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Symbols 

A 

A~ 

Descriptions 

Are a 

Shell-side flow area 

Specific heat 

Dimensions 

in 
2 

0 
Correction factor for bend other than 90 - - 

0 
Loss coefficient for a 90 bend - - 

Diameter inch 

Equivalent diameter inch 

Friction factor 

Gravitational acceleration 

Mass velocity 

Heat transfer coefficient 

Measured manometer height 

Velocity head 

Thermal conductivity 

Loss coefficient 

Length 

Nusselt number h ~ / k  

Prandtl number, e p / k  
P 

Reynolds number, P ' S B / ~  

p s i  

~tu/hr-f t-OF 

- - 

inch 

- - 

v i i  



Nomenclature ( c o n t P d )  

S u b s c r i p t s  

A 

i 

NaK 

D e s c r i p t i o n s  

P r e s s u r e  d r o p  

Heat f l u x  

Heat l o a d  

Thermal r e s i s t a n c e  

Temperature 

Log-mean t e m p e r a t u r e  d i f f e r e n c e  

O v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  

Average v e l o c i t y  

Flow r a t e  

D e n s i t y  

V i s c o s i t y  

Eddy d i f f u s i v i t y  f o r  momentum t r a n s f e r  

Kinematic v i s c o s i t y  

F u n c t i o n  d e f i n e d  i n  e q u a t i o n  (14) 

A u x i l i a r y  f low 

Annulus 

I n s i d e ,  i n l e t  

NaK f low,  s t a t i c  NaK Layer 

O u t l e t ,  o u t s i d e  

Primary f low 

S h e l l - s i d e , f l o w ,  s h e l l  

S t a i n l e s s  t u b e  

Tube-s ide  flow, Tube 

w a l l  

viii 
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Analysis  and des ign  was pe r fomed  f o r  t h e  SNAP-8 a u x i l i a r y  loop 

hea t  exchanger. The h e a t  exchanger w i l l  t r a n s f e r  100 KWt and ope ra t e  

a t  a maximum temperature  of 1300°F. A s h e l l  s i d e  p re s su re  drop of 0.27 

p s i  was achieved as a r e s u l t  of s h e l l  s i d e  flow model tests. The des ign  

inco rpo ra t e s  a double containment f e a t u r e  such t h a t  no s i n g l e  contain-  

ment w a l l  f a i l u r e  w i l l  permit mixing of t h e  flowing NaK st reams.  

Two pro to type  h e a t  exchangers were f a b r i c a t e d  and de l ive red .  



The General E l e c t r i c  Company has conducted the  design and f a b r i -  

ca t ion  of Prototype Auxi l ia ry  Loop Heat Exchangers (ALHE) f o r  t h e  SNAP-8 

Power Conversion System. During system s t a r t u p  t h e  ALHE provides an 

i n i t i a l  hea t  load f o r  t h e  r e a c t o r  and p rehea t s  t h e  b o i l e r  t o  t u r b i n e  

vapor l i n e .  During system shutdown t h e  ALHE removes hea t  from the  

primary NaK loop.  The ALHE i s  capable of t r a n s f e r r i n g  100 KW and 
t 

opera tes  a t  a  maximum temperature of 1 3 0 0 " ~ .  It c o n s i s t s  of a  primary 

KaK loop s h e l l  and two sepa ra t e  flow passages on t h e  a u x i l i a r y  loop 

s i d e  f o r  connection t o  two d i f f e r e n t  power conversion systems. The 

design inco rpora t e s  a  double containment f e a t u r e  such t h a t  no s i n g l e  

containment w a l l  f a i l u r e  w i l l  permit  mixing of t h e  flowing NaK streams.  

The u n i t  is made e n t i r e l y  of Type 316 s t a i n l e s s  steel. 

The ALHE w a s  designed as a pro to type  i n  accordance w i t h  AGC - 
Spec i f i ca t ion  10622. In a d d i t i o n  t o  t h e  h e a t  t r a n s f e r  requirements ,  

t h e  al lowable p re s su re  drop on t h e  primary loop s i d e  ( s h e l l )  w a s  only 

0.15 p s i .  Considerable e f f o r t  was expended t o  meet t h i s  goa l ,  inc luding  

s e v e r a l  model flow t e s t s ,  b u t  t h e  f i n a l  design r e s u l t e d  i n  a  compromise 

between good 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  and low p res su re  drop such 

t h a t  the  l a t t e r  was 80X higher  than t h e  t a r g e t .  

A thermal a n a l y s i s  w a s  performed and served as inpu t  t o  t h e  thermal 

stress a n a l y s i s .  An environmental s t r e s s  a n a l y s i s  was performed t o  

i n su re  t h a t  t h e  u n i t  could su rv ive  both launch and l u n a r  landing loads .  

Both s t r e s s  ana lyses  i nd ica t ed  adequate  margins of s a f e t y .  

S t r ingen t  q u a l i t y  c o n t r o l  measures were incorpora ted  i n  m a t e r i a l  

procurement, manufacturing, and in spec t ions .  The f i n a l  assembly was 

subjec ted  t o  q u a l i t y  conformance v e r i f i c a t i o n  inc luding  proof p re s su re  

t e s t i n g ,  flow t e s t i n g ,  and c leaning  t o  Level 5 of AGC-STD-119lB. 
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11, INTRODUCTION - 

A system t h a t  w i l l  produce a con t inuous  e l e c t r i c a l  power supp ly  i s  

r e q u i r e d  f o r  long-term s p a c e  miss ion  a p p l i c a t i o n s .  One such system, 

p r e s e n t l y  under development,  is t h e  SNAP-8 power system. The b a s i c  

SNAP-8 system i s  des igned  t o  produce a  minimum of 35 k i l o w a t t s  o f  u s a b l e  

e l e c t r i c a l  energy .  The e u t e c t i c  m i x t u r e  of sodium and potass ium (NaK- 

78) is  used i n  b o t h  t h e  r e a c t o r  primary loop  and h e a t  r e j e c t i o n  loop .  

During system s t a r t u p  an  a u x i l i a r y  loop  h e a t  exchanger  (ALHE) p r o v i d e s  

an  i n i t i a l  h e a t  l o a d  f o r  t h e  r e a c t o r  and p r e h e a t s  t h e  b o i l e r  t o  t u r b i n e  

vapor l i n e .  During system shutdown t h e  ALHE removes h e a t  from t h e  

primary loop .  The e f f o r t  d e s c r i b e d  i n  t h i s  r e p o r t  i s  aimed a t  p r o v i d i n g  

a  p r o t o t y p e  ALHE f o r  t h e  SNAP-8 ground system test  i n  t h e  NASA Plum 

Brook Space Power F a c i l i t y .  

The f i n a l  e f f o r t  i n c l u d e s  the rmal ,  h y d r a u l i c ,  and stress a n a l y s i s  

of t h e  h e a t  exchanger  and f a b r i c a t i o n  o f  two p r o t o t y p e  u n i t s .  General  

d i s c u s s i o n s  of d e s i g n  approaches  f o r  a  l i q u i d  m e t a l  shel l -and- tube t y p e  

h e a t  exchanger a r e  p r e s e n t e d  i n  S e c t i o n  I V .  P r e d i c t i o n  of l i q u i d  m e t a l  

h e a t  t r a n s f e r  c o e f f i c i e n t s  and a n a l y s i s  of h e a t  exchanger h y d r a u l i c  and 

flow d i s t r i b u t i o n  problems a r e  d e f i n i t e l y  n o t  i n  "handbook" d e s i g n  

ca tegory  a t  t h e  p r e s e n t  t ime even f o r  s i n g l e  phase  f low i n  t u b e s .  A 

v a r i e t y  of t h e o r e t i c a l  and e m p i r i c a l  p r e d i c t i o n s  a r e  a v a i l a b l e  i n  t h e  

l i t e r a t u r e ,  b u t  t h e s e  p r e d i c t i o n s  do n o t  a g r e e  f o r  a s p e c i f i c  a p p l i c a t i o n  

and a r e  f u r t h e r  r e s t r i c t e d  t o  s p e c i f i c  the rmal  and geometr ic  boundary 

c o n d i t i o n s .  Cons iderab le  exper ience  and c a r e f u l  e v a l u a t i o n  a r e  thus  

r e q u i r e d  t o  s e l e c t  and modify t h e  a v a i l a b l e  r e l a t i o n s h i p s  t o  e s t a b l i s h  

a p a r t i c u l a r  d e s i g n .  

P r e s e n t e d  i n  S e c t i o n  I V  a r e  t h e  a n a l y t i c a l  the rmal  and h y d r a u l i c  

c o n s i d e r a t i o n s  f o r  l i q u i d  metal h e a t  exchangers  c o n s i s t i n g  p r i m a r i l y  of 

an a n a l y t i c a l  e v a l u a t i o n  of t h e  s h e l l  and t u b e  s i d e  h e a t  t r a n s f e r  

c o e f f i c i e n t s  and p r e s s u r e  drop a s  w e l l  as t h e  u n c e r t a i n t i e s  a s s o c i a t e d  

w i t h  t hese  p r e d i c t i o n s ,  Complex problems such a s  s h e l l - s i d e  f low 

d i s t r i b u t i o n ,  s h e l l - s i d e  t empera tu re  and h e a t  f l u x  asymmetry, t h e  tkemal 

shock p r o t e c t i o n  and t h e  s e l e c t i o n  of Low p r e s s u r e  drop flow mixing 

promoters a r e  a l s o  d i s c u s s e d .  

3 



Shell-side flow frictional characteristics and E l o w  distribution 

are potential problems in the present heat exchanger design, These 

potential problems are created by t w o  aspects of the heat exchanger 

specifications: (1) the very low (0.15 psi) allowable shell-side 

pressure loss and (2) the fact that only one of the two auxiliary 

NaK loops will be operated at one time, which creates temperature arid 

heat flux asymmetry. These problems are generally very difficult to 

treat analytically and recourse to experimental results obtained from 

model flow tests using water or other easy fluids is useful and 

necessary. 

A geometrically similar (except the curvature) ALHE shell-side 

flow model was built by Nuclear Systems Programs and a series of shell- 

side flow hydraulic tests were carried out. Wire coils and half-moon 

shaped flow blockages were used to promote the shell-side flow mixing. 

Frictional losses were individually measured for the inlet, outlet, 

spacers and axial flow sections. Test results and correlations are 

discussed in Section IV. 

Step-by-step design calculations for the 100 KW NaK-NaK ALHE are 

provided in Section V. 



611,  MEGMNICAL DESIGN 

The SNAP-8 ALKE assembly a s  shorn i n  Figure 1 i s  comprised of a  

dual-set  of nes ted  s t a i n l e s s  s t e e l  tubes  housed w i t h i n  a  thick-walled 

s t a i n l e s s  s teel  s h e l l .  The nes t ed  tubes ,  c a l l e d  t h e  h e a t  r e j e c t i o n  

loop tubes ,  a r e  supported by w i r e  b r acke t s  w i t h i n  t h e  o u t e r  s h e l l  which 

c a r r i e s  t h e  primary loop flow. S u i t a b l e  connectors  are provided t o  

a l low f l u i d  flow i n  t h e  primary and a u x i l i a r y  l oops  wi thout  f l u i d  

exchange between t h e s e  loops .  The assembly is  designed such t h a t  

thermal energy from t h e  primary loop is conducted t o  t h e  a u x i l i a r y  loop, . 

which func t ions  a s  t h e  h e a t  r e j e c t i o n  c i r c u i t .  

The primary loop s h e l l  i s  5 i n .  OD x  . I20 i n .  w a l l .  The diameter  

was chosen t o  m e e t  t h e  low p re s su re  drop requirements  and t h e  . I20 i n .  

w a l l  t h i cknes s  provides  adequate  cor ros ion  al lowance and s t r e n g t h ,  The 

primary s h e l l  end caps a r e  bored through a t  two p l a c e s  t o  accept  t h e  

i n l e t  and o u t l e t  f i t t i n g s  of t h e  a u x i l i a r y  tubes .  The f i t t i n g s  have 

been designed wi th  r e s p e c t  t o  thermal stresses dur ing  t h e  s t a r t u p  

t r a n s i e n t .  The f i t t i n g s  c r e a t e  two reg ions  of s t a t i c  NaK and move t h e  

f i t t i n g  ends f a r t h e r  from t h e  primary tube  t o  dec rease  thermal  g rad i en t  

stresses. A 0,625 i n ,  diameter  thermal s l e e v e  i n s i d e  t h e  i nne r  a u x i l i a r y  

tubes  a l s o  decreases  thermal  stresses by hea t ing  t h e  i n l e t  NaK s l i g h t l y  

be fo re  i t  impinges on t h e  i n n e r  tube  w a l l s .  The primary tube  c o n s i s t s  

of t h r e e  main s e c t i o n s  t o  f a c i l i t a t e  f a b r i c a t i o n  and assembly. A 3/8 

i n .  diameter  wi re  c o i l  i n s e r t  i s  welded t o  t h e  i nne r  w a l l  of  t h e  s h e l l  

t o  provide proper  flow d i s t r i b u t i o n  and t o  enhance h e a t  t r a n s f e r .  Two 

wire suppor t s  a r e  welded i n s i d e  t he  primary s h e l l  t o  r e s t r a i n  t h e  

a u x i l i a r y  tubes during pe r iods  of shock and v i b r a t i o n .  The suppor t s  a r e  

loca ted  ad j acen t  t o  s h e l l  welds s o  t h a t  they a r e  a c c e s s i b l e  f o r  a t t ach -  

ment during f a b r i c a t i o n .  The suppor t s  minimize flow blockage and provide 

r e l a t i v e l y  l a r g e  r e s t r a i n t  which is  nea r ly  equa l  i n  a l l  d i r e c t i o n s .  The 

adequacy of t h e  suppor t s  was demonstrated i n  l a b o r a t o r y  tests during the 

course  of t h e  program, 

The a a i i i a r y  t & e s  have double walls  to prevent the  f a i l u r e  s f  

any s i n g l e  w e l d  from a l l o x ~ i n g  primary Poop f l u i d  t o  mix w i t h  secondary 

loop f l u i d .  The double w a l l s  a l s o  decrease t h e  s t a r t u p  and shu tdom 



thermal g r a d i e n t s  and shock. The 1 - 2 5  i n ,  00 t ube  dimensions  were 

chosen t o  g i v e  acceptable pressure drop and heat transfer area, The 

l , 5  i n ,  OD t u b e  was chosen t o  con ta in  the smaller t u b e  wi th  a  minimum 

blockage of primary t u b e  f l o w .  

A 1 1  t h e  components a r e  designed t o  a l low r e l i a b l e  i n spec t ions  of 

t h e  s e a l  welds. The only  except ion  t o  t h i s  i s  a t  t h e  s h e l l  end caps 

where t h e  HRL tubes  pene t r a t e .  I n  t h i s  ca se  i t  was not  p o s s i b l e  t o  

o b t a i n  good rad iographs ,  t h e r e f o r e ,  t r i a l  welds were made and inspected 

be fo re  t h e  f i n a l  assembly was at tempted.  This  was e s s e n t i a l  t o  meet 

t h e  q u a l i t y  assurance provis ions  and t o  i n s u r e  zero NaK leakage.  

A.  AXIAL TEMPERATURE DISTRIBUTION - 

Axial  temperature d i s t r i b u t i o n s  f o r  t h e  tube ,  annulus and s h e l l  

can be ca l cu la t ed  by h e a t  balance equat ions using t h e  known NaK flow 

temperatures a t  both end p o i n t s  of t h e  h e a t  exchanger. Refer r ing  

t o  t h e  ske tch  below, t h e  h e a t  t r a n s f e r  equat ion g ives ,  f o r  any l o c a l  

a x i a l  increment AL, 

and h e a t  balance equat ions 

T o t a l  Heat Transfer  Length 

6 



-,is oa r o i s  . v # ~ i / f & i J  

d I 
7 DETAIL '13" 

SCALE: yl 

PP/MAPY NaX /N ,,,,/;uo a D. r . /O 9 WALL 

RT 

VIEW 1' 4: I 

Figure  1. SNAP-8 Aux i l i a ry  Heat Exchanger. (Dwg. No. 4711199403) 



Page intentionally left blank 



The c a l c u L a t i v n  proceeds from t h e  a u x i l i a r y  MaK f l o w  i n l e t  end where 

'N~K~ i 
= 1240°F and TNaUi - TIOOP, Then q" can be calculated by 

assuming values f o r  (T 1 
NaKp i + 1 and C T N a ~ ~ ' i  + 1 from equat ion  (1). 

Using t h i s  ca l cu la t ed  q", new va lues  f o r  (T ) 
NaKp i + 1 and (T~aKA)i  + 1 

can be ca l cu la t ed  from equat ions  (2)  and ( 3 ) ,  r e s p e c t i v e l y ,  by s e t t i n g  

c e r t a i n  app ropr i a t e  va lues  f o r  AL. The accuracy of t h i s  p red ic t ed  

temperature d i s t r i b u t i o n  depends s o l e l y  upon t h e  va lue  of AL chosen. 

For t h e  p re sen t  c a l c u l a t i o n  an increment of 0.05 of t h e  t o t a l  l eng th  

was used. F i n a l l y ,  an i t e r a t i o n  process  was used t o  converge t h e  

ca l cu la t ed  (TNaKp)i + t o  t h e i r  assumed va lues .  
Or (T~aKA)i  + 1 

Calcu la t ions  a r e  repeated f o r  t he  next  a x i a l  p o s i t i o n  u n t i l  t h e  

a u x i l i a r y  NaK flow e x i t  p o i n t  is reached. Again t h e  va lue  f o r  C f o r  
P 

e i t h e r  primary o r  a u x i l i a r y  NaK flow should be eva lua ted  a t  t h e  average 

temperature over t h a t  increment.  

Furthermore, t h e  temperature d i s t r i b u t i o n  along the  tube  wall, 

s t a t i c  NaK l a y e r  and annulus w a l l  can be es t imated  by c a l c u l a t i n g  the  

temperature d rop ' ac ros s  t h e s e  thermal b a r r i e r s .  Once the  a x i a l  tempera- 

t u r e  d i s t r i b u t i o n  f o r  primary and a u x i l i a r y  NaK flow a r e  determined then  

the  temperature of t he  inne r  tube w a l l  can be c a l c u l a t e d  f o r  any l o c a l  

a x i a l  pos i t i on  a s  fo l lows ,  

S i m i l a r i l y ,  c a l c u l a t i o n  of tube o u t e r  w a l l  temperature can be 

ca l cu la t ed  a s  

where hss is t h e  equ iva l en t  hea t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  tube w a l l  

and can be obtained from the  equat ion l i s t e d  i n  P a r t  V.  

Temperatures a t  t h e  inne r  and ou te r  s u r f a c e s  of t he  annulus can be 

ca l cu la t ed  i n  a s i m i l a r  way, Resul t s  a r e  presented  i n  F igure  2 for t he  

fol lowing two cases, 

(3.) l,25-inch OD tube with  0,030-inch wall 

1,5-inch OD annulus with 0.050-inch w a l l  

5-inch OD s h e l l  wi th  0.090-inch wall 





80-inch total l e n g t h  (AL - 4 . 0 )  

(ii) 1.25-inch OD tube wi th  0.065-inch w a l l  

1.5-inch OD annulus w i t h  0,050-inch wa l l  

5-inch OD s h e l l  wi th  0,120-inch wa l l  

85-inch t o t a l  l eng th  (AL = 4.25-inch) 

A s  shown i n  Figure 2 , t h e  severe  p o i n t ,  as t h e  thermal stress is  

concerned, is a t  t h e  a u x i l i a r y  NaK flow i n l e t  where t h e  temperature 

d i f f e r e n c e  between tube  NaK flow and tube inne r  w a l l  i s  approximately 

400°F by the  p re sen t  c a l c u l a t i o n .  Hence, an a d d i t i o n a l  tube  wi th  

smal le r  diameter i s  necessary  and is i n s t a l l e d  i n  t h i s  s h o r t  reg ion  as 
a  thermal p r o t e c t o r .  The second case  shown above was s e l e c t e d  f o r  

t h e  thermost ruc tura l  a n a l y s i s ,  a l though,  a s  shown i n  F igure  2 ,  t h e  

temperature p r o f i l e s  a r e  only  s l i g h t l y  d i f f e r e n t  f o r  t h e  two cases .  

It should be noted t h a t  t h e  f i n a l  design produced a  t o t a l  HRL a c t i v e  

tube l eng th  of about 90 inches ,  bu t  t h e  thermost ruc tura l  a n a l y s i s  was 

not  cor rec ted  s i n c e  t h e  d i f f e r e n c e s  i n  s t r e s s e s  would be i n s i g n i f i c a n t .  

B. THERMOSTRUCTURAL ANALYSIS 

The thermost ruc tura l  a n a l y s i s  was conducted t o  determine t h e  com- 

bined s t a t e  of s t r e s s  a t  va r ious  l o c a t i o n s  i n  t h e  primary and a u x i l i a r y  

loop due t o  t h e  ope ra t ing  p re s su re  and temperature d i s t r i b u t j o n s .  

Method of Analysis  

The t h e r m o s t r u c t ~ r a ~  a n a l y s i s  t h a t  was conducted by assuming t h a t  

l i n e a r  t l l e rmoelas t ic i ty  theory was v a l i d  f o r  t h e  temperature ranges 

under cons idera t ion .  Accordingly, p l a s t i c i t y  and creep  e f f e c t s  were 

not accounted f o r  i n  the  a n a l y s i s .  The MASS f i n i t e  element program 

(Ref. 1 )  was used t o  determine t h e  thermal s t r e s s e s  i n  t h e  a u x i l i a r y  

loop hea t  exchanger. A s u i t a b l e  mathematical model was cons t ruc ted  

(F ig .  3)  which would s u i t a b l y  r ep re sen t  t h e  design being analyzed.  The 

a n a l y t i c  model shorn  i n  F igure  3 was d iv ided  i n t o  twelve f i n i t e  

meridionax elements w i th  t h e  a c t u a l  curva ture  of t h e  designed assembly. 

In Table 1 are recorded t h e  nodal o r  element i n t e r f a c e  l o c a t i o n s  a t  t he  

center kine i n  terns of Cartesian coord ina tes ,  Th i s  model i nc ludes  the  

i n t e r a c t i o n  of t h e  tubes connected a t  t h e  ends and the  i n t e r a c t i o n  between 

t h e  5 inch  OD s h e l l  and the  1 .5  inch OD tube a t  t h e  t h r e e  sp r ing  suppor ts ,  



F i g u r e  3 ,  A n a l y t i c  Model o f  SNAP-8 A u x i l i a r y  Heat  Exchanger ,  



TABLE 1. 

JOINT NO. X Y 



whish were a s s w e d  t o  be i n f i n i t e l y  s t i f f ,  l o s a t e d  a t  t h e  nodal po in t s  

5 ,  8 and 1 2 ,  

The a n a l y s i s  performed on the  a u x i l i a r y  loop h e a t  exchanger included 

the temperature dependency of t he  mechanical m a t e r i a l  p r o p e r t i e s  a s  shown 

i n  Table 2 .  The re ferences  from which these  p r o p e r t i e s  were obtained 

a r e  contained i n  Table 3 .  

The thermost ruc tura l  a n a l y s i s  was conducted by assuming a uniform 

temperature f o r  each element wi th  the  temperature varying from element 

t o  element i n  t h e  meridional  d i r e c t i o n  t o  account f o r  t h e  temperature 

d i s t r i b u t i o n  i n  t h e  d i r e c t i o n  of f l u i d  flow. It was assumed t h a t  

asymmetric temperature v a r i a t i o n s  i n  t h e  hoop d i r e c t i o n  were n e g l i g i b l e  

and t h a t  t h e  p r i n c i p a l  temperature g rad ien t s  occurred through t h e  tube  

th ickness  and i n  t h e  meridional  d i r e c t i o n .  

The h y d r o s t a t i c  pressure  s t r e s s e s  were assumed t o  be uniform i n  t h e  

curved tubes ,  s i n c e  t h e  e f f e c t  on the  s t r e s s e s  due t o  p re s su re  drop is 

n e g l i g i b l e .  The meridional  and hoop pressure  s t r e s s e s ,  which vary i n  

the  hoop d i r e c t i o n ,  due t o  tube cu rva tu re ,  were determined and super- 

imposed on t h e  thermal  s t r e s s e s .  

The d i s c o n t i n u i t y  s t r e s s e s  occurr ing during a  t r a n s i e n t  thermal 

condi t ion  where t h e  1.25 OD and 1 .5  OD tubes a t t a c h  t o  t h e  connector 

were evaluated by computing t h e  thermal mismatch between two c y l i n d e r s ,  

a s  shown i n  t h e  Appendix, which was based on t h e  method of a n a l y s i s  

presented i n  Reference 2. 

Analy t ic  Resul t s  

The r e s u l t s  of t he  a n a l y s i s  conducted t o  determine t h e  d e f l e c t i o n s  

of t h e  tube  assemblies  a t  t h e i r  cen te r  l i n e  a r e  contained i n  Table 4. 

The important r e s u l t  obtained i n  t h i s  c a l c u l a t i o n  is  t h a t  thermal 

expansions could occur such t h a t  the  1.25 inch OD tube could press  

aga ins t  t h e  i n s i d e  rad ius  of the  1 . 5  inch  OD tube i n  a  region between 

the j o i n t  l o c a t i o n s  7 t o  8. This  would mean t h a t  meta l  t o  metal  con tac t  

i s  poss ib l e  due t o  t he  small  r a d i a l  c learance  between t h e  OD of the  1.25 

inch tube  and the  I D  of t he  1 .5  inch tube.  This  i s  not  a  s e r i o u s  s t r u c t u r a l  

condi t ion .  It may be e l imina ted  by o f f - s e t t i n g  the  1.25 OD tube outward 

of t he  cu rva tu re  c e n t e r  l i n e  by 10 m i l s  t o  compensate f o r  t h i s  expansion 

behavior ,  

The r e s u l t s  of t he  thermal s t r e s s  a n a l y s i s  of t h e  1-5 OD tube,  1.25 

OD tube  and 5 inch  OD shelf  a r e  contained i n  Tables  5 ,  6 ,  and 7 ,  

r e spec t ive ly .  It i s  shown t h a t  both the  primary and secondary s t r e s s e s  





TABLE 3 

I ASME SECTION I, POWER BOILERS, A-24 - TABLE PG-23.1 
COLUMN A - atu: ULTIMATE TENSILE STRESS 

I1 ASME SECTION 111, NUCLEAR VESSEL, CLASS A, TABLE N-421 

COLUMN D - SM: DESIGN STRESS INTENSITY VALUE 

F - 3SM 

I11 USS CORP., NATIONAL TUBE DIVISION, PIPE 6 TUBES FOR 

ELEVATED TEMPERATURE SERVICE, BULLETIN /I26 

COLUMN B a * ULTIMATE TENSILE STRESS 
tu' 

C o : .2% OFF-SET YIELD STRESS 
Y 

G E: YOUNG'S MODULUS IN TENSION 

H a: COEFFICIENT OF EXPANSION 



TABLE 4 

TUBING W I A L  CLEARANCE ANALYSIS 

RELATIVE TRANSVERSE 
BETWEEN 1.5" OD & 1.25" OD 

JOINT 

None 
-- 

None 

Just ToucChing 1 

Just Touching 





TABLE 6 

THERMOSTRUCTURAL ANALYSIS - 



TABLE 7 

THERMOSTRUCTURAL ANALYSIS - 



in the l , 2 5  OD tube and the 5 inch OD she11 are small and, consequently, 

provide substantial factors of safety for all locations in the 

meridional direction, The states of stress in t h e  1.5 GD tube are at 

a higher level than those in the other two component tubes. These 

stresses are highest at the ends where the tube is attached to the 

inlet and outlet connectors, and where the tube is supported by the 3 

spring wire supports. These constraints at these five locations increase 

the state of stress due to the bending stresses that are induced. 

When Reference 3 is used to determine the structural integrity criteria, 

it was found that the factors of safety exceed one and, accordingly, 

indicate a safe operating condition, 

If the more conservative evaluation is performed using Reference 

5, it was found that the factor of safety exceeded one for all cases 

except at joint 2 when the criterion is normalized in order to be 

compared to the ASME criterion. At joint 2, the meridional discontinuity 

stress 08 of 18,000 psi was determined by assuming a 50°F temperature 

difference at the connection. This temperature difference is highly 

conservative for a transient heat conduction case and was used as an 

upper bound case. The use of the two criteria for determination of the 

factors of safety was for comparison purposes. The stresses determined 

by linear analysis provide a conservative analysis, and the introduction 

of inelastic effects in the determination of the stress will appreciably 

reduce the calculated stresses. 

In Appendix A the criteria used in the analysis is presented in 

outline form, The correction factors and failure criteria used are 

based on References 3 and 5 ,  

The results of the discontinuity stresses are shown in Figures 

4 and 5 for the 1.5 OD and 1.25 OD tubes, respectively. The meridional 

and hoop stresses in the connector and the tube are shown as a linear 

function of the temperature difference between these two components. 

This analysis is determined by assuming a compatibility relationship 

of the displacement and slope at the jointure between the connector and 

the tube, The derivation of these relations are shown in Appendix A. 
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The d y n m i c  environments  s p e c i f i e d  f o r  the design of t h e  SNAP-8 

ALWE are  given i n  NASA S p e c i f i c a t i o n  417-2, The h e a t  exchanger  is 

requi red  t o  withstand launch loads i n  t h e  non-operating cond i t i on  on ly ,  

The random input  s p e c t r a  is  shown. i n  F igure  6 .  The shock pu l se  u t i l i z e d  

is  a  ha l f - s ine-11  mi l l i s econd  pu l se  w i th  a  peak a c c e l e r a t i o n  l e v e l  of 

15 g ' s .  

Due t o  l i m i t a t i o n s  i n  program scope a  d e t a i l  dynamic model of t he  

e n t i r e  loop h e a t  exchanger could no t  be  developed. Since t h e  secondary 

flow tube  and t h e  t ube  support  appeared t o  be  t h e  most dynamic load  

c r i t i c a l  component, and v e r t i c a l  e x c i t a t i o n  t h e  most c r i t i c a l  load ing  

d i r e c t i o n ,  a  s imp l i f i ed  model of a  s i n g l e  secondary flow tube  wi th  

i n t e rmed ia t e  suppor t s  was developed, as shown i n  Figure 7. This  model 

was developed using f i n i t e  element lumped m a s s  approach (curve tube)  

with t h r e e  degrees  of freedom (coord ina tes )  a t  each j o i n t .  Since t h i s  

dynamic model was developed i n  a  s i n g l e  p l ane  t h e  response t o  a  v e r t i c a l  

e x c i t a t i o n  (ou t  of p lane  load ing)  w i l l  be  uncoupled from any i n  p l ane  

response t h e r e f o r e  a l lowing f o r  t h e  use  of on ly  t h r e e  coord ina tes  

( v e r t i c a l  s h e a r ,  i n  p l ane  moment, and tube  t o r s i o n )  a t  each mass po in t .  

The in t e rmed ia t e  w i r e  suppor t s  were inc luded  by adding t o  t h e  f i x e d  and 

system s t i f f n e s s  ma t r i ce s  an a d d i t i o n a l  l i n e a r  suppor t  sp r ing  (5) a t  

coord ina tes  2 ,  6 and 9 f o r  t h e  t h r e e  (3) suppor t  model and 2 ,  6 , ' 8  

and 10 f o r  t h e  four  (4)  support  con f igu ra t i ons  (Figure 7) .  For t h e  

t h r e e  suppor t  con f igu ra t i on  t h e  response f o r  suppor t  s p r i n g s  r a t e s  ( I ( X )  
of 360 l b l i n  and 1260 l b / i n  was determined. The fou r  suppor t  s p r i n g  

con f igu ra t i on  was analyzed f o r  a  suppor t  sp r ing  r a t e  of 360 l b / i n  o n l y .  

The support  sp r ing  r a t e  of  360 l b / i n  is  more c o n s i s t e n t  wi th  t h e  presen t  

support  s p r i n g  design than t h e  1260 l b / i n  support  sp r ing .  

Cornpal-isons of the system n a t u r a l  f requenc ies  f o r  t he  t h r e e  ( 3 )  

support  c.rrnFiguration with two suppor t  s p r i n g  r a t e s ,  t he  four  (4 )  suppor t  

c o n f i g r ~ r a t i o n  and an unsupported con f igu ra t i on  a r e  shown i n  F igure  8.  

I t  s l ~ o u l d  he noted tha t  v a r i a t i o n s  i n  suppor t  con f igu ra t i ons  and sp r ing  

r a t e  s h o w  s i g n i f i c a n t  frequency v a r i a t i o n  only i n  t h e  s y s t e m  f i r s t  t w o  

n a t u r a l  f rcaqtiencies . For t h e  system h ighe r  f requency  modes t h e  rratr~ral  

f 1 equc?ric>y i s  re l a t - i v e l y  c o n s t a n t  f o r  a l l  c o n f i g u r a t i o n  v a r i a t i o n s ,  
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100 1000 

Frequency - HZ 

F i g u r e  6. Random V i b r a t i o n  S p e c i f i c a t i o n ,  



Tube 

(*I 

V e r t i c a l  Def lec t ion  

Ro ta t i ona l  Coordinate 

Lnt ermedia t e  * )  3 Support Config. 

Support Locat ions ( A )  4 Support Config. 

F i g u r e  7 ,  Dynamic Model ( S i n g l e  Tube) Sys tem Csordinares .  



4 INTERMEDIATE 
SUPPORTS 

CQNDIT ION 

MODE NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

NO INTERMEDIATE 3 INTERMEDIATE 
SUPPORTS 

Kx  = 360 illin Kx = 1260 ///in 

51.5 81.6 

94.0  121.4 

168.  173.4 

284.5 293.2 

416.0 423.6 

575.0 578.4 

741.4 743.9 

919.2 920.6 

1120.8 1121.3 

1300.0 1300.4 

1466.0 1466.6 

SUPPORTS 

30.3 

79.9  

F i g u r e  8. System Natural F r e q u e n c i e s  (CPS). 



*INTERMEDIATE SUPPORT LOCATIONS 

Figure 9. A.L.H.E. Ver t ica l  Deflections - Single Tube. 

W D O M  INPUT % SINE PULSE 

l a  DEFLECTIONS (IN) MAX. DEFL. (IN) 

3 SUPPORTS 3 SUPPORTS 

6 

7 

8 

9 

10 

11 

.034* ,060* 

.052 ,082 

,052 .081 

.035* .059* 

. 019 .031 

,007 .009 

.055* 

.072 

.070* 

.052 

.028* 

,008 

.033* .034* 

.047 ,113 

.047 .I12 

.032* .082* 

.016 ,042 

.005 .011 



LOAD 
LOCAT ION 

END 

SUPP 1 VERT V 

SUPP 2 VERT V 

SUPP 3 VERT V 

END B VERT V 

ENDA MOM 

END B MOM 

END A TORQUE 

END B TORQUE 

SUPP 1 

SUPP 2 

SUPP 3 

21. LBS 

5.  LBS 

41 .  LBS 

41 .  LBS 

126.  LBS 

SUPPORT LOADS FOR TWO TUBES 

F i g u r e  10. S i n g l e  Tube  Response  t o  1 5  G - 11 M.S. % S i n e  P u l s e .  



LOAD 
LOCAT ION 

END A VERT V 

SUPP 1 VERT V 

SUPP 2 VERT V 

SUPP 3 VERT V 

SUPP 4 VERT V 

SUPP 5 VERT V 

END B VERT V 

END A MOM 

END B MOM 

END A TORQUE 

END B TORQUE 

Kx = 1260 ea. Kx = 360 ea. Kx = 360 ea. 

Figure 11. Response Loads Due to Random Environment. 
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ZV. T H E M L  AND M Y D U U Z I C  DESIGN 

A .  H U T  TRANSFER ANALYSIS 

The o v e r a l l  design approach f o r  t h e  NaK-NaK h e a t  exchanger involves  

the  determinat ion of t h e  tube  l eng th  f o r  any t e n t a t i v e l y  s e l e c t e d  c ros s  

s e c t i o n a l  geometry under t h e  prescr ibed  design cond i t i ons ,  For a given 

set of design parameters ,  i . e . ,  flow r a t e s ,  t e rmina l  temperatures  and 

hea t  t r a n s f e r  l oad ,  a design a n a l y s i s  can be  c a r r i e d  ou t  t o  determine 

the  e f f e c t  on h e a t  t r a n s f e r  and p re s su re  l o s s e s  of both s h e l l  and tube 

s i d e  flow by varying s e l e c t e d  geometry parameters.  

Considering t h e  proposed tube and s h e l l  counterflow geometry, 

hot  NaK flowing i n  t h e  s h e l l  and cold NaK flowing i n  t h e  tube ,  t h e  

hea t  t r a n s f e r  r a t e  equat ion  can be w r i t t e n  a s  

where the  symbol dA denotes  a d i f f e r e n t i a l  element of t h e  h e a t  t r a n s f e r  

su r f ace  a r e a ,  and t h e  s u b s c r i p t s  s and t denote s h e l l - s i d e  and tube-side 

r e spec t ive ly .  

I f  t h e  d i f f e r e n t i a l  a r e a  dA r e f e r s  t o  t h e  s u r f a c e  a r e a  of t h e  inne r  

tube w a l l ,  then the  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t ,  U ,  can be w r i t t e n  

i n  terms of thermal r e s i s t a n c e ,  R,  between tube and s h e l l  as fol lows 

The term R i n d i c a t e s  t h e  combined w a l l  thermal r e s i s t a n c e .  In  t h e  
W 

p resent  des ign ,  t h e  composite w a l l  i s  formed by imposing a s t a t i c  

NaK l a y e r  between s h e l l  and tube flows. A schematic drawing of such 

an arrangement i s  given i n  t h e  fol lowing ske tch :  
primary 

J NaK 

/ S t a t i c  
NaK 

Inner 

/ S t a i n l e s s  

Auxi l ia ry  N a K  Ou-er S t a i n l e s s  

Sketch (a)  Tube and She l l  Double P i p e  H e a t  Exchanger 
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Following t h e  above sketch ,  the var ious  con t r ibu t ions  05 themal 

r e s i s t a n c e  r e f e r r e d  t o  tube i n s i d e  d i a m e t e r  can be evaluated as fo l lows:  

where t h e  thermal c o n d u c t i v i t i e s  f o r  t h e  s t a i n l e s s  s t e e l  tube  and 

annulus,  and t h e  s t a t i c  NaK l a y e r  can be evaluated a t  app ropr i a t e  mean 

temperatures .  

A s  can be seen i n  Equation (7) ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  

of both s i d e  flows (hs, h t )  must be known i n  order  t o  c a l c u l a t e  U. 

Once U i s  obta ined ,  Equation (6) can be  in t eg ra t ed  t o  o b t a i n  t h e  t o t a l  

su r f ace  a r e a  requi red  f o r  a  given h e a t  t r a n s f e r  load  Q. By assuming t h e  

U and c r o s s  s e c t i o n a l  dimensions independent of hea t  exchanger l eng th ,  

Equation (6)  i s  i n t e g r a t e d  and t h e  usua l  form 

A = = requi red  h e a t  t r a n s f e r  a r ea  
U (AT) ,&.,, 

The log  mean temperature d i f f e r e n c e  (AT) can be w r i t t e n  a s  Rm 

The s u b s c r i p t s  i , o  denote t h e  te rmina l  pos i t i ons  of t h e  h e a t  exchanger. 

P red ic t ion  of h t  

During t h e  pas t  20 yea r s  cons iderable  work has been done t o  develop 

methods t h a t  would adequately p r e d i c t  forced  convect ive heat t r a n s f e r  

c o e f f i c i e n t s  f o r  l i q u i d  m e t a l ,  i.iany u se fu l  and r e l i d l e  p r e d i c t i o n s  

b o t h  a n a l y t i c a l  and experimental have appeared in t he  literature, How- 

ever, f o r  the  design s t udy ,  only l i q u i d  metal  t u rbu len t  p ipe  flows were 



reviewed, The ear ly  t h e o r e t i c a l  work of Mar t ine lk i  on the l i q u i d  

metal. t u r b u l e n t  f l o w  in a circular t&e wi th  aanifsm wall. heat fLm 

revealed t ha t  the  Nussekt number of the f l o w  i s  dependent upon flow 

Reynolds number and P r a n d t l  n m b e r  and a parameter 4, which i s  def ined  

a s  t h e  r a t i o  of eddy t r a n s p o r t  d i f f u s i v i t i e s  of h e a t  t r a n s f e r  t o  

momentum. M a r t i n e l l i ' s  f i n a l  equa t ion  f o r  h was very  complicated f o r  
t 

p r a c t i c a l  des ign  use.  However, l a t e r  i n  1951  on'^) i n v e s t i g a t e d  

M a r t i n e l l i ' s  r e s u l t  and found t h a t  f o r  t h e  ca se  of P r  < 0.1,  t h e s e  

r e s u l t s  can be r ep re sen t ed  by t h e  equa t ion  

Nu = 7.0 C 0.025 (T R e  Pr )  0.8 

- 
I$ i s  a mean va lue  of @ and can be  taken a s  u n i t y  i n  most ca se s .  

In 1955, Lubarksy and Kaufmann (7)  summarized and reeva lua ted  the 

experimental  r e s u l t s  of t h e  var ious  s t u d i e s  of l i q u i d  metal h e a t  t r a n s f e r  

i n  f u l l y  developed t u r b u l e n t  reg ions .  They proposed an  equa t ion  based 

on pure ly  empi r i ca l  grounds which c o r r e l a t e s  most of t h e  h e a t  t r a n s f e r  

d a t a  and has  t h e  fol lowing form: 

Nu = 0.625 (Re P r )  0.4 
(14) 

Equations (13) and (14) were used t o  p r e d i c t  h i n  t h e  paramet r ic  
t 

design c a l c u l a t i o n .  It i s  found t h a t  t h e  two va lues  of ht  c a l c u l a t e d  

show reasonable  agreement. However, Equation (14) g ives  a sma l l e r  va lue  

of h which se rves  a s  a conserva t ive  des ign  approach. 
t 

P r e d i c t i o n  of hs 

In  t h e  p re sen t  des ign ,  t h e  s h e l l  and tube  arrangement is very  f a r  

from t h e  o rd ina ry  round tubes  o r  a n n u l i  f o r  which t h e  p r e d i c t i o n s  of h 

a r e  g e n e r a l l y  a v a i l a b l e .  For t h i s  reason one must accept  t h e  v a l i d i t y  of 

t he  "equiva len t  concept" i n  p r e d i c t i n g  h f o r  f low passages d i f f e r e n t  from 

round tube  o r  annu l i .  The equiva len t  concept gene ra l l y  impl ies  t h a t  the 

h e a t  t r a n s f e r  o r  p r e s su re  drop r e l a t i o n s  ho ld  approximately t h e  same a s  

they do f o r  t h e  c i r c u l a r  p ipe  o r  concen t r i c  a n n u l i  i f  t h e  equiva len t  

diameter  of t h e  passage o t h e r  than c i r c u l a r  p i p e  is  employed i n  t he se  

r e l a t i o n s .  

En order for  t h i s  approach to be v a l i d ,  however, the veloefty 

f i e l d  must be reasonably uniform throughout t h e  primary f l o w  a r ea .  



Plow blockage baffles or some other mixing devices are necessary to 

assure t h l s  u n i f o r m i t y ,  Without such flow distribution baffles, the 

velocity f i e l d  around the tubes would he q u i t e  nonuniform, Leading 

to considerable uncertainty in heat transfer performance. 

Based upon this argument, Equations (13) and (14) can still be 

used to predict h if the shell-side equivalent diameter is used to 
S 

evaluate Nu and Re in these equations. The equivalent diameter, 
De ' 

can be calculated by the following relation: 

De = 4 Shell-side net flow area 
Shell-side wetted perimeter 

Besides Equations (13) and (14), several available semi-empirical 

correlations are quite useful to predict h for liquid metal flowing 

in an annuli as follows: 

For annuli of diameter ratio greater than 1.4, the Liquid Metal Handbook 

recommends that 

7.0 + 0.025 (Re pr)O* 0 - > 1.4 (17) 
Di 

More recently, Dwyer proposed the following equation for heat transfer 

through the inner wall of the annular passage: 

Nu = (4.63 + 0.686~) + (0.02154 - 0.00043y) (T Re ~ r ) ~  (18 

with a = 0.752 + 0.0165~ - 0.000 883y 2 

D 
outer radius = 2 and y = 
inner radius Di 

The term in Equation (18) is expressed as, due to Dwyer, (8) 

i s  furnished by D - c ~ y e r  i n  Reference (81, One should 

ax 



notice that the equ iva l en t  diameter  concept s t i l l  a p p l i e s  to t h e s e  

equations f o r  annular passages ,  i,e,, t he  ou t e r  diameter, D must 
o 

be replaced by B and D m u s k  be used i n  eva lua t ing  Nu and R e .  One 
e e  

th ing  which should be kept  i n  mind i s  t h a t  a11 rhe  equa t ions  l i s t e d  

above f o r  p r e d i c t i n g  h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  based on t h e  f u l l y  

developed tu rbu len t  flow and uniform w a l l  h e a t  f l u x  cond i t i ons .  I n  o t h e r  

words, i n  t he  p re sen t  des ign  a n a l y s i s  e f f e c t s  due t o  flow development 

a t  t h e  i n l e t ,  nonuniformity of h e a t  f l u x  and o t h e r  thermal  boundary 

cond i t i ons  which d e v i a t e  from t h e  t h e o r e t i c a l  a r e  no t  considered.  

Due t o  t h e  l ack  of r e l i a b l e  information on t h e s e  u n c e r t a i n t i e s ,  t h e  

equa t ions  l i s t e d  above are s t i l l  used t o  p r e d i c t  t h e s e  c o e f f i c i e n t s .  

Maximum e f f o r t  i n  flow passage design i s  r equ i r ed ,  however, t o  minimize 

dev ia t i ons  from t h e  proper  boundary cond i t i ons  and a  confirmatory 

NaK hea t  t r a n s f e r  test i s  t h e  only c e r t a i n  way t o  o b t a i n  adequate  d a t a  

t o  demonstrate t h e s e  r e s u l t s .  

B . HYDRAULIC ANALYSIS 

In  most hea t  exchangers ,  t u rbu len t  flow o u t s i d e  of and p a r a l l e l  t o  

t h e  a x i s  of a  tube  bundle i s  of f requent  occurrence and p re s su re  drop 

d a t a  s p e c i f i c a l l y  a p p l i c a b l e  t o  a  p a r t i c u l a r  geometry a r e  no t  gene ra l l y  

a v a i l a b l e  i n  t h e  l i t e r a t u r e .  Furthermore, t h e  c a l c u l a t i o n  o r  p r e d i c t i o n  

of t h e  s h e l l - s i d e  f luid-f low f r i c t i o n a l  c h a r a c t e r i s t i c s  when t h e  f l u i d  

flows ac ros s  t h e  tube  suppor t ing  space r s ,  tu rbulence  promoters,  and 

e x i t  o r  i n l e t  f low d i s t r i b u t i o n  devices  is  complicated by t h e  f a c t  t h a t  

t h e r e  is  no a n a l y t i c a l  way t o  p r e d i c t  t h e i r  l o s s  c o e f f i c i e n t s .  For 

t h i s  reason,  model tests a r e  a l s o  necessary i n  o rde r  t o  s ecu re  a  

dependable hea t  exchanger des ign .  

In gene ra l ,  f r i c t i o n a l  l o s s e s  a r e  c a l c u l a t e d  a s  recommended by 

McAdams (" by c a l c u l a t i n g  a  hyd rau l i c  equ iva l en t  diameter  f o r  t h e  

s h e l l - s i d e  flow and subsequent ly  using i t  a s  a round tube  diameter i n  

a  convent ional  f r i c t i o n  f a c t o r  c o r r e l a t i o n  equa t ion .  The p re s su re  

drop due t o  a x i a l  f low can be es t imated  by 

where f i e  t h e  equ iva l en t  f r i c t i o n  factor evaluated by employing D 
e e ' 

and H i s  t h e  s h e l l - s i d e  flow v e l o c i t y  head, 
v  



The f r i c t i o n  fac to r ,  f ,  can e i t h e r  be ca lcula ted  by some app rop r i a t e  

c o r r e l a t i o n  equa t ions  o r  by simply us ing  t h e  Moody curve a s  shown i n  

Figure 12 . 
Equation (20) i s  app l i cab l e  f o r  bo th  s h e l l  and tube  s i d e  flows f o r  

p r e d i c t i n g  a x i a l  f r i c t i o n a l  l o s s e s .  I n  a  r ecen t  SNAP-8 model m u l t i p l e  

tube b o i l e r  s h e l l - s i d e  hyd rau l i c  t es t ,  t h e  r e s u l t s  revea led  t h a t  t h e  

s h e l l - s i d e  f r i c t i o n  f a c t o r  i s  about 90% of  t h e  va lue  c a l c u l a t e d  by 

us ing  convent iona l  c o r r e l a t i n g  equa t ions .  The d a t a  a r e  shown i n  

Figure 13  . 
For t h e  s h e l l - s i d e  flow passing o b s t a c l e s ,  changes i n  passage 

d i r e c t i o n s  and changes i n  passage c r o s s  s e c t i o n s ,  t h e  convent iona l  way 

f o r  p r e d i c t i n g  t h e s e  p re s su re  l o s s e s  i s  us ing  an app rop r i a t e  v e l o c i t y  

head of  s h e l l - s i d e  flow m u l t i p l i e d  by a l o s s  c o e f f i c i e n t ,  K. That i s ,  

A P = K H  
v  (21) 

There a r e  no s imple a n a l y t i c a l  means f o r  p r e d i c t i o n  of t h e  l o s s  

c o e f f i c i e n t  K f o r  va r ious  complicated flow passages.  Approximate 

p r e d i c t i o n s  of t h e s e  K ' s  a r e  gene ra l l y  obtained by summarizing r a t h e r  

complex combinations of c o n t r a c t i o n  and expansion l o s s e s  and tu rn ing  

l o s s e s .  One can imagine t h a t  t he  unce r t a in ty  w i l l  i n c r e a s e  a s  t h e  

flow passage becomes more complex. I n  t h e  r e c e n t  SNAP-8 model mul t ip le -  

tube  b o i l e r  s h e l l - s i d e  hyd rau l i c  test ,  va r ious  shapes of space r s  and 

flow b a f f l e s  were t e s t e d  and the  r e s u l t s  were gene ra l i zed  and presen ted  

i n  Figure 1 4  , For flow passages involving sudden expansion,  sudden 

con t r ac t i on  and tu rn ing  d i r e c t i o n s ,  Figure 1 5  t o  1 7  c i t e d  from 

References (11) and (12) can be  used t o  p r e d i c t  t h e  l o s s  c o e f f i c i e n t s .  

One th ing  t h a t  appears  very c r i t i c a l  t o  t h e  hyd rau l i c  des ign  i s  

t h e  r e s t r i c t i o n  of 0.15 p s i  she l l - s ide  a l lowable  p re s su re  drop. To 

keep under t h i s  l i m i t a t i o n ,  very c a r e f u l  s e l e c t i o n  of tube  and s h e l l  

c r o s s  s e c t i o n a l  geometr ies  is  requi red  and very c a r e f u l  des ign  is  

necessary regarding t h e  tube  support ing devices ,  i n l e t  and o u t l e t  f low 

passages and s h e l l - s i d e  tu rbulence  promoters,  

Shell-side flow m a l d i s t r i b u t i o n  presents a s e r i o r ~ s  problem i n  the 

design of l i q u i d  metal t o  l i q u i d  metal hea t  exchangers.  Severa l  s o d i m  

t o  sodium in t e rmed ia t e  h e a t  exchangers ( INX)  designed f o r  l i q u i d  meta l  
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Figure  15 ,  R e s i s t a n c e  i n  P i p e  Due t o  Sudden 
Enlargement and C o n t r a c t i o n s .  
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fast breeder reactor systems have s u f f e r e d  from t h i s  problem, The 

In desigried for the  Earrico Pemi A t o m i c  Power P l a n t ,  for example, 

perfomed at only 30% of its rated capacity due to poor shell-side 

flow distribution, The Sodim Reactor Experiment LHX units suffered 

from performance degradation due to shell-side flow maldistribution 

and stratification. Certain early SNAP-8 boilers, in addition, suffered 

from poor flow distribution, evidenced by a large variation of temperature 

around the circumference of the shell. 

The overall effects of poor shell-side flow distribution are low 

and unpredictable heat transfer effectiveness and unpredicted temperature 

variation which may lead to high stress or fatigue problems. Flow 

distribution problems are generally encountered when one or more of 

three situations occur: (1) the shell side pressure loss is low, (2) 

the inlet to exit temperature change of the shell-side fluid is large 

and (3) the minimum shell-side to tube-side temperature difference is 

small. Low shell-side presswe loss situations generally produce flow 

distribution problems, whereas large shell-side fluid temperature 

differences create large heat transfer effects for a given flow problem. 

Shell-side flow distribution problems can be grossly categorized in terms 

of flow channelization and poor mixing. These points are illustrated by 

Sketch (b) following, which shows cross sections of the proposed 2-tube 

auxiliary heat exchanger design. 

Tube Containing 
Auxiliary Loop NaK Flow Baffle 

High 
Flow 
Regio 

Low Flow Region Sketch (b)  

4 4 



Channel izat ion of the prjsnary f l u i d  i n  Sec t ion  1 of Sketch (b) 

would be expected, since the fluid sees less wetted per imeter  and f l o w  

r e s i s t a n c e  i n  the  reg lon  ind ica t ed  "High Plow" "than i n  t h e  region 

ind ica t ed  "'Low  low". The temperature change of t he  f l u i d  in zhe h igh  

flow region as i t  passes  through t h e  h e a t  exchanger would be  l e s s  than 

t h e  f l u i d  i n  the  low flow reg ion ,  producing c i r cumfe ren t i a l  temperature 

v a r i a t i o n s  i n  t he  downstream end of t he  h e a t  exchanger. Such temperature 

v a r i a t i o n s  always reduce h e a t  t r a n s f e r  e f f e c t i v e n e s s ,  Sec t ion  I1 of 

Sketch (b) shows flow blockage b a f f l e s  which would reduce t h e  flow 

ma ld i s t r i bu t ion .  Good mixing induced by a miximg promoter such a s  w i r e  

c o i l  would a l s o  minimize t h e  e f f e c t s  of flow ma ld i s t r i bu t ion  a s  t h e  

temperature v a r i a t i o n s  would be reduced. 

The primary NaK p res su re  l o s s  s p e c i f i e d  f o r  t h e  SNAP-8 Auxi l ia ry  

Loop Heat Exchanger i s  very s h a l l  i n  r e l a t i o n  t o  genera l  p r a c t i c e ,  and 

flow d i s t r i b u t i o n  problems must be recognized and provided f o r  i n  t he  

design.  The f a c t  t h a t  only one of t he  two a u x i l i a r y  NaK loops w i l l  be  

thermally a c t i v e  a t  one time c r e a t e s  hea t  t r a n s f e r  asymmetry and i s  an 

a d d i t i o n a l  major problem i n  terms of flow and temperature s t r a t i f i c a t i o n .  

In  o rde r  t o  minimize the  e f f e c t s  of such s t r a t i f i c a t i o n ,  t h e  opera t ing  

a u x i l i a r y  NaK tube w i l l  be uppermost. Since t h e  tubes  a r e  h e a t  s i n k s ,  

t h i s  o r i e n t a t i o n  w i l l  i n s u r e  t h a t  any secondary c i r c u l a t i o n  w i l l  have a 

mixing r a t h e r  than a s t r a t i f i c a t i o n  e f f e c t .  A s  descr ibed  subsequent ly,  

a combination of hydrau l i c  t e s t i n g  and t h e o r e t i c a l  calculat i .ons were 

employed t o  explore'  t h e s e  flow d i s t r i b u t i o n  problems. The temperature 

change i n  t h e  primary f l u i d  i s  f o r t u n a t e l y  small (60aF) and l e s s  than  

t h e  minimum tube t o  s h e l l  temperature d i f f e r e n c e  (200°F). This  means 

t h a t  a c e r t a i n  degree of she l l - s ide  m a l d i s t r i b u t i o n  can be t o l e r a t e d  

without  encountering s u b s t a n t i a l  h e a t  t r a n s f e r  e f f e c t s .  



6 * SHE%L-SIDE FLOW MOBEL TEST 

Due to the potential seriousness of shell-side flow m a l d i s t r i b u t i o n  

and low s h e l l - s i d e  p re s su re  drop  limitation (0,1% p s i ]  a series of s h e l l -  

s i d e  flow hydraul ic  t e s t s  of a  fu l l . - sca le  ALEE p l a s t i c  model were c a r r i e d  

o u t ,  us ing  water a s  t h e  workihg f l u i d .  The t e s t s  inc luded  mainly t h e  

fo l lowing  measurements: 

(1)  The p re s su re  l o s s  ac ros s  t h e  proposed tube  spacer .  

(2)  The p re s su re  l o s s  f o r  t h e  i n l e t  t u r n .  

(3 )  The pressure  l o s s  f o r  a x i a l  flow with half-moon shaped flow 
blockage. 

( 4 )  The p re s su re  l o s s  f o r  a x i a l  f low with wire  c o i l  mixing device.  

(5 )  The p re s su re  l o s s  f o r  t h e  e x i t  t u r n .  

(6)  The v e l o c i t y  d i s t r i b u t i o n  i n  t h e  s h e l l  and t h e  e x t e n t  of mixing 
were v i s u a l l y  s t u d i e d  by dye i n j e c t i o n .  

Pressure  l o s s  t e s t  d a t a  were accumulated and c o r r e l a t e d  over  t h e  
4 4 t u r b u l e n t  Reynolds number range of 2.8 x 10 S N  e7.7 x 10  . For t h e  purpose 

R e  
of des ign  use,  t h e  convent ional  l o s s  c o e f f i c i e n t s  were eva lua ted  from these  

measured d a t a  f o r  var ious  s e c t i o n s  along t h e  hea t  exchanger model. 

A schematic of t h e  tes t  s e t u p  and t h e  test s e c t i o n  used t o  conduct 

t h e  s h e l l - s i d e  flow s tudy  is shown i n  Figure 18. P l a n t  water  a t  a  maximum 

p re s su re  of 50 p s i a  was f i r s t  passed through a  s t anda rd  2, l - inch o r i f i c e  

where t he  water flow r a t e s  were measured with a  mercury manometer. The water 

then flowed through a  2.5-inch f i r e  hose and was in t roduced  t o  t h e  t r anspa ren t  

model hea t  exchanger whe re  a l l  t h e  pressure  l o s s  measurements and v i s u a l  s t u d i e s  

w i t h  dye- in jec t ion  were taken .  

The t e s t  s e c t i o n  cons i s t ed  of a  4.25-inch O,D, i n l e t  p ipe ,  a  92-inch long, 

5,235-inch O,D, test s e c t i o n  and a 3-inch O,D, e x i t  pipe.  Two 1.5-inch O,D, 

tubes  were f i t t e d  i n t o  t h e  test s e c t i o n  s h e l l  a s  shown i n  F igure  18 ,  The cons- 

t r u c t i o n  of t h e  test s e c t i o n  c l o s e l y  resembled t h e  geometry of t h e  a c t u a l  ALWE 

a s  s p e c i f i e d  i n  t h e  pre l iminary  des ign ,  except  f o r  t h e  cu rva tu re ,  The t e s t  

s e c t i o n  was made of t r a n s p a r e n t  p l e x i g l a s s  f o r  t h e  purpose of flow v i s u a l i z a t i o n ,  

Two copper wire coils (318-inch x 6-inch, 318-inch x 12-inch wire d ia -  

meter x c o i l i n g  p i t e h )  were tested as turbulence promoters for the s h e l l - s i d e  

flow by wrapping them around the inner diameter of the s h e l l ,  Half-moon 



TFST ( I )  

li" OD I n l ( * t  P i p e  3/8" D x 6" p i t c h  
coiling wire 

i c,zomctcr Ring 

TEST (11) 

'T 44" OD I n l e t  Pipe  

Figure 18, Schematic Erawing of ALEE Model Flaw T e s t  Sectlon, 



shaped flow blockage devices employed t o  enhance s h e l l - s i d e  Slow v e l o c i t y  

d i s t r i b u t i o n s  were rrlounted on t h e  s h e l l  i nne r  wal l  as shown i n  F igure  18, 

S t a t i c  p r e s su re  t a p  ho l e s ,  s u i t a b l y  l oca t ed  f o r  measuring ind iv idua l  

p r e s su re  drop f o r  s h e l l - s i d e  flow a c r o s s  t h e  e a t i r e  hea t  exchanger assembly 

were provided i n  each of t h e  measuring s t a t i o n s ,  For t h e  purpose of ob t a in ing  

accu ra t e  and r e l i a b l e  p re s su re  d a t a ,  an e f f o r t  was made t o  use a  piezometer 

r i n g  on each measuring s t a t i o n ,  t h a t  is ,  an in te rconnec ted  set of s t a t i c  

p r e s su re  ho les  ( t h r e e  o r  f o u r  ho l e s  pe r  s t a t i o n )  around t h e  per imeter  of t h e  

s h e l l  i n  a  plane normal t o  t h e  d i r e c t i o n  of f l u i d  f low.  

Three s tandard  30-inch manometers made by t h e  Meriam Instrument  Company 

were used t o  measure t h e  p re s su re  d i f f e r e n t i a l  a c ros s  each test  s t a t i o n ,  The 

i n d i c a t i n g  f l u i d  employed is Meriam D2883 which has  a  s p e c i f i c  g r a v i t y  of 

2,95 a t  normal temperature .  The manometers a r e  subdivided t o  0 , l - i nch ,  

Three dye i n j e c t o r s  l o c a t e d  a t  t h e  p o s i t i o n  shown i n  F igure  1 8  were 

employed f o r  t h e  recording and v i s u a l  observa t ion  of t h e  flow 

mixing and d i s t r i b u t i o n .  A hypodermic needle  and sy r inge  w a s  used t o  i n j e c t  

dye i n t o  t h e  stream a t  a  s u f f i c i e n t  r a t e  t o  i n s u r e  adequate c o l o r .  A tank 

of compressed argon gas  was used t o  supply t h e  back p re s su re  f o r  t h e  hypo- 

dermic. 

CRITERION OF MODELING 

I n  gene ra l ,  two systems a r e  s a i d  t o  be s i m i l a r  i f  t h e  fo l lowing  con- 

d i t i o n s  a r e  met: 

(1 )  geomet r ica l ly  s i m i l a r  

( 2 )  Dynamically s i m i l a r  

The cond i t i on  (1)  s t a t e s  t h a t  t h e  geometry of two systems should be t h e  same, 

i.e., t h e  same diameter ,  Length and cu rva tu re  o r  t h a t  t h e  r a t i o  of  t he se  

q u a n t i t i e s  i s  propor t iona l  t o  some cons t an t s  according t o  s c a l i ~ ~ g  laws, The 

cond i t i on  (2)  s t a t e s  t h a t  two systems a r e  s i m i l a r  i f  t he  r e s p e c t i v e  Reynolds 

numbers a r e  equa l .  

For t h e  p resen t  modeling t e s t ,  condi t ion  (1 )  was approximately m e t  except  

f o r  t h e  minor e f f e c t  of t h e  cu rva tu re ,  Condition ( 2 )  was not met because t h e  

Reynolds number of t h e  a c t u a l  system (a t  design f l o w  r a t e ,  7,s  lb / see  NaK 
0 5 

flow a d  average temperature  1250 P) is 1-66  x k O  wh ich  requires a water  flew 
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(i) Loss Due to  In le t  Turn 

The measured p re s su re  d rops  f o r  t h e  s h e l l - s i d e  f low through t h e  i n l e t  

t u rn  a r e  presented i n  Table 8 ,  This  p re s su re  drop c o n s i s t s  of s t a t i c  head 

l o s s  due t o  a  90 degree t a r n i n g  and an expansion from flow a r e a  changes,  
* 

Loss c o e f f i c i e n t s  K .  and K based upon d i f f e r e n t  v e l o c i t y  heads a r e  a l s o  
1 i 

presented i n  Table 8  and g r a p h i c a l l y  given i n  F igures  19  and 20. 

( i i )  Loss Due t o  Axial Flow 

Axial flow p re s su re  drop d a t a  a r e  presen ted  i n  Tables  8 and 9 and i n  

F igure  21. Cases were t e s t e d  with t h e  s h e l l - s i d e  equipped wi th  copper c o i l i n g  

wire and half-moon shaped flow blockages.  Two combinations of copper w i r e  

(3/8 -inch x 6-inch and 3/8-inch x 12-inch) were t e s t e d  and t h e  r e s u l t s  a r e  

given i n  F igure  22 f o r  comparison. A s  shown i n  t h i s  f i g u r e ,  t i g h t e r  p i t c h  

c o i l i n g  w i r e  g ives  h ighe r  p re s su re  drop. Loss c o e f f i c i e n t s  based on s h e l l -  

s i d e  v e l o c i t y  heads f o r  var ious  ca se s  a r e  a l s o  presented i n  Tables  8 and 9 

and F igures  19 and 23, A s  shown by t h e s e  d a t a ,  t h e  p re s su re  drop by i n s t a l -  

l i n g  w i r e  c o i l  on t h e  s h e l l - s i d e  is about t h r e e  times h igher  than  t h e  p re s su re  

drop obta ined  using half-moon shaped flow blockages.  

( i i i )  Loss Due t o  Tube Supports 

The tube  suppor t  proposed f o r  use i n  t h e  a c t u a l  hea t  exchanger is made 

of s t a i n l e s s  s t e e l  wire of 1/8-inch diameter  bent i n t o  t h e  shape shown i n  

Figure 24. The p re s su re  drop d a t a  f o r  s h e l l - s i d e  flow ac ros s  t h e  space r  is  

shown i n  F igure  25 and c o r r e l a t e d  i n t o  l o s s  c o e f f i c i e n t s  i n  F igure  14. 

( i v )  Loss Due t o  E x i t  Turn 

The e x i t  t u r n  l o s s e s  measured f o r  t h e  con f igu ra t i on  shown i n  F igure  18 

a r e  g iven  i n  Table 8 and F igure  21. This  l o s s  c o n s i s t s  of an approximately 
0 

45 t u r n i n g  l o s s  and a  c o n t r a c t i o n  l o s s  due t o  a  very  abrupt  change of t h e  

flow c r o s s  s e c t i o n a l  a r e a .  The e x i t  p r e s su re  l o s s  is  excep t iona l ly  high a s  

shown by t h e  d a t a .  Subsequently a  modified e x i t  s e c t i o n  composed of a  

p a r t i a l  reducer ,  a 45 degree elbow and a  32-1/4-inch long extended p ipe  was 

b u i l t  t o  r ep l ace  t h e  o r i g i n a l  e x i t  s e c t i o n ,  The fol lowing ske tch  shows some 

e s s e n t i a l  dimensions f o r  t h i s  modified e x i t  s e c t i o n ,  



TMLE 8 

WATER FLOW TEST ESULTS 

S h e l l - S r d e  Equipped w i t h  Copper C o i l i n g  Wire (3/8" D X 6" P i t c h )  

p s i  -- - - p s i  - - p s i  -- 

Note: K * based on e x i t  p i p e  v e l o c i t y  head. 
e  

Ke, K .  and Kax all based on s h e l l - s i d e  v e l o c i t y  head. 
1 

* 
K based on i n l e t  p ipe  v e l o c i t y  h e a d ,  
i 



(318" x xi') c o i l i n g  wire 

p- low  lockage) 

Figure 19. ALHE Model Hydraulic Test Results - Loss Coefficients. 

10 

(318" x 6") coiling wire 

e>...--.-- (Flow Blockage) 

K* 

F i g u r e  20. ALHE LOSS C o e f f i c i e n t  Based Upon S m a l l e r  Area Velocity Reads. 

5 2 



p s i  

TABLE 9 

WATER TEST RESVLTS 

S h e l l - S i d e  Equipped wi th  S e m i - c i r c u l a r  Flow E lockages  

- - - - p s i  - - p s i  

Xote.  K * based on v e l o c x t y  head i n  e x i t  pipe. 
e 

K e ,  R and K a l l  based on s h e l l - s i d e  v e l o c i t y  head.  
1 ax 

K * based on inlet p i p e  v e l o c i t y  hcad.  
1 

5 3 



(318" x 6") c o i l i n g  w i r e  

t).. -- (Flow Blockage) 

Figure  21, Water Hydraul ic  T e s t  Resu l t s  f o r  ALHE Shel l -Side Flow Model. 



Figure 22. Comparison of P re s su re  Drop f o r  3/8" Diameter Wire With D i f f e r e n t  
Coi l ing  P i tches .  

F i g u r e  23. Cornparison of Loss Coefficient f o r  3/8" "$meter Wire With Different 
Coiling P i t c h e s ,  
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Water Flow Rate, lb / sec  

Figure 25, Spacer Pressure Loss Measured f ~ r  Proposed Auxiliary 
Neat Exchanger Design. 
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Reducer, 0.065" wall 

Sketch (c) 

The measured p re s su re  drops ac ros s  t h i s  modified e x i t  s e c t i o n ,  ( A P I e ,  a r e  

t abu la t ed  i n  Table  10.  The t o t a l  e x i t  l o s s  c o n s i s t e d  of t h r e e  components, 

i , e . ,  l o s s  due t o  t h e  p a r t i a l  reducer ,  l o s s  due t o  t h e  45 degree elbow and 

l o s s  due t o  t h e  2-1/2-inch O,D., 32-1/4-inch long pipe.  I n  an e f f o r t  t o  

e s t ima te  t h e  p re s su re  drop due t o  t h e  p a r t i a l  reducer  a lone ,  r e l i a b l e  sources  

were used f o r  p r e d i c t i n g  t h e  p re s su re  l o s s e s  due t o  elbow and p ipe ,  which 

were then s u b t r a c t e d  from t h e  t o t a l  measured e x i t  p ressure  drop,  For  t h e  

elbow, t h e  p re s su re  drop can be eva lua ted  by t h e  equa t ion  fo l lowingo  

Cgo i s  t h e  l o s s  c o e f f i c i e n t  f o r  a  90 degree bend and C i s  t h e  c o r r e c t i o n  
8 

f a c t o r  f o r  bends o t h e r  than 90 degrees .  Curves shown i n  F igures  16 and 17 

c i t e d  from Reference 12 were used t o  eva lua t e  C and C f o r  t he  p re sen t  
9  0  8 

c a s e ,  For p ipe  f low,  t he  pressure  l o s s  i s  g e n e r a l l y  given by 

where f ,  t h e  f r i c t i o n a l  f a c t o r ,  can be c a l c u l a t e d  from the  B la s iu s  c o r r e l a -  

t i o n  o r  from t h e  Moody curve i n  F igure  12 by knowing t h e  pipe flow Reynolds 

number, 

Pollowing t h i s  app roach ,  the presstmre loss due  to t h e  reducer alone 

was obta ined  by s u b t r a c t i n g  (A$) and ( h P) from the  measured 
e l  bow p i p e  
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* Remarks1 (CS)pipe c a l c u l a t e d  by (AP) . 
= f (:) H v .  PlPe 

(/iP)elbow c a l c u l a t e d  by (AP) - C H = 0 . 5 1  H v .  
elbow - '90 6 v 



v a l u e  of ( A P I e ,  Subsequently,  t he  l o s s  c o e f f i c i e n t  f o r  "Ee reducer  was 

e v a l u a t e d  based upon i t s  sma l l e s t  area ve loc i ty  head, Resul t s  of t hese  

c a l c u l a t i o n s  a r e  presented i n  Table 10 and Figure  26, The l o s s  c o e f f i c i e n t  

of the reducer  is  s l i g h t l y  l a r g e r  than the  value of K recommended by conven- 

t i o n a l  pressure  drop t a b l e s  f o r  reducers .  The reason f o r  t he  h igher  value 

fo r  'red 
might be due t o  t he  added tu rn ing  l o s s  when e n t e r i n g  the  reducer ,  

FLOW VISUALIZATION 

Visual  and photographic observa t ions  of t h e  s h e l l - s i d e  flow mixing 

phenomena were s imultaneously made with t h e  s t a t i c  p re s su re  drop measurements, 

The eva lua t ion  of t h e  s h e l l - s i d e  flow mixing produced by adding mixing devices  

such a s  c o i l i n g  wire and flow blockages was of p a r t i c u l a r  i n t e r e s t ,  

A s  descr ibed  before  two wire c o i l  combinations (wire diameter  x  p i t c h )  

were used a s  mixing promoters by wrapping the  wire  c o i l  around the  i n s i d e  of 

t h e  s h e l l ,  Upstream dye i n j e c t i o n s  were used f o r  v i s u a l i z a t i o n  o f t h e  s h e l l -  

s i d e  flow mixing phenomena. A s  i l l u s t r a t e d  i n  t h e  fol lowing ske tch ,  dye was 

i n j e c t e d  a t  t h r e e  upstream l o c a t i o n s  each from top ,  bottom and middle, As 

shown i n  Figure 27, t h e  s h e l l - s i d e  flow had ind ica t ed  no mixing a t  a l l  with- 

ou t  e i t h e r  t h e  use of wire c o i l  o r  t h e  flow blockage on t h e  inner  wa l l ,  

Coi l ing  Wire 

\ 
\ 

Flow i n  \ / 
/ 

Flow out  

\ / Inner  
Tube 

Dye 
I n j e c t o r s  

Ske tch  (d)  



Figure 26. Loss Coe f f i c i en t  f o r  t h e  P a r t i a l  Reducer. 





The mixing ef fec t s  of  wire c o i l  and f l o w  blockage were then evaluated 

by observing t h e  mixing level  of s h e l l - s i d e  f l o w  w i t h  the a id  of dye in- 

j e c t i o n s .  Furthermore, t h e  d i s t a n c e s  r equ i r ed  f o r  developing a f u l l y  

mixed reg ion  were a l s o  v i s u a l l y  determined. I n  gene ra l ,  t h e  w i r e  c o i l  

combinations ind ica t ed  much b e t t e r  mixing of t h e  she l l - s ide  flow. A s  

evidenced by v i s u a l  observa t ion ,  very  l i t t l e  mixing e f f e c t  w a s  noted 

when t h e  half-moon shaped flow blockages were added a s  shown i n  F igure  28. 

On t h e  o t h e r  hand, as shown i n  F igures  29 and 30, reasonably good mixing 

d id  occur  w i t h  the  use  of a wi re  c o i l  i n s e r t  (318" d i a  x 6" p i t c h ) .  

When a 318" d i a  x 12" p i t c h  c o i l  was s u b s t i t u t e d ,  mixing was not  a s  

good, p a r t i c u l a r l y  i n  t h e  cen te r  po r t ion  of t h e  s h e l l  between t h e  two 

inne r  tubes.  The p re s su re  drop f o r  t h i s  geometry, however, w a s  somewhat 

l e s s  than  f o r  t h e  6" p i t c h  geometry. Therefore,  i t  was decided t o  t e s t  

a wi re  c o i l  on the  inne r  tubes  i n  conjunct ion with t h e  12" p i t c h  c o i l  on 

t h e  s h e l l .  Flow mixing was g r e a t l y  enhanced us ing  t h i s  approach, bu t  

t h e  t o t a l  p re s su re  drop increased  t o  an unreasonably high va lue ,  a s  shown 

i n  F igure  31. Based on the  v i s u a l  observa t ions  and t h e  p re s su re  drop 

d a t a  a 318" d i a  x 6" p i t c h  wi re  c o i l  i n s e r t  was s e l e c t e d  f o r  t h e  f i n a l  

design.  It is bel ieved t h a t  t h i s  geometry is t h e  b e s t  compromise between 

good h e a t  t r a n s f e r  and low p res su re  drop. 



F i g u r e  28. Poor Mixing o f  She l l -S ide  Flow With Half-Moon 
Shaped Flow Blockages.  



Figure  29. Good Mixing of Shel l -Side Flow by I n s t a l l i n g  318" x 6" Wire Coi l  
Dye I n j e c t e d  From Top. (~69-9-23A) 



Figure 30. P a r t i a l  Mixing of Shell-Side Flow i n  the  Center Port ion.  
(Dye Injec ted  Between Two Inner Tubes) (P69-9-23B) 



(1)  No T u r b u l e n c e  P r o m o t e r s  

( 2 )  (3 /8"  x 12") o n  S h e l l  S i d e  

( 3 )  (3 /8"  x 6") on  S h e l l  S i d e  

(4 )  (1 /4"  x 4") on I n n e r  Tubes (None on  S h e l l )  

(5)  (1 /4"  x 2.2") on I n n e r  Tubes (None o n  s h e l l )  

(6 )  (3/8" x 12")  o n  S h e l l  S i d e  p l u s  

(1 /4"  x 2-2")  on I n n e r  Tube 

F i g u r e  31. Comparison o f  Axial P re s su re  Drop W i t h  Var ious  M ~ x i n g  Promgters, 



V. FINAL HEAT EXCWANGER DESIGN CALCUEATIONS 

The des ign  approach f o r  t h e  NaK-NaK h e a t  exchanger a s  descr ibed bsfors 

c o n s i s t s  g e n e r a l l y  of determining t h e  tube l eng th  f o r  any t e n t a t i v e l y  

s e l e c t e d  c r o s s  s e c t i o n a l  geometry under t he  prescr ibed  design condi t ions  and 

then  using t h i s  con f igu ra t ion  t o  check t h e  p re s su re  drop  l i m i t a t i o n s  from 

hydraul ic  c a l c u l a t i o n s .  Step-by-step des ign  c a l c u l a t i o n s  a r e  provided 

fol lowing f o r  t h e  case  of t h e  100 Kw NaK-NaK hea t  exchanger. The design 

s p e c i f i c a t i o n s  a r e  l i s t e d  i n  Table 11 f o r  convenience. 

A, THERMAL DESIGN CALCULATIONS 

( I )  Given Conditions 

Primary NaK Flow R a t e  

Auxi l ia ry  NaK Flow Rate 

Primary NaK I n l e t  Temperature 

Auxi l ia ry  NaK I n l e t  Temperature 

Auxiliak-y NaK Ex i t  Temperature (Minimum) 

Thermal Power (Maximum) 

( i i )  Se lec ted  Geometry 

She l l  0,D. 

She l l  Wall Thickness 

S h e l l  I .D ,  

Annulus O.D. 

Annulus Wall Thickness 

Annulus I ,D. 

Tube 3.D. 

Tube Wall Thickness 

Tube I ,Be 

Material (Shell, Annulus, Tube) 

5 inches 

0.120 inch 

4.75 inches 

1 , 5  inches 

0,050-inch 

1.4 inches 

1.25 inches 

0,065 ineh 

1,P2 inches 

St3 316 



TABLE 11 

Auxi l i  a r y  Heat Exchanger Design C o n d i t i o n s  - 

Thvrrna 1 c:nergy t r a n s  fcr  capab i  L i t  y (mi nimum) 

(maximum) 

P r e s s u r e  d rop ,  pr imary loop  s i d e  (maximum) 

P r e s s u r e  d rop ,  aux i  l i a r y  l o o p  s i d e  (maximum) 

K a K  out  l e t  t empera tu re ,  a u x i l i a r y  
loop s i d e  (minimum) 

A u x i l i a r y  Heat Exchanger I n t e r f a c e  C o n d i t i o n s  

Paramete r  

Flow r a t c ,  pr imary loop  s i d e  

F lak  r a t e ,  auxi  l i  a r y  Loop s i d e  

SaK i n l e t  t e m p c r a t u r c ,  pr imary loop  side 

KaK i n l e t  t empcra tu rc ,  a u x i l i a r y  loop s i d e  

7 0  
I 

100 'Kw 
I 

0.15 p s i  

l a 0  p s i  

Value  



Shell-Side idet Flow Area 

2 
2 (1,5) - (318)  

= 14.1 i n  2 

Mass Veloc i ty  

Reynolds Number 

- 4 x 14.1 
De 

- 
wE5 + 2 (1 .5 )  + 0.375) 

= 2.146 inches 

300 (De) (Gp) 
- - - 300 (2.146) (76.6)  

N ~ e ~  - p 0.35 

= 1.41 x 10 
5 

Heat Transfer Coef f ic ient  

(The Lubarsky-Kaufman equation i s  used t o  predict  h due t o  its lowest 

prediction of h among other c i t e d  equations i n  Part I V ,  



Wiv1.l. Equivalent Heat Transfer Coefficient 

SS 316 Tube Wall 

Static NaK Layer 

SS 316 Annulus 

Composite Wall Heat Transfer Coefficient 
(Referred to Tube Inside Diameter) 

Overall Heat Transfer Coefficient (Referred to tube inside diameter) 

Log-Mean Temperature Difference 

Primary NaK Exit Temperature  



Required Heat T r a n s f e r  Tube Leng th  

= 84.5 i n c h e s  

The a c t u a l  l e n g t h  o f  abou t  90 i n c h e s  p r o v i d e s  some d e s i g n  margin.  

B, HYDRAULIC DESIGN CALCULATIONS 

( i )  Given Condi t ions  ( F i n a l  Heat Exchanger Design) 

(a)  S h e l l - s i d e  flow s u b j e c t  t o  a  90 d e g r e e  t u r n  from 5- inch OD i n l e t  

p i p e  i n t o  t h e  h e a t  t r a n s f e r  s e c t i o n .  

(b)  S h e l l - s i d e  f low passage i n  t h e  h e a t  t r a n s f e r  s e c t i o n  equipped 

wi th  two s p a c e r s  ( a s  shown i n  F i g u r e  24 and 3/8-inch x 6- inch 

w i r e  c o i l ) .  

( c )  E x i t  s e c t i o n  c o n s i s t i n g  of an  elbow, a r e d u c e r ,  and a 3-inch 

extended p ipe .  The dimensions  a r e  a s  fo l lows :  

4-inch x 90' LR elbow 

4-inch t o  2-1/2-inch OD reducer  

3 - inch  long ,  2-1/2-inch OD p ipe  

A l l  t h r e e  have 0.083-inch w a l l  t h i c k n e s s e s .  

(d )  90-inch a c t i v e  a x i a l  l e n g t h .  

( e )  A 10-inch long 0.625-inch OD tube  w i t h  w a l l  t h i c k n e s s  of 0,035- 

inch  was used i n  t h e  a u x i l i a r y  NaK f low i n l e t  a s  a thermal  

p r o t e c t i o n .  

( f )  S h e l l  and t u b e  dimensions ,  f low r a t e s  and t empera tu re  l e v e l s  are 

t h e  same a s  used i n  t h e  thermal  d e s i g n  c a l c u L a t i o n ,  



(ii) P r e s s u r e  Drop Prediction 

8 (1) For 10-inch inlet tube, T = 150 P 

3 P =  53 lb/ft , p =  1.4 lb/ft 

The pressure drop due to 10-inch long, 0.625-inch OD tube will be 

= 0.0342 psi 

(2) For sudden expansion from 0.555-inch ID tube to 1.12-inch 

ID tube 

Velocity Head at smaller cross sectional area 

= (190)~ = .0735 psi 
64.4 x 53 x 144 

For diameter ratio equal to ( 
0.555 
iTi-2-)= 0.483 loss coefficient for 

sudden expansion is equal to approximately 0.55 from Figure 15 cited from 

Reference 11 . 
Then the'pressure drop due to this sudden expansion will be 

( BP) = 0 -55 x 0.0735 = 0.0403 psi 

0 3 
(3) For 90-inch long auxiliary NaK tube at T = 700 F, p = 49 lbfft , 

p = 0,53 lb/ft-hr 

Velocity Head = (4,a.312 
64.4 x 144 x 49 

= 0.433 x lo-' p s i  



Then  t h e  pressure d r o p  due t o  90-inch long auxiliary N a K  t u b e  is 

= 0,00915 p s i  

(4) Tota l  tube-side pressure  drop 

= 0.0836 p s i  

Shel l -Side Pressure  Drop 

(1)  I n l e t  Turn 

The pressure  drop i n  t h e  i n l e t  t u r n  i s  caused by a 90 degree t e e  bend 
2 

and a sudden c o n t r a c t  ion  (flow a r e a  changes from 17.7 in2  t o  14.1 i n  ) . Prom 

the  hydraul ic  t e s t  r e s u l t s ,  t h e  l o s s  c o e f f i c i e n t s ,  K ,  were determined t o  be 
4 between 1.5 and 1.2 over a Reynolds number range of 3 x lo4 t o  7.5 t o  10 

The K values s l i g h t l y  decreased a s  t h e  Reynolds numbers increased.  

Thus, t h e  i n l e t  t u rn ing  l o s s  is  es t imated  a s  

( h P )  = KHV = 1.5 x ( 7 6 . 6 1 ~  = 1.5 x 0,0143 
64.4 x 44.3 x 144 

= - .0214 p s i  

(2)  

Hydraulic p re s su re  drops f o r  t h e  she l l - s ide  f low passage equipped 

with c o i l i n g  copper wire  over  an a x i a l  l eng th  of 67-inches were ac- 

c u r a t e l y  measured. Tes t  r e s u l t s  a r e  d i r e c t l y  used he re  t o  p r e d i c t  t h e  

p re s su re  drop f o r  a x i a l  flow ac ros s  t h e  90-inch long s h e l l  s i d e  flow 

passage. 

For 3/8-inch x 6-inch wire c o i l  

( h p )  = (3,s x 0,0143) = 0 -0672 p s i  



( 3 )  Tube Supports  

The l o s s  c o e f f i c i e n t s  f o r  tube  suppor t s  c o r r e l a t e d  from hydrau l i c  

test d a t a  were i n  t h e  range of 0.14 t o  0.18, Using these  va lues ,  t h e  p re s su re  

drop f o r  s h e l l - s i d e  flow ac ros s  two suppor t s  is es t imated  a s  

(AP) = 2  x 0.15 x 0.0142 = 0.00246 p s i  

(4)  Ex i t  Turn 

For t h e  3-inch long 2-1/2-inch OD, 0.083-inch wal l  e x i t  pipe 

where 

;L: 

v 
= 0,0143 1%) = 0.156 p s i  

A P  = 0.0116 2 0.156 = 0,00233 p s i  [ 2  .,,,I 
5  

based upon N = 5.04 x 10  , f o r  smooth steel p ipe .  Reference 11 gives 
Re  

f = 0,013 which is c l o s e  t o  t h e  value p red i c t ed  by t h e  Blas ius  c o r r e l a t i o n  

shown above. 

For t h e  90 degree - 4-inch OD, 0,083-inch wa l l  elbow 

A P  = Cgo HV 

where C is t h e  l o s s  c o e f f i c i e n t  f o r  a 90 degree elbow and can be o b t a i n e d  
90 

from Reference 12. 

A P  = 0.30 x 0,0176 = 0.00528 p s i  

For t h e  4-inch - 2-1/2-inch reducer  t h e  l o s s  c o e f f i c i e n t  is e s t ima ted  

f ron~  hydraul ic  t e s t  r e s u l t s ,  Thus, the pres su re  drop is  es t imated  as,  

L%P = 1 ,I x 0.156 = 0.172 p s i  



(5) T o t a l  Es t imated  S h e l l - S i d e  P r e s s u r e  Drop 

For t h e  f i n a l  d e s i g n  the  t o t a l  s h e l l - s i d e  p r e s s u r e  drop is  

es t imated  a s  f o l l o w s ,  

A P  = 0,0214 + 0.0672 + 0.00246 + 0.00233 + 0.172 -r- 0.00528 = 0,2707 p s i  

The p red i c t ed  p re s su re  drop of 0,2707 p s i  is  about 80% h ighe r  t han  t h e  

s p e c i f i e d  va lue  of 0.15 p s i .  The p red i c t ed  v a l u e  i s  somewhat conse rva t ive  

because of t h e  u s e  of hyd rau l i c  test r e s u l t s  d i r e c t l y  and t h e  use of rough 

s u r f a c e  lass  c o e f f i c i e n t s  f o r  t h e  elbow. The model hyd rau l i c  test r e s u l t s  

might be expected t o  y i e l d  a  h igher  p re s su re  drop  than  t h e  a c t u a l  h e a t  

exchanger due t o  i t s  rough cons t ruc t ion ,  e s p e c i a l l y  i n  t h e  high p re s su re  drop  

end reg ion .  

One remark must be made he re  t h a t  t h e  cu rva tu re  e f f e c t  is  not  taken 

i n t o  account i n  t h e  thermal  and hydrau l i c  c a l c u l a t i o n s .  The cu rva tu re  e f f e c t  

upon t h e  p r e d i c t i o n  of hea t  t r a n s f e r  c o e f f i c i e n t s  and p re s su re  drop is be- 

l i e v e d  t o  be n e g l i g i b l y  smal l  i n  t h e  p re sen t  ca se  based upon e s t ima te s  made 

using equa t ions  from Reference 13. 



C ,  START-UP AND SHUT-mW TEMPEMTURE ANALYSES 

The a u x i l i a r y  NaK-NaK hea t  exchanger wi th  one a u x i l i a r y  loop s i d e  

a c t i v e  s h a l l  be capable  of ope ra t i ng  f o r  a  minimum of 100 sequences f o r  both 

s t a r t u p  and shutdown o p e r a t i o n s ,  The s t a r t u p  and shutdown condi t ions  a r e  

s p e c i f i e d  i n  Tables  12 and 13 ,  r e s p e c t i v e l y ,  Steady s t a t e  c a l c u l a t i o n s  were 

made t o  p r e d i c t  t h e  a u x i l i a r y  NaK flow e x i t  temperature ,  
T~aKAo 

and t o  compare 

it with t h e  value s p e c i f i e d  i n  Tables 12 and 1 3  f o r  each of t h e  f i v e  s t a r t u p  

and fou r  shutdown cases .  These c a l c u l a t i o n s  were performed t o  determine t h e  

a u x i l i a r y  NaK flow e x i t  temperature  f o r  t h e  a c t u a l  de s ign  i n  o rde r  t o  provide 

more r e a l i s t i c  va lues  f o r  t h e  s t a r t u p  and shutdown cond i t i ons .  For each cal- 

c u l a t i o n  t h e  f i n a l  va lues  of t h e  given q u a n t i t i e s  (such a s  flow r a t e s ,  NaK 

flow i n l e t  temperature ,  etc.) l i s t e d  i n  Tables  12  and 1 3  were used. Calcu- 

l a t i n g  procedures a r e  a s  fo l lows:  Heat balance equa t ion ,  

and hea t  t r a n s f e r  equa t ion ,  

- 
T ~ a ~ p o  ) =WA (C P ) A (TNaKAo NaKAi 

- T 1 

The above two equa t ions  a r e  used t o  c a l c u l a t e  T and T with t h e  
NaKpo NaKAo 

remaining q u a n t i t i e s  known from Tables 12  and 13.  An i t e r a t i o n  process  is 

involved t o  so lve  t h e  r equ i r ed  temperatures  because t h e  s p e c i f i c  C has t o  be 

eva lua ted  a t  t h e  average temperature ,  i . e  ., C = f  
P 

e i t h e r  primary NaK flow o r  a u x i l i a r y  NaK flow. 

The computer ou tpu t s  a r e  presented i n  Table  14 f o r  a l l  t h e  s t a r t u p  

and shutdown ope ra t i ons ,  The f i n a l  design dimensions used f o r  these  

c a l c u l a t i o n s  a r e :  

5-inch OD s h e l l  with 0.120-inch wal l  

90-inch a c t i v e  l eng th  

l ,5 - inch  OD annulus with 0,049-inch wal l  

i ,25- inch OD tube  w i t h  0.065 wal l  



TABLE 1 2  

AUXILIARY HEAT EXCHANGER CONDITIONS DURING STARTUP 

Phase ( 1) I I1 111 IV 

Duration 
of Phase 5 H r s .  2 Min. 5-10 Yin 50-100 Sec. 

laK Plow, Primary Loop Side 
I n i t i a l  Lb/Hr 0 11,600 27,000 27,000 
Final LbDr 11,600 27,000 27,000 49,000 
Max. Rate of Change Lb/Hr/Sec 11,600 180 0 2,455 

NoPE Lnlat Tentp. Primary Loop Side 
I n i t i a l  OF 50-1100 1330 1330 1330 
Pinal OF 1330 1330 lltO(min) 

133?2)(3) Max. Rate of Change "F/Sec 0.1 Negl. 5 

Nag Press, himary Loop Side 
Itnitial Psia 5-35 35 35 35 
Final Ps i s  35 35 35 30 
Max. Hate of Change Psia/Sec .004 Negl. Negl. 0.18 

la Flaw, Auxilirury Loop Side 
I n i t i a l  Lb/Hr 0 500 1150 1150 
Final Lbnir 500 1150 1150 2100 
Max. Rate of Change Lb&r/Sec 500 7.5 - u 100 

Harg In le t  Temp, Auxiliary Loop Side 
I n i t i a l  OF 50 50 110 
Final OF 50 110 110 
Wax. Rate of Change OP/Sec - 1 - 

Mag %tBet Temp, Auxiliary Loop Side 
I n i t i a l  "P 50 1250 1100 1100 
Final " F 1250 1100 1100 760 
Max. Rate of Change "F/Sec .3(3) 3 - 8 

Ha% Press., Auxiliary Loop Side 
I n i t i a l  Psia 18-25 18-25 33-50 33-50 
Final Psi a 18-25 33-50 33-50 50-75 
Blax. Rate of Change Psia/Sec - .25 - 5 

9: 0-95 Bz inverter  output, reactor outer temp. increased t o  1330°F. 
211 m ' s  accelerated from 95 t o  220 Hz  operation. 
1x1 m' s a t  220 Hz operation, system transient  s tab i l i za t ion  period. 
BV Bercury Injection, TAA & PI(A acceleration t o  rate@ speed. 
v lllercurg flow at  - 5096, FAA & m's rated speed. 
udI MeIexuury flow increased t o  rated. 
V I X  Sgstear a t  rated condftions. 

(2 )  mring: Phase I r a t e  of change of primary loop temp w°F/Sec f o r -  6 min. period. 

(3) Trawien ts  uccur a f t e r  flows reach f i n a l  values. 

Long Term 
7-10  in Steady-State 



TABLE 13  

AUXILIARY HEAT EXCHANGER CONDITIONS DURING SHUTDOIJN 

Duration 
of Phase 30 Sec. -200 Sec. -200 See. 

NaK Plow, Primary Loop Side 
I n i t i a l  Lb/Rr 49,000 49,000 27,000 
Final  Lb/Er 49 , 000 27,000 27,000 
Max. Rate of Change Lb/Rr/Sec - 

RaK I n l e t  Temp, Primary Loop Side 
I n i t i a l  OF 1200- 1250 1200-1250 1180- 1220 
Final  OF 1200- 1250 1180-1220 1130-1170 
Max. Rate of ehange OF/Sec - 4 0.5 

Nag Flow, Auxiliarg Loop Side 
P n i t i a l  
F inal  
l a x .  Rate of Change 

Mag I n l e t  Temp, Auxiliary Loop Side 
I n i t i a l  OF 
Final  OF 
Ma . Rate of Change OF/Sec 

-4 
a 

NaK Outlet  Temp, Auxiliary Loop Side 
I n i t i a l  OF 
Final  OF 
l ax .  Rate of Change OF/Sec 

, 5 H r .  

"'phase Description 

P .  Mercury flow a t  4 0 %  rated,  TAA & PMA's a t  ra ted  speed. (Time period t o  permit s t a b i l i z a t i o n  of AHE conditions) 

IP. Mercury flow reduced t o  Zero, TAA decel .  PMA's switched t o  inver ter  a t  220 Hz, reac tor  power reduced by f a s t  setback. 

111. NPW' s a t  220 H z  operation. Time period f o r  system s t ab i l i za t ion .  

I!?. Decay heat removal period. NRdlA's decel .  t o  remain a t  95 Hz operation. 





MANUFACTURING AND QUALITY ASSURANCE 

The intended use of t h e  Auxi l ia ry  Loop Heat Exchangers was i n  a  com- 

bined system t e s t  of t h e  SNAP-8 power conversion system. A s  a  r e s u l t  t h e  

m a t e r i a l s ,  manufacturing and q u a l i t y  conformance requirements  were q u i t e  

s t r i n g e n t .  

A 1 1  s t a i n l e s s  steel tub ing ,  s h e e t ,  and bar  s t o c k  were procured t o  

a p p l i c a b l e  ASTM s p e c i f i c a t i o n s  and then  sub jec t ed  t o  u l t r a s o n i c  i n spec t ion ,  

dye pene t ran t  i n spec t ion ,  and g r a i n  s i z e  de te rmina t ions .  

The 5-inch diameter  tub ing  was r o l l  formed t o  t h e  proper  cu rva tu re  

a f t e r  being f i l l e d  wi th  r e s i n  t o  reduce o v a l i t y  and prevent  l o c a l  buckl ing* 

Af t e r  t h e  r e s i n  was removed t h e  tub ing  was capped and p re s su r i zed  i n t e r n a l l y  

t o  about 3000 p s i  t o  f u r t h e r  reduce o v a l i t y .  The 1-1/4" d i a .  tub ing  was 

i n s e r t e d  i n  t h e  1-1/2 d i a .  tub ing  and t h e s e  were formed t o  t h e  r equ i r ed  cur-  

va tu re  a s  a  subassembly. This  subassembly, a s  wel l  as  a l l  o t h e r  p a r t s  f o r  

t h e  hea t  exchanger,  a r e  shown i n  an exploded view i n  F igure  32. 

The wire c o i l  i n s e r t s  were f a b r i c a t e d  from 3/8" d i a .  rod by winding on 

a  mandrel and s t r e t c h i n g  t h e  c o i l  t o  t h e  proper  p i t c h .  The s t r a i g h t  c o i l  

s e c t i o n s  were then  pul led  through t h e  curved 5" d i a .  tub ing  and \irere f i l l e t  

welded t o  t h e  I D  of t h e  tub ing .  A p a r t i a l  view of t h e  c o i l  i n s e r t  is sho\vn 

i n  Figure 33. 

F i n a l  assembly was performed i n  t h e  f i x t u r e  shown i n  F igure  34 us ing  

gas  tungs ten  a r c  welding f o r  a l l  j o in ing  of p a r t s .  A l l  welds were helium 

l e a k  checked, dye pene t ran t  inspec ted ,  and X-rayed t o  i n s u r e  t h a t  t h e  welds 

met a l l  of t h e  q u a l i t y  requirements of t h e  c o n t r a c t ,  

The q u a l i t y  assurance provis ions  of t h i s  program a l s o  r equ i r ed  a  proof 

pressure  t e s t ,  flow t e s t ,  c e n t e r  of g r a v i t y  de te rmina t ion ,  and a f i n a l  

c leaning  of a l l  i n t e r n a l  su r f aces  t o  a c l e a n l i n e s s  Level 5 as def ined  i n  

WGC-STD-XlSlB, The HFL tubes were pressur ized  with argon t o  355 p s i a  with 
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TABLE 15 

* 
Corrected with elevation head only, possible experimental errors in 
obtaining APi - are not considered. 



COMPARISON BET 

S E L L  SIDE FLOW 



TABLE 17 



V I I .  CONCLUDING REMARKS 

General  thermal  and h y d r a u l i c  d e s i g n  approaches  f o r  l i q u i d  metal h e a t  

exchangers  have been d i s c u s s e d  and o u t l i n e d .  E f f o r t s  have been made t o  

c l a r i f y  d e s i g n  d i f f i c u l t i e s  i n  r e g a r d  t o  v a r i o u s  assumptions  and uncer-  

t a i n t i e s  invo lved  i n  t h e  thermal  and h y d r a u l i c  a r e a s .  P r e s s u r e  l o s s e s  and 

f low mixing f o r  s h e l l - s i d e  f low p a s s i n g  complicated geomet r ies  have been 

measured and c o r r e l a t e d  by w a t e r  f l o w  t e s t s .  Some o f  t h e s e  measured r e s u l t s  

were used f o r  d e s i g n  c a l c u l a t i o n s .  A 100 KW N a K  s h e l l  and t u b e  h e a t  ex- 

changer  h a s  been worked o u t  s tep-by-s tep a s  a n  i l l u s t r a t e d  d e s i g n  example. 

Some g e n e r a l  conc lus ions  and remarks r e s u l t i n g  from t h i s  e f f o r t  a r e  i n  order .  

The c a l c u l a t e d  thermal  performance of t h e  h e a t  exchanger i s  g e n e r a l l y  

h i g h e r  than  t h e  l e v e l s  s p e c i f i e d  i n  AGC-10622. Complex problems such  as 

nonuniform a x i a l  h e a t  f l u x  d i s t r i b u t i o n  and nonuniform s h e l l - s i d e  v e l o c i t y  

d i s t r i b u t i o n  and t h e i r  e f f e c t s  upon p r e d i c t i o n  of s h e l l - s i d e  h e a t  t r a n s f e r  

c o e f f i c i e n t  were  n o t  cons idered .  Heat  t r a n s f e r  through t h e  s t a t i c  NaK l a y e r  

between t h e  t u b e  and t h e  annu lus  w a s  c o n s i d e r e d  a s  conduc t ion  o n l y .  Hence, 

t h e  e f f e c t  from n a t u r a l  c o n v e c t i o n  of t h i s  conf ined  l ayer  was n e g l e c t e d .  

Temperature d i s t r i b u t i o n  i n  t h e  r e g i o n  f o l l o w i n g  t h e  the rmal  b a f f l e  cannot  

be ana lyzed  by a  s imple  method due t o  t h e  complex geometry i n  t h i s  end 

r e g i o n .  

The p r e d i c t e d  p r e s s u r e  drop f o r  t h e  s h e l l  s i d e  f l o w  i n  N a K  i s  about  

80% h i g h e r  t h a n  t h e  v a l u e  s p e c i f i e d  i n  AGC-10622. T h i s  compromise was 

n e c e s s a r y  t o  i n s u r e  good h e a t  t r a n s f e r  c h a r a c t e r i s t i c s .  The w i r e  c o i l  h a s  

been i d e n t i f i e d  a s  a  good s h e l l - s i d e  f low mixing d e v i c e  through v i s u a l  s t u d y  

w i t h  dye i n j e c t i o n .  For b e t t e r  r e s u l t s  o f  s h e l l - s i d e  f l o w  mixing,  add i -  

t i o n a l  w i r e  c o i l s  could  be wrapped around t h e  two i n n e r  t u b e s ,  However, 

t h i s  approach was n o t  i n c o r p o r a t e d  i n  t h e  f i n a l  d e s i g n  because  of t h e  

added pressure drop penalty, The predicted tube side pressure drop is 

cons iderably  below the specified a~~owable pressure drop. 



The thermsstructural analysis o f  the  SNAP-8 ALHE asseni$$y i n d i c a t e s  

t h a t  t h e  stresses generated dur ing  steady s t a t e  opera t ion  w i l l  not exceed 

design s t r e s s  allowabbes, The l a r g e s t  thermal s t r e s s e s  generated durdng 

t h i s  ope ra t i on  will occur i n  the  1.5-inch OD tube a t  j o i n t  8 i n  Figure 3 .  

The va lues  of s t r e s s  obta ined  w i l l  be  conserva t ive  s i n c e  t h e  suppor t  be- 

tween the  1.5-inch OD tube  and t h e  5-inch OD s h e l l  was assumed r i g i d .  

Experiments performed a t  GE-NSP t o  determine t h e  f o r c e  and d e f l e c t i o n  

r e l a t i o n s h i p  of t h e  wire  s p r i n g  suppor t s  i nd ica t ed  t h a t  a 180 l b .  load 

w i l l  d i s p l a c e  t h e  1.5-inch OD tube ,  r e l a t i v e  t o  t h e  5-inch OD s h e l l ,  t o  

a new equi l ibr ium p o s i t i o n  determined by t h e  thermal mismatch. This  means 

t h a t  t h e  tube i s  merely d i sp l aced  t r a n s v e r s e l y  t o  r e l i e v e  t h e  thermal load ,  

thereby reducing t h e  thermal s t r e s s e s  generated during s teady  s t a t e  opera t ion .  
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APPENDIX A 

THERMAL STRESS DISCONTINUITY 

The thermal s t r e s s e s  generated a t  t h e  i n l e t  connector  a r e  p r i n c i p a l l y  

d u e  t o  the  therrnal mismatch between t h e  tube and connector ,  whicll a r e  a t  

d i f f e r e n t  average temperatures .  Compatibi l i ty  r equ i r e s  t h a t  the  d e f l e c t i o n  

and s lope  of t h e  tub ing  connected t o  t he  f i t t i n g  be equa l .  

From Reference 2 ,  Timoshenko has der ived  t h e  d e f l e c t i o n  and s lope  of a 

cy l inde r  subjected t o  edge loads .  



Once t h e  shea r  Q and moment M have  been obtained by so lv ing  (51, t h e  

meridional and hoop s t r e s s e s ,  r e s p e c t i v e l y ,  can be determined by equations 

(6)  and ( 4 ) -  

When the appropriate material properties and geometry are substituted 

in the foregoing equations, the results shown in Figures 4 and 5 are obtained. 

DETERMINATION OF MAXIMUM POSSIBLE STRESS fms 

f = maximum calculated stress level 
C 

K 5 ~  
= 1.1 dimensional variation 

K 6 ~  
= 1.1 manufacturing/dimensional deviation 

= stress concentration factor 

KsA = 1.25 uncertainty factor 

FACTOR OF SAFETY FS 

2F 
F 

F S = - =  
f 

1.60 1.25 
f 

ms C 

NORMALIZED FACTOR OF SAFETY 

F 
FS = 1.28 2 >= 1.0 

f 
C 

ACCORDING TO ASME CODE: 

FACTOR OF SAFETY 

I 
C 

where Sm = d e s i g n  s t r e s s  i n t e n s i t y  

f = maximum c a l c u l a t e d  stress 
c  



where 

E = Young's modulus 

h = cylinder thickness 

\,! = Poisson" r a t i o  

R = mean r ad ius  

D = E h3 
3 

modulus of r i g i d i t y  
12 (1  - ,,r 1 

P4= 3 (1 - .).12) parameter 
R2 h2 

The compa t ib i l i t y  requirement a t  t h e  j o i n t u r e  of t h e  two c y l i n d e r s  becomes: 

W' + W" 0 
1 2  

where 

A w = R  a T - a T 
J, 1 C R 2  2  2  

When equa t ions  (1) and (2)  a r e  s u b s t i t u t e d  i n t o  t h e  equa t ions  (3) and 

(4 ) ,  t h e  r e s u l t  i s  a  set of two simultaneous equa t ions  which a r e  convenient ly  

w r i t t e n  i n  ma t r ix  n o t a t i o n .  

The elements of t h e  IF ma t r ix  a r e  given by: 



ACCORDING TO .SPEC.  AGC-10650  : 

A l l o w a b l e  Stress F 

F = .8F 
Y 

w h e r e  Kim = 1 

KZm = .8 

K3m = 1 

K4m 
= 1 

M a x i m u m  Poss ib le  Stress f 
m s  

w h e r e  
K 5 ~  

= 1 

CRITERION 

MINIMUM FACTOR O F  SAFETY FOR SNAP-8 HEAT EXCHANGER 

FS = 1 . 2 5  A g a i n s t  Y i e l d  

FS = 1.50 A g a i n s t  U l t i m a t e  



EVALUATION OF COMPONENT STRUCTUME INTEGRITY AGCQWIMG TO AGC-10650 

STEADY STATE STRESS 

F 
FS = FACTOR OF SAFETY = 

ms 

where 

f = maximum possible steady stress 
ms 

F = allowable stress 

DETERMINATION OF ALLOWABLE STRESS F 

where 

Fc = curve stress 

Kim 
= .8 material factor if no yielding is allowed 

.8 material deviation factor when ultimate is used 
Kzm = { 

.85 when y Id is used 

5 r n  
= material decay 

Kqm = .9 weld confidence factor 
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A DSCS program c a l l e d  "CURVED" has been developed t o  c a l c u l a t e  elemental  

f r e e - f r e e  s t i f f n e s s  mat r ices  f o r  curved beams of r ec t angu la r  o r  c i r c u l a r  c ross -  

s e c t i o n  with e i t h e r  in-plane o r  out-of-plane loadings .  

The equat ions  of Reference 1 were used t o  c a l c u l a t e  t h e  in f luence  coef- 

f i c i e n t  ma t r ix  of a beam element.  This  was then  inve r t ed  t o  o b t a i n  t h e  

r e s t r a i n e d  s t i f f n e s s  mat r ix  Phi ( $ ) .  A t ransformat ion  mat r ix ,  Beta ( P ) ,  w a s  

developed t o  go from the  r e s t r a i n e d  cond i t i on  t o  a f r ee - f r ee  beam element.  

The elemental  f r ee - f r ee  s t i f f n e s s  mat r ix ,  STIFF, is given by: 

STIFF = PT$P 

The genera l  beam element has 12 DOF a s  shown below; 6 on each end 

T h e  in -p lane  and out-of-plane deformations are uncoupled;  therefore ,  t h e  

12 x 12 stiffness matr ix  can be separated i n to  two 6 x 6 stiffness matrices, 

i , e . ,  



1 N- PLANE OUT--OF- PZJlPIE 

Each of these cases y ie lds  a d i f f e r e n t  6 x 6 f ree- f ree  s t i f f n e s s  matrix. 

PIiOGRAM TNWT: 

Input t o  the  computer is  i n  the  following order:  

1. Type of cross-sec t ion  

a .  Rectangular 

b .  C i rcu la r  

2 .  Type of Loading 

a .  In-Plane 

b .  Out-of-Plane 

3 .  Proper t ies  and element geometry 

a ,  E l a s t i c  Modulus, p s i  

Shear modulus, p s i  

Von Karman coef f i c i en t s  r e l a t e d  

t o  cross-sect ion d i s t o r t i o n ,  K 1 , K O  
(1)  

e ,  Radius of element, R ( inches)  

f ,  Angle of element, *(degrees)  

NOTE I :  KI is  the  in-plane Von Karman c o e f f i c i e n t  and KO is the  out-of- 

plane c o e f f i c i e n t .  These r e l a t e  the e f f e c t s  of cross-sect ion 

d i s t o r t i o n .  I f  these  values a r e  not known, s e t  K I  = KO = 1 which,  

would not consider any cross-sect ional  deformation, 

4 ,  Cross-section dimensions 

a ,  R a d i i  - outer  and inner f o r  c i r c u l a r  cross-sect ion 

h ,  Width ( in-plane dimension) and height  (out-of-plane dimension) 

f o r  rectangular  cross  sec t ion  



T h e  program calcula tes  the resulting free-free stiffness matrix and 

prints it o u t ,  

SIG?: W N W N T I O N S :  

All sign conventions are shown in their positive directions in the 

previous figures and obey the right hand rule. 

SAMPLE PROBLEM: 

Let us consider a sample problem for a hollow circular beam with the 

following properties: 

a. Out-of-plane loading 
6 

b .  E - 30.  x 10 psi 
6 

c. G = 10.6 x 10 psi 

d. KO = KI = 1 .  

e .  R = 1 5 . 0 I N .  

f . ++ = 30.  Degrees 

g . R (Outer) = .75 IN. 

h .  R (Inner) = .70 IN. 

Output for the sample case and a listing of the program are shown on the 

succeeding pages.. 

Influence coefficients for in-plane loading: 

d 1 2  = p - 4 Cos (8) 4- cos ( 2  

1 

Q,, = - SXH (2+1 - 
0 

22 = r 2  ++ - S I N  ( 2  



S M L E  CASE OUTPUT 

CURVED BEAM INFORMATION: X-SECTION & TYPE 
FOR RECTANGULAR X-SECTION , S=l . 
FOR CIRCULAR X-SECTION , S-2. 
FOR IN-PLANE LOADS, P=l. 
FOR OUT-OF-PLANE LOADS, P=2. 

READ IN VALUES OF S ,P=2. ,2. 

READ IN VALUES OF E,G,KO,KI,R,THETA(DEGREES) 
LET KO=KI=I IF NOT SURE OF ACTUAL VALUE. 
=30.E6,1@.6~6,1.,1.,15.,30. 

FOR A SOLID CIRCULAR BEAM,R(INNER)=@. 
READ IN VALUES OF R (OUTER) , R (INNER) 
=. 75,. 70 

STIFFNESS MATRIX (BY ROWS) 



SLIST CURVED 

c;d@(d 1 @ COMMON B(6,6) ,P~1(6,6) ,PP(6) ,WORK(3,3) ,Ci6,6) ,F(6,6) 3S'i'IFF(6,6) 
00828 PRINT 5 
88039) 5 FORMAT(//" CURVED BEAM INFORMATION: X-SECTION & TYPEt1/ 
PI89)4@ & " FOR RECTANGULAR X-SECTION , S= 1 . It/ 
09)050 ti I' FOR CIRCULAR X-SECTION, S=2."/ 
00060 & " FOR IN-PLANE LOADS, P=l. "/ 
OBiS70 & " FOR OUT-OF-PLANE LOADS, P=2. "// / )  
@@PI80 PRINT : " READ IN VALUES OF S ,P" 
80890 READ:S ,P 
08189) PRINT:" READ IN VALUES OF E,G,KO,KI,R,THETA(DEGREES)" 
081135 PRINT:" LET KO=KI=1 IF NOT SURE OF ACTUAL VALUE." 
80119) PRINT:" " 
001264 READ:E,G,AKO,AKI,R,THETA 
00 130 TH=TWETA*3.14159265/ 180. 
00140 STH=SIN (TH) 
@@I58 S2TH=SIN (2. *TN) 
00168 CTH=COS (TH) 
64@17@ C2TH-COS (2. *TH) 
@@180 IF (S.EQ.2.) GO TO 10 
640190 PRINT:" t t  

6464289) PRINT:" FOR A SOLID RECTANGULAR BEAM,A(INNER)=B(INNER)=@.I~ 
062 10 PRINT : " READ IN VALUES OF A (OUTER) , B (OUTER) ,A (INNER) , B (INNER)" 
649)215 PRINT:" A(IN-PLANE DIMENSION),B(OUT-OF-PLANE DIMENSION)" 
9)0228) PRINT : " " 
00239) READ:AAO,BBO,AAI,BBI 
648248) AIIN=~./~~.*(BBO*AAO**~.-BBI*AAI**3.) 
@025@ AIOUT;1./12.*(BBO**3.*AAO-BBI**3.*AAI) 
8025 1 GO TO 29) 
89)252 18 PRINT:" " 
640253 PRINT:" FOR A SOLID CIRCULAR BEAM,R(INNER)=@." 
80254 PRINT : " READ IN VALUES OF R(0UTER) , R(1NNER) " 
08268 PRINT:" " 
95827@ READ : RO , RI 
@a288 A11~=3,14159265/4.*(RO**4.-RI**4.) 
082964 AIOUT-AIIN 
3 2@ AJ=AIIN+AIOUT 
0(2131@ =E*AIOUT/ (G*AJ) 
8)@32@ EII=E*AIIN 
@8)330 E IO=E*AIOUT 
0(21340 GJ=G*AJ 
8&r358 * 
88368 * UP ELE~NTAL STIFFNESS ~ T R I X  pa-ln 
88370 * 
QI@38@ DO 3@ I-1,5 
O@f39@ DO 36j J=l ,Q 
@@4Q@ 3@ PHT(z,s)=@,$ 
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Influence c o e f f i c i e n t s  f a r  in-plane loading: 
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Inf luence  c o e f f i c i e n t s  f o r  out-of-plane loading:  

R * K ~  1 
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Where 4 o f  E q ,  1 is equal t o  [$"  and Y = EI/GJ.  
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