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SUMMARY 

An experimental determination has been made of the heat transfer coef- 

ficients for the eutectic mixture of sodium, potassium and lithium fluoride 

(Flinak) flowing in forced convection through circular tubes. 

generated in the tube w a l l ,  was transferred uniformly to the fluid during 

passage through a small diameter tube. 

and 316 stainless steel were used. 

ranges: 

Heat, electrically 

Long tubes (x/d>lOO) of nickel, Inconel 

The variables involved covered the following 

Reynolds modulus : 2300 - 9500 

Prandtl modulus : 1.6 - 4.0 
Average fluid temperatures: 

Heat flux 

980 - 1370°F 
: 9,000 - 192,000 Btu/hr-ft2 

It was found that forced convection heat transfer with Flinak can be 

represented by the general correlation for heat transfer with ordinary fluids 

( 0 . 5 L  Rpr L 100). 

The existence of an interfacial resistance in the Flinak-Inconel system 

has been established and its composition determined. Preliminary measurewnts 

of the thermal conductivity and thickness of the film have been made. 

results verify the effect of this film on Flinak heat transfer in small di- 

ameter Inconel tubes. 

The 

Thermal entry lengths, determined from the variation of the local heat 

transfer coefficients in the entrance of the heated section, have been corre- 

lated with the Peclet modulus. 
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Introduction 

Fused salts have potenti 1 application as h t trctnsfer media wherever 

heat must be transferred to, or removed from, a system at temperatures above 

600°F. Because the vapor pressures of fused salts are generally low at these 

elevated temperatures, operation at atmospheric or near atmospheric pressures 

is possible. In EL reactor, fused salts possess a further advantage. By com- 

bining a number of salts, a fluid can be designed such that it can be used as 

a moderator as well as a coolant. 

the fuel. 

If uranium is present this fluid can also be 

This report presents the second part of a continuing investigation into 

the heat transfer characteristics of fused salts of interest to the AIJP Project. 

First reported ( 5 ) "  were the results of an exgerimental determination of heat 

transfer coefficients for molten sodium hydroxide. 

with respect to heat transfer, sodium hydroxide may be classified as an ordi- 

nary fluid (0.5<Hpr~100). 

It was concluded that, 

This report describes heat transfer with the eutectic mixture of sodium, 

potassium and lithium fluoride (11.5-42.0-46.5 mole $) known as Flinak. 

Some results on Flinak heat transfer were reported in an earlier memorandum (6). 

Flinak melts at approximately 8 5 0 ~ ~  and is temperature stable to sbove 1500QF. 

At 1500?F the viscosity of Flinak is about three times the viscosity of water 

at 60%. In a reactor Flinak can be used as a coolant or in combination with 

. 

* Reference 5 is to be considered as Part I of the series on 
Fused salt heat transfer. 
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c 

UF3 or  UF4 as a fuel-coolant. 

defined as the work required per Btu of heat removal. 

and Burnett, in a report now in preparation, have evaluated this efficiency f o r  

a number of coolants (sodium, lithium, bismuth, sodium hydroxide and Flinak) 

using four temperature difference parameters. In general, they conclude that 

Flinak is a good coolant, the best being of course lithium. 

The efficiency of a fluid as a coolant can be 

Poppendiek, Rosenthal 

Description of Apparatus 

The experimental system designed to measure the heat transfer coefficient 

of molten Flinak flowing in tubes was similar in all major respects to that 

previously described (5) for molten sodium hydroxide heat transfer studies. 

It consisted of two tanks, one of which rested on a scale to enable fluid flow 

rate measurements, and a test section located between the two tanks. 

through the test section was effected by means of gas pressure applied above 

the fluid in the tanks. 

mental system possessing inereased flexibility and incorporating metals 

compatible with molten Flinak at high temperatures. 

several views of the experimental system. 

Nickel will contain Flinak but is subject to fatigue failure at tempera- 

Flow 

Several modifications were made to provide an experi- 

Figures 1 and 2 present 

tures above 1000°F. 

sistance to Flinak and retains its structural strength at elevated temperatures, 

was adopted as the material of construction. 

Therefore, Inconel, which exhibits good corrosion re- 

One of the major inconveniences encountered with the sodium hydroxide 

experimental system was the inability to easily replace system components. To 
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eliminate this difficulty a number of changes were made for the Flinak system: 

The tanks were redesigned to incorporate flanges with metal 
O-ring seals for introducing thennowells, dip lines, etc., 
into the top of the tanks. 

Each tank was contained in an open-topped stainless steel 
jacket. The heaters were attached to this jacket so that 
tank replacement could be accomplished without complete 
removal of heaters and thermal insulation. 

The test section was connected to the system by Swage-lok 
unions. Use of these connectors, in which a positive seal 
is effected partly by compression of the ferrule and partly 
by forcing the nose of the ferrule into the tube wall, 
facilitated the interchange of test units+ 

At high temperatures, thermal expansion gives rise to stresses which are 

sufficient to'cause buckling of the test section if the tube ends are held 

rigidly. 

determination was oriented such that the wheels were "in-line" with the 

direction of thermal expansion of the system+ 

allowed the weigh tank to be moved so as to compensate for the expansion of 

To alleviate this condition, the scale used in the weight-rate 

A turn-buckle arrangement 

the test section and the connecting lines. 

the test section, the power terminals were supported on roller bearings. 

yielded a test section which was undistorted. 

To further eliminate strain in 

This 

The test section consisted of a 24 inch length of small diameter tubing 

which was heated by the passage of an electric current through the tube wall. 

Power was supplied by a transformer rated at 4 Kva and was introauced to the 

test section through copper terminals silver-soldered to the tube at each end. 

In the cour~e of the experiment tubes which were made of nickel, Inconel, and 

316 stainless steel were used as the test section. 

tubes are given in the following table: 

The dimensions of these 
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TABLE I 

Outside Wall Length 
Diameter Thickness Diameter’ (:) 

Material (inches) ( inches ) 

Rickel 0.1875 0.035 20 4 

Inconel 0.225 0.025 137 

316 S.S. 0.250 0 035 133 

With the Inconel and 316 S.S. t e s t  sections, flow a t  a Reynolds modulus 

of 10,000 could be attained. 

nickel test section, a maximum Reynolds modulus of only 6000 w a s  possible. 

each case over 999 of the heat generation occurred i n  the tube w a l l .  

A s  a resu l t  of the temperature l imitation on the 

I n  

The temperature of the outer surface of the test section w a s  measured 

with thermocouples which were resistance welded t o  the tube surface. 

f l u id  mixed-mean temperatures were measured i n  mixing pots at  each end of the 

t e s t  section. 

Figure 3. 

along the tube. 

couple a t  that point w a s  used as the  voltage probe. 

The 

Details of the mixing pot and test  section end are shown i n  

The voltage impressed on the test section was obtained at  8 locations 

A t  each position one of the wires of the tube surface thermo- 

The system contained 350 pounds of Flinak, charged t o  the system as a 

well-mixed powder and melted while a l ternately evacuating the region above 

the melt and then purging and mixing the f lu id  with helium. 

dried and oxygen removed by bubbling it through a tank f i l l e d  with sodium- 

potassium alloy. 

The helium w a s  
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System Calibration 

To insure the reliability of the data obtained it is necessary to Cali- 

brate the various measuring devices associated with the system. It had been 

determined in the sodium hydroxide experiment that the readings of the scale 

used in the weight-rate measurements were consistent and accurate and that the 

current flowing in the tube wall had no effect on the readings of the tube 

surface thermocouples. 

apparatus modifications, no additional check was made for the Flinak experiment. 

Similarly, no preliminaw tests were made to determine the approach to equili- 

brium of the test uni t  during the time available for an experimental run. 

However, it was found during system operation that equilibrium conditions were 

attained well before the end of each run. 

Since the factors affecting these were unchanged by 

The thermocouples used in measuring the fluid mixed-mean temperatures 

were calibrated at the freezing points of lead, zinc and aluminum. 

shows the results obtained from the calibration of the fluid mixed-mean themo- 

couples used in a typical test series. 

Table I1 

TABLE I1 

Calibration of Fluid Mixed-Mean Themcouples 

Temperature Thermocouple 
OF 21 22 A 24 

621.1 -0.06* - 0 ~ 0 8  -0.08 -0.06 

787 Q 1 -0 06 -0 - 07 -0 e 07 -0 06 

1219 * 5 -0-055 -0.06 -0 0 07 -0.055 

*Body of table gives the correction (in millivolts) to be added to 
the observed reading to obtain the true reading. 
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Since the tube surface thermocouples were formed on the tube after the 

test unit had been assembled, calibration of these couples was difficult. 

Therefore, the couples were checked in two ways. Saarples of the wires used 

were taken, formed into thermocouples and calibrated in a tube furnace with 

reference to a standard couple. The results showed a discrepancy of approxi- 

mately 1°F between the observed and true readings at 1200°F. On the completion 

of a test series, the tube was removed and sectioned. Each small section, 

with thermocouple attached, was then calibrated at the temperatures corre- 

sponding to the freezing points of lead, zinc and aluminum. For purposes of 

comparison, the tube surface thermocouples on a dunmy test section were checked 

similarly. Table I11 gives the result of this calibration check for 4 couples 

(different in each case) at the aluminum point. 

TABIS I11 

Calibration of Tube Surface Thermocouples 

(Melting Point of Aluminum : 27.4h millivolts) 

I-1% 1-2 
Therm0 couple (millivolts) (millivolts) 

1 27 43 27.44 

2 27.46 27 42 

3 21.45 27.43 

4 27 44 27.42 

* 1-1 
1-2 

Inconel dummy test section. 
Inconel test section used in run series G. 
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It is seen that the output of the tube surface thermocouples remained 

essentially unchanged even after operation at temperatures up to 1450°F and 

despite a great deal of temperature cycling. 

Part of the total energy put into the test section is lost to the system 

Since the magnitude of this loss  must be known to obtain a heat environment. 

balance for the system, a heat loss  calibration was made. 

employed has been described in Part I ( 5 ) .  

function of the density and distribution of the insulation around the test 

section and of the end conditions, it was necessary to obtain a heat calibration 

for each test unit. 

various power levels without fluid flow. 

position corresponding to the tube center probably results from the tempera- 

ture profile in the thermal insulation caused by the mixing pot and power 

terminal guard heaters at the test section ends. 

for the several test units m e  given in Figure 5, where A t  is the average 

The technique 

As the system heat loss is a 

Figure 4 shows the outside tube surface temperature f o r  

The dip in the curves at the 

The system heat loss curves 

outside tube surface temperature, tw,ave. minus the temperature of the system 

environment, tee 

Analysis of Data 

The local coefficient of heat transfer (o r  local conductance) is defined 

by the equation 
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where qf/A is the heat flux through the wall-fluid interface, ts, the 

temperature of the surface at this interface, tm, the fluid mixed-man tempera- 

ture and the subscript, x, indicates the geometrical position on the surface 

at which the heat flux and temperature difference are evaluated. 

values of x (beyond the thermal entrance region) hx reaches a limiting value, 

h, which is the heat transfer coefficient for the region of both thermally and 

hydrodynamically established turbulent flow. In the correlations which follow 

the coefficient h is used unless otherwise noted. 

For large 

The inside surface temperature of the tube is calculated from the measured 

outside tube surface temperature by the equation* 

where r is the tube radius, the subscripts w and s refer to the outside 

and inside tube surfaces, respectively, and & is the tkrmal conductivity 

of the tube metal. The source term, W, is given by 

where E is the voltage impressed on the test section, I, the current passing 

through the tube w a l l ,  and V, the volume of metal in the tube wall of the test 

* The derivation of this equation is given in Reference (5 ) . 



section. 

allow for the generation of heat in the tube wall. 

uniform heat generation in the tube wall, no longitudinal heat flow, and no 

heat losses through the surface, w. 

Equation 2 is a modification of the simple conduction equation to 

The derivation assumes 

Figure 6 shows, for a typical test condition, that the voltage impressed 

on the test section is a linear function of the distance along the tube. 

the assumption of uniform heat generation in the derivation of equation 2 is 

seen to be reasonable. 

temperature rise of the fluid, the fluid mixed-mean temperature at any point, 

x, along the test section can be obtained from the straight line drawn between 

b,i and 

Thus, 

With uniform heat generation and the small axial 

the fluid mixed-mean inlet and outlet temperatures, respectively. 

The total heat generation in the tube wall is determined from the measured 

values of the voltage drop across the test section and the current passing 

through the tube wall. 

rest into heating the fluid. The external loss  is obtained from the curves 

of Figure 5 f o r  the given set of experimental data. 

the fluid i n  passing through the t e s t  section is given by the equation 

Part of the total heat goes to extehal loss  and the 

The heat transferred to 

where w is the fluid f l o w  rate in lbs/hr. 

the inside surface area of the test section between the two power terminals. 

The heat flux is based on the heat gained by the fluid as given by equation 4. 

The heat balance for each run is shown in Table IV. 

temperature profile f o r  the outside tube wall. 

The heat transfer area is taken as 

Figure 7 shows a typical 
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The physical properties of Flinak necessary to these calculations are 

presented graphically in Appendix C. 

temperature differences were small, the physical properties were evaluated 

at the average fluid mixed-mean temperature. 

Since both the axial and radial 

By applying similarity considerations to the differential equations for 

heat transfer in a moving fluid, it can be shown that the parameters describing 

forced convection heat transfer are related by the equation 

where NN~, the Nusselt modulus = hd/k, 

Nst, the Stanton modulus z h/cp G 

NRe, the Reynolds modulus z dG/p , 
Npr, the Prandtl modulus = cp /cllk. and 

This functional relationship has also been predicted by the analogies com- 

paring heat and momentum transfer within a fluid flowing turbulently in a 

long tube (1, 9, 12, 13). 

Analysis of experimental turbulent forced convection heat transfer data 

shows that, in equation 5,  the Reynolds modulus generally appears to the 

0.8 power and the Prandtl modulus to the 0.4 power. 

empirical equation proposed by McAdams (11, 

The simplified 

has been found to correlate, to within 20$, ab1 data for the fluids temed 
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"ordinary", (0.5 ~Npr~100). Colburn (2) has proposed a slightly different 

correlation; stemming from equation 6, 

-0.2 
j = NSt NPr2l3 = 0.023 N R ~  

which enables, under certain conditions, a direct comparison between heat 

transfer and friction. 

moderate A t conditions. 

In this report, the Colburn j-function has been used as the correlating 

Both equation 7 and equation 8 are applicable only to 

parameter . 

Results 

The system was first operated using a nickel test section. The physical 

dimensions of the tubes used as test sections have been presented in Table I. 

The data obtained (test series F) are shown in Figure 8. 

the pertinent measurements and calculated results of Tests F-J. 

case, the heat transfer coefficient was calculated for a position far 

down-stream (x/d> 100) where fully developed turbulent conditions existed. 

The results covered the transition flow region and checked generally the 

correlation for ordinary fluids. 

fully developed turbulent flow by raising the temperature above 1000°F was 

unsuccessful due to failure in fatigue of the nickel tube. 

demonstrated that variations in the entrance conditions, arising from slight 

differences in geometry between the two ends of the test section, strongly 

affect transition region heat transfer. 

Table IV lists 

In each 

An attempt to obtain data in the region of 

The data 

Thus, the results for flow through 
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00267 

,00184 

.oO314 

.00350 

e 00371 
0 00373 
.00341 
.00348 
.00387 

e 00389 
0 00377 

W 
Lbs/hr 

406.8 
431.4 
431.4 
365.4 
372 * 6 
543.0 

660.0 
780.0 
864.0 
732 * 0 
906 0 
798 0 0 

1050.0 

372.0 

972 0 
720 0 

796.8 
768.0 

338.4 
331.8 
420 - 6 
369 0 0 

733 0 2 
870.0 
103 e 8 
1027 8 
77406 
810.0 
75940 

TABLE N 

EXPEBfMENTAL DATA Am CALCUIATED RESULTS - FLIXAK KEAT TRANSFER 

‘m, 0-tm, i 
OF 

7.8 
11.7 

36.0 
35.8 
32.7 

5.0 
18.6 
31.1 
28.6 
34- 6 
28.3 
32.2 
25.9 
28.2 
48.4 

31.1 
320 3 

21.3 
27.3 
43.4 
70.8 

22.9 
23.8 
20.9 
21.6- 
30.4 
29-1 
33.4 

13.4 

tw ave 
OF 

1005 
996 

1010 
1116 
1133 
1144 

1238 
1230 
1334 
1291 
1309 
1350 
u4.0 
1311 
1299 
1331 

1273 
1269 

1329 
1343. 
1367 
1394 

1373 
1374 
1397 
1399 
1384 
1352 
1391 

tm ave 
6F 

1001 
981 

,990 
1094 
1108 
1 2 3  

1228 
119 5 
=79 
1235 
1245 
1297 
1280 
1258 
1247 
1241 

1214 
1210 

1315 
1321 
1334 
1353 

1350 
1348 
1371 
1373 
1353 
1332 
1356 

ts-tS3l 
OF 

6.9 
15.5 
19.8 
20.2 
21.9 
16.4 

9.9 
28.5 
46.5 
45.2 
54.3 
43.5 
50.6 

76.1 

50.0 
50.3 

12.0 
17.6 
28.1 
34.5 

16.1 
16.6 
15.7 
15.8 
20.3 
a . 7  
22.3 

41.7 
45.0 

h 
3tu/hr-f t*-OF 

3364 
2381 
2136 
4764 
4456 
7920 

923 
2116 
2563 
2686 
2291 
2896 
2495 
3204 
2992 
2250 

2435 
2423 

4413 
3774 
47 54 
5552 

4980 
59 56 
6532 
6709 
5525 
5437 
5428 

I_ 

h e  

2459 

2516 
2968 
3147 
4769 

2779 
4626 
6411 
6566 
5661 
7762 
6387 
8337 
7 576 
5611 

5796 
5552 

4408 
4357 
5638 
5076 

6586 

- 
2428 

7814 
9484 
9536 
6996 
6981 
6854 
- 

_I 

wr 
- 
3.7 
4-0 
3-9 
2.8 
a*7 
2.6 

2.0 
2.2 
1,8 
200 
2.0 
1.8 
1.8 
1.9 
1.9 
1.9 

2.1 
2.1 

1.7 
1.7 
1.7 
i e 6  

1.6 
1.6 
1.6 
1.6 
1.6 
1.7 
1 - 6  
_I 

N S t  

00138 
a 00092 
.000821 
e 00218 
.00200 
00244 

* 00092 
.00119 
0 00122 
00115 
00116 
00119 
00116 
00113 

a 00116 

.00113 

.00117 

.00218 
e 00190 
,00189 
.00252 

a 00267 
00269 

e 00250 
,00256 
.002130 
e 00264 
,00281 

e O0114 

eat Balance 
(¶f+ qA 9e 

0.95 
0.90 
1e02 
0.91 
0.93 
0.97 

1002 
1.02 

0.94 
0.98 
0.98 
0.99 
1.00 
1.01 
0.98 

0 4 8  
1.01 

0.96 
0.90 
0.96 
0.96 

1.02 
0.94 

0.92 

0.96 

0.96 
1.05 
0.89 

0099 

I 



-22- 

the  test sect ion i n  one direct ion are indicated by the normal open t r i ang le s  

of Figure 8, while the inverted open t r iangles  are f o r  flow i n  the opposite 

direct ion.  

To sustain higher operating tenperatures so as t o  obtain turbulent flow 

data, the nickel tube was replaced by an Inconel section and a second se r i e s  

of runs performed. The re su l t s  of t h i s  test se r i e s  (G)  are shown i n  Figure 8 

by the open circles. 

the regime of f u l l y  developed twbulent  flow. 

heat t ransfer  was considerably lower (by a f ac to r  of two) than the  heat 

The data extended through the t rans i t ion  region i n t o  

It w a s  apparent that  the Flinak 

t ransfer  f o r  sodium hydroxide o r  other ordinary f lu ids .  Since the Prandtl 

modulus f o r  Flinak l ies i n  the same range as that f o r  sodium hydroxide, 9ne 

would expect the Flinak-Inconel data t o  f a l l  on the  curve correlat ing heat 

t ransfer  f o r  the ordinary f lu ids .  

w i t h  those of Tes t  F obtained f o r  Flinak flowing i n  a nickel  tube. 

I n  addition, these data do not agree 

There appeared t o  be three possible explanations f o r  the observed 

diffefences: 

(1) The experimental neasurements were i n  e r ro r  

(2) The physical property data used i n  the analysis w e r e  
incorrect 

( 3) 'Won-wetting" occurs o r  an in t e r f ac i a l  res is tance (f i lm) 
existed a t  the m e t a l  surface 

From equation 1, which defines the heat t r ans fe r  coeff ic ient ,  it w a s  

seen that t o  account f o r  the  discrepancy on the basis of experimental e r ro r  

required tha t  either the thermal f lux  or  the  temperature difference be i n  

e r r o r  by a fac tor  of two or that e r rors  i n  the proper d i rec t ion  e x i s t  i n  both 
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quantities. 

the thermal flux. 

in all nineteen of the tube surface thermocouples, the calibration of these 

couples was checked. 

was observed. Similarly, the calibration of the thermocouples used in 

measuring the mixed-mean temperatures was verified. 

pots indicated that the mixed-mean fluid temperatures could be in error due 

to heat conduction losses from the thermocouple junctions. 

probability was low that these losses were large enough to account for the 

variation in the data (an error of 10 to 20°F being required), the mixing- 

pots were redesigned to insure that the thermocouple lead wires remained in 

a longer constant temperature region. 

Excellent heat balances eliminated the possibility of error in 

While it was unlikely that a consistent error could occur 

No significant deviation from the expected calibration 

An analysis of the mixing- 

Although the 

A change in the thermal conductivity of Flinak from 2.6 to 0.9 

Btu/hr-f.t-'F o r  a change in viscosity from 11 to 0.02 lbs/hr-ft or a combi- 

nation of these two would be necessary if the data are to fit the accepted 

correlation. 

and viscosity) indicate the values used to be substantially correct. 

Recent physical property data for Flinak (thermal conductivity 

The existence of a "non-wetting" condition was eliminated by evidence 

showing that Flinak readily wets Inconel surfaces. 

of a high-melting film, caused by a reaction between Flinak and Inconel, 

forming on the inside tube surface presented itself'. 

used in Test G was cut longitudinally, and a deposit was observed on the 

inside tube surface. 

arose, since the tube had been exposed to air subsequent t o  its exposure to 

Flinak. 

However, the possibility 

A section of the tube 

However, some question as to the origin of this film 



Therefore, a th i rd  ser ies  of runs (Test H) were made using a new Inconel 

t e s t  section and the modified mixing-pots. 

before shut-down resul t ing from failure of a system component. 

shown i n  Figure 8 by the closed c i rc les  and are suf f ic ien t  t o  check the data 

of Test G. It was concluded that the difference between the observed and 

expected heat t ransfer  w a s  def ini te ly  not due t o  e r rors  i n  the measurement of 

the mixed-mean temperatures. 

longitudinally; and a green deposit, extending over the en t i r e  inside surface 

of the tube, was observed. Petrographic and electron diffract ion examination 

of the fi lm showed the  major constituent t o  be K3CrF6. 

small amounts of the  oxides of chromium and nickel were a l so  present. 

latter were probably present at  the start of the runs since no pretreatment 

of the tube surfaces t o  remove metal oxides w a s  attempted. 

structure,  is green i n  color, and m e l t s  a t  a temperature of 105’j°C. 

Only two points were obtained 

These are 

The test section from this  series w a s  cut 

Some Li3CrF6 and 

me 

K3CrF6 has a cubic 

With the fi lm present, an a p p r e n t  coefficient of heat t ransfer  is given 

by the equation, 

where A ’  is  the inside surface area of the film, y, the  f i l m  thickness and 

k i ,  the thermal conductivity of the f i lm.  

r 8 t i o  of the  heat t ransfer  area of the fi lm t o  t h a t  of the clean tube, A*/A,  

is approximately one. 

(qf/A). 

Since the films are thin,  the 

Hence, (qf/A’) i n  equation 5 may be replaced by 

Thus, equation 5 can be writ ten 
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From the Flinak-Inconel data, a value of 000002 hr-ft*-OF/Btu was ob- 

tained for the thermal resistance (y/ki) in equation 10. To check this, 

measurements were made of the thickness of the film on the Inconel surface 

and of the thermal conductivity of K3CrF6. 

from a photomicrograph (Figure 9 )  of one tube specimen, was found to be 

approximately 0.4 mils. 

tained (8) for the thermal conductivity over the temperature range 100-200°F. 

Using these values, a thermal resistance of 0.00025 hr-ft2-OF/Btu was ob- 

tained. 

The film thickness, determined 

A preliminary value of 0.133 Btu/hr-ft-'F was ob- 

This compared closely with the value (0.0002) deduced from the heat 

transfer data. 

At the same time an experiment was performed to determine if the current 

flowing through the tube wall of the test section influenced the film 

formation. Pieces of Inconel and nickel tubing were allowed to remain in a 

still pot of molten Flinak for 24 hours. On removal a green film was observed 

on the Inconel tube. It was noted t-hat the nickel tube showed no film under 

similar conditions - 
An additional check on the validity of the inftfal Flinak-nickel data was 

It made. The results (Test I) are shown by the closed triangles of Figure 8. 

was seen that the data were in general agreement with those of Test F. Again 

the influence of small geometrical variations at the test section entrance 

has been accentuated in the transition flow region. 
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Fig.9. Photomicrograph of lnconel Tube Exposed t o  FLINAK. 

Magnification = 250 X. 

. 
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Prelininary tests had indicated that Flinak could be contained for 

short times in 316 stainless steel without serious corrosion or the formation 

of insoluble fluoride deposits. 

was installed and a series of runs made (Test J). 

the open squares in Figure 8. 

interfacial film behaves, with respect to heat transfer, as an ordinary fluid; 

and conversely, the reduction in heat transfer in small diameter Inconel tubes 

can be attributed directly to deposits of the type, K3CrF6. 

Therefore, a 316 stainless steel test section 

The results are shown by 

As can be seen, Flinak in the absence of the 

Some information on the them1 entrance length was obtained from the 

experimental data. 

region preceded by a hydrodynamic entrance region of 8 to 13 tube diameters. 

In this investigation, (x/d)e was taken as the position at which the local 

heat transfer coefficient had decreased to within lo$ of its fully established 

value. 

x/d for a typical experimental run. 

sodium hydroxide, the observed variation of' (./a), with the Peclet modulus, 

(Npe = ~ p r  H R ~ ) .  

The entrance system consisted of a thennal entrance 

Figure 10 shows the local heat transfer coefficient as a function of 

Figure 11 presents, for both Flinak and 

As in the sodium hydroxide experiment, it is estimated that the maximum 

error in the heat transfer coefficients obtained for Flinak is 7.54. 

Discussion 

The first reported measurements for fused salt heat transfer were those 

of Kirst, Nagle and Castner (10) for the mixture, NaN02-rJam03-~03 

(40-7-53 weight percent), known as "€ITS." They employed a 6 foot length of 
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3/8 inch iron pipe which was heated by passage of an alternating electric 

current through the pipe ~811. 

and the inlet and outlet temperatures of the molten salt were measured with 

chromel-alumel thermocouples in wells at the pipe ends. 

temperatures of the pipe were measured at four positions along the pipe. 

Iacking data on the thermal conductivity of "H'I'S,'' they correlated their 

experimental results in terms of the function, hd&004. The average line 

through their experimental values was given by the equation 

The fluid was circulated through the pipe, 

The outside surface 

hd = 

over the Reynolds modulus range 2000 

yo.rc 

Kirst, Ragle and Castner in terms of 

1.14 
0.000442 (F) 
to 30,000. 

the Colburn j-function using the 

Figure 12 shows the data of 

preliminary values of Hoffman and Claiborne (7) for the thermal conductivity 

of "HTS." It is seen that considerable scatter exists in the data. 

Part I (5) of the current investigation reported measurements of the 

heat transfer coefficients for rnol+n sodiWn hydroxide flowing turbulently 

in a nickel tube, 3/16'' O.D. x 0.035" w a l l  thickness. 

shown in Figure 13 and can be correlated by the equation 

The results are 

-0.4 0.8 raN, * DPr  = 0.021 

over the Reynolds modulus range 6000 to 12,000. 

Grele and Gideon ( 3 )  also obtained heat transfer data for sodium 

hydroxide flowing in an electrically heated tube. They used an Inconel 

tube having an outside diameter of' 3/8" and a w a l l  thickness of 1/16". A 
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Fig. 13. Sodium Hydroxide Heat Transfer 
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centrifugal sump pump was used to circulate the molten sodium hydroxide 

through the system. 

in baffled mixing tanks at each end of the test section. 

surface temperatures were measured with 14 chromel-alumel thermocouples located 

along the test section. 

measurements on the cooling of sodium hydroxide in an airdcooled double-tube 

heat exchanger. 

Figure 13. 

The inlet and outlet fluid temperatures were measured 

The outside tube 

In addition to heating data, Grele and Gideon mde 

Their results, for heating and cooling, are shown in 

Using the same system, Grele and Gideon (4) reported measurements on 

Flinak heat transfer (2000cN~~c20,OOO) in an Tnconel tube. 

corroborated %&e preliminary measurements of Hoffban (6) on Flinak, tests 

G and H, and are shown in Figure 14. 

Their results 

Recently, Salmon (14) using a double-tube heat exchanger, with sodium- 

potassium alloy (NaK) as coolant, measured heat transfer coefficients fo r  

the fluoride salt mixture HaF-ZrF4-UF4 (50-46-4 mole percent) in a 0.269" 

I.D. nickel tube with a length to diameter ratio of 40. 

tures were measured at both the inlet and outlet of the fluid streams. An 

adjustable probe was used to-measwe the surface temperatures on the annulus 

side of the center tube. The heat transfer coefficient was obtained by 

analysis of the data using the measured surface temperature and also by 

the graphical analysis technique suggested by Wilson (15) 

recalculated from Salmon's data as the Colburn j-function, are shown in 

Figure 15. 

Center-line tempera- 

The results, 
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The results of this report show t b t  Flinak, when suitably contained, 

behaves as an ordinary fluid as far as heat transfer is concerned. 

in Inconel a reaction at the fluid-metal interface results in an insoluble, 

high-melting film which considerably reduces Flinak heat transfer. The effect 

of this on a reactor, where a fixed amount of heat mst be removed in the heat 

exchanger, is readily apparent. 

designed for a 50 megawatt circulating fuel reactor. 

the fuel is circulated on the outside of Inconel tubes (3/16" O.D. x O.Ol7" 

wall thickness) though which MaK is flowing. 

fuel is 5000 and it enters the heat exchanger at 1500°F and exits at 11OO0F. 

If the fuel is the mixture NaF-LiF-KF-UF4 (11-45-41-3 mole $), then the fuel- 

side heat transfer coefficient is approximately 5000 Btu/hr-ft2-OF. 

design conditions, the NaK (coolant-side) coefficient is 18,500 Btu/hr-ft2-OF. 

The total therm1 resistance is given by 

However, 

Consider, the fuel to EaK heat exchanger 

In this heat exchanger 

The Reynolds modulus of the 

For the 

where, hF is the fuel heat transfer coefficient, hc, the coolant heat transfer 

coefficient, 6 ,  the wall thickness and k, the thermal conductivity of the wall. 

Substituting into equation ( l3) ,  

. 

Ry=-+ 1 1 0.017 0.000363 hr-ft2-OF/Btu 
5000 18,500 +'-) 
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. 

If a film forms on the fuel side of the Inconel tube, the thermal resistance 

of the system is increased by 0.00025 hr-ft2-OF/Btu. 

40.84 decrease in heat transfer. Thus, if a film having a high thermal 

resistance forms in a heat exchanger designed to remove 50 megawatts of heat 

from the fuel, the heat removal is reduced to 29.6 megawatts and the outlet 

fluid temperature becomes 1263O~ instead of llOO°F. 

This is equivalent to a 

Conclusions 

From the heat transfer results for sodium hydroxide in nickel tubes and 

for Flinak in nickel and 316 stainless steel tubes, it can be concluded that 

both fluids are "ordinary" as far as heat transfer is concerned. 

In the Flinak-Inconel system an insoluble, high-melting surface deposit 

(film) results from a reaction at the fluid-metal interface. The thermal 

resistance of this film is sufficient to cause a marked reduction in heat 

transfer for Flinak flowing in small diameter Inconel tubes. 

For systems in which surface deposits do not form, the accepted corre- 
-Oe2) lations for turbulent forced convection heat transfer (e.g., j = 0.023 %e 

may be used to predict sodium hydroxide and Flinak heat transfer. 

in which deposits occur must be used, knowledge of the thermal resistance 

of the film is required also. 

If systems 
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APPENDIX A 

Eomenclature 

cP 

d 

h 

k 

r 

t 

Specific heat of fluid at constant pressure, Btu/lb a 

f hid-?F 

Inside diameter of tube, ft 

Coefficient of heat transfer in region of fu l ly  developed 
turbulent flow, Btu/hr-ft2-OF; hc, coefficient on coolant 
side; hF, coefficient on fuel side; hx, coefficient at 
position x on tube; h' apparent coefficient with film 
present 

Thermal conductivity of fluid, Btu/hr-ft-OF; ki, thermal 
conductivity of film; k,, thermal conductivity of metal 

Rate of heat transfer, Btu/hr; qf, heat gain  by fluid; 
qf , heat loss to environment; Q, electrical heat input 

Radius, ft; rs, inside wall; rw, outside w a l l  

Temperature, 
tm,i, at test section inlet; at test section outlet; 
tm,ave, arithmetic average of h,i and tm,o; ts, inside tube 
surface; tS,ave+,aVemgej h, outside tube surface; %,aver 
average 

0 F; te, environment; &, fluid mixed-mean; 

W Mass rate of flow, lbs. fluid/hr 

X Distance down tube from entrance, ft 

(x/d) Length to diameter ratio for tube, dimensionless; 
(x/d)e, at end of them1 entrance region 

Y Thickness of film, ft 

A Area of heat transfer surface, ft2; A', inside surface area 
of film 

E Voltage impressed on test section, volts 

G Mass velocity, lbs. fluid/hr-(ft2 of tube cross section) 
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Current passing through test section, amperes 

Volume of metal in tube wall, ft3 

Volume heat generation, B$u/hp-ft3 

Tube wall thickness, ft 

Absolute viscosity of fluid, lbs/hr-ft 

Busselt modulus, dimensionless, 6 hd/k> 
Peclet modulus, dfnensionless , 
Prandtl modulus, dimensionless, ( cp p/k)  

Reynolds modulus , dimensionless, (dG//llc ) 

'NbS ( cpdG/k) 

Colburn function, dimensionless, NStoIJPr 2/3 

. 
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APPEM)M C 

Physical Properties of Flinack 

The physical properties of Flinak were obtained from the following sources: 

cp: 

/f: 

P :  

k: 

Physical Property Charts f o r  Some Reactor Fuels, 
Coolants, and Miscellaneous Materials - June 1954 - 
ORNL CF 54-6-188; Powers and Blalock - ORNL CF 53-7-200. 
The value reported and used in the calculations in 
this report is, ep = 0.45 5 0003 Btu/lb-OF, for the 
temperature range 900°F - 1600OF. 
Unpublished data of Redmond and Cohen obtained on 
Brookfield Viscometer; see also Physical Property Charts - 
ORNL CF 54-6-188. 

Physical Property Charts - ORmL CF 54-6-188; Cohen and 
Jones - ORmL-l7O2.. 
Physical Property Charts - ORNL CF 54-6-188; Cooper and 
Claiborne - ORIYL CF 52-8-163. 
The value reported and aeed in the calculations in this 
report is, k = 2.6 Btu/br-ft-OF, for the temperature 
range lOOOoF - l275OF. 

The viscosity and density are &own as a function of temperature in 
Figure 16. 
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Fig. 16. Variation of Physical Properties of FLINAK with Temperature. 
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