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1. SUMMARY

A te s t r ig  has been designed to obtain basic  two phase forced convection liquid m etal heat 
tra n s fe r  and p re s su re  drop data fo r use in the design of liquid m etal b o ile rs . T h is engi­
neering  re p o rt includes background of the boiling problem , p a rtia l sum m ary of work done 
by o ther inv estig a to rs, the object, scope, engineering, and operation of th is  te s t rig , and 
a sum m ary  of rep roducib ility  te s ts  conducted in a w ater back-up r ig .



CNLM - 4 3 5 8

2. INTRODUCTION

The object of th is te s t  is  to obtain fundam ental design type inform ation that can be applied 
tow ards the design of a once-through o r p a r tia l vaporization b o ile r. The te s t r ig  can th e re ­
fore be justifiab ly  d escribed  as a basic  data producing heat tra n s fe r  te s t r ig  as opposed to a 
m a te ria ls  evaluation, endurance, o r component perform ance r ig . M ore specifically , local 
boiling heat tra n s fe r  coefficients w ill be determ ined  in a tube with vapor quality being the 
independent variab le  a t sev e ra l flow ra te s , heat fluxes, and for d ifferent tube g eom etries.

Briefly described , the po tassium  is  p re -h e a ted  to a lm ost the boiling tem p era tu re  in a rad iant 
p reh ea te r and then heated and vaporized  to some quality in a "work ho rse"  b o ile r . The po tas­
sium  is  then vaporized  an additional increm en ta l amount in the te s t  section and tem pera tu re  
d ifferences and heat input a re  m easu red  to obtain the local boiling heat tra n s fe r  coefficient. 
The potassium  is  then superheated  in a  th ird  bo ile r and condensed and cooled in a finned tube 
condenser. Heat lo sse s  a re  contro lled  by guard  h ea te rs , tem p era tu re  d ifferences a re  m ea­
su red  by d ifferen tia l therm op iles , and flow ra te s  a re  m easured  with a th e rm al and an e lec ­
trom agnetic  flow m eter. Heat is  tra n s fe r re d  from  Haynes alloy No. 25 clad tubular im m er­
sion h ea te rs  through sodium condensing on the outside of the bo iler tube. A constant wall 
tem p era tu re  is  achieved by th is  technique.

The stab ility  problem , an inevitable by product, w ill be g ro ssly  investigated by changing the 
"hardness" of the system  with accum ulators and by adjustm ent of th ro ttle  valves upstream  
of the bo ile r and dow nstream  of the co n d en ser.

The f ir s t  bo iler tiibe to  be te s ted  has the shape of a sine wave with a developed length of 
10.35 in ch es . High tem p era tu re  ( >1000F) components a re  fabricated  from  Haynes alloy 
No. 25. A ll other components in contact w ith liquid m eta l a re  fab rica ted  from  type 316 
sta in less  s te e l.

A table of expected operating conditions and expected r ig  capability is  included on the next 
page.

i
10
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1 .

2 .

3.
4.

5.
6 . 

7.

10 .
11 .
1 2 .

13.
14.

15.

Fluid T ested  
Flow ra te  (two-phase) 
M ethod of Heating 

Loop M ate ria ls

Table 1 
P ro jected  Rig Capability

Design Capability

Potassium  
20 lb /h r  

Condensing Na

Vapor M ach. No. (at 1700F) 
Flow S tab ilizer Device 

Tube ID (T est Section)
Type of T e s t Section and Length

a . Type 1

b . T  ype 2 

Pump Type
a . A vailable System  C apacity

b . A vailable Pump at 1 .15 gpm
M aximum Potassium  T em p.

Maximum Potassium  P ressu re
M aximum Sodium T em p.

Maximum Sodium P ressu re

Maximum Haynes alloy No. 25 
T em p , (on h eate r su rface at 
Q/A 100, 000 B tu/hr f t2)

Boiling K Heat Flux
2

a . F i r s t  Boiler, B tu/hr ft 
(Ax = 100%)

2
b . Second Boiler, B tu/hr ft 

(Ax = 5%)
2

c . T h ird  Boiler, B tu/hr ft 
(Ax = 35%)

16. H eater C h a rac te ris tic s  
(F irs t  Boiler)
a . Heat Flux, B tu/hr ft^
b . C enterline T em p.

c . H eater Length
d . H eater D iam eter OD

Haynes alloy No. 25 
and s ta in less  steel
0. 2
Hoke THY 442 Mod 1 

0 .186 inch

Modified Sine Wave 
(10.35 inches)
Hockey Stick (9 inches)
E .M . (Conduction Type)

1.15 gpm

135 p si
1700F
57 psia
1800F

33 psia

1815F

6 .2  X  10

2 .2  X  10

5.1 X 10'

1 .3  X 10 
1846F 
296 inches 

3/16 inch

Maximum Capability*

Potassium

30 lb /h r
Condensing Na

Haynes alloy No. 25 
and sta in less  steel
0 .3

Hoke THY 442 Mod 1
0.186 inch

Modified Sine Wave 
(10.35 inches)
Hockey Stick (9 inches)
E .M . (Conduction Type)

1.15 gpm
135 p s i
1750F
68 psia

1850F
38 psia

1865F

4 .5  X  lO"

4.04 X  10"

3.89 X  10"

1 X  10 
2180F 
296 inches 

3 /16 inch

1 1
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Table 1
Projected  Rig Capability 

(Continued)

17. H eater C h a rac te ris tic s  
(Second Boiler)
a .  Heat Flux, B tu/hr ft^

b . C en te r line T  em p .
c . H eater Length

d. H eater D iam eter 0 0
18. H eater C h a rac te ris tic s  

(T hird  Boiler)
a .  Heat Flux, B tu/hr ft^

b . C enterline T em p.
c . H eater Length
d. H eater D iam eter OD

19. P rehea ter R equirem ents

a . Boiling T e s t (Radiant)
b . C alibration  T e s t (l^R)

20. M aximum Cooling R equirem ents

21. Im m ersion  H eater Power

a . F i r s t  Boiler (Ax = 100%)
b . Second Boiler (Ax - 5%)

c . T h ird  Boiler (Ax = 35%)

Design Capability

5 .24 X 10 

1804F
43 .5  inches 

3 /16  inch

1 .3  X 10^ 

1846F 
188 inches 
3/16 inch

0 .9  Kw 
7 Kw 
10 Kw

5.1 Kw 
0.255 Kw 

1 .8  Kw

Maximum Capability*

1 X lO'" 

2180F

43 .5  inches 
3 /16  inch

1 X 10^
2180F 

188 inches 
3 /16  inch

0 .9  Kw 
18 Kw 
10 Kw

33 Kw 

5 Kw 
20 Kw

+

+

*M aximums do not n e ce ssa rily  correspond  to the sam e flow condition. 
+Power supply lim ited  to a low er h ea te r pow er.

1 2
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3. FORCED CONVECTION VAPORIZATION PHENOMENA

When a subcooled liquid en te rs  a heated tube, it experiences w arm ing by forced convection. 
When th is bulk fluid reach es  a tem p era tu re  somewhat below the satu ration  tem p era tu re , 
subcooled nucleate boiling at the heated surface m ay occur depending upon the tem pera tu re  
difference ( t^ - tg ) . A la rg e  in c rease  in local heat tra n s fe r  coefficient is experienced upon 
initiation of subcooled nucleate boiling due p rim a rily  to an increased  m ass tran sp o rt m ech­
an ism . When the vapor en te rs  reg ions of subcooled fluid in the fluid core , it co llapses as 
quickly as  the heat tra n s fe r  and fluid p ro p e rtie s  allow . Some authors com pare th is collapse 
to cavitation. F inally  when the tem p era tu re  of the bulk fluid reach es  the saturation  te m p e r­
a tu re , net generation  of vapor com m ences. Nucleate boiling continues to some quality de­
pending upon fluid p ro p e rtie s , flow, surface conditions, system , p re s su re  and heat flux.
At some point in the p ro cess  depending upon fluid p ro p e rtie s , heat flux, configuration, flow 
ra te , e tc . ,  a p a r tia l and then com plete blanket of vapor m ay cover the heated surface r e ­
sulting in a d ra s tic  low ering of heat tra n s fe r  coefficient. F rom  the point a net generation 
of vapor com m ences to 100 percen t quality, the tem p era tu re  (saturation) of the fluid will 
decrease  due to a fric tio n al and momentum p re s su re  drop: F ig  2 shows the rela tionsh ip  
between p re s su re  drop and tem p era tu re  drop for sa tu ra ted  potassium  at sev e ra l te m p e r­
a tu re  lev e ls .

Heat tra n s fe r  in fo rced  convection boiling is  predom inently  influenced by the type of flow 
reg im es p re se n t. The flow reg im e m ay be any of at leas t seven defined reg im es (Saturated, 
Wave, Slug, Annular, F ro th , Plug, and D ispersed  Flow). The Baker C hart (F ig 3) is  an 
attem pt to define these  re g im e s . It m ay be noted that at a given flow ra te , sev e ra l reg im es 
m ay ex ist in a single tube. As vaporization occu rs, sev e ra l complex and in te rac ting  phe­
nomena occur:

a .  Adjacent to the heated surface  a thin lay er of superheated liquid is  form ed in which bub­
bles nucleate and grow from  some p re fe rre d  spots on the su rface . Additional vapor is  
generated  by evaporization of superheated liquid which is  adjacent to the wall and the 
vapo r. Conventional boundary lay e r concepts a re  not meaningful under th is  condition. 
Heat tra n s fe r  ra te  is g rea tly  affected by the in c reased  agitation and m ass  tra n s fe r  
during boiling.

b . Vapor is  a lso  form ed by flashing of sa tu ra ted  liquid due to fric tional and momentum 
p re s su re  d rop . The quality in c rease  is  insignificant however, even for la rge  p re ssu re  
d ro p s .

c .  T here  a re  two phase p re s su re  drops which a re  significantly  la rg e r  than single phase 
p re s su re  d ro p s . The M artinelli and L ockart co rre la tio n  however, c o rre la te s  m ost 
data to  + 30 p e rcen t. It is  believed that the d isagreem ent m ay be due to the various 
h ea te r m a te ria ls , dissolved g asses , su rface  roughness and various flow reg im es en­
countered by d ifferent in v estig a to rs . P re ssu re  drop is  doubly im portant in b o ile rs  
since both pumping pow er and outlet tem p era tu re  a re  a ffec ted . F ig  2 shows that a 
p re s su re  drop of 20 psi corresponds to a tem p era tu re  drop of 80F fo r 1800F po tassium .

d . When vapor is  generated , the average velocity  in c rease s  by the density  ra tio  between 
the liquid and vapor (1: 259 for potassium  at 1800F). In a condenser, the momentum 
change re su lts  in a r is e  in static  p re s su re  un less  the condensing length is  very  large 
and the fric tio n al drop overcom es the p re s su re  r is e  due to the momentun change.
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FIG 2

E F F E C T  O F  P R E S S U R E  D R O P  ON T E M P E R A T U R E  D R O P
F O R  S A T U R A T E D  P D T A S S I U M  V A P O R

(REF: VVADD TECHNICAL REPORT 6 1 -9 6 )

320
(7 0 0 F  : 

•58 'RSfASAT
300

280

260

240

220

200

UJ
160

:,^=2000E::;: 
50. PS;I A

140
LU

120

100

80

60

40

20

604030
PRESSURE DROP, PS!



B A K E R  C H A R T

1 0 0 , 0 0 0  r ! - ii '

00

10,000

1000

100

^  r ' I  M'  i : i m  1 1
  . . I . —;_____: .1...____̂_— ■ ■ ■ : ■  ̂ ^

L;

Q

O
z

I

CO £»
CO
U1

0 . 1 10
u v

100 1000 10000



CNLM - 4 3 5 8

e . The r is e  in velocity due to the generation of vapor has the effect of increasing  the p re s ­
sure  drop and heat tra n s fe r .

f . T h erm al en trance  effects in the liquid phase have been studied by many investiga to rs.
It has been shown in single phase flow that heat tra n s fe r  coefficients in therm al en­
trance  reg ions v a ry  from  v ery  la rg e  (approaching infinity) to the fully developed v a lue . 
It is  quite likely that some type of th e rm a l en trance  phenomena w ill occur a lso  for sub­
cooled, sa tu ra ted , o r two phase fluid en terin g  a heated tube. These effects a re  not 
known at th is  t im e .

g . Stability is  of p rim a ry  im portance in boiling-condensing sy stem s. A g rea t many v a r i­
ab les affect the stab ility  of a b o ile r . Among these a re :

1. Amount of subcooling of fluid en terin g  the b o ile r.

2. V ariations with tim e in heat addition r a te .

3. V ariation  w ith tim e in heat re jec tio n  ra te .

4. Pump c h a ra c te r is tic s .

5. F ric tio n a l lo sse s  in sy stem .

6. Flow R estric tive  Devices

(a) Sonic o rifice  ( i . e . ,  in tu rb ine).

(b) Subsonic o rifices  in power loop.

7. Effect of gas pockets which a re  inadvertently  p re sen t.

8. Flow ra te  w ith its  effect on flow reg im e and heat tra n s fe r  r a te .

9 . F luid  p ro p e rtie s .

10. System  geom etry .

11. Surface conditions

12. P re ssu re  level.

13. System  volum e.

Due to  the la rg e  num ber of v a riab les , and since m ost of these variab les  a re  in te rd e­
pendent, s tab ility  is  best a rr iv e d  a t by actual te s t and development of a prototype de­
sign. A fim damental heat tra n s fe r  r ig  is  helpful, however, in obtaining a be tte r under­
standing of the stab ility  p rob lem s in o rd e r to  reduce the amount of la rge  scale te sting .
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4. REVIEW OF LOCAL HEAT TRANSFER COEFFICIENT 
VERSUS LOCAL QUALITY CURVE

A review  of the genera l shape of the fim ctional re la tio n  of local heat tra n s fe r  coefficient with 
local vapor quality for forced  convection in a tube is  desirab le  in o rd e r to describe  the in ­
form ation a b o ile r designer would like to have in o rd e r to design a m inim um  weight Rankine 
Cycle System . T ypical curves a re  shown in F igs 6 and 7. The te s t r ig  described  in th is  
re p o rt is  designed to provide such curves a t sev e ra l flow ra te s  and heat fluxes fo r sev e ra l 
configurations. T he slope of the curve is  generally  positive a t low qualities due to  an in ­
c reased  amount of boundary lay er agitation and fluid m ixing due to nucleate boiling and the 
ev e r-in c rea s in g  fluid velocity . At some point in the p ro cess  (40 to 90 percen t vapor quality 
depending upon m any fac to rs) the heat tra n s fe r  coefficient d ecrea se s  rap id ly  to the gas coef­
ficient at 100 percen t vapor quality . Indications by some investigato rs a re  that a t sonie 
quality ju s t below 100 p ercen t the local heat tra n s fe r  coefficient is  below the gas coefficient 
due to a m is t type flow in which the fluid velocities a re  low er than a t 100 percen t quality 
and heat is  tra n s fe rre d  through the gaseous boundary lay er by conduction only.

The point a t which the local heat tra n s fe r  s ta r ts  to drop d ra s tica lly  m ay be called  "D eparture 
from  Nucleate Boiling" (DNB). T his point is  influenced by many fac to rs  including:

a . M ass flux (See F ig  7)

b . Tube d iam eter and L /D  ra tio  (via P rof. W arren  Rohsenow)

c . Heat flux and T em pera tu re  D ifference (See F igs 4 and 6)

d . F luid  p ro p e rtie s  ( i . e . ,  density, su rface  tension, v iscosity , specific heat, e tc .)

e .  Tube configuration (Ref 22)

f .  Coehesion and Adhesion F o rce s  ( i . e . ,  w etting v e rsu s  non wetting)

g . Surface roughness (F ig 7)

h . Surface c lean liness (Fig 5)

i .  Aging of su rface ( i . e . ,  outgassing)

j .  P ressu re  level ( i . e . ,  size of bubbles)

The location of th is  point and the shape of the curve beyond th is  point is  req u ired  to make
an engineering decision on the re la tiv e  m e rits  of a once-through bo iler generating  100 p e r ­
cent quality vapor v e rsu s  a p a r tia l vaporization bo iler s e p a ra to r . The location of th is 
point is req u ired  to  size the sep a ra to r c irc u it . The shape of the curve beyond th is  point is  
predom inently  influential in estab lish ing  a  once-through b o ile r length. The boiling re s is t -  
ence in the low quality reg im e is  not a contro lling  fac to r, however, in a  lith ium -potassium  
b o ile r , (at Q/A = 100, 000 B tu /hr ft^ = 17F)

In o rd e r to  quantitatively indicate the effect of the shape of the local boiling heat tra n s fe r  
coefficient v e rsu s  local quality curve on the length of bo ile r tube req u ired  for a once-through 
bo ile r, sev e ra l sim plified  but rep resen ta tiv e  assum ed cu rves a re  super-im posed  on F ig  8. 
The effect of the gas coefficient on length is  quite s trong .
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FIG 4
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FIG 6
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A N D  V A R I O U S  C O N S T A N T  H E A T  F L U X  V A L U E S
(REPRODUCED FROM REFERENCE 161)
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FIG 7
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5. PREVIOUS WORK IN FORCED CONVECTION BOILING

T here has been very  little  w ork published on the subject of forced-convection boiling of 
liquid m e ta ls . T h ere  have been a ttem pts to extend pool boiling and one-phase forced-con- 
vection co rre la tio n s  to th is  sub jec t. In view of the rad ica l departu re  of the physical p ic ­
tu re  of forced-convection boiling from  e ith e r of these  two reg im es, it is difficult to find 
m erit in th is  la tte r  approach . Paragraphs 5 .1  to 5 .6  have been ex trac ted  from  the ex ce l­
lent w rite-up  of th is  subject by Roger M aurice W right in Ref 1.

5.1 D engler, and D engler and Addoms

D engler used w ater in an upflow system  consisting of a I-in ch -in sid e  d iam eter, 20- 
foot-long, v e rtic a l copper tube. Five 3-foot-long steam  jacke ts  w ere spaced along 
the tube and 21 therm ocouples w ere  em bedded in the tube w all. Local heat fluxes 
w ere determ ined  by collecting steam  condensate from  the specially  designed steam  
ja c k e ts . Local p re s su re s  w ere obtained at stations between the steam  jacke ts  by a 
m anom eter sy stem . Saturated liquid w as introduced to the te s t section with outlet 
p re s su re s  ranging  from  7 .2  to 29 p s ia . M ass fluxes w ere v a ried  from  12.2 to 280 
Ib m /sec  ft2 . The m ass  vapor frac tion  (quality), x, v a ried  from  zero  to 100 p e rcen t. 
Local vo lum etric  vapor frac tions w ere determ ined by a ra d io a c tiv e -tra ce r technique.

D engler and Addoms postulated that the local h e a t- tra n sfe r  coefficients at low flow 
ra te s  and q u an titie s  a re  governed by the combined influence of boiling and forced 
convection. As the lin ea r velocity  of the vapor-liquid  m ixture in c rease s , it was p ro ­
posed that nucleate boiling m echanism  is  suppressed , and a forced-convection heat 
tra n s fe r  m echanism  is  the dominant fa c to r . T h e ir co rre la tio n  for the region of sup­
p re sse d  nucleate boiling was

^  = 3 .5 X ^ ^ '° - ^ ’ (1-1)
o

w here ho is  the h e a t- tra n sfe r  coefficient that would be obtained if the flow w ere all 
liquid; it is  calcu lated  from  the D ittus-B oelter equation

h = 0 .023 -Jr R e ° ‘^ Pr°*^ (1-2)o D '  '
The physical p ro p e rtie s  a re  those of the liquid evaluated a t the local sa tu ration  tem p er­
a tu re , and the Reynolds num ber, DG/ix\, is  based on the to ta l m ass  flow ra te .  The 
M artin e lli-L o ck h art p a ra m e te r Xjt is  defined by

0 .5  . 0 .1  , 0 .9
X,t = O  ( - ^ )  (1-3)p i  p g  X

This w as o rig inally  developed fo r the co rre la tio n  of p re s su re  drop in tw o-phase, two- 
component iso th erm al flow.* Its possib ility  a s  a co rre la tin g  p a ram ete r for heat t ra n s ­
fe r  in tw o-phase flow was suggested by Lockhart and M artin e lli.

*The sub-tt r e fe rs  to tu rbu len t-tu rbu len t in categorizing  the types of flow of the vapor and 
liquid p h ase s .

2 6
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In the en trance reg ions of the te s t section, h e a t- tra n sfe r  coefficients w ere signifi­
cantly la rg e r  than those p red ic ted  by Eq. (1-1). Dengler postulated that th is was the 
region in which the nucleate boiling m echanism  was predom inant, w hereas down­
s tream , with higher lin ea r ve locities , boiling was suppressed . A tem peratu re  dif­
ference to in itia te  nucleate boiling AT̂ ,̂ was defined by

and was applied as a c r i te r ia  fo r nucleate boiling. The average stream  velocity Vavg 
w as defined by m a te ria l balance re la tio n s  and m easured  volum etric vapor frac tio n s . 
D engler obtained no co rre la tio n  between the liquid velocity and ATj when both liquid 
and vapor velocities w ere assum ed equal. Then AT[ was nondim ensionalized in an 
a rb itra ry  m anner, and the data w ere co rre la ted  by m ultiplying hg/h^ by the factor

(0.673) [ (T  -T .-T .)  f : ^ )  , — ] (1-5)'  '  w b r  'd T  's a t .  CT ■'

when the fac to r was g re a te r  than one . Although th is factor was used to reduced the 
sc a tte r  of the data, its  physical significance is  not im m ediately apparen t. T herm al 
en trance effects w ere not m entioned. F rom  the re su lts  of Siegel and Sparrow, the 
f i r s t  boiling section of about 36 inches (which contributed one of the five data points 
fo r each run) contained a th e rm al en trance region of some 24 inches. In view of the 
re la tionsh ip  of data points in the f i r s t  heated region to the co rre la tion , it is sug­
gested  that th e rm al en trance  effects form  a m ore plausible explanation than the p ro ­
posed m echanism . It should a lso  be m entioned, that since each one of the 36 inch 
boiling sections was used to obtain one value of the h e a t- tra n sfe r  coefficient, these 
values a re  not tru e  local coeffic ien ts.

5 .2  Mumm

Mumm used w ater in an e lec trica lly  heated, horizontal, s ta in less  stee l tube; it was
0 .465 inch inside d iam eter and 7 feet long. Local h e a t- tra n sfe r  coefficients w ere 
obtained fo r exit qualities up to 60 percen t and for p re s su re s  from  45 to 200 p s ia .
Heat fluxes ranged from  5.104 to 2 .5  10^ Btu/ht ft , and m ass  fluxes ranged from  
70 to 280 Ib m /sec  ft2 . Local h e a t- tra n s fe r  coefficients for qualities le ss  than 40 
percen t w ere co rre la ted  by

V  . 0 464r .  o , c , n - 4 /  fg x l.6 4  1 , q , 0 . 8 0 8
Nug = L 4 . 3  +  5 . 1 0  ( - y ^ )  — ) (R®) ( I"  6)

f fg

with a standard  deviation of + 10 p e rc en t. H ere the V s  a re  specified volum es. The 
quantity (q/Ghf^) was f ir s t  introduced by Davidson and has been called  the boiling num ­
b er, Bo.

2 7



5 .3  Schrock and G rossm an
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Schrock and G rossm an used w ater in an upflow sy stem . They used e lec trica lly  heated 
te s t sections of 0 .1 1 62-inch, 0 .2370-inch , and 0 .4 3 1 7-inch inside d iam ete r . Length 
varied  from  15 to 40 in ch es . M ass fluxes for the sm all tubes v a ried  from  197 to 911 
Ib m /sec  ft^; and fo r the la rg e s t tube, 49 to 69. Heat fluxes for the sm all tubes w ere 
6.104 to  1 .45 .10^  B tu/hr ft^ and for the large  tubes 0 .65 .105  to 2 .4 6 .1 0 5 . P ressu res  
ranged from  42 to 505 psia , and exit qualities up to 59 p e rcen t. During the in itial 
stages of the p ro jec t heat tra n s fe r  data w ere co rre la ted  in two flow reg im es . F o r 
very  low vapor qualities w here nucleate boiling was considered  predom inant, the co r­
re la tio n  was

= 1 .15 .1 0  ^ q (1-7)

The sc a tte r  of the data was la rg e  in th is  reg ion . The au thors believed that the r e la ­
tively  high coefficients obtained with the low qualities w ere not due to en trance effec ts . 
When the inception of net boiling o ccu rred  w ell within the heated te s t section (L/D ~60), 
the sam e effects w ere s till observed . At higher qualities a vapor co re-liqu id  annulus 
type of flow was postu la ted . T hese data w ere co rre la ted  with the M artinelli p a ram ­
e te r

^  = 2 .5 X j^ '° -^ ^  (1-8)

Here hj is  the local, nonboiling h e a t- tra n sfe r  coefficient that would be obtained if the 
liquid in the tw o-phase m ixture w ere actually  flowing alone and filling the tu b e . It 
was a lso  calcu lated  by the D ittus-B oelter equation.

In the final stages of th e ir  work, the co rre la tio n  was m odified. It w as postulated  that 
heat tra n s fe r  is  dependent on both boiling and forced-convection re g im e s . The boiling 
num ber and the M artinelli p a ram e te r, respec tive ly , w ere used  to ex p re ss  these  con­
tribu tions;

,  ,^ 2 r  , q , ^  , n - 4 ^  -2 /3= 1 .7 .1 0 ^  [ (t^^^---- ) + 1 .5 .1 0 '^  ] (1-9)o 0 .8 „  1 /3  ^ 'G h .Re Pr ' fg

The standard  deviation w as + 35 p e rcen t.

5 .4  N atu ra l-C ircu la tion  Boiling in V ertica l Tubes

G u e rr ie r i and T alty  p resen ted  data fo r the boiling of sev e ra l organic liquids in na tu ra l- 
c ircu lation  v e rtica l-tu b e  ev ap o ra to rs . Tv±>e d iam e ters  w ere 0 .75  inch and 1 .0  inch; 
tube lengths w ere about 6 fee t. Heat fluxes w ere low (up to 17, 400 B tu/hr f t2). Out­
let qualities v a ried  from  2 .8  to 11.6  p e rcen t. H ea t-tran sfe r coefficients w ere c o r­
re la ted  in a m anner s im ila r to that of Dengler:

^  = 3 .4  X (I-IO)h tt
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A co rrec tio n  fac to r fo r nucleate boiling was a lso  introduced. The physical signifi­
cance of th is  co rrec tio n  is  som ewhat m ore apparent than that of the one used by 
D engler:

C orrec tion  F ac to r 0 .187 (r* /S ) ( I " ll)

w here r* is  the calculated  rad iu s  of the m inim um  size of therm odynam ically stable 
bubble for a given degree of superheat, and S is  the th ickness of the lam inar layer 
of liquid along the w all. When ( r* /S )  was g re a te r  than 0.049, it was physically  in­
te rp re te d  to  m ean that flow velocities n ear the wall w ere la rg e  enough to prevent 
nucleation of vapor bubbles.

5 .5  Evaporation of R efrigeran ts

Some w ork on the evaporation of re fr ig e ra n ts  in forced flow through tubes has appeared 
in the l i te ra tu re . The data p resen ted  a re  usually  for re la tive ly  low m ass  fluxes (less 
than 150 Ib m /sec  ft2) and low heat fluxes (20, 000 B tu/hr f t2). However, vapor f ra c ­
tions (x) up to and over 90 percen t a re  com m on. One recen t paper sum m arizes p rev ­
ious w ork and p re sen ts  new data (Ref 14). In the experim ents, the difference between 
in le t and outlet vapor frac tio n s  w as usually  about 15 p e rcen t. Average h e a t- tra n sfe r  
coefficients w ere co rre la ted  by:

h D 0 .75  0.375
-  0.0225 (— ) ) (1-12)K!

W here Ax is  the change of vapor frac tion  x over the te s t section length L, \  is  the 
la ten t heat of vaporization, and J is  the m echanical equivalent of heat. As pointed 
out in the D iscussion section  of the paper, the m easured  coefficients w ere not true  
local coefficients, but average v a lu es . A lso it was pointed out that tru e  local coeffi­
c ien ts would depend on the value of x ra th e r  than Ax.

5 .6  Sterm an, M orozov, and Kovalev

Sterm an d esc rib e s  forced-convection boiling w ork c a r r ie d  on in the U .S .S .R . Data 
a re  p resen ted  for both the boiling of w ater up to 90 a tm os. and the boiling of 95 p e r ­
cent ethyl alcohol a t 2 a tm o s . The boiling tubes used w ere 120 to 140 mm (4 .7  inches) 
in length and 16 mm (0 .63  inch) in d iam e te r . They w ere e lec trica lly  heated by using 
the tube its e lf  as  a re s is ta n c e  e lem en t. To insu re  an adiabatic condition at the outer 
tube wall, the tubes w ere insu lated  and then com pletely surrounded by adjustable 
guard  h e a te rs . Heat fluxes up to 179, 000 B tu/hr ft2 w ere em ployed. Superficial 
ve locities w ere about 6 to 10 f t /s e c , and volum etric  vapor frac tions w ere varied  
from  zero  to 26.9  p e rc en t. It was stated  that there  was no effect due to  increasing  
vapor frac tio n . However, th e re  w as no statem ent m ade as  to the magnitude of the 
m ass  vapor fraction ; a t low p re s su re s  th is  could easily  be le ss  than one p e rcen t. 
H e a t- tra n sfe r  coefficients w ere  co rre la ted  according to the following re la tion

NUr 1 .45 h 1/3  0 .7
= 6150 [ g ) ( - ^ )

fg o ^ p s
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w here the N usselt num bers a re  for boiling and nonboiling (liquid only), Vq is  the 
su p erfic ia l velocity, and T s  is  the satu ration  te m p e ra tu re . All of the above b rack ­
eted  quantities a re  d im ension less .

5 .7  P re lim inary  R esu lts  of G .E  . 's  300 Kw Boiling Potassium  Heat T ra n s fe r  Rig

G eneral E lec tr ic  is  conducting sev e ra l forced-convection boiling potassium  heat tra n s ­
fe r te s ts  under NASA C ontract NAS 5681. P relim inary  re su lts  of th e ir  300 Kw boiling 
potassium  te s t  (1300F boiling po tassium  p rim ary  loop, annular flow sodium secondary 
loop, Haynes alloy No. 25 m ateria l) w ere  rep o rted  in th e ir  fifty quaterly  (A pril 20, 1962),

F o r a  single te s t  the po tassium  tem p era tu re  d istribu tion  is  determ ined  from  the m ixed 
m ean in le t and outlet values and the satu ration  tem p era tu res  a re  obtained via p r e s ­
su re  m easu rem en ts . Using the slope of the tem p era tu re  cu rves, the heat flux as a 
function of length is  de term ined . The tem p era tu re  difference between the w all and 
the boiling fluid is  then obtained from  the to ta l tem p era tu re  difference between the 
two s tream s using calcu lated  liquid coefficient values for sodium and a calculated  
re s is tan ce  for the w all. The th ree  m ost significant achievem ents dem onstrated  to 
th is  author a re  that:

a .  At a tem p era tu re  difference (t^^-tg) up to 60F, the data co rresponds to the F o r s te r -  
Z uber nucleate boiling co rre la tio n  (at 1200F) with a heat flux of 4 x 10^ B tu/hr ft^ .

b . The local heat tra n s fe r  coefficient d ec rea se s  sharp ly  at 50 p ercen t vapor quality 
to a value only slightly  higher than a gas coefficien t. The coefficient then in ­
c re a se s  gradually  to 350 to 400 B tu/hr ft^ F at which the m axim um  quality (74.5 
percent) in th e ir  s e r ie s  was obtained. T h is  author th eo rizes  that in th e ir  v e rtic a l 
flow system  and low flow ra te  of 145 lb /h r  in a 0 .88  inch inside d iam eter tube, 
the in e rtia  and su rface  tension fo rces  w ere insignificant com pared to the g ravity  
fo rc e s . Pool boiling re su lted  w ith an in terface o ccu rring  at the 50 percen t vapor 
quality location followed by a m is t tjqje of flow reg im e, and a d ra s tic  reduction
in coefficient since heat ra te  was controlled  by a vapor film . As the m ist vapor­
ized, the s tream  velocity  in c reased  with a re su ltan t r is e  in coefficient. T h is 
phenomena is  not expected in the P ra tt & Whitney A irc ra ft te s t since the flow flux 
in the P ra tt & Whitney A irc ra ft te s t  is  higher (3 :1) and the tube d iam eter is  sm allc 
(4 .7 :1 ) which tends to in c rease  the re la tiv e  m agnitudes of the in e rtia  and surface 
tension fo rces  com pared to the grav ity  fo rc e s . The P ra tt & Whitney A irc ra ft 
bo iler is a lso  te s ted  in a horizontal position .

No co rre la tio n s  w ere  attem pted in the la te s t G .E . Q u arte rly .

c . The m a te ria ls  e ffo rt in both th e ir  Haynes alloy No. 25 loop and th e ir  columbiurn 
loop seem s to indicate a well organized p ra c tic a l approach to the fabrication  
p rob lem s, p a rtic u la rly  in welding and heat tre a tin g .

5 .8  P re lim inary  R esu lts  of A ire sea rch  Boiling Potassium  Heat T ra n s fe r  T e s ts

The te s t  specim en co n sis ts  of a bored  through nickel b ille t w ith tem p e ra tu res  m ea­
su red  a t im bedded rad ia l locations to allow extrapo lations to obtain the inside wall
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te m p e ra tu re . A tw isted  ribbon w as inco rpo ra ted . T his is  s im ila r to a technique used 
by ORNL. Due to therm ocouple e r r o r  and uncertain ty  in therm ocouple location, the 
rep roducib ility  in the heat tra n s fe r  coefficient was not sa tisfac to ry . No trend  in h as 
a function of exit quality w as ev ident. The maximum quality indicated was 15.3 p e r ­
cen t. The m axim um  heat flux was 320, 000 B tu/hr ft2 . V ery little  instab ility  (+ 3 psi) 
was noted, even fo r la rg e  deg rees of subcooling (ATg = 600F). A th ro ttle  valve was 
usefu l in reducing  flow pulsations but not p re s su re  pulsation . Hot trapping  was accom ­
plished  w ith co rruga ted  0 .004 inch zirconium  fo il. T em p era tu res  up to 1483F w ere 
reco rd ed . The te s t was te rm in a ted  by loop fa ilu re . An incom plete liquid m etal fill 
was indicated .

5.9 P re lim inary  R esults of ORNL's F o rced  Convection Boiling Potassium  Rig

Some re su lts  of ORNL's w ork was published in a paper delivered  at the Brookhaven 
m eeting e a r l ie r  th is  y e a r . The m ost significant re su lts  of th is  w ork appears to be:

a .  The agreem ent of "stab le  flow" burnout with the co rre la tin g  equations of Low er- 
milk, Lanzoi and Siegal for forced-convection boiling of w ater expressed  by

G /.v -0 .2
(Q /^ )c r itic a l = 270 (d)

fo r -------- ^  < 150
(L/D)2

In as much as p re s su re  level de term ines the size of the vapor bubbles and th e re ­
fore affects burnout to a g rea t extent, agreem ent with Low derm ilk 's et al c o r re la ­
tion, which does not include a p re s su re  te rm , was aided by the fact that both te s ts  
w ere r;m at n ea r a tm ospheric  p re s s u re . At a tm ospheric  p re s su re s , the ra tio s  of 
P \ /P y  of H2 O and K d iffer by only 28 p e rc en t. Latent heats differ by only 13 p e r ­
cen t.

b . Under unstable boiling conditions burnout occurred  at heat fluxes only 60 percen t
a s  la rg e  as  those m aintained in a stable te s t and pred ic ted  by Low derm ilk.

c .  Adjustm ent of a th ro ttle  valve at the bo ile r inlet was ineffective in controlling fluc­
tuations. (E xperience at CANEL in the w ater proof te s t, indicated that thro ttling
with a sensitive  needle valve was effective in controlling p re s su re  fluctuations and
th ro ttling  with a co arse  needle valve w as ineffective when the valves w ere in p a ra l­
le l and the flow contro lled  by one valve at a tim e . Gas pockets may offer a possible 
explanation).

d . The burnout heat flux fo r ORNL's te s t is  in itia ted  at about 2 .5  x 10^ at At of about
40F. Above th is  point, the slope of the Q/A v e rsu s  At curve s ta r t  to decrease
tow ards a negative value (F ig  10, Ref 15).

e . The au thors of the ORNL paper im ply that w ater data in the high quality region 
may apply to liquid m e ta ls  due to the s im ila rity  in fluid p ro p e rtie s . (The liquid- 
vapor density ra tio  of w ater a t 325F m atches the liquid-vapor density ra tio  of 
potassium  at 1800F).
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6. PRESSURE DROP IN FORCED-CONVECTION BOILING

The to ta l p re s su re  g rad ien t* --(dp /dL )|p f, the p re s su re  drop p e r  unit length of flow channel-- 
in forced-convection boiling is  the sum  of th ree  contributions; fric tion  lo sse s , acceleration  
lo sses  due to momentum changes, and lo sse s  (or gains) due to the hyd rosta tic  head of the *
contents of the flow channel. F ric tio n  lo sse s  may be considered  independently of the other 
two contributions; i . e . ,  it was believed that local fric tion  lo sse s  in the boiling system  
could be estim ated  from  studies dealing w ith ad iabatic  tw o-phase flow. A cceleration  and 
hydrosta tic  heat lo sse s  a re  both dependent on holdup; i . e . ,  they a re  dependent on the vel­
ocities of the two phases and the frac tion  of the flow channel occupied by each phase . The 
holdup can be ex p ressed  in te rm s  of the volum etric  vapor frac tion  o r the slip  ra tio  (the 
ra tio  of the average vapor velocity  to the average liquid velocity .

6.1 Tw o-Phase-Flow  F ric tio n a l P re ssu re  L oss

Recently m uch w ork on adiabatic  tw o-phase flow friction  lo sse s  has appeared  in the 
l i te ra tu re . M ost of the w ork has been experim ental, re su ltin g  in em ip rica l c o r re la ­
tion . One of the e a r lie s t  p re s su re  d rc^  co rre la tio n s  and s till  one of the m ost quoted 
p ap ers  is  that of L ockhart and M artin e lli. They obtained tw o-phase fric tion  lo sse s  
in p ipes, using d is s im ila r  liquids and g a se s . They c o rre la ted  th e ir  re su lts  with two 
p a ra m e te rs , and H ere <pi is  defined by

(dp/dL)

^ g ' ‘w H L 5 f >  <*-»>

It is  the square  roo t of the ra tio  of the  tw o-phase frictioxial p re s su re  g rad ien ts to the 
p re s su re  grad ien t tha t would be  obtained if  the liquid phase filled  the  pipe and w ere 
flowing a lone. P a ram e te r Xft w as defined by E q, (1-3) in  the p revious sec tion . The 
square  of can be considered  a  fric tio n  fac to r m u ltip lie r .

Some of the f r ic tio n -lo ss  p ap e rs  have been th eo re tica l, but each  has had a s  i ts  l» s is  
som e idealized  flow m o d e l.

6 .2  Holdup Ctota

V ery little  applicable tw o-phase holdup data have been published; of those published 
th e re  a re  no p a p e rs  dealing with a  downflow sy stem . L ockhart and M artinelli in th e ir 
p re s su re  drop w ork o l^ in e d  holchip da ta  fo r d is s im ila r  g ases  and liquids in horizontal 
p ip e s . D engler obtained s team -w a te r holdup da ta  fo r h is  upflow lx)iling sy s te m .
M arch a te rre  and F e trick  review  s team -w ate r holdup d a ta  usedl in  n u c le a r- re a c to r  
design .

6 .3  T o ta l-P ressu x e- G radient C o rre la tio n s

M artinelli and N elson extended the w ork of Lockhart and M artine lli to  the boiling sy s ­
te m . T h is  extension consisted  of em p irica lly  modifying fr ic tio n -fa c to r m u ltip lier 
values and vapor-fracti<Hi v a lues to  be m ore  c o n s i^ e n t a t  h i ^ ^ r  p re s s u r e s .  Then

*U nless o therw ise specified  the p re s su re  g rad ien t i s  a  local o r  a  point va lue.

32



CNLM - 4 3 5 8

fric tio n al and acce lera tio n a l p re s su re  g rad ien ts  w ere added and in tegrated  over the 
length of the boiling tu b e . In th is  graph ical integration, the heat flux and the vapor 
frac tion  w ere a rb itra r i ly  specified . The re su ltin g  p re s su re  drop values (the p re s ­
sure  drop over the en tire  tube) w ere p lotted against average p re ssu re  level and exit 
quality . In o rd e r to set lim its  on p re s su re -d ro p  values, the procedure was ca rrie d  
out tw ice; once for the so -ca lled  homogeneous or fog-flow model w here liquid and 
vapor velocities a re  assum ed equal, and the second tim e for the modified volum etric 
vapor frac tion  data obtained by L ockhart and M artin e lli. T h is la tte r  case is  som e­
tim es re fe r re d  to as  the slip o r s tra tified  flow m odel. The f ir s t  case would sup­
posedly set the upper lim it on p re s su re  drop .

Schrock and G rossm an co rre la ted  to ta l p re s su re  gradient values in the m anner of 
Lockhart and M artinelli (the to ta l p re s su re  g radient rep laced  the fric tional gradient 
in the definition of and p resen ted  a sim plified design p rocedu re . Ninety-five 
percen t of th e ir  data w ere co rre la ted  to 15 p e rcen t. Using D engler's  holdup c o rre la ­
tion, they a lso  obtained fric tio n al p re s su re  g rad ien ts . The co rre la tion  of th is data 
was not n early  as  good as  that for the to tal p re ssu re  gradient; probably due to the 
inapplicability  of the holdup d a ta .

6 .4  P ra tt & Whitney A irc ra ft Two Phase P re ssu re  Drop Com puter Program

A P ratt & Whitney A irc ra ft rep o rt (APM 1122 w ritten  by D .N . Osella) describes the 
m ethod for p red ic ting  p re s su re  drop in a tube for two phase vaporizing o r condensing 
flow when ex te rn a l body fo rces a re  neglig ib le. The calculation procedure u tilities  
Lockhart and M artin e lli 's  two phase p re s su re  drop co rre la tion  to obtain frictional 
p re s su re  d ro p s . The fric tio n al p re s su re  drop is added to the momentun drop (or gain) 
to obtain the drop in to ta l p re s s u re . A uniform  heat flux is  p rogram ed.

The p rogram  yields fric tional p re s su re  drop and momentum p re ssu re  change for two 
phase flow when the following input inform ation is  available:

a .  M ass flow ra te

b . Tube d iam eter (inside diam eter)

c . Liquid and vapor density

d . Liquid and vapor v iscosity

e . Vapor quality in

f . Vapor quality out

g . T  ube length
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7. EFFEC T OF SURFACE CONDITIONS, DISSOLVED GASES, AND WETTING

7.1 Surface Conditions

The condition of the boiling surface affects the heat tra n s fe r  c h a ra c te r is tic s  to a con­
siderab le  deg ree . The surface condition affects the bubble population which effects 
the en tire  p ro cess  as  shown in F ig  4 . In general th e re  a re  a t leas t four surface 
"defects" that a re  significant of which th ree  a re  tim e dependent.

7 .1 .1  Surface Roughne s s

The num ber of nucleation s ite s  and th e re fo re  bt±>ble population in c rease s  as the 
surface  roughness in c rease s  ( i . e . ,  Jakob suggests that the heat flux is  p ro p o r­
tional to the num ber of active nucleation s ite s  a t a given A T). The condition of 
the surface of the h ea te r has been found, experim entally  by P. G riffith  and 
J . W allis (Ref 11) to have a pronounced effect on both the slope and position of 
the nucleate boiling cu rve . C orty and F ro s t (F ig  5) sum m arized  the effects of 
roughness on bubble population and heat tra n s fe r  coefficien t. At a constant 
tem p era tu re  difference of 22F for exam ple, the boiling heat tra n s fe r  v a rie s  
from  100 to 1000 B tu/hr ft2 F and the bubble population varied  from  1 to 30 
bubbles p e r  square  inch depending upon the degree of surface roughness.
Boiling co rre la tio n  becom es difficult and those that do ex ist a re  probably re p ­
resen ta tiv e  of the "average" su rface .

7 .1 .2  A dsorbed G ases

The effect of adsorbed  gases has been observed to affect the coefficient. T his 
phenomena is  som etim es described  as "su rface  aging" which is  tim e dependent 
and in itia lly  re su lts  in a m uch h igher boiling coefficient.

7 .1 .3  H eater M ate ria l

The h ea te r m a te ria l has been shown to affect the boiling coefficient to a very  
la rg e  ex ten t. McAdams shows (in Ref 8) that a t a constant At of 35F, the heat 
t ra n s fe r  coefficient for fresh ly  polished chrom ium  plate was 900 B tu/hr ft^ F 
and for fresh ly  polished copper the coefficient was 3200 B tu/hr ft^ F , a facto r 
of 3 .55 to  1.

7 .1 .4  Boiler Scale

Boiler scale  has been known to reduce capacity  by 70 percen t without apparent 
so iling . F o r th is  reason , reasonab le  effort w ill be m ade in th is te s t  r ig  to 
obtain a knowledge of the fluid and m a te ria l analysis  before and a f te r  the te s t .  
Sam ples of the boiling su rface  will be obtained. Decontam ination however may 
spoil these  sam ples.

7 .2  D issolved G ases

D issolved gases affect the perform ance of the Rankine Cycle in at le a s t four a re a s . 
D issolved gases in c rease s  the boiling coefficient, d e c rea se s  the burnout heat flux.
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d ecrea se s  the condensing coefficient, and causes flow instab ility . The la tte r  two have 
been observed by J. Petrek  in the w ater proof te s t .  The gases tend to increase  the 
heat flux a t a given LMTD since tgĝ  ̂ d ec rea se s  as the gas content in c reases  at a given 
system  p re s s u re . See F igs 9 through 11 in Ref 7. The dissolved gases affect the 
condensing coefficient as indicated in Section 1 6 .1 .2  and they affect flow stability  
due to  ex tra  gas pockets resu ltin g  in in c reased  "spongeness".

7 .3  W etting v e rsu s  Nonwetting

The effect of wetting v e rsu s  nonwetting on boiling heat tra n s fe r  is  co nsiderab le . It 
is shown in Ref 7 that the unwetted boiling heat tra n s fe r  coefficient is considerably 
le ss  than the wetted coefficient by a fac to r of 100 to 1 at Atg = 35F for m ercu ry  with 
and without w etting agen ts . T h is is  m ost probably due to the contact re s is tan ce  of 
a nonwetting fluid. T h is problem  is  not anticipated  in th is  te s t r ig  except possib ly  
under s ta r t-u p  conditions.
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8. SPECIFIC AIMS OF THIS TEST

The specific aim s of th is te s t a re  lis ted  below.

8.1 Boiling Inform ation

8 .1 .1  Obtain local and o v e r-a ll boiling heat tra n s fe r  coefficients as a function of local 
vapor quality .

8 .1 .2  Obtain local and o v e r-a ll p re s su re  drop data as a function of vapor quality and 
flow fo r a given geom etry  and com pare with the M artinelli-L ockhart c o r re la ­
tions .

8 .2  Condensing Inform ation

8 .2 .1  Obtain o v e r-a ll heat tra n s fe r  (U) coefficient a s  a function of quality change.

8 .2 .2  Obtain o v e r-a ll p re s su re  drop data as  a function of quality change and com ­
p are  with M artin e lli-L o ck h art co rre la tio n s .

8 .3  Stability Inform ation

8 .3 .1  Q ualitative effect of re s tr ic tio n  device at bo ile r inlet and condenser outlet on 
stability , and a possib le  check with em p irica l theo ry .

8 .3 .2  Q ualitative effect of re s tr ic tio n  at condenser exit on stab ility .

8 .3 .3  Q ualitative effect of accum ulator (gas pocket) at bo iler in le t.

8 .4  M ateria l C om patibility  Inform ation

8 .4 .1  Effect of boiling po tassium  and boiling sodium on Haynes alloy No. 25 in a 
b i-a lloy  loop.

8 .4 .2  Effect of condensing po tassium  on Haynes alloy No. 25 in a b i-a lloy  loop.
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9. EXPERIMENTAL EQUIPMENT

^1 ^  9 .1  G eneral Flow System

In the design of the flow system , two rad ica lly  different flow situations had to be con­
s id e red . A low flow, low heat re jec tio n  system  is req u ired  to achieve the basic  ob­
jec tiv e . A high flow, high heat re jec tio n  system  is  req u ired  to calib rate  the system .

The flow system  consists  of a closed loop charged with filte red  ho t-trapped  p o tas­
sium  liquid and pumped with an MSA elec trom agnetic  high p re s su re  low flow pump, 
(MSA style 1, 1 /4  inch outside d iam eter tube). A head-flow curve and a system  p re s ­
su re  drop curve a re  shown in F ig  9. A 1 /4  inch Hoke type THY 442 Mod 1 b e l­
lows sea l s te llite  sea t th ro ttle  valve located dow nstream  of the pump is included for 
stab ility  co n tro l. All o ther valves a re  m anually operated  positive open and positive 
closing, bellows seal, s te llite  sea t valves (Hoke THY 442 Mod 1 and HY 493 Mod 20).
A th e rm al flow m eter and a p reh ea te r a re  included between the th ro ttle  valve and the 
in let of the boiling sec tion . The potassium  is  preheated  via rad ian t heat or with l^R 
heat depending upon the te s t  condition. The te s t fluid then en te rs  the f i r s t  of th ree  
tu b e -sh e ll b o ile rs  in which the po tassium  is  vaporized on the tube side . Degassed 
sodium vapor is  condensed on the shell side of the b o ile r .

The f ir s t  b o ile r, considered  the w orkhorse bo ile r, is  designed to heat the fluid to s a tu r­
ation tem p era tu re  and vaporize the fluid to any desired  quality. The middle boiler, 
considered  the te s t section, vaporizes another five percen t (an increm ental amount) of 
liquid in o rd e r that a local heat tra n s fe r  coefficient can be determ ined for a sm all 
change in quality . The th ird  bo ile r re ce iv e s  the m ixture from  the second bo iler and 
heats  the fluid to some value (lOF) of superheat in o rd e r to provide a check on heat 
balance ca lcu la tio n s . The fluid is  then condensed and subcooled in an a ir  cooled finned 
tube condenser.

The f ir s t  portion  of the condenser is  cooled via forced convection through a device 
m ade from  m icro m eta llic  f il te r  m a te ria l which a lm ost com pletely surrounds the tube 
fo r five fee t. It is  expected that th is  device, which was designed to  obtain uniform  
a ir  flow to obtain a uniform  heat flux, together with tem pera tu re  m easurem ents w ill 
evaluate the M artin e lli-L o ck h art co rre la tio n  for p re ssu re  drop in two phase liquid 
m eta l sy s te m s . The la tte r  portion  of the condenser is  cooled via rad iation  and nat­
u ra l convection.

An E .M . flow m eter is  included to re c o rd  in s tab ilitie s  in flow. Two surge tanks with 
specia l valving a re  included in o rd e r that the E .M . flow m eter and the therm al flow­
m e te r can be ca lib ra ted  via volum e-tim e m easu rem en ts . An accum ulator with an 
iso lation  valve is  included to te s t the effect of gas pockets at bo iler in lets on stab ility .

P re s su re s , tem p e ra tu res , and liquid level m easurem ents a re  taken a t various points 
in the r ig . T h is  instrum entation  is  fu rth e r d iscussed  in the instrum entation section 
of th is  re p o r t .  Table 1 p re sen ts  expected r ig  capability .

9 .2  Heating System

Condensing sodium is  u tilized  to tra n s fe r  heat into the potassium  system . Simply 
described , a pool of sodium is made to boil in the shell side of a heat exchanger and
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FIG 9

P U M P  P E R F O R M A N C E  A N D  S Y S T E M  P R E S S U R E  D R O P
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the vapor is allowed to condense on the "cold" potassium  filled tiibe. T his scheme 
has sev e ra l d istinc t advantages over o ther types of heating sy stem s.

a . It avoids a secondary loop heating sy stem .

b . It avoids a d irec t I R heating system  which is  inherently  m ore unstable.

c . No wall tem p era tu re  m easu rem en ts  a re  req u ired  if the condensing coefficient is 
known o r ve ry  la rg e  and heat lo ss  from  the bo ile r is  insignificant. Condensing 
coefficients w ill be obtained experim en tally . G uard h ea te rs  control heat lo s se s .

d . No liquid m eta l im m ersion  therm ocouples a re  req u ired  if the condensing coefficient
is  known o r very  la rge  and heat lo ss  from  the bo iler is  insignificant. Condensing
coefficients w ill be obtained experim en tally . Guard h ea te rs  control heat lo s se s .

e .  A uniform  tube w all tem p era tu re  is  achieved.

The disadvantage that the p ro cess  does not sim ulate the two loop system  which is  con­
tem plated  in Space Power Plant b o ile rs  can be somewhat discounted in that local heat 
tra n s fe r  coefficients a re  obtained. The m ajo r disadvantage of the condensing scheme 
is  apparent a t high heat fluxes only. High heat fluxes a re  not contem plated in the f ir s t  
te s t since the region of m ost engineering in te re s t is in the DNB portion of the tube.
In the low quality region w here the boiling coefficient is  very  high, the re s is tan ce  of­
fe red  by the nucleate film  is  sm all com pared to the wall re s is tan ce  and the shell side 
fluid re s is ta n c e  in a tube and shell type of b o ile r . A high heat fluxes, the condens­
ing re s is tan ce  becom es a significant portion of the o v e r-a ll L .M .T .D . In as  much as 
the condensing coefficient cannot be accu ra te ly  calculated due to the la rge  variance 
among investigato rs, a p re te s t condensing coefficient calibration  w ill be perfo rm ed .
F ig  10 shows the re la tiv e  m agnitude of the condensing At^, w all At-^, and boiling Atg 
a s  of a function of heat flux. F ig  11 indicates the possible d iscrepancy when calcu la t­
ing the condensing Ate, when using the sev e ra l "suggested" values of the N usselt 
M odulus that a re  availab le . It is  believed that the la rge  variance in the N usselt Mod­
ulus among investigato rs  m ay be due to additional re s is tan ce  to heat flow due to non- 
condensib les. F ig  12 is  a sketch showing the postulated m echanism  to explain the in­
sulating effect of noncondensibles. In o rd e r to insure  that the sodium filling and de­
gassing  technique produces reproducib le  condensing coefficients, a w ater te s t sim ulat­
ing the second bo ile r was conducted. Although the te s t re su lts  do not agree with theory, 
the condensing coefficients a re  reproducible within five p e rcen t. (See F ig  16 in the 
appendix). The w ater te s t has confirm ed the sodium cavity filling  procedure which is  
b rie fly  described  below;

a . The cavity is  purged and filled  with purified  helium .

b . The cavity is  p re s su re  filled  with purified  and filte red  sodium . A 5 m icron f ilte r  
is  an in teg ra l p a rt of the f il l-d ra in  po t. The filling operation is stopped when the 
surge tank indicates the p resen ce  of sodium .

c . A fter p ro p er valving, heat is  added to the sodium which boils off thus boiling out 
a ll noncondensible g as . The noncondensibles a re  swept out via high velocity 
sodium vapor through a vent tube, and deposited back into the fill-d ra in  pot to ­
gether with condensed sodium .
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FIG 10
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f i g  12

P O S T U L A T E D  M E C H A N I S M  T O  E X P L A I N  I N S U L A T I N G  E F F E C T  O F  
N O N C O N D E N S I B L E  G A S  ON A C O N D E N S E R  T U B E J

O

CONDENS1NG 
SURFACE

COLD" TUBE

CONDENSATE

O

O DENOTES NONCONDENSIBLE GAS MOLECULES
©  DENOTES CONDENSIBLE GAS MOLECULES

— ►  DENOTES DIRECTION OF GAS FLOW

SINCE THERE IS  NO 'S IN K '  FOR NONCONDENSIBLE GAS MOLECULES, THEY TEND
TO BUILD UP ON THE CONDENSING SURFACE DUE TO THE FORCE FIELD ERECTED 
BY THE FLOWING CONDENSING MOLECULES. TH IS  BLANKET OF NONCONDENSIBLE 
GAS MOLECULES TENDS TO INSULATE THE TUBE FROM THE CONDENSING VAPOR.
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d. T his p ro c e ss  continues till  the p ro p e r level is  achieved as indicated by liquid 
m eta l level p robes, verified  by tim ing the venting p ro cess  and hopefully con­
firm ed  by X -ra y .

The sodium  pool is  heated and vaporized by Haynes alloy No. 25 clad tubular h ea te rs  
im m ersed  in the pool. Power is  m anually controlled  by a pow ersta t. Voltage and 
c u rren t read ings w ill be taken (and power checked with a watt m eter) to enable a heat 
balance m easu rem en t. Heat lo ss  w ill be m ade up by the guard h e a te rs . Since only a 
v e ry  sm all heat flux ex ists  a t the outer surface  of the b o ile r shell, sodium vapor tem ­
p e ra tu re s  a re  the sam e a s  the m easured  w all tem p era tu res  existing on the a ir  side of 
the cavity . End lo sse s  w ill be estab lished  via p re te s t calibration  utiliz ing the guard 
h e a te rs .

All th ree  b o ile rs  a re  identical except for length and the num ber and size of im m ersion  
h e a te rs . A bare  (high response) ch rom el-a lum el therm ocouple on the surface of the 
bo ile r shell signals a pyrovane contro l when the tem peratu re  (or p re ssu re  under boil­
ing conditions) approaches an unsafe condition.

9 .3  Instrum entation

A descrip tion  of o ther than mundane instrum entation  is included. Since accura te  flow, 
liquid level and tem p era tu re  m easu rem en ts  a re  im perative , the re a d e r w ill notice a 
general redundancy of instrum enta tions assoc ia ted  with these  quan tities.

9 .3 .1  Absolute and D ifferentia l T em p era tu re  M easurem ents

T herm ocouples a re  used sparingly  throughout th is  r ig  to obtain the n ecessa ry  
tem p era tu re  m easu rem en ts . All therm ocouples used in th is r ig  a re  chrom el- 
alum el couples (P&WA draw ings 1029530 and 1029286. The therm ocouples 
conform  to CANEL specification CS-1927 C lass II.

G enerally  two types of therm ocouples a re  used in th is  r ig . F o r absolute tem ­
p e ra tu re  m easurem ents  b a re  w ire couples o r cladded couples a re  tacked d i­
re c tly  onto the surface p e r m ethod 4 o r 6 in CANEL drawing 1027164. F o r 
d ifferen tia l tem p era tu re  m easu rem en ts, a gang (therm opile) of th ree  1 /8  inch 
d iam eter s ta in less  s te e l sheathed insu lated  junction couples (in se ries) a re  
w ired  to buck the signal from  another gang of therm ocouples. A d ifferential 
m illivo lt signal is  obtained.

The absolute tem p era tu re  on the surface  of the bo ile r ( i . e . ,  the tem peratu re  
from  which the coefficient is  determ ined) is  m easured  by e lec trica lly  iso la t­
ing one therm ocouple from  the gang of th ree  insulated therm ocouples. T h is 
m easurem ent is  checked by an optical py rom eter through a n ear black body 
e m itte r on the bo ile r su rfa c e .

9 .3 .2  Liquid Level M easurem ent

Liquid level m easurem ents  a re  taken at sev e ra l p laces, p rim arily  to e s ta b ­
lish  the p ro p e r sodium level and to obtain a volum e-tim e calib ra tion . Two
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"J" p robes a re  in sta lled  in all tanks although only one probe w ill be e le c tr i­
cally  connected at any tim e . The "J" probes used in th is  r ig  a re  described  in 
CANEL drawing L - 101522. The level in all except the calib ration  tanks a re  
indicated by m illivolt in d ica to rs . The level in the calib ration  tanks a re  r e ­
corded on an oscillograph  so that the slope of the curve re p re se n ts  the flow 
r a te .  A 1 /4  inch change in liquid level re p re sen ts  a 0 .44  m illivo lt/am p 
change.

9 .3 .3  Flow M easurem ent

An accu ra te  flow m easurem ent is  req u ired  in o rd e r to  determ ine the vapor quan­
tity  into the te s t section, the change in vapor quantity in the te s t section, and to 
obtain accu ra te  heat balance checks. A descrip tion  of each schem e is  included:

9 .3 .3 .1  V olum e-Tim e C alibration  Tanks

Two additional tanks w ith appropria te  piping and valves a re  included in 
the system  in o rd e r that the flow m etering  devices can be ca lib ra ted , 
in p lace . F luid  is  pumped from  one tank to another v ia  the E .M . pump. 
The change in fluid level is  reco rd ed  on an oscillograph to obtain a 
flow r a t e . The th ree  m ete rin g  devices used in th is r ig  will a ll be c a l­
ib ra ted  by these  ta n k s .

9 .3 .3 .2  E lec trom agnetic  F low m eter
t

In o rd e r to obtain a sa tisfac to ry  e lec tr ic a l signal in a device of th is 
kind, it is  d esirab le  to obtain

1. a high fluid velocity

2. a high fluid” e lec tr ic a l conductivity

3 . a tube w all with infinite e le c tr ic  re s is ta n c e

4. a s trong  m agnetic field

5. good e lec tr ic a l contact between fluid and tube

Item  1 is fixed by tube geom etry  and flow rate. Item 2 is  fixed by the 
te s t  fluid and tem p era tu re . Item  3 is  m ost re s tr ic tiv e  since m etal 
m ust be used a s  a containm ent v e sse l in a p rac tica l liquid m eta l sy s ­
tem , Item  4 is  re s tr ic te d  by available equipm ent and p rac tice , and 
Item  5 is  a function of the wetting c h a ra c te r is tic s  between the fluid 
and the tu b e .

Since the ra tio  between n ecessa ry  tube c ro ssectio n al a re a  needed to 
contain the liquid m etal and fluid c ro ssec tio n a l a re a  in c rease s  as tube 
s izes  d ecrease , an in c reas in g  amount of the voltage generated  gets 
short c ircu ited  through the tube w all with a d ecrease  in tube d iam e te r.
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It is  believed that pinching of the tube is ineffective for th is reaso n . 
U tilizing a 2000 gauss m agnet, the signal strength  expected at 20 
Ib /h r  potassium  at 800F in a 1 /4  inch outside d iam eter x 0.035 inch 
wall tube is  0 .17  m illiv o lts . It is  hoped that transien t flow conditions 
can be spotted although random  background noise may m ask actual 
flow fluctuations. It m ay be noted that a steady signal from  the E .M . 
m e te r indicates steady flow only in that portion of the loop and that 
flow instab ility  can s till ex ist e lsew h e re . The flow m eter will be ca li­
b ra ted  in place via volume tim e m easu rem en ts.

9 .3 .3 .3  T h e rm al Flow M eter

The th e rm a l flow m eter was considered  a necessity  for low flow steady 
sta te  flow m easu rem en t. By m easuring  the tem peratu re  r ise  of po tas­
sium  flowing through the m e te r the average absolute tem peratu re  and 
the heat ra te  into the potassium , the flow ra te  can be calculated. The 
accuracy  of th is  m e te r  is strongly  dependent upon determ ining a net 
heat ra te  into the po tassium . To th is end, guard h ea te rs  a re  utilized 
and a no-flow heat lo ss  te s t  w ill be conducted. Tube wall tem peratu re  
m easurem ents  w ill be taken in near zero  heat flux regions via insu­
la ted  junction therm ocouples. T h is m ete r is  inherently  a low response 
in s tru m en t. F ig  1 shows the th e rm al flow m e te r in de ta il.

9 .3 .3 .4  Valve

As a final back-up, the th ro ttle  valve which is  located dow nstream  from  
the pump can be used as a flow m easurem ent device under m ost con­
ditions encountered . A AP-flow curve can be estab lished  at any valve 
setting  via in -p lace  volum e-tim e m easu rem en ts. T h is technique is 
m ost p rom ising  a t low flows and high p re s su re  d rops.

9 .3 .4  D ifferential P ressu re  M easurem ents

D ifferential p re s su re  m easurem en ts a re  obtained a c ro ss  the th ree  bo ile rs  and 
a c ro ss  the condenser via four T ay lo r Model 225TN114 d ifferential p re ssu re  
tra n s m itte r s .  An accuracy  of two percen t of full scale  is  expected. The sy s­
tem  has a reasonably  high re sp o n se .

9 .3 .5  P ressu re  M easurem ents

Liquid m eta l p re s su re s  a re  taken a t the pump outlet, p reh ea te r in let, and con­
d en ser outlet via th ree  T ay lo r Model 225TN5114 p re s su re  tra n s m itte rs . An 
accu racy  of two percen t of full scale  is  expected. A reasonably  high response 
is  expected.

9 .3 .6  E le c tr ic  Power M easurem ents

E lec tr ic  power into the im m ersion  h ea te rs  is m easured  by Weston type 904- 
1902006, 904-1902004 m ulti-range  vo ltm eters , and Weston type 904-2903001, 
904-2903004 m u lti-range  a m m e te rs . An instrum ent accuracy  of 1/2 percen t 
of full scale  is  expected.
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The power into the im m ersion  h ea te rs  re p re se n ts  the heat into the potassium  
when a ll the heat lo ss  is  m ade up by the guard h e a te rs .

9 .3 .7  Optical P yrom eter M easurem ent s

O ptical p y rom eter tem p era tu re  m easurem en ts a t the bo iler su rfaces  a re  ob­
served  to  verify  therm ocouple readings and to give a quantitative indication of 
therm ocouple d r if t . The p y rom eter to be used in th is  experim ent w ill be a 
Shaw m eter tw o-color o r a  L & N optical p y ro m ete r.

O bservation w ill be m ade through a six inch long 3 /8  inch d iam eter tube fa s ­
tened to the surface of the b o ile rs . A n ear black body e m itte r is expected. 
O bservation w ill be m ade through a ir  only.

9 .4  P reh ea te r Design

A potassium  p reh ea te r is  req u ired  to heat the potassium  liquid from  900F to  1700F for 
the low flow (20 lb /h r)  boiling condition, and from  lOOOF to 1500F for the h i ^  flow 
(100 to 350 lb /h r) calib ration  condition.

A 22 inch rad ien t c lam shell h ea te r is  used to heat the fluid to the satu ration  tem p era ­
tu re  during the boiling te s t s .  Radiant p reheating  was selec ted  in o rd e r to m inim ize 
the possib ility  of m a te ria l burnout in the event of a five second flow re v e rsa l  during 
two phase flow. Burnout is  prevented by tem p era tu re  m onitoring a t the p reh ea te r out­
le t .  An analysis of the rad ian t p reh ea te r is  included in the appendix. F ig  13 illu s ­
t r a te s  the potassium  axial tem p era tu re  p rofile  during rad ian t p reheating .

9 .5  B oilers

The design of the b o ile rs  involved the determ ination of:

1 . Boiler tube length

2 . H eater design

3 . M echanical and fabrication  details

4 . F illing , drain ing and venting requ irem en ts  and p rocedu res

5 . Heat lo ss  control

A descrip tion  of the b o ile rs  and h ea te rs  is  included below . The analysis of the h ea te rs  
and determ ination of bo ile r tube length is included in sections 16.2  and 16 .4

9 .5 .1  Boiler Design

a . Potassium  Side: (Tube side)

The f i r s t  te s t section to be te sted  is  fab rica ted  from  a 1 /4  inch outside 
d iam eter x 0 .032 inch w all w eld-draw n Haynes alloy No. 25 tubing bent
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in a modified sine wave shape as  illu s tra ted  in F ig  1 and described  in 
CANEL Design Layout L -101567-8. It is  hoped that the in e rtia  fo rces 
induced by the curved tube and experienced by the liquid phase w ill force 
the fluid against the heated surface (depending upon velocity, v iscosity , 
density , p itch, cu rvatu re  and d ia m e te r) . However, it is  a lso  conceivable 
tha t these  constantly re v e rs in g  fo rces  w ill tend to produce liquid flow in 
the core  of the tube if the fo rces on the liquid p a rtic le s  re v e rse  the path 
of the p a rtic le  before the p a rtic le  reach es  the heated su rface . E rosion  is  
a lso  possib le a t high v e lo c ities .

b . Sodium Side: (Shell side)

The design of the shell side was dictated by the following requ irem en ts:

1 . G enerate sodium vapor at 1800F

2. Support the bo iler tube

3 . Remove non-condensibles in the sodium liquid and vapor

4 . Contain sa tu ra ted  sodium liquid at 1800F

5. Support and contain im m ersion  h ea te rs

6 . Design fo r m inim um  heat lo ss

To th is  end, sodium at 1800F is  vaporized  by Haynes alloy No. 25 clad 
im m ersion  h ea te rs  and contained in a 3 -1 /2  inch outside d iam eter x 1/4 
inch w all Haynes alloy No. 25 p ipe . The tube to  header jo int is  p rep a red  
via diffusion bonding, flaring , and welding. T h is technique is  described  
in CANEL specification CS-119. The tube is  supported by sev e ra l v e r ti­
cal p la tes  and the shell h e a d e rs . The tube is  p ro tec ted  from  splashing 
and dripping by a sp lash  guard which is  a lso  supported by the v e rtica l 
p la te s . N on-condensibles a re  rem oved via boiling and venting through a 
tube.

9 .5 .2  Im m ersion  H eater Design

Joulian heat is  added to the sodium by calrod  type re s is tan ce  h e a te rs . The r e ­
sistance  w ire  is  B&S 18 gauge Kanthal A-1 a lloy . The w ire is  sheathed in 0.187 
inch d iam eter (outside d iam eter) by 0 .016 inch w all Haynes alloy No. 25 weld- 
drawn tubing. M agnesium  oxide (MgO) e lec trica lly  insu la tes  the w ire  from  the 
sheath . The h ea te rs  conform  to specifications SKN 17109 through SKN 17112.

An analysis  was perfo rm ed  to estim ate  the heat flux capability of these hea te rs  
in boiling sodium . A heat flux of 100, 000 B tu /hr ft^ and a m axim um  Kanthal 
cen terline  tem p era tu re  of 2180F is  possib le  (at 1850F sodium tem p era tu re ) .
It is  expected that these h ea te rs  w ill operate  at a m axim um  heat flux of approx­
im ately  52, 000 B tu/hr ft2 a t 1846F cen terline  tem p era tu re  (at 1800F sodium 
tem p era tu re ) . T his analysis  is  included in the appendix.
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An evaluation te s t  of these h ea te rs  w ill be conducted in a sodium environm ent 
a t 1800F in o rd e r to a sc e rta in  that norm al operating conditions can be achieved 
and to e stab lish  a maxim um  heat flux lim it.

9 .6  Heat R ejection System

A finned a ir  cooled tube ac ts  as a condenser and cooler during te s t conditions and as a 
cooler only during calib ration  conditions.

In the f i r s t  five feet of the condenser, heat is  tra n s fe rre d  to a ir  by forced convection 
through a s in te red  s tee l f il te r  in o rd e r to obtain a uniform  heat flux and check the 
M artin e lli-L o ck art two phase p re s su re  drop co rre la tio n . Except for a one additional 
foot of forced convection cooling section dow nstream  of the five foot uniform  heat flux 
section, the fluid is  cooled to 800F by n a tu ra l convection and rad ia tion . F ig  1 p ic tu res 
the device used to insu re  a uniform  a ir  flow r a t e .

9 .7  M ateria l and A tm osphere C ontrol

9 .7 .1  M ateria l C ontrol

High tem p era tu re  environm ents dictate  the use of special m a te ria l control p ra c ­
tic e s  to avoid contam ination of m a te ria ls  and sy stem s. A b rie f descrip tion  of 
the controls to be used  is  included below.

The s ta in less  s tee l and Haynes alloy No. 25 alloys a re  purchased  and inspected 
to  AMS specification except fo r Haynes alloy No. 25 tubing which is  purchased 
to  CF 245 specification . Upon receip t of th is m a te ria l at CANEL, standard 
CANEL "liquid m eta l use" m a te ria l inspections, a re  conducted. Haynes alloy 
No. 25 sam ples w ill be analyzed for com position before and a fte r the te s t .
An outgassing procedure  to rem ove adsorbed gases w ill be conducted p r io r  to 
filling the loop .

The sodium w ill be filte red  tw ice, once upon charging of the f ill-d ra in  tanks, 
and again through a 5 m icron  s in te red  s ta in less  stee l filte r in tegral within the 
fill-d ra in  tanks. A m a te ria l analysis  w ill be made p rio r  to filling the sodium 
fill-d ra in  pot and upon te rm ination  of the te s t .  A 20 ppm oxygen content is  
expected in the sodium .

The double d is tilled  sodium free  potassium , which w ill be used in th is te s t will 
be purified  via hot trapp ing  and filte red  upon charging of the fill-d ra in  pot at 
CANEL by the liquid m etal fill group, hot trapped again with titanium  sponge 
at 1400F for 24 hours inside the fill-d ra in  pot, and filte red  (5 m icron) upon 
charging the loop. A m a te ria l analysis  w ill be made p r io r  to filling the p o tas­
sium  into the f il l-d ra in  pot and upon term ination  of the te s t .

9 . 7 . 2  A tm osphere C ontrol

Purified helium  p e r CANEL specification CS-1983 w ill be used as the cover 
g a s . Gas purity  is  to be achieved by the cryogenic m ethod (CS-300A) utilizing
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activated  charcoa l a b so rb e rs . The gas system  w ill be p rep ared  according to 
CANEL specification FPS-E-363 to p revent undo contam ination. The gas sy s ­
tem  w ill be 100 percen t welded construction  dow nstream  of the p u r if ie rs . No 
continuous m onitoring of the cover gas is anticipated  although p o ssib le . F il l­
ing of the loop w ill p roceed  only when the loop purity  reach es  le ss  than five 
ppm oxygen and - 90F dewpoint.

9 .8  T e s t L im itations

The te s t r ig  was designed to provide design type boiling heat tra n s fe r  data at sev e ra l
flow ra te s  fo r many types of tube configurations. Due to inherent lim itations in the
te s t  schem e, in the design, and in instrum entation, certa in  lim iting  fea tu res  a re
p resen tly  apparen t.

a .  Due to  v e ry  sm all flow ra te s  in single tubes of m ulti-tube bo ile rs , flow m easu re ­
m ent becom es a se rio u s  problem  in estab lish ing  the quality level and quality 
change with reasonab le  accu racy . At very  low flow ra te s  a ll th ree  flow m e asu r­
ing schem es used  in th is  te s t  become inaccurate , with the valve AP method o ffer­
ing the m ost p ro m ise .

b . In as m uch as  tem p era tu re  d ifferences in the nucleate boiling reg im e a re  very
sm all, the data in the low quality range is expected to look like "buck shot" due
to the inability  in obtaining an accu ra te  absolute tem p era tu re  m easurem ent
(+ IF ) in the 1800F ran g e . In the high quality range, high tem p era tu re  d iffe r­
ences a re  expected and th is  problem  d im in ishes. O ptical py ro m ete rs  with near 
black body type e m itte rs  w ill be u tilized  to check and perhaps m inim ize th is  th e r ­
mocouple e r r o r .

c . Due to  the size  of the te s t bo iler (dictated by a m inim um  heat lo ss  requ irem ent), 
only a few types of tube shapes can be te sted  (modified since wave, short "hockey 
sticks") unless the bo ile r cavity is  in creased  in s iz e . No s tra ig h t tubes w ill be 
te s ted  due to the high th e rm al s tre s s e s  inherent in redundant s tru c tu re s .

d . In a single length heated tube, the flow reg im e develops and changes as the fluid
tra v e rs e s  down the tube length. In "breaking up" the tube, both dim ensionally 
and by heating method (discontinuous heating and discontinuous sine wave), the 
flow reg im e m ay not rep re sen t that which would occur in a continuous tube. The 
heat tra n s fe r  coefficients obtained from  th is  te s t becom e rep resen ta tiv e  of th is 
te s t configuration only.

e . As in a ll flow system s the p re s su re  drop is  a parabo lic  function of the velocity .
A 3; 1 range in flow s ta r ts  to exceed the range of p re s su re  drop instrum enta tion . 
It becom es evident from  th is  that p re s su re  drop data can only be obtained for 
m oderate ranges in flow without excessive  AF instrum en ta tion .

f . F luid p ro p e rtie s  a t elevated tem p e ra tu res  a re  not accu ra te ly  know. V iscosity  of 
potassium  is  not known above 1500F. Latent heat and vapor density  a re  d e te r­
m ined by th eo re tica l m eans. The th e rm al conductivity of vapor is  estim ated , the 
density  of liquid is  extrapolated , vapor p re s su re  data ex is ts  to 1400F only, e tc . ,  
e tc .
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r
g . In o rd er to obtain good data in the low quality reg im e, (low At) a high heat flux is 

req u ired . It is  possib le  to achieve a high heat flux with the p resen t design; how­
ever, only o v e r-a ll coefficients can be determ ined due to the la rge  amount of 
heat (la rge  quality change) tra n s fe rre d  to the potassium  at high heat fluxes.

h . The m a te ria l of the bo ile r tube (Haynes alloy No. 25) does not sim ulate the m ate­
r ia l  of in te re s t . The re su lt of th is  d isparity  is to lower the operating p re ssu re  
(and coefficients) added to the problem  that the effect of heater m a te ria l on the 
boiling heat tra n s fe r  coefficient is  not known.

9 .9  F abrica tion

The loop and a ll component p a r ts  w ill be fab rica ted  at CANEL to a ssu re  high quality 
welds n ecessa ry  fo r liquid m eta l se rv ice . A ll welds in the high tem peratu re  portion 
of the loop w ill be X -rayed  and dye checked except for the tube to header jo in ts which 
w ill be welded and diffusion bonded and cannot be X -rayed . These join ts w ill be dye 
checked only. M ost of the w elds in the low tem pera tu re  region of the loop will be 
X -rayed  and dye checked except for those which a re  inaccessib le  for X -raying . The 
loop w ill be leak  checked at various stages of assem bly  and at the completion of a s ­
sem bly . All tube bends, m achined te es  and elbows, w ill be dye checked.

The loop and a ll component p a r ts  w ill be assem bled  according to CS-309 C lass 11 
(good cleanliness) specifications in the stand a re a  under positive filte red  a ir  p re s ­
sure  inside a tem p o ra ry  clean room  e n c lo su re .

9 .10 Loop Support System

The loop support system  is  illu s tra ted  in CANEL F ac ilitie s  Drawing CR103841. Briefly 
described , the pump is  rig id ly  fastened to an angle iron fram e which is lagged to the 
flo o r. The potassium  and sodium fill and d ra in  pots, the bo ile rs  and the potassium  
condenser a re  supported by v e rtic a l w ires  rig id ly  connected to a heavy s tru c tu ra l sup­
p o rt f ra m e . The re s t  of the loop is  supported by cables with counter weights and 
sto p s.
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10. EXPERIMENTAL PROCEDURE

10.1 Boiler Heat L oss C alibration

Heat leakage from  and to the te s t  bo ile r, m ust be determ ined  or controlled  in o rd e r to 
obtain an accu ra te  m easurem en t of the boiling heat tra n s fe r  coefficient, quality level, 
and quality change. Heat leakage is  through the cy lindrical portion of the p re s su re  
shell, the ends and through the various connections on the b o ile r . A significant amount 
of heat flows between b o ile rs  through the in te rb o ile r connections, especially  at high 
qualities when significant tem p era tu re  d ifferences a re  expected between b o ile rs . Heat 
lo sse s  a re  contro lled  via guard h ea te rs  o r heat dam s.

T h ree  heat lo ss  calib ration  p rocedu res a re  possib le . They m ay be described  as  1) Heat 
M ake-up by Im m ersion  H eaters , 2) Heat M ake-up by Guard H eaters, and 3) Heat Dam 
M ethod. The p rocedu res a re  as  follows:

1. Heat M ake-up by Im m ersion  H eaters

With no flow, and an a rb i tra ry  setting  on the guard h ea te rs , determ ine power r e ­
quired  in im m ersion  h ea te rs  to hold b o ile rs  at an expected operating tem p e ra tu re . 
Via p ro p er setting  of the guard  h e a te rs , the heat to be m ade up by the im m ersion  
h ea te rs  can be held to a m inim um . T his can be done for sev era l tem perature, 
levels and fo r sev e ra l tem p era tu re  d ifferences betweeu b o ile rs . The no flow 
power into the im m ersion  h ea te rs  re p re se n ts  the heat lo ss  a t p a rtic u la r  guard 
h ea te r setting, and fo r definite bo ile r tem p era tu re  levels and d ifferences.

2. Heat M ake-up by Guard H eaters

With no flow, and no power into the im m ersion  h ea te rs , in c rease  power into the 
guard h ea te rs  until the tem p era tu re  level is  m aintained. T h is can be done with 
sev e ra l tem p era tu re  levels and with sev e ra l tem p era tu re  difference between 
b o ile rs .

3. Heat Dam Method

By m easu ring  the tem p era tu re  difference between the bo ile r shell and the guard 
h ea te rs , a ze ro  AT can be obtained and heat lo ss  out the cy lindrical su rfaces of 
the v e sse l can be held to negligible amoxmts.

Of the th ree  schem es, the Heat M ake-up by Guard H eater holds the m ost p ro m ise .
The advantage is  that it is  s im p le r than m ethod (1) and includes end lo ss  which cannot 
be included in (3). It does, however, depend upon a constant th e rm al conductivity for 
the insulating m a te r ia ls .

10.2 Condensing Coefficient C alibrations

The condensing coefficient for liquid m eta ls  on horizontal tubes cannot be re liab ly  c a l­
culated due to the variance among in v estig a to rs . A calib ration  w ill be perfo rm ed  to
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estab lish  the condensing At a s  a function of heat flux at the expected vapor tem p era ­
tu re  . C om parison w ith N usselt T heory  w ill be m ad e .

The condensing coefficient and scale coefficient (fowling factor) w ill be obtained via a 
W ilson Plot technique. The W ilson Plot (Ref 8 ) technique u tilizes  the heat re s is tan ce  
concept which s ta tes  that the to ta l re s is ta n c e  is  a sum of the condensing re s is tan ce , 
a scale  re s is tan ce , a w all re s is ta n c e , and a potassium  boundary layer re s is ta n c e . 
T h e re fo re :

-i, = [ R + R  , + R  „  ] + R,. . , (1)U vapor sca le  w all liquid

Only a sm all e r r o r  is  assum ed if Ry + R sc + ^w  ~ R* is  assum ed a constant. The r e ­
sistance of liquid m etal is  a function of V*4 (F rom  Lubarsky and Kaufman Equation,
Nu = 0 .025 Pe*4). T h ere fo re  equation (1) can be rew ritten  as

' = R + - a _  = A feMTO) (2 )
C V ^  Q

A plot of 1 /U . v e rsu s  1/V*^ should yield a stra igh t line on lin ea r co -o rd in a tes . The 
in te rsec tion  of th is  line at 1/V*'^ = 0 should be equal to Ry + Rs + Rw- Assum ing in i­
tia lly  Rgc = 0 and calculating  R ^ , Ry can be determ ined . By repeating  the calibration 
a t the te rm ination  of the te s t, any change in R can be contributed to a scale bu ild -up .

10.3  Boiling T e s t

Once a ll the calib ra tions a re  perform ed , the boiling te s t can p roceed . The following 
m ethod w ill be em ployed in conjunction with the "Heat M ake-up by Guard H eater" 
m ethod.

1. Set d e s ired  flow r a t e .

2. Heat the po tassium  to the satu ration  tem p era tu re  via rad ian t p reh ea te r and vapor­
ize to any d esired  quality in the f i r s t  b o ile r .

3 . V aporize an additional five p ercen t of the potassium  in the second b o ile r.

4 . V aporize to at le a s t lOF superheat in the th ird  b o ile r.

M easure the surface te m p e ra tu re s  of a ll th ree  b o ile rs  and repeat a ll th ree  steps with 
five p ercen t increm ental in c re a se s  in quality in the f ir s t  bo ile r until the en tire  quality 
range is  covered . P ressu re  drops in a ll th ree  b o ile rs  w ill be m easured  and reco rd ed .

10 .4  Condensing T es t

Since p re s su re  drops in liquid m etal condensing and boiling system s a re  n ecessa ry  
ev ils  in any Rankine Cycle Space Power System , it was decided to obtain additional 
p re s su re  drop inform ation w ith which to check the M artine lli-L ockart co rre la tion
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and in p a rtic u la r  the P ra tt & Whitney A irc ra ft p re s su re  drop code. By insuring  a 
constant Q/A for which the code w as derived and by knowing the flow ra te , the con­
densing length, the fluid p ro p e rtie s , and the quality change, a AF can be calculated 
by theory  and com pared to  by te s t .  The flow ra te  is  determ ined by the flow m eters 
described  in other sections of th is  rep o rt, the condensing length is  estab lished  by 
the tem p era tu re  profile  a s  m easu red  by wall therm ocouples along the condenser tube, 
and the quality change is  known once the inlet quality is  known. A fter co rrec ting  the 
m easured  p re s su re  drop by sub tracting  the sm all calcu lated  single phase p re s su re  
drops, theory  and te s t re s u lts  can be com pared.

10.5  Stability T e s t

As sta ted  p reviously , s tab ility  is  dependent upon many interdependent fa c to rs . One 
cause of in stab ility , noticed in the w ater proof te s t and rep o rted  by some investi­
g a to rs  in the effect of in c reased  loop "sponginess" due to trapped  gas pockets. CUn- 
le s s  a vacuum fill technique is  employed, it is  highly probable that any p rac tica l 
system  w ill have trapped pockets located som ew here in the system .]

L arge gas pockets can be added to the system  (outside the m ain stream ) e ith e r at the 
bo ile r inlet via the accum ulator o r at the condenser exit via the potassium  surge 
tan k s . The effect of these  pockets w ill be indicated by the flow m eters, p re s su re  
gauges, or therm ocouples.

It is  hoped that the qualitative inform ation obtained from  th is  te s t w ill a id  in under­
standing the s tab ility  p rob lem .

10.6 T herm al F low m eter Heat L oss C alibration

The th e rm al flow m eter concept is  valid  only if the net heat input can be accu ra te ly  
determ ined . At low flows ( i . e . ,  low net heat input requ ired ), the heat lo ss  can be­
come a significant p a rt of the net heat input. The graph below indicates a possible 
effect of a la rge  heat lo s s .

Heat Loss

R everse  Flow N orm al Flow, w

Heat In
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It becom es im portan t to e s tab lish  a condition in which the heat lo ss  is known. This 
is  done in two ways:

1. Under no rm al running conditions, the power to the guard h eate rs  is  adjusted to 
obtain a zero  At (zero  heat loss) a c ro ss  the insulation between the h ea te rs  and 
the flow m eter tube. Heat lo sse s  out the ends a re  negligible.

2. With zero  flow and zero  im m ersion  h ea te r power, m aintain norm al operating tem ­
p e ra tu re s  with the guard  h e a te rs . Any power into the im m ersion h ea te rs  th e re ­
fore is  t ra n s fe rre d  to the fluid.

The insulated  therm ocouples a re  p laced approxim ately two to th ree  inches (10 to 
15 d iam eters) of iso therm al m ixing length from  the heating section in o rd er to 
obtain a bulk te m p e ra tu re .
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11. EXPERIMENTAL SEQUENCE

The sequence tabulated below includes a ll n ece ssa ry  steps between the tim e the la s t weld is  
made to the tim e the boiling heat tra n s fe r  data is  obtained. D etailed operating instructions 
a re  being p rep a red  by J. Petrek  and w ill be issued  a t a la te r  da te .

11.1 Rig P reparation

1 1 .1 .1  Gas System

a . Check cryogenic system  (Ref CS-300A) to a sce rta in  that CS-1933 gas 
purification  specification has been fulfilled .

b . Purge for sev e ra l hours with purified  gas through a ll gas lines to r e ­
move any gaseous im p u r itie s .

1 1 .1 .2  Potassium  System

a . Evacuate loop and fill d ra in  pot to 10.0 m icrons

b . Back fill with 5 psig  purified  helium

c . Repeat (a) and (b) sev e ra l tim es

d . Evacuate to 10.0  m icrons

e . Outgas loop at 400F for sev e ra l hours

f . Repeat (a) through (e) until im purity  level fa lls  below 5 ppm oxygen and 
-90F dewpoint

g . Evacuate to 1200 m icrons

h . Vacuum o r p re s su re  fill po tassium  fill-d ra in  pot with purified  filte red  
potassium  at 600F

1 1 .1 .3  S odium System

a . Evacuate to 100 m icrons

b . Back fill with 5 psig  purified  helium

c . Repeat (a) and (b) sev e ra l tim es

d . Evacuate to 10.0 m icrons

e .  Outgas cav ities a t 400F for sev e ra l hours

f . Repeat (a) through (e) until im purity  level fa lls  below 5 ppm oxygen and 
-90F dewpoint
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g . Evacuate to 10.0  m icrons

h . Vacuum or p re s su re  fill sodium fill-d ra in  pot with purified  filte red  
sodium at 400F

1 .4  Vacuum fill po tassium  loop from  potassium  fill-d ra in  tank till  both surge 
tanks a re  approxim ately  1 / 2  fu ll.

1 .5  P ressu re  fill sodium cav ities  (3) until sodium is  indicated in the sodium 
surge tank .

1 .6  Set sodium level in the sodium cav ities by the procedure outlined in Section 
9 .2 .

1 .7  S ta rt single phase flow in the po tassium  system  to check out pump.

1 . 8  Check out po tassium  surge tank calib ration  p rocedure .

1 .9  C alib ra te  E .M . flow m eter a t 800F .

1 .10 C alib ra te  th e rm a l flow m eter in the 800F to 900F ra n g e .

1.11 Dump potassium  loop at 800F and fill th ree  tim es (hot flu sh ).

1 .12  Hot tra p  potassium  fo r 24 hours a t 1400F a fte r each flush.

1 .13 R efill loop at 600F (p re ssu re  fill) s ta r t  single phase flow.
2

1 .14  Check out I R p re h e a te r .

1 .15  C alib ra te  to  obtain condensing coefficients as  a fimction of Q/A and At and 
reduce data via W ilson Plot m ethod.

1 .16  Reduce flow ra te  and in c rease  heat into the f ir s t  bo iler (with second and th ird  
bo ile r a t ze ro  capacity) un til a  lOF superheat is  noted a t the bo iler e x it. The 
tem p era tu re  a t the bo ile r surface  is  not to exceed 1800F. E stab lish  curve of 
potassium  tem p era tu re  v e rsu s  flow ra te  with lOF superheat and 1800F sodium 
te m p e ra tu re . T his e stab lish es  that the lim its  of the system  stab ility  trends can 
be observed  at th is  t im e .

Conduct boiling te s t  as  outlined in Section 10.3 a t the flow rate and tem peratu re  
obtained in Section 1 1 .1 .1 6 .

1 1 .1 .1 7

1 1 .1 .1 8  Repeat te s t a t low er flo w ra tes .
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12. DATA REDUCTION

12.1 Boiling Data

1 2 .1 .1  Heat T ra n s fe r  Data

The boiling heat tra n s fe r  coefficient is  calculated  from  

Q l = hg  Ajj^ C Tw -Ts)

w here is  equal to the heat supplied to the im m ersion  h e a te rs  in the te s t 
b o ile rs  when the "Heat M ake-up by G uard H eaters"  technique is used, Ajq  
is  the surface  a re a  of the tube based  on the inside d iam eter, tg is  the sa tu ra ­
tion tem p era tu re  of the potassium  averaged between inlet and outlet condi­
tions and obtained by m easu ring  the tem p era tu re  and p re s su re  a t the in let 
and ou tle t. The w all tem p era tu re  (Tw) is  obtained by sub tracting  an ex p e ri­
m ental condensing At and a calcu lated  wall At from  the tem p era tu re  m ea­
su red  on the outside surface  of the cavity p re s su re  shell.

T he quality level en tering  the te s t  section is  de term ined  via

Q j = m e (ts -ti)  + m Lx

w here Q, is  the heat supplied to  the im m ersion  h ea te rs  in the w ork horse  
bo ile r when the "Heat M ake-vp by Guard H eaters"  technique is  used . The 
flow rate (m) is  determ ined  by the various flow m easuring  schem es, ts  is  the 
satu ration  tem p era tu re  a s  de term ined  by tem p era tu re  and p re s su re  m e a su re ­
m ents, t i  is  the m easu red  in let tem p era tu re , L is  the laten t heat a t sa tu ra ­
tion conditions, and Cp is  the specific  heat a t constant p re s su re , and X is  the 
quality a t the outlet of the "work ho rse"  b o ile r . The quality change in the te s t 
section is  determ ined  by

AQ2  = mLAX

w here AQ2  is  the heat added to the boiling po tassium  in the second cavity, m 
is  the m ass  flow ra te  of the potassium , L is  the laten t heat of vaporization at 
sa tu ration  conditions, and AX is the quality change. Data reduction w ill be 
v ia  hand and m achine (Bendix) com pulations. C o rre la tio n s  with ex isting  in fo r­
m ation w ill be a ttem pted .

1 2 .1 .2  Pre s su re  Drop Data

P re ssu re  drop a c ro ss  a ll b o ile rs  w ill be m easu red  and com pared w ith p r e ­
dicted  p re s su re  d ro p s . F ig  14 p re sen ts  the th o re tica l p rediction  fo r p re s ­
su re  drop in a s tra ig h t tube for five pe rcen t increm ental charges in quality 
fo r any quality from  zero  to 1 0 0  p e rcen t.
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FIG 14
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12.2 C onden s ing Data

12 .2 .1  Heat T ra n s fe r  Data

The o v e r-a ll heat tra n s fe r  coefficient is calculated from  

Qc = UcAc (AT)

w here Qc is  the heat re jec ted  by the condenser fo r any quality change. Ac 
is  the a re a  req u ired  to  accom plish  th is  change as  determ ined by condenser 
tem p era tu re  profile  and the AT is  determ ined by taking the difference be­
tween the average saturation  tem p era tu re  and the average a ir  te m p e ra tu re .
F ig  15 p re sen ts  th eo re tica l p re s su re  drops in the condenser.

1 2 .2 .2  P re ssu re  Drop Data

The condensing p re s su re  drop is  determ ined from

AP = AF - (AP. . )c m  '  fr ic tion ' . ^superheat section

^^^friction^ subcooled section

where (AP)superheat is  the calculated pressure drop experienced by the potas­
sium from the point of pressure measurement to the point at which the liquid 
is  cooled to 100 percent quality and APsubcooled is  the calculated pressure drop 
experienced by the potassium to the point of pressure measurement from the 
point at which the quality was zero percent. APm is  the measured pressure  
drop. Data reduction w ill be via hand and machine (Bendix) calculations.

1 2 .2 .3  C o rre la tio n s

Heat tra n s fe r  and p re s su re  drop co rre la tio n s  w ill be attem pted . The use of 
the boiling num ber shows p rom ise  for boiling co rre la tio n s, a t le a s t up to ap­
prox im ately  60 percen t quality . The Lockart and M artinelli co rre la tio n s  w ill 
be com pared w ith te s t  re s u lts .

12.3 S tability  Data

The inform ation obtained from  th is  te s t  is  generally  of a qualitative n a tu re . However, 
if th ro ttling  the bo ile r in le t an d /o r condenser outlet induces stability , th is  p re s su re  
drop a c ro ss  the th ro ttling  devices can be reco rded  and com pared w ith the th eo re tica l 
p re s su re  drop re q u ire d . Qualitative inform ation on the effect of gas pockets a t the 
bo ile r in let and condenser ex it w ill be re co rd ed . P re ssu re  fluctuations can be r e ­
corded if considered  d e s irab le .

12.4  M ateria l Inform ation

Haynes alloy No. 25, s ta in le ss  s tee l, po tassium , and sodium sam ples w ill be analyzed 
and photographed before and a fte r the te s t  in o rd e r to obtain a rec o rd  of the possib le 
change in m a te ria l analy sis  and surface conditions.
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13. CONCLUSION

The te s t r ig  described  in th is  re p o rt is  designed to obtain design type heat tra n s fe r  and 
hydrodynamic inform ation from  which a high tem pera tu re  potassium  bo ile r can be p ro p ­
e rly  s ized . It is  expected that the r ig  d escribed  in th is  rep o rt w ill a lso  enhance P ra tt & 
Whitney A irc ra f t 's  knowledge of boiling liquid m eta ls  system s as  w ell as liquid m etal 
b o ile rs . The com plete design of liquid m etal b o ile rs  however, req u ire s  a thorough knowl­
edge of m a te ria l com patibility, liquid m etal pu rity  req u irem en ts  and system  req u irem en ts .

Evidence has a lso  been p resen ted  in th is  re p o rt indicating the effect of the many variab les  
involved. Due to the effect of the h ea te r su rface , h ea te r m a te ria l, sca le , and p re s su re  on 
the boiling heat tra n s fe r  coefficient, it is  felt by the w rite r  that the final design of the bo iler 
w ill evolve with extensive te stin g  of full scale prototype b o ile rs  operating a t the design tem ­
p era tu re  levels w ith the design m a te ria ls  under design conditions.

i
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15. NOMENCLATURE

L ette rs Units

t T em pera tu re F

V Velocity f t/se c

h Heat T ra n s fe r  coefficient B tu/hr ft^ F

h Enthalpy B tu/hr

k T herm al conductivity B tu/hr ft F

D D iam eter ft

G M ass flux lb /h r  ft^

Q Heat ra te B tu/hr

A A rea ft^

V iscosity lb /h r  ft

P Density Ib/ft^

q Heat flux = Q/A Btu/ft^

L Length ft

J M echanical heat equivalent ft Ib/Btu

\ Latent heat of vaporization Btu/lb

c Specific heat Btu/lb

P P ressu re psf

g G ravity  constant f t/se c^

R T h erm al re s is ta n c e h r ft^ F/Btu

m Flow ra te lb /h r

7 Surface tension dynes/cm

P ' V iscosity centipoise

S ubscrip ts

w Wall

s Saturation

B Boiling film

tt Turbulent liqu id-tu rbu len t vapor

1 , f Liquid

g Gas
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Subscripts

fg P ro p erties  in two phase reg im e

tpf Two phase flow
c Condense

sc Scale

V Vapor

D im ensionless P a ram e te rs

Re Reynolds Number
Pr Prandl Number

Nu N usselt Number
Boiling Number 

X Vapor quality (weight frac tion  of vapor)
X M artin e lli-L o ck art p a ram e te r

F F o rm  fac to r
cr E m issiv ity

1 / 2
[(P g /0 .0 7 5 ) (p i /6 2 .3 ) ]  (Baker Chart)

^  7 3 / 7  [ (62.3/yO i)2 ] 1 /3  (Baker Chart)

m
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16. APPENDIX

— 16.1 R esults of W ater Proof T es t
A

A w ater proof te s t  of a b o ile r section sim ulating the te s t section bo iler was te sted  to:

1. Check venting technique and the effect of venting on the reproducib ility  of the 
condensing coefficient.

2. Check the effect of non-condensibles in the w ater vapor on the condensing coefficient,

1 6 .1 .1  R eproductability

As a re su lt  of these  te s ts  it is  concluded that the venting technique appears 
successfu l in that the re su lts  a re  reproductable when the venting operation 
is  c a r r ie d  on for a sufficient period  of tim e with vigorous boiling. F ig  16 
is  a graph of Q/A v e rsu s  At which includes a com parison with a theo re tical 
an aly sis  by N u sse lt. The difference between the te s t  and theory is  a constant 
tem p era tu re  difference of 6 F which has not been accounted fo r . The data can 
a lso  be reduced  to the a rb itra ry  equation

D 2, „ 3  1 /4  ,
Q/A = 1 .85  (%■) (At)^/2

F u rth e r  te s ts  m ay be conducted to determ ine the origin of the 6 F e r r o r  and 
to  fu rth e r confirm  rep roductab ility .

1 6 .1 .2  E ffect of Non-Condensibles

An exam ple of the effect of non-condensibles on the condensing coefficient, 
o ccu rred  in one of the f i r s t  te s ts  which indicated a very  la rg e  A T ^of 108F. 
When the venting w as continued for a longer period  of tim e, the ATc (at 
constant Q/A) was 35F which checked quite c losely  with theory  and was r e ­
productable a t d ifferent occasions.

16 .2  E stim ate  of Im m ersion  H eater Capability

The h ea te r capability  is  dependent upon the environm ent and the p ro p e rtie s  of the heater 
m a te r ia ls . An analysis  of h ea te r tem p e ra tu res  req u ire s  a knowledge of:

1. Burnout heat flux for a horizontal tubular h eate r in a boiling sodium environm ent.
(To obtain lim iting  Q /A ).

2. AT due to a ll  the th e rm a l re s is ta n c es  in the h e a te r .

3 . AT due to a ll the th e rm a l re s is ta n c es  outside the h e a te r .
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FIG 1 6
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Item  1 w as obtained from  Ref 19 which d esc rib es  the re su lts  of burnout te s ts  of a Mo- 
AI9 O3  tubu lar h ea te r in a sodium bath . See F ig  17 for the re su lts  of th is data e x tra ­
polated to  a burnout heat flux of 840, 000 B tu /hr ft2 . T h e ir minimum data ex trapo lates 
to 460, 000 B tu/hr ft^ a t the operating p re s su re  of th is  r ig . A maxim um  heat flux of 
100, 000 B tu/hr ft2 was assum ed to be a safe (4 .6  safety factor) heat flux for th is  r ig .

Item  2 w as evaluated via F o u rie r  conduction equation, assum ing no contact r e s i s ­
tances between the MgO insulation, the sheath, o r the Kanthal w ire . A MgO conduc­
tiv ity  of 3 .7  B tu/hr F f t  was u sed . A Hajmes alloy No. 25 conductivity of 13 B tu /h rF ft 
was obtained from  Ref 20.

Item  3 was evaluated using the F o rs te r-G r ie f  co rre la tion  for nucleate boiling.

F ig  18 p re sen ts  the re su lts  of tem p era tu re  drop ca lcu la tions. At a maximum heater 
heat flux of 100, 000 B tu/hr ft^ the Kanthal centerline  tem pera tu re  is  330 degrees 
higher than the pool te m p e ra tu re . At a pool tem pera tu re  of 1850F, the maximum 
Kanthal tem p era tu re  is  2180F which is  280F below the maximum recom m ended oper­
ating tem p era tu re  and about 570F below the m elting point of the Kanthal heating w ire .

1 6 . 3  P reh ea te r A nalysis

1 6 . 3 . 1  P reh ea ter Flow Regim e

The function of the p reh ea te r is  to p reheat the fluid from  an in itia l tem p era ­
tu re  of 900F to I600F o r as  high a s  1750F. In as much a s  some investigators 
have found the degree of subcooling to be a factor in prom oting instab ility  
(presum ed to be due to  subcooled nucleate boiling), it was desirab le  to p re ­
vent boiling in the p re h e a te r  section, or to at leas t p red ic t if boiling did or 
did not occur in the p re h e a te rs . To th is  end, a curve of Q/A v e rsu s  AT 
was constructed  in the forced  convection regim e using

Pr = 4 .8  A 0.025 Pe°*®

a t sev e ra l tem p e ra tu res  (subcooled by zero  F , 17F, 25F, and lOOF) and in 
the nucleate boiling reg im e using «;he F o rs te r-G r ie f  co rre la tion  at 1400F, 
1600F, and 1800F. The in tersec tion  of the forced convection curve and 
boiling curve defines the approxim ate point at which nucleate boiling begins. 
F ro m  these curves (F ig  19), it can be estab lished  that a t 19, 200 B tu/hr ft2 
(rad ian t h ea te r input a t 2 0  lb /h r) , the potassium  w ill boil (subcooled nucleate 
boiling) in the p re h e a te r  if subcooled le ss  than 6 F to  7 F . At 149,000 Btu/ 
h r  ft2 ( i2 r  h eate r input a t 350 lb /h r) , the potassium  w ill boil in the p reh ea te r 
if subcooled le ss  than 18F to 25F.

1 6 .3 .2  Radiant P reh ea te r A nalysis

The rad ian t p re h e a te r  is  used  to heat the potassium  to the p ro p er tem p era ­
tu re  level during the boiling runs (low flow). An analysis was perfo rm ed  to 
determ ine the p ro p e r p re h e a te r  length . T h is analysis is  included below and 
the re su lts  a re  shown in F ig  13.
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FIG 17
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1. The rad ian t heat flow into the tube is  rep resen ted  by

Q = F a A  (T. ^ - T  (1)^n e t s '  h t '  '  '

fo r the en tire  length of h eate r or

= F a  A(A^) (2)

for an increm ental length Ax.

2 . Heat flow into the tube equals heat flow into the potassium  

T h ere fo re :

(Qax> = '  (^F>x + Ax - 'T f >x > (3)

and

T ^  = T p  + ATp, (4)

w here

a . is  the heat added to the potassium  in the length Ax

b . is  the tem p era tu re  of the heater

c . Trp is  the tem p era tu re  of the tube

d . T p  is  the tem p era tu re  of the fluid

e .  ATj3  is  the sum of the w all and potassium  boundary lay er tem pera tu re  
drop

w here the su b sc rip ts  indicate the location along the tu b e .

3 . Equating (2) and (3) and combining with (4) yields

„.0 t / - ( T p  + a t /

" <Tp)x + Ax - (Tf >x

w here

A = 7 7  D(Ax)o

4 . C onstants:

a  = 0 .174 X  10“^ B tu/hr ft^ 

D = 0.0312 feet
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;^x = 0 .25  feet

T . -  2660R (2200F)

F = F orm  F ac to r =

w h ere :

1
l/e^ + D /̂D2 (1/^2 - 1)

" l = 0 .70

° 1 = 0.375

"2 = 0 .38

° 2 = 1 .5

(T „) o = 900F '  F 'x=0

m = 2 0  lb /h r  

ATp = 2 0 .5F 

Cp = 0 .185 Btu/lb F

T his equation was program ed  on the Bendix com puter. The re su lts  of 
th is  analysis  a re  shown in F ig  13.

16.4  Boiler C alculations

Paradoxically, the p ro p er sizing of the length of a bo ile r tube req u ired  to vaporize 
po tassium  from  zero  to 100 percen t quality req u ired  the v e ry  inform ation which th is 
te s t  is  designed to  p roduce. The bo iler tti)e  length is  th e re fo re , calcu lated  from  an 
assum ed  function of local heat tra n s fe r  coefficient and a local vapor quality for a 
LMTD of lOOF. F ig  8 illu s tra te s  sev e ra l assum ed c u rv es . The b o ile r tu te  length 
re q u ired  to  vaporize to  100 percen t quality v a rie s  from  2 .7  feet to 29 feet depending 
upon the assum ed cu rv e . The final length selec ted  in the f i r s t  bo ile r is  4 .75  fee t. 
T h is  length is  based  on:

1. Curve ABE in F ig  8 which was assum ed the m ost reasonable  p lus a preheating  
length (six  inches) and a safety  fa c to r.

2. An excessive  p re s su re  and tem p era tu re  drop for longer lengths (F igs 2 and 20).

It is  valuable to point out the very  s trong  effect of the gas (100 percen t vapor quality) 
coefficient and the shape of the curve in the high quality reg ion  on the bo ile r tube 
length . F o r curve ABE, 31 .6  p ercen t of the bo ile r tube length is  re q u ired  to go from  
95 percen t to 100 percen t vapor quality, while only 21.8  percen t of the b o ile r tube 
length is  re q u ired  to go from  zero  to 50 percen t vapor quality . K the gas coefficient 
w ere constant from  95 percen t vapor quality to  100 p ercen t vapor quality, it would 
take 28 feet of tubing to go from  95 percen t to 100 p ercen t vapor quality .
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