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TURBULENT HEAT TRANSFER FROM A MOLTEN FLUORIDE SALT MIXTURE TO
SODIUM-POTASSIUM ALLOY IN A DOUBLE-TUBE HEAT EXCHANGER

D. F. Salmon

INTRODUCTION

reactor systems for high-per-
high-temperature power plants place
exacting requirements on the fluids which must

Circulating-fuel
formance,

serve as heat transfer media. It is necessary that
the fluids have good heat transfer properties, be
stable chemically at an elevated temperature, have
a reasonably low melting point, be compatible
with container materials, and require only a mini-
mum in pumping power. Aside from the chemical
problem involved in finding materials with which
the proper amount of nuclear fuel may be com-
bined, there are the research and the experimenta-

tion required to determine whether the above-

mentioned specifications are met.

Mixtures of fluoride salts were found to show
promise for the circulating-fuel application. This
report is concerned with an experiment to measure
the heat transfer characteristics of the fluoride

salt mixture NcF-Zer-UF‘1 (50-46-4 mole %).

The primary purpose of the experiment was to
make a correlation of film heat transfer coeffi-
cients, and a secondary purpose was to determine
the effect on heat transfer of deposits resulting
from corrosion or mass transfer of container ma-
terials.

DESCRIPTION OF EQUIPMENT

A schematic diagram of the various components of
the test apparatus is shown in Fig. 1.

The only pump available for the fluoride salt
circuit was a type 316 stainless steel sump pump
capable of delivering 10 gpm at 40 ft of head and
3600 rpm. This pump was designed for high-
temperature application and for liquids which could
not be sealed against directly at the shaft in the
ordinary manner. It had a water-cooled rotary face
seal for maintaining an inert gas blanket on the
fluid being pumped. An automatic level control
system was provided for maintaining the liquid
level in the pump within prescribed limits.

The heat transfer coefficients were measured in
a double-tube heat exchanger. The fluoride salt
was cooled in the center tube by a countercurrent
flow in the annulus of sodium-potassium alloy
(hereafter referred to as NaK). The center tube of
the heat exchanger, made of nickel, was 0.269 in.
in inside diameter with a length-to-diameter ratio
of 40. The outer tube was 3/4-in., schedule-40,
type 316 stainless steel pipe which was rigidly
connected to the center tube at one end and
bellows-joined at the other end to allow for dif-
ferential expansion,

Heating of the fluoride salt was accomplished in
a length of 1-in., schedule-40, Inconel pipe by
electrical tube furnace elements assembled on the
pipe and covered with preformed insulation. The
NaK stream was cooled by natural convection of
air in a section of finned pipe which was ducted
and provided with a damper for control.

The NaK was circulated by a conventional
electromagnetic pump. The fluoride salt and the
NaK flow rates were measured by water-calibrated
venturi tubes; the calibrations were corrected to
reflect the discharge coefficients and the dif-
ferences in densities of the respective fluids. An
electromagnetic flowmeter was also available for
determining the NaK flow rate.

Inlet and outlet temperatures of the fluoride salt
and the NaK were measured by fixed, Inconel-
sheathed, Chromel-Alumel probes on the center
lines of the piping. An adjustable probe that was
provided in the annulus of the heat exchanger
could be brought in touch-contact with the outer
surface of the center tube wall for temperature
measurement. These probes were calibrated to
1/2°F against a National Bureau of Standards

~=SECRET 1




certified platinum—platinum-rhodium thermocouple ometer, and an ice-bath cold junction was used.

in a calibrating furnace. Thermocouple readings Figures 2, 3, and 4 are photographs of the test
were taken on a Leeds and Northrup K-2 potenti- equipment,
UNCLASSIFIED
DWG 16341
SURGE TANK
FLUORIDE SYSTEM
ELE AGNETIC Fi
——— LIQUID METAL SYSTEM L SR ol i LECTRONACGNETIE FLOWMETER
=S et L COOLER
! 5 *

HEAT EXCHANGER

O

— = — A

-

HEATER SECTION

| ¢ =1 o
}L\—‘ ~— CENTRIFUGAL PUMP — \—HH}HHHHHM*—‘
|
[
\
f
|

A T
T P LN _ —AIR
VENTURI i / BLOWER

KO IER ELECTROMAGNETIC
PUMP

"UNCLASSIFIED
0TO 6 5862

Fig. 2. Instrument and Power Panel.




S mEe———————  INC] ASSIF{ED
PHOTO 6 5860

HEAT EXCHANGER

FLUORIDE SALT
HEATING SECTION N3

P

" UNCLASSIFIED
PHOTO 6 5861

NoK FLOWMETER
ELECTROMAGNETIC




TEST PROCEDURE

The melting point of the fluoride salt was approxi-
mately 960°F,' and, consequently, it was neces-
sary at all times to maintain the walls of the
fluoride salt system above this value. In fact, the
walls were kept at from 50 to 100°F above the
melting point as a precaution against freezing.
For all runs, the electrical power to the fluoride

]Physical Property Charts for Some Reactor Fuels,
Coolants, and Miscellaneous Material (3rd Edition),
ORNL CF-53-3-261 (March 20, 1953).

salt heaters was controlled to maintain a constant
inlet temperature to the heat exchanger. The
fluoride salt pump speed was set to give a desired
flow rate, and this flow was maintained for a
series of different NaK flow rates. The damper to
the NaK cooling section was adjusted in each
case to hasten attainment of steady-state condi-
tions before data were recorded. Data were taken
during each run at each NaK flow rate; a total of
80 data points was taken.

METHOD OF CALCULATION

A heat balance on the fluoride salt and NaK
streams in the heat exchanger was made, initially,
to serve as a check on the validity of the data and
to provide the basis for calculation of the heat
flux, g/A_. The value of g used for determining
the heat flux was an average of that obtained by
applying the first two of Eqgs. 1 to the fluoride salt
and NaK streams:

(n q

I

wF CF AtF

I

Wy €N AtN
u, AO AzLM ;

I

where the subscripts F and N refer to the fluoride
salt and the NaK, respectively. The insulation
heat loss from the heat exchanger was neglected
since it was, in actuality, less than 1%. The over-
all heat transfer coefficient was calculated from

the third of Egs. 1:

Ao
@) VIR, -

AzLM

The adjustable probe, located 16 diameters down-
stream from the fluoride inlet, provided the outer
surface temperature of the center tube; from the
outer surface temperature the inside surface tem-
perature was determined by using the conduction
equation

o

D,

z

Dqy In
3 t 2 o it Y
( ) wF wN 2771€wL

A logarithmic axial distribution of temperature

was assumed for calculating the stream tempera-
ture opposite the measured wall temperature. Der-
ivations of the equations for obtaining these
temperatures are presented in Appendix 1. The
following equations were then used to arrive at a
film heat transfer coefficient:

9av
(4) by =
Altpo.ay = twr)
and
q
(5) bN _ av )
Altun = tnio.a)

An individual heat transfer coefficient may be
distinguished from the film coefficients given above
in that it is obtained by separation of the over-all
coefficient defined in Eq. 2. Some such separation
process is always required when the difficult
problem of measuring surface temperature is not
attempted. In this case, the valuable graphical
analysis of the over-all heat transfer coefficient
attributed to Wilson by McAdams? is useful. The
analysis is based on the premise that a plot of
/U, vs 1/v°+8 will produce a straight line if one
of the fluid velocities is held constant and the
other is varied over a specific range of values.
Wilson’s method was applied to the data of this
experiment as shown in Fig. 5, where l/UO is
plotted against ]/UNO.B_ The run with the greatest
number of values for NaK velocity was used to

2y, H. McAdams, Heat Transmission, 2d ed., p 273,
McGraw-Hill, New York, 1942,



establish the slope of the lines. The lines were
extrapolated to VUNO'S = 0, which was equivalent
to letting the NaK velocity approach infinity, in
which case the NaK film resistance, 1/b,, ap-
proached zero.

An individual heat transfer coefficient for the
fluoride salt was then separated from the extrapo-
lated over-all coefficient at 1/2,,%°8 by using the
equation (derived in Appendix 2)

1.22
(6) by = :

— 0.0000788

7

J
co

By assuming the value of 5. to be constant
along each of the Wilson lines, an individual co-
efficient for NaK was separated form the over-all
coefficient by using the following equation (derived
in Appendix 2):

{7) by = ] .

1 1.22
o - 0.0000788

F
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CORRELATION OF DATA

Dimensional analysis of the physical properties,
together with the hydrodynamic and geometric
factors affecting heat transfer between ¢ turbulently
flowing fluid and a bounding surface such as a
tube, gives a product function of the Nusselt,
Reynolds, and Prandtl moduli. The function is
usually written as

(8) Nu = CRe"Pr? ,

The relationships of these parameters for ordinary
fluids such as water, gases, or oils, as differ-
entiated from liquid metals, have been empirically
determined from the data of many experimental
investigations, The generally accepted value for
the exponent » is 0.8, However, for the constant
C and the exponent p, there is variation in the
evidence; the volues depend on whether the fluid
is being heated or cooled, on the magnitude of the
fluid viscosity, and on whether the evaluation is
based on the bulk temperature of the stream or on
an average of this temperature ond the surface
temperature,

McAdams recommends® for fluids of high vis-
cosity, that is, presumably, higher than twice
that of water, the Colburn equation

1
A
9 Nu = 0.023 Re/O'BPrf 3,

or that of Sieder and Tate:

(10)  No = 0.027 (—’i)
Fy

0.14 ]/
Ref-8p, 3

For these equations, the Reynolds modulus
should be in excess of 10,000, The viscosity
correction term (,u/plw)o’]4 compensates for the
varigtion in the temperature difference between the
bulk temperature of the stream and that of the wall,
In the transition range of Reynolds moduli from
approximately 2,100 to 10,000, called by McAdams
““the dip region,”’# there is a dependency on the
length-to-diameter (L/D) ratio of the heat exchange
surface, the amount being afunction of the Reynolds
modulus,  Eckert® states that the equation of
Hausen,

3ibid., p 168.
YUbid,, p 167.

5E. R. G. Eckert, Introduction to the Transfer of Heat
ond Mass, p 115, McGraw-Hill, New York, 1950,

0.14 2

l) (Re 3 — 125)

I Nu = o.ns(
M,

2

7
ARNTIE
Pr T+ {— ,
L

will satisfactorily reproduce values in the Reynolds
modulus range from 2300 to 6000. Equation 11 is
also useful for the entrance region of tubes where
the velocity profile has not developed fully, al-
though the Reynolds modulus based on mean
stream velocity is sufficiently highfor full develop-
ment,

The theoretical approach to turbulent heat trans-
fer in a tube has advanced to the stage where
experimental values can be predicted with very
good agreement, von Kdrmdn's postulation of three
zones in the flow field, naomely, the laminar sub-
layer, the buffer layer, and the turbulent core, was
largely responsible for the advance., Although the
theoretical approach was not used in this work,
reference will be made to an extension of von
Kdrmdn's theory by Boelter, Martinelli, and Jonassen
(as described by Eckert®) and by Martinelli.” The
extension concerns the temperature rotio (¢, -
1)/, - t.) which was determined by them and
plotted as a function of Reynolds and Prandtl
moduli. The result gives the amount of deviation
expected when center-line temperature rather than
bulk tempercture is used to evaluate physical
properties in correlating experimental heat transfer
data,

The correlations discussed obove for ordinary
fluids do not hold for liquid metals which have low
viscosity and high thermal conductivity and thus
very low Prandil moduli. Thermal conductivity is
important even in the turbulent core of the stream
vwhere, for ordinary fluids, it is assumed, in the
equations, that all the heat is transferred by mixing
action. For heat transfer to liquid metals in a
tube, Martinelli® derived an equation which was
later greatly simplified by Lyon,? but there is as

Sibid., p 125.

R, C, Martinelli, “‘Heat Transfer to Molten Metals,””
Trans. Am. Soc. Mech., Engrs. 69, 955 (1947).

81bid., p 947-959,

R, N, Lyon, Forced Convection Heat Transfer Theory
and Experiments with Liquid Metals, ORNL-361 (Aug.
19, 1949).




yet no cbundance of data to substantiate their
work,

There is no widely accepted procedure for calcu-
lating heat transfer to turbulently flowing fluids
in annuli, whether they are ordinary fluids or
liquid metals. The usual practice is to apply the
tube equations, with an equivalent diameter sub-
stituted, and to odd a correction term consisting
of the ratio of annulus diameters to some power.
One equation for liquid metals in annuli, corrob-
orated in particular with NaK by Werner, King,
and Tidball (described in the work of Claiborne '9),

]OH. C. Claiborne, A Review of the Literature on Heot
Transfer in Annuli and Nencircular Ducts for Ordinary
Fluids and Liquid Metals, ORNL CF-52.8-166.

is the following:
(12) Nu_ = [4.9 + 0.0175(Re x Pr)%8]
0.53

)

The bracketed quantity is equal to 0.7 of Lyon's
expression’ for Nusselt’s modulus in a tube, and
the diameter ratio correction is recommended by
Monrad and Pelton, who experimented with ordinary
tluids in annular spaces. The work of Monrad and
Pelton is described by Claiborne!® and also by
McAdoms,!!

”W. H, McAdams, Heot Transmission, 2d ed., p 201,
McGraw=-Hill, New York, 1942,

TEST RESULTS

A total of 80 data points was taken during the
test, but only 19 of the points were used in the
analysis for this report. The remaining data were
not used because of fouling that occurred on the
fluoride salt side of the heat exchanger as a result
of mass transfer of iron from the stainless steel
pump parts, When the heat exchanger was sectioned,
a layer was found which built up gradually from the
hot end to a thickness of approximately 0,030 in.
at the cold end. Spectrographic analysis showed
the fayer to be pure iron.

The basis for selecting the data points that were
analyzed is indicated in Fig. 6, where the fluoride
salt system pressure drop is plotted as o function
of volume flow rate. The points are compared with
a theoretically calculated curve of pressure drop
vs volume flow rate. The chosen points fall on
the curve representing an unfouled condition, while
the rejected points lie considerably above this
curve. The sequence of the measurements can be
traced, Instances can be seen where pressure drop
increased sharply without increase in flow and, in
other cases, where pressure drop remained constant
while flow increased,

The data points used in the analysis and the
pertinent calculated quantities are tabulated in
Table 1. Physical properties of the fluoride salt
and the NaK are plotted as functions of temperature

in Appendix 3. A sample calculation of data point
4 is presented in Appendix 4.

The fluoride salt flow rate was varied from 1 t0 5
gpm, and the system pressure drops for these flows
were, respectively, 5to 55 psi. The NaK flow rate
was varied from 1.7 to 9.25 gpm; the NaK system
pressure drop was not measured, Reynolds numbers
for the ronges of flow rates given were 4,400 to
21,000 for the fluoride salt and 21,000 to 100,000
for the NaK.

Limits of the over-all heat transfer coefficient
based on the outside area of the center tube were
1140 and 2550 Btu/hr-ft2-°F, Fluoride salt film
coefficients from 2000 to 8200 Btu/hr-ft2.°F were
calculated,

Heat fluxes at the outer surface of the center
tube from 196,000 to 484,000 Btu/hr-fi2 were
obtained.

Minimum and maximum fluid velocities in the heat
exchanger were 8 to 30 fps for the fluoride salt and
1to 6.5 fps for the NaK. Fluoride salt temperature
at the heat exchanger inlet was varied from 1200 to
1400°F, and the corresponding outlet NaK temper-
ature was varied from 1050 to 1250°F. The range
of the oxial temperature differences through the
heat exchanger was 10 to 42°F for the fluoride and
37 to 300°F for the NaK. The logarithmic mean

temperature difference varied from 172 to 305°F.
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TABLE 1. MEASURED AND CALCULATED RESULTS OF HEAT TRANSFER EXPERIMENTS

MEASURED OR DATA POINTS

czhil:,l}?:f P (e )] ()] @ () 1G] @ @ (6] i) an (12) 3y | 3| 4 (25) (26) 2n (28)
tpy 1220.5 {13433 | 1323.0 {13237 13205 {13171 | 1328.8 | 1330.8 | 13157 [ 1332.8 [ 1333.4 [ 1333.7 [1333.4 | 1334.2 | 1429.1 [ 14193 | 14226 {14208 | 14053
Ny 11545 [ 11402 [ 11819 | 1179.8 | 1164,5 | 11024 | 11183 | 1126.0 | 1057.4 | 1058.2 | 1057.1 | 1053.2 | 1054.6 | 1055.2 | 1267.4 | 1232.7 | 1228.4 | 12229 | 1200.7
ton 11509 | 11851 [ 11950 | 12014 | 12035 | 11350 | 1142,9 | 1150,9 | 1083.4 | 1053.9 | 1053.6 | 1049.8 | 1053,5 | 1056.1 | 1253.3 | 12187 | 12176 {12141 | 1214.5
Arg 16,1 268 148 146 |156 272 | 208 | 283 379 | 413 45 1423 (419 | 424|253 |269 270 284 |27
Ay 3000 {829 jios7 |19 |88 571|482 | 385 8la4 | 598 (499 [43.0 (374 | 370 |1508 | 966 |714 |542 |46
wg 4580 (4060 {8130 | 8450 |8450 |3810 |[3810 |380 2300 |[2300 [2300 2300 |2300 |2300 {4050 |4325 (4325 4290 | 4340
wy 2250 [1u7o [wieo [wveo 1700|2235 [ 2560 | 3060 | 1320 {1960 |2405 {2780 3120 [3120 | 635 1196|1700 | 2360 | 2950
g 14,320 33,700 | 37,200 | 38,240 |40,850 | 32,150 | 35,200 | 33,420 | 27,000 | 29,400 | 29,600 | 30,150 | 29,900 | 30,200 | 31,780 | 36,040 | 36,200 | 37,750 | 37,100
ay 16,720 124,000 {31,800 | 32,190 | 35,750 | 31,640 | 30,600 | 29,200 | 26,600 | 29,050 | 29,760 | 29,620 | 28,950 | 28,620 | 23,750 | 28,620 | 30,040 | 31,700 gu,wo
1., 15,520 28,850 | 34,500 | 35,220 |38,300 | 31,895 | 32,900 | 31,310 | 26,800 | 29,225 | 29,680 | 29,885 | 29,425 | 29,400 | 27,765 | 32,330 {33,120 |34,725 !35,600
Aty 1724 12302 1841|1886 [189.6 |230.0 |220.6 | 2099 | 2794 |284.0 [280.2 |2809 [276.4 |276.9 2186 [2199 2161 [2103  214.4
u, 1138 j1ss2  [2362 | 2357 |2553 | 1750 | 1es2 [ 188z [ 1212 1300 | 1338 | 1342 {1342 | 1340 |1e00 | 1858 |1931 {2080 | 2096
e, 12183 | 13334 | 13180 | 13188 | 13159 | 13067 [ 1317.0 | 1319.6 | 13011 | 13167 |1316.8 | 13148 {13178 | 13165 | 14203 | 14103 |1412.8 | 1409.9 11394.6
) 10912 | 11105 | 11456 | 11423 | 11343 | 1080,6 | 10992 | 11108 | 1026.2 | 10348 | 1037.2 | 1032.6 |1040.6 | 1039.8 | 12154 | 12006 11970 | 12020 | 91826
o Nes2 12155 12312 | 12366 12487 | 1u4ss | 11775 | 11868 | 11106 | 10867 [ 10848 | 10812 | 10845 | 10870 | 12024 | 12527 | 12524 |1250.6 | 12519
by 4780|3785 16150 16620 |8190 3116 |3640 | 3590 | 2182|1950 1977 |19 |1950 |19se {3108 | 3165 3182|3360 ’ 3855
by 3230|4950 8830 |7520 7160 [13,700 | 9500 | 9610 | 5910 19,320 |22,840 | 21,970 |28,800 {22,800 | 9240 | 22,280 [20,400 {36,200 14,100
B e (Wilsan) 5740 {5740 |5740 [3055 |3055 | 3055 |2025 {2025 2025 |2025 |2025 |2025 [3672 3672 [3672 3672 '3em2
BN Wilson) 7700 | 7500 {10,100 |10,880 | 19,230 | 19,230 |7040 | 11,570 |15400 | 16,120 | 16,120 | 15,880 {4700 | 8580 |9430  |14,600 ' 15,400
Nug 812 625 |1030 |17 (1380 525 |65 | 601 372 326|331 328 (326 332 478 [4.86 4.8 |56 i 6,01
Nuy 803 [123  |2195 [1845 {1780 |29.10 [23.60 |23.64 |14.80 |483 |57 sas  |7u9 (570|228 |ssas |ses  |eeso | 34095
Nug (Witson) 955 |955 |9.55 [S5.06 536 5.6 339 [339 (339 339 339 [3.39 |5.64 |564 |S64  |5.64 5.4
MY (Witson) 19,04 1873|250 |26a 47.8 | 474 1760 [28.8 384 1402 (402 [39.65 |11.63 212  [2335 |36, 38,15
Rey; 9040 (10,260 | 19,970 |20,800 |20,620 | 9100 19300 | 9380 | 5450 | 5640 | 5640 | 5640 |5640 | 5640 | 12,200 [ 12,800 |12,880 |12,700 |12,470
Reg; 8610 19086 118,170 | 19,080 |19,180 | 7680 | 8000 | 8090  |4435 [ 4400 4400 4390 4400 4400 | 10,680 |10,880 |10,980 10,750 |10,780
Rey 72,700 38,750 |39,100 |38,420 56,300 | 72,100 | 82,600 | 101,300 | 41,600 | 61,800 |75,900 | 87,700 | 98,400 | 98,400 | 21,580 | 40,600 |57,700 80,100 {100,200
Prp. 675 {513  [535 535 543 |555 [543 535 5.64 |536 (536 1536 [536 1536 [395 |407 402 408|426
Pre, 709 1579 |s5.87 5.8 [585 [657 |63 6.20 69T | 686 16,86  16.89 686 |6.86 450 [4.80 (472 [4.81 4,93
Py 0.00611 | 0.00596 | 0.00596 | 0.005% | 0.00596 | 0.00611 | 0,00611 | 0,00596 | 0.0063 | 0,00629 | 0.00629 | 6.00629 | 0.00629 | 0.00629 | 6.00579 | 0.00579 | 0.00579 | 0,00579 | 0,00580

*Numbers indicate sequence in which data points were taken; they refer to the numbers on Figure 6o

HR

and ca

of data point 13,



DISCUSSION OF RESULTS

The fluoride salt results are compared with Eq. 9
in Fig. 7 and with Egs. 10 and 11 in Fig. 8 A
least-squares analysis of the data 1in Fig. 7 de-
termines a line to within 4% of Eq. 9, while the
averaging line compared with Egs. 10 and 11 s
approximately 20% low. It appears, then, that evalu-
ating the physical constants at an average of the
bulk temperature and the wall temperature produces
a better comparison of the results for the fluoride
salt with correlating equations for ordinary fluids,

The scatter of the fluoride salt data is no doubt
a reflection of the erratic nature of the heat bal-
ances. Although the axial temperature differences
measured were small and would result in large
percentage errors for a small discrepancy in ab-
solute value, they would tend to be consistent,
The electromagnetic flowmeter readings for the
NaK would likewise be consistent even if in error,
The fluoride salt flow rate, on the other hand, al-
though measured with an accurately calibrated

venturi, was quite likely the cause of the scatter-
ing. The pressure measuring technique on this
venturi involved closely controlling liquid levels
in the transmitters by means of floats and auto-
matically operated sclenocid gas valves,

The length-to-diameter ratio of the center tube
warrants some consideration here. For short tubes,
where the velocity profile and boundary layer have
not developed fully, the heat transfer coefficients
will be greater than those for established flow.
Investigations cited by Brown and Marco'? indicate
the limiting (L/D) ratio for this condition to be 40.
Hoffman'® shows entrance length, that is, number
of tube diameters where the film coefficient is 1.1
times the established value, plotted as o function

Y24, 1. Brown and S. M. Marco, {ntroduction to Heat
Transfer, 2d ed., p 110, McGraw-Hili, New York, 1951,

By, w, Hotfman, Turbulent Forced Convection Heat
Transfer 1n Circular Tubes Containing Melten Sodium

Hydroxide, ORNL-1370 (Oct. 3, 1952).

SECRET

DWG 23305
2x10% —— .
}
‘ | ! | | l | }
{ i | | l
| | & |
|
O RESULTS FROM USE OF MEASURED WALL TEMPERATURE |
A RESLLTS FROM USE OF WILSON LiINE ANALYSIS I | 1
’ i] EQUATION {9) | |
102 - -+ I~ PR RS roo- — MT e
i
e - — b e i B B 7&! et e e
L _ —_— — - . P — _
] t 1 Fj-w o™ 1 ! { i
. U . I ) A "
| P '
N g_ e . — I 1 Lo / % 2
I
L‘Tk | ; //A, {
& B b e o [ -+ L
g l | [ H //
! | °| i

N

A

Fig. 7. Comparisen of Fluoride Salt Results with the Colbum Equation.

10



SECRET

DWGE 23306

2x10% | ——

O RESULTS FROM USE OF MEASURED WALL TEMPERATURE
A RESU.TS FRCM USE OF WILSON LINE ANALYSIS

10 —_— — - - - - _— - ——

t

€1

i

TUEQUATION () e~ rquATION (1G] h":a 7]
- b - e Y
WTH =40 P

PR <, — e e e s e

I
z — [ — e —
|
2
ijj J— e e e *’_%4‘
<
N
S le e — - —
B
z |
e e, s e -‘—v—v—-v«-v-+ B |
|
i
|
, i
| i
1
i ! ]
!
i
,0[ [ ' s
4 5
10 2 5 10 4 ] 10

Re

Fig. 8. Comparison of Fluoride Salt Results with the Sieder and Tate Equation and with the Hausen

Equation.

of Reynolds modulus times Prandt! modulus for
molten sodium hydroxide. Since the fluoride salt
has a comparable Prandtl modulus, the plot should
be applicable, and for the range of data of this
experiment, entrance lengths up to 50 are indi-
cated. Therefore it would be expected that the
fluoride salt results would be slightly high, and it
is possible that such a condition is masked by
the fouling that occurred.

Another poinf to be discussed is that in all the
correlating equations a bulk temperature was used
for evaluating the results, while center-line or
axis femperatures were measured in the equipment.
The work of Boelter et al.,%7 when applied to
salts, indicates the ratio (z,, ~ )/{t, ~ 1) for
the fluoride salt results to be 0.92 and the ratio
for the NaK to be approximately 0.58. For the

fluoride salt data, therefore, the discrepancy in-
volved in using an axis femperature rather than
a bulk temperature is small and certainly within
the accuracy of the experiment, but a lorge amount
of uncertainty arises for the NaK data. This
uncertainty is borne out in the comparison of the
NeK results with Eq. 12 in Fig. 9. The relation-
ship between axis and bulk temperature, however,
has limited meaning for the NaK stream, since it
was flowing in an annular space.

Failure of the measured NaK heat transfer co-
efficients to coincide with the theoretical equa-
tions does not necessarily reflect on the accuracy
of the fluoride salt measurements, but it indicates
the difficulty involved and the greoter precision
required in making liquid metal heat transfer corre-
lations.

11
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CONCLUSIONS

The fluoride salt can be considered to be an
ordinary fluid with respect to heat transfer, and the
equations in the literature can be used to design
heat exchange equipment or to predict its per-
formance. A similar conclusion was made by
other workers at ORNL for the nonuranium-bearing
fluoride salt mixture NaF-KF-LiF (11.5-42.0-46.5
mole %).'% This would not include cases where
the fluid had self-generating heat sources.

Use of iron-bearing alloys such as type 316

Yy v, Hoffman, Preliminary Results on Flinak Heat
Transfer, ORNL CF-53-8-106 (Aug. 18, 1953).

12

stainless steel together with material not con-
tainmng tron 1n high-temperature fluoride salt circu-
lating systems will result in mass transfer of the
iron to cold surfaces if there 1s turbulent flow and
if there exist large temperature differences. Fric-
tional resistance to flow will be greatly increased
ond heaot transfer performance of equipment will
be likewise impared.

The Wilson Line approach can be used to de-
termine heat transfer coefficients of fluoride salts
at elevated temperatures in o double-tube heat
exchanger where sodium-potassium alloy 15 used
as the cooling or heating fluid.




NOMENCLATURE

a Constant

A, Outer area of heat exchanger center tube, fi2

4, Inner area of heat exchanger center tube, ft2

A, Transverse flow area of heat exchanger annulus, ft2

b Constant

cp Specific heat of the fluoride salt, Btu/lb-°F

cy Specific heat of the NaK, Btu/lb-°F

C Constant

Cp Product of specific heat and mass flow rate for the fluoride salt,
Btu/hr-°F

Cy Product of specific heat and mass flow rote for the NaK, Btu/hr-°F

D Tube or pipe diameter in general, ft

D, Inner diameter of center tube, ft

D, Outer diameter of center tube, inner diameter of annulus, ft

D, Outer diameter of annulus, ft

D, Equivalent diameter of the annulus, or hydraulic diameter (I).' - DO),
ft

by Film heat transfer coefficient for the fluoride salt, Btu/hr-ft2-°F

by Film heat transfer coefficient for the NaK, Btu/hr-ft2-°F

k,, Thermal conductivity of center-tube wall material, Btu/hr-ft-°F

kg Thermal conductivity of the fluoride salt, Bru/hr-f1-°F

ky Thermal conductivity of the NaK, Btu/hr-ft-°F

L Length of heat exchanger center tube, ft

4L Differential length of center tube, ft

M Constant, equivalent to (U_aD ), Btu/hr-ft-°F

n Constant

p Constant

9p Rate of heat transfer from the fluoride salt stream, Btu/hr

' Rate of heat transfer to the NaK, Btu/hr

Tqy Average rate of heat transfer between the fluoride salt and NaK
streams, Btu/hr .

dq Differential rate of heat transfer, Btu/hr

¢ Bulk temperature of stream, °F

tp Bulk tempercture of fluoride, °F

ty Bulk temperature of NaK, °F

L, Axis or center-line temperature of stream, °F

t, Temperature of tube wall surface, °F

tey Inlet fluoride axis temperature to heat exchanger, °F

13
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At
At
At

2 ™

At

Aty

Qutlet fluoride axis temperature from heat exchanger, °F

Outlet MoK axis temperature from heat exchanger, °F

Iniet NaK axis temperature to heat exchanger, °F

Fluoride axis temperature at 0.4L, °F

NaK axis temperature at 0.4L, °F

Center tube surfoce temperature on fluoride salt side of 0.4L, °F

Center tube surface temperature on NaK side at 0.4L, °F

"F(o.4) + fwF } oF
""—“"2 '

Fictive fluoride salt film temperature at 0.4L,

Differential fluoride solt bulk temperature, °F
Differential NaK bulk temperature, °F

Over-all heat transfer coefficient based on outer area of heat ex-
changer center tube, Btu/hr-ft2.°F

Over-all heat iransfer coefficient at zero ordinate of Wilson plot,

Btu/hr-f12.°F
Mean flow velocity, ft/hr
Mean NaK velocity in annulus, fps
Mass flow rate of fluoride salt, Ib/hr
Mass flow rate of NaK, Ib/hr

Temperature difference of fluoride salt and NaK of any cross section
of heat exchanger, °F

Temperature drop of fluoride salt through the exchanger, °F
Temperature rise of NaK through the exchanger, °F

Temperature difference of fluoride salt and NaK at hot end of ex-
changer, °F

Temperature difference of fluoride salt and NaK at cold end of ex-
changer, °F

Logarithmic mean of Az, and At,, °F

CF CN

Constant, 3.1416

Mass density evaluated ot bulk temperature, 1b/ft?

1 1
Constant ( —_— = ), hr-°F/Btu

Mass density of fluoride salt evaluated at axis temperature, |b/ft3
Mass density of NaK evaluated at axis temperature, Ib/ft3
Absolute viscosity evaluated at bulk temperature, Ib/hr-ft

Absolute viscosity of fluoride salt evaluoted at axis temperature,

Ib/hr-ft
Absolute viscosity of NaK evaluated at axis temperature, [b/hr-fi

Absolute viscosity of fluoride salt evaluated at film temperature,

Ib/hr-ft



Nu

an

Re

Re

Repf

Re

Pr

Pr

PrF/

Pr

bD

k
pDv

14

i

PeD v

PE

OFDiL'F

Pri
oDty

e
Py

Cot

e

Crip

ke

[

Cpbpy

7

kg
C by

14
kN

Absolute viscosity evaluated at tube surface temperature, lb/hr-ft

Nusselt modulus (tube)

Nusselt modulus for fluoride salt
Nusselt modulus for NaK

Nusselt modulus for an annular passage

Reynolds modulus

, Reynolds modulus for fluoride salt
, Reynolds modulus for fluoride salt with viscosity evaluated at try
, Reynolds modulus for NaK

Prandtl modulus

Prandtl modulus for fluoride salt

Prandtl modulus for fluoride salt with viscosity evaluated at >y

Prandtl modulus for NaK
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APPENDIX 1

EQUATION FOR INTERMEDIATE AXIAL STREAM TEMPERATURE WITH
LOGARITHMIC DISTRIBUTION

To evaluate the temperature difference across the film at the point in the heat ex-
changer where the center wall temperature was measured, it was necessary to determine

the siream temperature at this position.

A7 ! )
! %4 At |
AT,
I .
0 W IR0 A T
} at,
G —e= N

By assuming a constant over-all heat transfer coefficient with steady-state operation and
neglecting heot losses, the basic equation for this configuration is

n dq = ~wg

Cpdtp = ~wycpdty = UaD dLM
For the fluoride stream,

U, D dLAt

di = e o,
2 ‘F Wplp

To integrate Eq. 2, At must be written as a function of L. This is done in the usuel
derivation of the logarithmic mean temperature difference found in the literature; there-

fore,
(3) At = Are AL

The constants have been grouped and simplified as follows:

wpep = Cp ond wafn = Cn o
1 1
18 = e e,
CF‘ CN
M= UofrDo
Substituting Eq. 3 in Eq. 2 gives
MAz,
(4) dtg = - — e~ PML g1,

Cr



Integrating and considering the boundary condition, when L = 0 and ¢ = t,,, Eq. 4
becomes

At1

- {1 - -~ BML ]

(5) tp =t
In like manner, for the NaK stream,
(6) T U

Equations 5 and 6 can be written for the position where the wall temperatures were
measured, at 0.4L, and also changed to involve only the measured temperature quantities,
By noting that

o
BCpr =1 - lgtﬁ and BCN = e M
tp Aty
and by using Eq. 5,
0.4
e
Ay £y
- Z\_t_F_
and by using Eq. 6,
Aty itiv 0.4
At At .
(8 ‘Nw.ay =t T _”“&’F[ 1 - (f) ]
T ‘
At

17
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APPENDIX 2

DERIVATION OF EQUATIONS FOR WILSON LINE ANALYSIS

In a liquid-to-liquid heat exchanger where neither fluid changes phase, if one of the
fluid velocities is held constant and the other is varied over a range of settings in turbu-
lent flow, the film coefficient of the fluid at constant velocity con be determined by a
graphical method called the Wilson Line or Wilson plot.

When the mean temperature of the constant velocity fluid does not vary appreciably, the
film coefficient will be essentially constant. The film coefficient of the other fluid,
where there are not large changes of physical properties with temperature, is a function
solely of the velocity.

The graphical method was used in this experiment to obtain coefficients of the fluoride
salt and thus separate the over-all heat transfer coefficient to obtain a NaK film coeffi-
cient., [f the series resistance concept is used, the over-all coefficient is related to the
film coefficients as follows:

1
— = + + -
U, huD, 2% by

(n

Equation 1 neglects the resistance of any foreign deposits on the heat exchanger walls,
but such deposits would enter the equation in a term similar to thot for the wall resis-
tance, that is, the middle term in the right side of the expression.

The equation relating the NaK coefficient {(Eq. 12 in the text) reduces to

(2) bN = g + buNo's B
For D =0.329 in., D, = 0.269 in., and &, = 34.8 Btu/hr-f1-°F, Eq. 1 above becomes

1.222 [
= + 0.0000788 + ————— .

0.8
F a + bvN

(3)

1
U
o

Sincethe NaK velocity is the only significant variable, a plot of 1/U_ vs 1/{a + buNo's)
should produce a straight line. For such a plot, the constants @ and & must be known.
They could be taken from Eq. 12 of the text; instead, I/Uo was plotted against l/vNo's,
as is usually done with ordinary fluids. The data of the experiment proved to be fairly

well correlated by straight lines.

Inspection of Eq. 3 above shows that when the term involving uN°‘8 approaches zero,

or when the Wilson Line is extrapolated to the zero crdinate, it is possible to write for
all the intercepts

1.222

(4) + 0.0000788 .

1
Uoo F

From Eq. 4 it is possible to solve for the fluoride salt film coefficient, that is,

1.222
(5) by = .

1
— ~ 0.0000788
U

o0




Since the fluoride salt film coefficient is essentially constant along any of the lines, it
is possible to separate the NaK film coefficient from any of the over-all coefficients.

Substitution in Eq. 1 above gives

1 1
b = =
() N 1.222 1
— - = . 0.0000788 —
U bF Uo U

o

-

i

co

APPENDIX 3

PHYSICAL PROPERTIES OF THE FLUORIDE SALT NaF.Z:F ;-UF , (50-46-4 mole %)
AND OF SODIUM-POTASSIUM EUTECTIC ALLOY

The physical properties of the fluoride salt were taken from the third edition charts of
the ANP Physical Properties Group' and are represented as a function of temperature in
Fig. 10. The charts are revised periodically as new data become available. The NaK
properties given in Fig. 11 were taken from the second edition of the Liquid Metals

Handbook, '

152, N. Lyon (ed.), Liguid-Metals Handbook, NAYEXOS P-733 (Rev.) (June 1952).
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APPENDIX 4

SAMPLE CALCULATION OF DATA POINT 4

Experimental Data

tpy = 1323.7°F
tpy = 1309.1°F
tyy = 1179.8°F
tyg = 1067.9°F
wp = 8450 Ib/hr
wy = 1160 Ib/hr
t,y = 1201.4°F

Heat Balance

9 = upcpltpy = tp,)
(8450)(0.31)(14.6) = 38,240 Btu/hr

1l

an = wyenltyy = ty))
(1160)(0.2483(111.9) = 32,190 Bru/hr

{Heat loss less than 1% and therefore neglected)

N
gp 38,240

q,, = 35,220 Btu/hr

Over-all Heat Transfer Coefficient

qF

Tav

U = ——
o]

AOAtLM

(tpy —tyy) = Upy —tna)  143.9 - 241.2

At = = 188.6°F
LM
tey = Ny In 143.9
fh——— 241.2
tpa — N2
35,220

U =—— = 2357 Btu/hr-ft2-°F
° " 0.0792(188.6)

Wall Temperatures

1201.4 {measured)

i

whN

wF = th *

0.329
35,220 In
0.269

12014 + ——————— 7 _ 1236.6°F
T 2n(34.8)(0.922)




Stream Temperatures

Aty <At2 >°'4
i =t — 1 -
F(0.4) F1
AtN At1

1-

AtF

143.9
1323.7 = ————— [1 = 1.229] = 1318.8°F
(1 - 7.66) [ ]

]

AtN

A, ——
i 0.4
AtF : <At2>
T \A

t =ty —
N(0.4) N1
AtN 1

1 -

Az g
1179.8 — (4.9)(7.66) = 1142.3°F

Film Coefficients

b qav
F =
Altpg.ay —t,Fl
35,220
= —————— = 6620 Btu/hr-ft2.°F
0.0647(82.2) o
; qilU
JN =
Ale,y— tN(O.4)]
35,220
m—— = 7520 Btu/hr-ft2.°F
0.0792(59.1) v
Wilson Line
1 1
— = —— = 0,000425 hr-f##2.°F /Bty
u, 2357
Uy 1160(144)
vy = = T557(0.448) 3600 = 2,15 ft/sec
PnAa,  (48.2)(0.448)(3600)
! ! 0,542
0.8 104 °°
UN 1.84
]
From Fig. 5, at = 0 for this line is 0.000292,
U 0.8
o0 UN
1,222
by = = 5740 Btu/hr-ft2.°F
— 00000788

¥
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1
by = = 7500 Btu/hr-ft2-°F

i 1.222
~ 0.0000788

u
o

F

Dimensionless Moduli

At tp, = 1278°F,

cp = 0.31 Btu/Ib-°F
ppy = 25.2 Ib/hrft
kg = 1.34 Bru/hr-ft-°F

h.D,

F”i  6620(0,269

Nup = = ( )= 11.17
ke 1.34(12)

4w
F 4(8450)(12
ReF/ = = ( )12) = 19,080
”I‘FfDi 7{25.2)(0.269)

CFEFf 0.31(25.2) %
Pr, = T =583, (Prp)” =1.801

1
-4
Nug(Prp) ° = 6.2

Attp o = 1319°F,

cp = 0.31 Btu/Ib-°F
pp = 23.1 Ib/hr-fi

kp = 1.34 Btu/hr-f1-°F

At p = 1237°F,
t,r = 27.5 Ib/he-ft

PeD;  6620(0.269)

= = = ]]o]7
B kg 1.34(12)

dwp 4(8450)(12
Rep = __4®as0a2) 20,800
mupD,  w(23.1)(0.269)

SFlF - 0.31(23.1
rp = = ( ) = 5,35
kg 1.34




At t

N(0.4)

= 1142°F,

ReN =

ey = 0.248 Btu/Ib-°F
py = 47.7 Ib/f?

iy = 0.4 Ib/hr-ft

ky = 16,65 Btu/hr-ft-°F

byD.  7520(0.495)

Nuy = - = 18.45

ky  16.65(12)

PPV 47.7(0.495)(2.15)(3600)

. (12)(0.4)

CNEN 0.248(0.4)

Pr, =
N
ky 16.65

ReN X PrN = 229

= 38,420

= 0.00596

25



