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ABSTRACT 

An experimental  study of valve s t em f reeze  seals  was undertaken as p a r t  

of the effort to develop components for  high temperature  service in advanced 

sodium-cooled reactor  sys tems.  An experimental  model, which was suitable 

for  u se  with a 6-in. s ize  valve, operated satisfactorily under a var ie ty  of con- 

dit ions.  

a tmosphere;  cooling by both circumferent ia l  and longitudinal finned sections was 

experimentally studied. 

t u re s  up to 1300"F, sodium p r e s s u r e s  up to 75 psig, and ambient tempera tures  

as high as 150°F.  

annulus between s t em and stemguide, and the effects of their  p resence  was 

studied. 

The f reeze  sea l  region was cooled by natural  convection to ambient 

The operating conditions included sodium bulk tempera-  

Anticonvection rings were  positioned in the sodium-filled 

Predict ions of temperature  profiles along the s tem,  using severa l  different 

analytical methods, were compared with experimental  r e su l t s .  Based on a com- 

par ison of predicted and actual resul ts ,  i t  is considered that reliable valve f reeze  

s e a l s  m a y  be des igned  for high-temperature sodium systems. 
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1. INTRODUCTION 

As the operating tempera tures  of sodium cooled r eac to r s  continue to in- 

c r ease ,  g rea te r  demands will be placed on coolant sys tem components. An 

important problem, in the field of sodium technology, has  been the development 

of a sea l  for  valves to  prevent the leakage of sodium through the s tem-stemguide 

annulus. Packing-type seals  used in the conventional manner have been unsat is-  

factory for  sodium service at  high tempera tures .  

expensive and presents  reliability questions for which satisfactory answers  d o  

not exis t .  

established the feasibility of obtaining a sat isfactory sea l  by freezing sodium in 
2 the annulus around the s t em.  However, f reeze  sea ls  have not in the past  been 

used successfully at  sys tem p r e s s u r e s  above about 50 psig, because higher 

p r e s s u r e s  cause the sodium to extrude through the annulus and out of the sea l  

region. Thus, Atomics International undertook the development of valve s t em 

f reeze  sea ls  to meet the high temperature  needs of advanced sodium cooled r e -  

ac tor  sys t ems .  

with respect  to the ability of the f reeze  seal  to withstand sys tem p r e s s u r e .  

eliminate the need for  a f reeze  sea l  auxiliary cooling system, the f reeze  section 

of the experimental  model incorporated a finned surface which was cooled by 

f r e e  convection to the ambient a tmosphere.  

The use  of bellows sea ls  i s  

A development program a t  Oak Ridge National Laboratory (ORNL) 

3 

In addition, it was desired to provide a grea te r  margin of safety 

To 

The chief objective in this effort was  the development of a f reeze  sea l  which, 

with maximum sodium bulk tempera tures  of 1300" F, would per form the following 

functions : 

a) Prevent  the extrusion of sodium through the sea l  when sys tem p r e s -  
s u r e s  a r e  up to about 75 psig.  

b) Prevent  the entry of gas into the sys tem when sys tem p r e s s u r e s  a r e  

low. (The sea l  is fitted with an iner t  gas backup chamber . )  

c) Prevent  the buildup of oxides in the s t em-s t em guide annulus over 
long-term operation. 

as a diffusion cold t rap ;  the oxide in turn ac ts  as a cement, hindering movement 

of the valve s t e m . )  

(This  p rocess  comes  about because the f reeze  seal  ac t s  

1 



As par t  of the experimental  effort i t  was desired to  compare tes t  resu l t s  with the 

analytical predictions for  both longitudinal and circumferent ia l  f ins .  In addition, 

i t  was intended to determine the optimum gas backup p r e s s u r e  and the oxide ef- 

fects  on the torque required to turn  the s tem.  

2 
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II. METHOD USED AND DESCRIPTION OF EQUIPMENT 

A. DESIGN OF UNIT 

The experimental  f reeze  sea l  was designed to be suitable for  u se  with a 

6-in. valve for  sodium at maximum conditions of 1150°F and 75 psig fo r  long- 

t e r m  operation, and 1300°F and 75 psig for  shor t - te rm operation. 

sions of the experimental  f reeze  sea l  section appear in F igure  1. 

Key dimen- 
Anticonvection 

EXPANDER RING 
THICKNESS =,, 
0.1 86$0.185 

\ 
\ ' .  c 

DETAIL A 
ANTICONVECTION RING 

(CONSISTS OF TWO 
SEGMENTS 1 

3 3/4" OD BY 0.035" 
THICKNESS 

3 3/8" OD BY 0.092" 
THl CKN ESS 

0.70' 

HOLLOW STEM 

GAS CHAMBER 

LEAK DETECTOR 

FOUR - INCH EXTENSION 
ADDED AFTER BEGINNING 
OF EXPERIMENT 

SODIUM 

Figure  1. F r e e z e  Seal Details 

RINGS 
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rings were  positioned in the annulus between the ver t ica l  hollow s t em and the 

s t em guide to inhibit thermal  convection of molten sodium. 

to  the outer per iphery of the s t em guide. 

region was a chamber  containing iner t  gas .  

used for  f r e e  convection cooling to  the surrounding atmosphere.  

sisted of c i rcumferent ia l  f ins (Figure l) ,  the second consisted of eight rectangu- 

lar longitudinal fins located in radial  .planes about the s t em guide per iphery 

(Figure 2 ) .  

F ins  were  attached 

Located at  the top of the f reeze  sea l  

Two different fin arrangements  were  

The f i r s t  con- 

The circumferent ia l  fins were  spaced one inch apar t  vertically.  It 

X - I 5/d1 

&o.09211 

SC HEM AT I C 
PLAN VIEW 

T 
I a I t  

I 

77t 
SCH E MAT IC 

VERTICAL CROSS SECTION 

Figure  2 .  Longitudinal F in  Cooling Section 

was recognized that the circumferent ia l  fin arrangement  was not likely to be the 

most  efficient design because of interference of the fins with the air flow pattern; 

however, this arrangement  accommodated studies of energy t ranspor t  up the 

s tem-s tem guide annulus by sodium natural  convection. 

cussed in detail  in a l a t e r  section. 

These studies a r e  dis-  



Three  anticonvection rings were  positioned in notches in the s t em in the 

locations shown in Figure 1. 

f igure .  

spr ings which pressed  the outer per ipheries  of the rings against the inside surface 

of the s t em guide. 

thickness of chromium. 

A la rge  scale  detail  of a ring is a l so  shown in the * 
The rings used were a standard manufactured i tem , fitted with backing 

Cas t  i ron rings were  purchased and plated with a one mil 

The rings were  intended to  per form three  functions: 

1) Reduce the heat t ransfer  up the annulus. 

2) Act as a b a r r i e r  to sodium oxide diffusion into the sea l  region. 

3 )  Increase the ability of the sea l  to withstand large top-to-bottom p r e s -  

su re  differences.  

The s t e m  was designed specifically for  ro ta ry  operation, although the design 

pe rmi t s  translational motion as well. 

the s t em guide, permitted the p r e s s u r e  of the iner t  backup g a s  to  be set  as de- 

s i r ed .  

Teflon chevron packing. 

A chamber,  which was added at the top of 

The joint between the s t em and the top of the chamber  was sealed with 

B.  APPARATUS AND EXPERIMENTAL PROCEDURE 

Pictured schematically in Figure 3 is the apparatus used in this experiment.  

The valve s t em terminates  in a dummy plug which r e s t s  on a sea t  in a 6-in. d i -  

ame te r  by 2-ft long sodium pot. 

diffusion cold finger and aone-inch diameter  line which connects the pot to a 

sodium expansion tank. 

te rmines  the bulk sodium p r e s s u r e .  

in the backup gas  chamber  to sense any extrusion of sodium f r o m  the sea l .  

AN-fitting was installed in the body of the gas chamber  to facil i tate clean-up 

operations in the event of sodium leakage. 

Project ing f r o m  the bottom of the pot is a small 

The p r e s s u r e  of the cover gas  in the expansion tank de- 

A spark-plug type leak detector was located 

An 

The independent var iables  which were  controlled during the experiment were  

sodium p r e s s u r e  and temperature ,  ambient temperature  (in some cases) ,  g a s  
backup p res su re ,  and the number of s t e m  rotations.  With the circumferent ia l  

fin cooling section design, runs were  made with four,  five, and six fins in place; 

therefore ,  in a sense,  the number of fins was an independent var iable .  

*Those used in this experiment were  purchased f rom the Double Seal Ring 
Company, F o r t  Worth, Texas. 
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Figure  3 .  Apparatus for  Stem F r e e z e  Seal Experiment 
(c i rcumferent ia l  f ins in cooling section) 
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'LEVEL PROBE 

LOADING 
FLANGE 

Measurements were  made of tempera tures  in the sodium, in the ambient a tmos-  

phere,  a t  the roots and t ips of the fins,  and a t  severa l  locations on the s t em 

guide. Also measured were the gas p r e s s u r e s  and the torque required to rotate 

the s t em.  

i. 
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Runs were  fir t made with the circumferent ia l  fin cooling a r rangement .  

La ter ,  these f ins  were  removed and the cooling section was fitted with longi- 

tudinal f ins .  The program was designed to determine a s  soon as possible the 

optimum gas backup p r e s s u r e  corresponding to a sodium p r e s s u r e  range of 

0-75 psig.  

exceed one psig. 

m o r e  than one psi ,  rotation of the s t em was always accompanied by entry of gas 

down through the sea l  and into the sodium system. 

Ear ly  it became apparent that the gas  backup p r e s s u r e  should not 

When the backup p r e s s u r e  exceeded the sodium p r e s s u r e  by 

As a second s tep in the program,  cooling section temperature  measurements  

were  made at  various sodium bulk tempera tures  between 600 and 1150°F for  

different values of sodium p res su re  between and including 0 and 75 psig.  

deduced f r o m  the analysis of data  that a small volume of gas was trapped in the 

annulus below the bottom ring. This was confirmed by the observation of changes 

in sodium level  in the expansion tank with changes in the sodium p res su re .  After 

many fa i lures  to expel the gas with the sys tem hot, the r ig  was shut down(sodium 

was frozen) and a hole was dril led a t  the proper  location under an iner t  gas blan- 

ket for  the addition of a bleed l ine.  Trapped gas was removed by avacuumpump,  

and the small evacuation line was valved off. 

allowed to f i l l  the evacuation line and f reeze .  

capped. 

evidence verified that the trapped gas  had been removed. 

It was 

The sodium was melted, then 

The line was then cut short  and 

Subsequent expansion tank sodium level measurement  and heat t ransfer  

The f reeze  sea l  was then placed in operation with sodium a t  1150°F andvar i -  

During this t ime the valve s t em was rotated an average ous p r e s s u r e s  fo r  3 wk. 

of 10 t imes  p e r  day. 

During the activities described above, the ambient tempera ture  ranged f r o m  

76 to  100°F.  

ambient tempera tures  could be accurately predicted (based on the resu l t s  obtained 

during the above runs) ,  the experimental  r i g  was modified to accommodate the 

simulation of a pipe gallery atmosphere.  

insulated sheet-metal  box and an air heater  was installed (in such a fashion as 

not to radiate direct ly  onto the f r eeze  sea l  section).  

150°F ambient tempera tures .  

1 3 0 0 ° F  and was twice reduced to 600°F for  a shor t  length of t ime.  

p r e s s u r e  was cycled between 0 and 75 psig during the above runs .  

Although it was thought that the f r eeze  sea l  performance a t  higher 

The tes t  assembly was enclosed in an 

Runs were  then made with 

The sodium tempera ture  was se t  a t  1150 and 

The sodium 

7 



Following the conclusion of runs  with the circumferent ia l  fin cooling a r r ange -  

ment, the f r eeze  sea l  section was dismantled and inspected, and a stem-guide 

sleeve fitted with longitudinal f ins  installed.  The experimental  operations with 

this  second cooling a r rangement  were  similar to those with the f i r s t ,  the maxi- 

mum tempera ture  and p r e s s u r e  attained having been 1300°F and 75 psig.  After 

completion of these runs the unit was again dismantled and inspected. 

IO 
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Figure  4. Tempera tu re  Prof i les  fo r  To of 1000°F 
(c i rcumf e ren t  ia l  fins) 
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111. DISCUSSION OF EXPERIMENTAL RESULTS AND ANALYSIS 

A.  GENERAL SUMMARY 

The experimental  unit performed sat isfactor i ly  using each of the cooling fin 

With the c i rcumferent ia l  fin design, the sea l  operated with sodi- a r r angemen t s .  

u m  a t  1150°F and at  p r e s s u r e s  ranging f r o m  0-75 psig fo r  a total  of 500 h r .  

Ambient t empera tu res  during this t ime var ied f r o m  79 to  150"F, and the s t e m  

was rotated a total  of 800 t imes .  

A total  of 126 h r  was logged with a sodium bulk t empera tu re  of 1300°F and 

The ambient t empera tu res  during this  t ime  were  100 p r e s s u r e s  up to  75 psig.  

and 150°F and the s t em was rotated 15 t imes .  

After  the circumferent ia l  f ins  were  replaced by longitudinal f ins,  the sea l  

operated with the bulk sodium tempera ture  a t  1300°F for  150 h r  and at  1150°F 

fo r  50 h r .  

ing day and was  reduced to one psig during the overnight per iods .  

rotated 30 t imes ,  and the maximum ambient tempera ture  attained while f rozen  

sodium remained in  the annulus (with bulk tempera ture  of 1300°F) was 120°F.  

In one instance,  the sea l  melted when the ambient tempera ture  was permit ted to 

r i s e  too high. 

The sodium p r e s s u r e  during this s e r i e s  was 75 psig during the work- 

The s t e m  was 

It was determined that the gas  backup p r e s s u r e  above the s e a l  should not 

Higher backup p r e s s u r e s  caused blowing of gas  through the exceed one psig.  
seal when the sod ium p r e s s u r e  was less  than one p s i g .  

motion, a one-inch amplitude t ranslat ional  motion was imparted to the s t e m  f o r  

10 cyc les  with the bulk sodium a t  1150°F and60 psig.  The sea l  held satisfacto- 

r i ly  during this operation. 

In addi t ion to r o t a r y  

A subsequent section compares  the experimental  r e su l t s  with the r e su l t s  

In addition, t he re  follows a discussion of the predicted by theoret ical  methods.  

heat  t ranspor t  effects of natural  convection up the annulus, and observations 

relat ive to  the presence  of sodium oxide in the sea l  region. 

B.  TEMPERATURE PROFILES 

F i g u r e s  4, 5, 6, and 7 show ver t ica l  t empera ture  prof i les  along the s t e m  

fo r  var ious  experimental  conditions. Appearing to the left of the cu rves  in each  

9 



0 500 I O 0 0  I300 

STEM TEMPERATURE MINUS AMBIENT TEMPERATURE (OF) 

Figure  5 .  Temperature  Prof i les  for  To of 1150°F 
(c i rcumf e r entia1 fins) 

f igure is a representation of the f reeze  sea l  section physical profile, with ver t i -  

ca l  distances indicated. Such an i l lustration is included for  each figure to clarify 

the correspondence between fin locations and temperature  profile. 

F igures  4, 5, and 6 per ta in  to the cooling arrangement  which utilized c i r -  

cumferential  f ins .  The curves in F igure  4 a r e  for  1000°F sodium bulk tempera-  

tu re ;  s imi la r  curves  a r e  shown in F igure  5 for  1150°F sodium bulk temperature .  

Two curves  appear in F igure  6,  one for  6 2 0 ° F  and the other for  1300°F sodium 

bulk tempera ture .  The absc issa  in each case  is the difference between s t em 

10 



Q t empera tures  and the temperature  of the ambient atmosphere since it is this 

potential difference that causes  the heat flow. The close agreement  between 

curves  for  similar sodium conditions, but different ambient conditions, points up 

the fact  that the physical propert ies  of air and the f r e e  convection pat tern va ry  

but l i t t le with temperature  for the range in which we a r e  interested.  

the comparison of curves  for  the unit with four ,  five, and s ix  fins indicates that 

the improvement in heat t ransfer  diminishes rapidly as the number of fins is in- 

c reased  beyond four .  

ence 4 that a lmost  equal heat t ransfer  resu l t s  a r e  obtained (for a ver t ical  finned 

s tem) with three  fins a s  with fifteen fins.  A comparison may a l so  be made with 

In F igure  4, 

This tends to confirm the conclusion reported in Refer-  

STEM TEMPERATURE MINUS AMBIENT TEMPERATURE ( O F )  

Figure  6 .  Temperature  Prof i les  for  To of 
6 2 0 " F ,  1300°F (circumferent ia l  fins) 
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STEM TEMPERATURE MINUS AMBIENT TEMPERATURE 

Figure  7 .  Temperature  Prof i les  for  To o f  
600" F, 1300 O F  (1ongit;:udinal f ins) 

the curves  of the profiles with and without gas  trapped below the bottom r ing.  It is 

seen that the gas  reduced the heat t ransfer  into the sea l  region. Alsr, appearing in 

F ig# i r e s  4 and 5 a r e  curves  calculated by Methods Iand IIdiscussed in the next section. 

F igure  7, which is for the longitudinal fin design, i l lustrates  the experi-  

mentally measured temperature  profiles for  sodium bulk temperatures  of 6 0 0 ° F  

and 1300°F and curves calculated by MethodII. 

based on the analytical techniques wi l l  be discussed in the next section. 

The accuracy of predictions 

1 2  



As a ma t t e r  of in te res t ,  the cooling section profile of F igu re  4 i s  marked 

with t empera tu res  a t  the fin roots  and tips, taken during a typical run .  

"most favorable" fin design gives approximately a two-to-one ra t io  of fin to  air 

tempera ture  differences for  the fin root and t ip.  Such ra t ios  a r e  a l so  indicated 

in  the figure,  and i t  is noted that the designs were  reasonably well optimized. 

The 

13 

12 
I I  

I O  

9 

a 
7 
6 

5 
4 '  

C . ANALYTICAL METHODS 

' 

1 .  Method I 

3 
2 .  
I 

.This procedure cons is t s  of establishing a the rma l  network with lumped 

constants and, knowing the te rmina l  tempera tures  (air and bulk sodium), finding 

the tempera ture  distribution by an i terat ive method. 

only in  the c a s e  of the circumferent ia l  fin a r rangement .  

c i rcui t  is represented in F igure  8 .  

c a l  c r o s s  section of the f r e e z e  sea l  indicating node point locations.  

This technique was used 

An equivalent thermal  

Also shown in F igu re  8 is a schematic  ver t i -  

It i s  implied 

SODIUM 
FREEZE SEAL SECTION SHOWING NODE POINTS 

TYPICAL HEAT 
CURRENTS 

8 ~ v%' T9 , 
A T 7  'I* Tg 

A Tg =AIR TEMPERATURE v3 9 
T T 6  

k x \ T Y P l C A L  RES I STANCES ELEMENT 

T 2  Tg 

TO 

Figure  8 .  Method I The rma l  Circui t  

1 3  



in this procedure that the horizontal  s t e m  c r o s s  sections no rma l  to  the s t em axis 

a r e  isotimic sur faces .  

be an accura te  assumption. 

e lements  of the network a r e  indicated by q ,  and the conductances of the var ious 

elements  a r e  denoted by c .  

and the meanings of all symbols a r e  given in the nomenclature .  

An analysis  i s  given in the Appendix which shows this to 

The quantities of heat  t r ans fe r r ed  in the var ious 

The general  calculation procedure is outlined below, 

F o r  heat t r ans fe r  into the gas: 

qn = c AT, A T = T  - T .  
n g  I1 

F o r  heat  conduction up the shaft: 

= c  AT 9 AT = Tm-Tn.  qm-n m-n 

Determining C n  

c n odd, may be approximated as follows: n ’  

= c A T  = 2vP2bk qn n 

where 

2h 
kb .I3 = - .  

Hence 

c n = 27rllbk 6 4  

‘0 

AT 

14 



Q 
c , n even, may be approximated conservatively by taking n 

e 277 PIUAxAT qn - 

where 

1 u = -  
1 - t- h k  

therefore  

C may be determined a s  follows: m-n  

3 

i= 1 

where i = 1, 2, 3 pertain to the s ta inless  s teel  s t em and body conduction paths 

and the sodium annular path, respectively.  

between node points m-n. 

The t e r m  A x  r e f e r s  to the distance 

Thus, 

3 
- - 1 k.A.  m-n A x  1 1  

i= 1 

C 

The effective film coefficient used in calculating the conductances must  con- 

s ider  both f r e e  convection and radiation cooling. F o r  the thermal  e lements  

15 



0.25 
h = 0 .28(9 )  

F o r  the elements of even n, the fins were treated as horizontal plates .  

heat flux f rom a horizontal plate facing upward is given 
The unit 

6 
by 

= 0.275(AT) 413 , 
9, 

and that f rom a horizontal plate facing downward i s  given by 

qd = 0.50qu. 

In calculating the thermal  conductance, an average convection film coefficient 

was used as given below 

113 = 0.2l(AT) , % “d 
AT h =  

which holds for  the turbulent range. (If the s t em axis had been in a horizontal 

plane the following relations would have been used in determining the approxi- 
mate  film coefficient 7. . 

3 
4 Nu = 0.52 (Gr Pr) 114 F o r  10 > (Gr Pr) > 10 

F o r  (Gr - Pr) > 10 

8 

113 
f 

Nu = 0.126 (Gr * Pr) . 
8 

,/ 
.-2 
--c 

these expressions a r e  for  f r e e  convection about horizontal cyl inders . )  To the 
film coefficient for  f r e e  convection was added that due to radiation 8 (in thetcase 

16 
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Q 

of the s tem guide sur faces  but not the circumferent ia l  fin e lements) ,  

1 na - ga 

It may benoted f romFigures  4 and 5that  the resu l t s  based on this methodi 

a r e  somewhat in e r r o r .  

convection may account for  the discrepancy between predicted and actual resu l t s .  

This effect is discussed fur ther  in a la te r  section. 

The t ransport  of energy up the annulus by sodium f r e e  

2 .  Method I1 

This method i s  based on the differential equation for  heat t r ans fe r  along a 

ver t ical  relatively slender rod which extends into s t i l l  gas  f r o m  an insulated pot 

containing molten sodium. 

FINNED COOLING- 
SECTION 

The general  solution of the differential equation is  

t Neax  . . . (1) 
- a x  A T  = Me 

- x = L  

Figure  9 .  Idealized Heat Transfer  
P rob lem 

X ' O  

LINSULATIONJ 

m T = To 

where a = G 4  and x is the distance 

along the rod f r o m  the heat source as 

shown in F igure  9.  The problem was 

treated in severa l  different ways, each 
of which involved the use  of different 

boundary conditions and consequent 

changes in the values of M and N .  

numerical  resu l t s  for  each of these 

t rea tments  were,  however, appr  oxi- 

mately the same  so  far as the cooling 

sections used in this  experiment a r e  

concerned. Effective and average val- 

ues  were  used for  the t e r m s  in a .  
These will be discussed l a t e r .  

point the approaches to solution of the 

above differential equation will be  

briefly mentioned. 

The 

At this 

1 7  



Considering the protruding shaft (s tem,  stem-guide, f ins,  e t c . )  to be a 

ve ry  long rod, the boundary conditions for  Equation 1 a r e  

a t x = O ,  T = T  

A T  = A T o .  

0’ 

a n d a t x = c o  T = T  
g ’ 

A T = O  

F o r  these boundary conditions, the solution to Equation 1 is 

A T  =  AT^^-^^ 

Taking the shaft to be of finite length with no heat loss f r o m  the end 

(x= L), the second boundary condition of Equation 2 is replaced by 

The solution of Equation 1 is then 

cosh kx- L).] 
A T  cosh(aL)  * 

. . . (2) 

. * . ( 3 )  

. . . ( 5 )  

In the above relations,  the effects of the s t em guide sections with and  without fins 

were  lumped. 

two. sections as follows 

The effects were  separated by writing equations for  each of the 

a x  fo r  0 < x < LT AT 1 = M  1 e m a x  + y e  
7 . . . ( 6 )  

18 



f o r  L < x C L ,  o r  0 y < L - LT, where y = x - LT? T 

AT2 = M2e-a'y+ N2e a'Y 

where a' is the modulus that cor responds  to the section without f ins .  

The boundary conditions for  this ca se  a r e  

a t  x = 0, AT1 =  AT^ 

a t x = L  T, y = 0 ,   AT^ = A T 2  

d   AT^)= d  AT^) 
dx dY 

. . .(7) 

. . . (8) 

= o  
d(A 22 

T' d.Y 
a t x  = L, y = L-L 

Obtaining the appropriate  values for  Q and Ut ( these t e r m s  a r e  discussed below) 

corresponding to the longitudinal f in a r rangement  fo r  general  conditions with 
T = 1150"F, Equations 6 and 7 become 
0 

A T ,  = A T o e  - 4 . 4 0 ~  

-2 .o l y  2 '01y+ 0.0480AT e  AT^ = 0.0046AToe 0 

19 



Similar relations were  obtained for  a bulk temperature  of 1 3 0 0 ° F .  

p ress ion  for a(= =)an average value for  the film coefficient (for radiation 

and convection) was assumed.  After a temperature  distribution was calculated, 

the assumed value was checked. The value of the productkA in the denominator 

was determined in the fashion described under Method I with the kAfor  the sodium 

being doubled (Figure l o ) ,  to provide a measure  of allowance for convective ef- 

fec ts .  The value used for  the pe r ime te rD  accounts for  both the s t em guide and 

In the ex- 

I I I 

KEY: SODIUM TEMPERATURE REMARKS 
6OOOF 4 WITH TRAPPED GAS 8 60OOF 4 NO TRAPPED GAS - 

5 WITH TRAPPED GAS 
,I ,I ,I 

IO00"F 
1150°F 6 
I 100°F 6 
I 1 5 0 5  6 NO TRAPPED GAS 

v 
4 I 000°F 6 I1 I1 11 

El ,I , I  ,I 

U 0 loo TEMPERATURE DIFFERENCE BETWEEN NODES (OF) 

Figure  10. Effective Stem Conduction (based on 
experimental  data selected at random) 

the fins.  The relation used was 

D = S + q F ,  

20 
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Q 

where S is the s t em guide surface a r e a  pe r  foot of length in contact with the su r -  

rounding atmosphere,  and F i s  the fin surface a r e a  p e r  foot of length. 

effectiveness, 7 7 ,  is given by 

The fin 

. .  tanh w ./B 
W A Y  7 7 =  

As indicated previously, the severa l  procedures  described under Method I1 
produced practically identical numerical  predictions f o r  the c a s e s  considered for  

this experiment.  

F igures  4, 5, and 7 .  

s t em temperature  nea r s  the freezing point of sodium there  is a divergence be- 

tween predicted and actual values.  At the low tempera tures  the temperature  vs  

distance curve slope is small, and, while in general  the e r r o r  in temperature  

Examples of the predictions and actual resu l t s  appear  in 

The agreement is good nea r  the heat source,  but as the 

- 

magnitude might not be great ,  the predictions of distance f r o m  heat source to 

frozen sodium may be in significant e r r o r .  F o r  example, in F igure  7 the curve 

for  T = 1 3 0 0 ° F  shows a difference of approximately 3-in. between the predicted 

and actual location of the lowest level of frozen sodium in the sea l .  There  i s  a 

marked improvement in the accuracy of predictions with reduction in To. 

D .  STEM CONDUCTANCE 

0 

Natural  convection of sodium in the s t em-s t em guide annulus assis ted in the 

t ransfer  of energy up the s t em.  The total heat t ransfer red  was therefore  grea te r  

than that which would have been t ransfer red  up the s t em by conduction alone. An 

attempt was made to determine (on a g ross  basis)  quantitatively the effect of this 

natural  convection of sodium. The approach used involved the setup of a thermal  

network for  the circumferential  fin arrangement  as described under Method I. 
The fin and s t em per imeter  conductances, c were  calculated. Knowing f r o m  

the experiment the temperature  corresponding to each node point, i t  was possible 

to  calculate the heat cu r ren t s  , a. 
points, q 

f r o m  the top end of the s t em toward the heat source .  

A T  gave the c 

ment (to be re fer red  to as "actual conductance") a r e  compared with the c ~ - ~  

calculated for  pure heat conduction on a unit length bas i s .  The actual conductances 

n' 

Then the heat t ransfer red  between s t em node 

was determined by performing heat balances working backwards m-n  ' 
Dividing theq  by the 

. In Figure 10, severa l  cm-n values found f r o m  the experi-  
m-n 

m-n  m - n  

2 1  
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Q 

0 i 

are for  experimental  data sampled a t  random, and the comparison is based on 

tempera tures  between node points.  A definite pat tern evolved that showed that 

the actual conductance was twice that of pure heatsconductance when the temper-  

a ture  difference between adjacent nodes was about 100°F.  It will be recalled that 

the distance between adjacent rings was one inch. F o r  grea te r  distances between 

r ings and for wider annuli (the annulus width was 11 mils) there  may be a sizable 

increase  in the conductance pe r  unit length. In this connection, Reference 9 indi- 

ca tes  that under cer ta in  conditions relatively large amounts of heat maybe  t rans-  

fe r red  by f r ee  convection in sodium-filled annuli. 

the natural  convection effects was not attempted because of the lack of highly 

accurate  information on annulus tempera tures  and geometry.  

\ 

A more  refined analysis of 

E .  STEM TORQUE, OXIDE EFFECTS 

Measurements were  made durisg the experiment of the torque required to  

rotate the s t em.  

in the torque measurements  (for the same sodium conditions) could be interpreted 

as being caused by oxide buildup in the annulus. However, a slight misalignment 

caused by a modification (extension) of the s t em guide resulted in rubbing of the 

s t em against the s t em guide near  the top of the sea l .  This effect increased the 

amount of torque required to turn the s t em and somewhat clouded comparisons 

between subsequent runs and the ea r l i e r  runs.  

At the outset of the experiment,  i t  was expected that increases  

With the experimental  sys tem dry,  the torque-to-turn (to be re fer red  to as 

V) was measured to be 30 in .  -1b. 

a tures  between 600 and 1000"F, the V consistently appeared to be a function of 

p re s su re ,  varying between about 30 in .  -1b for  1-5 psig sodium p r e s s u r e  and 

60 in. -1b at  60 psig. 

to the increase in bearing p r e s s u r e  between the ring and collar a t  the top of the 

s t em.  

was undoubtedly oxygen contamination of the sodium a t  the top of the sea l  during 

the modification p rocess .  Immediately af ter  the change, with sodium tempera-  

t u re s  a t  1150"F, the V values increased into the 100-250 in . - lb  range.  

c r e a s e  was attributed to the presence of sodium oxide in the annulus. 

during the f i r s t  efforts to remove the g a s  trapped below the anticonvection rings,  

the sodium in the annulus was forced up into the gas chamber  at  the top of the 

When the sys tem was full of sodium a t  temper-  

The increase  in V with sodium p res su re  was evidently due 

The stem-modification was accomplished af ter  336 h r  of operation. There  

I 

This in- 

La ter ,  

2 2  



sea l .  The extruded sodium (and sodium oxide) was carefully removed by hand 

f r o m  the gas  chamber .  Subsequently, when the unit returned to operation, the 

values measured for  V were approximately the same (very slightly higher due to 

rubbing of s t em on stem-guide) as those measured during the f i r s t  experimental  

phase,  before the 4-in. extension was added to the stem-guide.  It was found that 

the torque required to initiate rotation of the s tem could be accurately calculated 

using the known length of frozen sodium in the annulus and a solid sodium shear  

strength of 25 ps i .  

Based on the above evidence, i t  was concluded that no significant quantities 

of oxide diffused f rom the bulk sodium into the sea l  region. 

content in the sodium is estimated to have been 50 ppm, which would indicate a 

total sys tem oxygen content of 1.5 x 10 lb of oxygen. It i s  possible that such a 

smal l  quantity of oxygen would not have been detected, even though all oxide in 

the sys tem concentrated in the cooling section. 

The initial oxide 

- 3  
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IV. SUMMARY OF RESULTS 

An experimental  s t em f reeze-sea l ,  suitable for  a 6-in. valve size,  operated 

satisfactorily under a var ie ty  of t e s t  conditions using two different cooling fin 

arrangements .  

to the ambient a tmosphere.  The operating conditions included sodium bulk 

tempera tures  up to 1300"F, sodium p r e s s u r e s  up to 75 psig, andambient temper-  

a tu re s  a s  high as 150°F.  

tempera tures  along the f reeze  sea l  were  compared.  Predict ions were  veryaccu-  

ra te  for  a distance of severa l  inches f rom the valve body, but in the lower temper-  

a ture  region of the sea l  the agreement  is l e s s  favorable. 

1300°F sodium bulk temperature ,  the estimated length of frozen sodium, at  the 

top of the seal ,  was almost 4-in. shor te r  than that established experimentally. 

Thus in this case  the theoretical  prediction produced conservative resu l t s .  At 

Cooling of the sea l  region was accomplished by f r e e  convection 

Theoretically predicted and experimentally measured 

It was noted that for a 

lower bulk temperatures ,  the analytical predictions were  more  accura te .  

determined that one psig was the optimum constant gas  backup p r e s s u r e  for  the 

sea l .  

f reeze  sea l  region. 

It was 

There  was no evidence of the diffusion of oxide f rom the sodium into the 

It is  concluded that reliable and economical valve f reeze  seals  for future 

high-temperature sodium sys tems may b e  designed based on the above resu l t s ,  

i. e . ,  using the implied correct ions for  analytical predictions.  
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APPENDIX 

the actual experimental unit has  a hollow s t em.  

a r e  concerned only with effects in the radial direction, and 

Since we 

axis,  the t e r m s  involving the axial and angular coordinates 

a r e  neglected. The determinative conditions a re :  

. . . (1) 

T = T(r )  - T 
g 

-- d T  - 0, r = O  
d r  

. . . (2) 

. . . ( 3 )  

. . . (4) 

Using r a s  a unit length (and adjusting the values of physical constants 
h 

0 

accordingly), and substituting h = - the las t  condition becomes 
g k’ 

- t h T = O , r = 1 .  n 
d r  g 

The continuity equation in polar coordinates for  steady s ta te  is 

- -  1 d  ( r $ = o  
r d r  

Appendix 

. . . ( 5 )  

. . . (6) 
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10 
The Hankel t r ans fo rm of the tempera ture  i s  defined as 

d 

T(p) = k T ( r j r J n ( p r )  d r .  . . * (7) 

Integrating Equation 6 in  accordance with Equation 7 and using Equation 5 gives 

where the t e r m s  within the bracke ts  will be ca r r i ed  fo r  reasons  to become a p -  

parent  short ly .  The t ransformed tempera ture  is then 

. . . (8) 

11 
and when Equation 8 is  substituted into the following inversion expression 

$;I; Jo(Pr) 
T ( r )  = 2 c  2 )  

h + t Jo (P) 
g P 

the resu l t  is 

26 
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where the p a r e  roots of 

1 
P Jo (PI +' hgJo(P) = -PJ1(P) + hgJo(P) = 0 

Evaluating Equation 10 a t  r = 1 gives 

T ( l )  = 2 [dT(l)  - d r  t h g T ( l j &  

which solving f o r  T (  l) ,  gives 

1 hf: p2 
6 

dT(1) P T ( l )  = 2 d r  

Evaluating Equation -10 at r = 0 gives 

. . (11) 

. . . (12) 

Substituting T Equation 1 f r o m  Equation 12 in  Equation 13 and solving fo r  - a m  
d r  

gives 

Appendix 

. . . (14) 



The roots  of Equation 11 were  found by a graphical method to be p E  0 ,  p = 3.85, 
The value of h based on ro is approximately 0.003/unit 

g .  
7.02, 10.17, 13.32. . . 
length. 

The s e r i e s  embod ed in Equation 14 converge rapidly with the resul t  

. . . (15) 

Comparing this resul t  with Equation 5 shows that 

T ( l )  G T(o),  . . . (16)  

and the agreement  is bet ter  than within 0.1%. 

effect of the very small h 

has  an insulating influence at the s t em surface.  

The chief reason for  this is the 

(due to the small h fo r  f r ee  convection in air), which 
g 
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NOMENCLATURE 

A = area ,  ft2 

b = fin thickness, f t  

B = 2 h/kb 

c = overall conductance t e r m ,  Btu /hr 'F  

P 
d = distance between circumferent ia l  fins, ft 

D = perimeter ,  f t2/f t  

F = a r e a  of fin surfaces  in contact with a i r ,  f t2/f t  

C = specific heat, Btu / lb°F  

Gr = Grashof modulus, H3pgAT/v 
2 

g = accelerat ion due to gravity, f t /h r  
H = character is t ic  length, f t  

h = heat t ransfer  coefficient B t u / h r " F  f t2  

In = modified Besse l  function of f i r s t  kind, order  n 

J 
K = Modified Bessel  function of second kind, n o r d e r  

= Besse l  function of f i r s t  kind, n order  

k = thermal  conductivity 

f 

f 2  = outside radius  of c i rcumferent ia l  fin, f t  

= outside radius  of s tem guide, ft 

L = total shaft length, ft 

LT = length of finned section, ft 

M,M1,M2 = constants of integration 

N,NI,N2 = constants of integration 

Nu = Nusselt modulus, hH/k 

p = t ransform variable  
P r  = Prandt l  modulus, 

q = heat flux, Btu/hr  

qd = unit heat flux f r o m  plate facing down, Btu/hr  f t2  

9, = unit heat flux f r o m  plate facing upwards, Btu/hr  f tZ  

r = radial  coordinate, i t  
S = a r e a  of s tem guide surface in contact with atmosphere,  f t  2 /ft 

A T  = temperature  difference, 'F - 
T = Hankel t ransform of temperature  

g 
T = gas temperature ,  " F  

T = temperature  a t  node point n, 'F 
T = sodium bulk temperature ,  'F 

u" = overall heat t ransfer  coefficient, Btu/hr  " F  ft2 

V I torque to rotate  s tem,  in .  -1bs 

w = fin width, ft 

A x  = distance between node points, ft 

x = distance along shaft f r o m  heat source,  f t  

y = x - LT, for  x > LT 

a,ai = 
p = coefficient of thermal  bulk expansion, 1 / ' F  

c = emissivi ty  (taken to be equal to absorptivity) 

71 = fin efficiency 

+ = function in c i rcumferent ia l  fin conductance t e r m  

p = dynamic viscosity, lb/f t  h r  

v = kinematic viscosity, f t2 /hr  

Subsc riDt s 

m , n  = re late  to node point 

a = absolute temperature ,  'R 

29  





, 

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8 .  

9 .  

Met a1 s Handbook, 
1955 

REFERENCES 

EC-USN pub. TID 277, Sodium-Na Supplement, 

W .  B .  Cot t re l l ,  and L. A .  Mann, ORNL-1688, 1953 

Unpublished work by R .  Cygan 

K.  A .  Tomblin, et  a l . ,  AERE ED/M.9 ,  March 1954 

M .  Jakob, Heat T rans fe r ,  Wiley and Sons, New York, V o l .  I, 1949, p 529 

Ibid, p 532 

Ibid, p 525 

W .  H .  McAdams, Heat Transmiss ion ,  (3rd Ed . ,  McGraw-Hill, New York, 
1954) p 63 

D.  P .  Timo,  KAPL-M-DPT-8, 1955 

10 .  C .  J .  Tran te r ,  Integral  T rans fo rms  in Mathematical  Phys ics ,  (Wiley and 
Sons, New York, 1954) P 2  

11. Ibid, p 88 


	Ab.stract
	I Introduction
	11 Method Used and Description of Equipment
	A Design of Unit
	B App'aratus and Experimental Procedure

	111 Discussion of Experimental Results and Analysis
	A General Summary
	B Temperature Profiles
	C Analytical Methods
	1 Method1
	2 Method

	D Stem Conductance
	E Stem Torque Oxide Effects

	IV Summary of Results
	Appendix
	Nomenclature
	References

	2 Longitudinal Fin Cooling Section
	cooling section)

	4 Temperature Profiles for T of 1000°F (circumferential fins)
	5 Temperature Profiles for To of 1150°F (circumferential fins)
	fins)


