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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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200, ¥itro IMgineering Division 
201, ¥itr© Laboratories 
202* Walter Eidde luelear laboratories, lac. 
203. Westi^iouse Electric Cot^oratioa (lAPG) 

20%"2l8, Techalcal Isfo^tion Service, Oak Eidge 
219^ DiTisioB of Research and Medicine, AEC, ORO 



imiE OF COlffElUS 

m s o B P C f i o i - - - — — — — — . . ^ - — . — — » - — , _ ^-»,„- 5 

s i s ^ i a L i i m T i o i — — — — — — — — — — — — — — — — — > 12 

AmiTSIS OP DAm-^ — — — — > - _—»__— ._-»>-„_»„- 1^ 

Effi l t tTS———— _ » — — — _ » - > — _ — — .„_—„__—.-_»_- 22 

D I S C I I S S I O I — — — — — — — — — — — ™ — — » — — » 30 

COICLUSIOIS—————————-. -———————————— ^ 

A P P ^ H A •- lomenclature— _-.__-^..__ _™_„_. , » . . ^1 

APP^IX B - B i b l i o g r a p h y — — — — — — — — — — — — . ^3 

APPinsn: C - Pbysical Properties of F l i n a k — — — - — — - — —•— ^̂  

/ / 



An ej^erimeatal detennination has been sade of the heat transfer coef­

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

(Flinak) flowing in forced convectioii through circular tubes. Heat, electrically 

generated in the tube wall, was transferred •uniformly to the fluid during 

passage through a small diameter tube. Long tubes (x/d>100) of nickel, Siconel 

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

ranges t 

Beynolds modulus t 23OO - 9500 

Prandtl modulus J 1.6 - k.Q 

Average fluid tei^eraturesi 98O - 1370'̂ F 

leat flux I 9,000 ~ 192,000 Btu/hr-ft^ 

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

represented by the general correlatioa for heat transfer with ordinary fluids. 

(0.5AlPr^lOO). 

fhe existence of an. interfacial resistance in the Flinak-Inconel system 

has been established and its co^osition determined. Preliminaiy Beasurements 

of the thei^al conductivity and thickness of the film have been Biade. The 

resiilts verify the effect of this filii on Fliaak heat transfer in small di­

ameter Incoael tubes. 

tteraal 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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latroduction 

Fused salts have potential application as heat transfer media wherever 

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

600°F. Because the vapor pressiires of f'used salts are generally low at these 

elevated tei^eraturesj operation at atiaospheric or near atmospheric pressures 

is possible. In a reactor, fused salts possess a fiirther advantage. By COB-

biniag a aiimber of salts, a fluid can be designed such that it can be used as 

a moderator as well as a coolant. I If uraniiim is present this fluid can also be 

the fuel. 

This report presents the second part of a continuing investigation into 

the heat transfer characteristics of fused salts ii^^^^^^^^^^^fe*^^^^^^^-^ 

First reported (5)* were the results of an e:̂ eriffiental determination of heat 

transfer coefficients for molten sodi-um l^droxide. It was conclMded ttet, 

with respect to heat transfer, sodiim hydroxide i»y be classified as an ordi­

nary fluid (0.5<lpr^lOO)» 

fhis report describes heat transfer ¥-ith the eutectic axxture of soditim̂  

potassi-um and lithium fluoride (ll.5-42.0-ii-6.5 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 1500°F. 

At 1500°F the viscosity of Flinak is abowt three tiro.es the viscosity of water 

at &)°F. fc a reactor Flinak caa be used as a cooJ^at or in combination with 

* leference 5 is to be considered as Part I of the series on 
fJised salt heat transfer. 

http://tiro.es


i UF3 Qt UFlf'as ̂ .Â elp̂ bqiiSint-i' S The efficiency of a fluid as a coolant can be 

defined as the work required 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 'teing of coiirse 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 rested on a scale to enable fluid flow 

rate measTorements, 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-
•4 

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 failure at tempera­

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

>̂ . 

^ . 

s rstance "to^Flinak and retains^lts structura3r~BtTen:gtfa~at~elevat;ed tempg 

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 

^C> O O^ ^ 
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Fig. 1. General View of Experimental System 
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Fig 2 Test Unit-Shown Partially Assembled. 



eliminate this difficiilty a number of changes were made for the Flinak listen: 

The tanks were redesigned to incorporate fleinges with metal 
0-ring seals for introducing thermowells, 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 temperatiires, 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 h 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: 

(1) 

(2) 

(3) 

/ ^ i>c 
,<^ 
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'Tmm 1 

feterial 

l i c k e l 

laconel 

316 s . s . 

Outside 
Diaaeter 
(inches) 

0.1875 

0.225 

0.250 

Wall 
Thickness 

(inches) 

0.035 

0.025 

0.035 

length /XI 
Diameter^ \ d | 

204 

137 

133 

With the Inconel and 316 s.s. test sections, flow at a KeynoMs aodttlus 

of 10,000 co\ild be attained. As a result of the teâ eratiire limitation on the 

nickel test section, a maximum Beynolds modtil-us of only 60OO vas possible. In 

each ease over 99^ of the heat generation occurred in the tube wall. 

The tei^erature of the outer surface of the test section vas aeas^red 

with thermocouples which were resistance welded to the tube surface. Sie 

fluid laixed-meaa tei^eratures were measured in mixing pots at each end of the 

test section. Details of the mixing pot and test section end are shown ia 

Figttre 3. The voltage impressed oa the test section wa.s obtained at 8 locations 

along the tube. At each position one of the wires of the tube siarface thermo­

couple at that point was used as the voltage probe. 

The system contained 350 pomids of Flinak, charged to the system as a 

well-mixed powder and melted while alternately evacuating the region above 

the melt and then p-urging and mixing the fluid with heliwi. !Ehe heliwa '#as 

dried and oxygen resioved by bubbling it tbro-ugh a tank filled with sodiwi-

potassium alloy. 
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Fig. 3. Test Section and Mixing Pot Detail. 
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System Calibration 

To insiire the relia'bility of the data ohtained it is aecessaxy to eali-

hrate the ¥arious measuring devices associated with the system. It had heen 

detenained in the sodiiaa hydroxide experiment that the readings of the scale 

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

cttrrent flowing in the ttibe wall had no effect oa the readings of the ttibe 

svTta.ce theiTaocoaples. Since the factors affecting these were •unchanged by 

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

Similarlyj no preliminary tests were nade to determine the approach to equili-

•britaa of the test unit diaring the time available for an experimental ran. 

loweTer, it was found during system operation that equilihri'iam conditions were 

attained well "before the end of each ran. 

Tkm thermocouples used is measuring the fluid mixed-meaa temperatures 

were calihrated at the freezing poiats of lead^ zinc and alumintia. fehle II 

shows the results obtained from the calibration, of the fImid mixed-ieaa thenao-

eouples used in a typical test series. 

Tmm II 

Calihration of Fluid Mixed-Mean fhejrmocomples 

Tonperature Diermocouple 

• QF 21 22 23 2k 

621.1 -o,o6* -o.o8 -o.o8 -o.o6 

787.1 -0,06 -0.07 -0.07 -0.06 

1219̂ 5 -0.055 -0.06 -0.07 -0.055 

*Bo% of table gives the correction (ia millivolts) to he added to 
the observed reading to obtain -Qie true reading. 

f - - ^ 

http://svTta.ce
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Since the tuhe surface thermocouples were formed on the tube after the 

test unit had heen assembled, calibration of these couples iras difficult, 

therefore, the couples were checked in two ways. &s^les of the wires used 

were taken, fonaed into thermocouples aad ealihrated in a tube fiirnaee with 

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

nately 1°F hetween the ohserved and true readings at 1200°F. OB. the completion 

of a test series, the tube f̂as reaoved and sectioned. Each snail section, 

with thermocouple attached, was then calihrated at the temperatiffes corre­

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

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

siailarly. Tahle III gives the result of this calihration check for h couples 

(different in each case) at the aluailauia point. 

Tmm III 

CalihratioE of Tuhe Surface aermocouples 

(Meltiag Point of Aluminum = 27-̂ i-̂  millivolts) 

I-l* 1-2 
Thermocouple (aillivolts) (inilli volts) 

1 27.i^3 27.kk 

2 27.k6 27-te 

3 27.^*5 27.i^3 

h 27.i}-̂  27-42 

* 1-1 Itoeonel dumay test sectioa. 
1-2 Incoael test section used in run series G« 

/ •' ^ 
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lt is seen that the output of the tube surface thermocouples renaiaed 

essentially unchanged evea after operation at temperatures up to 1^50 F and 

despite a great deal of tea^erature cycling. 

Part of the total ener®- put into the test section is lost to the system 

environaent. Since the Bagnitude of this loss must be kaown to obtain a heat 

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

en^loyed has been described in Fart I (5)« As the system heat loss is a 

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

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

for each test imit. Figure 4̂- shows the outside tube surface temperature for 

various power levels without fluid flov. The dip in the curves at the 

position corresponding to the tube ceater probably results from the tempera­

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

terminal guard heaters at the test section ends. Bie systea heat loss curves 

for the several test units are givea in Figure 5, where ^ t is the average 

outside tube surface ten^erature, tv^ave» minus the tearperature of the systea 

enviromaeat, t^* 

Analysis of Pata 

The local coefficient of heat transfer (or local coaductaace) is defined 

by the eqmtion 

(ts - ha)"-
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where q.|'/A is the heat flux through the wall-fluid interface, tg, the 

temperature of the surface at this interface, tĵ , the fluid mxed-iaean teiapera-

ture and the subscript, x, indicates the geometrical positioa oa the surface 

at which the heat flux and tei^erature difference are evaluated. For large 

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

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

bydxodyiamically established turbuleat flow. 3k the correlatioas which follow 

the coefficient h is iised unless otherwise noted. 

tte iaside surface toaperature 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 iaside tube surfaces, respectiTely, and k^ is the tteraal conductivity 

of the tube metal. The source teim, W^ is given hy 

W s MiU-l (3) 

where E is the Toltage impressed oa the test section, I, the current passing 

through the tuhe wall, and V, the voltime of metal in the tuhe wall of the test 

* The derivation of this equation is given ia Beferenee (5). 
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section. Eguation 2 is a modification of the simple conduction equation to 

allow for the generation of heat in the ttibe wall, fhe derivation asswaes 

•uniforii heat generation in the tube wall, no longitudinal heat 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 fnnction of the distance along the tube. Thus, 

the assiaâ tion of nniform heat generation in the derivation of equation 2 is 

seen to be reasonable. With miiform beat generation and the snail axial 

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

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

tjg I and. t^ Q the fluid aixed-aeaa inlet and outlet temperatures, respectively. 

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

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 into heating the fluid. Bie external loss is obtained from the curves 

of Figure 5 ̂ or the given set of experimental teta. Bie heat transferred to 

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

tf = ^r Cp (tĝ ô - %,i) (̂ ) 

where w is the fluid flow rate in Ibs/hr. The heat transfer area is taken as 

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 k. 

tte heat balance for each run is shown ia Table If, Figure 7 shows a tjrpical 

teaperature 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 sBiall, the physical properties were evaluated 

at the average fluid mixed-mean tei^erature. 

By applying similarity considerations to the differential efpations for 

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

forced convection heat transfer are related hy the equatioB 

% u = $1 ClBe. % r ) (5) 

or Est = $2 C%e> % r ) (6) 

where Iju, the lusselt modulus s hd/k, 

% t ^ *^® Stanton aodulus s h/cp G 

Igg, the leyaolds modulus s dS///, 

and Spy, the Prandtl modulus s Cp/^/k. 

Biis functioaal relationship has also heeii predicted hy the analogies com-

pariag heat and aomentiiia transfer within a fluid flowiag ttirhalently in a 

long tuhe (l, 9> 12, 13)-

Analysis of e^eriiaental tBrhulent forced coavectios heat transfer data 

shows that, in equation 5̂  the leyaoMs modultts generally appears to the 

0.8 power and the Prandtl aodmltts to the 0.^ power. Bae sinrplified 

enplrical eguatioa proposed "by McAdaas (l)^ 

% ^ s 0.023 Iie°°® % r ^ ° ^ C7) 

has "been foiind to correlate^ to within + 20^^ all data for the fluids termed 
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"ordinary'% (0.5<%r<^100)' Colhurn (2) has proposed a slightly different 

correlatioai steiaaing from equation 6, 

a = 1st • % / / 3 ^ 0.023 lie°"°*^ (8) 

which enablesJ under certaia coaditloas, a direct coi^arison between heat 

transfer and friction. Both egmtion 7 and equation 8 are appllcahle only to 

moderate A t conditions = 

In this reportJ the Colhurn j-function has been used as the correlating 

parameter» 

Results 

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

dimensions of the ttibes used as test sections lave "been presented ia Table I. 

The data oh tainted (test series F ) are shown in Pigiire 8. Table Vf lists 

the pertinent measurements and calculated restilts of Tests F-J. Ia each 

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

down-streaiE (x/d>100) where fijUy developed turhiilent coaditions existed. 

Bie results covered the transition flow region and checked generally the 

correlation for ordinary fluids. As attempt to ohtain data ia the region of 

fully developed tarhulent flow hy raising the t̂ iperatiare ahove 1000°F was 

BBsuccessful d-ue to failiare ia fatigue of the aickel tuhe. The data 

deaonstrated that variations ia the entrance conditions, arising froE slight 

differences in geonetry hetween the two ends of the test section, strongly 

affect transition region heat transfer, fhus^ the results for flow throu^ 

/ e . 
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the test section in one direction are indicated hy the nor^l open triaagles :<̂  

of Figure 8, while the inverted open triangles are for flow in the opposite 

direction. 

fo sustain higher operating te^eratiares so as to ohtain tiirtalent flow-

data, the nickel tube was replaced by an Inconel section and a secoad series 

of runs performed, fhe resalts of this test series (6) are shown in Figure 8 

hy the open circles, fhe data extended through the transition region into 

the regime of fully developed turhulent flow. It was apparent that the Fliaak 

heat transfer was considerably lower (hy a factor of two) than the heat 

traasfer for sodiim l^droxide or other ordiaaiy fluids. Since the Prandtl 

iBod-ulus for Fliaak lies in the same range as that for sodiim %-droxide, one 

would e:^ect the Fliaak-laconel flata to fall oa the ctirve correlating heat 

transfer for the ordinary fluids. Ia addition^ these data do not agree 

with those of Test F ohtalned for Flinak flowing ia a nickel tube. 

There appeared to he three possihle ezplaaatioas for the ohserved 

differences; 

(1) Tke ezperiaental measuremeats were in error 

(2) The pl^sical property data wsed ia the analysis -were 
incorrect 

(3) "Ion-wetting" occurs or aa interfacial resistaEce (film) 
existed at the metal surface 

Froffl equation 1, which defines the heat transfer coefficient, it was 

seen that to accoimt for the discrepaaey on the basis of experiiseatal error 

required that either the thernal flux or the teaperature difference he in 

error hy a factor of two or that errors in. the proper directioa exist in hoth 
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fuantities. Excellent heat Tbalances eliminated the possibility of error ia 

the thersal flux. While it was unlikely that a consistent error could occur 

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

couples was checked, lo sigaificant deviation from the e^^ected calihratioa 

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

measuring the mixed-meaii teisperatures was verified. An analysis of the mixing-

pots indicated ttet the mxed-mean fluid temperatures could he in error dwe 

to heat conduction losses from the thensocouple jtmctions. Although the 

prohability was low that these losses were large enough to accoimt for the 

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

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

a longer constant temperatiare region. 

A change in the thermal condTictivity of Fliaak from 2.6 to 0.9 

Btu/hx^tt-°W or a change in viscosity from 11 to 0,02 Ihs/hr-ft or a coabi-

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

correlation, lecent physical property data for Fliaak (thermal conductivity 

and viscosity) indicate the values used to he suhstantially correct. 

Hie existence of a "non-wettiag" condition was eliminated by evidence 

showing that Flinak readily wets lacoael surfaces. However, the possibility 

of a high-melting f iM, caused "by a reaction between Flinak and Inconel, 

formiag oa the inside tube surface presented itself. A section of the tube 

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

inside tube surface. However, some question as to the origin of this film 

arose, since the tube had been es^osed to air subsequent to its es^osure to 

Flinak. ^ 9 
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Iherefore, a third series of TUBS (fest l) were made using a aew Ineonel 

test section, and tbe aodifiei aixiag-pots. Only two points were obtained 

before sMt-dowa resulting from fail\ire of a systea co^oneat. These are 

shown la Figure 8 hj the closed circles and are sufficient to check the data 

of Test 6« It was concluded that tlie difference "betweea the observed and 

ejected heat transfer was definitely sot due to errors in the aeasureaent of 

the aixed-nean temperatures. Ihe test section froa this series was cut 

longitttdinallyj and a green deposit, extending over the entire iaside surface 

of the tube, was observed. PetrograpMc and electron diffraction eaaiaatxon 

of the film showed the aajor constittieBt to he K^CTF£* Some LioCrFg aad 

s^ll aaounts of the oxides of ehroaitas aad nickel were also present. The 

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

of the tiibe surfaces to remove metal oxides was atteapted^ KgCrFg has a cttbic 

stractmre, is green in color, aad selts at a te^eratwre of 1055°C. 

With the fila present^ as appareat coefficient of heat transfer is giTen 

hy the eqmtioa, 

h' = _ 1 . (9) 

where A* is the inside siirface area of the film, y, the film thickness and 

kj_, the ther^l coaduetivity of the film. Since the films are thia, the 

ratio of the heat transfer area of the fila to that of the clean ttihe, k*/k, 

is approximately oae. Hence, iq,f/A.') ia equatioa 5 imy he replaced by 

Ctf/A). Baas, egjiatioa 5 can he written 
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h' s 

T7X 
h ki 

(10) 

Froa the Flinak-Inconel data, a value of 0.0002 hr-ft^-^F/Btu was ob­

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

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

and of the thermal conductivity of K^CrFg. The film thickness^ determined 

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

approximately 0.4 mils. A prelminary value of 0.133 Btu/hr-ft-°F was ob­

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

Using these values, a theî ial resistance of 0.00025 hr"ft2-°F/Btu was ob­

tained. Biis compared closely with the value (0.0002) deduced from the heat 

transfer data. 

At the same time an e:5q)erimeiit was performed to deteraine if the current 

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

foniatioa. Pieces of Inconel aad nickel tubing were allowed to re^in in a 

still pot of moltea Fliaak for 2^ hours. CM remoTal a green fiM was observed 

on the Inconel tube. It was noted that the nickel tube showed no filai uader 

similar conditions. 

An additional check on the validity of the initial Plinak-nickel data was 

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

was seen that the data were in general agreeaeat 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. 

e e o a a e » a a a» a a e « » s e e 
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Preliminary tests had indicated that Fliaak could be contained for 

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

of insoluble fluoride deposits, lierefore, a 316 stainless steel test section 

was installed and a series of rvms made (Test J). The results are shown by 

the open squares in Figure 8. As can be seen, Flinak in the absence of the 

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

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

can be attributed directly to deposits of the type, K-^CT¥£. 

Same infora»tion on the theraial entrance length was obtained from the 

es^eriaental data, Bie entrance system consisted of a theratal entrance 

region preceded by a l̂ drodynaaiic entrance region of § to I3 tube diameters. 

In this investi^tion^ (x/d)e ̂ as 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 function of 

x/d for a typical experiaental run. Figure 11 presents, for both Flisak and 

sodi\3ii hydroxide, the observed variation of (x/d)^ with the Peclet modulus, 

(ipe s Ipr • Ige)-

As in the sodium hydroxide ei^eriment, it is estiaated that the aiaxiiaim 

error in the heat transfer eoeffici^ts obtained for Plxnak is 7«5^« 

Discussion 

The first reported measuremeats for fused salt heat transfer were those 

of Kirst, fcgle and Castaer (lO) for the mixture, laI02-laS'03-nOo 

(I1O-7.53 weight percent), known as "fflS." they ei^loyed 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 wall. The ftaid was circulated through the pipe, 

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

ehroBel-aliaiBel thermocouples ia wells at the pipe ends. Hie outside surface 

tei^eratures of the pipe were measured at tour positions along the pipe, 

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

experimental results in terms of the function, hd^^ . Sie average line 

through their e^erimental values was given by the equation 

lolll-

- i | ^ . 0.000^2 p j (11) 

over the Beynolds modiilus range 2000 to 30,000. Figure 12 shows the data of 

Kirst, lagle and Castner in terms of the Colburn j-function using the 

preliminary values of Hofflmn and Claiborne (?) for the theiroal conductivity 

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

Part I (5) of the current investi^tion reported aeasmreaents of the 

heat transfer coefficients for molten sodiisa hydroxide flowing turbmleatly 

ia a aickel tube, 3/I6" O.B. x 0^035" wall thickness. Bie results are 

showa in Figure 13 and caa be correlated by the eqpatioa 

% « * %r"°'^ = 0-021 %e^'® (l2) 

over the leynolds modul-us range 6000 to 12,000. 

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

l^droxide flowing in. an electrically heated tube. Siey used an Ihcoael 

tube having aa outside diaaeter of 3/8" and a wall thiclmess of 1/16". A 

"S^S. 
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ceatrifugal sump piaap was used to circulate the Boltea sodiiaa hydroxide 

through the systai. Bie inlet and outlet fluid ten^eratiires were leasiired 

in baffled mixing tanks at each end of the test section, tte outside tube 

surface teaperat\a*es were measiired with 1^ ehromel-alraael thermocouples located 

along the test section. In aiditioB to heating data, Grele and Sideon ^de 

meaŝ ireiteats on the cooling of sodiim i^droxide in an air-cooled double-tube 

heat exchanger. Hieir results, for heating and cooling, are shown in 

Figiire 13. 

Using the sajie system, Grele and Gideon (k) reported aeasure^nts on 

Flinak heat transfer (2000clge^20,000) in an fiiconel tube. Bieir resalts 

corroborated the preliminary measurements of loffiaaa (6) on Plinak, tests 

G and I, and are shown in Figure Ik. 

lecentlj, Salmon (l̂ i-) using a double-tube heat exchanger, with soditam-

potassiuB alloy (lalC) as coolant, aeasured-heat transfer coefficients for 

the fluoride salt mixture MaF-Txfi^-Wi^. (^0-k6-k aole percent) is a 0«269" 

I.D. nickel tube with a length to diaaeter ratio of kQ. Center-line tempera-

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

adjustable prohe was used to-measure the surface teaiperatures on the aasulus 

side of the center tuhe. Sie heat transfer coefficient was ohtaiaed by 

analysis of the iata using the measured surface tea^erature and also hy 

the graphical analysis technigpe suggested hy Wilson (15)' Bi© results, 

recalculated from SaMon's data as the Colhum J-function, are shown .in 

Figure 15. 
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I 

The results of this report show that Plinak, when suitably contained, 

hehaTes as an ordiaazy fluid as far as heat transfer is concerned. However, 

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

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

of this on a'reactor, wheie.a fixed aaount of.beat mist he removed in the heat 

exchanger, is readily appareat. Consider, the fuel to laK heat exchanger 

designB for a 50 megawatt eirculating fuel reactor» In this heat exchanger 

the fuel is circulated on the outside of Inconel ttahes (3/16" O.D. x O.OI7" 

wall thickness) through which laK is flowing, fte Beynolds modulus of the 

fuel is 5000 and it enters the heat exchanger at 1500% and exits at 1100%, 

If the fuel is the mixture MaF-MJ-W-W^, (ll-%5-li.l-3 mole ^ ) , then the fuel-

§^ I side heat transfer coefficient is approxiaately 5000 Btu/hr-ft^-^F. For the 

-;-l \ design conditions, the laK (coolant-side) coefficient is l8,500 Btu/hr-ft*^-°F. 

^ j 
.̂  I The total therBnal resistance is given hy 

I 

I 

^ = î tHf-)„ '̂ '̂ 
'w 

where, hp is the fuel heat transfer coefficient, hg, the coolant heat transfer 

coefficient, S , the wall thickness and k, the theraal conductivity of the wall. 

Substituting into egiiation (13), 

« - 5 ^ * 3 H ^ - iMlfe = °-'^''' "-"'-°^/"" 
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^ 

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

1|" \ of the system is increased by 0,00025 hr-ft2-°F/Btii. Thxz is equivalent to a 

to.8^ decrease in heat transfer. Eius, if a film having a high thennal 

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

from the fuel, the heat removal is reduced to 29*6 aegawatts and the outlet 
! 

fluid temperature hecomes 1263°P instead of 1100°F. 4 

% 
t 

V Conclusions 

Fro® the heat transfer results for sodium l^droxide in nickel tubes and 

for Fliaak 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 froia a reaction at the fluid-metal interface. Bie thermal 

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

transfer for Flinak flowing in small diameter Inconel tubes. 

For systems is which surface deposits do not forai, the accepted corre-

lations for txirbulent forced convection heat transfer (e.g., j = 0.023 % e ' ̂  

may be used to predict sodium l̂ rdroxide and Flinak heat transfer. If systems 

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

of the film is required also. 

iii":-! ;5«:>:HR!"n 
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APPfflBIXA 

lomenclature 

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

d Inside diaaeter of tube, ft 

h Goefficieat of heat transfer in region of fully developed 
turbulent flow, Btu/hr-ftS-Ofi hg, coefficient oil coolant 
sidei hf, coefficient on fuel side; hx, coefficient at 
position X on tubej h' apparent coefficient with film 
present 

k fterasl conductivity of fluid, Btu/hr-ft-^Pj k^, theraal 
conductivity of fito; k^, theinal conductivity of aetal 

q, late of heat transfer, Btu/hr| tf^ teat gain by fluid; 
q,| , heat loss to environment! §©, electrical heat input 

r ladius, ftj rg, inside wall; r^, outside wall 

t Temperature, F| t^, environmentj t̂ ,̂ fluid mixed-meaaj 
*m,i» ^* test section inletj t^ Q, at test section outletj 
*ia ave* arithmetic average of t^ i and tm^oJ ts* isside tube 
sulfacej tg Qj^Q-fS-revngei t^j, outside tube surfacei t̂ -̂̂ ave# 
average 

w Jfe-ss 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 theraal entrance region 

y fhiekaess of fita, ft 

A Area of heat transfer surface, ft^; A % inside surface area 
of f ita 

E Toltage impressed on test section, volts 

6 Mass velocity, lbs. fluid/hr-(ft^ of tube cross section) 

,//̂ .!?.<?.« C ^ 
e e s e e 

ee e 9 
e e d 
s e e 
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I Current passing through test section, amperes 

¥ ¥olume of metal in tube wall, ft3 

W Yolume heat generation, Btu/hr-ft3 

^ Tube wall thickness, ft 

/^ Absolute viscosity of fluid, Ibs/hr-ft 

%u lusselt modulus, diaensionless, (hd/k) 

Ipe Peclet modulus, dimensionless, Hie*%r» (cpdG/k) 

Ipj, Praadtl modulus, dimensionless, (cp/*/k) 

%e leynolds modulus, diaensionless, (dG//<) 

Ig+ Stanton modulus, diaensionless, %ii/(%e*%T«).? 
(h/cpS) 

2/3 
j Colburn function, difflensionless, I g f S p j . 
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App^n c 
Pl^sieal Properties of Flinak 

The physical properties of Fliaak were obtained from the following sourcesi 

CpJ Pl^sical Property Charts for Soae leactor Fuels, 
Coolants, and Miscellaneous fcterials - June 195^ -
OBIL CF 54-6-1881 Powers and Blalock - OHL CF 53-7-200. 
The value reported and used in the calculations in 
this report is, Cp = 0.i|-5 ± 0,03 Btu/lb-°F, for the 
temperature range 900% - l&QOF. 

/4i Unpublished data of ledEond and Cohen obtained on 
Brookfield fiscoaeterj see also Physical Property Charts -
OlIL CF 3k~6~ld&. 

P I Physical Property Charts - OlIL CF 5%-6-l88j Cohen and 
Jones - OSlL-1702,. 

kj P^sical Property Charts - OlIL CF 5ii-6-l88| Cooper and 
Claiborne - CSIL CF 52-8-I63. 
The value reported and «sed ia the calculations in this 
report is, k s 2.6 Btu/hr-ft-OF, for the te^erature 
range lOOQOF - 1275®F, 

The viscosity and density are shown as a function of teiî erature ia 
Figure I6. 
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