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SUMMARY 

An experimental  investigation was made of the  forced-convection 
heat-transfer  characteristics of Flinak fN@-KF-LfF, 11.5-42.0-46.5 
mole percent)  flowing  through an electrically  heated  Inconel X t e s t  
section. The range of variables  included Reyaolds nunibers from BO00 
t o  20,000 corresponding to   veloci t ies  from 4 . 1 t o  14.7 feet   per second, 
average fluid  temperatures from 1005O t o  l344O F, average  surface t e m -  
peratures from 1058O t o  1460' F and heat flux densities up t o  about 
400,000 Btu per hour per  square  foot. 

Average heat-transfer  coefficients  for  Flinak  circulating i n  an 
Inconel X system were about 40 percent of the values calculated from 
the McAdams correlation  line.  Similar  results were obtained by an- 
other  investigator  with  Flinak  in an Inconel system. 

INTRODUCTION 

Because of the  potential  usefulness of molten s a l t  mixtures as 
high-temperature  heat-transfer media, the NACA Lewis laboratory  inves- 
tigated  the  heat-transfer  chsracteristics of Flinak, which is one of 
the more promising of the   sa l t  mixtures. The Flinak used i n   t h i s  in- 
vestigation w a s  obtained  fromthe O a k  Ridge National  Laboratories, 
Oak Ridge, Tenncgsee. 

The forced-convection  heat-transfer  data  obtained  for  Flinak 
(NaF-KF-LU?, 11.5-42.0-46.5 mole percent) flowfng through  an e lec t r i -  
cally  heated  Inco-el X test section  are  reported  herein. Data were ... - 
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obtained  over a range of Reynolds numbers from 2000 t o  20,000, corres- 
ponding to   ve loc i t i e s  from 4 . 1 t o  14.7 feet   per  second, average f l u i d  
temperatures from 1005O t o  1344O F, average surface temperatures from 
1058O t o  1460° F and heat flux densi t ies  up t o  about 400,000 Btu per 
hour per  square  foot. 

A photograph and a schematic drawing of the  test setup  are shown 
i n  figure 1. The apparatus used waa similar t o  that of reference 1. 
Flinak was circulated by a submerged centrifugal pump (fig. l (b )  1 from 
the sump tank  through a welded system consisting of a test  section, a 
pa i r  of heat exchangers acting as heat sinks, and a volume measuring 
tank. The test  setup was so arranged that upon completion  of a run 
the Flinak  drained back into the sump tank. Each coaponent of the 
heat-transfer  setup is  described i n  the following  paragraphs. 

Sump tank. - The sump tank housed the centrifugal pump and served 
a8 a storage tank f o r  about 22 pounds of Flinak  contained in   the   sys-  
tem. The tank was made of 1/4-inch  Inconel  with an inner diameter of 
11 inches and a depth of 5 inches. During operation, a helium atmos- 
phere was kept above the liquid  surface. 

Circulating pump. - The circulat ing pump was  of the  centrifugal 
type driven  by a 1-horsepower air motor. The rotor,  split rotor  hous- 
ing, and shaf t  were made of Inconel. The gasket  material used at the 
s p l i t   r o t o r  housing was  two sheet8 of 0.004-inch nfckel. The p u q  was 
t o t a l l y  immersed i n  the molten F l inak  and supported from the cover 
plate .  The pump sh& extended through the cover p l a t e   t o  a water- 
cooled  bearing  housing. A slfnger  ring  prevented  the  liquid from 
clilrlbing the  shaf t .  The flow r a t e  of the  Flinak was controlled by 
varying the  air supply t o  the  air motor. 

Test  section. - The test section was fabricated from Inconel X tub- 
ing  having  an  outside  diameter of 3/8 inch and a wall thickness of 
0.065 inch. A schematic &swing of the test  section, which was 24 
inches long, i s  shown i n  figure 2. W e e  stainless  steel flanges were 
welded t o   t h e  test  section 12 inches  apart. The test section was 
heated by the  direct  passage of e l e c t r i c i t y  through it. Electric  cur- 
rent  was supplied to   t he   f l ange   a t   t he   cen te r  of the  test  section and 
was removed at the two ends  of t he  test section which were attached 
t o  a common lead. Inasmuch as the ends  of the test section were at 
the  same e lec t r ica l   po ten t ia l  and grounded, no current flowed  tbrough 
t h e   r e s t  of the system. For s t a r t i ng  purposes only, guard ring  heaters 
were used on each flange t o  eliminate  cold  spots. B a f f l e d  mixing  cans 
were located a t  each end of the  test section. A thermocouple t o t a l l y  
enclosed i n  a 1/8-inch  Inconel  tube measured the mixed temperature a t  
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the downstream  end of the bsffled mixfng cans.  Outside  tube-wall tem- 
peratures w e r e  measured with 14 chromel-alumel  thermocouples spotted 
at   in tervals  along  the test seetion. 

Heat exchangers. - Two heat exchangers were used as sinks for   the 
heat added electr ical ly  t o  maintain  constant  temperature a t   t h e   i n l e t  
t o  the  test   section. Each heat exchanger consisted of two concentric 
Inconel  tubes forming an  annulus  with Flinak flowing i n  the inner  tube 
and counterflow air   in   the  outer   tube.  The length of each  exchanger 
was 24 inches with a 1/2-inch-outside-dfameter, l/l6-inch-wall inner 
tube, and a lTinch-outside-diameter, 1 1/16-inch-wall outer  tube. 

Volume-measuring tank. - The volume-measuring tank was made of 
1/8-inch  Inconel plate  formed into a cylinder % inches in   inside  dim- 
eter  and 11 inches deep. An air-actuated  piston  operated a plunger 
valve a t   t he  bottom of the  tank. When the  plunger  valve was closed, 
the f l u i d  level  rose and upon reaching the first of a pair  of contact 
points  an  electric stopwatch was s t a r t e d .  The second contact  point, 
located  a t  a known distance above the first, stopped the  clock and 
opened the  plunger  valve. A thermocouple imEnersed i n  the f luid  re-  
corded the temperature whfle the volume  measurement was being  taken. 
From the stopwatch reading, the  density of the Fl inak  a t   the  recorded 
f l u i d  temperature and the known volume between the contact  points, the 
weight flow and velocity  through  the test section were calculated. 

3 

Electric system. - Electrfc power from a 208-volt  60-cycle l i ne  
was supplied t o  the  test   section, as shown in   f igure   l (b)  , through 
two saturable  reactors and a power transformer. A voltage  regulator 
controlling the direct-current  supply t o  the  reactor  maintained  close 
voltage  regulation  at   the primary of the power transformer fo r  any 
setting  (test-section  input) of the variable  transformer  control. 
The capacity of the  e lectr ic  equipment was 25 kilovolt-amperes at a 
maximum input of 10 volts  across  the test section. The  power input 
was read from a calibrated ammeter, voltmeter, and wattmeter. 

Miscellaneous. - Each  component of the system was thermally  insu- 
lated. Bichrome wire i n   a l m d m  beads wrapped around  each  element of 
the  setup was used for  preheaters t o  bring the temperature level above 
851' F, the  melting  point of Flinak. Chromel-alumel thermocouples 
made of 24-gage wire were spotted at intervals  along  the system. All 
temperatures were read on a self-balancing,  indicating-type  poten- 
tionreter. The f luid temperature  difference  across  the  test  section 
was read with a potentiometer and an external light-beam  galvanometer t o  
obtain  greater accuracy. 
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Cleanin@; system. - P r i o r   t o  welding the various components of the 
system together, the tanks were cleaned  with steel wool. All surfaces 
t o  be exposed t o  the Flinak were cleaned w i t h  a solution of carbon te t -  
rachlor ide  to  remove any o i l .  

Water heat-transfer tests. - Heat-transfer tests were made with 
water before and a f t e r  the Flinak tests. This procedure with a f l u i d  
of well  established  heat-transfer  characteristics was followed i n  order 
t o  check the accuracy of the  instrumentation and t o  determine whether 
the inside  surface of the   t es t   sec t ion  was affected by the flow of 
Flinak. Af'ter the  Flinak tests were made, the system was flushed  with 
water for   several  days p r i o r   t o  making additional water tests. 

Charging sump tank  with  Flinak. - The sump tank was charged  by 
connecting a l i n e  from a supply  tank t o   t h e  sump tank. The entire  sys- 
tem was then purged with helium. After the system was purged and 
brought up t o  a temperature above the melting  point of Flinak, flow 
from the supply tank t o   t h e  sump tank was caused by pressurizing the 
Flinak with helium. The height of the  Fl inak  in  the sump tank was 
determined  by  an electric  contact  point.  

Flinak  heat-transfer tests. - The t e s t  procedure was as follows: 
The system was purged with  helium  prior t o   s t a r t i n g .  Next, a l l  the 

L 

star t ing  heaters  were turned on, and the en t i re  system was brought up 
t o  a temperature of' 1000° t o  llOOo F. The  pump was then  started, 
which circulated  the Fun& through  the  sptem. All the  start ing  heat-  
ers except  the volume-measuring tank heater were then  turned  off. A 
helium  atmosphere was kept  over the free  liquid  surfaces  during  opera- 
t ion.  The flow rate was s e t  by regulating  the speed of the air motor 
driving the pump, and the  desired rate of e l ec t r i ca l  heat input was 
set. A i r  was passed  through  the  heat  exchangers in   suff ic ient   quant i ty  
t o  maintain a constant  temperature st the   i n l e t  of the test  section. 
After  equilibrium  conditions had been  obtained, a l l   f l u i d  temperatures, 
tes t -sect ion w a l l  temperatures, and  power input  readings were recorded, 
and the f l u i d  f l o w  r a t e  was determined. This procedure was repeated 
fo r  a range of flow rates, power inputs, and average bulk temperatures 
of the  Flinak. . 

MFICEIOD OF CALCULATION 

Water heat-transfer  coefficients.  - Heat-transfer  coefficients 
f o r  water were calculated i n  the  conventional manner, which i s  identi-  
c a l   t o  the method used f o r  Flinak explained i n   t h e  succeeding  paragraph. 
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Flinak  heat-transfer  coefficients. - Average heat-transfer  coef- 
f ic ients  were obtained f o r  Flinak from the  equation 

All symbols used herein  are  defined  in  the appendix. 

The average outsidertube  wall  temperature Tw was obtained from 
a plot of local  outside-tube w a l l  temperature  against  distance  along 
the  test   section by planimetering  the  area under the curve and dividing 
by the  tube  length. The average inside-tube wall temperature T, was 
then  calculated by subtracting  the  temperature drop through the  tube 
wall from the average  outside-tube  wall  temperature. The drop  through 
the wall was calculated by means of the  following  equation, which 
assumed uniform heat  generation  throughout  the  tube  wall: 

Physical  properties of Flinak. - The physical  property  data used 
i n  this  report were obtained from reference 2. The density p and 
the  viscosity p are plotted  against Gemperature in  figure 3. The 
specific  heat cp was reported  in  reference 2 t o  be in the  range of 
from o .4 t o  0.5 g t u / ( ~ b )  (OF), and fo r  this report a constant  value of' 
0.5 was used. The thermal  conductivity k was reported  as 2.6 
Btu/(hr)  (sq  ft)(OF/ft)  in a temperature  range from 932O t o  1382O F. 
The melting  point of Flinak is 851° F. 

The physical  properties  reported  herein were evaluated at the 
average  bulk  temperature of the  f luid.  

RESULTS AND DISCUSSION 

The basic  Flinak  data  obtained  in this  investigation  are listed 
in   t ab le  I. 

Water heat-transfer  tests. - As previously  stated, water heat- 
t ransfer   tes ts  were made before and af ter   Fl inak  tes ts .  The t e s t s  
before  Flinak'were made t o  check the  instrumentation of the  test   sec- 
tion. The tes ts   af ter   Fl inak were made t o  determine  whether or  not 
the  inside  surface of the  test   section was affected, so far as  heat 
transfer i s  concerned, by exposure t o  the f l o w  of Flinak. 
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The water heat-transfer data axe shown i n  figure 4 where the 
Nusselt number divided  by the Prandtl number r a i sed   t o   t he  0.4 parer 
Nu/Proo4 is  plotted  against the Reynolds nuuiber Re. There are two 
sets of data shown: one f o r  water runs before  Flinak, and one f o r  
water runs after Fl inak.  It i s  seen that the  data  for'the  water  runs 
before  Flinak agree f a i r l y  w e l l  w i t h  the McAdams correlation  l ine 
( re f .  3) . The da ta   for   the  water runs after Flinak  agreed  with  the 
McAdams correlat ion  l ine at the low Reynolds numbers and f e l l  progres- 
s ive ly  below the McAda?n~ l i n e  as the Reynolds nuniber was increased. 
This decrease  in  the heat-transfer coefficients at the higher heat 
fluxes  indicates that a high thermal resistance  layer had formed on 
the   imide   sur face  of the tes t  section. A scale can be  seen i n   f i g -  
ure 5, which is a photograph of the  inside  surface magnified four 
times. 

=f: 
l-l m 

Figure 6 shows a photomicrograph  of a cross  section of the  Inconel 
X test  section. The presence  of a thin  scale  can  be  noted.  Severe 
intergranular  penetration shown i n  figure 6 indicates that a reaction 
between the Inconel X tes t  section and the liquid  Flinak had taken 
place. 

Heat balance. - The heat  balance  for the water tests before  Flinak 
(not sham) check u i th in  5 percent, whereas the water t e s t s   a f t e r  
Flinak check t o  within only 12 percent. 

The heat  balance  for  Flinak tests is  shown i n  figure 7, where the  
heat t r ans fe r r ed   t o  the Flinak Q as determine: f romthe  flow ra te ,  
specif ic  heat, and increase  in  total   temperature is  plotted against 
the  electr ical   heat   input  '+, minus the external heat loss &L. A 
4 5 O  l i n e  is  drawn to  represent  the  perfect  heat-balance  condition. 
The external  heat loss was determined by supplying  various amounts of 
power t o   t h e  tes t  section  without  Flinak flowfng. The power input  for 
a given  average  tube-wall  temperature was considered t o  be the  external 
heat loss  f o r  the same average wall temperature  with  Flinak  flowing 
through the tes t   sec t ion .  Except f o r  a few poin ts   in  the low  power 
i n   u t  range, the  data have a maximum deviation of 10 percent from the  
45 l i ne .  g 

!hibe wall temperature  distribution. - Representative axial t em-  
perature  distributions  along the outside-tube wall 8se sham in f ig-  
ure 8. The end losses are cawed by the r e l a t ive ly l a rge  mas8 of 
metal i n  the electr ical   f langes.  The dip i n  the center of the test 
section is  caused  by the heat loss  t o  the center  electrical   f lange. 

Some of the thermocouples were inoperative  for  the runs shown, 
but a suff ic ient  number remained to   g ive  a smooth temperature d i s t r i -  
bution  curve. 
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Flinak  heat-transfer,tests. - The Flinak  heat-transfer  data  are 
compared with the familiar Nusselt re la t ion  in   f igure 9, wherein the 
Nuaselt number divided by the  Prandtl nmiber of, the 0.4 power,  Nu/Pr0**, 
i s  plotted  against the Reynolds rider Re. Three se t s  of F l i n a k  data, 
differing  only in time at which taken,  are shown. The values of the 
ordinate  for  the  Flinak  are  approxidtely 40 percent of the  values 
given by the McAdams l ine  f o r  the same Reynolds nuniber. A slight trend 
with time appears t o  exist in   t ha t   t he   t h i rd   s e t  of Flinak  data is 
somewhat lower than  the first se t  of Flinak  data. However, the  differ-  
ence is  small compared to  the  difference between the Flinak data and the 
McAdams correlation  line. 

A plot of Stanton nuniber tfmes Prandtl nuniber of the 2/3 power 
St  P r  2/3 against Reynolds number  Re i s  shown in   f igure  10. Three 
sets of data are  included i n  this figure: the Flinak data of refer- 
ence 4 which  were obtained i n  a nickel system, the  Flinak  data of ref-  
erence 4 which were obtained i n  an Inconel system, and the Flinak data 
of th i s  investigation which  were obtained i n  an InCOnel X system.  ("he 
same data f o r  the Inconel X system are sham in fig.  9 plotted  with 
different  coordinates.)  Included  for comparison is the Colburn equation 
(ref .  3) with a suitably  faired line into the  transition  region. If 
figures 9 and 10  are to be consistent, the HdLdams equation on a Stanton 
number basis  in which the Prandtl number is rafsed  to  the 0.6 power would 
be 'used  rather  than the Colbun  equation  in which the Prandtl number is 
raised t o  the 2/3 power. The data of reference 4, however, were presented 
on the  basis of the Colburn equation and since insufficient basic data 
were given t o  convert the da ta   to  a McAdams correlation  plot,  the  data 
herein  are  presented  accordingly. It is seen  that  the  Flinak  data of 
reference 4 obtained i n  a  nickel system fall in  the t ransi t ion region 
and in general check the  predicted  l ine  fairly w e l l .  The Flinak  data 
of reference 4 obtained i n  an Inconel system, and the  data of the 
present  investigation  obtained i n  an Xnconel X tes t   sect ion fall below 
the Colburn l ine.  The data of reference 4 f a l l   a t  about 45 percent 
of the Colburn line  ordinates whereas the data of the  present  investi- 
g a t i o n   f a l l   a t  about 40 percent of the Colburn l lne  ordinates.  The 
data of the present  investigation show no apparent  decrease of the 
heat-transfer  coefficient  in  the  transition range, as i s  shown by the 
Flinak  data of reference 4 obtained i n  a  nickel  tube. No explanation 
for  the  difference can be  given a t  this t i m e .  

It should be  noted that  the composition of Inconel and Xnconel X 
me  substantially  the same. Inconel X contains small quantities  of 
aluminum, titanium and niobium which are not  found in Inconel. 

Possible  reasons f o r  the low heat-transfer  coefficients  include 
a change in  the  physical  properties of the  Flinak  or  the  formation of 
a high  thermal  resistance  layer made  up of a scale  formation on the 
inside  surface of the test section and an intergranulas  penetration 
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of the tube w a l l .  Reference 4 indicates  that the physical  properties 
of the  Flinak  could  not be i n   e r r o r   t o  the extent of the discrepancy 
of the data. The assumption i s  therefore made tha t  the low heat- 
transfer  coefficients may be caused  by a high thermal  resistance  layer. 

The high  thermal  resistance  layer found i n   t h e  Inconel X test 
section was discussed i n   t h e  water heat-transfer  section. A value 

for X/% of 0.000033 ktu/(hr)(  sq ft)(OF) was computed for   the 
thermal reistance  layer, which would bring the water data up t o  the 
McAdams correlation line. When the same value  of x/% w a s  used t o  
calculate a new heat-transfer  coefficient  for the Flinak  data,  the 
Ckta were raised  only  slightly and st i l l  fe l l  approximately 50 percent 
below the McAdams correlation  l ine.  If--the scale on the  surface of 
the  tube were the major resistance of the thermal resistance  layer, 
t h i s  would indicate  that  the  thickness of the  scale was reduced before 
water  data were obtained. However, from the  best  knowledge available, 
this scale is  thought t o  be insoluble  in water. The possibil i ty  exists 
t ha t  the thermal  conductivity of the layer changes radically with t e m -  
perature,   in that the water data were taken at about l8@ F, and the 
Flinak  data were taken at about 12000 F. 

-1 

Remarks on test setup. - The test  setup wa6 under flow conditions 
fo r  approximately 40 hours i n  the temperature  range from llOOo t o  
1500° F. A f e w  leaks occurred  because of faulty welds. The action of 
the molten FliaaJr which flowed  from these leaks was very  corrosive on 
the outside of the component in which the leak occurred. 

SUMMARY OF RESULTS 

Heat-transfer tests for  Flinak (NaF-KF-LWI 11.5-42 .O-46.5 mole 
percent)  flowing  through  an  electrically  heated  Inconel X tes t   sect ion 
with Reynolds  numbers from 2000 t o  20,000, corresponding to   veloci t ies  
from 4 . 1 t o  14.7 feet per second, average f lu id  temperatures from 1009 
t o  1344O F, average  surface  temperatures from 1058° t o  1460° F  and heat 
f lux  densit ies up t o  about-400,000 Btu per hour per  square  foot, gave 
the  following  results: 

1. The heat-transfer data for  Flinak  flowing in an  Inconel X tube 
were  compared to   t he  familiar Nusselt  relation, and were about 40 per- 
cent of the  values  given by the McAdams correlation  line.  Similar 
resu l t s  were obtafned by another  investigator  using  Flinalr i n  an 
Inconel system. 

2. The presence of a high thermal  resistsnce  layer made up  of a 
scale  formation on the  inside  surface of the  tes t   sect ion and an inter-  
granular  penetration of the tube wall was noted i n  the tes t  section. 
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The low heat-transfer coefficients may be due to  the high resistance 
layer  rather than  the values used f o r  the physical properties of 
Flinak . 
Lewis Flight Propulsion Laboratory 

National Advisory Committee  for  Aeronautics 
Cleveland, Ohio, December 14, 1953 
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APPENDIX - SYMBOLS 

The following symbols are used i n  this report: 

specific  heat, Btu/( lb) (9) 

inside di-ter of test  eection, f t -  

mass flow per  unit  cross-sectional  area, lb/(hr) (sq f ’ t )  

average heat-transfer  coefficient,  Btu/(hr) (sq f t )  (9) 

thermal. conductivity,  Btu/(hr) (sq f t )  (?F/ft) 

thermal  conductivity of Inconel X, Btu/(hr) (sq ft)(?F/ft) 

effective  heat-transfer  length of test   section, ft 

r a t e  of heat transfer, Btu/hr 

external heat loss, Btu/hr 

e lectr ical   heat   input   to   tes t   sect ion,  Btu/hr 

inner radius of test   section, f t  

outer  radius of test section, f t  

heat-transfer  area of test   section, sq f t  

average  bulk  temperature, (TI fT2)/2, ?F 

average  inside-tube  wall  temperature of test   section, ?!? 

average  outside-tube w a l l  temperature of test   section, ?E’ I 

f l u i d  temperature a t  entrance to   tes t   sect ion,  OF 

f lu id  temperature a t  exit of test section, ?!? 

velocity,  ft/hr 

r a t e  of flow,  lb/hr 

c 

c 

x/% thermal resistance, b u / (  hr) (sq ft)( OF) -1 

P absolute  viscosity, lb/(hr) ( f t )  
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N 
I 

.u 0 

P density,  lb/cu ft 

Nu Nusselt nmber, hD/k 

Pr  Prandtl number, c&k 

Re  Reynolds nuniber, GD/p 

St  Stanton number, h /cpG 

1. Grele,  Milton D., and Gedeon, Louis:  Forced-Convection  Heat- 
Transfer Characterist ics of Molten Sodium Hydroxide. NACA RM 
E52L09, 1953. 

2. Poppendick, H. F. : Physical  Property  Charts  for Some Reactor  Fuels, 
Coolants, and Miscellaneous Materials. ORM, CF-52-8-212, Carbide 
and Carbon Chem. Co., Oak. Ridge (Tenn.), Aug. 28, 1952. 

3. McAdams, William H.: H e a t  Transmission. Second ea., McGraw-Hill 
Book  Co . , Inc . (Mew York and London}, 1942. 

4. Hoffman, H. X.: Preliminary  Results on Flinak Heat Transfer. ORNL 
CF-53-8-106, Carbide and Carbon Chezh.  Co., Oak Ridge  (Tenn.), 
Aug.  18, 1953. 
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Run Ti ,  
op 

1 
2 

1 0 0 7  

llle 4 
9% 3 

1011 

10% 5 

6 1098 
7 1107 

LO 1103 
9 1041 

11 1110 
12 1092 
L3 1055 
14 1051 

8 lo-te 

~5 lose 
16 

1055 L7 
1050 

1092 t9 
1080 L8 

1053 EO 

21 1050 
?2 1087 
I3 1141 
E4 1155 
15 1135 

16 1041 
!7 1092 
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tube 

Figure 2. - Schematic drawlng of test section. 
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Figure 3. - Variation of visooeity an8 density of Flinak with temperstur 'e. 
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Figure 4. - Water heat-transfer  data. 

.. . .. . . .  



.. . 

* I 

. .  . . . . .  . .  . " PPI E 



mACA RM E53L18 19 

M 

8 



20 ISACA RM E53L18 

56 ,ooO 
Flinak rum' 

0 Firat 68%- 
O BecoM set" 
0 Third set 

46,000 ~ 

4 0 j . m  

3 

d 

0 8,000 16,000 24,000 32,000 40,006 48,000 56,000 
Electrical heat input minus external heat ~ E S ,  ap - %, Btu/hr 

Figure 7. - Heat balance for Pl inah.  
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Figure 9. - Flinak heat-transfer data. 
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Figure 10. - Comparison of Plinak heat-transfer data. 
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