
O A K  RIDGE NATIONAL LABORATORY 

UNION CARBIDE CORPORATION 
N U C L f  R R  O!V!S!OY 

O P E R A T E D  B Y  

POST O F F I C E  B O X  X 
OAK RIDGE TENNESSEE 37830 ORNL/M IT- 2 74 

DATE:  April 26, 1978 

SUBJECT: Radiative Heat Transfer i n  a 19-Pin Sodium-Voided Bundle 

Authors : M. Machbitz, B. Budiman, and Y.Y. goberts 

Consultant: J .T .  Han :!p 

ABSTRACT 

A theore t ica l  study was made of the r ad ia t ive  heat removal capa- 
b i l i t y  in a 19-pin bundle simulating the fuel assemblies of the com- 
merci a1 -scale  (21 7-pi  n) Clinch R i  ver Breeder Reactor. Pi n surface 
temperature d i s t r ibu t ions  and the maximum a1 lowabl e uniform pi n power 
(without causing cladding me1 tdown) were determined fo r  a range of 
emiss iv i t ies  and duct-wall temperatures. I t  was concluded t h a t  r ad ia -  
t i v e  heat t r a n s f e r  ranging t o  0.1 kW/ft was comparable t o  f r e e  convec- 
t i on  r a n g i n g  t o  0.02 kW/ft, and was lower than t h a t  o f  forced convection 
cooling t o  2.17 kW/ft by the sodium vapor .  
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1 . SUMMARY 

One possible core-disruptive accident in Liquid Metal Cooled Fast 
Breeder Reactor (LMFBR) operation i s  the boiling o f f  of the primary 
l iquid sodium. To b e t t e r  understand the consequences o f  t h i s  in 
the f u l l - s c a l e  217-p lus  fuel asseniblies, a theoret ical  study was made f o r  
a 19-pin bundle. 
1644 K and various duct-wzll temperatures of  589 t o  808 K, temperature d is -  
t r i bu t ions  were generated using the net radiat 'on method f o r  d i f f e ren t  

Given the maximum allowable pin surface temperature o f  

values o f  uniform pin power (100 t o  20,000 W/m 3 ) . 
I t  was found t h a t  the uniform-radiosity asslumption l@d t o  poor  re- 

sults. 
three concentric hexagons gave  more i-eal i s t i c  r e s u l t s  than dividing the 
individual pin surfaces i nto t h i  rds 

. 
In  considering nonuni fom rad ios i ty ,  dividing the p i n  bundle in to  

Heat t r ans fe r  r a t e s  were a l so  determined for  f r ee  and forced convec- 
t ion  of the sodiiirri vapor and f l o w  boil ing o f  the l iqu id  sodium. 
heat t r ans fe r  r a t e s  ranging t o  0.10 klslJft were found t o  l i e  between f ree-  
and forced-convection rates, b u t  were a t  l e a s t  three orders o f  magnitude 
below t h a t  of flow-boiling heat t r ans fe r .  I t  was found t h a t  a t  s teady-state  
candi t ions,  fuel me1 tdown takes place only  a t  the extreme conditions o f  fu l l  
power of 1.792 x 106 W/m2 and 1 iquid sodium temperatures above 1200 K. 

Radiative 

2 + 1 Background 

One possible core-disruptive accident considered in  the accident analysis 
fo r  a Liquid Metal Cooled Fast Breeder Reactor (LMFBR) i s  the  boiling o f f  o f  
the primary l iqu id  sodium due t o  a blockage o r  rupture in the sodium 
l i n e  nr f a i l u r e  o f  the sodium pumps (see F i g ,  1 ) .  With the subsequent 
loss  o f  forced convection cooling by the sodium l i q u i d ,  f i r s t  the fuel-pin 
cl adding (31 5 s t a i  n l  ESS s tee1 ) and then the PuO2-UO 
r e s u l t  (4 ,  5, 7 ,  11).  
being v o i d d ,  Fadiation ~voulcl be the only mode of heat t r ans fe r .  
a t  t h i s  extreme case,  t r ans i t i on  regimes i n v o l v i n g  flow-boiling o f  the l iqu id  
sodium and f r ee  and  forced convection OF the sodium vapor must be passed, 

fuel me1 tdswns L~UI d 
I n  the extreme case o f  both f iquid and gaseous sodium 

To a r r i v e  

A 19-pi n reactcar- core bundl e was develo(stzd lo simulate the fuel assembl i es 
of t h e  commerci a1 -scale (21 7-pi n )  C 1  inch River Breeder Reactor (CRBR) . Hence , 
r ad ia t ive  heat t r ans fe r  cha rac t e r i s t i c s  o f  t h i s  un i t  were examined. The 
waxirnum temperature of the centeu' p i n  surface was s e t  a t  2500"F, t h e  melting 
point oF the 316 s t a i n l e s s  s tee l  cladding. This i s  in cont ras t  t o  the maxi- 
m u m  s e t  by previous workers who assumed t h a t  pin failur-2 occurs a t  507%"F, 
corresponding t o  the melting point o f  the PuO2-UQ2 fuel ( 3 ,  S)  . 
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2 .2  Objectives 

The object ives  idere I 

1 ) t o  generate pin-surface temperature d i s t r ibu t ions  as .functions 
of  p i n  power, emissivi ty ,  and duct-wall temperature, where the 
cladding temperature o f  the center  p i n  i s  s e t  a t  i t s  niel t i n g  
poin% of 1644°K (2500°F); 

to determine the maximum allowable uniform p i n  power generation 
when radiat ion i s  the only mode of heat t ransfer  which will  s t i l l  
avoid cladding me? tdown;  

2)  

3) t o  determine the s teady-s ta te  radial  temperature d i s t r ibu t ion  i n  
'the center pin corresponding t o  normal LMF8R operation. This 
s teady-state  p r o f i l e  could then be used as  the i n i t i a l  condition 
in the t r ans i en t  problem t o  r e a l i s t i c a l l y  assess a hypothetical 
LMFBR accident.  

3. PROCEDURE 

3,1 Theory 

The following c lass ica l  assumptions were made in formulating the problem: 

1 )  Each surface is  isothermal. 

2 )  

3 )  Radiation i s  d i f fuse ly  re f lec ted  and emitted. Application of 

The surfaces are  gray, i . e .  , emiss iv i t ies  E and abso rp t iv i t i e s  c1 
are independent of wavelength. 

Kirzhoff 's  Law (18) then gives:  

where E, a, and y a re  functions of the surface temperature only.  

4 )  

The ne t  radiat ion method (15,  - - - -  1 7 ,  18, 1 9 )  was then used t o  ca lcu la te  

Radiosity i s  uniform fo r  each surface.  

the radiant  exchange between the pins.  The re levant  equations a re :  
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4; = e i ( o  Ti 4 - H i )  
(3)  

N 

j = l  
H i  - 1  - F i j  B j  (4 )  

q; = B i  - c N N 
B = ( 1  - F i i ) B i  - 1 F. .B 1 J  j (5) 

F i j  j j =1 j = l  

jiti N 
1 B . F  

j = l  J i j  
c.oT4 = BN - (1 - E\ )  
1 N  

where N is  the t o t a l  number o f  surfaces  i n  the 19-pin bundle and TN is the 
temperature o f  the  duct wall .  I f  q'! and Fi 
each o f  the pins can be found by u s l n g  E q .  
t o  f ind B N .  Then  either E q .  ( 2 )  or ( 4 )  i s  used t o  ca l cu la t e  H i .  F ina l ly ,  
E q .  (3)  would be used t o  find the unknown T i .  
the center  p i n  a t  o r  below the  melting poin t  o f  the cladding. 
TN a r e  shown i n  Table I .  

a r e  known, the r ad ios i ty  B i  o f  

Then q! can be found t o  keep 

( 5 ) .  Equation (6)  would be used 

The values of 

Table 1. Values of Wall Temperature Used i n  Calculations 

TN 
( O K )  (OF) Corresponds t o  Sodium Temperature a t :  

808.15 99 5 o u t l e t  o f  CRBR core 

732.00 858 o u t l e t  of FFTF* reac tor  core 

661 .OO 730 i n l e t  of  CRBR core 

589.00 600 i n l e t  o f  FFTF reac tor  core 

* 
Fast Flux Test F a c i l i t y  a t  Richland, Washington 

The view fac to r s  f o r  the three rad ios i ty  configurations shown i n  F i g s .  
2 through 4 were determined by us ing  Ho t t e l ' s  crossed-strilng method (17, I -- 18) .  
Accordingly, i f  A i  a n d  A 2  a r e  any two areas ,  as shown i n  F i g .  5, the view 
fac to r  F12 i s  given by the equation 

( 7 )  dg + ae - abcd - efg 
F12 = 2 4  
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The F i j  for  the  t h r e e  c o n f i g u r a t i o n s  are presented i n  Tables 6 ,  7 ,  and 8 
o f  Appendix 8.7. 

Equations ( 5 )  a n d  ( 6 )  can be s t a t e d  as: 

q; = Cij Bi 

where f o r  i f M, 

cii = 1 - Fii ( 9 )  

q“  = constant  
i 

For i = N, 

CNj = 1 - (1 - cN) F N j 3  f o r  i = j (1 2 )  

‘Nj = - ( 1  - cN) FNj, f o r  i f j (1  3)  

The computer program used i n  s o l v i n g  t h e  above s e t  o f  equat ions i s  l i s t e d  
i n  F,ppendix 8.3. 

3.2 Other Modes o f  Heat Trans fer  

Free-convect ion heat  t ransfer  rates o f  sodium vapor i n  t h e  19-p in 
bund les  were a l s o  c a l c u l a t e d  and p l o t t e d  as a f u n c t t o n  of  the temperature 
d i f f e r e n c e  between t h e  p i n  sur face  temperature and o f  t h e  s o d i m  vapor by 
us ing  the  f o l l o w i n g  c o r r e l a t i o n  (a): 

Forced convect ion by sodium vapor was determined by us ing  t h e  following 
correlation (1  3) for t h e  purpose o f  coniparison: 
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dT 

Nu = 6 + 0.027 Prom8 (1 6) 

The f l o w  boiling heat t r ans fe r  fo r  sodium l iqu id  was a l so  calculated Using 
the cor re la t ion  devel oped by Labuntsov ( 9 )  I : 

Appendix 8.4 presents the d e t a i l s  of  these ca lcu la t ions .  

3.3 Radial Temperature Distr ibut ion o f  the Center P i n  

The equations describing heat generation and conduction (2) in the 
various pa r t s  of the fuel p i n  a r e  ( t h e  subscri  ts  F, H, and C denote f u e l ,  
helium, and cladding, respect ively;  see Fig. 6 P : 
Fuel 
_I_ 

KF ; ~ ( r  GI + Qv = 0 O < r < r F  - -  (18) 
1 d dT 

He1 i um Gap 

1 d dT KH F s ( r  s) = 0 (neglecting any convection) rF 5 r - H  < r (19) 

Type 316 S ta in l e s s  Steel Cladding 

1 d dT 
r d r  d r  

KC --(r -) = 0 

The boundary conditions a re :  

a t  r = 0, 

a t  r = rF 

T ( r  = rF) = T ( r  = r;) 
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H '  a t r = r  

+ 
T(r = r,) = T(r = rH) 

= K fl( 
C dr i- r=rH 

C' a t r = r  

dT Kc dr * h ( T  - TNa)  = 0 

The heat t r ans fe r  coe f f i c i en t  in Eq. (26)  includes bo th  convective and 
radia t i  ve e f f e c t s  . 

4. RESULTS AND DISCUSSION 

4.1 P i n  Surface Temperature Distr ibut ions 

P i n  surface temperature d i s t r ibu t ions  were calculated fo r  the three 
r ad ios i ty  configurations for  four duct-wall temperatures and fo r  a range 
o f  emiss iv i t i e s .  These r e s u l t s  a r e  tabulated i n  Tables 3 t h r o u g h  5 i n  
Appendix 8.1. P i n  surface temperature d i s t r ibu t ions  for the two extreme 
duct-wall temperatures o f  808 and 589 K a r e  plot ted i n  Figs. 7 through 1 2 .  
I n  these f igu res ,  dis tance from the center  p i n  is defined as the length 
from the center  o f  the bundle t o  the centroid of  the pin sec t ian .  The 
maximum allowable uniform p i n  power, q", i s  a lso tabulated f o r  various 
values o f  emissivi ty  on each f igure .  

Comparing F i g s .  7 and 8, 9 and  10, and 11 and 1 2 ,  i t  i s  seen t h a t  the 
temperature d i s t r ibu t ion  and  the maximum allowable uniform pin power gene- 
ra t ion r a t e  do n o t  vary s ign i f i can t ly  f o r  the two duct-wall temperatures. 
Figure 13 shows the maximum allowable uniform pin power generation r a t e  
plot ted versus duct temperature for var ious emissivity values. The f l a t  
portions o f  F i g .  13 ind ica te  t h a t  for a wide range of duct-wall tempera- 
tu res  the p i n  surfaces behave as i f  they a re  surrounded by an "absolute 
zero" environment. 
radiat ion exchange between two i n f i n i t e ,  pa ra l l e l  b lack  surfaces  a t  temp- 
e ra tures  TI and Tz  i s  given by 

This can be explained by considering t h a t  the ne t  

(271 4 4  net r a d i a t i o n  = n(.T, 7 T2)n"oT;, f o r  T2 5 0.5 T1 
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A comparison of F i g s .  7 and 8 w i t h  F i g s .  9 through 12  shows t h a t  non- 
uniform rad ios i ty  gives a smoother temperature change from p i n  t o  p i n  near 
the wall .  
and the duct wall is  the l e a s t  f o r  the nonuniform cases.  
for uniform rad ios i ty  i s  a lso  much higher than t h a t  f o r  nonuniform radi-  
o s i t y .  Physically,  the assumption o f  uniform rad ios i ty  around the p i n  
surface i s  a poor one (except f o r  the center  p i n )  a s  can b e  explained 
u s i n g  Eq. ( 2 ) .  
be uniformly i r r ad ia t ed  around i t s  surface.  
s ince  a l l  the  p i n s  except the one a t  the center  a r e  surrounded by surfaces 
a t  d i f f e r e n t  temperatures. 

Also, the temperature difference between the coldest  p i n  sur face  
The range of q "  

If B. is uniform, H i  must a l so  be uniform so the p i n  can 
T h i s  i s  c l e a r l y  inaccurate 

4.2 Comparison of Radiative Heat Transfer 
w i t h  Other Modes of Heat Transfer 

Figures 14 and 15  show q "  as  a function of AT f o r  the two extreme wall 
temperatures, where AT i s  the temperature difference between the p i n  sur- 
face and the duct wal l .  As the emissivi ty  decreases from a per fec t  black 
body t o  a gray body f o r  a given q", the p i n  temperature increases .  Based 
on an emissivi ty  of 0.3 (which r e a l i s t i c a l l y  describes the surfaces  o f  the  
fuel element c ladding) ,  the capabi l i ty  f o r  heat removal by rad ia t ion  l i e s  
between 2000 and 20,000 W/m2.  

In a hypothetical core-disruptive accident ,  the boi l ing o f f  o f  sodium 
l iqu id  wi l l  be followed by simultaneous f r e e  and forced convection o f  
sodium vapor w i t h  rad ia t ion  because sodium vapor i s  t ransparent  to  radia- 
t ion  (13) .  Therefore r ad ia t ive  heat t r a n s f e r  behaves as  an add-on cooling 
mechanism. 

Figure 16 i s  a combined graph of various modes o f  heat t r ans fe r .  Free 
convection (sodium vapor) heat t r a n s f e r  ranges from 2000 t o  4000 W/m2 
(0.011 t o  0.022 kW/ft) fo r  Reynolds! numbers ranging fram 2000 to  10,000. 
Forced convection (sodium vapor) heat t r ans fe r  ranges from 20,000 to  
400,000 W/m2 (0.112 and 2.24 kW/ft). Flow-boiling h a t  t r ans fe r  i s  natu- 

Radiative heat t r ans fe r  f a l l s  between t h a t  of f r e e  and forced convection. 
r a l l y  l a r g e r ,  ranging from 100,000 t o  80,000,000 W/m 5 (0.56 t o  447.5 kW/ft). 

4 . 3  Radial Temperature Distr ibut ion of the Center P i n  

The temperature p r o f i l e  i n  the  fuel element ( see  F i g .  6) i s  given by: 

For the helium gap (neglect ing convection) : 
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2 7, 

2 
T - TNa - - ---[In(-) Q J F  rH +-- K.H In(-) rC + -1 RH 

2KH r KC rH rCh 

S i m i  1 a r l  y f o r  t he  c l  adding : 

= ---+ln(T) QvrF ' r  C - -1 KC 
- TNa 2KC rCh 

The thermal c o n d u c t i v i t i e s  of t h e  f u e l ,  t he  316 s t a i n l e s s  s t e e l ,  and t h e  
he l ium a r e  found i n  Refs. (1 ) ,  (16),  and (20). 
element a t  r = O  i s  g iven  i n  T a b l e 7  as a f u n c t i o n  o f  TNay t h e  tempe a t u r e  

1.619 x 109 W/m2 ( 2  t o  10 kW/ft). 
t he  f u e l  exceeds i t s  m e l t i n g  p o i n t  o f  3073 K (5072OF) (1) o n l y  a t  t h e  
extreme c o n d i t i o n s  of f u l l  power and sodium temperatures near 1200 K 
(1 700°F). 

The temperature o f  t h e  f u e l  

of sa tu ra ted  sodium l i q u i d ,  f o r  p i n  powers rang ing  from 3.237 x 10 !i t o  
The s teady -s ta te  cen te r  temperature o f  

Table 2. Center-Pin C e n t e r l i n e  TempeGature f o r  Var ious Values 
o f  Sodium Temperature (TNa) and P in  Power (Eq. 29) 

P i n  Power = 106 W/m3 ( k W / f t )  

5 (860) 7 (1204) 
O K  (OF) (OF) "K (OF) 

- O K  
TNa 

734 (862) 1102 (1524) 1776 (2737) 2265 (3618) 2883 (47'30) 

800 (981) 1176 (1657) 1796 (2773) 2302 (3684) 2922 (4800) 

1000 (1340) 1377 (2019) 2007 (3153) 2450 (3951) 3013 (4964) 

1200 (1701) 1576 (2377) 2185 (3474) 2587 (4197) 3125 (5156) 

1400 (2060) 1776 (2737) 2363 (3794) 2733 (4460) 3265 (5418) 

9600 (2421) 1975 (3096) 2537 (4107) 2886 (4735) 3376 (5617) 

* 
Sodium i s  assumed t o  be i n  the  l i q u i d  s t a t e  a t  a l l  values o f  TNa. 
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5. CONCLUSIONS 

1. R d i a t ive  heat t ransfer  in a 19 -p in  bundle ranges from 2000 t o  

6 5 
20,000 W/m 9 (0.01 7 t o  0.095 kW f t )  . T h i s  1 i s between forced and f r e e  
convection o f  sodium vapor (10  
respec t ive ly) .  

t o  8 ~ 1 0 ~  W/m and 2000 t o  10,000 W/m2,  

2 .  The uniform-radiosity assumption r e s u l t s  i n  un rea l i s t i ca l ly  high 
p i n  powers and temperature d i s t r ibu t ions  t h a t  a re  n o t  as gradual as those 
calculated by using nonuniform-radiosity assumptions. 

3. For nonuniform rad ios i ty ,  divis ian of the pin bundle into three 
concentric hexagons gives more r e a l i s t i c  r e su l t s  than does the divis ion 
of each pin surface in to  t h i r d s .  

4. Pin surface temperature decreases with increasing emissivi ty .  

5. The s teady-s ta te  center l inc  temperature of the center  fuel element 
exceeds i t s  melting p o i n t  o f  3073 K (5072°F) only in the extreme sleady- 
s t a t e  conditions . 

6. RECOMMENDATIONS 

1.  Extend t h i s  study t o  217-pin bundles. 

2. Invest igate  a ther  divis ions of p i n  surfaces fo r  nonuniform radi-  
osi  t y  ca lcu la t ions .  

3. Examine the t r ans i en t  behavior of the center  pin t o  determine 
whether cladding or fuel melts f i r s t  a.f ter a hypothetical LMFBR accident .  
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8. APPENDIX 

8.1 Additional Resul ts  

P i n  surface temperatures f o r  the three geometrical configurations 
s t u d i e d  a r e  g i v e n  i n  Tables 3, 4, and 5 as a function of uniform pin 
power generation r a t e s  and emissivities. Wall temperatures were set  a t  
808, 732, 661, and 589 K ,  respect ively.  

Table 3. Temperature Prof i les  f o r  Uniform Radiosity 

(See F i g .  2 )  

TN = 808.15"K = T5 

T1 
L_ E ( O K 1  

0.1 1644 

0.2 1644 

0 . 3  1644 

0.4 1644 

0.5 1644 

0.6 1644 

0.7 1644 

0.8 1644 

0.9 1644 

1 .o 1644 

TN = 732.04'K = T5 

0.1 1644 

8.2 1644 

0 . 3  1644 

0.4 1644 

T2 
0 
1637 

1631 

1625 

1620 

1614 

1609 

1605 

1601 

1596 

1592 

1637 

1631 

1625 

1619 

T3 
(OK) 
1618 

1593 

1569 

1546 

1522 

1500 

1477 

1455 

1438 

1412 

1617 

1592 

1578 

1543 

T4 
0 
1624 

1604 

1586 

1569 

1551 

1535 

1518 

1503 

1487 

1472 

1624 

1604 

1585 

1567 

qf12 

9.144 lo3  

(w/m 1 

17.627 x lo3  

25.519 x l o3  

32.878 x l o 3  

39.758 x I O 3  

46.203 x lo3  

52.253 x l o 3  

57.942 x lo3  

63.305 x I O 3  

68.367 x lo3  

9.329 lo3 

26.036 lo3  

33.544 l o 3  

17.984 x l o 3  



30 

Table 3 (Con t inued)  
_^_" _.-- I 

-- 

II_ E: 0 
0.5 1644 

0.6 1644 

0.7 1644 

0.8 1644 

0.9 1644 

1 .o 1644 

PN 5 66Om93"K T 

0.1 1644 

0.2 1644 

0.3 1644 

0.4 1644 

0.5 1644 

0.6 1644 

0.7 1644 

0.8 1644 

0 .9  1644 

1 .o 1644 

T = 585.71"K = T5 N 

0.1 1644 

0.2 1644 

0.3 1644 

0.4 1644 

0.5 1644 

TZ 
1°K) 
1614 

1609 

1604 

1600 

1595 

1591 

1637 

1631 

1625 

1619 

1614 

1609 

1604 

1599 

1595 

1591 

1639 

1631 

1625 

1619 

1613 

T3 
loK) 
1520 

1496 

1473 

1451 

1428 

1406 

1617 

1592 

1566 

1542 

1518 

1494 

1470 

1447 

1425 

1402 

1617 

1591 

1566 

1541 

1516 

T4 
0 
1549 

1532 

51 5 

499 

484 

468 

1623 

1603 

1584 

1566 

1548 

1530 

1513 

1497 

1481 

1465 

1623 

1603 

1584 

1565 

1546 

q 
( bJ/m2) - 

40.563 x l o3  

47.138 x lo3  

53.311 x l o 3  

59.117 x l o 3  

64.589 l o 3  

69.753 x l o3  

9.458 lo3  

18,232 l o 3  

3 26,393 x 10 

3 34.005 x 10 

41.120 x l o 3  

47.786 lo3  

54.044 x l o 3  

59.929 x l o3  

65.475 l o 3  

70.711 x 103 

9.552 lo3  

18.413 x l o3  

26.656 x l o 3  

34.343 lo3  

41 3 2 9  l o3  
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Table 3 (Continued)  
- 

9 " 
- E ("0 (OK) ( O K )  0 (W/m2) I 

0.6 1644 1608 1492 1529 48.261 x l o 3  

0.7 1644 1603 1468 1512 54.581 x lo3  

0.8 1644 1599 1445 1495 60.525 x l o 3  

0.9 1644 1594 1422 1479 66.127 x l o3  

1 .o 1644 1590 1399 1463 71.412 x lo3  

Table 4. Temperature Profiles for Non-Uniform Rad ios i t y  (Hexagons) 

(see F ig .  3) 

& 
_I_ 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

O " 7  

0.8 

0.9 

1 .o 

T1 
( " K Z  

1644 

1644 

1644 

1644 

1644 

1644 

1644 

1644 

1644 

1644 

T2 
("K) 

1646 

1647 

1648 

1648 

1649 

1649 

1649 

1649 

1649 

1649 

601 

576 

559 

547 

1537 

1530 

1524 

1519 

1515 

1512 

T4 
( O K )  

1601 

1575 

1557 

1545 

1535 

1528 

1522 

1517 

1512 

1509 

T5 
( O K )  

1604 

1581 

1565 

1554 

1547 

1539 

1534 

1529 

1526 

1522 

T6 
0 
1508 

1410 

1335 

1274 

1223 

1178 

11 39 

1103 

1072 

1043 

T7 
(OK) 

1510 

1415 

1342 

1283 

1236 

1190 

1153 

1120 

1090 

1063 

4" 

( w m T  1 
6.879 lo3 

13.299 lo3  

10.783 x IO3  

15.055 x l o 3  

16.350 x l o 3  

17.345 x l o 3  

18.134 x I O 3  

18.774 x IO3  

19.303 x I O 3  

19.749 l o 3  



32 

Table 4 (Continued) 

0.5 

0.7 

0.8 

~ .... ~ ..... ~ ..~ ~~~ ~ 

T ::: 732.04 = T8 N 
~ ._______.- 

T2 
- E LK) L0N. 
0.1 1644 1646 

0.2 1644 1647 

0 .3  1644 1648 

0 .4  1644 1648 

0.5 1644 1649 

644 1649 

644 1649 

644 1649 

0.9 1644 1650 

1.0 1644 1650 

T = 660.93"K = T8 N -_ 

0.1 

0.2 

0 .3  

0.4 

0.5 

0.6 

0 .7  

0 .8  

0.9 

1.0 

1644 

1644 

1644 

1644 

1644 

1644 

1644 

1644 

1644 

1644 

1645 

1647 

1648 

1648 

1649 

1649 

649 

649 

649 

650 

T3 
__I.- ( O K )  

1601 

1575 

1557 

1544 

1535 

1527 

1521 

1517 

1512 

1509 

1 6 0 ~  

1574 

1556 

1543 

1533 

1526 

1519 

1515 

1510 

1507 

T4 
( " K )  

1600 

1573 

1555 

1543 

1533 

1525 

1519 

1514 

1510 

1506 

1599 

1572 

1554 

1541 

1531 

1523 

1513 

1512 

1507 

1504 

T5 
( O K )  

1664 

1580 

1564 

1552 

1543 

1537 

1531 

1527 

1523 

1520 

1603 

1579 

1563 

1551 

1542 

1535 

1529 

1525 

1521 

1518 

405 

327 

263 

209 

1161 

1119 

1081 

1047 

1014 

1503 

1401 

1321 

1255 

1198 

1149 

1105 

1065 

1028 

993 

T7 
-_1_ ( O K )  

1507 

1409 

1334 

1272 

1220 

11 74 

1134 

1099 

1067 

1037 

1505 

1405 

1328 

1264 

1210 

1163 

1121 

1083 

1049 

101 7 

4 " 
(W/m2)  I 

11.001 l o 3  

15.360 lo3  

7.019 x l o 3  

13.568 x l o3  

16.682 x l o3  

17.697 x l o 3  

18.501 x l o3  

19.154 x l o 3  

19.695 x lo3 

20.149 x l o 3  

3 7.115 x 10 

11.153 x l o 3  

13.755 x l o 3  

15.571 x lo3  

16.911 x l o3  

17.940 x lo3  

18.755 x. l o3  

19.417 x I O 3  

19.965 x l o3  

20.426 x l o3  
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Table 4 (Continued) -- 
TN = 588.71°K = T8 
.I- -_II 

E 
II 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1 .o  

T1 
( O K )  

1644 

1644 

1644 

1644 

1644 

1644 

1644 

1644 

1644 

1644 

T2 
(OK) 

1646 

1647 

1648 

1649 

1649 

1649 

1649 

1649 

1650 

1650 

T3 
(OK) 

1600 

1573 

1555 

1542 

1532 

1524 

1518 

1513 

1509 

1505 

T4 
(OK) 

1599 

1572 

1553 

1539 

1530 

1522 

1516 

1510 

1506 

1502 

T5 
(OK) 

1603 

1578 

1562 

1550 

1541 

1534 

1528 

1524 

1520 

1516 

T6 
0 
1501 

1397 

1316 

1249 

1191 

1140 

1094 

1052 

1013 

977 

~ 

T7 
l2i.L 
1503 

1402 

1323 

1258 

1203 

1154 

1111 

1072 

1036 

1002 

9 " 
(W/ rn* )  

7.186 x l o 3  
3 11.263 x 10 

13.891 x l o 3  
15.725 x IO3  

17.079 l o 3  
18.118 x lo3  

18.941 x l o 3  
19.610 x l o 3  
20.163 x l o 3  
20.629 x l o 3  

Table 5. Temperature P r o f i l e s  for Non-Uniform R a d i o s i t y  (Th i rds)  
(see F i g .  4)  

T = 808.15 = T8 N 
T2 T3 T 5  T6 T7 9 " 

E (OK) (OK) ( O K )  ( O K )  (OK) (OK) (OK) (W/m2) 

0.1 1644 1647 1596 1581 1594 1535 1541 7.65 l o 3  
0.2 1644 1649 1561 1534 1558 1446 1458 12.813 x l o3  

0.3 1644 1650 1535 1497 1531 1369 1388 16.528 x l o3  

0.4 1644 1652 1514 1468 1509 1302 1328 19.331 x l o 3  
0.5 1644 1653 1497 1443 1491 1241 1273 21.519 x l o 3  
0.6 1644 1653 1483 1423 1476 1185 1225 23.277 x l o 3  
0.7 1644 1654 1471 1405 1464 1132 1180 24.720 x l o 3  
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Table 5 (Continued) 

T1 T2 
E (OK) ( O K )  

0.8 1644 1654 

0.9 1644 1655 

1.0 1644 1655 

T = 732.04 = T8 

0.1 1644 1647 

0.2 1644 1649 

0.3 1644 1651 

0.4 1644 1652 

0.5 1644 1653 

0.6 1644 1653 

0.7 1644 1654 

0.8 1644 1654 

0.9 1644 1655 

1.0 1644 1655 

T,,, = 660.93 = T8 

N 
I_ 

0.1 1644 1647 

0.2 1644 1649 

0.3 1644 1651 

0 ,4  1644 1652 

0.5 1644 

0.6 1644 

0.7 1644 

0.8 1644 

653 

654 

654 

655 

T3 
( O K )  

1461 

1452 

1444 

1595 

1560 

1532 

1511 

1493 

1479 

1468 

1456 

1447 

1439 

1595 

1558 

1531 

1509 

1491 

1476 

1464 

1453 

T4 
( O K )  

1390 

1377 

1365 

1580 

1532 

1494 

1464 

1438 

141 7 

1399 

1383 

1370 

1357 

1579 

1530 

1492 

1461 

1435 

141 3 

1395 

1379 

T5 
(OK) 

1453 

1443 

1436 

1593 

1556 

1528 

1506 

1487 

1472 

1459 

1448 

1439 

1430 

1593 

1555 

1526 

1503 

1485 

1469 

1456 

1445 

T6 
("0 
1081 

1031 

982 

1532 

1441 

1362 

1292 

1228 

11 68 

1111 

1056 

1001 

946 

1531 

1437 

1357 

1285 

1219 

1157 

1097 

1038 

T7 
( O K )  

1 138 

1098 

1060 

1539 

1454 

1381 

1319 

1262 

1210 

1163 

1118 

1075 

1034 

1537 

1450 

1377 

1 31 2 

1254 

1201 

11 51 

1103 

-- (W/m2) -. 

25.924 x O3 

26.945 x O3 

27.822 x O3 

7.807 x l o 3  

13.073 x I O 3  

16.863 l o 3  

21.956 1 o3 

19.722 x lo3 

23.749 x lo3  

25.220 x l o3  

26.450 x lo3  

27.491 x l o3  

28.386 x lo3  

3 7.9 x 10 

13.252 x l o 3  

17.094 x l o 3  

19.993 x l o 3  

3 22.258 x 10 

24.076 x lo3  

25.567 l o 3  

3 25.812 x 10 
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Table 5 (Continued) 

T1 T2 
- E (3 (OK) 
0.9 1644 1655 

1.0 1644 1655 

TN = 588.71 = T8 

0.1 1644 1647 

0.2 1644 1649 

0.3 1644 1651 

0.4 1644 1652 

0.5 1644 1653 

0.6 1644 1654 

654 

655 

655 

1.0 1644 1655 

0.7 1644 

0.8 1644 

0.9 1644 

T3 
("K) 

1443 

1436 

1594 

1558 

1529 

1507 

1489 

1474 

1462 

1451 

1442 

1433 

T4 
(OK) 

1365 

1352 

1578 

1529 

1490 

1458 

1432 

1410 

1392 

1375 

1361 

1348 

T5 
( O K )  

1435 

1427 

1592 

1554 

1525 

1502 

1483 

1467 

1454 

1442 

1432 

1424 

T6 
- ( O K )  

979 

91 8 

1529 

1435 

1353 

1279 

1212 

1147 

1086 

1024 

962 

89 7 

T7 
( K O  1 
1058 

1014 

1536 

1448 

1373 

1307 

1248 

1193 

1142 

1093 

1046 

999 

7.994 lo3 

13.384 x lo3 

17.265 x I O 3  

20.192 x I O 3  

22.479 x I O 3  

24.314 x I O 3  

25.821 x l o 3  

27.079 x lo3 

28.146 x l o 3  

29.062 x IO3 

8.2 View Factors 

View f a c t o r s  f o r  the three sets of surfaces  examined a r e  given i n  
Tables 6 ,  7 ,  and 8 w i t h  the following set  of notations:  

U The corresponding view f a c t o r  i s  e x p l i c i t l y  calculated f o r  uniform- 
radiosi  t y  . 

T The corresponding view f a c t o r  i s  e x p l i c i t l y  calculated f o r  nonuniform- 
radiosi  t y  ( t h i r d s ) .  

H The corresponding view fac tor  i s  e x p l i c i t l y  calculated f o r  nonuniform- 
radiosi  ty (concentric hexgaons). 



-?able 6 .  View Factors  f o r  Uniform Radiosi ty  

( F i q .  2 )  

~. 
View 

Factor  Value  No. h'ote 

FZ1 0.136843 1 R E C  

~ ~ __ -__ 

1.j 
F 

View 
Fac to r  Vilue No. ~- - 

F,2 0.336649 6 iJ 

F.,4 0.028899 6 U 

F,5 0.005518 1 REX 

0.136849 2 F 1 2 , u  F22a 

F 2 2 b  0.028892 2 F14,1) 

F 2 3  0.136849 i F , 2 , u  

0.028895 2 F14 ,d  F23a 

F23b 0.000361 

F Z 4  0.136849 2 F 1 2 , u  

F24c 0.000361 2 U 

F24c,U 

F25 0.061873 1 REY 

V i e w  
Factor  

F32 

F32a 

F32b 

34 

F3Sb 

F34c 

F35 

F 3 j  -__ 

Value Na. Note 
~ - 

0.136549 1 R E C  

(1.028898 2 R E C  

0.000361 2 R E C  

0.136849 2 F , 2 , u  

0.000361 2 F24c,L: 

0.000056 2 U 

0.530101 1 R E Y  

- 4  j F 5 j  
'i i ek View 

Factcr  Val je  No. Note Factor  Value V - 4  

FC1 5.28898 1 R E C  F5; 0.500902 1 

FO2 0.136649 2 R E C  F S 2  0.010108 6 

:,,2b 0.000361 2 REC FS3 0.086608 6 

F43  0.135349 2 REC F54 0.059528 6 

F43a 0.000361 2 R E C  F55 0.061634 1 

i43b 0.000056 2 9EC 

F44a 0.028896 2 F 1 4 a , U  

Fa5  0.364354 1 RE% 

~ ~ ~~ ~ Note 

R E Z  

REC 

REC 

w 
0, 

R E C  

R E M  
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Table 7. View F a c t o r s  for Non-Unifon Radiosity (Hexagons) 
(see F i g .  3) 

........................ ......... ~ ~ 

F F 3 j  F 
.- F~ j 2 L  AL __-_ 
kCJ:.r. ._v_q!Ue .... . 

v' View View View leW 

F12 0.132366 6 F,2,T FZ1 

Fi3 0.004482 6 2F,3,T F22a 

F15 0.028898 6 F14," FZzb 

F18 0.005527 1 REM F23a 

F13b 

F24a 

F25 

F26a 

F26b 

F78 

F51 

F52 

F53 

F53c 

F54 

F55a 

F56 

F56d 

F57a 

F58 

F .  
-22 - 
0.057796 

0.004482 

0.764733 

0.000722 

0.11 1764 

0.048584 

0.025085 

0.0001 13 

fl .004606 

0.022026 

.- 

1 

2 

2 

2 

2 

2 

2 

2 

2 

1 

__ 

F67a 

F62b 

REC FS3 

2F24c,U F63a 
REC F65 

$22b,H F65b 

$23a,H F67 

2F34c,U F68 

$23b, H 

REM 

0.397099 

0.167646 

0.072816 

0.037627 

0.006909 

0.004481 

0.006723 

0.002428 

0.001 083 

0.003355 

F .  
....... A 

0.001 214 

0.000541 

0.006723 

0.002232 

0.018e14 

0.000085 

0.083823 

0,779859 

1 REC 

F22a,T 

F22b,T 

F23a,T 

F23c,T 
2 H  

2 n  

2 H  

3F24c,u 
1 REM 

"26a,H 

'F26b,H 
REC 

F36a 
REC 

856d,H 

'#2Za 
REM 

F31 

F32a 

F32b 

F33a 

F34a 

f35 

34 

F35b 

F36 

F36a 

F37 

F38 

0. flO6723 

0.01 881 4 

0.003455 

0.083823 

0.198569 

0.037661 

0.198549 

0.000541 

0.00ti7z3 

0.002232 

0.003362 

0.0911 31 

1 

2 

2 

2 

1 

2 

7 

2 

1 

2 

2 

1 

REC F42a 0.004481 2 FZea,,, 

4F23a,H F43 0.397099 1 REC 

kf23b,H F43a 0.075322 2 2F34a,H 

F22a,H F45 0'167646 F22a,H 

$12,H F47 0'037b27 F23a,H 

H F47a 0.001083 2 3Fp4c,u 

H F4,., 0.030583 1 REM 

3 2 24c,U 
3 
2f13,H 

H 

H 

REM 

F 
- -__A _- .__ __ 

F 7 3  0.004482 2 REC FB1 

F,4 0 025085 2 REC FB2 

F74b 0.000777 $47a,H F83 

F75a 0.004606 2 F57a Fa4 

F76 0.11764 2 REC Fa5 

F78 0.706682 1 PEM FB6 

F87 

F88 

F 

0. fl00902 

0. 0flf l l83 

0.009926 

0.001666 

0.001799 

0.084942 

0.057729 

0.061 628 

P! ....... ......... 
1 REC 

6 REC 

6 REC 

6 REG 

6 REC 

6 REC 

6 REC 

1 REM 
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Table 8. View Factors  f o r  Non-Uniform Rad ios i t v  ( T ’ l i r d s )  
(see F i g .  4 )  __ ---~. . ~ ~ ~ 

F .  F F 
FIJ .- . --A. .. - 3 j  .. . ~ ~ ~ . . P j  .... 

View View View V i e w  
__ F a c t o r  -. Value . . . . . . . No- Note Fxtct Va lue - -  N o .  Note Factor  Value *in. !lots.-- FaC- to~  Value NO. ..Not!- 

F12 0,132366 6 T F21 0.397099 1 REC F31 0.006723 1 REC F~~~ 0.006909 1 F ~ ~ ~ , ~  

F13 0.002241 12 T F~~~ 0.167646 2 T F~~~ 0.037627 1 F~~~ F~~~ n.001083 1 T 

F,5 0.014449 12 ’iF14,” F~~~ 0.072876 2 T F32b 0.006909 1 F23c F43 0.037627 1 REC 

FIR 0.005522 1 REM F23a 0,037627 2 T F 3 3 a  0.167646 1 FZ2, F43a 0.006909 1 F23c,T 

F23c 0.006909 2 T F34 0.037627 1 F 2 3 a  F 4 3 j  0.072876 1 F22a,T 

F43k 0.167646 1 F22a,T 

FqSa 0.341092 1 F35b,T 

F45b 0.006723 1 F35a,T 

F45h 0.000169 1 3F34c,u 

F24b 0.006909 2 T F34a 0.167646 1 F 2 2 a  

F24d 0.001083 2 3F24c,u F34b 0.072876 1 F Z z b  

F~~ o.006406 2 T F34c 0.006909 1 F24b 

F25a 0.000317 2 T F35a 0.006723 1 T 

F~~ 0.003355 I REM F35b 0.341092 1 T 

F35c 0.056007 1 T 

F359 0’001083 3F24c,u Fq8 0,301876 1 REM 

F38 0.091132 1 PEM 

F~~~ n.ooiow 1 3 ~ ~ ~ ~ , ~  

F47e 0.056007 1 F35c,T 

F .  F 53 .~ F 6 j  __ 7J ..... . . ~. F 8 j  

F52 0.006406 1 REC F~~ 0.006406 z F~~ F~~~ o.oooo58 z F ~ ~ ~ , ~  F~~ 0.000183 6 REC 

F51 0.0433’17 1 REC F65a 0.000317 2 F56e F74a 0.056007 2 :47e,T F81 0.000902 1 REC 

Fgie 0.000317 1 F25,T F68 0.986554 1 REM F76 0.006406 2 FEC F83 0.001963 12 REC 

F53c 0.001083 

F53i 0.006723 

F . 0.341092 

F53k 0.056007 

F54d 0.0001 69 

F5,,,, 0.001083 

FgdJ 0.006723 

F54k 0.341092 

F55b 0.000058 

F55J 0.000058 

F55k 0.086467 

F56e 0.00031 7 

F57d 0.000058 

5 33 

F~~ o.109005 

F35g,T 

F35a,T 

F35b,T 

F35c,T 

F45h,T 

F45d,T 

F45b,T 

F45a,T 
1 T  

1 T  

1 T  

F25a,T 

F 5 5 j  
1 REM 

F~~ 0.875058 I ?EM F~~ 0.016440 12 REC 

Fe5 0.005936 12 REC 

Fe6 0.053728 6 REC 

F87 0,047656 6 RFC 

F~~ 0.061628 1 REM 
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02 
03 
04 
0 5  
0 5  
C? 

c 9  
1 0  
1 1  
12  
13 
14 
1 5  
1 h 
1 7  
19 
19 

oa 

P O  
2 1  
2 2  
2 3  
2 4  
2 5  
26 
27 
2 8  
2 9  
30 
3 1  
3 3  
2 3  

The corresponding view fac to r  
r ad ios i ty .  Similar ly  f o r  fFi fFi j ,U s a f r ac t ion  f o f  Fij from uniform 

T and f F i  j , H  

REC The corresponding view fac to r  i s  calculated by rec iproc i ty  re la t ionship :  

where F i j  has been previously calculated 

The corresponding view f ac to r  i s  calculated as  a remainder: REM 

N- 1 

8 . 3  Computer Program 

The following computer program generates temperature d i s t r ibu t ions  
f o r  a given s e t  o f  uniform power generation r a t e  and emissivity with the 
center p i n  temperature kept below 1644 K: 

3 
4 
5 

8 

9 

10 

1 1  

12 

15 
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Obtaining the length-averaged heat t r a n s f e r  c o e f f i c i e n t  and integrat ing 
gives : 

For TNa = 1730"F, T, = 2500"F, Tfilm - - TNa + [(T, - TNa)/2]  = 2115"F, 

B = 1/(2115 + 460) = 4.73 x low4 "R-1, AT = 770°F, k = 0.485 B t u / h r - f t - O F ,  
Pr = 0.765, 1-1 = 0.05156 lb /hr - f t ,  p = 0.0251 l b / f t 3 ,  and g = 4.1472 x 108 
ft/ hr2 , 

= 9.66 x lo8 Grx 
- h = 14.76 Btu /h r - f t* - 'F  

T h u s ,  

= hAT = 11,365 Btu/hr-ft2 = 35,829 W/m2 = 2 x lo-' kW/ft  A 

8.4.2 Forced Convection of Sodium Vapor (8, - 10, 14) 

I f  i t  i s  assumed t h a t  Re = 10,000 and i f  t h e  vapor propert ies  o f  the 
previous sect ion a r e  used: 

Nu = 0.023 Reoa8 = 32.75 (1 6)  

hydraulic diameter, D,, = 0.00995 f t  

Nu K 2 h = - = 1596.4 B t u / h r - f t  - O F  

DH 

T h u s  , 

= hAT = 1,229,228 B t u l h r - f t '  = 3,875,118 W/m2 = 21 .7 kW/ft A 

8.4.3 Flow-Boiling Heat Transfer of Liquid Sodium 

Labuntsov's equation (9)  I for flow-boiling heat t r a n s f e r  is: 
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Q C  P O T  . A PR I), s a l  

(Tc t s a t  ) k  R X2p2J 
= 0.125 

S u b s t i  t i l t i n g  tsat = 1730°F (boil  i n g  point o f  sodium), Tc = cladding temp- 

CT = 0.007698 l b f / f t ,  k R  = 28.07 B t u / h r - f t - O R ,  h = 1641.65 B t u / l b m ,  p = 

f t - lbf /Btu,  and P r R  = 0.003986 gives 

e ra ture  ( O F ) ,  Tsa t  = 2190"R, CpR = 0.3107 Btu/lbm-"R, p k  = 45.265 lbm/ft3, 

0.0275 l b m / f t  3 , pR := 0.3601 lbm/f t -hr ,  vR = 0.00796 f t  2 /hr, J = 778.2 

Q/A i s  obtained by varying T such t h a t  the temperature difference between 
cladding and l iqu id  sodium i g  l e s s  than 100°F. For Tc = 17'40°F (10OF d i f -  
f eretace ) : 

= 35,094 3tu/hr-f t2  = 110,634 W/m2 = 0.62 k W / f t  A 

8.5 Nomenclature 

2 
Ai  

Bi  

surface area of i ,  m 

r a d i o s i t y  o f  surface i, W/m 2 

C i  matrix of coef f ic ien ts  used i n  computer program 

spec i f ic  heat,  B t u / l  bm-"F 

s p e c i f i c  heat 0.f sa turated l i qu id ,  B t u / l  bm-"F 
cP 

Cpk 

D,, hydraulic diameter, f t  

EP emissivity (computer program) 

F,, view -factor  froin surface i t o  surface j 
8 2 

I J  

g accelerat ion due t o  gravi ty ,  4.1472 x 10 f t / h r  

Grx local Grashof number 
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h 

h 

Hi 

I 

3 

K 

L 

N 

Nu 

Nub 

Nux 
Nu 

pi 

Pr 

PrE 

Qi 

QV 

- 

9 " 

r 

Re 

Reb 

s 
T 

TNa 

Tsa t 

he a t  t ra  ns fer co e f f t c i en t B t u/ h r-. P t * - F 

1 ength-averaged heat t r a n s f e r  coe f f i c i en t ,  5 t u / h r - f t 2 - " F  

2 i r r a d i a t i o n  t o  surface i., W/m 

constant ,  778.2 f t - l b f / B t u  

thermal conduct ivi ty ,  Btu/hr-ft-OF; Kc = cladding, KF fuel ,  and 
KH he1 i um 

l e n g t h  o f  free convection heat  t r ans fe r  area,  ft 

number of unknown r a d i o s i t i e s ,  B i  

Nussel t number 

boi 1 i ng Nussel t number 

local  Nussel t number 

length-averaged Nusselt number 

Qi (computer program) 

Prandtl number o f  sa tu ra t ed  sodium vapor 

Prandtl number of s a tu ra t ed  sodium 1 iqui d 

p i n  power generation r a t e ,  W/m 

constants  used f o r  pin power (computer program) 

2 

vo l  umetric heat generation, W / m j  

r ad ia l  pos i t ion ,  i n . ;  rC cladding, rF fue l ,  and rH helium 

Reynolds number o f  flowing vapor 

boi 1 i ng Reynolds number 

p i n  p i tch ,  i n .  

temperature , O K  

temperature o f  l i q u i d  sodium, O K  

temperature o f  sa tura ted  Na l i q u i d  as  used i n  Labuntsovts equation, O R  
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temperature of  saturated sodium vapor a t  1 . 7  atm, 1730°F 

temperature of center  p i n  cladding, O F  

temperature of duct wall , O K  

temperature of pin i ,  O K  

ve?oci ty  of sodium vapor ,  f t / s e c  

tsa t 

r, 
1' 

IN 

Ti  

V 

cf 

P 

Y 

A 

E 

x 

1' R 

11 

PR 

P 

G 

(3 

absorpti v i  t y ,  dimensionl ess  

vol m e t r i c  expansion coe f f i c i en t  of  sodium vapor, OF"' 

ref1 ec t iv i  ty ,  dimension1 ess  

d i f fe rence  operator,  dimension1 ess 

emissivi ty ,  dimensionless 

l a t e n t  heat of  vaporization of sodium, Btu/lbm 

viscos i ty  of l iqu id  sodium, lbm/hr - f t  

v i scos i ty  of saturated sodium vapor, l bm/h r - f t  

kinematic v i scos i ty  of l iqu id  sodium, f t  2 /hr 

density o f  l iqu id  sodium, l b m / f t  3 

density of saturated sodium vapor, l b m / f t  3 

Stefan-Boltzman constant ,  5.669 x 

surface tension of sodium 1 i q u i d - v a p o r  i n t e r f ace ,  1 bm/ft 

W/m 2 4  ( O K )  
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