a t o r  near  t h e  cen te r .  This w a s  measured t o  be t h e  case as w i l l  be poin ted  

out i n  t h e  sec t ion  on t h e  moderator. 

Note t h a t  t h e  pressure  i s  s l i g h t l y  h igher  a t  t h e  

As  t h e  water  goes through t h e  an t i - swi r l  vanes and heads toward t h e  

ves se l  c e n t e r l i n e ,  it i s  turned  by t h e  lower head and produces a high v e l o c i t y  

j e t  ad jacent  t o  t h e  w a l l .  Figure 10 i s  a p r o f i l e  of t h i s  j e t  measured a t  

a radius of  17 inches and at  4 p o s i t i o n s  90' a p a r t .  

1200 gpm. Again, s ince  t h e  Reynolds Number i s  s o  h igh ,  t h e  same j e t  w i l l  

exist  with sa l t  i n  t h e  ves se l .  This j e t  does not p e r s i s t  much f a r t h e r  towards 

t h e  v e s s e l  c e n t e r l i n e  when t h e  flow cha rac t e r  becomes gusty but  s t i l l  remains 

tu rbu len t .  From t h i s  v e l o c i t y  p r o f i l e  a hea t  t r a n s f e r  c o e f f i c i e n t  can be 

The f l o w  r a t e  was 

estimated by assuming p a r a l l e l  p l a t e  geometry. The equivalent  diameter 

would be 4 times t h e  d is tance  from t h e  w a l l  t o  t h e  peak ve loc i ty .  

cu l a t ion  with t h e  Dit tus-Boel ter  equation y i e l d s  a hea t  t r a n s f e r  c o e f f i c i e n t  

The ca l -  

2 f o r  f u e l  sa l t  of 540 Btu/hr-f t  -OF. 

Heat t r a n s f e r  c o e f f i c i e n t s  were a l s o  measured with a l o c a l l y  developed 

"heat meter." 

on one su r face  and a thermocouple i n  i t s  i n t e r i o r .  The sur face  opposi te  

Bas i ca l ly ,  it i s  an aluminum cube with a e l e c t r i c  h e a t e r  
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t h e  h e a t e r  i s  then  exposed t o  t h e  f l u i d  stream and mounted f l u s h  with 

t h e  v e s s e l  su r f ace .  The hea t  meter i s  thermal ly  i n s u l a t e d  from t h e  

ves se l  w a l l s .  It i s  i l l u s t r a t e d  and descr ibed  i n  more d e t a i l  i n  Ref. 10.  

By measuring t h e  e l e c t r i c a l  power input  and t h e  temperature d i f f e rence  

between t h e  meter and t h e  f l u i d ,  t h e  hea t  t r a n s f e r  c o e f f i c i e n t  can be  ca l -  

cu la ted .  The technique y i e l d s  a hea t  t r a n s f e r  c o e f f i c i e n t  i n  a thermal  

entrance region and it i s  necessary t o  convert them t o  t h e  "far downstream" 

case .  This can be done with c o r r e l a t i o n s  i n  References 4, 5 and 6 .  In  

add i t ion ,  t h e  measured c o e f f i c i e n t s  must be converted from water t o  s a l t  

with t h e  Dit tus-Boel ter  equat ion.  Heat t r a n s f e r  c o e f f i c i e n t s  were measured 

a t  a rad ius  Of  17  i n .  and 4 i n .  with water  i n  t h e  loop and w e r e  checked 

with water th ickened  with Jaguar  f o r  Reynolds Nurriber s i m i l a r i t y  and found 

equal .  The d a t a ,  a f t e r  be ing  converted t o  t h e  fa r  downstream case and from 

water t o  s a l t ,  are shown i n  Figure 11. Also shown on t h i s  p l o t  i s  t h e  hea t  

t r a n s f e r  c o e f f i c i e n t  as ca l cu la t ed  from t h e  w a l l  j e t .  Note t h a t  t h e  s lope  

of t h e  curve i n d i c a t e s  t u rbu len t  f low, More confidence i s  p laced  i n  t h e  

data at  17 i n .  than  at  4 i n .  because t h e  flow i s  we l l  def ined at t h e  

larger rad ius  and l e s s  def ined and gusty a t  t h e  s h o r t e r  r ad ius .  It i s  ex- 

pec ted  t h a t  t h e  p red ic t ed  values of t hese  hea t  t r a n s f e r  c o e f f i c i e n t s  are 

conservat ive because they  do not includ2khe e f f e c t  of thermal  convection 

which i s  expected t o  con t r ibu te  roughly 100 Btu/hr-ft2ToF t o  t h e  o v e r a l l  

coe f f i  c i e n t  . 
Consideration w a s  given t o  t h e  p o s s i b i l i t y  of a source of nuc lea r  

power o s c i l l a t i o n s  i n  t h e  MSRE core e x i s t i n g  because of f u e l  sho r t  c i r -  

c u i t i n g  i n  t h e  lower head. If a f r a c t i o n  of t h e  f u e l  d i d  s h o r t  c i r c u i t ,  

then  a corresponding amount of fuel  must r e s i d e  a l i t t l e  longer  i n  t h e  

head. This  results i n  t h e  s h o r t  c i r c u i t i n g  f r a c t i o n  e n t e r i n g  t h e  moderator 

and l i t t l e  coo le r  than  t h e  mean and t h e  s h o r t - c i r c u i t e d  f r a c t i o n  e n t e r i n g  

. 

t h e  moderator and a l i t t l e  h o t t e r  than  t h e  mean. Power o s c i l l a t i o n s  result 

because of t h e  f u e l  temperature c o e f f i c i e n t  of r e a c t i v i t y .  Tes ts  were 

conducted on t h e  model by i n j e c t i n g  a conductive s a l i n e  s o l u t i o n  at a 

constant  rate i n t o  t h e  lower head at var ious l o c a t i o n s  and measuring t h e  

o s c i l l a t i o n s  i n  e l e c t r i c a l  conduct iv i ty  at t h e  v e s s e l  o u t l e t .  These measure- 

ments i n d i c a t e  t h a t  t h e  power o s c i l l a t i o n s  o r i g i n a t i n g  from t h i s  mechanism 

should be  we l l  below 0.01% of t h e  mean power. 
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Graphite Moderator A s  s emb l y  

I n  flowing through t h e  r eac to r  moderator assembly, fue l  f irst  passes  

through a moderator support  s t r u c t u r e  and then  through t h e  moderator core  

b locks .  The support  s t r u c t u r e  cons i s t s  of two assemblies ,  t h e  lower of 

which i s  a Hastelloy-N cross  s t r u c t u r e  (Figure 1) which i s  t h e  main support  

s t r u c t u r e  f o r  t h e  graphi te .  Rest ing on t h i s  i s  a g r i d  cons i s t ing  of two 

l a y e r s  of r ec t angu la r  graphi te  b a r s ,  one l a y e r  r e s t i n g  on t h e  o ther  and 

perpendicular  t o  it. 

and ho ld  t h e  graphi te  core b locks ,  and t o  compensate f o r  a d i f f e rence  i n  

thermal expansion between t h e  Hastel loy N and graphi te .  

square passages i n  t h e  graphi te  g r i d  are s m a l l  and t h e  f u e l  v e l o c i t y  i s  

high (approx. 4 1 / 2  f t / s e c )  , and the re fo re  i t s  pressure  drop i s  h igh .  

Comparatively , t h e  sa l t  ve loc i ty  through t h e  bulk moderator f u e l  channels 

i s  low (approx. 0 .7  f t / s e c )  and i t s  pressure  drop i s  low. 

The purpose of t h e  graphi te  assembly i s  t o  p o s i t i o n  

The r e s u l t i n g  

Figure 12  shows t h e  experimentally determined head lo s s  across  t h e  I moder- 

a t o r  assembly as measured i n  t h e  model. A s m a l l  co r r ec t ion  has  been app l i ed  

t o  t h i s  d a t a  t o  account f o r  s m a l l  ho l e s  d r i l l e d  through t h e  support  g r i d  

of t h e  MSRE, as w i l l  be discussed l a t e r  i n  t h i s  s ec t ion .  Also  shown i n  

t h i s  f i gu re  i s  t h e  head l o s s  across  t h e  support  g r i d  as measured i n  a 

sepa ra t e  model made f o r  t h i s  purpose.  The d i f f e rence  between t h e s e  curves i s  

t h e  head lo s s  i n  t h e  moderator channels themselves inc luding  en t rance  and 

ex i t  l o s s e s .  For t h e s e  t e s t s  , t h e  loop was f i l l e d  with water. Note t h a t  

t h e  s lope  of t h e  curves i n  Figure 12 i s  2 .0  as would be expected s ince  

t h e  Reynolds Number wi th  water i s  over 4000 i n  t h e  fuel  channels and t h e  

bulk of t h e  head loss i s  due t o  form l o s s e s  i n  t h e  graphi te  g r id .  With 

fUel sal€ t h e  bulk of t h e  head l o s s  would s t i l l  be from form l o s s e s .  The 

Reynolds Number i n  t h e  f u e l  channels would be approximately 1000 so  t h e  

flow c h a r a c t e r  would t h e o r e t i c a l l y  be laminar ,  however, much of t h e  tur- 

bulence generated by f u e l  pass ing  through t h e  to r tuous  i n l e t  conf igura t ion  

would p e r s i s t  through t h e  f u e l  channels.  A s  a r e s u l t  one might expect a 

very s l i g h t l y  lower s lope  t o  t h e  curves i n  Figure 12  with f u e l  sa l t  i n  t h e  

sys  tem. 

A s  po in ted  o u t ,  t h e  bulk of  t h e  pressure  drop through t h e  moderator 

assembly i s  due t o  t h e  gpaphit@ g r i d .  There i s  a l s o  very l i t t l e  room for 

cross  flow i n  t h e  space between t h e  g raph i t e  g r i d  and t h e  en t rance  t o  t h e  
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f u e l  channels.  Therefore t h e  uniformity of flow d i s t r i b u t i o n  across  

t h e  moderator assembly i s  con t ro l l ed  t o  a l a r g e  ex ten t  by t h e  uniformity 

of flow through t h e  o r i f i c e s  i n  t h e  graphi te  g r i d .  The flow d i s t r i b u t i o n  

among t h e  core fue l  channels w a s  experimental ly  measured by two d i f f e r e n t  

techniques .  

amount of e l e c t r i c a l l y  conductive sa l t  s o l u t i o n  i n t o  t h e  water  flowing i n  

a fue l  channel and measure t h e  t i m e  requi red  t o  pass  two conduct ivi ty  

probes a given d is tance  a p a r t .  The device used cons is ted  of a length  of 

1/4 i n .  t ub ing  blanked o f f  on t h e  end, and a small hole  d r i l l e d  i n t o  t h e  

s i d e  where t h e  s a l t  so lu t ion  w a s  i n j e c t e d .  The tub ing  w a s  i n s e r t e d  down 

i n t o  a f u e l  channel about 6 i n .  from t h e  t o p .  

w a s  a v a i l a b l e  through t h e  viewing p o r t s  i n  t h e  upper head of  t h e  ves se l .  

The assembly w a s  made t o  r e a d i l y  s l i p  i n t o  and out of t h e  f u e l  channels ,  

and was s m a l l  enough i n  cross  sec t ion  s o  t h a t  i t s  presence would not  s ig -  

n i f i c a n t l y  change t h e  flow r a t e .  The conduct iv i ty  probes were about 3 i n .  

apa r t  and about 2 i n .  up from t h e  i n j e c t i o n  hole .  The device w a s  c a l i b r a t e d  

i n  a s p e c i a l  t e s t  f ix ture .  The flow rate w a s  measured i n  77 more or l e s s  

randomly chosen passages and t h e  da t a  appear i n  Figure 13 as a funct ion of t h e  

core  r ad ius .  Note f irst  t h a t  2 s epa ra t e  regions are present  which r ep resen t s  

channels t h a t  are mutually perpendicular  t o  each o the r .  These regions are 

cha rac t e r i zed  by d i f f e r e n t  i n l e t  conf igura t ions  because of t h e i r  p o s i t i o n  

over  t h e  g raph i t e  g r id .  A plan view of t h e  g raph i t e  g r i d  with t h e  p o s i t i o n  

of t h e  fuel  channels superimposed i s  inc luded  i n  t h e  f i g u r e .  A s epa ra t e  

p l a s t i c  model w a s  b u i l t  of a few adjacent  m e 1  channels with t h e  graphi te  

g r i d  s imula ted  t o  i n v e s t i g a t e  methods of c o r r e c t i n g  t h i s  problem. Based 

on t h e s e  t e s t s ,  it w a s  determined t h a t  0.104 i n .  holes  (no. 37 d r i l l )  

d r i l l e d  through t h e  upper graphi te  g r i d  b a r  and d i r e c t l y  under t h e  s t a r v e d  

channel would e q u i l i b r a t e  t h e  flows. A t y p i c a l  l oca t ion  of one of t h e s e  

holes  i s  shown i n  Figure 13. Note a l s o  from t h i s  f i g u r e  t h a t  t h e  flow r a t e  

decreases s l i g h t l y  with inc reas ing  r ad ius .  This w a s  expected and i s  due 

t o  t h e  r a d i a l  p re s su re  grad ien t  i n  t h e  lower head as d iscussed  e a r l i e r  

( s e e  Figure 9 ) .  Actual ly  t h i s  flow d i s t r i b u t i o n  i s  b e n e f i c i a l  because 

t h e  flow rate  i s  h ighes t  where t h e  power dens i ty  i s  h i g h e s t ,  r e s u l t i n g  

i n  a b e t t e r  thermal  u t i l i z a t i o n  of t h e  f u e l .  

r e a c t o r ,  f o r  i n s t ance ,  one would s t r i v e  t o  match t h e  flow d i s t r i b u t i o n  

The most success fu l  technique was t o  simply i n j e c t  a s m a l l  

Access t o  t h e  f u e l  channels 

I n  a l a r g e  power producing 

k 

. 
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with t h e  power d i s t r i b u t i o n  so  t h a t  t h e  fuel  o u t l e t  temperature across  

t h e  core would be approximately equal .  L a s t l y  no te  from Figure 13, t h e  

r a t h e r  l a r g e  s c a t t e r  of d a t a  p o i n t s  around t h e  least  square l i n e s .  This 

i s  a r e s u l t  of i nhe ren t  i naccurac i e s  i n  t h e  flow instrument and a l s o  

because of  t o l e r a n c e s  i n  t h e  o r i f i c e s  formed by t h e  g raph i t e  g r i d .  Reca l l  

t h a t  t h e  flow d i s t r i b u t i o n  through t h e  moderator i s  c o n t r o l l e d  by t h e s e  

o r i f i c e s  because t h e i r  p re s su re  drop i s  high and c ross  flow above them t o  

l e v e l  out p o s s i b l e  pe r tuba t ions  i s  low. The t o l e r a n c e s  i n  making t h e  

model were normally double t h o s e  of  t h e  r e a c t o r ,  s o  t h a t  a g r e a t e r  v a r i a t i o n  

i n  o r i f i c e  width w a s  expected. The nominal o r i f i c e  width i s  0.375 i n .  I n  

t h e  model w e  measured t h e s e  o r i f i c e  widths with go nogo gages as high 

as 0.400 i n .  and as low as 0.350 i n .  Est imates  i n d i c a t e  t h a t  t h i s  v a r i a t i o n  

i s  enough t o  account f o r  a l a r g e  f r a c t i o n  of t h e  s c a t t e r  i n  Figure 13. 

It w a s  t h e r e f o r e  concluded t h a t  t h e  l a r g e  s c a t t e r  i n  flow d i s t r i b u t i o n  ex- 
per ienced i n  t h e  model w i l l  not  be present  i n  t h e  r e a c t o r .  

The second technique used t o  measure flow rates through t h e  moderator 

channels w a s  t o  i n s t a l l  p re s su re  t a p s  i n  t h e  aluminum core blocks and 

measure t h e  p re s su re  drop. Pressure t a p s  were i n s t a l l e d  on 2 s i d e s  o f  9 
core blocks y i e l d i n g  information on 18 f u e l  channels.  

c a l i b r a t e d  be fo re  i n s t a l l a t i o n  i n  t h e  model. Data from t h i s  technique 

w a s  c o n s i s t e n t  with da t e  obtained from t h e  s a l t  i n j e c t i o n  technique , although 

with more s c a t t e r .  The d a t a  p o i n t s  a t  t h e  extreme rad ius  of  t h e  moderator 

are shown as squares  i n  Figure 13. They r ep resen t  t h e  flow r a t e  between 

t h e  g raph i t e  moderator and r e a c t o r  core  can. The u n i t s  are given as gpm which 

i s  misleading,  because t h e  hydrau l i c  parameters ( e .g .  , c ross  s e c t i o n a l  flow 

area) i n  t h i s  flow region are no t  a c c u r a t e l y  known. To be s p e c i f i c  t h i s  i s  

t h e  flow rate corresponding t o  t h e  measured p res su re  drop i n  a s t a n d a r d  

f u e l  channel. The s i g n i f i c a n t  observat ion is  t h a t  t h e s e  d a t a  p o i n t s  f a l l  

more or less  on an extension of  t h e  least  squares  l i n e .  

The core blocks were 

I n  t h e  E R E  and i n  t h e  model, t h e  regular p a t t e r n  of t h e  g raph i t e  

support  g r i d  i s  discont inued n e a r  t h e  c e n t e r l i n e  o f  t h e  core  where t h e  

c o n t r o l  rods and t h e  s u r v e i l l a n c e  speciment h o l d e r  are l o c a t e d .  This allows 

g r e a t e r  s a l t  v e l o c i t i e s  p a s t  t h e s e  components f o r  cool ing.  A s  noted 

p rev ious ly  however, t h e  c o n t r o l  rods and specimen ho lde r  were not  s imulated 

i n  t h e  model. I n s t e a d ,  t h e  r e g u l a r  p a t t e r n  of core blocks w a s  continued 

_- 

t 
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throughout t h i s  region.  

d i r e c t l y  a f f e c t e d  and a f e w  more were i n d i r e c t l y  a f f e c t e d  by t h e  discon- 

t i nued  support  g r id .  The average flow rate measured through these  channels 

by t h e  conduct ivi ty  probe technique w a s  2 .3  gpm. Two values  measured i n  

t h i s  region by t h e  c a l i b r a t e d  f u e l  channel technique were 3.6 and 3.7 gpm. 

F lu id  v e l o c i t i e s  i n  u n i t s  of f t / s e c  would be  about t h e  same i f  con t ro l  

rods and t h e  su rve i l l ance  specimen ho lde r  were p re sen t .  This i s  more than  

adequate f o r  cool ing s o  no attempt w a s  made t o  reso lve  t h e  d i f f e rence  i n  flow 

rate measured by t h e  two d i f f e r e n t  techniques.  

I n  t h e  model, about 16 regular  fue l  channels were 

A suggested scheme f o r  core power o s c i l l a t i o n s  i s  due t o  changes i n  

t h e  cha rac t e r  of flow i n  t h e  centermost 16 f u e l  channels.  

Number of  t h e s e  channels i s  i n  t h e  order  of 3000 and i s  the re fo re  i n  t h e  

t r a n s i t i o n a l  region.  It was specula ted  t h a t  t h e  cha rac t e r  of flow could 

o s c i l l a t e  from laminar  t o  tu rbu len t  between p a r a l l e l  channels.  To t e s t  

t h i s  hypothes is ,  a flow v i s u a l i z a t i o n  s tudy was made us ing  an o p t i c a l l y  

b i r e f r i n g e n t  so lu t ion  of  Mi l l i ng  Yellow dye i n  water .  An almost f u l l  

s c a l e  model of  4 p a r a l l e l  fuel  channels with i n l e t  condi t ions similar 

t o  t h e  r e a c t o r  w a s  b u i l t  from t r anspa ren t  p l a s t i c s .  With two mutually 

perpendicular  po la r i zed  p l a t e s ,  w e  were ab le  t o  observe c l e a r l y  t h e  

t r a n s i t i o n  between laminar and tu rbu len t  flow. The t r a n s i t i o n  w a s  smooth 

and cont inuous,  and no o s c i l l a t o r y  ac t ion  could be de tec ted  e i t h e r  i n  a 

s i n g l e  channel or between channels t h a t  could be regarded as s i g n i f i c a n t .  

The Reynolds 

Many d e t a i l e d  temperature d i s t r i b u t i o n  ca l cu la t ions  have been made 

f o r  t h e  MSRE core based on t h e  results presented  i n  t h i s  r e p o r t .  Resul t s  

of  t h e s e  analyses  are presented  i n  Refs. 8 and 9 and w i l l  not  be presented  

he re .  

Reactor Vessel U n e r  Head 

Y 

The r e a c t o r  ves se l  upper plenum i s  similar t o  t h e  lower plenum i n  

t h a t  it i s  formed from a s tandard  ASME f langed and dished head. The fuel 

e n t e r s  t h e  upper head uniformly across  t h e  diameter from t h e  moderator f u e l  

channels.  The f u e l  then  moves r a d i a l l y  t o  t h e  cen te r  and leaves t h e  core  

through a 1 0  i n .  o u t l e t  p ipe .  The model showed no tendency of t h e  water t o  

vo r t ex  i n t o  t h e  o u t l e t  p ipe .  A f t e r  t h e  model w a s  b u i l t ,  a s t r a i n e r  s t r u c t u r e  

(Figure 1) w a s  added t o  t h e  r e a c t o r  o u t l e t  design which pene t r a t ed  down 

i n t o  t h e  upper plenum. 

f l o a t s  i n  fuel  s a l t )  should they  break loose  from t h e  moderator. 

I t s  purpose w a s  t o  catch graphi te  chips  (g raph i t e  

This 



26 

device w a s  not i n s t a l l e d  i n  t h e  model bu t  it would not be expected t o  

inf luence  t h e  flow s i g n i f i c a n t l y .  

Veloci ty  p r o f i l e s  i n  t h e  model were determined i n  t h e  upper head by a 

f l u i d  age technique.  E l e c t r i c a l l y  conductive sa l t  so lu t ions  were i n j e c t e d  

as a s t e p  funct ion at t h e  core i n l e t .  Conductivity probes were p laced  at 

s e l e c t e d  loca t ions  i n  t h e  upper head presumably along t h e  f l u i d  s t reaml ines .  

By measuring t h e  t ime requi red  for t h e s e  conductive pulses  t o  pass  between 

t h e  probes,  t h e  average ve loc i ty  between t h e  probes can be ca l cu la t ed .  

There a re ,  of course ,  inaccurac ies  i n  t h e  ca l cu la t ion  because they  assume 

knowledge of t h e  s t reaml ines  and they  neg lec t  l a t e r a l  mixing between 

s t reaml ines .  Veloci ty  p r o f i l e s  es t imated  by t h i s  technique appear i n  

Figure 1 4 .  
(see ske tch )  as a func t ion  of d i s tance  from t h e  ves se l  w a l l ,  assuming t h a t  

t h e  s t reaml ines  were p a r a l l e l  t o  t h e  w a l l .  A t  t h e  r a t e d  flow rate 

(1200 gpm), t h e  Reynolds Number i n  t h e  upper head i s  high f o r  bo th  water  

and f u e l  sa l t  and t h e  flow i s  t u r b u l e n t .  Heat t r a n s f e r  c o e f f i c i e n t s  

t o  t h e  ves se l  w a l l s  can t h e r e f o r e  be es t imated  with Dit tus-Boel ter  type  

equat ions .  Assuming p a r a l l e l  p l a t e  geometry where t h e  equiva len t  diameter 

i s  twice t h e  channel width,  t h e  es t imated  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  a 

l i t t l e  over  100 Btu/hr-ft2-'F neg lec t ing  thermal convection. This value 

has been genera l ly  confirmed with hea t  meter measurements taken  at  approxi- 

mately t h e  same l o c a t i o n .  The ca l cu la t ion  i s  assumed conservat ive because 

the  e n t i r e  upper head would be a thermal  en t rance  region (low l ength /d iameter  

r a t i o ) .  

t ransfer  c o e f f i c i e n t  bu t  t h e  hea t  generat ion i n  t h e  MSRE v e s s e l  w a l l  i n  

t h i s  region i s  very low. I n  add i t ion ,  some s m a l l  channels have been mi l l ed  

i n  t h e  MSRE core support  f lange  t o  a l low a s m a l l  flow of cool  f u e l  t o  s h o r t  

c i r c u i t  d i r e c t l y  from t h e  core w a l l  cool ing  annulus t o  t h i s  region of t h e  

upper head. The flow rate i n  t h i s  c i r c u i t  has been es t imated  t o  be between 

25 and 50 gpm depending on c e r t a i n  manufacturing and assembly t o l e r a n c e s .  

Estimated temperatures  i n  t h i s  region are presented  i n  Reference 9 .  

P l o t t e d  i s  t h e  average ve loc i ty  between t h e  probes i n d i c a t e d  

The region nea r  t h e  knee of t h e  upper head w i l l  have a lower hea t  

Miscellaneous Measurements 

The o v e r a l l  head loss through t h e  core vessel from t h e  5 i n .  i n l e t  
l i n e  t o  t h e  5 i n .  o u t l e t  l i n e  w a s  measured and i s  shown i n  Figure 15 .  The 

curve has a s lope  of 2.0 i n d i c a t i n g  t h a t  t h e  head loss i s  p r imar i ly  due t o  
form drag as expected,  and very l i t t l e  due t o  s k i n  f r i c t i o n .  



27 

2.5 - 
h 

%z 2.0 
.r 
v 

1 

3 

r 0 

2 1.5 

z 1.0 , 

W 
V z 

co 
5 0.5 

n 
w 

0 

'ORNL-DWG 70-1 1791 

MEAN VELOCITY BETWEEN UH2 AND UH3 
I 

600 gpm 1200 gpm 
I \  

\300 gpm 
$ 

(GUSTY FLOW) I \  I 
i I 

I I 
I I 

PROBE LOCATIONS 

I MODERATOR CORE BLOCKS I 
2.5 

h MEAN VELOCITY BETWEEN U H 1  AND UH2 
.- L 2.0 J I I I  I 

v 
~~ ~ ~~~ 

0 0.1 0 . 2  0 .3  0 .4  0.5 0.6 0.7 

MEAN VELOCITY (ft/sec) 

-0.79 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

MEAN VELOCITY (ft/sec) 

FIGURF: 14. FLUID VELOCITY PROFILES IN REACTOR VESSEL UPPER HEAD 



ORNL - DWG 64-6720A1 
20 

h 

73 
3 
7 10 

m 8  

+ 
Le u 

m 
0 
l 6  
n a 

A 4  a 
0 
o 

a 2  

W 
I 

z 
I- 

LT 
LL 

3 
A 
LL 

4 

10,000 100 200 500 1000 2000 5000 

FLOW RATE (gpm) 

FIGURE 15 .  OVERALL 'FLUID HEAD LOSS ACROSS MSRE CORE 
FROM 5 I N C H  I N L E T  PIPE T O  5 I N C H  OUTLET PIPE 

. 



'7 

3 

Experiments were conducted t o  o b t a i n  information on t h e  behavior  

of heavy s o l i d  p a r t i c l e s  i n  t h e  f u e l  s a l t .  The quest ion a rose  because 

if s u f f i c i e n t  oxygen o r  water  vapor come i n  contact  with f u e l  s a l t ,  z i r -  

conium oxide would p r e c i p i t a t e .  

t o  prevent t h i s ,  and indeed it never d i d  happen. 

t h e  design s t a g e  it w a s  d e s i r a b l e  t o  know t h e  d i s p o s i t i o n  of heavy s o l i d  

p a r t i c l e s  should they  occur.  

t o  s e t t l e  out i s  i n  t h e  lower head of t h e  r e a c t o r .  This i s  a l s o  one of 

t h e  more c r i t i c a l  areas  because they  could p o t e n t i a l l y  develop i n t o  a 

s i g n i f i c a n t  h e a t  source on t h e  primary containment s u r f a c e .  There was 

a l s o  concern t h a t  i f  enough p a r t i c l e s  developed, t h e y  may p lug  up t h e  d r a i n  

l i n e  conf igu ra t ion .  

A considerable  e f f o r t  w a s  made i n  t h e  MSRE 

Nevertheless ,  during 

One of t h e  most l i k e l y  p l aces  f o r  p a r t i c l e s  

The experiments cons i s t ed  of adding 2 or 3 pounds of  s i z e d  i r o n  

f i l i n g s  t o  t h e  water a t  t h e  core i n l e t  while t h e  pump w a s  running. 

were added slowly over  a s p e c i f i e d  pe r iod  o f  t ime ,  gene ra l ly  about 

20 minutes. 

add i t ion  or l e f t  running f o r  an a d d i t i o n a l  p e r i o d  up t o  8 hours .  

They 

The pump w a s  t hen  tu rned  o f f  e i t h e r  immediately af ter  t h e  

After t h e  

pump was tu rned  o f f ,  t h e  loop was drained and t h e  quan t i ty  of s o l i d s  t h a t  re- 

mained i n  t h e  r e a c t o r  vessel lower head w a s  determined. The s o l i d s  passed 

through t h e  core only once because downstream of  t h e  core  model w a s  t h e  

5400 ga l lon  surge tank i n  which t h e  p a r t i c l e s  would most c e r t a i n l y  s e t t l e  

o u t .  A l l  d a t a  were taken at 1200 gpm, mostly with w a t e r  bu t  some runs 

with th i cken ing  agent added f o r  Reynolds Number s imulat ion.  A summary 

of t h e  d a t a  i s  shown i n  Figure 1 6 .  
seems t o  be  c r i t i c a l ,  t h a t  i s ,  p a r t i c l e s  l a r g e r  t han  t h i s  s e t t l e d  out  i n  

s i g n i f i c a n t  q u a n t i t i e s ,  and p a r t i c l e s  smaller than t h i s  passed through t h e  

system. 

seems t o  have some a b i l i t y  t o  re-suspend p a r t i c l e s  l e s s  t han  300 microns 

i n  s i z e  i f  t h e  pump i s  kept running a f te r  t h e  a d d i t i o n  phase.  The s o l i d s  

t h a t  d id  deposi t  i n  t h e  lower head had t h e  appearance o f  an annular  r i n g  

around t h e  d r a i n  p ipe  b u t  d i d  not  touch it. I n  no case was s i g n i f i c a n t  

q u a n t i t i e s  o f  s o l i d s  found i n  t h e  1 1 / 2  i n .  d r a i n  p ipe .  Because of t h e  

way t h e  model w a s  b u i l t ,  it was not  p o s s i b l e  t o  check t h e  1 / 2  i n .  emergency 

d ra in  tube  a f t e r  each run. After a l l  runs were completed, however, t h i s  

t ube  w a s  examined and no p a r t i c l e s  were found i n  it. After a l l  t h e  runs 

A p a r t i c l e  diameter of 200-300 microns 

The gusty na tu re  of  t h e  flow around t h e  d r a i n  l i n e  assembly a l s o  
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T I M E  % OF ADDED 
NOM I NAL INTERNAL PUMP RUN S O L I D S  THAT 

MESH LOOP USED T I M E  AFTER LOOP WERE RECOVERED 
S I Z E  OF SCREEN L I Q U I D  TO ADD S O L I D S  WERE FLOW WT S O L I D S  FROM VESSEL 

I R O N  APERTURE V I S C O S I T Y  S O L I D S  ADDED RATE ADDED LOWER LEAD 
F I L I N G S  (microns) ( l b / f t  hr) (min) (hr) (gpm) ( I b )  

100 147 2.0 120 0 1180 3 %O% 

40 370 2.0 120 0 1180 3 45% 
20 833 2.0 120 0 1180 3 55% 

150 104 2.0 35 0 1180 3 9% 
150 104 2.0 32 8 1180 3 0% 

60 248 2.0 20 0 1180 3 61 % 
60 248 2.0 20 8 1180 3 55% 

150 104 2.0 20 0 1180 3 5.6% 
50-30 290-490 9 1/2* 20 0 1180 2 56% 
50-30 290-490 9 1/2* 20 8 1180 2 44% 
50-100 290-147 9 1/2*  20 0 1180 2 30% 
50-100 290-147 9 1/2* 20 7 1180 2 0% 

* 
T H I C K E N I N G  AGENT ADDED TO WATER FOR REYNOLDS NUMBER S I M U L A T I O N  

F I G U R E  16 .  SUMMARY O F  S O L I D S  A D D I T I O N  DATA 
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were completed, t h e  t o p  head 

found t h a t  a l a rge  amount of  

t h e  t o p  of  t h e  core blocks.  

was removed from t h e  ves se l  and it w a s  

f i l i n g s  had s e t t l e d  f a i r l y  uniformly on 

They had r u s t e d  t o g e t h e r ,  otherwise,  a 

l a rge  f r a c t i o n  of them may have f a l l e n  back down i n t o  t h e  f u e l  channels 

when t h e  pump w a s  stopped. Note t h a t  t h e  t o p  of t h e  core blocks i s  i n  

t h e  shape of a pyramid (Figure 2 ) .  Calculat ions have been made for t h e  

E R E  t o  determine t h e  e f f e c t  of p r e c i p i t a t e d  fuel p a r t i c l e s  on t h e  con- 

tainment w a l l  temperature  near  t h e  d ra in  p ipe .  They are not s e r ious  and 

some of t h e  r e s u l t s  a r e  repor ted  i n  Reference 9 .  
Experiments were performed t o  determine t h e  behavior of gas bubbles 

i n  t h e  core .  

i n l e t .  

cool ing annulus and e s s e n t i a l l y  none shor t  c i r c u i t e d  through t h e  s l o t s  i n  

Bubbles between 1/8 and 1/4 i n .  were i n j e c t e d  i n t o  t h e  core  

A t  1200 gpm v i r t u a l l y  a l l  t h e  bubbles went down t h e  core w a l l  

t h e  core support  f lange t o  t h e  upper head. I n  con t r a s t  t o  t h i s ,  a t  about 

350 gpm, a l l  t h e  bubbles went through t h e  core support  f lange  s l o t s  and 

none went down t h e  core w a l l  cool ing annulus.  The bubbles i n j e c t e d  at t h i s  

lower flow rate were considerably l a r g e r ,  however, than  a t  t h e  h ighe r  flow 

rate .  A t  1200 gpm, no pockets could be noted anywhere i n  t h e  core  v e s s e l  

where bubbles tended t o  accumulate. In  t h e  MSRE, bubbles i n  t h e  f u e l  loop 

t h a t  have been generated by t h e  xenon s t r i p p e r  spray r i n g  are es t imated  

t o  be i n  t h e  order  of 0.010 i n .  Cer ta in ly  they  w i l l  t r a v e l  with t h e  sa l t  

at  1200 gpm and not accumulate i n  pockets or s h o r t  c i r c u i t  through t h e  

core support  f lange .  

EXPERIENCE FJITH THE MSRE 

A b r i e f  s m a r y  of  t h e  MSRE opera t ing  h i s t o r y  i s  as fol lows:  

F i r s t  c r i t i c a l i t y  - June 1, 1965 
Nuclear opera t ion  te rmina ted  - Dec. 1 2 ,  1969 
Time r e a c t o r  w a s  c r i t i c a l  - 17,655 hours 

Nuclear hea t  production - 13,172 equivalent  f u l l  power hours 

S a l t  c i r c u l a t i n g  i n  f u e l  loop - 21,788 hours .  
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There were no d i r e c t  f l u i d  measuring probes of any k ind  ( v e l o c i t y ,  

p ressure  drop, e t c . )  i n s t a l l e d  i n  t h e  MSRE core .  

an i n f e r r e d  quan t i ty  from measured AT'S i n  t h e  f u e l  and coolant loop and t h e  

coolant s a l t  flow rate from a ven tu r i .  The only instrumentat ion t h a t  could 

y i e l d  f l u i d  dynamic performance information i n  t h e  core w a s  64 thermocouples 

spo t t ed  at var ious loca t ions  on t h e  ou t s ide  of  t h e  core ves se l  (not  i n  

w e l l s ) .  These thermocouples y i e l d e d  no ind ica t ions  of any adverse condi t ions 

i n s i d e  t h e  core .  Another r a t h e r  i n d i r e c t  source of  information would be by 

t h e  r e a c t i v i t y  ba lance ,  which w a s  kept i n  d e t a i l  f o r  t h i s  r e a c t o r  because 

Even t h e  flow r a t e  w a s  

of i t s  experimental  na tu re .  Again, no e f f e c t s  were noted t h a t  could be 

a t t r i b u t e d  t o  f l u i d  dynamics i n  t h e  core .  The conclusion then  i s  t h a t ,  

based on l ack  of evidence t o  t h e  con t r a ry ,  t h e  MSRE core d i d  behave as 

w a s  expected from t e s t i n g  t h e  model. It should be noted however, t h a t  

because of t h e  conservat ive design of t h e  core ,  a r a t h e r  l a r g e  malfunction 

would have been necessary i n  o rde r  t o  see  it with ava i l ab le  ins t rumenta t ion .  
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4 .  

5 .  

6 .  

7 .  

8. 

REFERENCES 

Robertson, R .  C . ,  MSRE Design and Operations Report ,  P a r t  I ,  Descrip- 
t i o n  of t h e  Reactor Design, USAEC Report ORNL-TM-728, January 1965. 

E n t i r e  I ssue  of Nuclear Applicat ions and Technology, Vol. 8 ,  No. 2 ,  
February 1970. 

Molten-Salt Reactor Program Semiannual Progress  Report f o r  Per iod  
Ending July 31, 1964, USAEC Report ORNL-3708, November 1964. 

Aladyev, I. T . ,  Experimental Determination of Local and Mean Coeff ic ien ts  
of Heat Transfer  f o r  Turbulent Flow i n  P ipes ,  Tech. Memo 1356, NACA. 

Sparrow, E .  M . ,  e t  a l . ,  Turbulent Heat Transfer  i n  a Thermal Entrance 
Region of a Pipe with Uniform Heat Flux,  Appl. Sci  . R e s . ,  Sec. A ,  
VOl. 7. 

Abbrecht, P. H . ,  The Thermal Entrance Region i n  Ful ly  Developed 
Turbulent Flow, AIChE Journa l ,  Vol. 6 ,  No. 2 ,  June 1960. 

Lindauer,  R .  B . ,  Revisions t o  MSRE Design Data Shee t s ,  I s s u e  No. 9 ,  
ORNL Publ ic  at  i on ORNL- CF-6 4-6 -4 3, June 24,  1964, I n t e r n a l  D i s t r ibu t ion  
Only a 

Engel,  J .  R.  and Haubenreich, P. N . ,  Temperatures i n  t h e  MSRE Core 
During Steady-State Power Operat ion,  USAEC Report ORNL-TM-378, 
November 5 ,  1962, 



33 

9.  B e t t i s  E. S .  e t  a l .  MSRE Component Design Report ORNL Report 
MSR-61-67 June 20 1961 I n t e r n a l  D i s t r i b u t i o n  Only. 

1 0 .  Mott , J .  E.  Hydrodynamic and Heat T rans fe r  Tests of  a F u l l  Sca le  
Re-Entrant Core ORNL Pub l i ca t ion  ORNL-CF-58-8-54 Aug. 8 1958 
I n t e r n a l  D i s t r i b u t i o n  Only. 





35 

INTERNAL DISTRIBUTION 

.. . 

1.-3. 
4 .  
5 .  
6 .  
7. 
8. 
9 .  
10. 
11. 
12.  
13. 
1 4 .  
1 5 .  
16. 
17. 
18. 
19 .  
20. 
21. 
22. 
23. 
24. 
25. 

27. 

29. 
30 - 
31. 
32. 
33. 
34. 

26. 

28. 

35. 
36 
37. 
38. 
39. 
40. 
41 .  
42. 
43. 
44. 

45 .-48. 
49 * 
50. 
51. 
52. 
53. 
54 .  
55 

MSRP D i r e c t o r ' s  Off ice  56. M. I .  Lundin 
J .  L .  Anderson 57. R .  N .  Lyon 
H. F. Bauman 58. H. G.  MacPherson 
S. E. Beall 59. R .  E.  MacPherson 
H.  R .  Beatty 60. C .  D. Martin 
M. J .  B e l l  61. H .  E .  McCoy 
M. Bender 62. D .  L.  McElroy 
E. S.  B e t t i s  63. C .  K .  McGlothlan 
R .  E .  Blanco 64. H.  A .  McLain 
F. F. Blankenship 65. J .  R .  McWherter 
R .  Blumberg 66. R .  L .  Moore 
E. G .  Bohlmann 67. E. L .  Nicholson 
H.  I .  Bowers 68. A. M. Per ry  
G. E.  Boyd 69. T .  W .  P i cke l  
R .  B. Briggs 70. M. Richardson 
0. W. Burke 71. R .  C .  Robertson 
D .  W. Cardwell 72. J. P. Sanders 
W. L. Carter 73.-76. Dunlap Sco t t  
J. E.  Caton 77. J .  L.  S c o t t  
C .  W. Col l ins  78. M. J .  Skinner 
W. H ,  Cook 79. A. N .  Smith 
J. W. Cooke 80. 0. L. Smith 
J .  L. Crowley 81. I. Spiewak 
F. L .  Culler 82. H .  H .  Stone 
W. P. Ea ther ly  83. R .  D.  S t u l t i n g  
J .  R .  Engel 84. J .  R.  Tallackson 
D.  E.  Ferguson 85. R .  E.  Thoma 
A .  P. Fraas  86. D.  B. Trauger 
J .  H .  Frye 87. H. L.  Watts 
W. K .  Furlong 88. A.  M.  Weinberg 
C .  H .  Gabbard 89. J .  R .  Weir 
W. R .  G r i m e s  90.  M. E.  Whatley 
A. G .  Gr inde l l  91. J .  C .  White 
R .  H .  Guymon 92. R .  P. Wichner 
P.  H. Harley 93. L. V. Wilson 
W. 0. Harms 94. Gale Young 
P. N .  Haubenreich 95.  H .  C .  Young 
R.  E .  Helms 96 .-97. Cen t ra l  Research Library 
H. W. Hoffman 98.-99. Document Reference Sec t ion  
P. P.  Holz 100 .-102. Laboratory Records 
W .  R .  Huntley 10 3. Laboratory Records ( R C  
P. R .  Kasten 
R.  J .  K e d l  
M. T .  Kelley 
M. J .  Kelly 
J .  J .  Keyes 
S. S. Kirslis  
A. I .  Krakoviak 
T .  S. Kress 
R .  B. Lindauer 



EXTERNAL DISTRIBUTION 

104.-105. D .  F. Cope, AEC-OR0 
106.  David E l i a s  , AEC-Washington 
107. K e r m i t  Laughon, AEC-OSR 
108. C .  L .  Matthews , AEC-OSR 

111. D. R.  R i l ey ,  AEC-Washington 

113. J .  J .  Shre ibe r  , AEC-Washington 
114 R .  M. Scroggins ,  AEC-Washington 
115 .  M. Shaw, AEC-Washington 
116.  M. J .  Whitman, AEC-Washington 

l o 9  .-110. T .  W. McIntosh, AEC-Washington 

112.  H.  M. Roth, AEC-OR0 

117.-131. Divis ion  of Technical  Information Extension ( D T I E )  


