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Film Boiling of Potassium on A Horizontal Plate

by Andrew Padilla, Jr.

ABSTRACT

The purpose of this investigation was to experimentally deter-
mine the heat transfer to potassium.in the stable film-boiling
regime. The experiments were conducted on a stainless steel pool-
boiling apparatus utilizing a 3-inch diameter horizontal surface
facing upwards and the heat flux-temperature difference at various
pressures were obtained.

The liquid potassium was slowly charged to a hot surface at
low pressure, thus establishing film boiling directly without
passing over the maximum.heat flux. The film-boiling curve was
then obtained by réising or lowering the power to the heaters.
Operation at higher pressures was accomplished by slowly bleeding
helium into the system;

Film boiling data wereobtained for pressures between 2 mm Hg
and 300 mm Hg, corresponding to liquid temperatures between 714°F
and 1243°F. Two runs were made at constant pressures of 2 mm Hg
and 50 mm Hg. A third run consisted of increasing the pressure in
small increments at essentially constant power input. Nucleate
boiling datawerealso obtained for pressures of 1-2 mm Hg and
602-751 mm Hg. Heat fluxes up to 63,600 BTU/hr-sq ft were obtained
for temperature differences between 15°F and 490F with essentially

no difference between the low and high-pressure data.






The heat fluxes encountered for the film boiling of potassium
were substantially above the theoretical predictions of Zuber and
Berenson. For a pressure of 2 mm Hg, the minimum heat flux was 2,000
BTU/hr-sq ft at a Twa”-Tsat of 400°F and the heat flux increased to

16,000 BTU/hr-sq ft at a T -T of 873°F. For 50 mm Hg, the heat

wall sat

flux varied from 8,800 BTU/hr-sq ft at a T -T of 432°F to

wall “sat
12,000 BTU/hr-sq ft at a Tea11™T of 665°F. After correction for

sat
the effects of radiation and the vapor-phase dimerization reaction
were made, the experimental results for potassium at moderate tem-
perature differences of approximately 200°F beyond the minimum heat
flux, as well as for the previous experimental results of Berenson
for n-pentane and carbon tetrachloride and Hosler and Westwater for

Freon-11 and water, were found to be correlated to within 22% by

the equation

1/k

P '
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where the bubble diameter D, is given by

) 3 €. 0
D, = L. -\/
b f g(pl 0,)

This represents heat transfer coefficients approximately 35% above
those predicted by Berenson's correlation. The film-boiling heat

transfer to potassium, as well as to some non-metallic fluids, was
found to increase much more rapidly at high temperature differences

than could be accounted for by this or any other correlation.






ACKNOWLEDGEMENTS

This study was made possible by support from the
United States Air Force, Aeronautical Systems Division,
Contracts AF33(616)-8277 and AF33(657)-11548, under the
direction of Professor R. E. Balzhiser.

The author wishes to acknowledge the assistance
of the members of his doctoral committee. Special thanks
are due to Professor R. E. Balzhiser, Chairman of the

Committee.






CONTENTS

Page
ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . .. il
LIST OF TABLES . . . . . . . . . . . . . . . . . .. iv
LIST OF FIGURES. . . . . . . . . . « . . v v v . .. v
LIST OF APPENDICES . . . . . . . . . . . . . . . . . wvii
NOMENCLATURE . . . . . . . . . . o o e v v v e v s i
l. INTRODUCTION. ]
. LITERATURE REVIEW . . . . . . . . . . . . . . 3
1. Film Boiling Correlations . 3
2. Liquid Metal Film BO|l|ng Experlments 7
3. Discussion. . . . . . . . e e e 13
F1l. DESCRIPTION OF EQUIPMENT. 15
1. Introduction. . e e e e e e e e 15
2. Environmental Vessel e e e e e e e e 15
3. Boiler Assembly . . . C e e e e e e e 18
L. Charging System . . . . . . . . . . . . . 26
5. instrumentation . . . . . . . .« . . . . . 30
6. Power Supply. . . . .. . . . .. . . . . 34
7. Miscellaneous . . . . . + . v v v . . . . 34
IV. EXPERIMENTAL PROCEDURE. . . . . . . . . . . . 36
V. EXPERIMENTAL RESULTS. . . . . . . . . . . . . L3
VIi. DISCUSSION OF RESULTS . . . . . . . . . . . . 54
1. Comparison of Experimental Results
with Theoretical Predictions. . . . . . . Gl
2. Effect of Radiation . . e e 56
3. Effect of Vapor- phase D|mer|zat|on
Reaction. . . . 61
. Evaluation of Film- bonllng Correlations . 62
5. Effect of Radial Gradients in the
Boiling Plate . . . .o 77
6. Accuracy of Heat Flux Calculations. . . . 82
VIl. CONCLUSIONS . . . . . . . . . v . v v . ... B8
REFERENCES . . . . . . « « o « v v v v v v v v v v . 91

APPENDICES . . . . . . « « .« « o o o o o o o oo 95

-iii-



LIST OF TABLES

Film Boiling Results
Nucleate Boiling Results

Comparison of Minimum Heat Fluxes with
Theoretical Predictions.

Film Boiling Correlations.
Comparison of Experimental Film.Boiling.Data

Comparison of Minimum Heat Flux Data

Physical Properties of Potassium at 0.1 atm.

Calibration of Boiling Plate Thermocouples

V-

Page
Lb

50
57
66

69
7h

108
115



Figure

~N O WU

LIST OF FIGURES

Data of Lyon (28) for Film Boiling of Mercury
and Cadmium. e
Data of Bonilla (6) for Pool Boiling of Mercury;
parameter: pressure over the liquid in mm Hg
absolute or 1b/sq inch gauge . .

Data of Merte (33) for Saturated Pool Boiling of
Mercury. .o e e e e e e e e e e e
Data of the General Electric Company (16) for
Average Transition and Film Boiling Coefficients
of Potassium in Forced Convection.

Schematic Diagram of Film Boiling Apparatus.
General View of Experimental Apparatus

Boiler Assembly. . . . . . . . . . . .,

Diagram of Drip Plate. . . . . . . . .,

Boiling Plate.

Location of Boiling Plate Thermocouples.
Graphite Main Heater .

Instrumented Boiler Assembly .

Instrumented and Insulated Boiler Assembly .
Diagram of Charging System .

Location of Temperature Measurements

Temperature Recorders and Potentiometer.

Heat Fluxes for Potassium in Film Boiling.

Heat Transfer Coefficients for Potassium in
Film Boiling . . . . . . . . . .« ...,

Effect of Pressure on the Heat Flux in Film Boiling.

11

h
16
17
19
21
23
20
25
27
28
29
31
33
46

L7
L8



Fiqure
20.

21.
22.

23.
24,

25.

26.

27 .

28.
29.

30.

31.

LIST OF FIGURES (Continued)

Heat Fluxes for Potassium in Nucleate Boiling.

Comparison of Measured Boiling Temperatures
and Pressures with Vapor Pressure Curves .

Comparison of Film Boiling Coefficients with
Correlations

Heat Transfer Due to Radiation

Correction of Film Boiling Heat Transfer
Coefficients for Radiation

Correction of Film Boiling Heat Transfer
Coefficients for Vapor Dimerization Reaction

Correlation of Film Boiling Data for
Horizontal Surfaces.

Rapidly Increasing Film Boiling Heat
Transfer Coefficients. e e e

Model for Computer Simultation of Boiling Plate.

Temperature Distribution in Boiling Plate for
Computer Simulation with Minimum Effect
of Heat Drain down Busbars

Temperature Distribution in Boiling Plate for
Computer Simulation to Determine Maximum Effect
of Heat Drain down Busbars

Comparison of Temperature Gradient Method and
Heat Loss Method for Calculating the Heat Flux

Thermal Conductivity of Type 316 Stainless
Steel (17) . . . . . o o .. . ...

Heat Loss Calibration.

Effective Thermal Conductivity of Potassium
Vapor at 0.1 atm .

-vi-

55
59

60

63

68

71

/9

81

83

87

105
106

112



LIST OF APPENDICES

Heat Loss Calibration.

Film Boiling Data.

Nucleate Boiling Data.
Preliminary Film Boiling Data.

Treatment of Data.

Physical Properties of Potassium .

Calculation of Effective Thermal

Conductivity of Potassium Vapor.

Calibration of Thermocouples .

-vii-

101
103
107

109
113



L i
Nu
Pr

AT

NOMENCLATURE

Constant defined by Equation (21)
Constant defined by Equation (25)
Area, sq ft

Power in Equation (19)

Constant defined by Equation (6)
Heat capacity, BTU/ 1b-°F
Diameter, ft

Acceleration of gravity, ft/hr2

8

Conversion factor, 4.17 x 10 (]bm/lbf) ft/hr?
Modified Grashof number

Heat transfer coefficient, BTU/hr-sq ft-°F
Thermal conductivity, BTU/ft-hr-°F

Latent heat of vaporization, BTU/Ib

Effective latent heat of vaporization, BTU/I1b
Nusselt number

Prandtl number

Heat transferred, BTU/hr

Modified Rayleigh number

Electrical resistivity, ohm-cm

Temperature, °R

Temperature difference between surface and liquid,

—viii-

°F



Greek Symbols

€, Normal emissivity

m Viscosity, 1b/ft-hr

o Density, lb/ft3

o Surface tension, 1b/ft
Subscripts

b Bubble

| Liquid property
Vv Vapor property

min At the minimum heat flux






. INTRODUCTION

The design of high-temperature heat transfer systems
utilizing high surface heat fluxes has led to the relatively
recent interest in liquid metals. The low vapor pressure of
liquid metals compared to that of water and organic fluids
makes lighter designs possible. Their high thermal con-
ductivity affords potentially higher heat transfer rates
which would result in a substantial reduction in the required
heat transfer area. Much of the current research being car-
ried out on liquid metals has resulted from the feasibility of
their being used as the working fluid In energy conversion
cycles with nuclear reactors, especially in space applica-
tions. Even with terrestial nuclear power statlons, the use
of liquid metals over other fluids would greatly increase
the thermodynamic efficiency of the power cycle.

Useful design information for liquid metal systems can
be provided by relatively simple pool boiling experiments.
They are considerably easier to set up than forced convection
loops and would determine the lower heat transfer limit of
the flowing system. Furthermore, the qualitative effects of
additives and other similar changes in loop operation can be
more easily obtained.

Unlike nucleate boiling, the film-boiling regime has

been the subject of relatively few analytical and experimental

-1-
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investigations. Energy transfer in film boiling occurs by
conduction, convection, and radiation across a layer of vapor
which separates the liquid from the heating surface. Since
the fluxes attainable in film boiling are usually much lower
than in nucleate boiling, equipment is invariably operated
to avoid passing into this regime. However, it is advan-
tageous to operate as close as possible to the critical heat
flux thus increasing the possibility of encountering film
boiling. A knowledge of the entire boiling curve and the
thermal capacity of a system would help the designer to
determine whether transition from nucleate to film boiling
would result in catastrophic failure of the heat transfer
surface.

Except for mercury, which film boils at a relatively
low temperature difference between the heating surface and
the liquid because of its non-wetting characteristics, there
has been little pool boiling data in the film regime for
liquid metals. The object of this investigation was to ex-
perimentally determine the heat transfer to potassium in the
stable film-boiling regime. The experiments were conducted
on a pool-boiling apparatus utilizing a 3-inch diameter hori-
zontal surface facing upwards and the heat flux-temperature
difference relationship at various pressures were obtained.
The experimental results  were used to test existing

correlations for film boiling.



I'l. LITERATURE REVIEW

1. Film Boiling Correlations

Although the first definite observation of film boiling
occurred in 1934 by Nukiyama (34), the first analytical treatment
did not appear until 1950 when Bromley (7 ) presented his theory
of stable laminar film boiling from a horizontal cylinder based
on Nusselt's derivation for laminar film condensation. His results

can be expressed as

1/
3
k’p_(p,-p_)gL’
viv:l v
h =’o,62 [ D AT ]
(1)
Equation (1) can be rearranged into the following form:
1/k
3
m De (e )e i[Ok
kK - 2 C_ AT |k (2)
v 9 pv v
A
or,
M = 0.62 (Ra')M* (3)

where Ra' denotes a modified Rayleigh number

Bromley corrected his heat-transfer coefficient for radiation by
assuming infinite parallel-plate radiation.
In 1959, Chang (8 ) introduced his wave theory for film

boiling from a horizontal surface based on hydrodynamic con-



he

siderations alone. He assumed that the phenomenon would exhibit
waves whose lengths would be equal or less than the critical
value for the existence of a standing wave over a horizontal
surface. He then utilized the concept of an equivalent thermal
diffusivity of the vapor-liquid interface due to phase change
and derived an expression for the heat transfer coefficient for

a saturated liquid:

5 1/3
kvpv(pl-pv)gL}

2
L 7= AT M,

(&)

Zuber (L4, L45) later followed the approach suggested by
Chang and assumed that a more significant wavelength might be
the most dangerous wavelength; that is, the one for which the
amplitude of the vapor-liquid interface grows most rapidly. By
assuming that the process is governed by a two-phase Taylor
instability, he derived an equation for predicting the minimum

heat flux:

/b
og &(p;-0, )
(o +0, )°

(a/A) ;. = cl'p, [

where the constant ¢ can have the range

7 1 < c<g Tt O.MfrJé
b /b = 2Lk (6)
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The uncertainty in the constant ¢ arises because of the uncer-
tainty of various assumptions in the derivation. Zuber's
analysis predicts the minimum heat flux from the bubble spacing,
bubble size, and bubble frequency from hydrodynamic considera-
tions alone and does not take into account any thermal transport
process.

Berenson (3, 4) modified and extended Zuber's approach
and obtained relations for the heat-transfer coefficient, the

minimum heat flux, and the temperature difference at the minimum:
3 1/
, ) .
1(;vvpv( pl Py )gL

h = 0,425
L[ &0

A Vel ) (7)

1/2 1/b

| &ley-ey) 8.0
(/8 = 0:09 T Pyt P, g(p,-0,) (8)
2/3 1/2 1/3
o, b | eley-p,) 8.0 b,
Bwin = O | o o g(p,-0,) g, (0P, )

(9)

Equation (7) can be rearranged into the following form:

3 1/4

[ES ~f 8% \r,le-0 e o, [cp

h c C v'©'l v L D

—-14.7 = 0.65 )-lv.'?

k| g(p,-p_) ( glp,-o ) 2 CAT |k s (10)

17 K p
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Since Berenson predicts that the diameter of bubbles produced

during film boiling from a horizontal surface is given by

g a
D = kL, <
b "V, 50

equation (10) can be written as

3 1/
0y, 0.65 De (o0 )e 1 (Cp u)
K . A C A |k
v M pv v (12)
or,
Nu = 0,63 (Ra')l/u (13)

Hence, Berenson's correlation for film boiling from a horizontal

surface is practically identical with Bromley's correlation for a

horizontal tube if the proper characteristic length is used.
Frederking, et al (15) analyzed film boiling about a sphere

assuming a turbulent, free convection process and obtained:

AT (14)

5 /3
o [kvpv(pl—pv)gll
v

Note that no effect of size is predicted. This is because the

correlation was derived in the form:

Nu = 0.,1h (Ra')l/5 (15)

or,

= 0,1k

B

2 C

M 1%

5
AT k
v
v

(16)
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Equation (15) is similar in form to Bromley's correlation for a
horizontal tube (Equation (3)). Bromley's coefficient is 0.62
instead of 0.14 and his exponent is 1/4 instead of 1/3.

The correlations above have been presented because they in-
volve film boiling from a horizontal surface or can be compared
to correlations for horizontal surfaces. Other film-boiling
correlations are discussed in several literature surveys: Drew
and Mueller (11), Westwater (43), McFadden and Grosh (31, 32),

Balzhiser, et al (1), and Kepple and Tung (22).

2. Liguid Metal Film Boiling Experiments

Lyon (28) was the first investigator to make an extensive
study of boiling heat transfer to liquid metals. The metals con-
sidered were mercury, mercury containing 0.10% sodium, mercury
containing 0.02% magnesium and 0.0001% titanium, sodium, sodium-
potassium alloy (56-59 wt % K), and cadmium. The test section
consisted of a 3/4-inch 0D horizontal cylinder 5 inches long made
from type 316 stainless steel. Lyon experienced only film boil-
ing for pure mercury and cadmium and attributed this effect to
their non-wetting characteristics. Figure 1 shows Lyon's film-
boiling data along with Bromley's correlation for comparison.

Bonilla (6 ) also studied the pool boiling of mercury with
and without wetting agents. The apparatus consisted of a hori-
zontal surface made of low carbon steel fitted with a 3-inch 0D
stainless steel tube which served as a container and condenser.
Figure 2 shows the results for mercury boiled in a 2-cm-deep pool
at various pressures. Bonilla concluded that all of the 50 to

200 mm curves represented film boiling. In the initial runs, film
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Figure 1. Data of Lyon (28) for Film Boiling of
Mercury and Cadmium
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Figure 2. Data of Bonilla (6) for Pool Boiling of Mercury;
parameter: pressure over the liquid in mm Hg
absolute or lb/sq in. gauge
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boiling was invariably obtained regardless of how low the heat

flux was. After the boiling surface had been in frequent operation
for a few weeks, film boiling was never obtained. This was attri-
buted to the mechanical removal of oxygen or oxide which yielded
better wetting of the surface by the mercury.

Lin, et al (26) performed experiments with pure mercury at
atmospheric pressure. No mention was made in the article about
the experimental apparatus and procedure. The system was observed
to enter the film-boiling regime at very low temperature differences.

It was found that the heat-transfer coefficient could be ex-
pressed by

h = L4850 (q/A)-O'26 Kcal/hr-in2-°C
(17)
The experimental values correlated by equation (17) fell about
50% above the theoretical line corresponding to Bromley's pre-
diction.

Merte (33) traversed the entire boiling curve in studies
with mercury using a 2-inch diameter horizontal surface made of
type 347 stainless steel. The data is shown in Figure 3 along
with Berenson's correlation for comparison. To determine the
approximate region of the minimum heat flux, the power was reduced
in small increments until the system reverted to nucleate boiling.
The minimum heat flux occurred within the range 23,000-27,000
BTU/hr-sq ft at a AT of approximately 140°F.

Although there have not been any pool boiling studies of
potassium for film boiling, data is available for droplet vapori-

zation and forced convection. Poppendiek, et al (35, 36, 37) have
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carried out analytical and experimental studies on the vaporization

of droplets suspended above a hot surface by a vapor film. They
experimentally measured the lifetimes of droplets of water, mercury,
potassium, benzene, Freon-11 and Freon-114 and compared them with
their predictions. For the vaporization of mercury droplets on a
nickel-plated copper plate, 87% of the data fell within 20% of the
predicted lifetimes. The potassium droplet experiments were car-
ried out in an argon atmosphere on nickel, stainless steel, Haynes
25, iron, and tantalum surfaces. In most of the runs, a definite
surface conditioning process was observed such that the observed
lifetimes increased with the number of droplets vaporized on the
surface. However, the stainless steel surfaces did not appear to
be subject to conditioning. With the exception of the tantalum
surface, the lifetimes observed for quiet, stable film boiling
droplets of potassium fell about the same amount (30-50%) above
the predicted curve as did the other liquids. A marked increase
in droplet lifetime occurred at a surface-to-drop temperature
difference of approximately 350°F, indicating the onset of com-
plete film boiling. The lifetimes of two steady potassium drop-
lets on a heated tantalum surface were almost a factor of two
higher than the predictions.

Boiling coefficients for potassium in forced convection have
been obtained by the General Electric Co. (16) using a 0.938 inch
ID Mo-0.5% Ti boiler tube. The transition and film-boiling coef-
ficients for qualities between 30% and 90% are shown in Figure L.
Extrapolation of the curve to 100% quality gives an estimated

film-boiling coefficient range of 30-70 BTU/hr-sq ft-OF.
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3. Discussion

Film-boiling data for non-metallic fluids have been used to
test the correlations discussed in Section 1. Berenson (4 ) found
that his results for n-pentane and CCLA on a 2-inch diameter hori-
zontal surface agreed within ¥ 10% with his predictions. Hosler
and Westwater (19) obtained data for water and Freon-11 on an 8-inch-
square horizontal surface and concluded that Berenson's method for
predicting the film-boiling curve is good, but his predictions for
the AT at the minimum flux are not reliable. They also found
that a good estimate of the minimum flux was given by the higher
estimate of Zuber and that the method of Chang for predicting the
film-boiling curve was not reliable. The data of Lewis, et al (25)
for the film boiling of nitrogen on the surface of I-inch, %-inch,
and #-inch spheres agreed well with the correlation of Frederking.

The available pool-boiling data for mercury of Lyon (28),
Bonilla (6 ), Lin (26), and Merte (33) are characterized by
relatively high fluxes at moderate temperature differences and
are considerably above the predicted curves. However, there is
no reason to suspect a priori that potassium will also not agree
with the available correlations. The droplet vaporization studies
of Poppendiek (37) suggest that the film-boiling process for
potassium is not much different from that of water, benzene, and
Freon. The forced convection studies of the General Electric Co.
show that the upper limit of the film-boiling coefficient for
potassium is of the same order of magnitude as the coefficients

of Hosler and Westwater for water and Freon-11.
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I'11. DESCRIPTION OF EQUIPMENT

1. Introduction

The most obvious method of obtaining film boiling,

i.e., traversing the nucleate boiling curve and passing over the
maximum heat flux, would require high capacity equipment. Sihce
the flux levels in film boiling would probably be only a small
fraction of the maximum heat flux, it was decided to adopt a
technique used by Hosler and Westwater (19). This consisted of
heating the dry boiler to a temperature above that required to
obtain film boiling and then slowly charging liquid into the
boiler, thus establishing film boiling directly without having
to pass over the maximum heat flux. Hosler and Westwater found
that a short free fall for the liquid return to the boiler of
approximately 1 inch was necessary to avoid reverting to nucleate
boiling. The apparatus used in this investigation was designed
using the above criteria.

A schematic diagram of the film boiling apparatus is shown
in Figure 5. Figure 6 is a general view of the environmental
vessel, potassium reservoir, instrument panel, vacuum system, and

power supply.

2. Environmental Vessel

The environmental vessel consists of a 21-inch diameter
by 27-inch long main section and a 13-inch diameter by 6-inch

long top section. The main section is directly flanged to a

-15-
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Figure 5. Schematic Diagram of Film Boiling Apparatus
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Figure 6. General View of Experimental Apparatus
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Kinney PW 400 vacuum system which includes a 4-inch diffusion
pump and a Welsch Duo-Seal vacuum pump. The top section con-
tains a viewing port and six Conax glands for power leads and
thermocouples. The flange for the top section has a 5%-inch
diameter opening through which the boiler assembly is lowered
into the environmental vessel. The cooling coils around the
main section are designed to keep the vessel cool but it was

not found necessary to use them.

3. Boiler Assembly

The boiler assembly is shown in Figure 7 after it
has been lowered into the 5%-inch diameter opening in the
flange to the top section of the environmental vessel. |t
consists of the top flange through which the fill line and
pool thermocouples are inserted, the condenser, the drip plate,
the boiling chamber, the boiling plate, the main heater along
with its busbars and electrical insulators, and the compression
plate with its springs for obtaining good electrical contact
between the busbars and the heater.

The top flange is an 8-inch diameter by 3/4-inch thick
plate of type 304 stainless steel. Eight equally-spaced Conax
3/16-inch 0D MPG glands are silver-soldered to the flange
around a 2 inch diameter. One of the glands is used for pres-
surizing and evacuating the condenser and the remaining seven
are used for thermocouple wells to be lowered into the boiling
chamber. At the center of the flange is a 3/8-inch 0D Veeco
gland welded to a k-inch-long 3/L4-inch 0D extension. The gland,

which allows the fill line to be raised and lowered, uses a
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Figure 7. Boiler Assembly
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Viton 0-ring to insure that the fill line can be heated above
the melting point of potassium during charging.

The condenser is a 9-inch-long section of schedule 40
Haynes 25 pipe. This portion of the boiler assembly would have
normally been made of stainless steel, but the Haynes pipe was
used because it was already available and could be readily
welded to the other stainless steel components. The cooling
coil welded to the outside of the condenser was made from 10
feet of 1/4-inch OD stainless steel tubing and is silver-solder-
ed to the top flange. A LOO-watt beaded Nichrome wire heater
is wrapped around the condenser to insure that it can be always
kept above the melting point of potassium.

Figure 8 is a section of the stainless steel drip plate.
The purpose of the drip plate is to insure that all of the vapor
generated in the boiling chamber reaches the condenser. An
earlier design had indicated that liquid flowing down the walls
of the boiling chamber may have disrupted the film boiling
process. Liquid flowing down the walls of the condenser is
prevented from dripping through the slots by 3-inch-high weirs
to avoid a high free fall. The condensate flows down the down-
comer which ends one inch above the boiling surface.

The boiling chamber is a 3%-inch 0D by 3-inch ID by 8-inch
long section of type 316 stainless steel tubing. A 3/16-inch
0D by 93-inch long guard heater is Nicrobrazed to the boiler
wall. The heater consists of two Nichrome wires insulated by
magnesium oxide inside of a swaged Inconel sheath and is rated

at 1 kilowatt at 115 volts AC.
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The boiling plate is shown in Figure 9. To avoid a weld
or undue thermal stress at the outer edge of the boiling sur-
face, the plate was machined from solid bar stock 3i-inch in
diameter by 13-inch long of type 316 stainless steel. The
plate section is 0.504-inch thick and contains six 1/16-inch
diameter holes for thermocouples. Figure 10 shows the location
of the holes and their distances from the boiling surface. The
0.050-inch thick by Z-inch long thin-walled section above the
boiling plate is designed to minimize heat conduction from the
plate to the walls of the boiling chamber. The final prepara-
tion of the 3-inch diameter boiling surface consisted of
polishing with 500 grit aluminum oxide cloth and then with
600 grit boron carbide powder.

Figure 11 shows the main heater which is made from a
3%-inch diameter by %-inch thick plate of National Carbon grade
ATJ graphite. It has a measured resistance of approximately
0.14 ohm at room temperature. The heater is insulated from
the boiling plate by a 1/32-inch-thick layer of alumina and
was assembled according to the following procedure. High-
purity alumina powder was mixed with water to trowelling con-
sistency and allowed to stand for 24 hours in an airtight
container. Spacers which consisted of 1/32-inch diameter
alumina rods were placed on the bottom surface of the boiling
plate and the thick alumina slurry was poured over the spacers.
The graphite heater was then placed on the slurry and pressed
down until contact was made with the spacers. The excess
alumina slurry flowed out at the edges and through the slits

in the graphite»heater and were wiped off. Weights were then
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Figure 10. Location of Boiling Plate Thermocouples
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Figure 11. Graphite Main Heater
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placed on the graphite heater until the alumina dried and
hardened.

A Li-inch diameter zirconia crucible cover acts as the
bottom insulator for the graphite heater and also as a guide
for the two molybdenum busbars. Copper strips are heli-arc
welded to the bottom of the busbars with Everdur filler
and mechanical clamps are bolted to the copper strips for
connection to the copper braid. The molybdenum busbars are
forced against the graphite heater by means of stainless steel
springs to insure good electrical contact. Another spring
allows for thermal expansion to avoid cracking the graphite
heater. Compression of the springs is accomplished by tighten-
ing three 3/8-inch diameter stainless steel tie rods connect-
ing the compression plate and the drip plate. The three radi-
ation shields below the zirconia insulator are intended to
keep the springs cool. Another radiation shield is placed
around the graphite heater to cut down radial losses.

Figure 12 shows the boiler assembly with all the thermo-
coup les and power leads hooked up prior to insulating the
boiling chamber, boiling plate, and graphite heater assembly
with several layers of Fiberfrax insulation. 1In Figure 13,
the Fiberfrax insulation has been applied and the top section
of the environmental vessel is ready to be lowered to the main

section.

4. Charging System

Figure 14 is a schematic diagram of the charging system.

The potassium reservoir consists of a 34z-inch 0D by 7-inch long
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Figure 12. Instrumented Boiler Assembly
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Figure 13. Instrumented and Insulated Boiler Assembly
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stainless steel vessel with a sintered stainless steel filter
welded at the bottom for removing solid particles in the liquid.
The filter is ¥-inch 0D by 14-inch high with a 12-micron porosity
and is. the type used in Hoke in-line filters. The charge valve
and bypass valve, as well as the two valves supplied with the
25-1b MSA shipping container, were Hoke TY 445 stainless steel
bellows valves. A Conax gland at the top of the reservoir
allowed for four 1/16-inch diameter stainless steel rods to be
inserted into the reservoir to detect the liquid level. The

rods were located just above the bottom (to detect the initial
flow of potassium from the shipping container), and at 4, LI 6 and
L3-inches . above the bottom. Heating tapes were used on the
reservoir, shipping container, and lines to maintain the tempera-
ture approximately 100°F above the melting point of potassium

during charging operations.

5. Instrumentation

Figure 15 is a schematic diagram showing the location
of the temperature measurements made in the system. The six
thermocouples in the boiling plate (see Figure 10 for location)
and the thermocouple in the 3/16-inch 0D well located #-inch
above the boiling surface, TC1 through TC7, were 1/16-inch 0D,
Inconel-sheathed, Pt-Pt 13% Rh swaged thermocouples with mag-
nesium oxide insulation and grounded junctions made by the Claud
S. Gordon Company. These seven thermocouples were hooked up to

an 8-point thermocouple switch and utilized a common cold junc-

tion, another swaged thermocouple immersed in an ice bath. The
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thermocouples located at the junction of the boiling plate and
the 0.050-inch wall, TC8 through TC10, were made from 20-gauge
Chromel-Alumel wires (Hoskins grade 3G-178) and were heli-arc-
welded to insure good thermal contact. Pieces of stainless steel
foil were placed around the junctions to avoid radiation error.
These .three thermocouples were hooked up to a second 8-point
thermocouple switch and utilized a common cold junction, a
thermocoup le made from 2hk-gauge Chromel-Alumel wires (Hoskins
grade 3G-178) immersed in an ice bath.

Each of the thermocouple switches was hooked up to a Leeds
and Northrup Speedomax H Compact Azar recorder. A third thermo-
couple switch and recorder was available but was used only during
the start up phase. The output of any of the thermocouple switches
could be switched to a Leeds and Northrup No. 8662 portable pre-
cision potentiometer. Hence, two temperatures could be monitored
constantly until steady state conditions were achieved but only
one temperature at a time could be taken using the potentiometer.
A picture of the two recorders and the potentiometer is shown in
Figure 16. The six thermocouples in 3/16-inch 0D wells located
between z-inch and 4 inches above the boiling surface (TC11 through
TC16)and the other check thermocouples located throughout the
boiler assembly and potassium reservoir were made from 24-gauge
Chromel-Alumel wires (Hoskins grade 3G-178) and were hooked up to
a 12-point Brown Electronik recorder.

Pressure was measured with a U-tube manometer with a 100-cm
scale graduated in millimeters. A Matheson gauge with a 30-inch
vacuum to 15 psig range at the pressure-vacuum manifold was used

primarily for outgassing and flushing with helium. Thermocouple
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Figure 16. Temperature Recorders and Potentiometer
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vacuum gauges with | micron-1 atm ranges are located in the
environmental vessel and just before the diffusion pump. A
Stokes MclLeod gauge with a pressure range of .03 to 5000 microns
could be used just before the diffusion pump or could be hooked

up to the pressure-vacuum manifold.

6. Power Supply

Power to the main heater (graphite heater) was fur-

nished by a 12 KW, 3-phase, full wave Udylite rectifier with a
rated output of 250-2000 amps at 48-6 volts DC respectively.
The rectifier is supplied with a 0-75 v voltmeter, a 0-250 a
ammeter and a 0-2000 a ammeter. Copper welding cables carried
the current from the rectifier to the Conax electrode glands
passing through the top section of the environmental vessel.
The glands used %-inch diameter copper busbars and Teflon seal-
ants. Inside the vessel, copper braid carried the current from
the electrode glandsto the mechanical clamps on the molybdenum
busbars. The copper power lead system was designed to carry a
current of 200 amps.

Power to the guard heater (3/16-inch 0D, Inconel-sheathed
1 KW Nichrome heater), the condenser heater (400-watt beaded
Nichrome heater), and the heating tapes on the charging system
was supplied by 1 KW, 110 volt AC powerstats. Simpson 0-10 amp

AC ammeters were used on all three guard heater circuits.

/. Miscellaneous

All equipment coming into contact with potassium was
made from stainless steel or Haynes 25. Type 316 stainless steel

tubing was used for the 3/16-inch OD pool thermocouple wells and
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type 304 was used for gas lines. Hoke TY 445 bellows valves

made from type 316 stainless steel were used on the potassium
charging system but Jamesbury ball valves made from brass were
used for the gas lines. Heli-arc welding between stainless steel
or Haynes 25 components was utilized whenever possiblie. Where
welding was impractical, connections were made using Swagelok
compression fittings made from type 316 stainless steel. Glands
operating over 200°F used sealants made of Viton or Teflon;

otherwise, neoprene sealants were used.



IV. EXPERIMENTAL PROCEDURE

The MSA Research Corporation stainless steel shipping con-
tainer with 25 lbs. of high-purity potassium (less than 10 ppm
oxygen) was hooked up to the reservoir just below the bypass
valve (see Figure 14 for diagram of charging system). The entire
system was then leak-checked under vacuum using a helium mass
spectrometer. The reservoir and the lines between the reservoir
and shipping container were then heated to approximately 250°0F
while under vacuum and then flushed three times with helium.

The reservoir was back-filled with helium at O psig and slight
helium pressure was then applied to the MSA shipping container
to force the potassium liquid through the lines into the reser-
voir. The first liquid into the reservoir was detected by making
electrical contact with the liquid level probe just above the
bottom surface. The rising liquid level was detected by the
probes at higher levels and the reservoir was filled to a level
of 43 inches above the bottom surface. The load valve on the
MSA shipping container was then closed and the lines allowed

to cool to room temperature. The shipping container was dis-
connected from the reservoir under helium pressure to avoid
introducing air into the system. This Swagelok connection below
the bypass valve was then leak-checked using the helium mass
spectrometer.

Before the commencement of boiling, a heat loss calibration

was carried out. For various power settings of the main heater,

-36-
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the power to the guard heater was adjusted to minimize heat con-
duction from the boiling plate to the boiler wall and radiation
from the boiling surface. The heat generated in the main heater
would then consist mainly of radiation losses at the outer edge
of the boiling plate and losses below the plate, including con-
duction down the molybdenum busbars. |t is assumed that these
heat losses are approximately the same during boiling for the
same boiling plate temperatures. The heat loss calibration data
are presentedin Appendix A and the heat loss curve is shown in
Figure E-1. The calibration was carried out with the system
under vacuum to facilitate outgassing.

To obtain film boiling, the boiling plate was first heated
up to approximately 1600°F under vacuum. The reservoir and
charging lines were heated to approximately 250°F and the charge
valve cracked to allow potassium liquid to drip slowly from the
end.of the fill line located %-inch above the boiling surface.
Since the low pressure in the boiler corresponded to a satura-
tion temperature of approximately 700°F, film boiling was ob-
tained directly. The boiling plate temperature was continuously
monitored and the power was incremented to compensate for the
drop in plate temperature due to the slowly increasing potassium
level. Electrical contact with the liquid level probes in the
potassium reservoir was monitored with an ohmeter to detect the
falling liquid level. The charge valve was closed after approxi-
mately %-inch of potassium had been charged to the boiler.

After film boiling was established, the system was allowed
to come to steady state. The Chromel-Alumel check thermocouples

throughout the system were monitored on the 12-point Brown
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Electronik recorder. Since this recorder was relatively slow
(one point every 15 seconds), it was left on continuously during
operation. The boiling plate temperatures were checked periodi-
cally with the Speedomax recorders to determine whether steady
state conditions had been achieved. Upon reaching steady state,
the following data was recorded: the pressure from the mercury
manometer, the amperage and voltage of the power from the rec-
tifer to the main heater, the amperage of the power to the guard
heater, and all the temperatures throughout the system. The
thermocouples hooked up to the two 8-point thermocouple switches
were read consecutively on the portable precision potentiometer
and the check temperatures on the 12-point recorder correspond-
ing to this time were later tabulated. The power to the main
heater and guard heater were then changed and the system allowed
to achieve steady state again.

The time required for the system to reach steady state after
a change in the power level was approximately 30 to 60 minutes.
Even after several hours of operation at the same power level,
the boiling plate temperatures sometimes drifted very slowly due
to changes in the line voltage of the power supply to the rec-
tifier. This was evidenced by the fact that relatively large
temperature shifts were encountered at approximately 8 a.m. and
5 p.m. The Speedomax recorders were used to insure that the
boiling plate temperatures were not changing more than 1°F during
the time that the temperatures could be read on the potentiometer.

The film boiling experimental data are tabulated in Appendix

B. The first run was made at a constant pressure of 2 mm Hg and

the measured saturation temperature varied slightly between 714OF
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and 733°F probably due to slight changes in the liquid level.
The first four data points were taken while increasing the tem-
perature of the boiling plate and the remaining while decreasing
the temperature. At a temperature difference (between the boil-
ing plate and the liquid) of approximately 207°F, the boiling
plate temperatures started to decrease rapidly and natural con-
vection was quickly obtained. Thus, 2079F is probably the lower
limit of the minimum heat flux at a pressure of 2 mm Hg.

The second run was at a constant pressure of 50 mm Hg and
the measured liquid temperatures were between 983°F and 986°F.
Almost half of the data points were taken while increasing the
temperature. At a temperature difference of approximately 351°F,
the boiling plate temperatures started to decrease rapidly but
film boiling was maintained by quickly raising the power level
of both the main heater and the guard heater. The third run
consisted of increasing the pressure in small increments from
61 mm Hg to 300 mm Hg corresponding to liquid temperatures of
10119F to 1243°F respectively, Data at higher pressure levels
could not be obtained because it was decided to keep the boiling
surface below 1700°F to avoid severe corrosion of the stainless
steel by the potassium.

Nuc leate boiling data werealso obtained and are tabulated
in Appendix C. Since it was unnecessary to charge the potassium
on a hot surface, these runs started with an initial liquid
level of 3 inch above the boiling surface. The charging pro-
cedure was to adjust the tip of the fill line at the ¥ inch
level and empty the contents of the reservoir into the boiler,

which was maintained at approximately 400OF. The boiler was
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then pressurized and the excess liquid above the I inch level
pushed back up into the reservoir. One of the purposes of
these runs was to attempt to determine the critical heat flux
at very low pressure. Another reason was to check the con-
tention of Rallis and Jawurek (38) that a pressure exists be-
fow which the nucleate boiling regime cannot exist. They
obtained data for ethanol where they were able to pass from
natural convection directly into film boiling without experi-
encing the nucleate regime. However, nucleate boiling of
potassium was obtained for pressures down to | mm Hg.and heat
fluxes up to 58,700 BTU/hr-sq ft were obtained at this pressure
without any indication that the critical heat flux was imminent.
It was undesirable to go to very much higher fluxes because of
the thermal stresses induced in the boiling plate by the large
thermal gradient in the boiling plate. Nucleate boiling data
were obtained at 1-2mm Hg and 602-751 mm Hg.

During the nucleate boiling runs and for the film boil-
ing data at the higher power levels, it was necessary to blow
air through the cooling coils welded on the outside of the
condenser. As the power level during film boiling was decreased,
it was necessary to reduce gradually and then shut off the air
to the condenser cooling coils in order to maintain the top
flange of the boiler assembly above 148°F, the melting point
of potassium. At the lowest power levels, the beaded Nichrome
heater around the condenser had to be turned on. Through past
experience in preliminary runs, it was found that all of the
potassium eventually froze in the condenser leaving the boiling
surface dry if the condenser was not maintained above the melt-

ing point of potassium.
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In the tabulated data of Appendices A, B, and C, the
temperature of one of the thermocouples is sometimes missing.
During operation, this thermocouple sometimes developed an
open circuit. However, when the thermocouple was working,
its resistance was the same as the other Pt-Pt 13% Rh thermo-
couples and the sensitivity of the potentiometer when making
a reading was not affected. This indicated that the circuit
became interrupted by a break in only one leg of the thermo-
couple and that an emf when received corresponded to the emf
of the hot junction rather than an intermediate point.

The experimental data above were taken using an apparatus
on which refinements had been made. Preliminary data were
obtained on the initial apparatus which did not include a
downcomer for the liquid return from the condenser and whose
guard heater on the walls of the boiling chamber had burned
out during the start-up. Also, the three thermocouples at the
edge of the boiling plate had not been welded on yet. These
preliminary data are tabulated in Appendix D andare character-
ized by large radial gradients due .to heat conduction from the
boiling plate up the boiler walls. Reasonable data could be
obtained only at relatively high temperature differences. At
lower temperature differences, the boiling on the boiler walls
reverted to the transition or nucleate regime and caused tem-
perature distortions in the boiling plate such that one side
of the plate was hotter than the opposite side. These dis-
tortions rendered the temperature differences in the plate
meaningless. One of the thermocouples in the plate also dis-

played an erratic behavior by sometimes indicating an open
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circuit. When an emf signal was obtained, the resistance of

the thermocouple was almost 20 times that of the other fhermo-
couples in the boiling plate and a reading on the potentiometer
was obtained with difficulty because of low sensitivity. There-
fore, the temperature corresponding to this thermocouple was

disregarded even for those cases where it was available.



V. EXPERIMENTAL RESULTS

Introduction

Data on the film boiling of potassium were obtained for
pressures between 2 mm Hg and 300 mm Hg, corresponding to liquid
temperatures between 714°F and 1243°F. The data are tabulated in
Appendix B and the method of treating the data is discussed in
Appendix E. The results are tabulated in Table 1 and plotted
in Figures 17 and 18.

The boiling curves (q/A vs AT) for pressures of 2 mm Hg
and 50 mm Hg are shown in Figure 17. The data for pressures
between 61 mm Hg and 300 mm Hg do not determine a true boiling
curve because the pressure was not held constant, but they were
included to show the effect of pressure beyond 50 mm Hg. There
appears to be a minimum in the heat flux at a temperature differ-
ence of 4OOOF for the 2 mm Hg film-boiling curve. For the 50 mm
Hg curve, the trend at the lower temperature differences is not
as well established but it appears that the minimum flux might
occur at a higher temperature difference of 460°F although it
may be as low as 351°F, the temperature at which the boiling
plate temperatures started to fall rapidly. The heat transfer
coefficient as a function of temperature difference is shown in
Figure 18.

The effect of pressure on the heat flux at various con-

stant temperature differences is shown in Figure 19. The points

43



TABLE |. Film Boiling Results
q/A AT h PRESSURE
(BTU/hr-sq ft) (°F) (BTU/hr-sq ft-OF) (mm Hg)
9,000 752 12.0 2
11,400 798 14.3 2
12,900 824 15.7 2
16,000 873 18.3 2
16,800 851 19.7 2
10,800 780 13.8 2
9,900 749 13.2 2
8,400 710 11.8 2
7,000 679 10.3 2
6,500 655 9.9 2
5,100 624 8.2 2
L4 600 607 7.6 2
L, 700 637 7.k 2
L 200 567 7.4 2
3,300 515 6.4 2
3,300 532 6.2 2
2,800 503 5.6 2
2,800 480 5.8 2
2,400 LL8 5.4 2
2,400 438 5.5 2
1,900 408 L.7 2
2,300 403 5.7 2
1,600 376 4.3 2
2,300 363 6.3 2
2,700 314 8.6 2
2,600 298 8.7 2
2,600 287 9.1 2
3,000 274 11.0 2
3,000 250 12.0 2
10, 400 511 20.3 50
11,200 591 18.9 50
11,900 642 18.5 50
12,000 665 18.3 50
10,800 621 17 .4 50
9,300 590 15.8 50
9,600 549 17.5 50
9,000 490 18.4 50
8,900 L76 18.7 50
8,800 432 20.4 50
13,900 670 20.7 50

Lty -
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TABLE | (continued)

q/ A AT h PRESSURE
(BTU/hr-sq ft) (°F) (BTU/hr-sq ft-OF) (mm Hg)
11,600 646 18.0 61
12,100 658 18. 4 62
12,100 642 18.8 75
11,100 633 17.5 88
11,200 622 18.0 100
11,700 607 19.3 115
12,200 592 18.9 130
12,700 579 21.9 146
11,700 560 20.9 163
11,700 546 21.4 178
12,100 515 23.5 201
12,100 489 24 .7 225
13,000 L6l 28.0 252
13,500 LL7 30.2 275
13,600 428 31.8 300
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Figure 19. Effect of Pressure on the Heat Flux in Film Boiling
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beyond 50 mm Hg were obtained by interpolating the results for
61-300 mm Hg. Although there are not enough points4at different
pressuresto accurately determine the dependency, it appears that
the heat flux is proportional to the 1/4 to 1/3 power of the
pressure.

In the absence of other film-boiling data for alkali metals,
only a comparison with data for non-metallic fluids is possible.
The results of Poppendiek et al (37) indicatethat the process for
the stable film boiling of potassium droplets is the same as that
for water and some organic fluids since the experimental lifetimes
of the potassium droplets fell about the same amount above the
predicted curve as the results for the non-metallic fluids.

Hosler and Westwater (19) obtained film-boiling coefficients of 28
to L0 BTU/hr-sq ft-°F for Freon-11 and water at one atm and the
data of the present study at low pressure indicate that the film-
boiling coefficient for potassium at one atm will be about the same
order as that for water and Freon-11. Hence, additional factors
which may be present in the film boiling of potassium, such as the
vapor dimerization reaction and the effect of radiation, do not
appear to be significant enough to increase the film boiling co-
efficients above the range of those for non-metallic fluids.

Nucleate boiling data were obtained for pressures of 1-2 mm
Hg and 602-751 mm Hg. The results are tabulated in Table 11 and
are plotted on Figure 20. Heat fluxes up to 63,000 BTU/hr-sq ft
for temperature difference betwéen ISOF and 49OF were obtained.
There was essentially no difference between the low- and high-
pressure data.

The experimental values of pressure and liquid temperature

can be plotted and compared to the vapor pressure curves for potassium.



TABLE 11. Nucleate Boiling Results

Pressure q/A AT
(mm Hg) BTU/hr-sq ft OF
2 7,000 14

2 4,000 2

] 47,400 32

] 47,700 29

] 26,200 20

] 58,700 33

2 5,700 10

2 13,900 17

2 20,600 17

2 25,600 19

2 32,500 25

2 40,000 28

2 L7,200 28
709 18,000 20
659 23,200 24
684 29,200 26
704 36,000 30
728 L6,600 37
707 36,900 35
721 L6,600 38
736 53,700 L9
751 63,600 Ly
730 L6,600 Lo
717 41,200 39
724 32,900 31
723 26,000 24
708 21,000 20
640 13,400 15
602 9,600 31
680 17,400 19
707 21,900 24
700 28, 300 32

-50-.
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Figure 21 shows the data obtained in this study

along with the curves from Weatherford (42), the Battelle
Memorial Institute (24), and the Naval Research Laboratory (13).
The data compares favorably with the curves indicating that

saturated conditions prevailed during boiling.



Vi. DISCUSSION OF RESULTS

1. Comparison of Experimental Results with Theoretical Predictions

The heat transfer coefficients for the film boiling of
potassium at 2 mm Hg and 50 mm Hg are plotted in Figure 22 along
with the theoretical predictions of Berenson (4) at 0.1 and 1 atm,
and of Frederking (15) at 0.1 atm. The basis for the physical pro-
perties of potassium used in evaluating the correlations is discussed
in Appendix F. The experimental results uncorrected for radiation
and other effects which might increase the heat transfer above that
due to conduction and convection are about twice the predicted values.
It is interesting to note that at 0.1 atm Frederking's prediction for
spheres which assumes a turbulent, free convection process is very
close to that of Berenson for horizontal surfaces which assumes that
heat is transferred across the vapor film by pure conduction alone.
From the predicted curves at 0.1 and 1 atm, the predicted effect of
pressure on the heat transfer coefficient, and thus the heat flux,
can be determined. The ratio of the heat transfer coefficient at 0.1
atm to that at 1.0 atm is relatively constant at 0.57. Using this
value, the heat transfer coefficient is found to be proportional to
the .24L, or approximately 1/L, power of pressure, Hence, the heat
flux is proportional to the 1/4 power of pressure for constant tem-
perature difference. This agrees qualitatively with what was found
experimentally. |In Figure 19, the heat flux was found to be approx-

imately proportional to the 1/4 to 1/3 power of pressure.

5L
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The heat fluxes obtained experimentally at the minimum are
substantially above the predictions of Berenson and Zuber. The
comparisons are summarized in Table Il1. It is seen that Beren-
son's equation for predicting the temperature difference at the
minimum gives abnormally low values of 2°F and 36°F for film
boiling at 2 mm Hg and 0.1 atm, respectively. An estimate of
the minimum heat flux at one atm can be obtained by extrapolating
to 760 mm Hg in Figure 19. This estimate is three times higher
than Berenson's prediction but is not far from the upper limit of

the range predicted by Zuber.

2. Effect of Radiation

At the high surface temperatures required for the film
boiling of potassium, the radiative contribution to the heat flux
can be significant. The heat transfer due to radiation can.be
estimated by assuming parallel plate geometry. The results are
quite sensitive to values of the emissivities used in the calcu-
lations. Experimental data for the emissivity of the stainless

steel boiling surface were taken from the Handbook of Thermophysical

Properties of Solid Materials (17). The emissivity varied from

.15 at 970°F to .58 at 1780°F. However, the emissivity of the
liquid potassium surface was calculated using an equation sug-

gested by Jakob (21) based on the electrical resistivity.
€, = 0'576,,W/re T + 012k r T (18)

The normal emissivity €, is easily converted to the total emis-

sivity by means of a table presented by Jakob. Using Equation (18),



TABLE 111

Comparison of Minimum Heat Fluxes

with Theoretical Predictions

Minimum Heat Flux AT at Minimum Flux
BTU/hr-sq ft OF

Experimental (2 mm Hg) 2,000 400
Berenson (2 mm Hg) 200 2
Zuber (2 mm Hg) 222-518
Experimental (50 mm Hg) 9,000 460
Berenson (0.1 atm) 513 36
Zuber (0.1 atm) 660-1,540
Estimated from

Figure 19 (1 atm) 15,000
Berenson (1 atm) L 810 287
Zuber (1 atm) 5,350-12,500

_57_
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the theoretical prediction for the emissivity of a molten copper
surface agrees with the experimental value given by Jakob within
10%. Using experimental data for the electrical resistivity of
potassium obtained by the Battelle Memorial Institute (24),
emissivities of 0.11 and 0.14 were calculated for film boiling
at 2 mm Hg and 50 mm Hg respectively. The heat transfer due to
radiation using the calculated potassium emissivities and assum-
ing parallel plate geometry is shown in Figure 23. Since the
emissivity of the potassium liquid is so low, the calculations
are very sensitive to increases in its value. It is seen that
doubling the potassium emissivity essentially doubles the heat
flux due to radiation. The calculations were also done for an
emissivity of 0.30 since this number is within the realm of possi-
bility. Jakob notes an experimental emissivity of 0.31 for a
molten iron surface.

The experimental values for the heat transfer coefficients
in film boiling can be corrected for the effect of radiation by
subtracting the radiative contribution corresponding to the heat
fluxes in Figure 23. The results are shown in Figure 24 and com-
parison of the corrected curve for 50 mm Hg with Berenson's pre-
diction for 0.1 atm shows that the predicted values are still
about 40% lower than the experimental values. However, a higher
potassium emissivity of 0.30 brings the corrected experimental
curve to within 11% of the predicted curve. Thus, the effect of
radiation is seen to be very significant but an accurate quanti-
tative measure of this effect is limited by uncertainties in the
emissivity of potassium liquid. It is possible that radiation

alone can account for the difference between the experimental and
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predicted values of the heat transfer coefficients in film

boiling.

3. Effect of Vapor-phase Dimerization Reaction

A process which could add to the heat transfer is a
chemical reaction in the vapor between the solid heating surface
and the boiling liquid. To illustrate the process involved, con--
sider a gas which undergoes an endothermic dissociation reaction
being heated by a solid surface. The molecules near the wall are
heated and they dissociate, absorbing the energy associated with
the endothermic heat of reaction. A concentration gradient in
the gas is established and the products of the dissociation re-
action diffuse away from the wall. As they enter regions of lower
temperature, the molecules begin to associate thereby releasing
the heat of reaction to the new surroundings. Hence, heat is
transferred by molecular diffusion in addition to the normal modes
of conductfon, convection, and radiation. This diffusional mech-
anism may be significant depending on the temperature level and
the kinetics of the reaction.

The only type of reaction which has been treated extensively
in the literature has been the "equilibrium'" reaction in which
the reaction rate is so high that the fluid may be assumed to
have its equilibrium composition instantaneously after a change
in temperature. A chemically reacting gas that has a temperature
gradient across it, and whose local chemical composition can be
described by the condition of local chemical equilibrium, can be
considered as a non-perfect gas with temperature-dependent anom-

alies in its specific heat and transport properties. Use of the
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equilibrium theory corresponds to predicting the maximum effect
of the chemical reaction on heat transfer.

Potassium vapor undergoes the dimerization reaction K, = 2K

2
in the vapor phase and the method of calculating the effect of

this reaction is presented in Appendix G. |In Figure 25, the effect
of the dimerization reaction has been subtracted from the radiation-
corrected experimental curve for 50 mm Hg. It is seen that the
contribution from the reaction is relatively small, being a maximum
of 10% at the lower temperature differences and decreasing as the
vapor is superheated. Since the effect decreases with pressure,

the experimental results for 2 mm Hg would not be expected to be

significantly influenced.

L. Evaluation of Film-boiling Correlations

The ultimate value of any correlation is determined by
its ability to predict retiably film-boiling behavior regard-
less of whether it is applied in a range where some of the
assumptions used in its derivation are known to be invalid. The
results of the analyses of Zuber (4k4), Chang (8), and Berenson (&)
for film boiling on a horizontal surface were presented in the
Literature Review. Zuber predicts only the heat flux at the mini-
mum. Chang obtained a relationship for the heat transfer coeffi-
cient as a function of temperature difference. Berenson derived
an expression for the minimum heat flux identical in form to that
of Zuber, and also predicted a relationship between the heat
transfer coefficient and temperature difference. By dividing the
two, he obtained an expression for predicting the temperature

difference at which the minimum heat flux occurs. Berenson's
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correlation for the heat transfer coefficient is theoretically
correct only near the minimum heat flux because he showed that the
bubble spacing is unaffected by the vapor velocity and vapor film
thickness only in the neighborhood of the minimum. Also, Berenson
used his experimental results at the minimum to evaluate the con-
stants in his expressions for the minimum heat flux and the heat
transfer coefficient. Therefore, Berenson's equations agree well
with his data for n-pentane and carbon tetrachloride at the mini-
mum but not at higher temperature differences. However, the data
of Hosler and Westwater (19) for film boiling of water and Freon-11
agrees with Berenson's correlation at the higher temperature differ-
ences but his predictions for the minimum heat flux were found to
be seriously in error. The data for mercury do not seem to apply
to any of the present correlations in that the heat transfer co-
efficients are about an order of magnitude higher than predicted

at the lower temperature differences. Hosler and Westwater ob-
tained heat transfer coefficients which were essentially constant
with temperature difference whereas the results of Berenson and

the present study yield coefficients which increase rapidly as a

function of temperature difference.

In spite of the difference in flow characteristics,
film boiling from horizontal tubes, vertical surfaces,
spheres, and horizontal flat surfaces are described by
equations of the same form providing the proper characteristic

length is used:



-65-

Nu = a(Ra')b = a(Gr' Pr)b (19)
where Ra' and Gr' are modified Rayleigh and Grashof numbers,
respectively. Some of the correlations are presented in Table
IV.

For film boiling on a horizontal flat surface, Equation (19)
can be written in the form:
— (-];_l) -

b

_ 1
o,(p-p Je L

5 -
AT Dy i (20)
From the observed pressure effect in Figure 19 and noting the
correlations in Table IV, it would seem appropriate to assume a
value of 1/3 or 1/4 for b. If b is 1/3, then there is no effect
of the characteristic length, which does not seem reasonable.
Therefore, let b be equal to 1/4. Then the coefficient a is
given by

1/k

uvATDb

a=nh 3
ko (py-p Jg L (21)

Values of the coefficient, a, can now be calculated from experi-
mental data and plotted against some significant parameter to see
whether it is actually a constant or whether any trends exist.
Bromley (7) carried out a detailed analysis and concluded that

if experimental values of the coefficient are plotted against
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AT C
the group ET—ﬁﬁg, the effect of the various assumptions in the

analysis should be shown. |In Figure 26, the experimental data
of Berenson for n-pentane and carbon tetrachloride, that of Hosler
and Westwater for water and Freon-11, that of Merte for mercury
and that of the present study for potassium were used to
calculate values of the coefficient a, which were then plotted
against the parameter Eiiég . The characteristic length used in
the calculations was the bubble diameter as determined experi-
mentally by Hosler and Westwater (73% of the most dangerous wave-
length) rather than Berenson's prediction of 75% of the critical
wavelength. The mercury data of Bonilla was not included since
his results were inconsistent and incompatible with other data,
showing an increase in the heat flux for a decrease in pressure
and exhibiting abnormally high temperature differences in nucleate
boiling. Instead of including all of the experimental points,
only the values corresponding to the minimum heat flux and the
highest temperature difference obtained experimentally were cal-
culated but flags were used to indicate the limits of the coeffi-
cient due to scatter in the experimental data. The values for
potassium correspond to the experimental results which have been
corrected for radiation and the effect of the dimerization re-
action. The results of Figure 26 are summarized in Table V for
discussion purposes.

From Figure 26 and Table V, the following conclusions can
be drawn:

a. The data for mercury at the minimum heat flux do

not conform to the rest of the experimental data.
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TABLE V

Comparison of Experimental Film Boiling Data

Coefficient a Deviation from Berenson's
(Equation 21) Coefficient .72
AT Minimum Highest Minimum Highest
Fluid range heat flux AT heat flux AT
n-pentane 155°F .87 1.08 21% 50%
ccly, 52°F .76 1.0k 6% LL%
water 115°F .79 .87 10% 21%
Freon-11 300°F 1.00 .95 39% 32%
Hg(1 atm) 6.11 749%
Hg(80 psia) 3.33 362%
K(50 mm Hg) 210°F 1.17 1.17 62% 62%
K(2 mm Hg) 473°F .68 3.46 -6% 381%

K(2 mm Hg) 200°F .68 1.22 -6% 69%
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Clearly, the correlation does not correspond to the
physical process taking place.

b. With the exception of Freon-11, the value of the
coefficient increases with increasing temperature
difference. This means that the experimental heat
transfer coefficients are increasing with temperature
difference more rapidly than can be accounted for by
the assumed value of 1/L4 for the power b in the equa-
tion Nu = a(Ra')b.
c. The experimental results for potassium at high
temperature differences give coefficients about four
times higher than the rest of the data. However, the
experimental results for n-pentane and carbon tetra-
chloride show that the heat transfer coefficients are
increasing at such a rate that if data had been obtained
at higher temperature differences, large values for the
calculated coefficient in Figure 26 would also have been
obtained. Figure 27 shows the heat transfer coefficients
as a function of temperature difference for potassium,
n-pentane, and carbon tetrachloride. The heat transfer
coefficients for the two organic fluids are increasing
more rapidly at moderate temperature differences than
those of potassium at high temperature differences.

d. |f the data for potassium is limited to a moderate
range of temperature differences (last entry in Table

V.) reasonable agreement is obtained with the other non-

metallic data. Essentially all of the data are above

the value of the coefficient assumed by Berenson although
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the flags showing the estimated scatter of the data
indicate that some points will fall below Berenson's
coefficient. The reason why Berenson's coefficient is
below his points for n-pentane and carbon tetrachloride

at the minimum is that the value assumed gave reasonable
agreement with the data and also was within the theoret-
ical limits set by his theory. Consideration of all of
the non-metallic data gives an average value for the co-
efficient of 0.92 instead of Berenson's value of 0.72.
Including the potassium data for a moderate range of tem-
perature differences gives only a slightly higher coeffi-
cient of 0.97 since the potassium results bracket the non-
metallic data. Therefore, the equation for the heat trans-
fer coefficient which gives the best fit to all the experi-

mental data is:

1/h4
3
k’p_(p,-p._)g L'
h = 0.97 viv Tl Twv
uv AT Db (22)
. 38,0
% =T VEle-a)
(23)

Equation (22) predicts the heat transfer coefficient up
to moderate temperature differences (~-200°F) from the
minimum flux but does not account for rapidly increasing
coefficients at high temperature differences exhibited

by some of the experimental data.
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In Table 111, it was shown that the minimum heat fluxes
obtained for boiling of potassium at 2 mm Hg and 50 mm Hg were
an order of magnitude higher than Berenson's and Zuber's predic-

tions. The equation for the minimum heat flux is:

1/2 1/4
" ' g(e;-e,) 8,0
A) . = L'
(/8 = 2" ey (e +0,) glo;-¢,)

(24)

The value of the coefficient a' assumed by Berenson was 0.09 and
was evaluated from his experimental data at the minimum. Zuber
predicts a range of values for a' of 0.10 to 0.233 because of
uncertainties in the assumptions used in the analysis. The co-

efficient a' is given by:

1/2 1/b
o (/) (py+e,) g(p o)
R g(py-p,) g0 (25)

Similar to the treatment of the relationship for the heat trans-
fer coefficient, experimental data for various fluids on horizontal
surfaces can be used to calculate the coefficient a' to see whether
it is truly a constant. The results are summarized in Table Vi.
The potassium values used for 2 mm Hg and 50 mm Hg were corrected
for radiation and vapor dimerization reaction. The minimum heat
flux for potassium at one atm was estimated by Figure 19, giving

(gq/A) = 15,000 BTU/hr-sq ft.

min
From Table VI it is apparent that the minimum heat flux
data for potassium at low pressures does not agree with the rest

of the data. It is also seen that Berenson's value of 0.09 for



TABLE VI

Comparison of Minimum Heat Flux Data

Coefficient a'

Fluid (Equation 24)
n-pentane 134
CC]h .091
water . 189
Freon-11 167
Mercury (Merte) .119
Potassium (2 mm Hg) 6.74
Potassium (50 mm Hg) 1.16
Potassium (est., 1 atm) .285

-74-
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the coefficient is much too low for the average of all the experi-
mental data presented. The average value for the coefficient for
water, organics, and mercury is 0.140, which is more than 50%
above Berenson's value but well within the theoretical range pre-
dicted by Zuber. Including the estimated value for potassium at
one atm raises the average value to 0.164. However, the estimated
minimum does not include corrections for the effects of radiation
and vapor dimerization reaction, which would probably bring the
calculated value for the coefficient down close to 0.2. Hence,

it is concluded that the equation for the minimum heat flux is

best represented by:

1/2 1/h
g(p,-0_.) g o
1v c
A) . =01k pr' | ——
(/W) P o *0, glo ¢, )

(26)

It is felt that this equation is not valid at low pressures,
although more data is needed to substantiate this contention.

Berenson obtained an expression for the temperature differ-
ence at the minimum merely by dividing his equation for the mini-
mum heat flux by his expression for the heat transfer coefficient.
In Table |11, it was shown that this method predicts unreasonably
low minimum temperature differences of 2°F and 36°F for potassium
at 2 mm Hg and 0.1 atm, respectively. Although this approach can
be followed using the modified equations, it is felt that very
large errors might result. The scatter in the experimental data
produces an already large uncertainty in the expressions for the
minimum heat flux and the heat transfer coefficient and dividing
one by the other may compound the uncertainty. However, it is

the only available method for estimating the location of the



-76-

minimum heat flux and thus it may have to be used to see whether
a reasonable value is obtained.

In the comparisons between experimental data and correlations,
deviations might occur due merely to the uncertainties in deter-
mining the physical properties of the various fluids. The proper-
ties for n-pentane and carbon tetrachloride were taken from Beren-
son's report, those for Freon-11 were given by Hosler and Westwater
in their paper, and those for water were taken from McAdams (30).
The properties for mercury were taken from Weatherford (42). The
properties of potassium were obtained from Weatherford, the Naval
Research Laboratory Report 6233, the Battelle Memorial Institute
Report 4673 and Coe (9). Values for the liquid and vapor densi-
ties, latent heat of vaporization, and specific heat were taken
from Battelle. The density and latent heat values given by NRL
were for a higher pressure than what was needed but agreed well
with the Battelle values, thus providing an independent check. The
surface tension was taken from Coe. The vapor thermal conductivity,
and vapor viscosity were taken from Weatherford and it is these
properties about which there is much uncertainty. The viscosity
of potassium vapor was calculated theoretically and then used
along with calculated values of the specific heat to determine
the vapor thermal conductivity assuming a constant Prandtl number
of 0.73. There is no experimental evidence to substantiate these
calculated values although work is currently in progress at MSA
Research Corporation (vapor thermal conductivity) Aerojet-General
Nucleonics (vapor thermal conductivity and viscosity) and The
University of Michigan (vapor thermal conductivity). Previous

experimental work had been carried out by Battelle but the contract
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was terminated before results could be obtained. The apparatus
for determining thermal conductivity gave values for nitrogen
which agreed well with published values, thereby providing a check
on the soundness of the experimental technique. However, anoma-
lous results were obtained for potassium vapor which could not be
rectified within the time allowed for the experimental! work. On
the other hand, no extensive proof exists for the soundness of
the technique and apparatus for determining the vapor viscosity
but the difficulties were believed to be largely mechanical ones.
Hence, the conformity of potassium and other alkali metals to the
film boiling correlations cannot be more accurately determined
without precise values for the transport properties of their vapors.
A by-product of the calculations to determine whether potas-
sium film boiling agrees with correlations proven for non-metallic
fluids is the estimation of the bubble diameter. Using equation
(23), which predicts values for the bubble diameter approximately
80% higher than Berenson's equation, the bubble diameter for
potassium in film boiling is found to be of the order of one inch.
For the boiling surface used, this corresponds to only three bubble
diameters and hence there may be an edge effect due to using too
small a vessel. Consequently, the results for potassium may have

to be verified by film-boiling experiments on a large vessel.

5. Effect of Radial Gradients in the Boiling Plate

In the present experimental system, the heat flux at
the boiling surface must be calculated by measuring the temperature
at several points in the boiling plate using thermocouples. The

temperature measurements are then used with the known distance
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between thermocouples and the thermal conductivity to establish
the heat flux across the plate. This heat flux is equal to the
flux at the boiling surface only if there are no radial gradients.
The boiling plate is connected to a tube which serves as the con-
tainment vessel for the boiling liquid. The flux lines in the
boiling plate depend on the relative resistances to heat flow of
the boiling surface and conduction up the tube wall. |If the boil-
ing coefficient is very low, as in film boiling, then conduction
up the tube wall can severely distort the flux lines in the plate.
Because of this radial heat flow, the temperature gradient in the
plate is no longer an accurate measure of the flux occurring at
the boiling surface. The relationship between the boiling surface
flux and the flux calculated by measuring the temperature gradient
in the plate in the presence of radial gradients requires a knowl-
edge of the entire temperature field in the boiling plate.

In order to assess the effect of radial gradients, a computer
simulation of the boiling plate was carried out. Figure 28 is a
diagram of the boiling plate and the model used for the analysis.
Finite difference techniques were applied to Laplace's equation
in cylindrical coordinates assuming polar symmetry and the re-
sulting system of equations were then solved on the IBM 7090
digital computer.

In the preliminary film boiling runs where the guard heater on
the boiler wall was inoperative and thus there was no effective way
of limiting the heat flow from the boiling plate up the boiler wall,
the computer simulation indicated that the isotherms in the boiling
plate were severely distorted and that temperature measurements in

the plate could not be used reliably to calculate the heat flux at
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the boiling surface. Thermocouple measurements indicated that the
radial gradient from the center of the boiling surface to the boiler
wall was in the order of 100°F. When the guard heater on the boiler
wall was replaced, it was possible to adjust this heater during
operation so that the temperature at the outer edge of the boiling
plate was within a few degrees of the temperature in the interior
of the plate.

The analysis is complicated by the fact that the heat loss
calibration and the film boiling data indicate the existence of two
isolated cold spots at the outer edge of the boiling plate above
the location of the busbars to the graphite heater. However, the
calibration data also show that the interior of the boiling plate,
at least out to a radius of 1/2-inch from the center, is not affected
by this heat drain. The effect during film boiling would be
expected to be less severe, since the heat flow would smooth out
the isotherms in the region above the busbars.

Although the heat drain down the busbars negates the assumption
of polar symmetry, the computer simulation can be carried out in
two parts. |f the simulation is carried out considering the tempera-
tures along the diameter perpendicular to the line connecting the
two busbars as representative of the entire boiling plate, then
the calculated isotherms in the boiling plate, shown in Figure 29,
are essentially horizontal and the error involved in using the
temperatures at the 1/2-inch radius corresponding to the thermo-
couple locations to calculate the heat flux would be negligible.
However, if the simulation is carried out considering the tempera-
tures along the diameter connecting the two busbars as representative

of the entire boiling plate, then the calculated isotherms are more
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severely distorted, as shown in Figure 30. Figure 30 predicts
the maximum effect of the busbars since it assumes that the heat
drain is occurring over the entire outer edge in an annular ring
rather than at two isolated spots. The experimental temperature
measurement at the 1/2-inch radius just below the boiling surface
indicates that the distortion of the isotherms is much less severe
than is shown in Figure 30. Comparison of Figures29 and 30 indicates
that the temperature distribution along the boiling surface more
nearly corresponds to Figure 29 than Figure 30.

The experimental situation corresponding to Figures 29 and
30 is for film boiling near the lowest fluxes encountered and would
tend to aggravate the distortion of isotherms in the boiling plate
rather than to help smooth out the isotherms. The results of the
computer simulation cannot be used to obtain corrections for the
experimental measurements but they can indicate whether these
corrections would be significant or negligible. The maximum dis-
tortion of the isotherms as shown in Figure 30 would predict an
error of 12% if the 1/2-inch radius temperatures at the thermo-
couple locations are used to calculate the heat flux. However, the
exper imental temperature measurements indicate the temperature is
more nearly uniform along the boiling surface. Since the maximum
error is much less than the scatter in the data, it is reasonable
to assume that the thermocouples at the 1/2-inch radius in the
boiling plate can be used to calculate the heat flux with negligible

error due to radial gradients.

6. Accuracy of Heat Flux Calculations

The uncertainty in the experimental results lies mainly

in the heat flux. The temperature difference between the boiling
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surface and the liquid is known to within a few percent because
this quantity, although it is obtained by taking the difference
between two large numbers, is also large. However, the heat
fluxes during film boiling were calculated with temperature
gradients in the boiling plate of 30°F or less thereby intro-
ducing the possibility of a relatively large error. This un-
certainty can be discussed in terms of random or accidental
errors, systematic or constant errors, and errors of method.

An error of method can arise as a result of approximations
and assumptions made in the theoretical development of an equation
used to calculate the desired result. |t can be assumed that the
Fourier equation of heat conduction used to calculate the heat
flux is theoretically accurate as long as the correct average
thermal conductivity is used and the flow is unidirectional. For
the temperature gradients in the boiling plate encountered during
film boiling, the thermal conductivity varies a fraction of a
percent. |t was shown in the previous section on the discussion
of radial gradients that the guard heater could be adjusted during
operation such that the effect of radial gradients at the location
of the thermocouples used to calculate the heat fiux would be
negligible. Hence an uncertainty in the heat flux due to an error
of method can be neglected.

A systematic or constant error arises when some factor oper-
ates to continually bias the results. Such errors can be detected
by performing the experiment with a number of different apparatus
or by calculating the results by several independent methods. Two
factors which might introduce systematic errors into the calcula-
tion of the heat flux are the thermal conductivity and the dis-

tance between the two temperatures used in the Fourier equation.
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In Figure E-1 in Appendix E, the thermal conductivity of stain-
less steel as obtained by several researchers agree within 5 per-
cent. Assuming that each of the thermocouple holes was drilled
to within .010-inch and that the hot junction of each of the
thermocouples is off by one-half the diameter of the thermocouple
introduces a possible uncertainty of 23% in the distance used in
the Fourier equation. These two factors could combine to give a
maximum systematic error in the heat flux of 28%.

Random or accidental errors are inevitable in all measure-
ments and result from errors of observation due to variation in
the sensitivity of measuring instruments and the keenness of the
senses of perception. They produce experimental scatter but a
reliable average value can be calculated statisitically if enough
measurements are obtained. The actual scatter of the experi-
mental results shown in Figure 17 is relatively low. More than
80% of the points fall within one standard deviation of the curves
fitted to the data and only one point falls outside of the 95%
confidence limits.

The most significant factor which contributes to experi-
mental scatter is the uncertainty in the temperature measurements
used to compute the heat flux. It is important that the difference
between the thermocouples used to calculate the heat flux is krown
accurately. All of the 1/16-inch 0D Pt-Pt 13% Rh thermocouples
were calibrated before use. The equipment and procedures used
for the calibration are discussed in Appendix H. The thermo-
couples TCl and TC2 were calibrated only to ]4800F, the maximum
anticipated saturation temperature of potassium, because they
were originally used in the preliminary runs to measure tempera-

tures in the liquid pool. They were used in the boiling plate
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after modification of the apparatus because the thermocouples
used initially could no longer be inserted into the holes. The
thermocouple calibration data in Table H-1 in Appendix H shows
that the agreement between TCl and TC2 is very good and their
average difference is 0.3°F over the calibration range 430-1480°F.
After they had been in operation in the boiling plate for awhile,
they were essentially re-calibrated during the heat loss calibra-
tion. The heat loss data in Appendix A show that TCl and TC2
agree to within 19F in the range 997-1632°F. These thermocouples
were not re-calibrated in the constant-temperature furnace de-
scribed in Appendix H since there was a high probability that
they would develop open circuits if they were straightened. The
two thermocouples that TCl and TC2 replaced had developed open
circuits after they were removed from the system and straightened.

Since the same potentiometer and the same observer were used
in both the calibration and data runs, an estimate of the uncer-
tainty in the temperature measurements during film boiling can be
obtained from the statistical analysis of the thermocouples cali-
bration data. From Table H-1, the standard deviations of the
curves fitted to the calibration data for TCl and TC2 are 0.9°F
and 0.4°F respectively. The 95% confidence limits for TC1 and
TC2 would be approximately 1.8°F and 0.8°F respectively, thus
giving an uncertainty in their difference of 2.6°F. This cor-
responds to a maximum uncertainty of 43% which occurs at the
lowest heat fluxes encountered during film boiling, whereas the
data shown an actual scatter of 20% at the minimum for the 2 mm
Hg results.

An independent method for calculating the heat flux to check

that of using the temperature measurements in the boiling plate
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consisted of subtracting an experimentally-determined heat loss
from the power input to the main heater and dividing by the area
of the boiling surface. The heat loss calibration curve is shown
in Figure E-2 in Appendix E and it is seen that all of the points
fall within 10% of the best line through the data. The comparison
between the heat fluxes calculated by the two methods is shown in
Figure 33. Except for two points, the heat flux calculated by
the heat loss method is always lower than that obtained by
Fourier's equation and the average deviation is 19%.

When one considers all of the possible factors which might
introduce systematic or random errors, the maximum uncertainty
in the calculated heat flux may be as high as 70%. However,
the actual scatter of the data indicates that the uncertainty
may be much less. Factors of unknown magnitude may bias the
results upward or downward by almost 30% but an independent
method of calculation agrees within 20%. 1t is felt that the

present experimental results are accurate to within 30%.



VI1. CONCLUSIONS

In stable film boiling, the heat flux increases with increas-
ing pressure at a given temperature difference.

The heat fluxes encountered during film boiling of potassium
are substantially above the theoretical predictions. However,
the contributions to the heat flux of radiation and the vapor-
phase dimerization reaction are significant. After correction
for these two factors are made, the experimental results at
moderate temperature differences can be correlated within

22% by the equation

5 1/
k- pv(pl - pv)g L

uvATDb (22)

h = 0,97

where Db is the bubble diameter given by

' 5 e, o
D =4,
T VR (23)

The constant 0.97 in Equation (22) gives the best fit to the
present results and all thenon-metallic data for film boil-
ing from a horizontal surface at moderate temperature differ-
ences. Film boiling data for mercury do not apply to
Equation (22) nor to any of the other correlations currently

available.

_89_
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The present results at low pressure do not agree with present
correlations for predicting the minimum heat flux. However,
the data indicates that the prediction of Zuber might be in
agreement at higher pressures near | atm. The best fit to

all of the metallic and non-metallic data is given by

) 1/2 1/4
g(py-p, g, o
(/) = 024 0y 2 P17Py gley-py) (26)

There is no reliable method for predicting the location of
the minimum heat flux currently available.

The film boiling heat transfer to potassium, as well as to
some non-metallic fluids, increases more rapidly at high tem-
perature differences than can be accounted for by available

correlations.
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APPENDIX E
TREATMENT OF DATA

Given: Power to main heater P, watts
Temperature of bottom 1/2-inch radius thermocouple in
boiling plate 7TC]
Temperature of top 1/2-inch radius thermocouplie in
boiling plate TC2
Temperature of liquid 7C7

' Heat flux, q/A BTU/hr-sq ft

! 2 (E-1)
where k = therma! conductivity of type 316 stainless

steel evaluated at

TC1 + TC2
2

and obtained from Figure E-1

xy = vertical distance between TC! and boiling
surface = 434 inch

X, = vertical distance between TC2 and boiling
surface = .072 inch

. + O
2. Temperature d.fference, AT “F

T 2072 ey T
AT = TC2 367 (TCH c2) 'C7 (E-2)
.072 = wvertical distance between TC2 and boiling
surface in inches
.0362 = vertical distance between TCl and TC2 in
inches
3. Heat transfer coefficient, h BTU/hr-sqg ft-°F
_ 9/A
h AT (E-3)
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APPENDIX E (Continued)

Average heat flux, (q/A)avg BTU/hr-sq ft-°F

(q/A)an

3.412

(P—PL) 3.412

A
heat loss evaluated at TC] and obtained
from Figure E-2, watts
conversion factor, watts to BTU/hr

area of boiling surface = .0491 sq ft

(E-4)
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APPENDIX F
PHYSICAL PROPERTIES OF POTASSIUM

The vapor volumes of potassium as a function of temperature
and pressure are tabulated in BATT-L673 (24) and the vapor density
was obtained by taking the reciprocal of the vapor volume.* The
surface tension was taken from Coe (9) and the vapor thermal con-
ductivity and viscosity were obtained from Weatherford (42).

The thermal conductivity of superheated potassium vapor was
calculated by taking the value for saturated conditions and
employing Figure 7-3 in Reid and Sherwood (39). The viscosity
of the vapor was assumed to be independent of pressure at low
pressures and thus the temperature dependence was obtained by

using the data for saturated conditions. The physical properties

for potassium at 0.1 atm are summarized in Table F-1.

ot

" Values for the liquid density, latent heat of vaporization,
and vapor specific heat were also obtained from this report.
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TABLE F-1
PHYSICAL PROPERTIES OF POTASSIUM AT 0.1 ATM

T pV kV va
°R Ib/ft> BTU/ft-hr-OF BTU/ 1b-CF
1500 .00376 .00723 .1987
1600 .00348 .00772 .2060
1700 .00325 .00820 2148
1800 .00306 .00869 2172
1900 .00289 .00917 .2150
2000 .00275 .00965 .2103

1500°R
L .07 1b/ft> (1500°R)

Saturation temperature

p =
1
L = 887.4 BTU/1b (1500°R)
o = .0030 1b/ft

u = .0k18 1b/ft-hr
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APPENDIX G
CALCULATION OF EFFECTIVE THERMAL
CONDUCTIVITY OF POTASSIUM VAPOR
I't has been found experimentally that the heat transfer rate

to a gas undergoing a chemical reaction may be many times the rate
predicted using accepted correlations and a weight average of the
physical properties of the gas. This increase has been attributed
to a diffusional mechanism associated with the chemical reaction.
Thus, heat is transferred away from a wall by ordinary molecular
collisions and by molecular diffusion associated with chemical
reaction. The usual method of treating the effect on the heat

transfer coefficient is to define an effective thermal conductivity:

Keff = ket ky (G-1)

where k]c is the thermal conductivity in the "frozen'" system which
has the equilibrium composition at a given temperature but is not
undergoing a reaction and kr is the contribution due to the reaction.
The only type of reaction which has been treated extensively
in the literature has been the "equilibrium'" reaction (40) in which
the reaction rate is so high that the gas mixture may be assumed
to have its equilibrium composition instantaneously after a change
in temperature. The thermal conductivity due to reaction for this

case is given by:

o al-d) (AHr)

2

T 12 P T2 RM T
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APPENDIX G (Continued)
For the reaction

2K = K (G-3)

the degree of dissociation, @, can be expressed in terms of the

mole fraction of K2

2 1+a (G-4)

Equation (G-2) can then be written as

-y ) .
KT, AH
RM (1 + v, )2 T

P (G-5)

T 12 P

Assuming the ideal gas law, the gas density is given by

PM

= RT (G-6)

substituting Equation (G-6) into Equation (G-5) gives

kI‘ = 0.692 DlE o)

R & (6-7)

(1+ Yk,
Equation (G-7) can be used to calculate the thermal conductivity
due to reaction provided that the composition of the gas, the
binary diffusion coefficient, and the heat of reaction can be
determined.

Since Weatherford has tabulated the equilibrium molecular

weight of potassium vapor as a function of temperature for
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APPEND!X G (Continued)

saturated conditions, it is possible to calculate the vapor com-
position from this data. Using fugacity charts, the equilibrium
constant for the reaction described by Equation (G-3) can be
determined. Since the equilibrium constant is a function of
temperature only, it can then be used to calculate Yk and sz at
various constant pressures.

Several methods are available for calculating binary diffusion
coefficients: the Arnoid equation, the Gilliland equation, the
Slattery equation, and the Hirshfelder equation. These equations
are presented and discussed by Reid and Sherwood (39) and the
Hirschfelder equation was arbitrarily chosen.

Values for the heat of formation of K and K, at 25°C are
tabulated in Rossini (41). Using these values and the enthalpy
differences for the ideal monatomic and diatomic species tabu-
lated in Weatherford, the heat of reaction as a function of tem-
perature can be calculated.

The method for calculating the frozen thermal conductivity
was presented in Appendix F. The results are summarized in

Figure G-1 for a pressure of 0.1 atm.



k ,Btu/hr-ft-°F

.0l4

.008

.004

016
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Figure G-1. Effective Thermal Conductivity of Potassium

Vapor at 0.1 Atm,



APPENDIX H
CALIBRATION OF THERMOCOUPLES

The calibration of the 1/16-inch 0D by 2-ft long thermo-
couples used in the boiling plate was carried out in a flanged
stainless steel pipe 2-inches OD by 1 3/4-inches ID by 2-ft long.
The brass head contained a Conax multi-hole gland for the swaged
thermocouples, a Conax MPG gland for the standard thermocouple,
and a 1/4-inch tube for evacuation. The standard was a Pt-Pt
10% Rh thermocouple made from 20-gauge wires which had been
calibrated by the Bureau of Standards. A copper equilizing block
1 11/16-inches diameter by 2-inches long was used to insure iso-
thermal conditions. The 1/16-inch OD thermocouples were inserted
into .065-inch holes to a depth of 3/4-inch. When the thermo-
couples were calibrated inside of 1/8-inch OD wells, the wells
were inserted into the copper block to a depth of 1-inch. The
standard was contained in a 3/16-inch 0D well which was inserted
1 1/k-inches into the copper equilizing block.

The stainless steel vessel was inserted into a Leeds and
Northrup thermocouple checking furnace which has a maximum
operating temperature of 1800°F. The vacuum pump was turned on
and the power to the furnace adjusted with a rheostat. After
steady state conditions were reached, the emf output of the
standard and the swaged thermocouples were recorded using a
Leeds and Northrup No. 8662 portable precision potentiometer,
and the rheostat was reset. Datawereobtained while both in-

creasing and decreasing the temperature of the furnace.
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APPENDIX H (Continued)

A cubic equation was used to express the temperature-emf
relationship for each thermocouple. The results of the calibra-
tion and a comparison with the theoretical values in the Leeds
and Northrup Bulletin 07789, Issue 3, are presented in Table
H-1. The thermocouples T1 and T2 in Table H-1 were calibrated
in 1/8-inch OD stainless steel wells whereas the rest of the

thermocouples were calibrated without wells.
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