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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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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. Heat, electrically
generated in the tube wall, was transferred uniformly to the fluid during
passage through a small diameter tube. ILong tubes (x/d >100) of nickel, Inconel

and 316 stainless steel were used. The varisbles involved covered the following

ranges:
Reynolds modulus T 2300 - 9500
Prandtl modulus s 1.6 = 4.0
Average fluid temperatures: 980 - 1370°F

Hest flux : 9,000 - 192,000 Btu/hr-ft°

It was found that forced comvection heat transfer with Flinak can be
represented by the general correlation for heat transfer with ordinary fluids,
(0.5 py  100).

The existence of an interfacial resistance in the Flinak-Inconel gystem
has been established and its composition determined. Preliminaery measurements
of the thermel conductivity and thickness of the £ilm have been made. The
results verify the effect of this film on Flinak heat transfer in small di-
ameter Inconel tubes.

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 salis have potential application as heat transfer media wherever
heat must be transferred to, or vemoved from, & system at temperatures above
600°F. Because the vapor pressures of fused salts are generally low at these
elevated temperstures, operation at atmospheric or near atmospheric pressures
iz possible. In a reactor, fused salts possess a further advantage. By com- U
bining a number of salis, a fluid can be designed such that it can be used as

a2 moderator ag well as & coolant.% If uranium is present this fluid can alsoc be

5 -
Wﬁ$ ’

the fusl.

This report presents the second part of a continuing investigation into

the heat transfer characteristics of fused salts wgiisd

e T
2

First reported (5)* were the results of an experigental determination of heat
transfer coefficients for molten sodium hydroxide. It was concluded that,
with respect to heat transfer, sodium hydroxide may be classified as an ordi-
nary fiuid (0.5<Npy <100).

This report describes heat transfer with the eutectic mixture of sodium,
potassium and lithium fluoride (11.5-k2.0-L46.5 mole %) known as Flinak.
Some results on Flinak heat transfer were reported in an earlier memorandum (6).
Flinak melts at approximately 850°F and is temperature stable to above l§OO°F.

At 1500°F the viscosity of Plinak iz about three times the viscosity of water

S

v .

at 60°F. | In a reactor Flinak con be used as a coolant or in combination with

? G b
&

@ L, r b %
[
)

# Beference 5 is to be considered as Part I of the series on
fused salt heat transfer.
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UF3 or UFy as a fuel-coolant{[ The efficiency of a fluid as a coolant can be

sl St P L AN Rl ooy R g =i

defined as the work requlred per Btu of heat removal. Poppendiek, Rosenthal
and Burnett, in a report now in preparation, have evaluated this efficiency for
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.

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 reéted on a scale to enable fluid flow
rate measurements, and a test section located between the two tanks. Flow
through the test section was effected by means of gas pressure applied above
the fluid.in the tanks. Several modifications were made to provide an experi-
mental system possessing increased flexibility and incorporating metals
compatible with molten Flinak at high temperatures. Figures 1 and 2 present
several views of the experimental system.

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

tures above 1000°F. Therefore, Inconel, which exhibits good corrosion re-

‘sistance to Flinak and retains its structural strength at elevated temperatures,
was adopted as the material of construction.
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:

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

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

(3) 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. To alleviate this condition, the scale used in the weight-rate
determination was oriented such that the wheels were "in-line" with the
direction of thermal expansion of the system. A turn-buckle arrangement
allowed the weigh tank to be moved so as to compensate for the expansion of
the test section and the connecting lines. To further eliminate strain in
the test section, the power terminals were supported on roller bearings. This
yielded a test section which was undistorted.

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 introduced to the
test section through copper terminals silver-soldered to the tube at each end.
In the course of the experiment tubes which were made of nickel, Inconel, and

316 stainless steel were used as the test section. The dimensions of these

tubes are given in the following table:

.|
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- PABIE T
Outgide Wall Length X
Diameter Thickness Dismeter’ (d)
Material (inches) (inches)
Fickel 0.1875 0.035 20k
Inconel 0.225 0.025 137
316 s.s. 0.250 0.035 133

With the Inconel and 316 s.s. test sections, flow at a Reynolds modulus
of 10,000 could be attained. As a result of the temperature limitation on the
nickel test section, a maximum Reynolds modulus of only 6000 was possible. In
each case over 99% of the heat generation occurred in the tube wall.

The temperature of the ouber surface of the test section was measured
with thermocouples which were resistance welded to the tube surface. The
fluid mixed-mean temperatures were measured in mixing pots at each end of the
test section. Details of the mixing pot and test section end are shown in
Figure 3. The voltage impressed on the test section was obtained at 8 lecations
along the tube. At each position one of the wires of the tube surface thermo-
couple at that point was used as the voltage probe.

The system contained 350 pounds of Flinak, charged to the system as a
well-mixed powder and melted while alternately evacuating the region above
the melt and then purging and mixing the fluid with helium. The helium was
dried and oxygen removed by bubbling it through a tank filled with sodium-

potagsium alloy.
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System Calibration

To insure the reliability of the dats cobtained it is necessary to cali-
brate the various measuring devices associated with the system. It bhad been
determined in the sodium bydroxide experiment that the readings of the scale
uged in the welght-rabe measurements were consigtent and accurate and that the
current flowing in the tube wall had no effect on the readings of the tube
surface thermocouples. BSince the factors affecting these were unchanged by
apparatus modifications, no additional check was made for the Flinak experiment.
Similarly, no preliminary tests were made to determine the approach toc equili-
briuwm of the test unit during the time available for an experimental run.
However, it was found during system cperation that equilibrium conditions were
attained well before the end of each run.

The thermocouples used in measuring the fluid mixed-mesn tempersiures
were calibrated at the freezing points of lead, zinc and aluminum. Teble II
shows the resulbs obtained from the calibration of the fluid mixed-mean thermo-

couples uged in a typical test series.

TABLE II

Calibration of Fluid Mixed-Mean Thermocouples

Temperature Thermocouple
'~ OF 21 22 23 2k
621.1 =0 .06% ~0.08 -0.08 -0.06
787.1 -0,06 «0.07 -0.07 «0.06
1219.5 =0.055 ~0.06 -0.07 -0.055

*¥Body of table gives the correction (in millivolts) to be added to
the observed reading to obbain the tyrue reading.
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Since the tube surface thermocouples were Tormed on the tube after the
test unit bhad been assembled, calibration of these couples was difficult.
Therefore, the couples were checked in two ways. Samples of the wires used
were taken, formed inbtoc thermocouples and calibrated in a tube furnsce with
reference 10 & standard couple. The resulis showed a discrepancy of approzi-
mately 1°F between the cbserved and true readings at 1200°F. On the completion
of a test series, the tube was removed and sectioned. Each swall section,
with thermocouple attached, was then calibrated at the btemperatures corre-
sponding to the freezing points of lead, zinc and aluminum. For purposes of
comparison, the tube surface thermocouples on a dummy test section were checked
similarly. Table III gives the result of this calibration check for 4 couples

(different in each case) at the aluminum point.

TABLE I1II
Calibration of Tube Surface Theramccouples

{Melting Point of Aluminum = 27.kk millivolts)

I-1% I-2
Thermocouple (millivolts) (millivolts)
1 27.43 27. bk
2 27. 46 27.42
3 27.45 27.43
L 27. bk 27.42

# I-1 Inconel dummy test section.
I-2 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 io 1&50°F and
despite a great deal of temperature cyeling.

Part of the total energy put into the test section is lost to the system
environment. Since the megnitude of this loss must be known to obtain a heat
balance for the system, a heat loss calibration was made. The technique
employed has been described in Part I (5). As the system heat loss is a
function of the density snd distribution of the insulation arcund the test
section and of the end conditions, it was necessary to cbtain a heat calibration
for each test unit. Figure 4 shows the outside tube surface temperature for
various power levels without fiuid flow. The dip in the curves at the
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. The system heat loss curves
for the several test units esre given in Figure 5, where At is the average
outside tube surface temperature, tw,ave. minus the temperature of the system

environment, te.

Analysis of Data

The local coefficient of heat transfer (or local conductance) is defined
by the equation
(ap/A)x
% E e (1)
(i;s lad t&n)E{

f
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=1k

where qf/A is the heat flux through the wall-fiuid interface, tg, the
temperature of the surface at this interface, ty, the fluid‘mixed-mean tenpera-
ture and the subscript, x, indicates the geometrical position on the surface
at which the heat flux and temperature diffsrence are evaluated. For large
values of x (beyond the thermal entrance region) hy 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.

The inside surface temperature of the tube is calculated from the measured
outside tube surface itemperature by the equation¥®

2

2
- - W 2 Ty Ty~ = Tg
R ~al G (2)

vhere r is the tube radius, the subscripis w and s refer to the cutside
and inside tube surfaces, respectively, and k, is the thermal conductivity

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

_ 343 B
L (3)

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

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

# The derivation of this eguation is given in Reference (5).
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section. Equation 2 is a modification of the siwple conduction eguation to
allow for the generation of heat in the tube wall. The derivation assumes

uniform heat generation in the tube wall, no longitudinal hegt flow, and no
heat losses through the surface, w.

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. Thus,
the assumption of uniform heat generation in the derivation of eguation 2 is
seen to be reasonable. With upniform heat generation and the smaell axial
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
tm,1 @nd ty o, the fluid mixed-mean inlet and ocutlet temperatures, respectively.

The total healt generabtion 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. Part of the total heat goes to external loss and the
rest inbto heating the fluid. The external loss is obtained from the curves
of Figure 5 for the given set of experimental data. The heat transferred to

the fluid in passing through the test section is given by the equation

9r = W Cp (tm,g - tm,i) (4)

where w is the fluid flow rate in 1lbs/hr. The heat transfer area is taken as
the inside surface area of the test section between the two power ierminals.

The heat flux is based on the heat gained by the fluid as given by equation k.
The heat balance for each run is shown in Table IV. Figure T shows a typical

temperature profile for the outside tube wall.
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The physical properties of Flinak necessary to these calculations are
presented graphically in Appendix C. Since both the axial and radial
temperature differences were small, the physical properties were evalusted
at the average fluid mixed-mean tempersasture.

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 relabed by the equation

@, (Mo, Mpy) (5)
O, (Mges Mpy) (6)

i

Ny
or Ks.t

Bl

where Ny, the Nusselt modulus = hd/k,

]

¢

Ngt, the Stanton modulus = hfcy G
NRe, the Reynolds modulus = dG/4 ,
and  Npy, the Prendtl modulus = ecp M/k.
This functional relationship has alzo 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. The simplified
empirical equation propoged by McAdams (1),

0.8 0.k

Ny = 0.023 Mg ° Ny, (7

has been found to correlate, to within  20%, all data for the fluids termed
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"ordinary”, (0.5<Npp«100). Colburn (2) has proposed a slightly different

-

correlation; stemming from equation 6,

J = Nag - NPZ,Q/B = 0.023 gRe-Ooe (8)

which enables, under certain conditions, a direct comparison between heat
transfer and friction. Both equation 7 and equation 8 are applicable only to
moderate At conditions.

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

parameter.

Results

The system was first operated using a nickel test section. The physiecal
dimensions of the tubes used as test sections have been presented in Table I.
The dats obtained (test series F) are shown in Figure 8. Table IV lists
the pertinent measurements and calculated results of Tests F-J. In each
cage, 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. An attempt to obtain data in the region of
fully develcped turbulent {low by raising the temperature above 1000°F was
unsuccessful due to failure in fatigue of the nickel tube. The data
demonstrated that variations in the enbrance conditions, arising from slight
differences in geomebry betwesen the two ends of the test section, strongly

affect transition region heat transfer. Thus, the results for flow through
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TABLE IV e

EXPERIMENTAL DATA AND CALCUIATED RESULTS -~ FLINAK HEAT TRANSFER

Run q.i‘ / A W ’bm Wele tm g tw‘ Bve tm ave ts —tm h I‘IR@ NPr B j Heat Balance
Btu/hr-£2 | 1bs/hr oF op bF oF | Btu/nr-tt2-OF 5t (ap+ 9 /ae)
i 23,215 406.8 7.8 1005 1001 6.9 3364 24591 3.7 | -00138 | .00331 0.95
F=-2 36,920 h31.4 11.7 996 981 15.5 2381 24281 .0 | .000923] .00233 0.90
l§~3 b2 284 431k 13.4 1010 990 19.8 2136 25161 3.9 | .000828] .0020k 1.02
=it 96,241 365.k 36.0 1116 109k 20.2 L6k 20681 2.8 | .00218 | .00k30 0.91
-5 95,591 372. 35.8 1133 1108 21.9 Lii56 3147 2.7 1 .00200 | .0038k 0.93
Fuf 129,893 543.0 32.7 11k 1123 164 7920 Lb769 | 2.6 | .o02kh | .00k57 0.97
geeese Gl 9,138 372.0 5.0 1238 1228 9.9 923 27791 2.0 | .00092 | 00147 1.02
venens G2 60,317 660.0 18.6 1230 | 1195 | 28.5 2116 4626 | 2.2 | .00119 |.00198 1.02
e IB-3 119,170 780.0 31.1 133% | 1279 L6.5 2563 611 ] 1.8 | .00122 |.00183 0.92
e F-lt 121,397 86k.0 28.6 1291 1235 h5.2 2686 6566 2.0 | .00115 | .00181 0.94
geeene G-5 izh, b21 732.0 3kh.6 1309 12h5 5h4.3 2291 5661 2.0 | .00116 | .00181 0.98
veens (3-6 125,993 906.0 28.3 1350 1297 k3.5 2896 77621 1.8 | .00119 |.00179] 0.98
seles” IOLT 126,233 798.0 32.2 13h0 1280 50.6 2495 63871 1.8 | .00116 | .001TH 0.99
o 6-8 133,606 1050.0 £5.9 1311 1258 k1.7 3204 83371 1.9 | .00113 | .001TH 1.00
s . |89 134,661 972.0 28.2 1299 12k7 b5.0 2992 7576| 1.9 | .0011k {.00177 1.01
cevees  IB=10] 171,201 720.0 L8. 1331 12kl 76.1 2250 5611 1.9 | .00116 | .00180 0.98
veesss  [H=1 121,747 796.8 31.1 1273 121k 50.0 2435 57961 2.1 | .00113 | .0018k 0.98
ez -2 121,867 768.0 32.3 1269 1210 50.3 2h23 55521 2.1 | .00117 | .00191 1.01
Tosse” I-1 52,957 338.4 21.3 1329 1315 12.0 Lhi3 4ho81 1.7 | .00218 |.0031k 0.96
I-2 66,420 331.8 27.3 1341 1321 17.6 377h h3571 1.7 | .00190 |.00272] 0.90
I-3 133,849 L20.6 L3k 1367 133k 28.1 Lysh 5638 | 1.7 | .00189 |.00267 0.96
I-L 191,559 369.0 70.8 1304 1353 34.5 5552 50761 1.6 | .00252 |.00350 0.96
o~ J-1 80,170 133.2 22.9 1373 1350 16.1 4980 65861 1.6 | .00267 {.00371 1.02
: J-2 98,864 870.0 23.8 137h 1348 16.6 5956 78141 1.6 | .00269 |.00373 0.9k
J=-3 102,562 1027.8 20.9 1397 1371 15.7 6532 ou8h | 1.6 | .00250 |.00341 0.96 %
T4 103,997 1027.8 21.6- 1399 1373 15.8 6709 95361 1.6 | .00256 |.00348 0.99 *
* T-5 112,435 T7h.6 30. 4 1384 1353 20.3 5525 6996 1.6 | .00280 |.00387 0.96
o J-6 | 112,541 810.0 29.1 1352 1332 20.7 5437 6981 | 1.7 1.0026L |.00377 1.05 ;
o J-T7 121,0h0 759.0 33.4 1391 1356 22.3 5428 6854 | 1.6 |.00281 |.00389 0.89
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the test section in one direction are indicated by the normal open triangles
of Figure 8, while the inverted open triangles are for flow in the opposite
direction.

To sustain higher operating temperatures so as to obtain turbulent flow
data, the nickel tube was replaced by an Inconel section and & second series
of runs performed. The results of this test series (@) are shown in Figure 8
by the open cirecles. The data extended through the transition region into
the regime of fully developed turbulent flow. It was apparent that the Flinsk
heat transfer was considerably lower (by a factor of two) than the heat
transfer for sodiuwm hydroxide or other ordinary fluids. Since the Prandil
modulus for Flinak lies in the same range as that for sodium hydroxide, one
would expect the Flinak-Inconel data to fall on the curve correlating heat
transfer for the ordinary fluids. In addition, these datas do not agres
with those of Test F cbtaiged for Flinsk flowing in & nickel tube.

There appeared to be three possible explanations for the obgerved
differences:

(1) The experimental measurements were in error

(2) fThe physical property data used in the analysis were
incorrect

(3) ‘"Hon-wetting" occurs or an interfacial resistance (film)
gxisted at the meital surface

From equation 1, which defines the heat transfer coefficient, it was
seen that to account for the discrepancy on the basis of experimental error
required that either the thermal flux or the temperature difference be in

error by a factor of two or that errors in the proper direction exist in both
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guantities. Excellent heat balances eliminated the possibility of error in
the thermal flux. While it was unlikely thet a consistent error could occur
in all nineteen of the tube surface thermoccuples, the calibration of these
couples was checked. HNo significant deviation from the expected calibration
was observed. Similarly, the calibration of the thermocouples used in
measuring the mized-mean temperatures wag verified. An anslysis of the mixing-
pots indicated that the mixed-mean fluid temperatures could be in error due
to heat conduction losses from the thermocouple Junctions. Although the
probability was low that these losses were large enocugh 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.

A change in the thermal conductivity of Flinak from 2.6 to 0.9
Btu/hr-f+-°F or 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. Recent physical property data for Flinak (thermal conductivity
and viscosity) indicate the values used to be substantially correct.

The existence of a "non-wetting” condition was eliminated by evidence
showing that Flinak readily wets Inconel surfaces. However, the possibility
of & high-melting film, caused by & reaction between Flinak and Inconel,
forming on the inside tube surface presented itsgelf. A section of the tube
uged in Test G was cut longitudinally, and a deposit was observed on the
ingide bube surface. However, some gquestion as to the orlgin of this film
ayrose, since the tube had been exposed to air subseguent to its exposure to
Flinsk. R
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Therefore, a third series of runs (Test H) were made using a new Inconel
test section and the modified mixing-pots. Only two points were obtalned
before shut-down resuliing from failure of a system component. These are
shown in Figure 8 by the closed circles and are sufficient to check the data
of Test G. It was concluded that the difference between the observed and
expected heat transfer was definitely not due to errors in the measurement of
the mixed-mean temperatures. The test section from this series was cut
longitudinally; and a green deposit, extending over the entire inside surface
of the tube, was observed. Petrographic and electron diffraction examination
of the film showed the major constituent to be K3CrFg. Some LisCrFg and
small amounts of the oxides of chromium and nickel were salso present. The
latter were probably present at the start of the runs since no pretrestment
of the tube surfaces 1o remove metal oxides was atbempted. KgCrFé has a cubic
structure, is green in color, and melts at a temperature of lOSSOC.

With the film present, an apparent coefficient of heat transfer is given
by the equation,

h! (9)

- 1
(tg-tm) _ y ‘
IQf;A'S ky

where A* is the inside surface area of the film, y, the film thickness and
ks, the thermal conductivity of the film. Since the films are thin, the
ratio of the heat transfer area of the film to that of the clean tube, A'/A,
is approximately one. Hence, (qp/A') in equation 5 may be replaced by

(ag/A). Thus, equation 5 can be written
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“ h' = ot (10)
. i_ v
- h k’i

From the Flinak-Inconel data, a value of 0.0002 hr-ftE-OF/Btu wag ob-
tained for the thermal registance (y/ki) in eguation 10. To check this,
measurenents were made of the thickness of the film on the Inconel surface
end of the thermal conductivity of KoCrFg. The film thickness, determined
from a photomicrograph (Figure 9) of one tube specimen, was found to be
approximately 0.4 mils. A preliminary value of 0.133 Btu/hr—ft—OF was ob-
tained (8) for the thermal conductivity over the temperature range 100-200°F.
Using these values, a thermal resistance of 0.00025 hr-£t2-9F/Btu was ob-
tained. This compared closely with the value (0.0002) deduced from the heat
transfer data.

At the same time an experiment was performed Lo determine if the current
flowing through the tube wall of the ftest section influenced the film
formation. Pieces of Inconel and nickel fubing 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 that the nickel tube showed no film under
similar conditions.

An additionzl check on the validity of the initisl Flinask-nickel data vwvas
made. The results (Test I) are shown by the closed triangles of Figure 8. It
was seen thet the data were in general agreement with those of Test F. Again
the influence of small geomebrical variations at the test section entrance

- has been sccentuated in the transition flow region.
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Fig 9 Photomicrograph of Inconel Tube Exposed to FLINAK
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Preliminary tests had indicated that Flinask could be contained for
short times in 316 stainless steel without serious corrosion or the formation
of insoluble fluoride deposits. Therefors, a 316 stainless steel test section
was installed and a series of runs mede (Test J). The results are shown by
the open squares in Figure 8. As can be seen, Flinak in the abgence of the
interfacial film behaves, with regpect to heat transfer, as an ordinary fluid;
and conversely, the reduction in heat transfer in small diameter Inconel tubes
can be attribubed directly to deposits of the type, KqCrFg.

Some informetion on the thermal entrance length was obtained from the
experimental data. The entrance system consisted of a thermal enirance
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 10% of its fully established
value. Figure 10 shows the local heat transfer coefficient as a funchion of
x/d for a typical experimental run. Figure 11 presents, for both Flinak and
sodium hydroxide, the observed variation of (x/d)e with the Peclet modulus,
(Npe = Npr * Dge)-

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

error in the heat transfer coefficlents obtained for Flinak is 7.5%.

Digcussion
The first reported measuremenis for fused salt bheat transfer were thosge
of Kirst, Nagle and Castner (10) for the mixture, mameg-naun3—K§@3

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

current throﬁgh the pipe wall. The fluid was circulated through the pipe,

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

chromel-alumel thermocouples in wells at the pipe ends. The oubzide surface

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

lacking data on the thermal conductivity of "HTS," they correlated their
0.4

experimental results in terms of the function, hd/ue " . The average line

through their experimental values was given by the eguation

1.1%
hd . aG
—--——-E/AG I * 0.000k4k2 (F) (11)

over the Reynolds modulus range 2000 to 30,000. Figure 12 shows the data of
Kirst, Naglé and Castner in terms of the Colburn j~function using the
preliminary values of Hoffman and Claiborne (7) for the thermsl conductivity
of "HTS." It is seen that considerable scabter exists in the data.

Part I (5) of the current investigation reported measurements of the
heat transfer coefficients for molten soldiuwn hydroxide flowing turbulently
in & nickel tube, 3/16" 0.D. x 0.035" wall thickness. The results are

shown in Figure 13 and cen be correlated by the equation

‘O@2§
Ny - Npp = 0.021 HpO®

(12)
over the Reynolds modulus range 6000 to 12,000.
Grele and Gideon (3) also obtained heat transfer data for sodium

hydroxide Tlowing in sn electrically heated tube. They used an Inconel

tube having an outside diesmeter of 3/8" and a wall thickness of 1/16". A
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centrifugal sump pump was used to circulate the molien sodium hydroxide

through the system. The inlet and outlet fluid temperabures were measured

in baffled mixing tanks at each end of the test section. The outside tube
surface temperatures were measured with 1k chromel-alumel thermocouples located
along the test section. In addition to heating data, Grele and Gideon made
meagurements on the cooling of sodium hydroxide in an air-cooled double-tube
heat exchanger. Their results, for heating and cooling, are shown in

Figure 13.

Using the same system, Grele and Gideon (4} reported measurements on
Flinak heat transfer (2000 <Npe=20,000) in an Inconel tube. Their results
corroborated the preliminary measurements of Hoffman (6) on Flinak, tests
G and H, and are shown in Figure 1k.

Recently, Salmon (1k4) using a double-tube heat exchanger, with sodiuwa-
potassium alloy (NeK) as coolant, measured heat transfer coefficients for
the fluoride salt mixture NaF-ZrF)-UFj (50-46-4 mole percent) in a 0.269"
I.D. nickel tube with a length to diameter ratio of 40. Center-line tempera-
tures were measureﬁiat both the inlet and cutlet of the fluid stresms. An
adjustable probe was used to measure the surface temperatures on the annulus
gside of the center tube. The heat transfer coefficient was obtained by
analysis of the data using the measured surfaée teﬁperature and also by
the greaphical anslysis technique suggested by Wilson (15). The results,

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

Figure 15. .,

\
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The results of this report show that Flinak, when sultebly contailned,
behaves as an ordinary fluid as far as heat Ltransfer is concerned. However,

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

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

\%@

%«‘“‘“NQ_%

e,
*g',x

-
B D BT s BB

ﬂww
R B SRR

«

e

ot g e

LN

chwda e

of this on a’reactor, vhere.a fixed amount of .heat z;imst be removed in the heat
exchanger, is readily apparent. Congider, the fuel to NaK heat exchanger
design% for a 50 megawabt elrculating fuel reactor. In this heat exchanger
the fuel is circulated on the outside of Inconel tubes (3/16" 0.D. x 0.017"
wall thickness) through which NaX is flowing. The Reynolds modulus of the
fuel is 5000 and it enters the heat exchanger at 1500°F and exits at 1100°F.
If the fuel is the mixture NaF-LiF-KF-UF) (11-45-41-3 mole %), then the fuel-
side heat trangfer coefficient 1s approximately 5000 Btu/hr-ftE-GF. For the
design conditions, the NeK (coolant-side) coefficient is 18,500 Btu/hr-f+2-°F.

The total thermal resistance iz given by
Rp =k + 24 (2) (13)
hp =~ hp k /.,

where, hy is the fuel heat transfer coefficlent, hp, the coolent heat transfer
coefficient, & , the wall thickness and k, the thermal conductivity of the wall.

Substituting into equation (13),

Rp = oikr 4 oyl 40007 = 0.000363 hr-£42-°F /Btu
5600 | 18,500 @ (12)(13)
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If & film forms on the fuel side of the Inconel éube, the thérmal resistance
of the system is increased by 0.00025 hr-ftenoF/Btu. This is equivalent to a '
40.8% decrease in heat transfer. Thus, if a film having a high thermal
resistance forms in 2 heat exchanger designed to remove 5C megawatits of heat
from the fuel, ?he heat removal is reduced to 29.6 megawatis and the outlet

fluid temperature becomes 1263°F instead of 1100°F.
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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 1ls concerned.

In the Flinak-Inconel system an insoluble, high-melting surface deposit
(film) results from a resction at the fluid-metal interface. The thermal
resistance of this film is suflicient to cause a marked reduction in heat
transfer for Flinsk flowing in small dismeter Inconel tubes.

For systems in which surface deposgits do not form, the accepted corre-
lations for turbulent forced convection heat transfer (e.g., j = 0.023 Nge-a'z)
may be uged to predict sodium hydroxide and Flinak heat transfer. If systems

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

of the film is required alsoc.
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*  APPENDIY A -

Nomenclature

Specific heat of fluid at constant pressure, Btu/lb.
fluid-OF

Inside diameter of tube, £t

Coefficient of heat transfer in region of fully developed
turbulent flow, Btu/hr—ft -OF; hp, coefficient od coolant
side; hp, coefficient on fuel side; hy, coefficient at
position x on tube; h' apparent coefficient with film
present

Thermal conductivity of fluid, Btu/hr-£t-°F; ki, thermal
conductivity of film; kg, thermal conductivity of metal

Rate of heat transfer, Btu/hr; ap, heat gain by fluid;
qg » heat loss to enviromment; ge, electrical heat input

Radius, ft; ry, inside wall; r,, outside wall

Temperature, OF, te, enviromment; t,, fluld mixed-mean;

tm i, &t test section inletb; tm os 8%t test section outlet;
tm ave, arithmetic average of tm i and tp o3 by, inside tube
suPface; tg, avesBVETAZES Ty, outdide tube surface; ty,aves
average

ass rate of flow, 1bs. fiuid/hr

Distance down tube from entrance, £t

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

Thickness of film, %

Area of heat transfer surface, fteg A', inside surface area
of £ilm

Voltage impressed on test section, volts

¥ass velocity, lbs. fluid/hr»(ftz of tube cross section)
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Current passing through test section, amperes
Volume of metal in tube wall, £t3

Volume heat generation, Btu/hr-ft3

Tube wall thickness, It

Absolute viscosity of fluid, lbs/hr-ft

Nusselt modulus, dimensionless, (hd/k)

Peclet modulus, dimensionless, Npe'Np,., (cPdG/k)

Prandtl modulus, dimensionless, (qp/ﬂ/k)

Reynolds modulus, dimensionless, (aG/m)

Stanton modulus, dimensionless, Nyu/(Npe‘Wp,),

(h/ch)

Colburn function, dimensionless, Ngt:Np,

2/3
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APFENDIX C

Physical Properties of Flinak
The physical properties of Flinak were cbtained from the following sources:

Cpt Physical Property Charts for Some Reactor Fuels,
Coolants, and Miscellaneous Materials - June 1954 -
ORNL CF 5h-6-188; Powers and Blalock - ORNL CF 53-7-200.
The value reported and used in the calculations in
this report is, cp = 0.45 % 0.03 Btu/1b-°F, for the
temperature range 900°F - 1600°F.

M: Unpublished date of Redmond and Cohen obtained on
Brookfield Viscomeber; see also Physical Property Charts -
ORNL CF 54~-6-188.

£ : Physical Property Charts -~ ORNL CF 54-6-188; Cohen and
Jones - ORNL-1702..

k: Physical Property Charts - ORNL CF 54-6-188; Cooper and
Claiborne - ORNL CF 52-8-163.
The value reporited and used in the caleulabtions in this
report is, k = 2.6 Btu/hr-ft-OF, for the temperature
range 10000F - 1275°F.

The viscosity and density are shown as a function of temperature in
Figure 16.
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