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PREFACE

The Third High-Temperature Liquid-Metal Heat-Transfer Technology
Conflerence sponsored by the FEngineering Development Branch, Division of
Reactor Development, U. 3. Atomic Energy Commission, was held at the
Oak Ridge Wational Laboratory on September L-f, 1963. These meebings
were initiated in 1961 as a forum for the direct snd personal exchange of

information between workers actively engaged in the study of the thermal

transport characteristics of liguid metals.

The thirty-four papers presented and discussed during the three days
of the conference have been collected in these two volumes to provide a
convenient reference for all those participating in the conference. Fur-
ther, this report, in conjunction with those issued following the previous
two meetings [AEC Report ANL-6507 (classified), Argonne Nationsl Labora-
tory, and AEC Report BNL~756, Brookhaven Nationsl Isboratory] is a record
of the current state of liquid-mefal heat-transfer technology in the United
States. The toples covered include thermophysical properties, two-phase
and single-phase rlow, boiling heat transfer under pool, natural-convection,
and forced-convection conditions, condensing heat transfer, boiling stebil-

e

ity, and magnetohydrodynamic applications.

The effectiveness of these conferences in achieving the avowed pur-
pose 1s attested to both by the steady incresse in the number of papers
presented and by the character of the discussions which follow each paper.
However, with the publication of the bimonthly "High-Temperature Tiguid-
Metal Technology Review™" (0. E. Dwyer, Brookhaven National Lavoratory,
Editor}, the need for annual meetings has been reduced. A biennial cycle
is now planned with the next meebing in 1965; the selection of a gite has

not been made.

To expedite publication and to allow Tor a wider distribution, two
classified papers have been omitted: (1) "Siangle-Phase Liquid-Metal Com~
ponent Development Work," R. W. Kelly, Pratt and Whitney Aircraft, Middle-
town, Connecticut, and (2) "Two-Phase Potassium Experimental Work,"

D. G. Randall, Pratt and Whitney Alrcraft, Middletown, Connecticut. Those

desiring coples of these papers and demonstraling proper clearance may
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secure such copies by contacting the authors directly. In addition, brief
progress reports on studies underway at NASA-Tewis Rescarch Center, Cleve-
land, Ohio, and at Sunstrand Aviation, Denver, Colorado, have not been
included at the request of the authors. Finally, ar introductory address
by A. P. Fraas, Oak Ridge National Laboratory, describing the ORNL Medium
Power Reactor Experiment (MPRE) as typical of the applications requiring
heat transfer and fluid dynamic data on the forced-convection boiling of
liquid metals was unforiunately not recorded at the time of this meeting.
A condensed version has been included as the first paper in these pro-

ceedings.

The success of any meeting derives from the efforts of many; and so
I would like to acknowledge the support of all those in the ORNL organi-
zation who worked in our behalf. Thanks are also due to 0. E. Dwyer,
Brockhaven National Laboratory, R. P. Stein, Argonne National Laboratory,
and J. J. Keyes, Oak Ridge National Laboratory, who served with me as
session chairman, and to R. N. Lyon, Oak Ridge National Laboratory, for
undertaking and so successfully accomplishing the monumental task of sum-
marizing, immediately upon the conclusion of the final paper, these three
days of reports and discussions. PFinally, my appreciation goes to all
those attending for their contributicns to the fulfillment of the pur-

poses of this conference.

Herbert W. Hoffman
General Chalrman



THE MPRE ~ A BOILING POTASSIUM REACTOR SYSTEM

by
Arthur P. Fraas

Reactor Division %
Oak Ridge National Laboratory
Oak Ridge, Tennessee

A study carried out in the latter part of 1958 disclesed that, fTor
a given peak system temperature, a Rankine vapor cycle employing either
potassium or rubldium vapor appears to give the minimum size and weight
of the radiator and other major components for turbine-generator nuclear
space power plants. Rellability studles indlcated that only by going to
the simplest possible system could we dare hope to achieve the desired
reliability. Preliminary system layouts showed that a single-fluid
system with the reactor serving as the boller is attractive in this
respect since it minimizes the number of components. Further, it re-
duces the peak wmetal temperature required for a given vapor temperature
at the turbine inlet since the lowest temperature in the primary loop of
a two-fluid system must be higher than the boiling point of the working
fluid by 50 to 100°F. To keep the core pressure drop within reasonable
Limits, the peak temperature in the primary fluld system must be 100 to
200°F above the minimum temperature. Thus for a given turbine inlet
tenperature the reactor outlet temperature can be reduced between 200
and 300°F by making use of a single-fluid rather than a two-fluid system.
The single fluid system makes it possible to obtain a system weight of
about 25 1b/kwe in a stainless steel system with potassium boiling in

the resctor at 1540°C.

The boiling~potassium reactor system has the advantage that it per-~

nits operation in the 1000 to 2000°F range with relatively low system

el

* . ] .
Operated by Union Carbide Corporation for the U. 8. Atomic Energy
Commission.



pressures, e.g., %0 psia at 1550°F. Potassium also happens to be both

a very good reactor coolant and an excellent thermodynamic-cycle working
fluid for the 1000 to 2000°F temperature range. TIts strong wetting
characteristics not only contribute to its exccllence as a heat transfer
medium but also are advantageous if it is used as a lubricant, since
capillary forces are very effective in drawing it into the close clear-
ances in bearings rather than acting to expel the liquld, as is the case
with mercury. While the low viscosity of potassium makes it necessary
to design for relatively low bearing unit loads, its load-carrying
capacity as a lubricant is far superior to that of gascs, and numerous
successful gas-bearing applications have been demonstrated. These fea-
tures make potassium exceptionally well suited to a sirgle-fluid nuclear
power plant system in which potassium serves to cool the reactor, carry

out the thermocdynamic cycle, and lubricate the bearings.

Probably the most serious set of problems that stand in the way of
the development of a bolling-potassium reactor are those associated with
boilling flow stability. Unfortunately, the development of stable, boiling
systems in the past has depended more on empirical develovment work than
upon analytical design. Analytical approaches to the boiling flow sta-
bility problem have received much attention at ORNL during the past three
years, and what is believed to be the first general analytical solution
for a simplified system containing a boller, a turbine, a condenser, and
a feed pump with assoclated connecting plumbing has been worked out.

More complex systems are under study with the analog computer and with
experimental test rigs that, from the hydraulic standpoint, closely

simulate full-scale power plant proportions.
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ABSTRACT

Apparatuses for the measurement of latent heats of vaporization, vapor
pressures, enthalpies and densities of rubidium and cesium have been designed
and operated. Experimental determination of these properties were obtained.

o The lagent heats 8f vaporigation of rubidium and cesium were measured from
970" to 1805°F and 1002~ to 1596 F, respectively, in a system in which the satura-

tion temperature was controlled by the pressure of the argon cover gas.

The following equations were obtained for the latent heats of vaporization:

hfg = 414.8 - 0.0513T for rubidium
hf = 257.4 - 0.0362T for cesiun,
where
h = Btu/1lb
fg
T = °F.

In the same apparatus the vapor pressures were also measured. The follow-
ing equations were obtained:

6994.68

= 5.2 - idi
loglOP 5.20071 T & 45977 for rubidium

~ _ 6680.185 o
IOglOP = 5.09475 T 1 459.7 for cesium,

where
P = psia
o

T = °F.

These equations give values of the normal boiling point of 1274.4°F and
1241.17F for rubidium and cesium, respectively.

The enthalpies of rubidium and cesiumowere meagured in a Bunsen ice
calorimeter in the temperature range of 150 to 1650°F. The data obtained
fits the following equations:

9.012 4+ 0.09915T - 1.553 x 10°° T% + 4.329 x 10" T° for rubidium

ju]
I

=

o]
il

S - 1%, 0. = 2.711 + 0.08543T - 4.803 x 107° Tz + 1.995 x 10‘8T3 for cesium

H = Btu/1lb

T = °F.
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From these equations the specific heats were obtained:

0.09915 ~ 3.106 x 10 °T + 1.299 % 10" °1% for rubidium

5

]

Cp

Cp = 0.08543 - 9,605 x 107°T + 5.985 % 10" °T? for cesium

Cp = Btu/1b-"F.
The density of liquid rubidium and cesium was measured by the pycnometer

method. The following equations were obtained for the density of rubidium and
cesium;

_ 1.472 igs
d = 1 =3 5 for rubidium
1+ 1.3309 x 10 (1-102) + 5.2106 x 10 (T~102)
1.84
d = " 3 3 for cesium
1 +1.1755 x 10 (T-82.4) + 7.656 x 10 (T-82.4)
where d = gr/cm3
T = °F.

The work was performed under contract to the U. §. Atemic Enerzv Commission
under Contract AT(04-3)-368. P. A. No. 1.

1. INTRODUCTION

Experimental studies have been conducted by Aerojet-General Nucleonics,
to determine thermodynamic properties of Rb and Cs as a part of an overall Rb
and Cs evaluation program. To date, the latent heat of vaperization from 1000°
to 1800°F for Rb, from 1000° to 1600°F for Cs, the enthalpy and specific heat
from 160°to 1650°F for both Rb and Cs, and the density of the saturated liquid
have been determined experimentally. Work is now underway to measure the PVT
relationships for the superheated vapors of Rb and Cs up to 2000°F. Additional
work is also planmned for the following vear (1965) to obtain data on wviscosity
of the liquid and vapor and specific heat and thermal diffusivity of the vapor.

Prior to the inception of the preseunt program, very few thermodynamic
property data were available in the temperature range up to 1800°F. These are
of interest to the designer of space electric power and propulsion systems.
Compilations and theoretical calculations have been done for most alkali metals
and are found in the works of Weatherford, et. al.,” Evans, et. al.,z and Stull
and Sinke3.

Mine Safety Appliances Company has measured the enthalpy of Rb by the copper
block drop calorimeter, the density of Rb using a dilatometer and the vapor presgure
of Rb in a boiler against a pressure of argon measured with a mercury manometer.

The vapor pressures of Rb and Cs were also measured by C. Bonilla.? However, no
direct measurements of latent heat of vaporization have been done for the alkali
metals.

The Rb and Cs used during this program were purchased from Penn Rare Metals,
Inc., and before use were gettered with a mixture of 50% zirconium chips and 50%
titanium chips at 1200°F and filtered through a stainless steel sintered filter.
The analysis of the metals before loading in the apparatus will be given in the
topical report”.
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LATENT HEAT AND VAPOR PRESSURE

1. INTRODUCILON

In the past, the latent heat of vaporization of liquid metals has been
obtained by calculation, generally using the Clapeyron equation and the vapor
pressure data. In these calculations it is assumed that the vapor follows the
ideal gas law and the effect of dimerization as a function of temperature is
accounted for, using a calculated value for the equilibrium constant of dimeri-
zation. 1t was therefore of interest to measure experimentally the latent heat
of vaporization.

The approach consisted of boiling the liquid metal in an internally heated
pressure vessel. The vapor was condensed in a series of vertical heat exchangers
and the condensate flowed into a vessel of calibrated volume maintained at a
known temperature slightly above the melting point. The mass of condensate was
then obtained by calculation based on the density at this temperature. An argon
pressurization system controlled the boiling temperature and provided the means
to return the condensate back to the boiler. Figure 1 shows the schematic
arrangement of the apparatus.

2. DESCRIPTION OF THE APPARATUS

Only a brief description of the apparatus will be given below; more
details can be found iu Reference 6,

The latent heat apparatus consisted of five major components: boiler,
heat exchanger, volumeter, system pressurization and controls and electrical
instrumentation and controls.

The boiler, Figure 2, was a pressure vessel made of two Haynes-25
hemispherical heads 6 inches inside diameter, welded together. A 900-watt,
molybdenum heater, sheathed with Inconel, was positioned within the lower head.
Also in the lower part of the vessel was the vapor outlet tube which protruded
inside above the liquid metal level. Five calibrated chromel-alumel thermo-
couples penetrated through the upper head and monitored the liquid and vapor
temperatures.

To minimize heat losses, a radiant shield assembly made of 14 concentric
cylinders, surrounded the beiler vessel. Ten of these shields were made of
wolybdenum, three of rhodium-plated nickel and the last one of aluminum. A
closely wound 2000-watt guard heater was located between the third and fourth
shield, starting at the inside and completely surrounding the boiler on all
sides.

The heat exchanger assembly placed below the boiler began with a nitrogen-
cooled condenser, followed by a nitrogen-cooled subcooler. Then a water-cooled
unit was used for the final adjustment of the condensate temperature before it
entered the volumeter.
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All components described so far were located inside a vacuum chamber to
minimize heat losses by convection and conduction and to prevent oxidation at
high temperatures.

Upon leaving the water-cooled subcooler, the condensate line left the
vacuum chamber and was connected to the volumeter assembly (Figure 3). The
volumeter was a slender vertical tube fitted with electrical level probes and
a thermocouple. The volume between the probes was calibrated within an accuracy
of + 0.03%. Below the volumeter was a storage vessel which received the liquid
condensate until steady state conditions were reached. After this, the condensate
was forced to flow into the volumeter by closing the pneumatic Valve No. 1. The
two probes inside the volumeter were connected electrically to a timer which
started when the first probe was touched by the rising liquid metal and stopped
when the second probe was contacted.

Argon was used ig the system as a cover gas and the boiling temperature
was adjusted by regulating the argon pressure. Sensitive pressure regulators
and accurate pressure gauges were provided for the ranges of 0 to 800 mm Hg
(vacuum range) and 0 to 300 psig. The argon pressure was also used as a means
of returning the liquid metal back to the boiler when the storage vessel was
full.

The electrical instrumentation consisted of temperature measuring instru-
ments and controllers. The power input to the boiler was set manually and
read on a + 1/4% accurate wattmeter. The power input to the guard heater was
controlled by an automatic controller which received its signal from a differen-
tial thermocouple having one junction against the guard heater and the other

against the outside wall of the boiler,

3. PRINCIPLE OF OPERATION

. . . .7
The method of operation was a modification of that used by Henning for
his measurements of the latent heat of waporization of water in 1506.

The method of controlling boiler temperature involved using argon as a
cover gas to establish the boiling pressure, thereby establishing the boiling
temperature. The heat input to the boiler can then be set manually to any
given value. This method has the advantage of allowing several measurements
to be made at the same temperature, but with different power inputs. While it
is extremely difficult to completely eliminate the heat losses even when using
alaborate shielding and guard heaters, it will be seen that the method of
operation provides a means of analytically eliminating the heat losses from the
results. This is importaunt, since a change of a few degrees in the temperature
differences between boiler and guard heater results in relatively large heat
losses either in or out of the boiler.

Consider two consecutive experiments performed at the same Cemperature
but at different power inputs, Py and Py. TLet qg and g5 be the rates of heat
losses in or out of the boiler in each experiment; m, and my the masses of
condensate collected during times t; and tp, and hg,” the latent heat of vapori-
zation at that temperature. We have the relations:
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oty T Ty Be, t gyt (2

from which:

hfg == - = - (3)

If both experiments are made under identical conditions of temperature and
temperature~difference, AT, between boiler and guard heater and if this AT is
such that the heat losses are small compared to the heat that goes to vapori-
zation, it can be assumed that 9, < 9, and Equations (1) and (2) give:

P -

hfg (L.

]l B
e L

o

ni 2i o
ST

N

(4)

However, this is strictly true only at the value of AT for which there are
no heat losses. Therefore the wmethod of operation has consisted in making a

number of test runs at different AT, at the two power inputs Pl

in

order to determine the value of AT which corresponds to zero heat losses.

The wvalue of:

Pt )
m fg

was plotted as a function of AT at P, and P

Et
m

h, @ ~=mm e —

The two resulting curves
Pt/m. Therefore:

Pty EZE%
ml m2

Hence from Equation (3):

e A
m m

1 2

1 2°

AT

¢))

intersect at a point of equal AT and equal value of

(6)

(7
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~

m,
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= constant, and t

#t
intersection poift in order to sati%fy Equation (7).
P .t
hfg =

we must have q, = q, = 0 at the
Thérefore we have:
11] _ [Pztz]
™Joa ) A
this value of AT.

4.

From the foregoing it is seen that two approaches were possible: ome

(8)
combined according to Equation (4) to obtain hf
variation of the quantity Pt/m is determined ov
both the high and low power levels.

&r a
RESULTS
runs.

consists of first determining the value of AT for which the quantity Pt/m is
the same at high and low power levels, and then making several more runs at
sets of data points and solved for their common value which gives the latent heat.

Pairs of data which fulfill these conditions can then be

In the second approach the
Equations can then be fitted to the two

wide range of AT values for
from 1000° to 1600°F.

vaporization:

Figure 4 shows the results for cesium at 1400°F .
points were obtained for rubidium from 970 to 1805 F and 143 points for cesium

fi

The first method was used for the rubidium and the second for the cesium

hfg
where

14

A total of 206 data
Figure 5 shows the latent heat results for rubidium.
The following linear equations were obtained for the latent heat of
hfg

_ ©

414.8 - 0.05137T Btu/1lb for rubidium

257 .4 - 0.0362T Btu/1b for cesium,
T F.

cesium, respectively.

&)
(10)

The accuracy of these equations is estimated to be + 1% and the probable
equations obtained

error of the distribution of the data was + 0.2% and + 0.5% for rubidium and

Also measureg in the %atent heat apparatus wexe the vapor pressures of
Rb and Cs from 881 to 1808°F and from 843" to 1600 F, respectively.

The
from the data are as follows:
6994 . 68 A
1og10P = 5.20071 - T 459.7 for rubidium (11)
6680.185 .
1og10P 5.09475 - T T 4597 for cesium,
where
P = psia
T = °F.

(12)
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Equations (11) and (12) give value of normal boiling temperatures of
1274.4°F and 1241.1 F, respectively. The estimated uncertainty of the pressure
values given by these equations is + 1.3%. The vapor pressure curves are shown
in Figures 6 and 7.

ENTHALPY OF THE LIQULD

1. DESCRIPTION OF THE APPARATUS

The enthalpies of rubidium and cesium were measured in a stainless steel
Bunsen_ice calorimeter designed along the lines of the calorimeter of Deem and
Lucks. The ice calorimeter was chosen because of the ease of maintaining an
adiabatic enclosure, the relative simplicity of its construction, and the
accuracy obtainable with the instrument.®»>”»

In this device, the heat to be measured is allowed to melt ice which is
in thermal equilibrium with water in a closed system, and the resulting decrease
in volume is determined by means of mercury drawn into the system. The cali-
bration factor, K, of the ice calorimeter (i.e., the ratio of heat input to mass
of mervcury intake) is a function only of accurately known physical constants;
the heat of fusion of ice L, the specific volume of ice Vi’ the specific volume
of water Vy, and the density of mercury dm are related by the equation:

L

K = ——m
- d
(Vi Vw) o

(13)

For properly designed calorvimeters it has been digermined that this calibration
factor was equal to 0.25647 + 0.00006 Btu/gr Hg.

The calorimeter designed at AGN is shown in Figures 8 and 9. The sample
cointainer was made of tantalum-107 tungsten sheet selected because of its high
strength at elevated temperatures.

The furnace situated above the calorimeter was of the cylindrical splitc-
type and had three separately controlled heating zones to provide a uniform
temperature distribution along the axis. The furnace was mounted on a vertical
stand which allowed it to be swung out of the way after the capsule had been
dropped into the calorimeter. The beaker of mercury which was used to supply
the inside inventory, was permanently placed on one of the pans of a laboratory
torsion balance. This had the advantage of enabling the operator to follow the
experiment as it progressed and to determine when the sample had reached a
thermal equilibrium with the calorimeter. The calibration of the calorimeter
was checked by first using pure sapphire and next a block of 316 stainless
stegl. In each case the result was in agreement with the reported value within
12.9’11’12 Special care was taken to form a gas-free ice mantle at the be-
ginning of the experiments.
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2. RESULTS

Thlrty six runs were made with rubidium between the temperatures of 147°
and 1650°F. Of these, 11 data points were rejected because of inconsistency
with the rest of the data. These variations were due in part to accidental
slow down of the capsule during the drop which resulted in a low value of the
enthalpy and, in some cases, were due to air leaks in the mercury system.

Of the 26 runs made with cesium, 23 were retained. The data was Fitted
by least squares analysis to polynominal equations of the third degree; the
following equations were obtained for the enthalpies.

Hy - H] 0, = 9.012 + 0.09915T - 1.553 x 107717 4 4.329 % 10°°1° for rubidium (14)
o .o  _ -5 2 83 ,
Hy - H320F = 2,711 + 0.08543T - 4.803 x 10 "T° + 1.995 x 10 "7~ for cesium (15)
where o
#° = Btu/1b
T = °p.

The probable errors were 0.75 Btu/lb and 0.53 Btu/lb for Rb and Cs, respectively
or 0.88% at the 50% level for both Rb and Cs.

From the enthalpy equation, the spacific heats were calculated by
differentiation:

‘ST +1.299 x 10-8T2 Btu/1b-°F for rubidium  (16)

0.08543 ~ 9.605 x IO-ST + 5.985 x 10—8T2 Btu/1b~-"F for cesium an

Cp = 0.09915 - 3,106 % 10

B

Cp

Figures 10 and 11 show the enthalpy results. Tt is seen that the specific heat
curves go through a minimum which is typical of alkali metals.

LIQUID DENSITY MEASUREMENTS

The densities of rubidium and cesium were measured over the temperature
ranges of 1407° to 1670°F and 1207° to 167OOF respectively, as a continuation
of the measurcments begun under the previous program in the temperature range
of 102° to 1345°F for rubidium and 83° to 1300°F for cesium. The approach has
consisted of using the pycnometer method in which the liquid metal is allowed
to expand and overflow out of a calibrated capsule as the temperature is increased
(Figure 12). The only measurement necessary is the weighing of the capsule after
each heating to determine the amount of liquid metal left in it. Four pycno-
meters, made of 316 stainless steel, were used and were contained in a Haynes-25
vess2l pressurized with argon.

One problem which had limited the usefulness of the method during the
previous program was the flashing over of the liquid metal during the cooling
of the capsule. This resulted in a loss of liquid metal from the pycnometer
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and an erroneous density value. To overcome this difficulty a check valve was
incorporated in the overflow tube of the pycnometer. It simply consisted of a
3/16 inch diameter tungsten carbide ball resting by gravity on a ground tapered
seat provided within the overflow tube. During heating, the expanding liquid
raised the ball and overflowed through the slots cut on the side of the tube.
During the cooling, the ball rested on the seat. An overpressure of argon
prevented boiling of the liquid and the formation of vapor bubbles. 1Two
platinum-platinum 10% rhodium calibrated thermocouples protruding through the
cover were used. 1In the analysis of the vesults, the expansion of the pycro-
meters was accounted for using the values of the expansion coefficient given by
Deem and Lucks'2,

The following equations were obtained for the density of rubidium and
cesium vs temperature:
1.472
d = " : i 5 for rubidium (18)
1+ 1.3309 x 10 ° (T-102) + 5.2106 x 10 (1-102)

- 1.84
== 4 78 7
1+ 1.1755 x 10 (T-82.4) + 7.656 x 10 (T-82.4) for cesium (19)
X _ 3
where d = gr/cm
T = .
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THERMOPHYSICAL PROPERTIES OF RUBIDIUM AND CESIUM

by
F. Tepper, A. Murchison, J. Zelenak and F, Roehlich

INTRODUCTION

Alkali metals appear to be particularly suitable for use
as working fluids in Rankine cycle engines. Unfortunately, many
of the properties of alkali metals are not known with sufficient
certainty in the high temperature region to permit optimization
of design criteria for developing maximum efficiency systems.

A program, sponsored by the USAF, was undertaken at MSAR
to determine the thermophysical properties of rubidium metal.
Recently, determination of the properties of cesium was included
in the program, The specific properties to be measured to 2000°F
are:

1. Vapor pressure

2, Density of the liquid

3., Specific heat of the liquid

4, PVT of the vapor

5, Viscosity of the liquid

6. Thermal conductivity of the liquid
7. Specific heat of the vapor

8. Thermal conductivity of the vapor
9. Viscosity of the vapor

A large part of the program has been directed towards de-
velopment of techniques for the analysis of trace impurities in
the alkali metals.

As of this writing, the completed determinations include
the vapor pressure of rubidium and of cesium, the density and
electrical resistivity of liquid rubidium and the specific heat of

liquid rubidium and of liquid cesium. The density of liquid cesium
has been determined to 708°F,
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ALKALI METAL ANALYSIS

A considerable part of the effort associated with the pro-
gram has been directed towards the development of techniques for
analysis of alkali metals employed for physical property determi-
nations.

The rubidium employed in the study was produced at MSAR and
was analyzed for foreign alkali metals using flame spectrophoto-
metric and emission spectroscopic techniques. The sodium, potassium
and cesium contents were respectively 0.003, 0.21 and 0,37 weight
per cent, Other metallic impurities totalled less than 100 parts
per million, The sodium, potassium and rubidium contents of MSAR
produced cesium to be employed in this study were respectively 10,
15 and 70 ppm,

Investigation of analytical methods for oxygen, carbon and
nitrogen impurity contents was required. Nitrogen, as rubidium
nitride, was determined via a wmodified Kjehldahl method, by con-
verting the nitride to ammonia in a caustic solution and measuring
the ammonia with Nessler's reagent., The lower limit of detection
with this method is 2 ppm with a sensitivity of ¥ 2 ppm. A two
gram rubidium sample was removed from a stainless steel sampling
container and reacted with methanol. An argon sweep was used to
transport released ammonia from the reaction flask to a receiver
where the ammonia was collected in HCl., Nessler's reagent was
added to the solution and the intensity of the color was measured
with a Klett Summerson colorimeter, Results indicated a nitrogen
concentration of 2.1 ppm. The analysis was repeated under nitrogen
cover gas and 4.6 ppm nitrogen was found. Analysis of as-produced
cesium via the above described method resulted in values less than

2 ppm.

A method for the analysis of carbon in sodium had been de-
veloped at MSAR prior to initiation of this program. The carbon
in sodium is converted to CO; and the CO, is measured with an in-
frared spectrophotometer., The minimum détection limit for carbon
in sodium is 10 ppm with a sensitivity of ® 10 ppm. Carbon analysis
of rubidium resulted in a value of 28 ppm, while analysis in trip-
licate of cesium resulted in values of 90, 91 and 58 ppm carbon, A
single analysis of this cesium charge after hot-trapping with
zirconium turnings resulted in a value of 31 ppm carbon. Further
analytical work for carbon in rubidium and cesium is necessary to
establish the sensitivity and precision of this technique for car-
bon in these elements

The amalgamation method was evaluated as a technique for ana-
lyzing oxygen in rubidium and cesium. Samples of rubidium extracted
from a reactor equipped with a cold leg were analyzed via the stan-
dard amalgamation procedure. Oxygen values of 122, 139, 122 and
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138 ppm resulted, with an average value of 130, After two days

of cold trapping with the hot leg at 600°F and a frozen rubidium
cold leg, values of 32, 49 and 56 ppm oxygen rvesulted, suggesting
the possibility of cold-trapping as a means of reducing the oxygen
level.

Oxygen analyses of as-produced cesium via the amalgamation
procedure resulted in an average value of 14 ppm. After oxygen
has been added to the charge, which should have increased the
oxygen level to approximately 65 ppm, the average of experimental
values was only 8.6 ppm, It was apparent that the amalgamation
procedure is not a reliable method, pessibly due to solution or
reaction of cesium oxide im mercury.

A program has been initiated to determine oxygen content
in cesium by thermal arrest of the freezing curve. Initial re-
sults are promising and work is continuing.

VAPOR PRESSURE OF RUBIDIUM

Recent work by Bonilla! and Cochran? gives the vapor pressure
of rubidium to 7.5 atm. abs, an% §0 atm, abs., respectively. Other
data exist for lower pressures.,”” This study covers the range
0,04 to 14.59 atm. abs.

A, Rubidium Purity

The Tubidium was distilled to high purity and gettered with
zirconium chips to remove oxygen. Analysis of the rubidium gave
Cs, 0.37%; K, 0.21%; Na, trace; 0, 50 ppm; N(as nitride), {2 ppm;
C,™~28 ppm. Several grams of zirconium chips were added to the
boiler and the rubidium was gettered throughout the experiment,

B. Apparatus

The apparatus consists of a boiler and an air condensexr which
is attached to a manifold connecting a source of pure argon and
appropriate pressure measuring devices.

The boiler consists of a vertical cylinder (1 inch ID by
4.5 inches with 0,125 inch wall) with a thermocouple well extending
horizontally into the center of the boiler 0,75 inches from the
top. Welded to the top of the boiler is the condenser which consists
of a 30 inch section of tubing (0.56 inches ID with 0.09 inch wall),
A piece of 0,25 inch OD tubing is located axially within the con-
denser along its entire length and serves as a thermocouple well.

The top of the condenser is welded to a stainless steel tee.
One end of the te¢ leads to a ball valve, used for charging the
apparatus, the other end to the manifold.
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The boiler is separated by asbestos paper from a 1.5 inch
0D stainless steel tube designed to fit snugly into the furnace,
The tubing helps to integrate the temperature over the height of
the boiler and prevents stray emfs from the Kanthal heating slements
(AC resistance heated) from interfering with the thermocouple read-
ing.

The turnings which were added to the boiler ameliorated the
problem of bumping encountered by other investigators at low
pressures.

The apparatus closely follows, in grinciple that of Makapsi
which was applied to sodium,!l potassium,1? cesiuml and rubidiumi,
In practice, the apparatus was simplified considerably by using
Haynes No, 25 alloy as the material of construction., It was not
necessary to balance with an external pressure and yet, the appa-
ratus could be used with rubidium several hundred degrees fahren-
heit higher than the balanced one made of Inconel, with no de-
tectable deformation. A simpler thermocouple arrangement was
employed and, based on the careful study of Bonilla! of the temp-
erature gradient above and below the surface of the liquid metal,
it appeared to be suitable., A Pt-Pt-10% Rh thermocouple was
mounted in the boiler well and three chromel-alumel thermocouples
were located along the condenser,

C. Procedure

The procedure of Bomnilla and Makansil was followed closely
in all but unimportant details. Setting the argon pressure at
the desired value, the power to the furnace was adjusted until
boiling occurred at the desired rate as determined by the height
of the boiling ring. The height of the ring was followed by the
chromel-alumel thermocouples mounted within the condenser thermo-
couple well, After 5 minutes or more of equilibrium, marred only
by minor pressure surges, the temperature of the boiler thermo-
couple and the pressure of the argon in the manifold were recorded,

D, Results and Discussion

In Table 1 fifty six data points are listed along with re-
gression line values at the same temperatures and the per cent
deviation of each point from the regression line.

All data were fitted to the following equations which are
valid from 800°F to 2000°F.

log o P = :Z;Q%é;&g + 4,04369 (1)
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TABLE 1 - VAPOR PRESSURE DATA FOR RUBIDIUM

Run  Temperature Exporimentnl Prencure Regreanion Linc  Por ocent deviatlon
No °R run Atm.nbeg mm Lrom ropression Jine
1 1289.3 30,50 0,04,013 30.99 ~1,61
2 1290.9 35.05 0.0161), 3.99 +3.02
1317, 39.95 0.05256 0.58 ~1.55
a 1343, 50.80 0.066B8Y 517 ~1.30
5 13514 5lt.50 0,07171 55,06 ~1,02
3 11601 60.95 0.08019 61.53 v 0
g 1381.,9 1.10 0.09155 1,66 ~ .78
1396.0 0.10 0.105 0,62 - 26
9 11,6 90.35 0,119 91.61 - S
10 U26.5 101. 0.1339 l03.2 ~1,36
11 25,2 102.2 0.1345 102.2 o]
12 9.7 12,0 0.1632 123.7 + .24
1 1492.9 170.3 0.2201 170.7 - 423
1y 1,92,9 170.5 0.2243 170.7 - .12
15 1521.5 200.2 0.2739 209.1 - 13
16 1541.8 2uP.u 0.3203 210.5 +1.21
1 h I 24! .0 0.3211 2l11.9 + 87
1 1546, 250,7 0.3299 2h0.7 + ,80
19 1548.1 251,11 0.330 250.9 + ,08
20 1576.3 303.7 0,399 302.3 + 6
2 1594.2 3.0 0.h1513 3139.1 +1,15
22 1617.7 395.2 0.5200 392.6 + 61
2 1616.7 957 0.5207 90,% 41,31
2l 1623.0 107.3 0.5359 105, + .37
25 164847 Lo1,7 0.6338 L73.8 +1 .67
26 1650.7 401,8 0.6339 479. + .61
27 1655.9 500,2 0.6502 Lol +),17
28 167&.7 559.0 0.7355 551.5 +1.36
29 1669.5 608.2 0.600 600,1 +1.35
30 1716.3 704, 0,926l 696,86 41,08
31 1729.7 758, 0.9978 Th9.2 +1,21
32 17‘1.3 6ly, 1.0063 7556 +1.22
3 17010 05 .1y 1.0597 79746 + ,98
3 1g7 .0 925 ,0 1.218 940,06 ~1.57
35 18 .2 1347 1.772 1337 + .75
16 1866.0 125 1.075 11,80 ~3.72
3 18930 1659 2.183 1677 -1,07
3 19017.2 2075 2,620 2123 -2,26
?9 1952.5 2179 2,067 2171 + .37
;0 1966.8 2220 2,921 2306 ~-3.73
41 2018.4 2866 3770 28yt + .77
2 2019.7 2867 772 28y + .31
It 2066.,0 3435 .520 319 + ., 5
L 2088,0 730 l,508 712 + Wl
Lé 21743 L1629 6,091 5ol + .76
ug 2170,2 4978 6.550 4973 + ,10
Iy 2184 52li6 6.903 5212 + ,65
L9 222 .2 5961 7.eu8 5957 + .0
50 2274..9 6998 9.20 7002 - 40
51 2277.2 7005 9.217 7052 = 46
52 2217.1 7026 9.2Ii5 ogo - .31
53 2320,.7 o2l 10.5& 053 = +3l
gl 23621 9060 11.92 9105 - .ég
55 2010,9 10,374 13,65 10,5140 =~ 263
56 243543 11,090 59 11,170 = of2



31

logyo P = “Leli0e22 .0,14057920g, T + 4,50749 (2)
logyo P = SLe2lAe0l L9 0002177747 + 4.121014 (3)

for P in atm. abs. and T in °R,

These data are well represented by the regression lins
(equation 1) which has a standard deviation of 1.24%. The three
term correlating expressions have standard deviations of 1,20%,

The Kirchhoff equation (2) is recommended because of its widespread
use and probable superiority in a calculation of latent heat of
vaporization,

The linearity of the data shown by equation (1) is unusual
over the range studied. Gray,l3 however, discussed the general
problem and concludes that theoretical justifications for linearity
exist,

A comparison of results with available high pressure data is
given in Table 2., Regression line values are listed at 100° in-
tervals over the range 1300°R to_2400°R for these data and for the
correlating equations of Bonilla* and Cochran,

Also in Table 2 are the calgulated results of Shapiro and
Meis1l4 (as reported by Weatherford 5) These workers adjusted
experimental values to yield consistent thermodynamic data; iterat-
ing vapor pressure until the ratio of the heat of vaporization to
temperature equalled the entropy of vaporization, Their cal-
culation extended to about 20 atms, abs.

Bonilla's data are about 3% higher than MSAR data, Cochran's
results are about 6% lower and the calculated results are about
13% lower, Bonilla's correlating expression has a standard errvror

of 1.26% and Cochran reports an estimated accuracy of * 2 per cent.

A comparison of the present data for the normal boiling
point of rubidium with the results obtained by other investigators
is given in Table 3. Normal boiling points were computed by ex-
trapolation of the low pressure data obtained by Moore3, Battelle3,
Kelley4, Ditchburn®-8 and Johanssen9, None of the low pressure
data could be applied to pressures higher than 1 atmosphere with
any confidence.

VAPOR PRESSURE OF CESIUM

The vapor pressure of cesium has been determined in the range
850°F to 1950°F (0.07 to 13.7 atm abs) in the same apparatus which
was used for rubidium., Experimental data and the percent de-



TABLE 2 - COMPARISON OF VAPOR PRESSURE RESULTS FOR RUBIDIUM

TR T°K% | MSAR'®) |Bon111s'°’ 2 Deviation | AGN'S) ¢ Devietion Weatnerford‘'®’ ¢ Deylation
— P atm. P atm. From ISAR 2 ata, _From MSAR P atm, From M3AR
1300  722,2| Q.0451S Qu722 ‘ +;.5 .036%2 -18.3 .03921 <1343
UWed  777.8 0.1097 1142 Qa1 J05491 -13.5 .096442 -12.1
1500 833.3| 0.2364 2457 +3,8 2133 - 9.8 «2093 =12.%
1606 888;9 0.4629 4801 +3,7 L1309 - 6.9 4111 -11.2
1700 sy 0.8375 5666 +3.5 $7561 - a9 27437 -11.2
18¢0 2000.C | 1.h19 1,466 +3.3 1.368 - 3.6 1.255 -11.5
1900 1035.5 | 2.274 2.347 +3.2 2,211 - 2.8 1.9 -12.3
2000 1111.1 ¢ 3.476 3.583 +3.0 3.396 - 2.3 3.023 -13.0
100 1167.7( 5.104 5.254 +2.9 L.9Th - 2.5 4.Le9 ~13.6
2200 1222.2 ] 7.236 7.2 +2,8 7.027 - 2.9 6192 U
2300 1277.8} 9.953 [{10.227) +2,7 9.599 - 3.5 8,410 -15.5
2400 1333.3113.33 (13.68) +2,6 (12,75 ) - L3 11,09 -16.9
si.;u% S& = 1,268 Avg = +3,3% Avg = -5,3% Avg = ~13.1%
{a) logy, ? atm = -7,305,200 + 1.0L369 Stendard deviation = 1,24 per cent
{v) logie P atm = Standard error = 1.25 per cent

(e)

{a)

logieg ? atnm

i

caleulated results

-6,98%.036 + 11,04573

I .
-u;gh}o{vh - 1.5283 10810 TQ

E + 9.3615

Estimatad accwracy = Iz per <o3nt

e
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TABLE 3 - COMPARISON WITH LOW PRESSURE DATA (Rb)

Source of Datga

MSAR

Bonillal (Columbia Univ)
Cochran? (AGN)

Moore’ (ORNL)

Battelle3

Kelley4 (a compilation)
Ditchburn®s9+7,8 (a compilation)

Johanssen?

*extrapolated

Boiling Point

CF)

1272
1266
1279
1261*
1269*
1254%
1271%
>1280*
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viation of each point from the regression line are listed in Table
4, The regression line of the 23 data points is given by

. =6,631.74
10810 Patm abs = ~~&pog™— + 3.90111

with a standard deviation of 0,72 percent,

No further statistical analysis of the data will be made
because of the satisfactory straight line correlation,

A comparison ?f MSAR results with those of Banillal, AGN2
and Shapiro and Meisl is made in Table 5.

The normal boiling point was found to be 1240°F., Bonilla
obtained a boiling polnt of 1231°F, AGN - 1274°F, Hultgren's
compilation - 1259°F, Shapiro and Me151 (also reporced by Weather-
ford) - 1260°F,

DENSITY OF LIQUID RUBIDIUM

The densxty of rubidium has been determined to 1300°F by
AGN2 to 750°F by ORNL3 and has been calculated from the densities
of pota551um and sodium (reported by Weatherfordl®), The AGN re-
sults were obtained dilatometrically and those of ORNL by an
Archimedean method., This study covers the range 150° to 2000°F
using a dilatometer device.

A, Rubidium Purity

The rubidium was taken from the same batch as that used in
the vapor pressure work, While it was gettered prior to charging
the apparatus there were no zirconium chips in the apparatus,

B. Apparatus

A dilatometer is a device which measures the volume of a
given weight of liquid. It has the importam advantage of en-
abling a range of densities to be determined from a single charge;
in our case, a span of up to 150°F could be covered. Dilatometers
are frequently beset with the problem of bubble formation.

The dilatometer which was used consists of a cylinder 4
inches by 1 inch ID with a 0.125 inch wall, having a thermocouple
well projecting to the center of the volume from below. The top of
the c¢ylinder is tapered to minimize bubble formation and is attached
to a 10 inch length of tubing which has a volume of 0.180 ml per
inch of length. The top of the tubing is connected to a ball valve
and to a source of pure argon. Three protuberances were welded onto
the tubing to serve as base points and to facilitate interpretation
of the x-ray photographs which were used to determine the meniscus
level.



TABLE 4 - CESIUM VAPOR PRESSURE DATA

Pressure Temperature Calculated $ deviation

(mm Hg) (°R) Pressure* of repgression

- (mm/Hg) line from data
53.3 1312 .4 53.55 +0.47
73.0 1348.2 72,94 -0.08
92.0 1377.5 92,81 +0.87
111.7 1402.2 112.8 +0.98
144,2 1435.7 145,5 +0,89
186,9 1470.6 187.2 +0.16

233.6 1502.6 233.6 0
310,3 1544,8 308.3 -0.,65
395.5 1583.8 393.3 ~0,56
476.3 1613.3 469,1 1,53
589.90 1653.1 589,.1 +0,02
695u2 168192 687.5 'O¢97
808.6 1711.1 805.8 ~0.35
1300 1807.5 1296 -0,31
2001 19062,1 1974 -1,37
2499 1958.6 2489 -0.40
3286 2032.0 3298 +0,.36
3911 2078,1 3897 -0,36
4916 2145,6 4910 -0.12
5956 2205,5 5957 +0,02
7470 2282.9 7532 +0,82
9016 2349,5 9105 +0.98
10370 2401.4 10480 +1.08
SD = 0.72%

* logyg P = 28:631.74 4 6.78192
T

for P in mm Hg and T in °R




TABLE 5 - CESIUM VAPOR PRESSURE - COMPARISON OF RESULTS

Temperature MSAR(1)
°R ok P (atm)
1300 722,12 0.0631
1400 777.8 0.1459
1500 833.3 0.3020
1600 888.,9 0.56724
1700 944 ,4 1.0002
1800 1000.0 1.647

1900 1055.6 2,575
2000 1111.1 3.847
2100 1166.7 5,536
2200 1222.,2 7,704

2300 1277.8 10,417

2400 1333.3 13.737

Deviation from MSAR

(1)

(2)

(3

(4)

logyg P = -6!6?1“74

for P in atm, T in

°R.

Bonilla
P (atm)

e

- -

0.1522
0.3155
0.5967
1.049
1.733
2.713
4.064

5.857

~r+5%

+ 3.,90111

10310 P = ‘6!6650302 + 5.10876

for P in PSIA and T in

T

for P in atm and T in °K.

Calculated results, Shapiroc and Meisl,

T

°R,

(2)

AGN(3) Weatherford(4)

P (atm) P (atm)
.- 0.0545
-- 0.1288

0.1861 0.2689
0.4146 0.5084
0.8166 0.8932
1.455 1.474
2,397 2.286
3,658 3.383
5.296 4,820
7.253 6.639
.- 8.886
- 11.558
~-15% =124

standard deviation = 0.72%

standard ervor = 1.44%

- 7.59618 logjgT+30.4259
estimated accuracy = 2§
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The apparatus was calibrated with mercury at room temperature
and a value of 49.2 ml was obtained at the lowest protuberance,
As it is necessary to know the change in volume of the cylinder
with temperature a calculation was made based on the published
data of the Haynes Stellite Company which lists the coefficient of
linear expansion for Haynes No. 25 to 3 places at 200° increments
from 70° to 2000°F. A detailed calculation of the change in volume
with temperature was made and applied to the data as a correction,
At 2000°F the volume increased 5.92% compared to that at 70°F., Un-
certainties due to cross-sectional variations in the capillary
tubing would result in an error in computation of volume estimated
to be less than 0.1%, since the total internal volume of the rubidium
in the capillary was generally less than one percent of the total
volume of the charge.

Determination of the height of the rubidium meniscus in the
tube could be made to within 1 mm with no difficulty. This corre-
sponds to a truly negligible error of the order of 1 part in 7000,

C. Procedure

The apparatus was charged with a known quantity of rubidium
and the temperature raised so that the meniscus was located in the
tubing., The volume-temperature relationship was then determined
along the tubing. Removing or adding a known quantity of rubidium
enabled higher or lower temperatures to be investigated,

It was necessary to apply an argon pressure somewhat in ex-
cess of the boiling point at the temperature of interest. The
degree of excess was of no significance as demonstrated by the
addition of 7 atmospheres argon pressure to an experiment at 1650°F
with no detectable change in density.

At temperatures in excess of 1500°F some difficulty was
encountered with bubble formation. This problem was ameliorated
by the following precautions:

1. Decreasing the temperature gradient along
the tubing by use of insulation and nichrome
heating wire.

2. Using only the lower portion of the tubing
(i.e. 4 inches).

3. Pressurizing with argon while slightly below
the temperature of interest and concurrently
heating the tubing, then proceeding to tempera-
ture and recording data.
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D. Results snd Discussion

All 60 dats points, in the range 150°F to 2000°F, are listed
n Table & in the order of increasing temperature, Table 6 also
indicates which points were obtained at identical charges {i.e. a
set of results) and when the apparatus was cleaned and recharged.
Recalibration of the volume of the bomb after both charges showed
an increase in volume of less than 0.2%.

All datz were analyzed statistically for 8 functional forms.
These & equations are listed in Table 7, along with standard de-
viations, in chronological order. The precision of the data seemed
to warrant extensive analysis,

The straight line (equation 1) is probably suitable for most
applications, as it has a standard deviation of 0.0063 g/cc.
Equation 4 is recommended because it is the simplest expression
achieving a standard deviation of 0.0035 g/cc, which is equivalent
to a precision of about 0.3%. Equations 5, 7 and 8, which are
more complex, also have standard deviations of 0.0035 g/cc; this
figure apparently being a true measure of the precision of the data.
Equation 2 was rejected because of an obviously poor fit and
equation 6 because of an inflection point in the range of interest,

In_Figure 1 these data are compared graphically with those
of Cochran? and ORNL®. The results of ORNL are in fair agreement,
particularly at low temperatures. The archimedean method which
was used by ORNL could be expected to give trouble at higher temp-
eratures, as the rubidium is contained in an open vessel in a dry
box under 1 atmosphere of argon and the rate of vaporization in-
creases with temperature. The AGN data are best represented by a
curve

d = 1.497 - 2,530 x 10°%4 t + 4,08 x 10-8 ¢

which is assigned an estimated accuracy of % 0.005 g/cc to 1300°F
and % 0,01 g/cc from 1300 to 1800°F by Cochran. Marked differences
exist between AGN data and those of MSAR.

The calculated results appearing in Weatherford's compilation,
and notoreported here, are about 0.1 g/cc higher than the MSAR data
at 1500°F.

The lack of effect of an overpressure of 7 aimospheres of
argon upon the density of rubidium at 1650°F shows that the liquid
is not compressible under these conditions. A change of only 1 mm
in the height of the rubidium would have been observed and that
change is equivalent to 1 part in 7000 of the volume.
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TABLE 6 - RUBIDIUM DENSITY DATA

No. Temperature Density Sot No.
1 157.9 1.477 12
2 167.4 1.475 12
3 193.2 1.471 12
4 197.8 1.469 12
5 224.3 1.466 12
6 401,90 1.4490 A
7 429.4 1.434 1
8 430.4 1,433 1
9 454,4 1.429 1

10 556.8 1.305 2

11 596.3 1,385 2

12 6444 1.374 2

13 667.5 1.368 2

14 698.7 1,361 2
15 817.8 1.329 3

16 827.9 1.319 13
17 858.0 1.319 3
18 890.9 1.305 13

19 898,9 1,310 3

20 939,3 1,301 3

21 955.9 1,294 4

22 986.6 1.287 A
23 1016.6 1.281 4

24 1060,9 1.271 4
s 1080,5 1.264 5

26 1094,1 1.264 4
27 1113.0 1.255 5
28 1141,6 1.247 5
29 1183.7 1.239 5
30 1204,3 1.230 6
31 1209.3 1.235 5
32 1242.9 1.223 6
33 1281.9 1.215 6
34 1313.6 1.207 5
35 1322.1 1.206 6
36 1332.8 1.200 7
37 1377.3 1,190 7
38 1425.0 1,181 7
39 1457.0 1.166 8
40 1479.0 1.162 8
41 1522.5 1.148
42 1602, 1 1127 5
43 1602, 1 1.127 g
44 1623.9 1.122 2
4s 1629.7 1.120 10
46 1639.8 1.118
47 1646,0 1.113 13
48 1667.1 1.114 10
49 1723.6 1.002 11
50 1737.2 1.091 11
31 1746.6 1.087
52 1771.9 1.081 h
53 1909, 8 1.04s 14
54 1923.4 1.043 14
55 19336 1.039 14
56 1937.9 1.034
57 1973,6 1,033 ;;
58 1989.4 1,021 15
59 1993.9 1.028 15
60 1994.9 1.028 is
12 andr?g.-pPETAtus Was charped with rubidium prior to sets 1,

Between sets (for a particular charpe
the rubidium was removed from the apparatus, B¢) & portion of




TABLE 7 - STATISTICAL ANALYSIS CF RUBIDIUM DENSITY DATA

z
o
.

(&3]

L

gquation
= g + bl
= 53 + b
w
£s
=g %+ bl + cZZ
= a + b * ¢
7
=z + bl + ¢
7l
=2+ bz ¢ cz? + ar’
=5 + bl »cl® +d
Z
s a e bl e+l d
72
Z = t/10400
£ = g/cc

t = degrees F
a, b, ¢, d = constants

fata consists of

varying from abeout 1.3

Standard
Deviation

_(gfee) |
0.0063
0.0907

¢,0085
§.0035

0.0035

£.0041

0.0035

0.5035

1.53383
1.13250

1.51933
1.55643

1.54614

1.5105%

1.55458

1.5387%

-0.252896
0.0774922

-4,218633
-0,265111

-0.26098%

~G.178605
-0.262526

-0.249735

0N

-0.013443%
-0.00626779

-4.000816322

-0,0591314

--0.0009283%0

-0.00440185

d Remarks
.- Poox fit
-—- Best curve

0.0133070 Inflects at
1481°F
-0,00589877

-0.000566378

£0 points in the range 150°F to 2000°F, with density
te about 1.0,

o
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DENSITY OF LIQUID CESIUM

The density of cesium has been obtained to 708°F in the
same apparatus used for rubidium., Data are listed in Table 8.

Work is continuing and it is anticipated that cesium density
will be obtained to 2000°F in the near future.

PVT OF THE VAPOR

The pressure-volume-temperature relationship of rubidium
and of cesium from the saturated vapor line to over 1900°F is
currently being investigated.

The apparatus, shown schematically in Figure 2, consists
of two Haynes-25 cylinders, which are separated by a Haynes-25
diaphragm of 2.2 mil thickness. Temperature is measured with three
Pt-Pt-10% Rh thermocouples, which had been calibrated at the National
Bureau of Standards, Isothermality is approached by power adjust-
ment of three cylindrical heater elements, A 2°F gradient is
commonly achieved along the 6 1/2" long chamber which is to contain
the alkali metal vapor,

Known weights of alkali metal are added to the lower cylinder
in the form of stainless steel ampoules; which rupture upon heating
in the bomb, The bomb is evacuated and sealed off with a pinch-off
device, The pressure in the alkali metal filled cylinder is measured
by balancing the diaphragm in a null position with a known pressure
of argon., The null pressure is defined as that pressure necessary
to break electrical contact of the diaphragm with the probe. The
balancing argon pressure is measured with a U-tube manometer to
1000 mm Hg and with a Bourdon tube gauge (accuracy ¥ 0.05 psi)
for pressures between 1000 mm Hg and 215 psia.

Initial PVT data for rubidium are shown in Figures 3 and 4.
The volume of the lower cylinder is redetermined with mercury prior
to each charge. Volume corrections with temperature are computed
from linear expansion coefficients for Haynes-25 alloy and are shown
in Figure 5. Pressure-temperature data in the saturated region
agrees closely with earlier vapor pressure data. Reproducibility
of pressure readings in the unsaturated region was approximately
*(.1 psi below 1600°F and slightly greater at higher temperatures.
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TABLE 8 - DENSITY OF LIQUID CESIUM

Tewperature Density
[+ R
BN O 0 N glec).
1047 1,840
190.1 1,811
212.1 1.806
215.7 1.805
228.8 1.801
230.1 1.801
234.0 1,800
259,.3 1.792
515.9 1.714
519.6 1,711
540,4 1.706
553.4 1,702
573.8 1.694
587.0 1.691
596.5 1.688
629.6 1,678
641.7 1,675
670.9 1.665

708.1 1.655
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The pressure-temperature relationship of three different
rubidium charges have been measured. Analysis of the rubidium
present in the bomb after the first run suggested an error in the
weight of rubidium added to the bomb prior to the first run. The
rubidium weights in Runs 2 and 3 were respectively 96.5 and 239
milligrams., The apparent molecular weight in each of the last two
charges 1is about 101, The difference between this value and the
atomic weight of rubidium (85.5) is attributed to the combined
effect of polymerization and compressibility. No attempt will be
made to reduce the data to equations of state until a significant
number of runs have been performed.

SPECIFIC HEAT OF LIQUID RUBIDIUM

Kelley33 gives a value of 0.0913 cal/g-°C for the heat
capacity of liquid rubidium from 39°C to 126°C, Rengade3 Teports
the equation

cp = 0.0921-0,00026T°C

from which the value at the melting point (39°C) is 0.0899 cal/g-°C.
Stull and Sinke3> estimated 0.0877 cal/g-°C at the boiling point.
There are no experimental data for the specific heat of rubidium

at elevated temperature.

The standard method of obtaining specific heat at elevated
temperature is to heat the sample to be measured to a determined
temperature and then drop the sample into a calorimeter of known
heat capacity,

The ice calorimeter initially was chosen for this work be-
cause it requires no temperature or electrical measuring instru-
ments and possesses a very high sensitivity.

Ginnings, et al3% describe in detail a thoroughly refined
apparatus and procedure which were used as models for this pro-
gram, The principal source of error in this work lies in the de-
termination of the temperature of the sample as it hangs in the
furnace, with lack of isothermality the probable major cause of
difficulty.,
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Prolonged equilibration times were encountered in the ice
calorimeter, and it was decided to perform the determinations
using a copper block calorimeter, which existed at the facility.
Heat content measurements on rubidium have been made over most of
the temperature range of intevest utilizing a copper block calo-
rimeter, Heat content values have been used to derive a pre-
liminary set of thermodynamic functions for solid and liquid
rubidium, These thermodynamic functions have been used in con-
junction with the measured vapor pressures to obtain heats of
vaporization by the "Third Law" method,

Experimental

The calorimeter used for the heat content measurements was a
coppetr block drop calorimeter based on the design of Southard3’ as
modified by Kelley and Naylor.”8 The calorimeter design is shown
schematically in Fig 6. The sample, A, is suspended in the furnace,
B, by means of a wire attached to the drop tube plunger, C. The
plunger is controlled by a brake mechanism which controls the rate
of fall of the sample., When the sample has reached thermal equi-
librium in the furnace; as measured by a Pt-Pt-10%Rh thermocouple,
the drop plunger is released, the gates, D, at the bottom of
the furnace and at the copper block are opened to allow passage
of the capsule., As the capsule enters the calorimeter, the brake
mechanism brings the sample to a stop, in good thermal contact
with the copper block. After the drop, which takes 2 to 3 seconds,
the gates are closed. Both gates are provided with narrow slots
to allow the suspension wire to pass through them when closed.

The calorimeter proper, E, is a2 gold-plated copper cylinder
resting on knife-edge supports in a brass case. The case is
immersed in a large oil bath thermostatted at 25.00 { 0.01°C. The
sample, in the form of a slightly tapered cylinder, drops into
the calorimeter vreceiving well, also slightly tapered to assure
good thermal contact between the sample and the calorimeter. The
temperature of the copper block is followed by means of & calori-
metric platinum resistance thermometer inserted in a well parallel
to the sample regeiving well and midway between the receiving well
and the outside surface of the block. The heat capacity of the
copper block is obtained by electrical calibration using a Manganin
heater wound on the tapered piug which contains the receiving well,

The furnace consists of an electrical heating element and
two layers of imsulation. A cooling water jacket surrounds the
whole assembly., The heated zome is within a one inch inside di-
ameter porcelain tube on which the heating element is wound. The
windings are held in place by a high temperature cement and a second



porcelain tube fits over the windings as a protective cover,
Platinum-10 percent rhodium wire (B and S gage No. 22) is wound
with 4 1/2 turns per inch for 12 inches at the center of the tube
and at 6 turns per inch for 1 1/2 inches on each end.

The insulation is a 5 inch layer of -28 mesh zirconia
followed by a 2 inch layer of cast Firecrete refractory. Cooling
water circulating through the jacket minimizes heat transfer to
the calorimeter.

The rubidium sample, 1.9335 grams, was contained in a cy-
lindrical Haynes Alloy No. 25 capsule having a coaxial thermo-
couple well, A similar Haynes capsule was used for the heat content
measurements of the empty container.

All of the energy measurements are made in terms of the de-
fined thermochemical calorie equal to 4.184 (exactly) absolute
joules; The ice point of the absolute temperature scale was
273.,15%K,

Heat Content and Derived Properties

The experimental heat content data, corrected for the con-
tribution of the capsule, are given in chronological order in Table
9. Vaporization corrections were calculated and found to be neg-
ligibly small.

Over the temperature range from 500° tc 1400°K, the heat con-
tent data for the empty capsule were fitted by least squares to the
expression

H-H3gg(cal/g) = 52.28+0.021686T+4.0315x10-6T2+5,79244x103/T,

At each data peoint for the filled capsule, the heat content of the
capsule was calculated from the above expression and substracted
from the total enthalpy change.,

The raw data for the rubidium sample were fitted by least
squares to the linear expression

H;-H%QB (cal/mole) = 7,53T-1624,

The standard deviation over the range from 500°K to 1300°K is of the
order of * 2%. Using the low temperaturﬁ data of Dauphinee and
Martin39, as compiled by Stull and Sinke%¥, a consistent table of
thermodynamic functions were derived for solid and liquid rubidium,
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TABLE 9 - RUBIDIUM HEAT CONTENT DATA

Temperature Hy-Hygg 15

b KD, .cal/mole
504.4 2227
622.5 3047
737.6 4028
853.6 4626
946.7 5239
991.5 5053
1017.5 6203
1172.0 7186
1205.0 7528

1268.0 7888
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The high temperature data were extrapolated below 500°K and the
heat of fusion (reported40 as 540 cal/mole) was adjusted upward

to 615 cal/mole to bring the two sets of data into agreement. The
smoothed heat content and derived thermodynamic functions are
tabulated in Table 10,

SPECIFIC HEAT OF CESIUM

Heat content measurements were made on a sample of cesium
from 170°F to 1770°F., Plastic failure of the thermocouple well
in the Haynes container due to too thin a wall (not corrosion)
at about 1860°F prevented Lompletlon of the measurements to the
planned upper limit of 2000°F.

The data are listed in Table 11 and are shown graphically
in Fig 7. Also in Fig 7 are the data obtained previously for
rubidium and, for comparison, the calculated results of Stull and
Sinke as reported by Weatherford for both metals. Inspection of
the figure shows close agreement between experimental and cal-
culated results with regard to both magnitude and slope (heat
capacity).

Above 620°F the data were fitted by least squares to the
linear relation

Hp-Hyge = 1506 + 7.25 T°C

where Hy-Hygg is the heat content in cal g-atom~! and T is the
temperature 1n °K, This yields a constant heat capacity of 7.25
cal deg-l g-atom-

Below 620°F an anomaly was observed in heat content., These
data were not included in the derivation of the analytical ex-
pression for heat content, The deviation from the straight-line
portion of the curve is real, as attested by the order in which
points were taken. Initial runs were in the order of 800, 512, 854,
to 1520°F, then back to the region 170-530°F in random order, then
repeating the 850-1770°F range. No further investigation of the
anomalous range was done. Since our work covers the range of 500
to 2000°F we do not propose to reinvestigate at this time, having
acceptable results in the range of interest.

The standard deviation of the data above 620°F from the
linear expression is ¥ 1.5%, It is believed that this expression
can be extended from 1770°F to 2000°F with a 2 percent uncertainty,
This extrapolation is uncomplicated due to the straight line
correlation,
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TABLE 10 - DERIVED THERMODYNAMIC FUNCTIONS FOR SOLID
AND LTIQUID RUBIDIUM

Temp.  H3-H3gg S (Fffwuf,jgg} Cp

("K) cal/mole cal/deg mole T, cal/deg mole
e cal/deg mole oo

298,15 0 18.22 18.22 7.50

300 15 18.27 18,22 7.55

312 (c) 105 18.57 18.23 7.57

312 (b) 720 20,54 18,23 7.56

400 1385 22,41 18.95 7455

500 2141 24.09 19,81 7.53

600 2894 25.46 20,64 7.53

700 3647 26.62 21.41 7.53

800 4400 27.63 22,13 7.53

900 5153 28,52 22.79 7.53
1000 5906 29.31 23.40 7.53
1100 6659 30,03 23,98 7.53
1200 7412 30.69 24,51 7.53
1300 8165 31.29 25.01 7.53

1400 8918 31.85 25.48 7.53
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TABLE 11 - HEAT CONTENT DATA FOR CESIUM

T Hp-Hpgg T HpH,gg
(°K) cal g=atoni"‘1 (°K) cal g-atom-1
351.1 1115 691.1 3460
376.5 1427 721.5 3797
389,.7 1548 737.1 3743
399.9 1628 855.0 4810
420.8 1924 879.7 4957
454.2 2451 916,8 5087
506.1 2850 970.0 5485
513.1 2772 1027.1 5932
533.0 2930 1116.0 6581
534.8 2939 1190.,0 7087
545.0 28890 1238.0 7465

689.6 3455
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It is not planned to extend the data to 2000°F because of
the high probahle validity of the short extrapolation and the
apreement with calculated resuiltls.

VISCOSITY OF THE LIQUID

A literature survey has been performed on existing viscosity
data for rubidium and for cesium and on methods of determining the
viscosity of liquid metals. Experimental data are scarce for
alkali metals and, except for recently completed work om potassium,19
do not exist above 700°C. Data have _been obtained for sodium,
potassium and NaK alloys to 700°C20-24 and for lithium, rubidium
and cesium from their respective melting points to about 350°C.

It has been decided to use a method based on the damping of
an oscillating cylinder by the movement of Sgntained liquid., The
method has been used recently for potassium §nd both method and
theory are _presented in detail by Shvidkovskiy‘b ana by Hopkins
and Toye.

At the time of writing, inertia of the empty system has
been determined and calibration is in progress.

VISCOSITY OF VAPOR

A preliminary literature seavrch has shown that no existing
method of vapor viscosity determination is applicable in all detail
to alkali metal vapors., A transpiration method utilizing a modi-
fied capillary-{flow type viscometer has been chosen as the most
feasible approach for determination of the vapor viscosity of
rubidium and cesium,

The principle of the transpiration method involving lawminar
flow through a capillary is described by Poiseuille's Law:

- R4Y[AP
v SuL
where AP = P|-P; is the pressure drop over the capillary
= yradius of the capillary
= absolute viscosity
= length of the capillary
= volumetric flow rate

< T

Measurement of AP and V permits computation of absolute viscosity.



The viscometer is shown schematically in Fig 8. It con-
sists of a boiler, superheater, test section containing capillary
tube and pressure sensing devices, and condensate collector,

The boiler will be charged with a sufficient amount of
metal to assure several hours of vapor transpiration. After
gettering the metal in the boiler and allowing the test section,
superheater, and condenser to equilibrate to their desired respective
temperatures, the boiler temperature will be raised to approximately
1200°F to establish a rubidium driving pressure.

The vapor will pass through a demister to assure entrap-
ment of any liquid droplets and then to the superheater which will
provide the necessary amount of superheat (1400°-2000°F). Viscosity
will be determined at various degrees of superheat to evaluate the
effect of total pressure on viscosity.

The pressure drop over the capillary will be measured by
two null-point pressure-sensing devices., The balance of the system
pressure drop will be reduced by a throttling valve., After passing
through the throttling valve, the vapor will be condensed and cooled
sufficiently to permit utilization of a glass collection tube for
measuring the rate of liquid metal condensed. The mass flow rate
which can be computed from liquid density will permit calculation
of volumetric flow rate.

Following a series of runs, the metal will be recycled to
the boiler by means of inert gas pressure,

Corrections for kinetic energy and curved pipe flow should
not represent more than 1-2% of the viscosity value while the
slip correction has been proven to be negligible. Since the appara-
tus will be operated at very low Reynold's numbers, no transition
to turbulence is expected.

THERMAL CONDUCTIVITY OF THE LIQUID

A literature survey has been performed on existing thermal
conductivity data for the alkali metals and on methods used for
the determinations. Most investigators have favored the use of
the guard ring or longitudinal heat flow mgtgod gor directly de-
termining liquid thermal conductivityo19'2 »24,28-30

In unsteadg state determinations, thermal diffusivity is
actually measured. 4 This type of measurement is easier to ob-
tain, less accurate and has been applied to higher temperatures
than steady state determinations which measure thermal conductivity.
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In general, thermal conductivity measurements ave difficult, re-
quire elaborate apparatus and have not yet been successfully per-
formed for liquids to 2000°F,

Thermal conductivity is related to electrical conductivity
(the reciprocal of electrical resistivity) by the Lorenz number,
as follows:

L= K= 2T K2
i 3 e

- Lorenz number

= thermal conductivity

= glectrical conductivity
absolute temperature

# Bolzmann's constant

= glectron charge

where

[oBE e B W e
W

For most metals at temperatures in excess of about 200°K
there is good agreement between the experimental Lorenz number
(calculated from K, v and T) and the theoretical Lorenz number
(2.72 x 10-13 esu, 2,44 x 10°8 voltZ2/degree? calculated from the
right hand term above). The average deviation for the experimental
Lorenz number of 13 metals at 273°K is less than 5% from the thea-
retical. For sodium and for two grades of NaK the average experi-
mental Lorenz numbey was within 4.5%, 1.2% _and 4.1%, respectively,
of the calculated value from 100 to 500°C,31

Alloying of metals would cause no problem and the liguid
state is advantageous as it would winimize lattice effects and the
possibility of isotropism. High temperature could be expected to
increase the validity of the Lorenz relationship., In view of these
circumstances, it was decided to measure electrical resistivity
and translate these results by the Weidemann-Franz-Lorenz law,

The resistivity of liquid rubidium was determined by
measurement of the total resistivity of a 0,500 in. diameter Haynes-
25 tube (0.063 in. wall) filled with liquid rubidium. The Haynes-
25 container which was 22 inches long, was mounted inside of a
cylindrical stainless steel heating block with an outside diameter
of 3.5 inches and an inside diameter of 2.0 inches. Three Kanthal
wound tube elements, with separate controls on each element served
to heat the block to experimental temperature, and maintain an
isothermal zone over the central 14 in. section of the Haynes-25
container,
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Temperature measurements were made with three U.5. Bureau
of Standards calibrated Pt-Pt/10% Rh thermocouples and a L&N,
K-3 potentiometer., Resistance measurements were made with a four
probe double ratio Kelvin Bridge {Honeywell #1622) and a sensitive
galvanometer, Direct current was supplied from a 6-volt lead
storage battery converted to 2-volt operation and equipped with a
current reversing switch. Electrical contacts were welded onto
the container tube and filed down to achieve point contact. A
purified argon supply was used to suppress boiling of the rubidium.

The experimental procedure consisted of first determining
the resistance of the Haynes No, 25 alloy container tube, then
filling it with rubidium and measuring the resistance of the filled
tube at various temperatures throughout the range. Calibration re-
sistance measurements of the evacuated containment tube were taken
from 80°F to 2000°F and are presented in TFig 9. From these results
it is apparent that a constant temperature-resistance profile has
been established for the Haynes No. Z5 alloy tube, Temperature
and resistance measurements were made with the furnace element
current off in order to minimize any induced emfs. The tube was
charged, under vacuum, with approximately 60 grams of rubidium
metal. An over-pressure of NaK purified argon was then applied
through a stainless steel tube protruding from the top of the con-
tainer. Resistance measurements on the filled container were then
made. All measurements were made in several groups or heating runs,
The apparatus was allowed to cool to room temperature after each
TUN,

The resistance of the liquid metal sample was calculated
from the formula for parallel resistors:

RzR
Ry = 23722
where Ry = resistance of the liquid metal
Ry = calibrated resistance of Haynes No., 25 alloy

container tube
Rz = resistance of tube filled with liquid metal

The resistivity of the liquid metal is computed from the equation:

P=(R)Y

where A = cross sectional area of the liquid metal (cm?)
1 = length of the liquid metal column (cm * 0,002 cm)
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It was evident that heating the empty container tube to
any temperature below 1850°F had negligible effect on subsequent
resistance readings at temperatures below 1850°F. The changes in
resistance which occurred after heating the cyvlinder over 1950°F
may possibly be attributed to changes of phase within the Haynes-25,
The temperature gradient along the 14 inch filled tube section be-
tween the Kelvin Bridge potential lead-terminals was held to about
Y2°F, Two resistance measurements were made at each Teading (one
for each direction of bridge current) and the average taken as the
true resistance value. This A R is due to the thermoelectric effect
and to thermal emfs of the thermocouples. A large bridge current
(~3 amps) held this difference to a minimum.

Resistivity determinations have been completed for rubidium
to 2000°F and are presented in Fig 10. The resultg agree with
previous determinations which were mwade to 1380°F, 2

SPECIFIC HEAT AND THERMAL CONDUCTIVITY OF VAPOR

Determination of specific heat and thermal conductivity
will be performed after much of the data discussed in preceding
sections has been obtained. As yet, no methods have been chosen,
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THERMOPHYSICAL PROPERTY MEASUREMENTS

OF ALKALI LIQUID METALS

J. W. Cooke
Oak Ridge National Laboratory
Oalt Ridge, Tenncssee

ABSTRACT

The final results of the experimental determination of
the thermal conductivity of 99.8+ wt % molten lithium from
320 to 830°C are reported in this paper. The preliminary
results just obtained for the surface tension of 99.97 wt %
molten potassium from 7O to 713°C using a maximim bubble-

pressure apparatus are also given in this paper.
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PART I. THERMAL CONDUCTIVITY OF MOLTEN LITHIUM

Introduction

Molten lithium has long appeared attractive as a high-temperature,
high-efficiency heat-transfer medium. As more knowledge is gained of its
compatability with various container materials, molten lithium seems certain
to find application as a coolant for space power reactors and other high-
performance reactor systems. However, knowledge of its thermophysical prop-
erties, particularly thermal conductivity, is still limited with regard to
temperature range and agreement of experimental data. For example, the five
investigationsl—s previously available for the thermsl conductivity of molten
lithium disagree by as much as 80% in absolute magnitude. In an abtempt to
resolve these disagreements and to extend the data to higher temperatures,
an apparatus was developed to determine the thermal conductivity of molten

lithium from 320 to 830° C. The final results of this investiation are

given in this paper.

Apparatus

A comparative, axial-heat~flow thermal conductivity apparatus ubilizing
compensating guard heating was developed for the investigation and is shown
in Fig. 1. The central part of the apparatus, the test piece, consisted of
an expansion tank, main heater, upper healt meter, sample container, and lower
heat meter. Heat from the main heater flowed down the tesl piece and into
the water-cooled sink. Surrounding the test piece were a coaxial guard tube
and an alumina cylinder which supported the gusrd heaters. Heat Flow in the
radial direction was minimized by maintaining with the guard heaters an
axial temperature profile in the guard tube which matched the axial temper-

ature profile of the test piece.
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The heat meters and sample cavity were all 1.5 in. in dlameter and
~3 in. long. The wall of the sample cavity was 0.0625 in. For temperature
measurements along the test piece, 15 thermocouples made from 30-gauge
Pt vs Pt-10% Rh wires were placed in 0.055-in.~diam radial thermowells
which extended to the centerline of the test piece: one thermocouple in
each of four planes spaced 0.5 in. apart in the upper heat meter, one
thermocouple in each of three planes spaced 0.7% in. apart in the lithium
sample, and two thermocouples in each of four planes spaced 0.5 in. apart
in the lower heat meter. Eleven thermocouples were placed in correspond-
ing planes in the guard tube.

The apparatus was situated in a furnace which maintained the sur-
rounding at an adequate temperature level to further reduce any radial
heat flow and to assist in calibrating the thermocouples in place. Fiber-
frax insulation was carefully placed in all void regions within the furnace.
The entire system was maintained in a high vacuum {3 to 8 x 107° torr) to

ninimize the convective, conductive, and corrosive effects of an atmosphere.

Operating Procedurse

Initial £illing difficulties caused by the high-surface tension,
large heal of fusion, and low density of the lithium were overcome and the
sample cavity was succegsfully filled with a void-free sample of lithium
metal whose spectrochemical analysis is given in Table 1.

The Pt vs Pt—10% Rh thermocouples used in the investigation were cali-
brated by very lightly spot-welding eight thermocouples at a time to the
Junctions of a Ph-gauge NBS Pt vs Pt~10% Rh thermocouple. The standard and
attached thermocouples were placed in the center of a 24-in.-long horizontal

furnace for calibration. Thus, eight thermocouples at a time were calibrated



69

Table 1. Spectrochemical Analyses of the Lithium Sample

Before and After Thermal Conductivity Determinations

Weight Per Cent

Impurity Before After
Na. 0.015 0.015%
K 0.060 0.060%
Ca 0.0001 0.0001.%
AL 0.0005 0.0005%
Si 0.001 0.0058
c1 0.0k 0.04%
W 0.012 0.012%
Ni <0.0015 0.0022
Cr <0.,0015 <0.001
Ti <0.0010 <0.0010™
N, 0.0063 0.0063%
0, 0.0003 0.0003%
Mn <0.002
Fe 0.0027 0.0024

Other (estimated) 0.025 0.025%

Ii (by difference) ‘ 99,82 99.81

®Thege values were assumed to remain unchanged.

relative to each other and to the standard, reducing the calibration error
in the At measurements to an estimated #0.20°C. An electrically guarded
and shielded I&N K-3 potentiometer and pv amplifier system was used to
measure the thermocouple emfs. Considerable care was taken to minimize

extraneous thermal emfs.
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After the assembly of the apparabus was completed, the system pres-
sure was reduced to 3 X 107° torr and the furnace heat gradually increased
over a period of a week. When the apparatus reached 3L5°C, an axial tem-
perature gradient was established in the test piece, and the guard heafers
were adjusted to obtain a matching axial temperature gradient in the guard
tube. To match the two gradients within acceptable limits usually re-
quired 8 to 10 hr, and to insurec steady state this condition was maintained
another 6 to 10 hr before a set of data was taken. During operation a
check for induced emf was made by reading cach thermocouple during a momen-
tary shutofT of all electrical supply to the system.

The conductivity was calculated from a heat balance at the interface

between the upper heat meter and sample snd also at the interface between

the lower heat meter and sample using the equation:

(k A dt/dx)
Ky ¢ oy (?—) : (1)
Li

(a dt/dx)Li

where k, A, x, and t refer to conductivity, cross-sectional area, axial
length, and temperature, and the subscripts H, W, and Li refer to the heat
meter, sample container wall, and lithium sample. The temperature gradients

at the interfaces were calculated from an equation of the form:

t = ax® +bx+c , (=)

which was least-squares fitted to the temperature data of the three respec-

tive regions of the test piece (e.g., the sample and two heat meter regions).
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Reszults

Determinations from the temperature gradiewmts in both the upper and
lower heat mebers for each of 13 runs (26 determinations in all) were made
of the conductivity of molten lithium from 320 ©o 830°C. These resulits
can be represented to within iQ,E% rmg deviatlon by the least-sguares
equation:

N

k (watt/em-°C) = 0.345 {1+ 9.058 x 10°* ¢ (°C)] , (3)

and are shown plotted versus temperature in Fig. 2. The two values from
run 9 appeared to be excessively high and were not included in determining
the linear least-squares line shown ag a solid line in Fig. 2. The average
deviation of the 26 values, including those from run 9, aboul the least-
squares line was +3.9% and -1.2%.

The average deviation of the 16 values of conductivity from 320 to
500°C about the least-squares line was +0.8% and -0.7%. Above 550°C all
thrvee of the sample-region thermocouples hecame ervatic, and it hecame
necessary to obtain the lithium temperature gradient from the interfacial
temperstures extrapolated from the two heat-uweter reglons. Tne average
deviation of the ten points above 550°C abouf fthe least-squares line was
+4.8% and -3.5%.

A typical axial temperature profile along the test piece and guard
tube is shown in Fig. 3 for run &. (Because of the compressed scale, the

o

slight curvature in the profile is not shown in Fig. 3.) The agreement of

6]

temperature and gradient bebtween the test plece and guerd tabe Tor both

the heat meter and sample reglons cen be seen from this typical profile 1

(%)

be quite good. The two interfacial temperature drops were alwaye in the

O~

direction of heat flow and for the first eight runs averaged 0.8°C,
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After the determinations had been completed, an in-place relative
calibration of the thermocouples was made by operating the system iso-
thermally at 595°C. The mean deviation of the test piece thermocoiples
about their averaged value was 20.30°C. This was approximztely 50% more
than the error estimated for the initial At measurements, indicating that

the thermocouple emf had drifted from the initial calibrations.

Discussion of Results

From consideration of many possible sources of errors, ithe tortal un-
certainty in the results was conservatively estimated *o be less than 8
to *+15% from the lower to the higher temperatures. That the actual un-
certainty was probably less than the total uncertainty is evidenced by
(2) the good agreement between the two independent axial-hest-flow measure-
ments [the difference varying from 0.1 4o 3.8%], (b) the wodest amount of
radial heat exchange [always = 1.0% of the axial~-hest flow], and (c¢) *he
consistency of the axial tempersture profiles.

Extrapolations to the melting point of the present data, previous re-
sults, and values predicted by the Wiedemann-Franz relationship [using
electrical resistivity data from ref. 6] agree to within 7% lsee Fig. 2];
whereas above 550°C, the present results compare well only with predicted
values, particularly in temperature dependency. The temperature dependency
of the present results is positive, which 1s contrary Lo the data for oitrer
molten sodium or potassium, but is consistent with the volumelric cocfiicient
of thermal expansion of molten lithium being almost half thal of either
molten sodium or potassium.

From a broad extrapolation of the present dats to the calculated crit-

ical conductivity, the conductivity of the molten Jithim arpears to rench
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a maximum of 0.78 watt/em-°C at 1700°C. This will require further in-
vestigation at high temperatures for verification. By substituting a
niobium slloy for the stainless steel, the present apparatus could be

used to extend the conductivity data to the normal boiling poinmt (1317°C).

PART IT. SURFACE TENSION OF MOLTEN POTASSIUM

Introduction

An important factor in the correlation and evaluation of bolling and
condensing data for molten potassium is the interfacial tension between
the liguid and vapor phases. Only values near the melting point have teen
reported in the literature for the surface tension of molten potassium,

To extend the data to near the boiling point, an investigabion was initiated

using a maximum bubble pressure apparatus. The preliminary results of this

investigation are given in this paper.

Apparstus

The maximum bubble-pressure apparatius used for the determinations is
shown schematically in Fig. 4. High-purity helium was supplied at very low
flow to a capillary tube whose end was immersed to various depths in the
liguid potassium. The maximum pressure attained within the slowly growing
bubble before disengagement from the capillary tip was measured with a
micromanometer (sensitivity 0.0l mm). The water-filled wicromanometer
was separated from the molten potassium with ligquid aitrogen-cooled
molecular sieve traps. The immersion depth was measured with a dis) in-
dicator (sensitivity +0.025 mm) which was zeroed at the point of electrical
contact of the capillary tube with the 1liquid surface. The apparatus waus

contained in & vacuum dry box.
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Several Inconel capillary tubes of various inside diameters (1.53568
to 1.66370 mn) and outside diameters (2.39522 to 3.17508 mu) were used for
the determinations. The diameters were meassured with a Moore Universal
Meaguring Machine (sensitivity =5 X 107% mi) using a 40 power microscope.
The tubes were also calibrated from surface tension determinations of
Lriply distilled, doubly deionized water. The molten potassium sample was
hegted in a Variac contrclled exterior furnace. The sample temperatures
were measured with three Chromel-Alumel thermocouples — one. just above the

surface and two in the liquid.

Operating Procedure

The vacuum dry box was evacuated to and mainbained at 2 x 10> torr
until the pressure buildup (with the diffusion pump off) was less than
3 x 1073 torr/hr. After filling the dry box with high-purity helium
(99.999+ wt %), the container of potassium, whose spectrochemical. analysis
before and after the determinations is given in Teble 2, was opened and
ingerted in the furnace. After heating the potassium to the desired tem-
perature, the micromanometer was zeroed, and the capillary tube zeroed
at the point of electrical contact with the molten potassium. The tube
wgs then lowered to various depths, and the maximum pressure recorded at
each depth. The helium flow through the capillary tube was regulated to

form one to two bubbles a minute. For this particular system, a bubble

formation rate greater than two per minute gave lower pressurcs due to

pressure losses through the pressurce measuring system. The capillary tube

@]

was then raised oul of the liquid, and the zero level was rechecked. The

temperature was raised to another level and the above procedurc repeated.
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Table 2. Spectrochemical Analysis of Potassium
Batch No. 1 Before and After Surface
Tension Determinations

Element Before, After,
bpm bpm
Oxygen 26335 -
Iron <5 3.3
Chromium <1 <1
Nickel 6.7 2.2
Lithium <1 <1
Sodium 607 110
Rubidium 132 Ly
Cesium 20 a2
Aluminum <10 <10
Magnesium <2 <2
Copper <l -
Cobalt <5 <5
Calcium 11 3
Molybdenum <3 -
Boron 10 -
Lead <5 -
Titanium <5 -
Silver <1 -
Zirconium <10 -
Potassium (by difference) 99.97 wt %

aSample taken in polyethylene bottle.

bSample taken in glass bottle.

Results

Two hundred and two determinations were made of the surface
tension of molten potassium relative to a mixture of helium and pobassium

vapor from 70 to 713°C for both increasing and decreasing temperatures,
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using two different batches of potassium and four different capillary
tubes. The preliminary results were calculated using Schroedinger's

equation,®

pr 2 r L ,r 2 -
1
oo B 2DV »
2 L 3 h & “h
where 0 = surface tensicn (dynes/bm),
p = surface tension component of maximum pressure (dynes/bmz),
h = surface tension component of maximum pressure (em of fluid),
r = capillary tube radius (cm).

Trhe results are shown plotted as a function of tewperature in Fig. 5 and

can be expressed by the least-squares equation:

g = 115.51 - 0.0653 t (°C) (

A

from 70 to 710°C with a mean square deviation of +0.64 dynes/cm. Several

of the values around 200°

C were not included in the least-gsquares analysis
for reasons to be discussed later.

The results are considered preliminary for the following reasons:

1. Corrections have yet to be made for the thermal expansion of the
capillary tube and the fluid volume displaced by the capillary tube.

2. Redetermination of the capillary tube radii and recalibrations
of the tubes using water after bthe investigation have not been completed.

3. An analysis for the impurities in the second batch of potassium
after the determinations has not been completed.
. Schroedinger's eguation was used for the calculations instead of
the more precise, but involved, iterative procedure of Sugden9 (spot checks

indicale g difference of less than one per cent between the two methods for

this investigation).
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As a calibration check of the apparatus, the surface tension relative
to helium of triply distilled, doubly deionized water was determined ab
26°C using capillary tube No. 1 and found to be 2% velow the vsglue reported
by Dorseylo for pure water relative to alr. A large part of this difference
can be attributed to the substitution of helium for air, as polnted out by
Cermbill.tt Calibratiocns of the other tips have not been completed.

The density of potassium was also calculated from the data using the

equstion:
. _ 2
pK - (Hl dz) pHgO [1 (d/D) ] ) (6)
(1, - 1) [L+vo (b -t )]
where p = density (g/cw’),
d = outside diameter of capillary tube {em),
H = manometer reading (em of Hz20),
D = 1inside diemeter of potassium container (cm),
I = depth of capillary tube below surface (cm),
a = coefficient of linear thermal expansion of Tnconel (°CT1),
t = potassium temperature (°C),
4t = room temperature (°C),

@]

and where the subscripta:

K = potassium,
H20 = water,
1,2 = two different depths.

The results are plotted as a function of temperature in Fig. 6.
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Discussion of Results
The major sources of error in the gurface tension determinations and

the estimated meximum uncertainties are shown in Table 3.

Table 3. Uncertainties in the Surface
Tension Determinations

Source Uncertainty
Pensity of manometer fluid i0.0—%
Density of potassium 0.7
Tube dismeter $0.6
TImmersion depth +0.7
Maximum pressure determination L30.3

Total 2. 3%

Additional uncertainties amounting up to il% are probably present in the
preliminary surface tension results because the corrections, mentioned

previously, have not yel been applied.

\J]
=
o
0]

Some surface tension values around 200°C are as much as 1ow the
least-squares line (see Fig. 5). All of these lower values were recorded
within 10 to 20 ninutes after a new capillary tube had been installed.
Thus, although still debatsble, the present feeling is that these lower
values resulted from poor wettlng of the capillary tube by the potassium.
The only investigatiocrn of the surface tension of potassium that bas
thus far been found in the literature was by Quarterman and Primak? in
l9h9 using the capillary rise method. Their results fall ~20% below the
present values (see Fig. 5). In their own cpinion, their results cculd he
15% too low due to a possible contact angle between the potassium and the

glass capillary tube and to the difficulties in measuring the capillary
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height between the two concave meniscil.

The composite of three investigations of the density of molten potas-
gium obtained from the Liquid Metals Handboofz is compared with the present
results in Fig. 6. The agreement is quite good with the present results
averaging 0.4% higher. Such agreement is a good indication of the con-
sistency and precision of the surface tension values obtained in this in-
vestigation.

After the preliminary surface tension results for molten potassiun
have been completely evaluated, the investigation will be continued to
obtain the surface tensilon and density of the other alkali metals to nsar
their boiling points. Upon completion of these determinations, a study
will be made of the contact angles of alkali metal droplets on various

sample surfaces.
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DISCUSSTION
MR. FISHER: Do you plan to measure the surface tension of rubidium
or cesium?

MR. COOKE: Yes; we plan to begin those measurements quilte soon.

MR. BONIIIA: An article by Temple Institute does have surface
tension values for potassium apart from those you reference. 1 believe

these have been guoted by Weatherford et al.

MR. COCKE: Thank you; I will look at those.
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THE THERMODYNAMIC AND
TRANSPORT PROPERTIES QF POTASSIUM

A. W, Lemmon, Jr., H. W. Deem,
E. H. Hall, and J. F. Walling*

SUMMARY

Experimental thermodynamic measurements of liquid enthalpy, vapor pressure,
and gas compressibility of potassium at temperatures up to 2100 F (1150 C) are
described, and the results are reported. These data were used to derive values for
solid, liquid, and vapor specific heat, heat of fusibn, and heat of vaporization,
and to construct an enthalpy-entropy diagram. Transport~property measurements were
made of the liquid viscosity, the liquid thermal ceonductivity, and the liquid
electrical conductivity. These results are also reported to 2100 F (1130 C). For

all results, comparisons are made with previous information when such was available,

* All of Battelle Memorial Institute, 205 King Avenue, Columbus, Ohio 43201
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INTRODUCTION

In the search for an optimum heat-transfer and working fluid for Rankine
power cycles to be operated in space, recent consideration has been given to the
various alkali metals. Of these metals, potassium appears to be advantageous in
some applications. Consequently, research programs have been undertaken to study
its potential.

As these studies began, it was immediately recognized that the basic
data available for potassium were inadequate. A few values were available for the
thermodynamic and transport properties, but even these did not extend into the
temperature range of maximum interest, up to 2100 F (11%0 C).

A program was begun at Battelle Memorial Institute in September, 1960, to
obtain the needed basic data. The properties of potassium investigated experi-
mentally have been enthalpy of the solid and liquid, vapor pressure, P~V-T charac-
teristics, liquid and vapor viscosity, and liquid and vapor thermal conductivity,
The experimental results of these studies are reported with the exception of the
vapor viscosity and the vapor thermal conductivity. These latter measurements have
not yet been successfully concluded.

In addition to the experimental results, computed results for the specific

heats, enthalpy, and entropy are also reported,

THERMODYNAMIC PROPERTIES

Specific Heat and Heat of Fusion

Enthalpy measurements were made in a Bunsen ice calorimeter, Figure 1 is
a sectional sketch of the calorimeter well, The ice calorimeter is a closed system
in which heat from the specimen melts ice that is in equilibrium with water. The

resulting volume change in the ice-water system is determined by weighing the
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mercury displaced as the ratio of ice to water changes, The specimen to be measured
is encapsulated; an empty capsule of similar size and weight is used to measure the

heat content of the capsule material, The calorimeter is periodically checked

by dropping properly encapsulated National Bureau of Standards Al§33' Its accuracy

is such that the enthalpy of the A1203 is generally fdund to be within a fraction

of 1 per cent of the National Bureau of Standards values,

This calorimeter has been used to measure specific heats of many materials
over a number of years and has been thoroughly proven., It was considered superior
to other types for this research because there is no temperature change in the
calorimeter since all heat transfer occurs at the ice point,

Nb-1Zr alloy was used as the capsule material. Because the first capsule
failed, subsequent lots of the Nb-1Z7r alloy were carefully selected, subjected to
a metallographic examination, and annealed in a vacuum for 1 hour at 1200 C.
Capsules made from a second lot of Nb-1Zr alloy proved satisfactory.

The specimen capsules, empty capsule, and A1203~containing capsule were
dropped at a number of temperatures between O and 1150 C. At each specimen drop,
adjustments in observed enthalpy were made where necessary to allow for (1) the
enthalpy of the capsule material, (2) the heat of vaporization of the potassium
vapor in the capsule above the specimen, and (3) capsule oxidation. The maximum
adjustments made for the heat of vaporization of the vapor and for oxidation of the
capsules were approximately 0.1 and 0.3 per cent, respectively,

Equations for the enthalpy of solid and liquid potassium were obtained by
least squares. Instantaneous specific heats in the solid and liquid ranges were
calculated at interpolated temperatures, using the first derivative of the least-
squares equation, The heat of fusion of potassium was calculated at 63.2 C, the
melting temperature of potassium, using the enthalpy equations for the solid and

liquid ranges.
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TABLE 1. SPECIFIC HEAT OF POTASSIUM

Specific Heat, G, cal g'1 0-1

Difference, Present Work

Temperature, Battelle (9) Minus Douglas, et al.,
t, C (Present Work) Douglas, et al. per cent
Solid
0 0.170g 0.169 +0 .4
25 0.181, 0.1824 ~-0.6
50 0.191¢ 0,194y -1.5
Liquid
75 0.194, 0.195, -0.6
100 0.1924 0,194, -0.7
200 0.187, 0.188 -0.8
300 0.1844 0.184q -0.5
400 0.1829 0.1826 +0.2
500 0.1839 0.1818 +1,2
600 0.187, 0.182¢ +2.6
700 0.192g 0.184¢ +4.4
800 0.200,4 0.1883 +6.4
900 0.2103 - -
1000 0.222, ~— -
1100 0.236, -~ ——

1150 0.2446 - -
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The equation for the specific heat of solid potassium is
e
C, (solid) = 0,1705 + 0.4190 x 10 “t (0 to 63.2 C) . (1

The equation for the specific heat of liguid potassium is

- 7
0.2004 - 0,8777 x 10 't + 1.0970 x 10 742 (63.2 to {(2)

H

C, (liquid)

115 ¢) ,
where
- ‘o -1.~1
CS = specific heat, cal g "C
t = temperature, C,
The heat of fusion of potassium at the melting point is 14.3. cal gml.

0

Errors for the specific heats are estimated to be * 2 per cent for solid
potassium, + 2 per cent for liquid potassium to 300 C; and * 5 per cent for liquid
potassium from 200 to 1130 C.

Table 1 shows specific heats at interpolated temperatures for solid and
liquid potassium, Also included in Table 1 are data from Douglas, et al.(l)

Table 2 shows the heat of fusion of potassium as measured in this investigation

compared with values from four other investigators.

TABLE 2, HEAT OF FUSION OF POTASSIUM

Heat of Fusion,

Source cal g~
This investigation 14,3
(1) °
Douglas, et al. 14.26
Carpenter and Steward(2) 14.52
Bridgmant P 12.8
(4) °
Evans, et al. l4.l7

Containment difficulties pose the greatest problem in making high-
temperature enthalpy measurements of potassium, The Nb-lZr alloy used in the

present work was not completely satisfactory for use to 1150 C because of oxide
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formation and difficulties in containing the potassium,

Vapor Pressure

The vapor pressure of liquid potassium was measured at a number of tempera-
tures between 900 and 2100 F. Although many techniques exist for measurement
of vapor pressures, each has its limitations; frequently this is the pressure.
Because of its applicability over the entire pressure range and the physical
simplicity of its apparatus, a modified boiling-point technique was selected for
this work.

A small sample of potassium was contalned in a stainless steel or Nb-lZr
test tube, and the pressure over it was fixed at various levels of interest with
purified helium. Stainless steel was used for most measurements below about 1500 F,
and Nb~1Zr for all measurements above this temperature. The temperature rise of the
slowly heated sample was measured by a calibrated sheathed thermocouple immersed
in the liquid. The boiling temperature was determined by estimating the temperature
at which a change occurred in the rate of climb of the sample temperature with time,
Pressures below 2 atmospheres were measured with a manometer, Above this pressure,
dead-weight~calibrated, Bourdon-type gages were employed. The data are summarized
in Figure 2.

In order to assess the thermodynamic agreement between these vapor-pressure
data and data obtained by other types of measurements, a conventional third-law
treatment was applied to the data using free-energy functions and second virial
coefficients recently published by Thorn and Winslow(5). Results of the calculation
of apparent third-law heats of sublimation at absolute zero (AHS) are summarized
in Figure 3. The decrease in values of this function above about 1150 K was

ascribed not to faulty data but to the omission of third virial effects from the

equation used to calculate AHg. Therefore, using data below about 1120 K, a value
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for AHg of 21,710 cal/mole was obtained. This agrees well with other investigations.
The data above 1150 K were then used to estimate third virial corrections.
The data between 758 and 1430 K are summarized by the following equation

with a standard deviation of log P of + 0.0097.%

log p = T2%2 - 1,97108 log T + 4.9800x10™'T - 1,0659x10 "'
4 4
+ 10,1451 *+ l%.i-ﬁ xp "431%8~9 " 7.4<%xlo exp «1.05?)&0

The last term is the third virial correction. Its credibility and interpretation

(6)

are discussed in some detail elsewhere

These data agree quite well with the more limited data collected at Qak

(5).

Ridge but privately transmitted to and reported by Thorn and Winslow Agreement

with the data of Makansi, Madsen, Selke, and Bonilla, using the refined treatment

(3)

of Thorn and Winslow is poorer than with the Oak Ridge work. However, the large

discrepancy between all of these data and those of recent Russian work(7) indicates
that the latter are certainly in error. This conclusion is re-enforced by the
third~law test applied to the Battelle data, since this indicates the concordance

of these data and other calorimetric and spectroscopic information,

P~V-T Values
The extent of gas nonideality is most succinctly summarized in compressi-

bility factors. The interpretation of these factors and their use in thermodynamic

* The simpler relation

.. = 4,185 - 4332
tin T

will yleld values for pressure related to the more complex equation as follows:

log Pa

at 758 K the same

at 900 K about 0,5% low
at 1100 K about 0.5% low
at 1200 K about 1.5% low
at 1300 K about 1,5% low
at 1400 K about 2% low
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calculations is most straightforward when they are expressed as a virial expansion,

PV
———— + 1 + 1
“RT 1 B P+ C' P

2

Values for the second and third virial coefficients were obtained from
spectroscopic and vapor~-pressure information. The experimental P-V-T work can
not be reported adequately here; its main value was to suggest an increase of
about 25 per cent in the value of the third virial coefficient over that estimated
from the vapor-pressure measurements. This is within the error limits of that
estimation, It was, therefore, concluded that the most reliable values of the

compressibility for potassium gas can be calculated from the virial equation, where

log JBI = 8.9912 + 1.471x10° - 2.212 log T
T
B* = _ ~-iB}
85,0571

log {c} = -6.315 + 4.67Ox103/T
C<O0

Enthalpy, Entropy, and Vapor Specific Heat

The measurements obtained from the ice calorimeter and boiling-point
measurements have been used in calculations of the enthalpy and entropy of potassium
liquid, vapor, and two-phase systems.

The direct measurement of the enthalpy of the liquid at its vapor pressure
and the determination of the heat capacity of the liquid have been discussed earlier.
Thus, the liquid enthalpy at the vapor pressure was measured directly, and the
integration of the heat capacity to give entropy is straightforward.

Heats and entropies of vaporization were calculated from the Clapeyron
equation using the vapor-pressure relation, liquid-density data, and vapor~

compressibility information,
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The heat and entropy of the gas at any pressure can be calculated from

the following equations:

H,  -H2=H, -H%+A f (0 OHY)  gp
gas o~ *liq o Hvap BY2) T
P

vap
. P 38
Sgas = S]_]_q + ASvap + . 3P - ar R
Pyap

where

P 2 2
dH < dB>( > dC> Pe - Py,
dpP = -7 22 - . - T =2 p
5 <§'§ - B-T )\ P~ Fyap)t © TdT Z

Pvap
2 2
P ds aB ac 7 PO Poa
2] dP=-R1IaP/P__-E2(p.p ~-:(—--—~m---—~9~>
S‘ <6P/ T vap dT( VaP) aT 2
vap

By means of a digital computer, heats and entropies of (1) the gas at
various pressures and temperatures, (2) the liquid at its vapor pressure at various
temperatures, and (3) two-phase systems at the vapor pressure and various fractions
of liquid and vapor were computed. These results are summarized in Figure 4,

Figure 5 summarizes values for the heat capacity of the gas at several
selected pressures. The values were obtained by evaluation of the standard

relation
2 2 2.
dT2 df2 2.

Agreement between the values for enthalpy, entropy, and heat capacity

and previous estimates(8) is reasonably good at low pressures, as might be

anticipated. Pronounced divergence 1s apparent at the higher temperatures and
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pressures owing mainly to third virial correcticns which are included here for the

first time.

TRANSPORT PROPERTIES

Liquid Viscosity

The viscosity of liquid potassium has been studied by various workers;
however, the agreement among the several sets of data was, in general, outside of
the indicated precision of the individual sets. 1In addition, the temperature range
covered was generally rather narrow, only one worker having gone as high as 700 C.
In order to clarify the areas of disagreement and to extend the range of measurement
to 11%0 C, the viscosity of liquid potassium was measured.

A number of methods for the measurement of the viscosity of liquids have
been reported. Among these are capillary-flow, oscillating~cylinder (or sphere),
oscillating-bob, rotating=-cylinder, ultrasonic, X-ray, and polarographic methods.
Eight references(g—lé) list typical applications of each of these methods.

After consideration of all the factors, the oscillating=~cylinder method
was selected as the one most readily adaptable to liquid potassium. A closed
hollow cylinder containing the liquid was suspended from a torsion wire and permitted
to oscillate about the axis of the suspension. Observation of the damping of the
cylinder's oscillation by the liquid permitted calculation of the viscosity. The
apparatus (shown schematically in Figure 6) consisted of a cylinder, containing the
potassium sealed under vacuum, that was connected through a suspension system to a
0.009-inch-diameter hardened-steel torsion wire. The cylinder was heated by an
electrical~resistance furnace, and the chamber containing the cylinder and suspension
was evacuated to less than 10-5 torr. The amplitude of the oscillation was measured
by means of an electromechanical position=-sensing transducer which did not require

constant attention during the 80 to 75 swings necessary for a good measurement of
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the damping. The transducer also provided a permenent record for future reference.
The temperature of the cylinder was measured by a calibrated Chromel -Alumel thermo-~
couple placed in a well in the top of the cylinder. The leads passed up through
the center of the support tube and were so arranged that they were free during the
determination of the damping. When 1t was desired to read the output of this
thermocouple, externally operated probes were brought into contact with the leads.

The procedure followed was, first, to eguilibrate the liquid overnight
for temperatures up to 700 C, and for 3 or 4 hours for higher temperatures. After
equilibration, the oscillation was then initiated. After 8 to 10 swings, the next
70 swings were timed with a stopwatch while the recorder traced the oscillations.
The amplitude was built up again and the process was repeated. When possible, 8 to
10 sets of 70 swings were recorded at each equilibrium temperature,

The amplitudes were ineasured on the recorder chart and the logarithmic
decrement calculated for each set of 70 swings. The decrements obtained for each
set of swings at a given temperature were then averaged. The viscosity was calcu-
lated from the logarithmic decrement by the use of the absolute equation given by

5mm@>
To fe)

Shvidkovsky( 11) :

BYS Y
Y= 7\ MR To2 ’ (1)
where

Vv = kinematic viscosity

I = moment of inertia of empty system

M = mass of ligquid

R = radius of the cylinder
6, 6, = logarithmic decrement of filled and empty system
T, Tg = period of oscillation of filled and empty system,
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The end effect correction, g, is

R
o=1-(3/2) x~ (3/8)x2 - a+ -}; {b-cx} , (2)
where
)
WK = e
am
H = 1/2 the depth of the liquid
2R
a, b, and c are avallable as tabulated functions of Y =
TV*

v* is an approximate value of the kinematic viscosity.

In order to minimize the time required to carry out the calculations and to insure
accurate solutions, a computer program was written that performs the necessary
iterations and takes into account the thermal-expansion effects.

The viscosity data are presented graphically as ¥ versus t in Figure 7
and M} versus t in Figure 8. Figure 7 also shows points read from the curve
presented by Novikov(lg). The agreement is satisfactory at 100 and 700 C, but
Novikov's results are up to 5 per cent higher in the region between. The results
of several other workers are also plotted in Figure 8 for comparison. The values

obtained in this work are seen to be in good agreement with those of Sauerwaid(”)

and Gering and Sauerwald(l8), who used the capillary method. Chiong's valuess(lg),

obtained by means of a glass oscillating sphere, are about 6 per cent lower at 70 C

and cross over at about 240 C. The capillary data of Ewing, et al.,(g’ 10)

are
lower throughout the range covered, the deviation from the values obtained in this
work being 10 per cent at 3%0 C.

The results can be expressed by the following equations:

341 to 643 K (68 to 370 C):

287.1
T

with a standard deviation of + 0.005 in logm.

log® = - 3.0911,

643 to 1423 K (370 to 11%0 C):

logMm= _‘}_O_%_l - 3.2817,

with a standard deviation of + 0.012 in logw.
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Viscosity,fy, 1s in poise and T is in degrees K. The maximum error is estimated to
be about 5 per cent and the probable error is thought to be not greater than 2.5

per cent.

Liquid Thermal Conductivity

Consideralion was given to several methods for making thermal-conductivity
measurements of liquid potassium. In general, the steady~state method seemed
preferable to transient methods because it yields the thermal conductivity directly.
Two steady=-state; longitudinal-~-heat-flow, comparative methods were considered., One
was the variable-gap method which uses a disk-shaped specimen, and the other was a
longitudinal heat-flow method which uses a cylindrically shaped specimen, Of the
two methods, the one that uses the cylindrically shaped specimen was selected
because of the relatively high thermal conductivity of potassium and the larger
temperature gradients between adjacent thermocouples with the cylindrical specimen
than with the thin disk specimen.

The apparatus consisted of a specimen container approximately 1 inch in
diameter and about 6 inches long, hollowed out of a rod of Nb-1Zr alloy about 13
inches long. Part of the rod was left spolid to serve as the reference material for
the measurements. Figure 2 is a sketch of the apparatus. A heater placed near the
top of the specimen container provided heat which flowed downward through the
specimen, reference material, and into a heat sink. Thermal guarding was accom-
plished by an encircling guard cylinder in which temperatures were adjusted to
equal, as nearly as possible, the temperatures in the specimen chamber-reference
section assembly at corresponding elevations. This temperature balancing, coupled
with the bubbled-alumina thermal insulation between the specimen container and the
guard cylinder, minimized radial heat flows. The entire apparatus was contained

in a pressure vessel in which an atmosphere of purified argon at pressures up to
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500 psi could be maintained, This external pressure on the thin-walled specimen
container was adjusted to equal the vapor pressure ¢f the contained potassium.

Thermal -conductivity measurements were made by establishing a thermal
equilibrium and then measuring temperatures at three places in the reference
material and at seven locations along the thin-walled specimen container. (The
thermal conductivity of Nb-1Zr alloy in a solid rod form was messured in another
apparatus.) The quantity of heat flowing in the specimen assembly at each thermal
equilibrium was calculated from the temperature drop in the reference section and
from the physical dimensions of that section. The heat flowing in each section of
the thin wall of the specimen container was alse calculated, using the measured
thermal conductivity of the Nb-1Zr alloy, the wall cross-sectional area, and the
temperature drops over measured lengths of the wall. This heat, when subtracted
from the total heat flowing, gave the heat flowing through the potassium. From
this, the conductivity of each section of the potassium specimen was calculated for
its mean temperature, which was the average of the two bounding thermocouples for
the section,

Table 3 shows interpolated thermal-conductivity values for potassium and
the Nb=-1Zr alloy used to contain the specimen. Uncertainties in achieving thermal
equilibrium above €00 C preclude reporting data to higher temperatures. Also
shown in Table 3 are literature values for the thermal conductivity of potassium.

Over the temperature range 100 to 80 C, the Wiedemann-Franz-Lorenz
number for liquid potassium, calculated from the data, averages 2.14 x lO_8 watt ohm.

CK

The theoretical value is about 2.45 x 10_8 watt ohm where C = temperature Celsius
CK

i

K = temperature Kelvin
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TABLE 3. INTERPOLATED THERMAL CONDUCTIVITY OF LIQUID
POTASSIUM, PRESENT WORK AND LITERATURE VALUES,
AND THE INTERPOLATED THERMAL CONDUCTIVITY OF
Nb-1Zr ALLOY

Thérmal Cé;du;tivity, Q;tt cm ™% le
For Potassium
Temperature, Battelle Ewing, \2U) (21) . (2p) For No-1Zr

c (Present Work) et al. Novikov Mikheev Alloy
100 0.510 - 0.600 0.465 0.4'74
200 0.47.7 0.449 0.522 0.465 0.495
300 0.444 0.424 05468 0.434 0.514
400 0.410 0.400 0.427 0.395 0.530
500 0.377 0.376 0.395 0.349 0.546
600 0.344 0.354 0.375 0.303 0.560
700 0.310 - - 0.262 0.574
750 0.294 - - 0.256 -
800 0.277 - —-- — 0.588
900 - - - - 0.60,
1000 - -- - — 0.61,
1100 - - -= - 0.627
1150 - n- - - 0.63
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Table 4 shows electrical-resistivity values for liquid potassium and
Nb-1Zr alloy obtained from experimental measurements but interpolated to

selected temperatures.

TABLE 4. INTERPOLATED ELECTRICAL
RESISTIVITY OF LIQUID
POTASSTUM AND Nb~-1Zr ALLOY

Temperature,
C Electrical Resistivity, microhm cm
Liquid Potassium Nb-1Zr Alloy

100 15.4 19.5
200 21.5 23.7
300 28.4 27,7
400 3B.g 31.4
500 44.4 35.l
600 54., 38.7
700 66.4 42.1
800 79.5 45.4
900 93.8

1000 11,

1100 13l

1150 145

1175 15
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CONCLUSIONS AND RECOMMENDAT IONS

Reliable values for many of the basic thermedynamic and transport prop-
erties of potassium have been measured or derived. The work has led, as well, to
the develeopment of some new experimental techniques but has also pointed out the
extreme difficulties which can be encountered when work at such high temperatures
is necessary. Not the least of the problems was finding an adequate material for
containment of potassium and protecting it from attack by the normal atmospheric
environment,

Despite the reasonable success achleved, further work is deemed necessary,
Additional data points, particularly at high temperatures, would improve the
confidence in the results. 1In some cases, the use of alternative experimental

methods would be valuable in this regard.
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DISCUSSION

MR. BERENSON: What were the major areas of disagreement in your H-38

diagram relative to the Weatherford (1961) Report?

MR. LEMMON: Referring back to Figure L, Weatherford's line for 100
per cent vapor did not have a decrease in enthalpy values at the higher
temperatures ag does the present plot. Also, the lines for other qual-

ities do not curve down correspondingly.
MR. BERENSON: At what pressure does it start its major deviation?

MR. LEMMON: There are differences in all regions, bub the major
deviation starts at about 800°C, that is, at a pressure of about 1 atmos-

rhere absoliute.
MR. BERENSON: Is this figure available in a wall-sized chart?
MR. TEMMON: Yes; the original has a grid size of 12 by 20 inches.
MR. BERENSON: Are copies available?

MR. LEMMON: Yes. There will be a slightly larger chart in our
topical report and, if you want one of the 12-by~-20-inch size, please let

me know.

MR. DAVIS: In the thermal conductivity measurements, are the thermal

convection effects negligible?

MR. LEMMON: Yes; they are. If you refer to Figure 9, you will see
that the cell containing the potassium had the heat introduced at the top
and removed at the bottom. This technique eliminates any tendency for
natural convection. Also, in the literature, there is much evidence, es-
tablished by varying the geometry of the cell, that this technigque gives

rellable values not effected by thermal convection.
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INTRODUCTION

Though it is not generally recognized, all electrical
conductors show thermoelectric effects. For instance, Niso4
solutions with nickel leads have a thermal EMF of about 0.89
millivolts per °c (1). Also, electrical insulators such as
MgO show a thermal EMF when hot enough to conduct electricity
(2). Even gases have thermoelectric properties when ionized;
cesium plasma in direct conversion processes shows approximately

1.3 millivolts per °C (3).

APPLICATIONS OF LIQUID METAL THERMOELECTRICITY

It is obvious that liquid metals, which have an electrical
conductivity close to that of the solid phase, must also have
thermoelectric properties. 1In fact, instances have already
been described in which liquid metal thermoelectricity has been
used, or has been presumed, or would be useful.

The simplest applications are to quiescent bodies of mol-
ten metal. For instance, thermal contact resistance of mercury
was measured in a vertical cylindrical plastic cell with a
heated steel top plate and a cooled bottom plate (4). The tem-
perature gradient in the mercury, and thus the heat velocity,
were calculated from the thermal EMF measured between tiny iron
wires passing through the side wall into the mercury, knowing

the Hg/Fe thermoelectric power.
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Thermoelectricity has also been utilized with flowing
liquid metals. Natural convection flow paths in mercury en-
closed between parallel vertical planes and heated at the bot-
tom and cooled at the top have been traced with a fixed grid of
closely spaced iron contacts (5), and turbulent temperature
fluctuations in a pool of boiling mercury have been measured
by movable sheathed probe wires (6). Also the radial At across
an annular stream of sodium can be measured by sheathed wires
connected to the annulus walls, to give the temperature of the
inner wall from that of the outer wall, separately measured by
a standard external thermocouple (7).

Another field is the direct measurement of f£ilm heat trans-
fer temperature difference. A wercury-filled capillary touch-
ing mercury condensing on a steel pipe, and with steel wire
leads to the vapor end of the mercury in the capillary and to
the pipe directly, gave the mercury condensing £ilm At (8).
Stainless steel wires attached to the outside of a heated stain-
less steel boiling surface and to adjacent unheated surface
gave the nucleate boiling At of NaK in a loop (9) and that of -
Rb and K in pool boilers (10).

A number of practical applications have also been proposed.
Substantial thermal EMFs can, of course, be observed across
liquid metal heat exchangers in operation (1l1). Such voltages

could be used, after calibration, for flow or temperature indi-
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cation or control. Since the internal resistance would be very
low, heavy external currents can be drawn, and direct-conversion
liquid-metal-cooled nuclear reactors of this type have been pro-
posed (12). Also, the heavy internal circulating currents in
liquid metals in heat exchangers or nuclear reactors, when com-
bined with an external magnetic field, have been considered as

a self-driving EM pump (13), and even simultaneously as a con-
trol to develop uniform coolant outlet temperature (14). A
boiling indicator for liquid-metal-cooled reactors, based on

the increase in thermoelectric noise when boiling initiates, has
also been described (15, 16).

It should also be pointed out that when heavy direct
current is deliberately passed through a solid/liquid metal
interface, as in some heat transfer experiments (l7), the re-
sultant Peltier localized heating or cecoling of the interface
might affect nearby thermocouples, more so the higher the cur-
rent and thus the lower the voltage. The Thomsen heating or
cooling due to current flowing along a temperature gradient in
a single metal (18) might also cause an appreciable error in
the calculated heating at low voltages.

In spite of the many applications of liquid metal thermo-
electricity potential, no thermal EMF data could be located in
the open literature, apart from several early studies on mer-

cury (19) and on other liquid metals (20) at relatively low tem-
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peratures. In addition, the early work di

n

agrees considerably

et
2

with the present results based on current commercially pure metals,
since evidently such purities were not abailable then. In view of
the expanding applicability of such data in this and other labor-

atories, a continuing program in this direction has been carried

out on mercury (21) and on the alkali metals (22, 23).

THERMOELECTRIC POTENTIAL AND THERMOELECTRIC POWER

The total thermal EMF, thermo EMF or thermoelectric potential
of a thermocouple employing metals A acd B is designated EAB' A
positive sign indicates that the (positive) current generated would
flow from A to B through the cold junction, and a negative sign

indicates the reverse direction. Unless otherwise stated, the cold

. 0 . ,
is taken as 0 °C. E is known as the

junction temperature, tO, AR

Seebeck EMF, and when measured with a potentiometer and plotted vs.
the hot junction temperature, £, constitutes the calibration curve,
which serves to give t in the usual manner from the observed EAB'
The slope of EAB vs. t, d(EAB)/dt, is known as the "'Seebeck
coefficient" or the "thermoelectric power" of the thermocouple,
also designated QAB' Knowing §AB as a point function of t facili-
tates the direct conversion of small observed differenitial thermo-

couple voltages AE to the temperature differences causing them.

AB
The use of differential thermocouples and their interpretation in

this manner is particularly convenient in liquid metal heat trans-

fer, due to the small temperature differences attainable, and
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specially so if the liquid metal can be used as the intermediate
metal, since then the errors or uncertainties of hot junction

location are avoided, or at least minimized.

THERMAL EMF OF SOLID METALS

A Pt/Pt, 107 Rh thermocouple was employed for measuring all
hot junction temperatures. It showed a deviation of 0.14 to 0.26%
from a Bureau of Standards calibrated thermocouple; 0,20% was applied
as a correction.

Annealed wires of several alloys used in the fabrication of
liquid metal loops were also connected thermally and electrically
to the hot junction, to provide thermoelectric data for converting
liquid metal calibrations from one solid metal to another. An ice
bath was employed for the cold junction, and the voltage was read
on a L. and N. Portable Precision Potentiometer. Experimental
points were obtained up to about 800°C. They were then plotted,
for greater accuracy, as E/t vs. t, interpolated at even tempera-
tures, and multiplied by t to obtain E. Table I gives the voltages
obtained vs. platinum, with extrapolations to 900°C. Considering
that these metals are available from many manufacturers, and not
mde to extremely precise compositions or tempers, these calibrations
will probably not be exactly duplicated by other samples, and should
best be verified in each case, at least at one hot junction tempera-
ture. However, for most of the alloys, they would be expected to

hold within possibly 1 or 2%, as no critical factor in composition
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would be anticipated due to its large difference from any pure
component. This is seen by couwparing the thermal EMFs of 304 and
316 stainless steels, which differ by less than 8% at any tewmpera-
ture, in spite of a composition difference of sows 4% in Ni and

2% in Mo. Also, the thermal EMFs tabulated by Weber (24) for

close to the 304 values at 3OOOC

]

""18-8 Stainless Steel'" are fairls

N

and higher. The thermal EMFs of Chromel P, Alumel, and some other
b 3

alloys vs. platinum are also available (24, 25).



THERMOELECTRIC POTENTIALS OF SOLID METALS IN MILLIVOLTS

123

TABLE I

WITH RESPECT TO PLATINUM (23)

Temp. Pt/Ni* Pt/Ni
(°c)  (low C)  ("A™)

25 . 390 .378
50 .729 . 749

753 1.088 1.098
100 1.480 1.435
125 1.875 1.768
150 2.283 2.089
175 2.695 2.407
200 3.105 2.714
225 3.508 3.015
250 3.905 3.305
275 4.276 3.595
300 4.620 3.873
325 4.911 4. 144
356 5.145 4.417
375 5.318 4.677
400 5.472 4,924
425 5.640 5.168
450 5.796 5.404
475 5.971 5.639
500 6.150 5.855
525 6.342 6.075
550 6.523 6.281
575 6.705 6.481
600 6.882 6.672
625 7.100 6.847
650 7.319 7.020
675 7.540 7.176
700 7.784 7.315
725 3.02 7.439
750 8.25 7.560
775 8.48 7.673
300 8.72 7.768
825 8.97 7.854
850 9.23 7.922
875 5.48 7.989
900 9.72 8.037

Notes: Cold junction is
cold junction when

**Cr 17.91, Ni 12.8, Mo

*#¥%L~-605 is also known as Haynes-25.

304 316%* L-605%%% Fe/Pt Mo/Pt
SS/Pt  SS/Pt /Pt (25) i

.095 .093 176 0.444 218

.196 .200 .365  0.885 .529

320 .326 580 1.323 .862

455 464 814 1.754  1.203

.595 615 1.063  2.174 1.581

746 774 1.328  2.579 1.985

.901 945 1.612  2.972 2.422
1.066  1.124 1.910  3.346  2.892
1.238  1.310  2.216  3.697 3. 404
1.420  1.500 2.525  4.033 3.945
1.603  1.702 2.888  4.352 4.491
1.797  1.914 3.210  4.656  5.046
1.999  2.132 3.569  4.943  5.642
2.198  2.359 3.938 5219  6.251
2.411  2.599 4.316  5.479  6.926
2.636  2.844 4.708  5.720 7.616
2.865  3.094  5.100  5.950  8.279
3.101  3.362 5.504  6.183  8.973
3.339  3.634 5.914  6.422 9.630
3.595  3.915 6.340  6.655  10.435
3.848  4.205 6.778  6.904  11.109
4.114  4.505 7.227  7.161  12.023
4.387  4.813 7.682  7.429  12.857
4.668  5.118 8.154  7.710  13.722
4.966  5.4b44 $.625  8.000  14.569
5.265  5.779 9.113  8.333  15.431
5.582  6.122 9.605  8.687  16.321
5.915  6.482  10.115  9.058  17.220
6.264  6.851  10.621  9.454  18.116
6.615  7.230  11.138  9.870  19.008
6.975  7.626  11.672 10.292  20.079
7.352  8.008  12.216 10.744  21.064
7.739  8.415  12.771 11.220  22.075
8.143  8.832  13.345 11.662  23.070
8.549  9.258  13.913 12.084  24.138
8.973  9.693  14.450 12.483  25.218

at OOC.

First-named metal is positive at the
EMFs are listed as positive.
*High-purity low-carbon nickel (Ni 99.8% min, C 0.03% max).

2.4, Man 1.91, Si 0.46, C 0.05, P 0.014, S G.009.

*kxkStandard pure Mo(99.

547 .
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It should be noted that all sclid metals are not necessar-~
ily desirable as thermocouple elements over their full temperature
ranges. For instance, the phase changes of iron above 7750C(ZQ),
and of nickel and its alloys near 3OOOC, can cause some varia-
bility in the Seebeck potential, and large changes in the thermo-
electric power over certain ranges. Also, some of rhem show a
"neutral temperature" range over which dE/dt approaches zero,
and they are useless (e.g., Fe/30438S from 300 to 700°C and
Cs/31655 from 100 to 300°C). However, the use of such metals
in thermocoupleswith liquid or other solid metals may be un-
avoidable. 1In general, fair accuracy can be obtained, and high
accuracy over tested ranges, wmaking such thermocouples prefer-
able in many applications to the insertion of standard but ex-
traneous thermocouples.

The thermoelectiric powers dE/dt of the thermocouples in
Table T have not been tabulated, but can be calculated with ade-

quate accuracy for most cases by differencing successive values

of E in the table.

THERMAL EMF OF MERCURY

For measuring the small temperature differences in the mer-
cury wetting and heat transfer studies previously mentioned (4, 3,
8), the thermoelectric power of mercury vs. iron, nickel, and 304
stainless steel was required. The published data of Oosterhius vs.

iron {19) only reach 283°¢C. Furthermore, & rough check showed



125

these thermal EMFs are too low for presently émployed materials.
For these reasoﬁs a mercury thermal EMF program was carried out.

Initially it was attempted to measure AE directly for small
temperature differentials. A wide, 2 mm. I.D. fused-quartz U-tube
was installed with each leg rising through a vertical tube-furnace.
The U-tube was filled to the middle of each furnace with virgin
triple-distilled mercury (99.95% average purity), and a thermocouple-
grade iron wire was passed down each leg to the mercury surface.
However, it proved difficult to obtain and to measure small tempera-
ture differences between the furnaces, and to obtain consistent
thermal EMFs. 1In the final apparatus, one of the furnaces was re-
placed by an 1ice bath and the other by a boiling chawmber and reflux
condenser. In the boiling chamber, the following liquids (with their
normal boiling points) were employed: water (IOOOC), naphthalene
(217.9600), benzophenone (305.9°C), and mercury (353.3600). The
barometric pressure was noted during each test and the appropriate
boiling point correction applied. The data obtained are given in
Table 1I.

A power equation of the form: E = at + bt2 + ct3 was fitted
to the four points by Least Squares, ewploying multiple regression
of (E /t) against t and tz. The following equation was obtained:

E = 0.019948t - 1.525 x 107°t% + 4.88 x 10 ¢t (1)

*

for E in millivolts and t in °C, with the cold junction at 0°C, and

Fe+. This equation lies about 10% above Oosterhius' data (v.
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Tablé IT). Calculated values are listed in Table TII.

Published data on the thermal EMF of his iron wire vs. plat-
inum (26) disagree considerably with Table T, and it must be pre-
sumed that irom wire of present purity was not then available.

But the Fe/Pt disagreement is greater than the Hg/Fe thermal EMF
disagreement between his and present results. Thus it would seem
that, in addition, his mercury did not match the present normal
purity.

To compute the thermoelectric EMF of mercury with respect
to other metals, their EMFs vs. platinum and that of iron vs. plat-

inum from Table I, etc. can be combined algebraically, e.g.,

g

Bhg/304 = BHg/re T Frespe T Epesios 2)

For instance, at 3OOOC,

.. L _ _
hHg/304 v 744 + 4,850 1.797 1.691 mv

(the negative sign indicates that the mercury is negative at the
cold junction).

In addition, the thermal EMF of sodium amalgam of 0.058
weight 7% Na was measured to 375°C vs. iron. The EMF values aver-
age some 2% below the Hg/Fe values of Table 1I, the deviation
agreeing roughly per unit contained Na with published thermal EMFs
for several times higher Na concentrations (20). Evidently small
traces of wetting agents added to mercury will not greatly affect

the thermal EMF, and can be calibrated if desired.



TABLE 11

THERMOELECTRIC POTENTIAL OF MERCURY-

IRON WITH COLD JUNCTION AT 0°C (21,22)

Corrected Observed Calculated Deviation, Qosterhius Qosterhius, §
Liquid Boiling Pt. Potential (Equation 1) % lower Equation(l9) % lower
(OC) (mv.) (mv.) (vs. obs'd) (mv.) (vs. obs’d)
Water 99.78 1.842 1.8434 -0.08 1.620 12.0
Naphthalene 216.86 3.672 3.6586 +0.37 3.287 10.5
Benzophenone 305.63 4,781 4.8117 -0.64 4.336 9.3
Mercury 353.36 5.379 5.3602 +0.35 4,805 10.7
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THERMAL EMF OF ALKALT METALS

Procedure

In view of the reduction of silica by alkali metals, parti-
cularly at the higher temperatures of interest, a different type of
cell was employed than with mercury. A thin-walled 316 stainless
steel tube was sealed shut at one end. Then a slightly shorter,
open-ended fairly well-fitting liner of fused guartz or alumina
(G.E. Lumalox) was inserted. The tube was then approximately 3/4
filled under argon with the desired alkali metal, which rose both
inside and outside of the sleeve, but not to the top. The tube was
then sealed off with a rubber stopper varnished in place with Glyp-
tal. Annealed 316 SS wire Lo serve as one of the thermocouple leads
entered through thestopper and dipped slightly into the alkali metal.
Another identical wire was bound to the bottom of the SS tube, along
with the hot junction of a calibrated Pt-Pt 10 Rh thermocouple.

In operation, the bottom end of the tube was placed near the
center of a vertical tubular furnace and the top end rose through
an ice bath., The stainless steel wires went to standard ice-cold
Jjunctions and thence via copper leads to a potentiometer, where
the thermal EMF was read. Although the upper end was the colder
one, no voltage fluctuations, such as would be caused by the in-
stabilities «f natural convection, were ever observed, no doubt
due to suppression of convection by the relatively small diameter
(large 1./D).

When a Tucalox liner was employed, the hot end could be taken

to high temperatures without significant corrosion, as shown by
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subsequent falling thermal EMFs agreeing with the initial rising
thermal EMFs. However, with SiO2 liners the maximum temperature
employed was 3500C, as corrosion of the liner and thermal EMF dev-
iations were anticipated at higher temperatures.

When higher temperatures were required, an additional 316
stainless steel tube of the same size and gauge, but without in-
sulating liner, was also prepared, and 3/4 filled, as before, with
the alkali metal. 1In this case, however, the top of the tube was
pinched and welded shut, instead of using a rubber stopper. The
two stainless-steel wires were attached on the outside at the bot-
tom, as before, and just below the liquid level near the top.

Thermal EMFs obtained with an insulating liner were generally
plotted as (E/t) vs. t, as before, and values of (E/t), thence E,
interpolated at 25°C intervals. However, E values for cesium reached
a maximum and reversed, so that direct plotting of E vs. t was
preferable, and was used. The results are given in Table III,
after correction to platinum with the E for 316 SS vs. Pt from
Table I.

When an insulating liner was not used to the maximum tempera-
ture, E for the unlined tube was obtained by interpolation of E
or (E/t), as above. Then in addition, the ratio of the EMF with
the liner divided by the EMF without the liner was plotted against
temperature and extrapolated to the desired maximum temperature.

This "short-circuiting ratio" was found to be sufficiently inde-

pendent of temperature, as anticipated, that little error would be



Temp.

(°c)

25

50

75
100
125
150
175
200
225
250
275
300
325
350
375
400
425
450
475
500
525
550
575
600
625
650
675
700
725
750
775
800
825
850
875
900

Notes: Cold junction is
junction in all cases.

THERMOELECTRIC POTENTIALS OF LIQUID METALS
IN MILLIVOLTS WITH RESPECT TO PLATINUM (23)

X
Pr/Hg

.045
.079
.089
.093
.091
.087
.078
.073
.075
.077
.082
.088
.097
.104
.115
.132
. 148
.151
.136
L1117

eNeNoNoNololeoNeNoNoNoNoNelNeNo ol ool i)
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TABLE III

Pt/Na Pt/K
0.029 0.183
0.053 0.368
0.070 0.563
0.084 0.736
0.094 0.926
0.109 1.124
0.122 1.327
0.136 1.536
0.153 1.753
0.175 1.988
0.202 2.221
0.226 2.466
0.263 2.727
0.301 3.028
0.341 3.337
0.390 3.666
0.446 4.008
0.497 4. 360
0.551 4,717
0.615 5.075
0.699 5.439
0.789 5.824
0.888 6.204
0.996 6.624
1.110 7.031
1.225 7.455
1.350 7.884
1.470 8.316
1.591 8.758
1.731 9.218
1.856 9.672
2.016 10.168
2.173 10.643
2.316 11.143
2.461 11.637
2.629 12.150
at 0°C.

*Equation 1 minus EFe/Pt from Table T.

Pt/Cs

i

.183
.382
. 598
.825
.063
.298
.517
.720
. 906
.005
.198
.342
LA478
.593
. 694
. 764
.819
.857
.872
.871
.866
.854
.839
.818
.805
.801
.803
.822
.850
.885

Pt/Rb

1
H

.061
.110
L1446
L1749
214
.264
.324
.396
.479
.575
.683
.816
.972
.138
. 310
494
. 684
.868
.066
.285
.505
.735
.962
.207
456
711
.968
.238
.519
.805

Platinum is positive at the cold
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expected in its extrapolation. E interpolated for the unlined
tube at any high temperature, multiplied by the extrapolated short-
circuiting ratio at that t, gave the corrected or true E.
Potassium: Triple~distilled potassium was run from 372° to 807°C
in a S5S 316 tube with a 0.21 in. ID Lucalox liner, then from 339°
down to 138°C. (E/t) plotted straight against t above 46000, and
the ascending and descending portions below 460° merged well, though
not entirely straight. Thus, there is no evidence of corrosion of
the A1203 at these temperatures.

In addition, earlier tests were run (23) on MSA Research com-
mercial 98+7 potassium (v. Table 1IV) to 300°C in a 56 inch x 0.5
inch OD x 0.035 inch wall 316 SS tube with a 53 inch x 10 mwm OD x 1

mm wall quartz liner, and to 800°C in a similar empty 316 SS tube.

. P . O \
The short-circuiting ratio up to 300 C was substantially constant at

3.94 (average deviation 0.015). The unlined tube data when multiplied

by this ratio gave SS 316/K thermal EMFs that averaged well within
1% of the Lucalox data over their whole range, evidently verifying
the latter, as well as indicating that normal impurities in commer-
cially pure potassium don't affect the thermal EMF significantly.
The prior published data of Bidwell (20) extend only to 3000C,
and are not claimed to be reliable at low temperatures (presumably
below the melting point). For differential couples Pt/K/Pt at
200/10000 and 300/1000C they showed the correct polarity, but only
about 2/3 of the magnitude from Table III. They were reported in

1914-1924, and purity of the materials seems doubtful.
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Table IV

METALLIC IMPURITIES IN PFM IN ALKALI METALS EMPLOYED @3

Impurity Potassium Cesium Rubidium

(MSAR) (Dow) (MSAR)

Ba 10 8

Si 10 29

Ca 5 10

Fe 1 6

Cr 1 2

Mn 1 2

Mg 5 2

Pb 4 2

Al 2 5

Be 1

Mo 1

Sn 1

v 2

Cu 3 2

Ag 1

Ti 10

Co 5

Ni. 2 2

N 1

Cs (99.5+%) 7000

K (98+7) 16 1000

Na 16 100

Li 16 70

Rb 116 (99%)

B 16

Tl 2

T 2
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Rubidium: MSA Research commercial 99% rubidium (v. Table 1IV) was

o
Foud
ek

run {(23) to 356°0 in a 56 inch x 0.5 inch OD x 0.035 inch w
316 55 tube with a2 53 inch x 10 mm 0D x 1 mm wall silica liner

and to 732°C in a similar unlined rube. The unlined tube {E/t)
plotted vs. t with a maximum deviation of 1% from z straight line
having a slight bend at about 500°C.  The short~circuiting ratio
showed a minimum value at 1.271, rising apparently assymptotically
ro 1.303 at 400°C.  The higher temperature unlined tube data were
rhus multiplied by 1.303.

The Bidwell equation {20} yields the same polarity, but very
close to 3 times the magnitude for the differential EMF of Pt/Rb/Pt
at 200/100 and 300/100°C.

Cesium: Dow commercial 99,5+% cesium (v. Table 1IV) was rum o

329°C in a 36 inch x 0.3125 inch OD x 0.020 inch wall 316 38 tube
with a 6 wn OD x 1 mm wall Si@z sleeve 34 inch long {23). The
intermediate temperature runs (136 to ZIQOC) were carried out afte v
the lowest and highest temperatures had been run, and gave full
agreement, showing that no significant corrosion of the 5102 had
occurred. A similar unlined tube was run up Lo 6220C, then back
down. Higher temperatures were not emplcoyed because they caused
beoiling, presumably due to insufficient pressurization with argon
before sealing.

The short-circuiting ratio rose close to linearly from
1.129 at 200°C to 1.147 at 3507C. However, it was fairly constant

at dout 1.200 from 50 to 150°C. Thus, the average figure of 1.17
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was employed as the multiplier for the unlined tube data.

Cs/SS 316 shows a thermal EMF maximum at about 210°¢C,
dropping off to zero at 389°¢C and reversing thereafter. Accord-
ingly, (E/t) plots were not employed. The Bidwell equations (20)
yielded differential Pt/Cs/Pt thermal EMFs some 7% low at 200/100°C,
and 237 low at 300/1000C, for the best agreement of any alkali

metal.
Sodium: Subsequent to the work with the other liquid metals
(21-23), triple-distilled Sodium was wun in a SS 316 tube with a
0.21 in. ID Lucalox liner from room temperature up to 699°¢C.
Temperatures from 100 to 272°C were then repeated, showing close
agreement with the earlier low temperature points, and lack of
corrvosion of the A1203 by the Na. The thermal EMFs in Table III
up through 700°C were obtained by (E/t) interpolation of these
data. Another SS 316 tube without a liner was carried to 879°¢C
and (E/t) similarly obtained to 900°¢ at 25°C intervals. The
short-circuiting ratio from 450 to 700°¢C plotted smoothly from
1.037 to 1.065 and was extrapolated to 1.076 at QOOOC, yielding
with the unlined tube data the higher values in Table IIIf

Bidwell's equation (20) shows an incorrect polarity for

the Pt/Na/Pt differential couple at 200/100°C, and correct polar-

ity but 40% too high a value at 300/100°C.
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DISCUSSION

MR. LYON: 7The fixed ratio which you got between the insulated and
mainsulated tube, and the fact thabt that remained constant over a rsnge
of temperature, does that imply nabural circulation effects were not a

problem?

MR. BONILLA: T believe so, particularly since the internal diameters
of the two tubes were different, and natural convection would have been
expected to show up at different temperatures in the two tubes. But in
addition, subsbantial lengths at each end would be isothermal, more or
less, and might be expected to minimize the thermoelectric effect of a
natural circulation that did occur; at least we obtained perfectly steady
readings with the cold end on top. We tried it the other way, with the
hot end on top, which we could use with the sealed celly but we frequently
obtained steadier readings wilth the cold end up, possibly related to
Freezing and shrinking of the alkali metal. HNaturally, when you use ice,
you have a liquid-to~solid interface in there somevhere. Also, boiling
and its instability are less likely when the hot end is below, as the

ligquid head raises the boiling point.

MR. TEPPFR: Dr. Bonilla, there is apperently a real inversion in the

216/cesium. Do vou have any reason to suspect what caused this?
-~ /

MR. BONILLA: It must merely he the nature of the beasti: There iz a

very peculiar double inversion in the iron/stainless steel system, and

3

over a vegion from sbout 300 to 70O cewtigrade you cannot use lron v

L.
Lex)

stainless steel, because the potential is always about the same. We
haven't gone into the theory of these thermal EMFs, but you do have %o be

careful with some of the metal pairs.

The 316 stainless/cesium one is ioteresting. The EMF rises to 2
maximun, then comes down and goes through zero, reversing in sign. How-
ever, with care it can still be used, except at the moximum. Near the
point of zero voltage, you have to note the polarity, otherwise you don't
know which temperature you have. Just off of the maximum, the direction
of change of FMF with tempersture would need to be determined, such as by

briefly dropping the power.
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MR. FISHER: Does your experience indicate how wmuch the varying com-
position of stainless steel alloys from heat to heat will affect the

cumulative potentials?

MR. BONILLA: We didn't make an exhaustive study of that, but we have
had it in mind. There is certainly some effect. Weber lists 18-8 vs.
platinum, without describing the 18-8. It deviates by several % from our
own data on 304 stainless vs. platinum, though probably the difference in

composition is small.

On the cther hand, the 30k and the %16 data that we obtained deviate
taroughout by less than lO%, even though there are substantial changes in
composition. Bo our general belief is that it is not appropriate to
attach high reproducibility to results with these alloys, because both
the composition and the temper are not necessary controlled., On the other
hand, one could rely on these tables for approximate results with any
alloys of the same general composition. Tiny traces of impurities in a
pure material seem to be much more important than substantial variations

in principal ingredients of alloys.

Comparing our mercury results with those of Oosterhius, it seems that
tiny tracez of jmpurities in the mercury must have nade a large difference
in thermal BMF. The thermal EMP of Oosterhius' iron versus plabtinum is
quite different from that of present Tthermocouple iron, but after applying
that correction, there is still a big difference between his and our

Hg/Fe EMFs. 1t wust be in the mercury.



139

REPORT ON HIGH TEMPERATURE LIQUID
METAL HEAT TRANSFER RESEARCH AT
GEOSCIENCE LTD.

By H. F. Poppendiek and N. D. Greene

INTRODUCTION

The high temperature liquid metal heat transfer research at Geoscience Ltd,
is being conducted for the Atomic Energy Commission. The studies consist of
analytical and experimental liquid metal boiling and condensing with emphasis on high
gravity or rotational flow. Both mercury and potassium are being investigated. From
the research results, design correlations and criteria are being developed so that

nuclear reactor and heat exchanger performance can be predicted. The gssociated

problems of the influence of coolant void perturbations on neutron and heat flux as

well as the effect of boiler (ube wall temperature fluctuations on metal fatigue are
also being considered. F. R. MacDonald, C. M. Sabin, A. 8. Thompson and R. K.
Livett are also participating in the reseavrch program.

During the past year, 1) boiling and condensing heat and momentum
transfer models have been analyzed, 2) a ligquid metal heat transfer facility has been
fabricated, 3) two supplementary heat transfer apparatuses have been constructed, 4)
experimental boiling and condensing measurements have been made and, 5) experi-

mental results are being compared to predictions.
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RESEARCH PROGRAM

There are a number of different forced flow boiling regimes depending upon such
parameters as quantity, mass flow rate and gravity field. One regime of interest is
that of slug flow. An investigation of this type of boiling process has yielded informa-
tion on the temperature fluctuations in the wall of a boiler tube as alternate slugs of
vapor and liquid flow through it. It is postulated that the boiler tube has thermal capac-
ity, zero thermal resistance in the radial direction and infinite thermal resistance in
the axial direction. The thermal resistance of the fluid is cyclic (see Figure 1), and the
mixed-mean fluid temperature is postulated to be a constant saturation temperature. The
differential and boundary equations which define the transient heat transfer at a given

station along the tube are,

o dt t
a =Cur + | for0<9<91, (1)
1
dt t
4, =C g5 * 7 for 6 <6 <0, . (2)
2
t(9:0):t(9:92) 3)
o 0
1 t(g) ZR1C)
qs 92 ‘f R dé +f R dé 4)
1 2
0 9,

The solutions for the boiler tube wall temperature at the beginning of the cycle and the
mean wall temperature during the cycle have been derived (reference 1). The
difference between these lwo temperatures is the amplitude of the wall temperature
fluctuation. This solution has been used to calculate wall temperature fluctuations in
boiler tubes under representative slug flow conditions. The temperature fluctuations

were found to be significant only in the low quality region where vapor and liquid slug
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lengths were equal or nearly equal. In the other regions, that is, at the entrance of
the boiler or downstream in the higher guality veglons, heai transfer is coniroied
by one or the other of the two phases thus ylelding very small temperature fluactuations.
& number of researchers have considered heat transfer to drops and in fog
flow (see for example, references 2 and 3). Droplet and fog flow heat transfer models
which can be used to estaklish the important parameters and mechanisms are being
studied (reference 43. Consider the case of a droplet evaporaiing from & hol surface.
For simplicity, it is postulated that the drop shape is a digk {see Figure 2}. The wall
temperature is uniform and the droplet temperature is equal to the saturation temper-
ature. ¥eat is added to the droplet by conduction through the issuing vapor film between
the droplet and the boiler tube wall., The vapor {ilm thickness and roass flow rate ave
unknowng. The use of several physical relations are required to obtain a solution o the
problem. Evaporative heat transfer is equated to heat conduction through the film. The
weight of the drop is set equal to the integral of the pressure and area under the drep.
The pressure under the drop is obtained from the conventional pressure drop equation;
however, a variable vapor velocity with radial distance under the drop {as a result of
mass addition with radius) is included in the analysis. Simultaneous solutions of these
equations yield expressions for the vapor film thickness and mass flow rate. Turther,
upon equating the mass flow rate to the derivative of the drop weight with respect to
time, one can obtain aa expression for the droplet vaporization lifetime. The eguations

describing vapor film thickness and vapor lifetime ave

2/5
- 5 it -
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Note that as the gravitational field increases, both the film ihickness and drop lifetime
decreages thereby increasing the heat transfer to the drop. As the gravitational field
increases, ithe droplet population increases at the wall and the total heat transfer is
further increased. Figure 3 shows a comparison of experimental lifetimes of water
droplets with predicted values. The experimental data were obtained by observing
droplet vaporization on a hot plate containing an embedded thermocouple. The experi-
mental water data fall approximately 25% above predicted values. Only limited droplet
lifetime measurements for mercury have been made. However, these experimental
lifetimes appear to be falling approximately 20% below the predicted values.

Some researchers have suggested that as a drop collides with the heat transfer
surface in a boiler tube, the drop is completely vaporized and this process is the prime
heat transfer mechanism. After observing many liquid droplets evaporating cn a hot
plate,it is thought that total vaporization on impact is not completely dominant. It
seems probhable that droplet evaporation takes place at all radial positions in the fluid;
there is no doubt, however, that evaporation is greater near the wall than in the core
region of the fluid. Therefore, heat transfer in fog flow can be thought of as forced

convection with a volume heat sink. The equations that define the model are,

ot 9 ot ]  Sr
YK 5’;[@ " aJ T @
p
d9 ooy y - (G99
an T T (dA) ®)
(o]
ty <ty (9)

where, S = 3 - (10)
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The heatsink, 8, is definedby anumber of postulates. Adropletis surrounded by a re-
Hionof influence called acell. Withinthe cell heatis transferred from the superheated
gas at the outer region of the cellte the saturated liguid drop; heat (s transferradby an
2iddy transport process when the cell i located in the turbulent core of the pipe and by
conduction when the cell is located near the heat transfer wall. Simultanecus with the
heat transfer process, mass is transferred from the droplet surface to the suter regions
of the cell by diffusion. A heat fransfer analysis of this idealized energy transfer
process yields an expression for the heat sink given in Equation 10. The guantity r |

o
is the dvop radius, rc is the cell radius and rﬂ iz the pipe radius. Note that the heat
sink is proportional to an eddy diffusivity andihe local superheatand inversely proportional
to the cube of the ratio of cell radius to pipe radius and the first power of the ratic of the
pipe radius to the drop radius. Figure 4 shows calculated wall and centerline temper-
ature differences as a function of guality for specific conditions shown in the graph; a
uniform volume heat sink with radius was postulated. Note the rapid increase in the
radial temperature differences in the quality region 0.8 to 1.0. The radial temper-
ature difference at a quality of unity is the gaseous convection value. The droplet radii

ized in these calculations are uniquely determined by the relation between quality and

-

the liguid-vapor fraction. Figure 5 depicts some experimental boiling heat transfer
-measurements in Geoscience’s high quality boiling heat transfer apparatus for the case
of boiling water in linear flow. Note that the functional relation between quality and
wall-fluid temperature difference is similar to that predicted in the previcus example.
Figure ¢ shows a photograph of atomized water droplets in air simulating the
case of high quality linear fog flow. The Tyndall effect was used in obtaining the
photographs. Figure 8 indicates uniform droplet distribution with radius. The ghoto-~
graph in Figure 7 shows helical fog flow (pitch diameter ratic of 2); the gravitation field
has forced the droplets into an anoulus contiguous to the tube wall. The consequence of
this process is to increase the droplet population in the fluid layers contiguous to the
wall thereby increasing the heat sink and the fog flow heat transfer. The result of this
effect is demonstrated in a later Figure depicting experimental boiling heat transfer

under rotational flow conditions.
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The velocity decay of thin, unconstrained, rotating, liquid layers in a stationary
tube has been studied. Figure 8 depicts the rotational flow decay model. A turbulent
liquid layer is separated from the wall by a viscous vapor film. A momentum transter
analysis has been made which yields a solution for the normalized tangential Reynolds
number of the liquid layer as a function of dimensionless decay time, ¢, and a new
parameter C which is a function of the liquid and vapor thicknesses and viscosities. The
results of the analysis are shown in Figure 9. Note that as the vapor film thicknesses
develop, the decay times increase. It is felt that the resulls of this analysis will be
useful in designing rotational flow guide vanes for high quality regions of boiler tubes.

Calculations have been made of the changes in neutron and heat flux in local
regions of idealized nuclear reactors as a result of local coolant density perturbations.
Details of this work can be found in reference (4).

Geoscience has constructed and operated two experimental, liquid metal systems
to obtain heat and momentum transfer data in both linear and rotational flow boiling. To
date, both systems have been used to obtain boiling mercury and water heat transfer
data which permit preliminary comparisons to be drawn between linear and rotational
flow hoiling in both the high and low vapor quality regions.

The system in which the low vapor quality boiling mercury measurements have
been made is constructed entirely of tantalum and is capable of operating at 300 psig.
The system has been designed to operate a maximum power input of 25 kw. It is also
estimated that several hundred degrees of potassium vapor superheat could be attained
in this system. A schematic diagram of the tantalum system is shown in Figure 10.

The liquid metal flow is accomplished by pressurizing a tantalum-lined reservoir with
argon gas. The mercury coolant is forced successively through a vacuum containment
vessel, a resistance heated preheater, a boiler section whose walls are instrumented
with thermocouples, a separator in which the vapor is removed from the unvaporized
fraction, a subcooler with tank, and a condenser having a similar tank.

Presented in Figure 11 is a partial view of the asseinbled, tantalum heat transfer
system. The high temperature components such as the preheater, boiler and vapor

separator are enclosed in the containment chamber shown in the center of the photograph.



145

The load cell instrumentation, from which the tanks are suspended, yields the weight-
time variation of mercury.

The thick wall boiler is schematically pictured in Figure 12. In the first series
of experiments, this test section was used to obtain low vapor quality boiling mercury
heat transfer conductances. The tantalum sheathed thermocouples are embedded longi-
tudinally in the tubular heating surface to negate possible radial conduction errors. To
insure uniform circumferential wall teruperatures, the hoiler tube was constructed by
plasma-spraying with tantalum to a depth of about 0.30 inches. Approximately 0.01
inches of plasma-gprayed alumina provided both electrical insulation for the heating
elements and a thermal bond as shown.

Subsequent to the final system assembly and prior to cleaning, a series of
measurements of heat transfer conductances to ordinary water were conducted. The
results of a typical measurement at a Reynolds number of 25,600 are shown in Figure 13
{reference 1). The experimental Musselt nuimbers were found {o be in good agreement
with the literature values. These measurements were made to obtain additional veri-
fication of gystem accuracy, response and integrity.

Some typical low vapor guality, linear flow, boiling mercury heat transfer data
are shown in Figure 14. The sudden wall temperature rise which cccurred during a
small increase in heat flux may be attributed to the transition from nucleate boiling
{o film boiling.

Figure 15 indicates some representative heat transfer results for helically flowing,
boiling mercury. The coolant flow rates and heat fluxes are approximately similar o
the data in Figure 14, but it is now noted that the peak wall temperatures are materially
Iower. The differences between minimum and maximum wall temperatures for the
helical flow experiments are less than half the corrvesponding values measured in linear
flow.

A comparigon is made in Figure 1€ belween one linear flow and two helical flow
wall temperature distributions for similar conditions of heatl flux and flow rate. The
AT (°F) denotes the difference between the wall and saturation temperatures. It is of

interest, particularly, to compare wall temperatures in rup No. 43 at 2 total flow rate
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of 60 Ib/hr with corresponding values in run No. 22, where the flow rate was 50%
greater and the quality was about 50% less.

The auxiliary system in which boiling mercury heat and momentum transfer
data were obtained was essentially constructed of a single, 25 ft section of 3/8 inch
stainless steel tubing. Three feet of the exit end were instrumented with wall thermo-
couples and pressure taps, and the boiler was heated by passing an electrical current
through the tube wall. The system was gravity fed from a 12-foot standpipe containing
the mercury reservoir. The heated components of the system were heavily insulated
and heat loss corrections were determined from the equilibrium power input over the
desired temperature range with no fluid flow. Pressure levels of about 30 psia were
obtained at wall temperatures of about 1850° . It was ascertained that, at vapor
qualities from approximately 20 to 100 per cent in the film boiling and fog flow regimes,
no measurable power was generated within the working fluid. This condition was
established from the measured linear potential distribution along the boiler length for
the above vapor guality range.

Shown in Figure 17 are some typical boiler wall temperature distributions for
both linear and helical flow. The last two wall temperature stations which were located
far beyond the heated section represent the mixed mean fluid temperatures. It may be
noted that although the heat flux in the helical, or rotational flow case was about twice
the linear flow value, the wall temperatures were comparable. Vapor qualities were
27% and 74% for linear and helical flow, respectively. Coolant flow rates were again
comparable.

Pressure drop data at a constant flow rate of about 65 lb/hr were obtained in
both linear and helical flow. Vapor qualilies ranged from approximately 27 to 100%.

In Figure 18 the results of the pressure drop measurements are presented versus
mercury vapor quality. The pressure drop measurements for helical flow fall only a
little above the values for linear flow. The flow cross section was identical in both
cases.

Helical and linear boiling heat transfer conductances are compared as a function

of vapor guality in Figure 19. The data have been normalized on the basis of the linear
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flow conductances. It may be noled that the conductances in helical flow beiling remain
constant until very high vapor qualities are atltained, then fall vrapidly to the predicted
value for single-phase helical flow. It is also noted that conductance valueg for helical
flow are nearly four fold higher than the corresponding values in linear boiling over
the quality and mean flow rate ranges studied. Linear flow conductance data beyond a
quality of éO per cent were not obtained in this series of experiments. Current experi-
ments will yield more detailed information on boiling heat transfer and {fluid friction

over a broader range of variables.
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NOMENCLATURE
a acceleration of gravity or thermal diffusivity
Cp heat capacity
C thermal capacitance
dg/dA radial heat flux
kv thermal conductivity of vapor
L latent heat of vaporization
qS heat flow from reactor fuel to boiler tube wall
r radial distance
rC cell radius
ry drop radius
'y drop radius at ¢ =0
o}
r boiler tube radius
Rl’ R2 fluid thermal resistances
S volume heat sink
t boiler tube wall temperature in excess of the mixed mean fluid
temperature or the local vapor temperature
’cd a datum or reference temperature
tm mixed mean fluid temperature
tw wall temperature
tS saturation temperature
u local fluid velocity
X axial distance
5 average vapor film thickness
(Sd drop thickness or height

€ eddy diffusivity
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weight density

liquid weight density
vapor weight density
liguid mass density
vapoer mass density

time

droplet vaporization time

Weisbach friction factor
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Figure 1. Thermal circuit and square wave conductance
function for slug flow model.
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Figure 2.

Geometry and pressure field for droplet model.
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Figure 5. Experimental water boiling data in the high
quality region (linear flow).
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Figure 6. Linear fog flow.

Figure 7. Helical fog flow (P/D = 1).
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DIsSCUSSION

MR. HAYS: Do you have an explanation as to why the thermal power
ranged as much as 15% greater than electrical, on the slide, and, secondly,
what in general was the experimental scatter on the curves of h helical

over h linear?

MR. GREENE: The data shown in the curve were based on the result of
preliminary heat balances which were obtained with this system. We felt
that from our measurements and observations a range of plus or minus 15%

included all of the scatter.

What the accuracies of the experimental conductance data were at this
time, I would not say definitely, but we feel that the data presented are

correct within plus or minus 25%9

However, I would like to add thab the comparison we made here be-
tween linear flow and helical flow was one for one. t was made with the
same surface aresn in both cases, the same duct and the same tube. Secondly,
this identical tube was used with the same pressure tap connections with
the twisted tape inserted; thus, a total pressure drop was measured. While
the magnitude 1s perhaps not precisely known, certainly the comparison be-

tween the two was.

MR. FiISHER: The use of these models predicted drop diameter. Are

you doing any work on this?

MR. POPPENDIFK: We are trying to calculate fog flow heat transfer
using a number of possible cell-to-pipe radius ratios. We are going to
make some more detalled examinations of what the possible practical ratios

might be.

MR. GOLDMAN: I wzs also very interested in your droplet model. I
think perhaps that the size of droplets is quite a bit smaller than the
droplets we have been looking at. We have, some time ago, made estimates
of what dvoplet size to expect in high-velocity steam-liquid systems, and
it looked to us that the average droplet size might be around 40 microns,

with a maximum size of about 200 microns.
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Now the corresponding lifetime span for a droplet which moves into
the boundary is also quite a bit shorter than that which you have indi-
cated; and there is a conslderable amount of data on spherical droplets,
rather than cylindrical droplets. I believe much of this data can be

used to develop droplet evaporation models.

MR. POPPENDIEK: The purpose of this model was just to show the re-
lation between the various parameters. Certainly small-diameter droplets
must be studied, as you indicate. It is not easy to watch little droplets
while they are evaporating; we started with the larger ones. We have a
microscope system, now, that is used in these studies. One can observe
a number of interesting features while viewing the larger droplets. For
example, when the AT is reduced sufficiently, then the lifetimes are

drastically reduced because of nucleate boiling.
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LITHIUM~-BOXLING POTASSIUM REFRACTORY METAL LOOP FACTLITY

by Jerry P. Davis
Gerald M. Kikin
Wayne M, Phillips
Lawrence 5. Wolfson
Jet Propulsion Laboratory
Fasadena, California
August 1, 1963

Abstract

A 30 kw lithium-boiling potassium two-loop facility is presently
under comstruction at the Jet Propulsion Laboratory and is expected to
be in operation during 1964,

The loop is totally constructed of columbivm-1% zirconium 2lloy and
will operate at temperatures up to 2100°F.

The primary purposes of this loop facility are as follows:

1. To investigate over-all transient and steady-state charactev-
istics of a two-loop system which approximately simulates velocities,
temperature, pressures, transit times, and heatr fluxes in the range of
actual system interest. The primary loop heat source is by direct-vesist-
ance heat generation in a section of tube wall and liquid metal, which
lends itself to programming of reactor kinetic equatioms for simulation of
power response to various system perturbatious. A detailed study of re-
gimes of boiling stability under various operating conditions, heat fluxes,
exit vapor quality, inlet subcooling, etc. will be accomplished.

2. Steady-state local-boiling heat~traunsfer coefficients and two-
phase pressure drop data will also be obtained for a variety of opevrating

parameiers,
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3. Components such as throttling valves, centrifugal pumps, hot
traps and experimental turbine-alternators, will be evaluated for poten-

tial application to actual systems,

I. Areas of Investigation,

The two loop lithium-boiling potassium facility under construction
at JPL represents an attempt to simulate the major elements of a two-loop
nuclear turboplant concept of potential interest for spacecraft propulsion
application. The primary purpose of this facility is the investigation
of overall transient and steady-state characteristics of a Rankine cycle
alkali metal plant which approximately simulates operating conditions of
actual system interest. Various programmed startups, power demand tran-
sients, control concepts for power range operation, etc, will be studied
in parallel with an attempt to predict and/or formulate the necessary models
to predict system behavior by analog representation.

In addition to the system dynamics program, a study will be attempted
to define regimes of boiling stability as affected by various operating
conditions, heat fluxes, exit vapor quality, inlet subcooling, liquid and
two-phase pressure drop distribution, and their pertinent parameters,
Various types of boilers are contemplated for investigation including
tube side boilers and shell side cross-flow boilers. Steady state local
and overall heat transfer coefficients and pressure drop data will also
be obtained for a variety of boiler configurations and operating conditions.

Finally, a facility of this nature is, of necessity, engaged in com-
ponent evaluation, TItems such as throttling valves, centrifugal pumps,
hot traps, liquid vapor separators, and experimental turbine-alternator
components will be evaluated for potential application to space power

systems,
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IT. Loop Design.

Fig. 1 represents a flow schematic of the system and loop operating
conditions are shown in Table T. Briefly, the primary side lithium flow
enters a direct current resistance heated helical coil to which reactor
kinetic equations may be programmed for simulationm of power rzsponse to
various system perturbations. The lithium enters a centrifugal pump which
employs a combination recirculation and liquid level indicator sump, through
a bellows seal throttle valwve, electromagnetic flowmeter, boiler,and veturn
to the heater inlet, About 15% of the flow is bypassed to an yttrium hot
trap located in the coolest part of the system for minimization of mass
transfer sffects,

The secondary side potassium enters a countercurrent amnular flow boiler,
exits through a flow orifice to the experimental turbine, or bypass bellows
seal vapor throttling valve, to a radiating condenser. The condenser is
surrounded by an array of rotating radiation shields to vary the effective
condenser area, The potassium continues through a subcooler electromagnetic
pump, electrowagnetic flowmeter, preheater, zirconium gettered hot frap,
liquid throttle valve, and returns to the boiler inlet.

The loop is contained in a 5 foot diameter by 7 foot long main enclosure
with auxiliary enclosures for the condensing radiator and £il1l/dump system as
shown in Fig. 2. The system will be run in a recirculating argon atmosphere
slightly above atmospheric pressure, Make-up argon will have an oxygen con-
tent of about 1 ppm oxygen and 1/2 ppm water vapor. Equilibrium councentration
in the enclosuve is expected to be several orders of magnitude below these
figures and ummeasurable by continuous stream analysis techniques,

The loop will be triple tantalum foil wrapped and insulated with about
3 inches of "Glass Rock' foamed high purity silica,

All materials in centact with f£luids above 1500°F will be Cb-1%Zr with
the exception of higher alloy valve faciugs, hot trap getters, and turbine

wheel., Fill and dump system is constructed of type 304 stainless steel,
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III. Loop Components.

The design of loop and auxiliary components is essentially complete.
All components and/or materials have been purchased for assembly of the
loop. The development and fabrication of a test isolation diaphragm
assembly for pressure measurements has been completed and a test program
has been initiated. Compatibility experiments are in progress to evaluate
various potential loop insulation materials., 'The inability to satisfactorily
hydroform Cb-~-1Zr bellows has resulted in the investigation of alternate
forming techniques, including a coreduction vapor deposition process.

Major loop components are shown in Figs. 3 through 10,

IV. Fabrication Status.

The loop design has been mocked up as a full-gcale assembly, shown
in Fig. 11. The purpose of this mockup is for locating components, asso-
ciated piping and electrical wiring, heater power leads, piping supports,
and the fitting up of insulation.

The loop is designed to permit the fabrication and assembly of the
various loop components on the loop support frame outside the loop contain-
ment vessel. The containment vessel itself, shown in Fig. 12, is composed
of two major sections, one of which can be traversed on tracks to permit
the installation of the loop assembly and the associated power, instrumenta-
tion and dump system feedthroughs., The control shutter assembly shown on
its preassembly stand, Figs. 13 and 14, will be installed in the vertical
section of the movable portion of the containment vessel, The lithium
circuit and potassium circuit hot traps and the lithium circuit liquid
level indicator have been machined and are shown in Figs. 15, 16 and 17,
The loop boiler assembly is in fabrication at JPL. The 1lithium and potas-

sium electromagnetic flowmeters and the potassium electromagnetic pump
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have been delivered and test preparations are in progress for calibration.
All other components are in final fabrieation.
The vacuum, argon cooling and dump systems are shown, Figs. 18, 19

and 20, in various stages of construction.

V. Materials Support Facilities,

The corrosion and compatibility test facility consists of three
3.2 kw Glowbar type furnaces, Fig., 21, contaiuning two atmosphere test
chambers, each (six independent experiments) manufactured by Hevi-Duty
Electric Co. These furnaces are independently conmected to a tilting
mechanism capable of tilting 450 from the horizontal, from 1 to 4 cycles/min,
as well as statically operated, for long time compatibility experiments at
temperatures up to 2500°F. Associated equipment consists of a 16-point
temperature recorder, alkali metal and radiological leak detectors, and
an oxygen analyzer, The test chamber atmosphere is continuously monitored,

A TIG welding facility, including gas purification and moisture
analysis equipment, is presently im operation, Fig, 22, Monitoring of
the argon weldiug atmosphere, both before and after welding, indicates
that moisture and oxygen impurity levels are readily maintained below
2 ppm,

The use of welding inserts, Fig. 23, for butt-welding tubing has
proven satisfactory. Metallographic examination of these welds indicates
melting and complete bonding of the tubing-insert interface has taken
place. The insert, however, did not melt sufficiently to allow the metal
to flow toward the inmer surface of the tubing, as is commonly observed
with stainless steel, As a result, the shape of the welding inssrt is
retained on the inner surface of the tube, The welds produced with this

technique were consistent, and the discontinuities produced on the inner
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surface of the tube were approximately the same size as with standard
butt-weld techniques,.

Due to previously observed hardening of Cb-1Zr from contact with
foamed silica, evaluaticn of other insulations was undertaken., Samples
of insulation were outgassed at 2000°F for 24 hours under a cover of
argon gas, 1Two tensile specimens of Cb-1Zr in contact with a sample of
insulation were placed in direct contact with the insulation. In the
others the tensile specimens and insulation were separated by tantalum
foil, which allowed circulation of gas within the capsule,

These types of insulation have been tested: Cercor (a product of
Corning Glass Works), Glassr&ck Foam #25, and Foamsil, These insulations
as received, after outgassing and after testing, are shown in Figs, 24,
25 and 26, Results of tensile and microhardness measurements are shown
in Table II. Metallographic examination showed no effect of contamination
on microstructure. Microhardness measurements indicated that surface
hardening had taken place, and tensile tests indicated that a slight
amount of strengthening had also taken place.

The variations observed in microhardness with Foamsil were attri-
buted to a variation in pore size in the material and, consequently, a
variation in degree of outgassing obtained, Complete devitrification
produced during testing released any remaining gas in the material,

Additional tests on foamed alumina and zircomia are being under-
taken., To evaluate the effectiveness of foil wrapping in protecting
Cb-1Zr from oxidation, a series of capsules were wrapped with molybdenum,
tantalum, and zirconium foil, These were exposed at 2200°F for 100 hours
to a stream of argon containing 2 ppm oxygen. The capsules after testing
are shown in Fig, 27. The tantalum wrap was in the best condition,

showing slight embrittlement. The molybdenum and zirconium foils were
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completely embrittled, This is what would be predicted from the reaction
rates of the three materials with oxygen.

To evaluate the stability of the oxide of each of the wraps, capsules
of Cb-1Zr were filled with molybdenum oxide, tantalum oxide and zirconlum
oxide., The results of these tests shown in Figs, 28, 29 and 30 follow
thermodynamic predictions., The molybdenum oxide reacted to completely
embrittle the Cb-1Zr, No reaction was observed with tantalum oxide. The
zirconium oxide produced a superfiecial reaction layer on the columbium,
This was believed to be zirconium which resulted from a change in the
stoichiometry of Zr0O, at elevated temperatures,

Test capsules are presently being wrapped with a layer of zirconium
foil covered with two layers of tantalum foil. This has been found to
provide better protection than any of the foils separately and may ulti-

mately be decided on as the technique for loop protection,



Table 1. 30 kw — 2100°F loop

ltem

Operating conditions

Supplier and type

Lithium {liquid)
Flow rate, Gpm
Temperature, °F
Pressure, PSIG
Potassium (liquid)
Flow rate, Gpm
Temperature, °F
Pressure, PSIG
Centrifugal pump {lithium}

Swing gate valves (bellows seal}
Lithium
Polassium

EM flowmeters

Lithium

Potassium

Diaphragm

K—boiter

K—vapor separator
Dump tanks and valves

{Argon, vacvum and fill)

11010
2100
Up to 20

Otol
1500 to 2000
Up to 200
Up to 10 Gpm at 100 ft {TDH)
2100°F Service

2100°F Li service
2000°F boiling K service
2100°F servics
1500°F service
Li and K pressure measurements
Loop design conditions

Loop design conditions

500°F service

Foote Mineral Co.

MSA Research Corp.

8yron-Jackson

Yaicor Engineering Co.

% in, OD
% in, Sch. 80

MSA flowmeter FM-4
& in, OD
Ky in. wall
Ch — 1% Zr duct
3% in. OD
Cb — 1% Zr duct
Cb— 1% ZIr
IPL

Material 5.5, 304

8LT
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FILL / DUMP
ENCLOSURE

MAIN LOOP ENCLOSURE

Fig. 2. Lithium—boiling potassium loop enclosure
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Fig. 11. Lithium-boiling potassium loop mock-up

Fig. 12. Lithium-boiling potassium loop containment
vessel



188

Fig. 14. Radiator shutter assembly—closed position

3 4 < 6

TINCHES

Fig. 13. Radiator shutter assembly—open position Fig. 15. Lithium circuit hot trap-assembly



189

Fig. 16. Potassium circuit hot trap assembly

Fig. 18. 10-in. Vacuum system, attached to stationary
section of containment vessel Fig. 20. Loop argon cooler and blower assembly
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Fig. 22. TIG welding drybox with purification and analysis equipment

1
INCH

Fig. 23. Ch-1Zr welding inserts for 5/8-in. tubing

Table 2. Cb-1Zr compatibility tests for insulation

Tenst
. Tantalum ensile Elongation, | Microhardness
Insulation strength,
wrap - % Surface | Center
psi
Cercor No 35,300 54 118 112
Cercor Yes 34,700 52 108 111
Glassrock #25 No 35,000 52 116 T
Glassrock #25 Yes 34,200 52 114 112
Foamsil No 34,700 55 111 110
Foamsil Yes 35,600 50 118 118
None No 32,800 54 109 110
None Yes 33,900 51 113 110




192

INCHES

Fig. 24.Glassrock foam #25 as received after outgassing
at 2000°F and after testing at 2200°F

9] 1 2 3 4
INCHES

Fig. 25. Foamsil as received, after outgassing at 2000°F
and after testing at 2200°F

Fig. 26. Cercor as received, after outgassing at 2000°F
and after testing at 2200°F

TNCHES

Fig. 27. Cb-1Zr capsules warpped with (from left to
right) molybdenum, tantalum and zirconium foil
after exposure to argon containing 2 ppm
oxygen at 2200°F for 100 hr
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Fig. 29. Cb-1Zr capsule containing tantalum oxide

Fig. 28. Cb-1Zr capsule containing molybdenum oxide after 100 hr at 2200°F

after 100 hr at 2200°F

Fig.30. Cb-1Zr capsule containing zirconium oxide
after 100 hr at 2200°F
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HEAT TRANSFER COEFFICIENTS IN LIQUID METAL
CO-CURRENT FILOW DOUBLE PIPE HEAT EXCHANGERS

by

Ralph P. Stein

ABSTRACT

An analytical study of heat transfer in co-current flow double pipe
heat exchangers is described. Although the analysis is based on plug flow
models of the heat exchanging fluids, an approximation method is developed
which allows application to the turbulent flow of ligquid metals with good accuracy
indicated up to Peclet numbers of 1000. The analysis is applied to the prediction
of fully developed individual channel ("film") heat transfer coefficients. The
following results are demonstrated.

(1) Values of fully developed heat transfer ("film") coefficients can
be significantly less than those corresponding to the boundary condition
of uniform wall temperature, but never larger than those corresponding
to the boundary condition of uniform wall flux.

(2) The thermal resistance of the wall separating the two channels
of the exchanger can have a significant effect on the heat transfer
("film") coefficient, with large wall resistance tending to result
in larger values of the heat transfer coefficient.

(3) When operating with constant mass flow rate through one channel
of the exchanger, while varying mass flow rate through the adjacent
channel, the dependence of the fully developed heat transfer ("film")
coefficient on Peclet number will be less than for the cases of
uniform wall temperature or uniform flux. Under certain operating
conditions, the heat transfer coefficient will decrease with increasing
Peclet number.

These results suggest the possibility that the "inconsistent"
values of heat transfer coefficients frequently obtained from experiments with
double pipe heat exchangers, are actually a predictable effect of the exchanger
operating conditions.

1. INTRODUCTION

The double pipe heat exchanger is one of the simplest of devices
for transferring heat between two fluids. It is used not only as a practical
heat exchange arrangement, but also as a laboratory tool for determining
forced convection heat transfer coefficients by experiment. Design of such
exchangers is also simple provided appropriate values cof heat transfer coeffi-
cients can be obtained. Tmplicit in the customary use of heat transfer
coefficients for this purpcse are two essential assumptions. First, the
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individual channel ("film") cocefficients are assumed to be relatively insensi-
tive to the longitudinal dilstribution of heat flux or surface temperature.
Sometimes this assumption is implied by asserting that the actual heat sxchanger
operation will represent conditions intermedlate to operation with uniform heat
flux and uniform surface temperature, and that therefore actual heat transfer
coefficients should have values somewhere between those appropriate to these
two special boundary conditions. The second assumptica is that the heat transfer
coefficients are relatively independent of length or that ths heat transfer
ig "fully developed" over most of the exchanger length. Customary analyses
of laboratory data from double pipe heat exchangers for the purpose of determining
heat transfer ccefficients by experiment usually imply the validity of the
first assumption, and sometimes the second also.

There appears to be suvstantial evidence that these assumptions lead
to sufficilently accurate results in practical applications when the fluids
are 1n turvulent flow and have moderate-to-hilgh Prandtl numbers. These are
conditions that favor the reasonableness of a stagnant £1lm explanation of
forced convection heat transfer. Under such conditions significant temperature
gradients are localized near the heatbt transfer surface, and qusliitatively at
least, can be considered to occur over a small film or boundary layer thickness
which is determined mainly by the state of flow.

For fluids in laminar flow or for the turbulent flow of liquid metals,
which characteristically have very small Prandtl numbers, the stagnant £ilm
description is not always a very resassonable one. Bignificant temperabure
gradients can occur over the entire duct cross section, and can be strongly
influenced aot only by the state of flow bubt alsoc by the heat transfer boundary
conditions. As a result, for laminar flows and with liquid metals, the sssumptions
implicit in the customary methods of analysis of heat {ransfer in hesat exchangers
deserves to be questioned.

For this purpose, heat transfer in certain idealized co-current flow

double pipe heat exchangers is analyzed in detall without g nf thege

assumptions. Initially, the main idealizatlon ut17i7es a‘ flow model
Tor the two heat exchanglog fluids ~ 1.2., 3 conductivity
distributions are btaken as uniform. An app: i TeloNsh) then introduced
which allows use of results from the plug flow ization to ﬁppzoxjmnne results
for turbulent flows of ligquid mebals up to Peclet numhm of about 1000. In
this introductory paper, application of the analysis irected towards
examination of the effects of heatb qubqny9r operats nditions on fully
developed individual channel ("film") heat tras icients. Othe
applications, which will be described in a mors comple! to be published
in the near future, include bhermal entrance region QJ,tJiPPahlonm, the behavior
of over-all heat transfer coefficients, and comparisons of customary design

calculations with more exact predwnb’ons of heat exchanger performance. A

similar analysis with applicatiocns for the counter-current flow case presents
certain mathematical difficulties which are being studied a2t present. To date,
counter~current flow analyses based on the further simplificstion of a uniform
heat transfer coefficient in one of the channels have bae: L; and,
although not completely studled as y=t, indicate resulits siailar to those for
the co-current flow case.
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Aside from adding to the basic understanding of convection heat transfer
in general, the investigations relate to two areas of current practical interest:
first, the proper design of liquid metal heat exchangers in general; second,
the use of double pipe heat exchangers for the purpose of determining liquid metal
heat transfer coefficients for general application by experiment. This paper
relates more directly to the latter than the former.

Direct application of the guantitative results of the investigations

reported here Lo these areas of current interest may be somewhat limited.
Most technologically important liquid metal reat exchangers are not simple
co-current flow double pipes. Most of the avallable liquid metal heat transfer
coefficient data cbtained from laboratory double pipe hzat exchangers are based
on counter current flow. But current design cedures and methods of inter-
preting lavoratory data imply the same essential assumptions - that heat
transfer coefficients are relatively insensitive to boundary conditions and/or
are fully developed over most of tThe exchanger length. Thus, the analyses
of bthe special simple cases treated nere can serve to suggest possible qualitative
effects to be expected wlth the more complicated cases. For example, as will be
seen, the application presented here suggests the possibility that the

"incorsistent" values of heat transfer coefficients freguently obtained from
measurements made witi double pipe heat exchangers, are actually a predictable
effect of operating conditions, and may not require speculations concerning
liquid metal "“wetebility" or inaccurate measurements to explain their occurrence.

2. FORMUILATION OF GENKRAL PROBIFEM

The usual double pipe heat exchanger consists of two concentric circular
pipes with fluids flowing through the annular space and the cenftral tube. In a
co-current flow exchanger, the fluids enter theilr respective flow channels at
the exchanger inlet with different temperatures, transferring heat through the
common wall as they flow in parallel along the length of the exchanger. TIn order
to explore the effects of different duct shapes, a double pipe heat exchanger
rade up of adjacent Infiritely wi parallel plane channels separated by a
commoa wall, is ceonsidered also. Trese two "geometries” are illiustrated in figure
1, which also identifies some of the nomenclature used.

In order to perform the desired analyses, the following problem must be
solved first. Gilven tre appropriate duct dimensions, physical properties, fluid
mass flow rates and inlet conditions, the temperature distribuftions tj(xi,z),

i = 1 and 2, must be found. From the temperature distribufions, the heat transfer
coefficients and the rate of heat exchange between the two fluids can be computed.

In order to be able to solve this problem in a relatively convenient manner,
considerable simplification 1s necessary. Thus the following idealizations are made.

(l) At the inlet to the duct the temperature distributions within the
luids are uniform.

(2) Physical properties are tewperature independent.

L

(3) Frictional heatirg is negligible.
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(4) ILongitudinal heat conduction in the heat exchanger walls is negligible.

(5) Longitudinal heat transport in the fluids other than by convection
is negligible.

(6) The velocity distributions within the fluids are uniform.

(7) Heat transport within the fluids by turbulent diffusion (eddy
conduction) is negligible compared to molecular heat conduetion.

The first four ldealizations are almost always reasonable. The fifth
has been shown to FS)(%%id for a variety of special cases when Peclet numbers
are larger than 50:° It seems reasonable to assume that this validity will
carry over to the particular cases of interest here. The sixth and seventh
idealizations are equivalent to the use of & "plug Tlow" model of the fluids.
For the turbulent flow of liguild metals, a plugoilow model 1s a fairly accurate
representation for Peclet numbers less than 50,7/ which is not consistent with
the Tifth idealization which requires Peclet numbers to be larger than 50.
Further, Peclet numbers in real double pipe healt exchangers are usually larger
than 50. Nevertheless, the plug flow medel is retained because of the resulting
mathematical simplicity. In addition, it will be shown later that solutions
to the general problem based on this simple model can be used to approximate
the behavior of liguid metal flows for Peclet numbers up to 1000, which includes
a region of practical interest.

The problem is simplified further by considering the annular space of
the concentric tube geometry to be very narrow. This eliminates the need %o
include an annulus diameter ratio as an additional varisble. Inclusion of this
geometry variable at this time would not add greatly to the significance of
the analyeig, bubt would increase enormously the amount of computafion reguired.

Mathematical Description of Problem

With the above simplifications, the prineciple of energy conservation,
together with Fourier's heat conductlon law, applied to each of the flulds flowing
in its channel, results in the familiar simplified convectlon eguation; viz.

Vi = =2k Lo (1)

vliere @, represents the thermal diffusivity of the fluid in channel "i," and
u, représents its velocity. As assoclahed with the coordinates x, and £

. s o X . . _ . . i
identified in figure 1, the Laplacian, vy , is given by

2 - 4 :
Nk, = ?%fig vk hE (22)
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for the narrow annular space and the parallel plane channels, and by

* - L k.
Vt" - X ?)5( \( ax,\ =t (2b)

for the circular tube. Also 0 < x, < a., and x. = 8, locabes the heat transfer
surface of chamnnel "i," while g = 6 ideritifies %he heat exchanger inlet.

Considering ti(xi,z), the inlet conditions require

and at the insulated walls or at the circular tube center

Dii\ = o (1)
22 S VRPN

To assist in formulating the boundary conditions at the common wall,
we arbitrarily consider t.. > t... Then the heat flux density at the wall,
a4 in figure 1, is positiVeé wheil flowing from channel "2" to "1," so that

4 = - R o2

and

”Qh\ (509
a



For the concentric tube exchanger

ZT"(Q\“"L\\ (61_ - Z'W(L Cbz,

which results in

S AR S - JS

X N

while for the parallel plane geometry qq = q2, and the relation

2% —_— - ?Ei} \ &b
k‘ 5—)2‘\ = kl- Qs ( }>

ﬁ \ ?Vn.

results. Equation (5a) and (5b) account for the equality of the heat Tlow on both
sides of the common wall. We must now account for the temperature change
resulting from heat conduction through the wall. For the circular tube wall the
familiar log-mean area conduction equation can be expressed as

g = Relhoan-rn] .

11‘ =z Q, don, (1 %% ) (8a)

g b (-5 ke o
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Equation (7) also applies to the parallel plane geometry with b' = b.

Equations (1) through (8) are sufficient to describe the idealized
double pipe heat exchangers mathematically. They constitute a two region linear
boundary value problem, the solution of which will give the desired temperature
distributions ti(xi,z ).

It is convenient at this point to introduce a dimensionless formulation,
and then restate the problem in purely mathematical form. This will serve not
only to simplify the nomenclature, but also, as the equivalent of a dimensional
analysis, to assist in identifying the important parameters of the problem.

Dimensionless Formulation

First it is noted that as the heat exchanger length increases without
limit, both fluid temperatures must approach an equal and uniform equilibrium
value, tm, given by the simple heat balance

Cowy (ke —£0) = CaW, (hio-£a) (9)

from which the relationship

4

tcb - t.o w—‘i\-—m Ato (10)

is obtained with

§!

\ Cou.

Tl (11)

e VN ST SRR S (12)

The heat capacity flow rate ratio, H, is a familiar one in heat exchanger
analyses, and it will be advantageous to retain it as one of the dimensionless
parameters in our analysis. Eguation (10) also suggests the dimensionless
temperature;

C. = (£ 't"’)/gto y k=2 (13)
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The following dimensionless space variables are now introduced: A
dimensionless distance x, normal to the heat transfer surfaces defined by

Ri

a; \ L =),2 (1k)

and a dimensionless length 7z, referenced srbitrarily to the properties of channel
"1} defined by

A A
TN (15)

3 x

Note that 0 < x < 1 with x = 1 identifying the heat transfer surface for all
channels, and therefore subscripts are not reguired. Note also that £.(x,2)
now replaces 4.(x.,f) and that gl(x,o) = 0 while £_(%,0) = 1. Further,

from equation %103, -

. H
o OO = 3y

The dimensionless length z can be expressed in more familiar terms
by introducing the Peclet number defined by

- Dou;
T)Q"* - Az

with D,, the hydraulic equivalent diameter, equal to Qai for all channels.
Introdiiction of the Peclef mmber into equation (15) reSults in an albernate
definition for z given by

9’ = %‘(%ﬁ} (15a)
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Substitution of the dimensionless variables &., x, and z for their
dimensional equivalents in the differential equationsland boundary conditions
given by equations (1) to (7) results in the following dimensionless mathematical
statement of the general problem.

Differential Equations

For the concentric tube exchanger:

2 (X Efé’) = i§L§Q
K X 2%

S : (16a)
Q& = bew 25
22X

For the parallel plane exchanger

2'E, . 9F
=,

9”&,

(16b)
= WKW 25
22X

Boundary Conditiouns (Both geometries)
Y g /

E‘C"‘Q\ = O (l"(:)
E‘LCK\Q\ = | (18)
3% -

=il = o

T
li
e

(19)

2%

< %)+ 2|

Kw%\‘ +EO0D -850 =0 (21)
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where

K = ("%—:\ ( %z\ (parallel planas)

= (%j-\(%‘ <l~l~ %’-}\ (concentric tubes)
K\n’ - t%i"\ (%w\ (parallel planes)

]
= t%—% \ ({Q%:—r \ {concentric tubes)

The parameter H is a Tamiliar one in heat exchanger analysis, as
mentioned previously. The parameters K and K  are not familiar ones but may
be given simple physical significance when interpreted as relative thermal
resistances. Thus, considering the ratio 2, /k, as a measure of the thermal
resistance for heat flow to or from channel™ "1," X can he interpreted as the
thermal resistance for heat flow to or from channel "2" relative to channel "1."
Similarly K _can be interpreted as the relative thermal resisbance of the
exchanger common wall.

Inspection of the above reveals that the dimensionless temperature
distributions £.(x,z) depend exclusively on the three dimensionless groups H
J = < 2
K, and KW in the& szense that once these groups are assigned values, the
mathematical solution is determined. Thus it is To be expected that gquantities
such as heat exchange rates and heat transfer coefficients, when expressed
in appropriate dimensionless Torms, will also depend on H, K, and K_.
W

3. INDIVIDUAL CHANNEL NUSSELT NUMBERS

Clearly, bhe parameters H, K, and K  charecterize the cperating
conditions of the simple heat exchangers being conzidered. TIn this paper we
are interested in the effect these operating conditions have on Tully developed
individual channel ("film") heat transfer coefficients, as compared, Tor example,
to heat transfer coefficients appropriate to the channel boundary conditions
of uniform heat flux or uniform surface temperabure. In a sense, then, the
parameters I, K, and Kw specify more exact channel boundary conditions for
co-current flow double pipe healt exchanger

a
& Do
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The individual channel heat transfer coefficients, h,, expressed as
Nusselt numbers, Nu,, are easily related Lo the dimensionlesg temperature
distributions, gi(x,z), For example, by definition

Q.
oGO0 <k, ()

h, =

where tBl represents the heat content mean or "bulk" temperature of the fluid

in channel "1." For the circular tube and uniform velocity distributions
¢,
t - £, ij“()(“‘o.\ X, &,
<X - ;‘“‘
Q

wnile for the parallel plane channel

8,
L
ks, - £ 00,0 A%,

)

g1

Y

Using equation (5a) for g, and introducing the dimensionless formulation
g ¢q ; q g

described previously, equation (ZI) becomes

(2k)
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with dimensionless bulk temperatures given by

|
gm(’a\ = [3 SX 0043 dx (25a)

for the circular tube, and

\

ar () = g‘?“(%‘},\&x (250)
o

for the parallel plane channel. Finally, by defining the Nusselt number in the
usual way, i.e., by

D h,

Nu, = g

20, b,
BN (26)

i

the following is obtained

2 ‘9..5-\|

~

e N TN | =)
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The same expression is obtained for Nu, with subscripts changed.

2
In this paper we are interested in fully developed Nusselt aumbers,
which can be defired by

Niu,; (=Y = ‘fbw\ NA}L (,75'\ (28)

5-@@

so that analytical soluticns for &¢,(x,z) suitable for large values of z are
needed. Before discussing such solutions and applying them to equation (28),
let us consider first the szpproximation technique for turbulent liquid metal
flows mentioned earlier.

L, AN APPROXIMATION FOR TURBULENT FLOWS

The mathematical fermulation given thus far utilizes a plug flow model
for the fluids, i.e., fluid velocities and conductivities are taken as uniform.
As remarked previously, this kind of idealization will result in fairly accurate
predictions for turbulent liquid metal flows when Peclet numbers are less than 50.
But this limitation contradicts the regquirement that Peclet numbers be larger
than 50 in order to justify neglecting Leat conduction in the longitudinal
direction. Further, areas of practical interest usually correspond to Peclet
numbers larger than 50. 1In order to alleviate this difficulty, an approximation
technique is now presented which increases the Peclet number range over which
use of a plug flow model can be expected to give falrly accurate results.

Basis for Approximation

The btasis for the approximation 1s descrited for the case of turbulent
convection heat transfer for flow through infinitely wide parallel plane
channels. As will be seen, the same basic idea applies to the cylindrical
geometry also.

The convection heab transfer equation analogous to equations (1) and
(2a), but for turbulent flow, is

vy

w'\ -Dw—g S .fold.‘%"*- 2
Ll 0Bl - e o

[

where the dimensioniess distence variable x (0 < x < 1) has been used, and
subscripts have been dropped for convenience. In this equation ¢ represents
a turbulent diffusivity for heat transfer and, along with the fluid velocity u,
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must now be considered a function of x. An implication is that the flow is fully
developed in the sense that both ¢ and u are independent of the longlitudinal
position variable, £.

The term k + cPpe can be interpreted as an effective total conductivity kt'
Thus,

Ep C
be/g%l = | 4+ 7&? ji%

'V + :,e-ﬂ’v (30)

"1

where v is the kinematic viscosity and Pr the Prandtl number. Now we define
an average effective conductivity km by

|
o _ dx

3L
*gtm 0O ’ﬁet )

and a new distance variable n(x) by

/z(x):- e, | == (32)

so that n(0) = 0 and n(1) = 1.

By replacing x by n in equation (29) using

(&,X = JJ%& &’Z (33)
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and rearranging, the following 1s obtained:

Cl S ) %
St d\k*%mak

where
[
7 = fumdlx
0
/k+ - J&M/,k
( \ ffﬂgg} ‘J%k(hz)

& A S

and A

_ &*
3 T oa 4

AT L
Pe (D)

Current methods for computing values for € have the ratio e/v as &
function of dimensionless position x, the duct Reynolds number, and sometimes,
especially with liquid metals, the Prandtl number. Thus n will be a function
of these same quantities, while k will be a function of Reynolds and Prandtl

numbers.
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As compared to the analogous plug flow expressions, e.g., equations (16b),
solutions of equation (34) will give temperature distributions as t(n,z) rather
than ¢ (x,z) once the proper boundary conditions are specified, and equation (32)
mist be used to relate x to n. Since n(0) = 0 and (1) = 1, this variable change
influences only heat flux boundary conditions, for if g is the heat flux deusity
at x = 7 = 1, then

= Ix) 27
= -kt
a 277
since k, = k at x = 5 = 1. Obviously the same situation applies at x = n = O.

The change %n variable introduces an effective fluid thermal conductivity equal
to k_or kk . As a result the parameters K and K in the dimensionless formulation
of the parallel plane double pipe heat exchanger problem become

ko= (@) (E)ED

| Ko = () (4 ) &5

where the subscripts on k+ indicate that azppropriate values depend on the Reynolds

LLC ]

and Prandtl numbers for channel Mi.

So far no approximations have been introduced other than those implicit
in the use of equation (29). But the form of g(n) has been chosen intentionally
so that for sufficiently small Peclet numbers, it 1s very close to unity over
most of the duct cross section. In fact, the average value of gO]) is exactly
unity for all Peclet numbers, viz.

G = {gerdn
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/
b fﬁéﬁ“&?‘i
7

If, as an approximation, g(n) is set equal to its average value, i.e., unity, then
equation (34) is equivalent to that obtained from the plug flow idealization based
on a uniform effective thermal conductivity equal to kk and with a change in
variable from x to n. Clearly, in regions where this approximation results

in sufficiently accurate temperature distributions, the extent of simplification
it provides is considerable, since plug flow solutions are relatively easy to
obtain compared to integrations of equation {29) or (34) with g a function of 7.

Accuracy of the Approximatlon

A definitive analysis of the magnitude of errors introduced by taking
g(n) = 1 in equation (34) has not been achieved as yet. Instead, turbulent
flow Nusselt number predictions resulting from this approximation, which we shall
now refer to as the "k’ approximation,” have been compared with several predic-
tiong obtained from detailed turbulent flow calculations reported in the literature.
For this purpose, and for later application to the double pive heat exchanger
problem, it is noted that when the variable change and approximation are applied to
the determination of Nusselt numbers for turbulent flow, for example, as applied
to equation (27), the following simple relationship results.

Nu(y) % At [Nacy ] (3)

where the subscript "p" denotes a plug flow value, and

—~

o
(82N

-

. 4kt
3= “ﬁg(‘g)

Values of k+ for the infinitely wide parallel plane channel were computed
from its definition expressed as

{
A = dy (37)
+ = A e \
4 R

o
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using the von Karman universal velocity profile to determine e(x)/v, with €/v
taken constant at i1ts maximum value in the central regions of the duct.

For comparison, k was also determined from equation (35) using Seban's (6)
equation,

0v8
Nu(oy = 58 +0.02 e

which is a close empirical fit of calculated results based on the same method
for computing e(x)/v. Seban's equation is Tor fully developed heat transfer to
turbulent flowing liquid metals in infinitely wide parallel plane channels with
boundary conditions of uniform flux on one slde, and the other side insulated.
The corresponding plug flow Nusselt mumber for this case is 6. Thus, according
to equation (35)

Bt 16 (5.8 + 0.02 ?QQM\) (38)

v

+ \ . . . . s
and k  should be mainly a function of the Peclet number and relatively insensitive
to Prandtl number variations.

A further comparison was made based on equat%%m (35) using fully developed
liquid metal Nusselt numbers computed by Poppendlek. ! These computations were
for the boundary conditions of uniforu surface temperature on both sides cf a
parallel plane channel, and were based on a simple linear representation for e(x)/v.
Also u was taken as equal to u. Ehg*corresponding fully developed plug flow
Nueselt number for this case is 7 .

The results of these comgarisons are shown on figure 2. It is seen that the
three procedures for computing k' agree quite well up to Peclet numbers of at least
1600. At a Peclet mumber of 1000, for example, the maximum disagreement over the
Prandtl number range 0,001 - 0.0l is about 1% of the smallest value. The FPrandtl
numbver dependence of k , however, does not agree, except in the sense that the effect
of Prandtl number is small, so that the disagreement is not too lmportant.

A much more stringent test of the k+ approximation is the prediction of
Nusselt mumbers in the thermal entrance region of a duct, for then k" is invelved
when computing appropriate values of voth Nu and B/D according to equations (39%) and
(36). ¥For this purpose Nu as a function of E/D for various Peclet numbers were
predicted by the k" approximation for the case of turbulent liguid metal flow
through a parallel plane channel with Fpa boundary condition of uniform surface
temperature at both walls. Poppendiek 2/ presents resulbts of detailed turbulent
flow calculations for this case also. The corresponding plug flow solution,
[Nu(zj]P was obtained from the analogous transient heat conduction problem given in

XPlug flow convection heat transfer eguations are equivalent to the transient heat
conduction equation. As a result, many plug flow Nusselt numbers are readily obtained
from avallable solutions to various transient heat conduction problems. For example,
the result cited is obtained easily from an example given on p. 112 of reference (1).

%
See above footnote and pp. 100 and 303-310 of reference (1).
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reference (1), pp. 100 and 308-310. Values of k' were obtained from equation (38)
which, according to figure 2, represents a reasonable compromise relationship
for Peclet numbers less than 1000.

Figure 3 shows this comparison for a Peclet number of 1000. Also shown are the
predictions of the simple plug flow relat}on without the k' approximation.
It is apparent from this graph that the k¥ approximation brings the plug flow
solution into good agreement with Poppendiek's results in all but the very
beginning of the thermal entrance region where it predicts Nusselt numbers that
are larger. Disagreement in this region is to be expected since for very small
z/D temperature gradients will be localized within a thin temperature boundary
layer near the wall where the tota} conductivity k, is nearly equel to the
fluid thermal conductivity. The k approximation Introduces an effective uniform
conductivity which is always larger than the fluid thermal conductivity, and
taerefore Nusselt numbers will be larger also. Tor very small ﬂ/D, Poppendiek
uses an asymptotic approximation equivalent to the simple plug flow solution,
and so the curves representing his computed values and the simple plug flow
case should be equal at very small 2/D. Thus agreement is indicated on the
figure as z/D approaches zero. A more exact calculation which accounts for
the velocity distribution close to the wall will result in somewhat lower values
of the Nusselt number when z/D is very small - e.g., less than unity. Thus,
in the very beginning of the thermal entrance region, the k approximation as a
representation of this "more exact" case will not be as good as indicated on the
figure. In this region, however, the developing of the velocity profile could
be very important in real siftuations, and actual Nusselt numbers will depend on
details of the duct inlet configuration.

Comparisons with Poppendiek's results at other Peclet numbers showed, as
expected, that the accuracy cof the k approximation improves as the Peclet
number dicreasesc For Peclet numbers significantly larger than 1000, the accuracy
of the k approximation becomes progressively poorer, although order-of-magnitude
agreement ii obtained for Peclet numbers as high as 10,000. At a Peclet number of
5000, the k' approximation predicts fully developed Nusselt numbers only 20% larger
than Poppendiek's values, but become: more inaccurate as ﬁ/D decreases. For example,
at an ﬂ/D of unity, the approximation gives values about €0% larger.

or the circular tube the appropriate definition of k+ cgquivalent to
equation (37) is somewhat more cumbersome than for the parallel plane channel.
For example, for cylindrical co-ordinates the equivalent of equation (33) is

dw*~ = é?t (iﬁ@
K ‘Raw m%?

and integration to obtain the equivalent of equation (31) involves an indeterminancy
at x = 0. But the same priaciples apply, and in particular, equations (35) and (36)
summarize the Nusselt number approximation for the circular tube also.

The k& approximation for circular tubes was tested by comparing k+ values
corputed from equation (35) usingsﬁhe fully developed turbul?$% 1liguid metal
Nusselt number relations of Lyon (ﬁ?d Seban and Shimazaki.' ' The former, which
correlates empirically Martinelli's computed values, applies to the case of
uniform heat flux; while the latter applies to wniform surface temperature. T%g)
corresponding plug flow values for these two cases are 8 and 5.8 respectively.
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Thus, the relations

~

,&*' N %(r‘\ + 0015 ’PQO‘B) (39a)

results from Lyon's equation, and

0.3
FECEDN A{ﬁ(s,g 4+ 005 ) (39v)

~

results from the eqguation of Seban and Shimazaki. A comparison of these two
equations is shown on figure 4. At a Peclet number of 1000 the equations
disagree by about 15%.

The comparisons presented above indicate that for the purpose of computing
Nusselt numbers for cases of uniform heat flux and uniform surface temperature,
the k approximation offers a reasonable compromise between accuracy and simplieity
of computation when Peclet numbers are less than 1000; and perhaps somewhat larger.
It seems reasonable to assume that the approximation will give equivalent
accuracy with the double pipe heat exchanger provlem, as well as a variety of others,
but that this is a guess must be recognized.

Summary

In summary, the K" approximation converts plug Tlow solutions, t.(x,z), bo
approximate turbulent flow solutions, &,(n,z), by use of equation (32) of its
equivalent for the circular tube, together with equation (36). There is &vidence
that the approximation will give satisfactory accuracy when Peclet numbers are
less than 1000, and perhaps larger, especially when one considers the extent
of compubational simplicity 1t offers. In essense, the approximation introduces
an effective uniform thermal conductivity equal to kk which can be related to
the Peclet number - for example by use of figures 2 and 4. 7Thus, when epplied
to the double pipe heat exchanger probvlem of this paper, plug flow resulis as
obtained from solutions to the mathematical problem described by equations (16) to
(21), can be converted to turbulent flow results by use of equations (35) and
(36) with K and K  now defined as follows:

For the concentric tube exchanger:

K = (’%—f‘)(%m\(“" AN (0a)

Ko = (*gf\\(%ﬂ PN (41a)
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and for the parallel plane exchanger:
K = C%l‘\(%ﬂ( :isj) (100)
- ;pf_i L P L1b
Ku = (T (%) ™ o

With the above, the ki+ are teken as functions of Pe..

5. PLUG FLOW SOLUTIONS

Analytical solutions for the mathematicel problem specified by eguations
(16) to (21) will now be discussed briefly. They can be obtained by ILaplace
transform techniques in a relatively straightforward manner following, for example,
the procedures described in sections 12.8 and 13.8 of reference (1).

Details of the solutions will be described in the more complete report
referred to in the introduction. In addition to Laplace transform techniques,
the classical method of separation of variables was used also. The latter, although
more Cumbersome, is more interesting in two main respects. It involves the
formulation of a Sturm-TLiouville problem with boundery conditions not usually
encountered with such problems. Tt then leads quite naturaslly to formal solutions
for both laminar and turbulent flow cases to which various available approximation
techniques for determining eigenvalues and eigenfunctlons can be applied.
Of special interest will be the vse of these forms of solution as bases for
specifying the size of errors introduced by the k' approximation.

Solutions for the dimensionless temperature distrivution, convenient
for moderate to large values of z, can be written as

L4+ h

@ - An
£.003) = ? Aoy e T (1)

. - . . . i
for both types of double pipe heat exchangers. In this equation, the Aé ) are
functions of an eigenvalue i and the dimensionless distance variable X.
The eigenvalues are the positive non-zero roots of an eigenvalue value equation

FCX) =©
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and are infinite in number, depending on H, K, and Kw as well as the type of
exchanger. For the concentric tube exchanger

FONY = F-gf LAY Gal®XN) & 3, (N) Ba (X

— K N O A (X (3m)

where 2w2 = KH. For the parallel plane exchanger

BN = \F& P N SR (EXN) &t N D (60X

- Ko\ i X P (0N (43p)

where 02 = Ki.

The eigenfunctions Aél) also depend on the type of exchanger. For the
concentric tube exchanger, récalling from figure 1 that channel "1" identifies
the circular tube and that channel "2" refers to the narrow annular space,

W 7. DA \‘g(AMK\
An Aw FrOWY

i

(Lhz)

and

w) 2 W 3 O Cot (WA

e }—l-
A & A OWY =

#

where F'(N) represents the derivative of F(A) with respect to A. Since the two
channels of the parallel plane exchanger are geometrically similar, only one of
the chamnels need be considered. For channel "1"

W 2 e (A G (0at)

- I
A. = A FHOMD ()
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Note that the expressions for H, K, and K _, and their physical interpre-
tation given previously, consider them defined as properties relative to channel
"1." As a result, when interest is directed towards the heat transfer performance
of channel "2" as a function of H, X, and K and comparing with the performance
of channel "1," consistency for the comparison requires interchanging subscripts
in the expressions for H, K, and K (for example, in equations (11), (40), and (h1)).
if, for ths moment, we derote ValLeu of these parameters as already defined with
a subscript "1," and the interchange of subscripts in these definiticns by
subscript "2," then H, = 1/H, and K, = 1/K,, but K . = K _ /K. . This will be importart
when we wish to Compare the pero“mance of “the navggw ann619r space with the
parallel plane channel, and the circular tube.

With the analytical sclubtions Just summarized, and the k approximation,

we are now prepared to explcre the behavior of fully develcped individual channel
heat transfer coefficients in co-current flow douvble pipe heal exchangers.

6. FULLY DEVELOPED HEAT TRANSFER COEFFICLENTS

The definiticn of the local Nusselt number given by equation (27), together
with the plug flow solution presented in the previous section, clearly show that
as 7z increases without limit, an asymptotic value Nu. ( ) is obtained. For the
cylindrical tube application of the appropriate “XPTPSQIOﬂQ results in

N, (@) 2)\’;’ AL, (46a)
({8} pod |, Hoa,
H L OG- X, 3o

L)

M
fo—id

while for the parallel plane charn the relation

P )\% m”" \‘\nwm
Pare N, ~ )\\Qﬁkﬁkw

P
N
£
—

4

N, ()

results. The corresponding expression for the narrow snmilar space is found to

be the same as that for the parallsl plane channel with wr, substituted for X,

In the above, ), identifies the least eigenvalue as obtained from eguation (43a)
(43p) and is, of course, a function of H, K, and K , so thab Nui(w) must also

be a function of these parameters.

Magnitudes of the Parameters

Before examining the dependence of Nuq(w) cn H, K, and KWJ let us determine
the magnitudes of these parameters that are 3 be expected with zactual double pipe
heat exchangers. The heat capacity flow rate ratio, H, will be approximately
proportional to the mass flow rate ratio, and in most practical cases can be
expected to vary between 0.5 and 2. In special cases values from 0.1 te 10 are not
too unlikely.



217

The fluid thermal resistance ratio, K, will be nearly proportional to
the ratio of the duct eqguivalent diameters in most cases, For the parallel
Plane exchanger values in the range of 0.5 to 2 seem most likely, while for
the concentric tube exchanger values near O.1 are more reasonable - especially
with the idealization of a narrow anmalar space. For applications to turbulent
flow, K will also be proportional to the ratio of the channel k values which,
up to Peclet numbers of 1000, can introduce an additional variation by a factor
of about 0.5 to 2.

With liquid metals, which have relatively large thermal conductivities,
values of the relative thermal resistance, K , will be roughly proportional to
the ratio of the wall thickness to the channel equivalent dlameter and in most
cases this ratio should be less than 0.1 and rarely larger than 0.5. But for
turvulent flows, K  is also proportional to k which at Peclet numbers near
1000 can introduce a factor of nearly 2. Thus a range of values from near zero
to unity is to be anticipated, with low values more likely.

General Trends

For the parallel plane channel, the special case of TK = 1 and KX_= 0
allows for a simple solution of the appropriate eigenvalue equation, and it
is found that

When substituted into squation (46b), this gives

‘ "
M ooy = =

which is simply the fully developed plug Tlow value for a parallel plang channel
with one side kept at uniform temperabture and the obther side insulated.

In fact, a more detailed examinabtion of the plug flow sclution for the parallel
plane exchanger for the special case of KH = 1 and K _ = O, shows that the
temperature of the common wall is truly uniform along the entire exchanger length.

For K # 0 and for the concentric tube exchanger in general, it is found
that true operation with uniform surface temperature is noct possible. This result
is to be expected for K _ # O when one considers the effects of wall thermal
resistance on surface htémperature differences in the two channels. For the
concentric tube exchanger, the differences in the shapes of the two channels
apparently introduces an additional complicating effect. As will be seen later,
however, there are special combinations of values of H, K, and K for which
Nu, (w) is equal to the value corresponding to individual channel’ operation with
uniform surface temperature even though actual operation is otherwise.

* . R
See previous foofnotes concerning available plug flow solutions.
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Detailed examination* of the fully developed Nusselt number relations
together with their appropriate eigenvalue equations, reveals that the maximunm
value of Nu,(e) corresponds to the individual channel boundary condition of
uniform heat flux, while the minimum value is simply zerc. For the concentric
tube and parallel plane channel the maximum value is approached as H, X, or K
increase. As H aporoaches zero, Nu. () does so also. Decreases in K or K_
cause decreases in Nu, (o), but for very small values of K or K Nu (o0} app%oaches
non-zerc limiting values. The same generalizations apply to the narrow annular
space vren H, K, and XK _ are redefined relative toc the properties of channel "2" as
discussed at the end of the last section.

These generalizations, and thelr quantitative relationships to the
magnitudes of H, K, and K, are illustrated in figure 5. 1In this figure
the fully developed plug Ilow Nusselt number for the circular tube, normalized
with respect to the appropriate uniform flux value, is graphed as a function
of H with K and Kw as paramcters. The normalilzed Nusselt number for this case is

N, (@)

N, (=) = =

where the number "8" is the circular tube uniform flux plug flow Nusselt number.

Normalization is thiis way 1s especially convenient for application to
turbulent flows, for the k approximation implies that N, (w), as defined above
with plug flow Nusselt numbers, can ke used with an appropriate uniform flux
turbulent flow Nusselt number correlation to obtain corresponding double pipe
heat exchanger turbulent flow Nusselt numbers. This also recuires that K and X,
be defined by eguablons (40a) and (4la). Thus figure 5 applies to turbulent
flows also, at least approximately.

Also shown on the graph is the value of the normalized Nussell rnumber

corresponding to the boundary condltion of uvniform surface temperature. This
is given by

[:b{‘(qf{ium4‘ﬁ~v jL g%gi

= 003
The grapn shows that K = 0.1 1s nearly equivalent to K _ = 0; and that K = 10

. . W _ WL
is nearly equivalent tc K = «» excepi for very low values of H. Also, when K

is small K = C.1 is nearly squivalent to K = C; and for K > 2, H = 10 is nearly
equivalent to H = o,

* ;
The mathematical details of this examination will be described in the more
detailed report referred to previously.
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For the parallel plane channel and the narrcw annular space, the Tully
developed Nusselt number dependences on H, K, and K _ are qualitatively similar
to those for the circular tube. There are quantituglve differences, however,
and these are illustrated in figure 6. In this figure normalized Nusselt
numbers for the three types of channels are plotted vs. H with X as a parameter
for the case of K= 0. For the narvow annular space, K and 0 are redefined
relative to chann&l "2" so that the three ducts can be compared on a consistent
basis. Note that although the parallel plane channel and narrow annular space
are equivalent geometrically, thelr respective adjacent channels with which
they exchange heat are not the same. In a sense, they are equivalent channels
with slightly different boundary conditions.

igure G shows that Nusselt numb rs for cylindrical tubes are significantly
more sensi 2 Lo variatlions of H and K when compared with the other two types

of channels, especially at low values of K, Nusselt mumbers for the narrow

annular space are slightly more sensitive than those for the parallel plane

channel for moderately high values of K and values of H less than unity. At

both very high and low values of K, howsver, the annular space Nusselt numbers

are essentially eguivalent to those for the parallel plane channel.

o
<: H

MAlso shown on Tigure 6 are the normalized Nusselt numbers for the boundary
condition of uniform surface temperature. Values pertaining to the narrow annular
space and to the parallel plane channel are the same and are egual Lo

T
T,
A -,ul& h»..f ) (D

[N N (';5\1

~oDg

o

where T /2 is the [ully developed plug flow Nusselt oumber for uniform surface

temperature, and & is the value for uniform heat £lux.

A detalled tabulation of normalized Nusselt onumbers as a function of H,
X, and KwAls given in table 1.

Double Pipe leatl FExchanger Experiments

Occasionally the assertion 1s made that heat transfer in double pipe heat
exchangers corresponds to operation somewhere between uniform heat flux and
uniform surface temperature, and that therefore Nusselt numbers should Tall between
values corresponding to these simple boundary conditions. For the special cases
treated here, which should be applicable to liguid metal heat transfer with Pecletl
numbers less than 1000, figurez 5 and 6 indicate that this assertlon is reasonable
when H is larger than unity. Bubt the figures also show that for values of H
less than unity, fully developed heat transfer coefficients can be significantly
less than those corresponding to a uniform rature boundary conditilon
unless K and K are unusually large
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t 1s possible that this result can explain the "low" values of liquid
metal heat transfer coefficients freguently obtained with double pipe heat
exchanger experiments, for these values are always Jjudged to be too low when
compared with values corresponding to uniform heat flux or uniform surface
temperature boundary conditions. Also, the complicated dependence of the Nusselt
number on three different parameters H, K, and K , together with an implicit
Peclet number dependence involving both channels, could explain the large scatter
of experimental data usually observed.

As an illustratiorn of the kind of results possible when using double
pipe heat exchangers for the determination of ligquid metal Nusselt numbers by
experiment, the plug Tflow solutions and the k approximation were used to predict
the Nusselt number vs. Peclet number relations that would be obtained with the
concentric tube exchanger illustrated in figure 7. The fluids flowing through
both sides of the exchanger were imagined to be liguid sodium. Two different
types of operation were considered. 1In the first, the mass flow rates were taken
as equal in both channels, i.e., H = 1; in the second, the Peclet number of
the fluild flowing in the narrow annular space was kept fixed at a value of 100.
For both types of operation, tube side Nusselt numbers were predicted for both
copper and stainless steel tubes. The different thermal conductivities of the two
tube materials results in about a factor of 20 difference between corresponding
K A values, so that the results for tke copper tube can also be interpreted as
a stainless steel tube wite & 5 mil wall.

The results are shown on figure 8 where tube side Nusselt numbers are
plotted vs tube side Peclet number for the various cases. Also shown are
the corresponding curves for uniform heat flux and uniform surface temperature
boundary conditions. Most slriking of these results are those for operation with
constant Peclet number in the annular space. For this case, tube side Nusselt
numbers decrease with increasing tube side Peclet number, a result which if

at fault, or perhaps to speculate about the possibility of non-wetting or
corrosion problems., His speculations might receive further encouragement after
observing the differences between results cbtained with copper and shalnless
stez] tubes, especially nce copper does not behave toc well with liguid sodium.

Even with the perhaps more usuzl metnod of coperation of nearly egual
mass flow rates in both channels, the differences between results obtairned with
copper and stalnless steel tubes and the generally lower Nusselt number values
obtained with copper, might lead to erronecus speculation about corrosion or
non-wetting problems.

These conclusions can be given as possibilities only, since nearly
all of the double pipe heat exchenger liguid metal data available were obtained
with counter-current flow, and the analysis given here pertains to co-current
flow. But it is clear that the paraweters H, K, and X _will alsc appear in a
counter-current flow analysis, and therefore similar elfects are at least possible.



7. SUMMARY

The material presented in this paper represents an introductory analytical
investigation of liquid metal heat transfer in co-current flow double pipe heatb
exchangers without use of the usual heat transfer coefficilent assumpbions implicift
in the more customary methods of analysis.

In order to provide mathematical simplicity, plug flow models of the heat
exchanging fluids were utilized for analysis, and an spproximation method developed
for application of plug flow results in general to the turbulent flow of liguid
metals. Evidence was presented which indicates that the approximation will give
satisfactory accuracy up to Peclet numbers of 1000 and perhaps larger.

The plug flow analysis and approximation method were applied to the
prediction of the dependence of fully developed irdividual channel ("film")
heat transfer ccefficients on the operating conditions of two types of liquid
metal co-current flow double pipe heat exchangers. It was found that operating
conditions and exchanger type can be important in this regard, and that fully
developed heat transfer coefficients can be significantly lower than normally expected.
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NOMENC LATURE

Dimensional Quantities

a,
1

b

'bl

Width or radius of channel "i," ft.

Wall thickness, ft

Effective wall thickness of circular tube, ft, equation (8a).

Heat capacity of fluid in channel "i," Btu/(lbm)(OF),

Thermal conductivity of fluid in channel "i," Btu/(hr)(ft)(oF).

Thermal conductivity of wall, Btu/(hr)(£t)(°F).

Heat exchange length measured from inlet, ft.

Heat flux density at wall in channel

Temperature of fluid "i, ¥

Inlet temperature of fluid "i," °p.

1.
Ly

Velocity of fluid in channel "i," ft/hr.

" Btu/(hr)(ftg).

Mass rate of flow of fluid in channel "i," lbm/hr.

Distance variable, ft.

Thermal diffusivity of fluid in channel

2
Turbulent diffusivity, £t /hr.
o
Kinematic viscosity, f£t°/hr.
2
Viscosity, (lbf)(hr)/ft

Density, lbm/ft°.

Dimensionless Quantities

I

"y, fte/hr.

Heat capacity flow rate ratio, equation (11).

Fluid thermal resistance ratio, equationz (L0a) and (hLOb).
Wall thermal resistance ratio, equations (4la) and (41Db).

Thermal conductivity multiplier for turbulent flow in chapmnel

Normalized Nusgelt number for channel

1"

1.
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Dimensionless Quantities

Nu, Nusselt nmumber for channel "i," equation (26).

Pe, Peclet number for channnel "i."

z Dimensionless heat exchanger length, equation (36).

- Dimensionless temperature of fluid in channel "i," equation (13).
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TABLE 1

NORMALIZED* FULLY DEVELOPED NUSSELT MNUMBERS

CONCENTRIC TUBE PARALLEL PLANE
EXCHANCER EXCHANGER
TUBE SIDE, ANNULUS,
-~ - ) 6 \{ ¢
K H Nl(aJ) Ng(oﬁ ml(xﬂ
= 0
W
0.1 0.1 0.155 0.996 0.253
0.5 0. 445 0.983 0.598
L.0 0.565 0.972 0.702
2.0 0.64A 0.952 0.765
10 0.727 0.792 0.822
0.5 0.1 0.167 0.978 0.276
0.5 0.519 0.922 0.662
1.0 0.653 0.877 0.764
2.0 0.739 0.801 0.822
10 0.870 0.359 0.903
1.0 0.1 0.187 0.956 0.310
0.5 0.616 0.8656 0.732
1.0 0.7k 0.806 0.822
2.0 0.82h 0.707 0.874
10 0.932 0.294 0.947
2.0 0.1 0.242 0.914 0.398
0.5 0.755 0.812 0.802
1.0 0.848 0.7h9 0.888
2.0 0.900 0.645 0.92h
10 0.566 0.269 0.973
5.0 0.1 0.527 0.840 0.658
0.5 0.892 0. 7Tk 0.917
1.0 0.934 0.711 0.949
2.0 0.958 0.607 0.967
10 0.986 0.256 0.989

% Normalized with respect to uniform heat flux velue.

¥* Tn this table K and X are defined relative to Chanvel 1% for the
narrow annnlar space as well as for the other chamnels. See text at
the end of Section 5.
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TABLE 1 , CON'T.

CONCENTRIC TURES PARALLEL FLANES

Nlhn) Ngun) Nl«n)

K = 0

W

0.765 0.820 0.822
0.945 0.761 0.957
0.966 0.698 0.97k4
0.978 0.594 0.983
0.993 0.252 0.995

K = 0.1

W
0.164 0.996 0.270
C.hoy 0.984 0.643
0.623 0.975 0. 74h
0.70h 0.958 0.802
0.778 0.829 0.853
0.178 0.978 0.29%
0.568 0.928 0.699
0.699 0.892 0.793
0.776 0.827 0.845
0.877 Q.406 0.909
0.199 0.956 0.331
0.655 0.878 0.758
0.77h C.826 0.8L0
0.841 0.736 0.885
0.93h 0.314 0.949
0.260 0.915 0.4kp2
0.772 0.825 0.835
0.858 0. 766 0.895
0.905 0.665 0.928
0.966 0.278 0.973
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TABLE 1 , CON'T.

FPLANES
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TABLE 1 , CON'T.

CONCENTRIC TUBES PARALLEL, PLANES
Nl(m) N2<OO) Nl(oo)

K = 0.5

W
0.3h6 0.922 0.518
¢.827 0.865 0.872
0.8%0 0.819 C.917
0.923 0.733 0094;
0.968 0.316 0.97k
0.607 0.863 0.713
0.908 0.809 0.929
0.943 0.751 0.955
0.962 0.650 0.970
0.987 0.273 0.989
0.788 0.836 0.839
0.949 0.782 0.960
0.969 0.721 0.975
0.979 0.617 0.984
0.993 0.260 0.995

K = 1.0

W
0.302 0.996 0.h472
0.79% 0.993 0.850
0.865 0.990 0.901
0.900 0.985 0.926
C.927 0.942 0.946
0.333 0.981 0.50%
0.814 0.966 0.86h4
0.879 0.953 0.910
0.910 0.929 0.933
.937 0.724 0.952
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TABLE 1 , CO'T.

CONCENTRIC TUBES PARATIET, PLANES

0 { o~ N ¢ )
Nl(u ) Ne\uo) N, (o]

K = 1.0

W
0.376 0.963 0.559
0.8365 0.938 0.678
0.893 0.916 C.9%0
0.921 0.872 C.9h1
0.950 0.526 0.962
C.h67 0.933 .67
0.868 0.897 0.901
0.915 0.862 0.935
0.939 0.793 0.953
0.970 0.372 976
0.668 0.882 0.755
0.920 0.836 0.939
0.950 0.784 0.961
0.965 0.689 0.97:
0.987 C.291 0.989
0.807 C.350 C.853
0.953 0799 0.963
0.971 0.7h1 C.o77
0.980 0.639 0.985
0.993 0.268 0.995
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DISCUSSION

Mr. Steln mentlioned other aspects nct covered in the prepared paper.
Of special interest was the finding that although actual fully developed
heat transfer coefficients in co-current flow liguid metal heal exchangers
can be significantly smaller than normally expected, customary design pro-
cedures, which use larger values, still seem to give sufficiently accurate
results in most cases of practical interest. The reason appears to be a
result of the assumption that heat transfer coefficients are independent
of lengtihh. This assumption decreases the overall heat transfer rate as
calculated, and tends to correct the results of using larger than actual

fully developed heat transfer coefficients.

Dr. Dwyer asked what relationship between thermal and momentum eddy
diffusivities was used for the turbulent flow calculations, and whether
the trends shown in Fig. & would be influenced by the relationship chosen.
Mr. Stein replied that for kt values computed from Eq. (57), the thermal
and momentun eddy diffusivities were assumed to be equal. The results
shown in Fig. 8 were based on k' values computed from Eq. (38) for the
annular space, and Eg. (392) for the tube, and both of these cquations
imply the assumption of egual thermal and momentum eddy diffusivities.

Mr. Stein stated that he 4did not believe that reasonable alternate assump-
tions, such as the diffusivity relationship recently proposed by Dr. Dwyer,

would influence the illustrative trends shown in Fig. 8.

Dr, Dwyer then asked whether results for various annular space diame-

ter ratios had been obtained.

MR. STEIN: Yes, but only for the simplified model I mentioned in

which T was able to get co-current and counter-current solutions.

MR. POPPENDIEK: I think your solution would be very valuable for the
next person who goes over a critical analysis of all the liquid-metal data;

I think your solution would be very valuable to help sort it out.
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MR. STEIN: I haven't had enough time to do this myself to any great
extent, Also, solutions for the counter-current f{low case would be needed.
But there are some interesting possibilities ~ especially with respect to
the data of Doody and Younger who used both counter-current and co-current
flow. There 1s the equivalent of a parallel plate exchanger at the Inter-
nabional School at Argorne, and mayve we can geb date from that to verily

the effects predicted by the analysis.
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NATURAL CONVECTION HEAT TRANSFER COEFFICIENTS
FOR
LIQUID TIN AT HIGH HEAT FLUXES
ABL/Z
By
Akbar ¥, Brinsmade and Leland G. Desmon

HERCULES POWDER COMPANY
ATTEGANY BALLISTICS LABORATORY

Cumberland, Maryland

ABSTRACT

Natural convection liquid metal heat transfer measurements were made in a
rocket nozzle conteining refractory metal calorimetric devices utilizing tin as a
heat transfer agent. Test variables included propellant gas throat stagnation
temperatures in excess of 5000°F, acceleration to 1.18 g and heat fluxes to
1.72 x 106 Btu/hr x ft2. Test data, a natural convection correlation for tin, and

a comparison with sodium and lithium are presented.
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I. INTRODUCTION

"Research” reported in this publication was supported by the Advanced
Research Projects Agency and the Bureau of Naval Veapons over a period of five
years. One of the technidques in solid propellant rocket nozzle heat transfer that
was developed involves measurements with liquid metals, for which little if any heat
transfer data have been available in the associated high heat flux range. Therefore,
vart of the work involved a program of fundamental research on liquid~metal heat trans-
Ter in experimental rocket nozzles. The United Nuclear Corporation, Development
Division, NDA, collaborated with ABL in this effort.
Scme of the possible advantages of using tin as a heat transfer medium (when
compared to sodium and lithium) are:
1. No safety hazard exists and no special atmosphere is necessary to store
or handle it at ordinary temperatures to retain purity.
2, It has the highest boiling point {with a melting point only slightly above
that of lithium), and a boiling point liquid heat content of only about
315 Btu/pound compared to about 2500 for 1ithium, thereby permitting a
low heat drain application at a relatively high container wall temperature.
3. On the other hand, for a volume limited system, the boiling point enthalpy
per unit liguid volume of %in is about 1.6 times that of lithium, thereby
pernitting a high heat absorption.

L, Tt is readily available in high purity at low cost.



242

IT. TEST PROGRAM

A solid propellant rocket motor was used as the heat source and a large
centrifuge on which the rocket was mounted was used in some of the tests to pro-
vide high gravitational forces. This equlpment was supplied by ABL and ABL per-
sonnel operated the centrifuge, fired the rocket; and collected the data. United
Nuclear handled the mechanical aspects of design, fabricated the test sectioms,
and participated in the assembly of test pieces on the centrifuge.

The variables that were studied in the overall heal transfer program were
heat flux, magnitude and direction of acceleration forces, type of liquid metal,
and type of liquid wetal container nmaterial.

Although the overall investigation included sodium and lithium, the data for

ligquid tin only are reported here.
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IIT. DESCRIFPTION OF APPARATUS

Nozzle, Rocket, and Centrifuge

The nozzles were machined at ABL from solid molybdenum and were designed
to have one-inch long by one-inch diameter cylindrical throats and to accept two
test sections in the throat. The nozzles with test inserts installed were assembled
on & solid propellant rocket and mounted either on the centrifuge or in a static
firing bay.

The centrifuge used is located in a concrete shielded bay and can rotate at
speeds up to 66 rpm. The arm on the centrifuge is 28 feet long., The rocket was
mounted radially on the centrifuge arm and the exhaust was directed outward {see
Figure 1). This equipment was instrumented to provide centrifuge rpm, rocket chamber
pressure, motion plctures of the nozzle area, and closed clrcuit television of the
centrifuge bay. Temperatures were recorded cn instruments mounted on the centrifuge
at 1its center.

The letters CNDA and UNCS represent the name of the fabricator and serve only
to help identify the test series.

Test Section

The general arrangement of the CNDA test section in the nozzle is shown in
Figures 1 and 2. The test section consisted of the following components:

1. Test section cup-~-to contain the liquid metal and to be inserted and sealed
in the nozzle so that the truncated portion of the cup formed part of the
nozzle throat through which the heat from the propellant gases was trans-
ferred to the liquid metal;

2. BSeparator tube~-to separate entrained liquid from the vapor, if any, and
to direct the vapor to the trap;

3. Trap-~-in which the vapor is condensed and the condensate prevented from
returning to the cup;

Y. Exhaust tube--to provide additional surface for condensation,
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Test Section Cup (Insert)

The test section cup {see Figure 2) was an open invérted cone. The {runcated
portion was bounded by a surface whose geometry is that of a cone intersecting a
cylinder. This surface formed part of the nozzle throat.

This design was pretested using a transparent plastic model with compressed
air to simulate metal vapor and water or mercury to simulate the liquid metal under
large accelerations. The tests indicated that, with high vapor generation rates at
the heat transfer surface, the surface would remain covered with liquid.

A1l portions of the test section cups were fabricated of pure tantalum, except
for the heat transfer surface window which was made of tanbalum-10% tungsten. These
were welded to the tantalum conic sections. The tests reported used a 0.150-inch
thick curved wall heat window to cbtain instantanecus heat flux readings uwsing two
thermocouples in the wall.

Each cup was instrumented with the thermocouples located at the following
points:¥

1. heat transfer wall, 0.05 inch from the gas side,

2. heat transfer wall, 0.05 inch from the liguid side,

3. ligquid, C.080 inch from the wall,

b, 1iquid, bulk temperature, one inch from wall,

5. insulation.

Bach cup was insulated with silica cast in place. The heat transfer surface
was machined and hand-fitted to the opening in the nozzle throat. The top flange
was sealed by a rubber C-ring,

Tn addition to tin, sodium and lithium have also been used as heat transfer
agents in the overall program.

* These values vary slightly from cup-to-cup.
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Separator Tube

The one-inch diameter separator tube was inclined 30° from the vertical in
the direction of lower acceleration so that any liquid carried into the separator
tube would tend to be pulled back to the cup while the vapor was free to travel
up the tube and enter the trap. The angle of inclination was the maximum permitted
to clear the nozzle housing.

The tubes were wrapped with mineral-type blanket insulation and instrumented
with chromel/alumel thermocouples te provide a temperature - time history for heat
balance data.

Other Components

The stainless steel trap was baffled to prevent any liquid carried into the
trap from entering the condensing regions. The trap was instrumented with thermo-
couples and connected by a flexible stainless steel joint to the 10-foot long, one-
inch diameter exhaust tube, The exit of the exhaust tube was filled with stainless
steel mesh to provide additional surface for condensation in the event that vapor
reached that point. WNo vapors were detected during any of the tests reported here.

Al11 thermocouple signals from the test section were recorded throughout the
Tiring on Minneapolis Honeywell Visicorders.

Figure 3 is a photograph of a nozzle with test inserts assembled on motor and
mounted in static firing bay. This set~up is typical for the firings not made on
the centrifuge. The design operating pressure for the UNCS test section is consider-
ably above that for the CNDA test section, but the design differences are not suffici-

ent to warrant detailed description here.
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IV, CALCULATION METHODS

The test calorimetric system is defined as consisling of all of the liquid
metal, all the metal parts, and one-half of the cast silica insulation surrounding
the calorimeter cup (the other half of the silica insulation is assumed to absorb
heat only from the molybdenum block surrounding it). Given the temperatures at
any instant and the weights of the various materials and their specific heats,

(Ref. 1 through I), the total quantity of heat absorbed by the system up to the given
instant way be readily calculated, Dividing the total quanitity of heat by the time
interval and the heat window area on the propellant gas side yields the averape gas
side heat flux over the time interval comsidered. Theoretically, this time interval
could be any part or all of the test firing interval. Given the gas side heat flux,
translation to a liguid metal side heat flux has involved deducting from the former
only the heat absorbed by the heat window during the time interval considered and
multiplying by the ratio of heat window liquid metal side to gas side heat transfer
areas. The assumption was also made that none of the heat passed from the heat window
directly to the walls of the cup.

The liguid metal film healt transfer coefficient, averaged over a given time
interval, was calculated by dividing the liquid metal side average heat flux over
the interval by the average temperature difference between the heat window surface
on the liquid metal side and the measured liguid metal temperature OY092 to 07106
away from the heat window surface (depending on the "film" thermocouple location for
the particular test firing ipvolved). The heat window surface temperature was not
measured directly; it was calculated by extrapolation from the measured temperabure
or temperatures within the heat window metal, using the distance between thermocouple
and heat window surface, the thermal conductivity of the heat window(l), and the
corresponding heat flux (corrected for the heat absorbed by the portion of beat

window involved).
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The above method of calculation based on the calorimetric system provides
average values of heat flux and heat transfer coefficient within selected time

intervals.

V. TEIT RESULTS

A series of firings has been made with the test apparatus and the data
for calorimetric inserts charged with tin are reported.
Operating conditions and test resulis are shown in Table I. Typical tempera-

ture records are given in Figure k.
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TABLE 1

Heat Transfer Results with Tin

Test CNDA -9 UNCS-1
Duration of Firing, Seconds 104 16.9
Gravity Force
Magnitude, g 1.18 1.0
Angle with Heat Window ~23.9° 30°
Test Section No. b 2 1
Tin Charged, Grams 193 193 175
Seconds of Data Total Total @*
Heat Transfer
Heat Window, Diameter. Fi, 0.0743 0.0766
Area, Ft.2 0.00528 .00363
Ts, Calc. Igtroczt Sfagna'rl o, oc 2730 2778
Flux x 1070, BruMr x Ft 0.780 0.780 | 1.72
Twe, Wall Tm Side, °C 1039 1011 1065
Te, Tin Nearest Wall
Temperature, °C 843 762 686
Dcsfance From Wall, Inch. 0.106 0,099 0.092
AT, °cC 196 249 379
hie . Tm Y!ﬁm &oe flClent
BI’U/Hr x Ft Of 2210 1740 2520

*The data are given for the last ? seconds of the run during essentially

steady-state" conditions. 3918
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VI. CORREIATIONS

In addition to the heat transfer measurements set forth above, all of the
data obtained in this program have been apalyzed and correlated as detailed in
Table IT and Figures 5 and 6. In these correlations, the properties for tin were
evaluated at the film temperature and are as given in Figure 7 and Reference 2
through b.

a. Natural Convection Ceoefficient for Tin

The film heat transfer coefficient data of Table I are plotted on Figure 5
along with the line representing Eckert's general equation (Reference 5) for

natural convection in vertical planes at low Prandtl Numbers.
«25 .25
Nnu¥ = 0.68 [Npr/(0.952 + Npr) (Nor x Npr) (1)

The maximun deviation of Prandbl Number from the average of all test
values (with any given liquid metal) when raised to the 0.25 power amounted to
about 2 percent and hence the substitution was made in the first term of
equation {1) so that the lines could be included in the correlation figures.

For tin, with an average Npr of 0.00563 for these tests, equation (1) reduces to:

.25
Nnu = 0.188 (Ngr x Npr) ™’ (12)
The data are well represented by this line. The variation of gravity,
although not significant in the tests with tin, is accounted for by the term

(225} in the Grashof Number (data as yet unpublished).

* Eckert's equation for the general case (1) was used here instead of Nnu = 0.508

. "55
{hpr/(0.952 + Npri] “ (Wzr x Npr cos a)‘25, a form of which is seen in Reference 6,
because this latter equation was derived specifically for the case of laminar free-

convection heat transfer from a moderately inclined surface,
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b, Comparison with Sodium and Lithium

In Table II, the £ilm heat transfer coefficients of lithium, sodium, and
tin are compared under what appears to be reasongbly similar conditions. The
lithium coefficient is about 25% higher than the tiu coefficient and about 4%
higher than the sodium coefficient. Note, however, that although the heat
flux values were aboult equal, the film temperature for sodlum was much lower
than that for the other two metals.

For sodium, with en average Npr of 0.00L32 for the tests, in this overall

program equation (1) reduces to:

Nou = 0.179 (Ngr x Npr)* 22 (1)
and for lithium, with an average Npr of 0.0199 for these tests, equation (1)

reduces to:

Nnu = 0.257 (Ngr x Npr)'25 (1)
Equations (1a), (1b), and (1c¢), which represent equally well the
experimental data for tin, sodium and lithium respectively, are plotted in
Pipure 6. At constant values of bheat flux and £ilm temperature of 0.712 x

6 Btu/hr x ££7 and 782°C respectively {Table IT for lithium), calculations

10
based on these curves result in a lithium coefficient about 35% higher than
the tin coefficient and about 12% higher than the sodium coefficient. It

is obvious that film temperature significantly affects the coefficlent.
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TABLE 1T

Comparison of Lithium, Tin and Sodium Heat Transfer Coefficients

Heat Transfer Metal

Test and insert No.

Seconds of Data

Flux x ]0'6, Btu/Hr x Ff2

Te, Liquid Metal o
Film Temperature, ~C

L Btu/Hr x Fi? x °F

Li Sn Nao
CNDA-g8, #i CNDA-9, #1 CNDA-8, #2
135.2 104 135.2

0.712 0.780 0.752

782 843 439

2770 2210 1900

3919
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VII. SUMMARY AND CONCIUSIONS

As part of a program of research on solid propellant rocket nozzle heat
transfer at Allegany Ballistics Ilaboratory, fundamental research on liquid-metal
heat transfer in experimental rocket nozzles has been pursued. In the labiter, ABL
worked with Unlted Nuclear Corporation, Development Division, NDA,

A series of tests has been made with a nozzle desigped with two calorimeter
test inserts for determining film heat transfer coefficients at the nozzle throat.
The variables that were studied in the overall program included heat flux, magnitude
and direction of acceleration forces, type of liquid metal, and type of liquid metal
container material. The data for liquid tin are reported here. Wall surface tempera~
ture to 1065°C, ligquid metal heat flux to 1.72 x 100 Btu/hr x ftg, £ilm temperature
to 843°C, propellant gas throat stagnation temperatures in excess of 2760°C (5000°F)
and accelerations to 1.18 g were experienced.

The ligquid metal natural convection heat transfer resulis obtained thus far
suggest the following conclusionsg:

1. The highest tin film heat transfer coefficient measured was

2520 Btu/nr x £t° x °F.
2. The dimensionless heat transfer coefficients are well represented by Eckert's

equation (Reference 5):

Nnw = 0.68 [Mpr/(0.952 + Npr)] "% (Wer x Npr)-2
3. The final equation for tin, with an average experimental Prandtl Number
of 0.00563, takes the form
Nou = 0,188 (Ngr x Npr)“25
e, At consbant values of heat flux and film temperature of 0.712 x 106
Btu/nr x £t° and 782°C respectively, calculations based on Eckert's equation
result in a lithium coefficient about 35% higher than the tin coeffiecient

and about 12% higher than the sodium coefficient.
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VIII. SYMBOLS AND NOMENCIATURE

Cp Specific heat, Btu/lb x °F

D Diameter

Ngr Grashof Number = D3p9g BAT/ug, dimensionless

g Aceelexation of gravity

He Liquid metal film heat coefficient, Btu/hr x 52 ¢ °F
X Thermal conductivity, Btu/hr x £12 x °F/ft

Nnu Nusselt Number = hD/k, dimensionless

Npr Prandtl Number = C, u/k, dimensionless

Tg Gas stagnation temperature at nozzle throat

Tye Wall surface temperature on the liguld metal side
AT Temperature difference

Greek letters

Angle between gravity force and heat window

(93
8 Volumetric coefficient of expansion, 1/°F

=

Coefficient of viscosity, 1b/ft x hr

p Density, lbm/ft>



254

A. Goldsmith, T. E, Waberman, H. J. Hirschhorn, "Thermophysical Properties of

Solid Materials', WADC Technical Report 58-476, Revised Edition, Volumes I-IV,

Wright Air Development Division, Wright-Patterson Air Force Base, Ohio, August, 1960.
"Liquid Metals Handbook", Second Edition, AEC and Department of the Navy,

Washington, D, C. , June, 1952,

5. 5. Kutateladze, V. M. Borishanskii, I. I, Novikov and O. S. Fedynskii,

"Liguid-Metal Heat Transfer Media", Supplement No. 2, Atomnaia Fnegiia, Atomic

Press, Moscow, 1958. Translated from Russian by Consultants Bureau, Inc., New
York. Chapman and Hall, Ltd,, London.

A. D. Kirshenbaum and J. A. Cahill, "The Density of Liquid Tin from its Melbting
Point to its Normal Boiling Point and an Bstimate of its Critical Constants",
Transactions of the ASM, Volume 55, 1962, p. 845,

McAdams, Heat Transmission, Third Bdition, McGraw Hill (1954), p. 171, Eq. 7-32.
Kreith, Principles of Heat Transfer, International Textbook Company (1958),

p- 309, Eq. (7-21).



255

r—*’g‘w Movie s
GENERAL VIEW OF P4 WA Comera

INSTALLATION ON CENTRIFUGE Visicorders for
3 Thermocouple Records [RECEN

& Vapor Exhaust Line

o
ﬁ' Nozzle

— -
—— Chamber
§ Bracket for Pressure
Separation Tubes § Gages
— =y .
PR
s

Liquid Trap
(insulated) M

CLOSEUP OF MOTOR AND
NOZZLE WITH TEST INSERTS

Separator Tube and
Thermocouples Terminal Block
(insulated)

?

CLOSEUP OF NOZZLE EXIT CONE
AFTER TEST FIRING CNDA-1

PHOTOGRAPH OF NOZZLE WITH TEST INSERTS ASSEMBLED
ON MOTOR AND MOUNTED ON CENTRIFUGE

Big, L,



EXPERIMENTAL NOZZLE WITH TEST INSERTS AT THROAT FOR MEASUREMENT OF
PROPELLANT GAS AND COOLANT

Heat Window Thermaocouples
NOZZLE THROAT

Vapor Exhaust Line Liquid trep

Cup Thermocouples

Sepsrstor Tube

Purge Tube Connection

99000 MOTOR END

N DISSNIISINN

Molybdenum Nozzle

Fig, 2.

95¢e



PHOTOGRAPH of NOZZLE with TEST INSERTS ASSEMBLED
ON _MOTOR and MOUNTED in STATIC FIRING BAY

PP, 1. EM 49

Fig. 3.

L62



TEMPERATURE, °C.

1500

1400

1300

1200

1100

g

g

700

500

TYPICAL TEMPERATURE RECORD of HEAT WINDOW and TIN METAL |

¢
P\ CALCULATED GAS WALL SURFACE

) - h_ A\ N ]

£-
’ﬂ

~ /J.\

/
HEAT WINDOW 09091 FROM GAS WALL SURFACE
N A RO R WY IS (R S

[~ " T
HEAT WINDOW 0066 FROM GAS WALL SURFACE
o) / A L A
TIN METAL "FILM" 0"092 FROM WINDOW
4]
2 6 8 10 12 14 16 18
TIME FROM IGNITION, SECONDS 4039

Fig. 4.

8¢<



TIN NATURAL CONVECTION FILM HEAT TRANSFER COEFFICIENT CORRELATION

15

[ ]
Nnu=0.188 (Ngr x Npr)"*

10
8 : />’£
A
5 6 S 7/
c =gl \ N
Z po’ 3
~ A S
-
4 Nnu = NUSSELT NUMBER- |+
Ngr = GRASHOF NUMBER
3 Npr = PRANDTL NUMBER
: ; L
]05 2 4 6 8 !06 2 4 8 107
Ngr x Npr 3843

Fig., 5.



TIN, SODIUM, and LITHIUM NATURAL CONVECTION FILM HEAT
TRANSFER COEFFICIENT CORRELATION LINES

20 [ 1 1 1 & 1 7 11l
METAL Nepr EQUATION
15—
LITHIUM ~ 0.0199  Nnu =0.257 {Ngi x NP,)0.25\I\ 1
TIN 0.00563  Nnu'=0.188 (Ngr x Npg)c,ii | g
10}— SODIUM  0.00482  Ninu =0.179 (Ngr x Np “ ] ]
8 > = — s
Z 4
7/ =
4 /ﬁﬁ“
3
2
10 2 4 6 8 106 - |
Ngr x Npr o

coe



PRANDTL NUMBER, Npr VOLC

261

Fig. 7.

L 440
3
2 9 420 T e
8 <
& & 0.6
g'-:, ] S— PA e
e}
L D G o, Koo o T
0.016 \ B D e e e Y A T
0.012—— s
0.008
£ 1= e
gé 22 N R S 3/"0
% x »O/Z?/
8 ;‘i;\‘ 20 - w,ﬁﬁ?g-(ii__......,,,,_,_...,_“,~
gg 18 J/O’
2 >
" DENSITY, VOLUME COEFFiCIENT of EXPANS!ON, PRANDTL
NUMBER THERMAL CONDUCTIVITY, %nd VISCOSITY, of
4.6 N LIQUID TiN to 1600°F,
4.2
T
é 3.8 \:\\
Ry N
< K\O\
E 3.0 \
5 o
Q 2.6 e o
=
2.2 N S N e,
400 800 800 1000 1200 1460 1600
TEMPERATURE, °F, 4041




262

DISCUSSTION
MR. STEIN: Just one remark of amazement: that Eckert's relationship
derived fer a certain specific situation, could represent the results ob-
tained from traunsients and confined space, with gravity oriented in a

peculiar way.

MR. DESMON: In & rocket-nozzle firing, the transients don't last
too long. The total firing times were of the order of one hundred to two
hundred seccnds; and the transients are pretty well over with by six to

~ten seconas. They just contribute to the scatter in the data; that's all.

We have a lot more data which doesn't appear in this paper, which,
in its final form, will be given at the AICHE meeting in December at

Houston.

MR. CHEN: I thought that I noticed g-values of 1.18 and 1.0. I
wondered why you went to all the trouble of a centrifuge device, if that's

all you are getting.

MR. DESMON: This overall program had three liquid-metal investiga-
tions; tin, sodium and lithium. This is ocne~third of the data, the data
of liquid tin. With liquid lithium we had accelerations up to 14.25 g,
and found in that investigation that g to the .25 in the Grashof number
did an adequate Jjob of incorporating acceleration into the dimensionless

correlation.
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I. INTRODUCTION

Recent advances in the technology of nuclear power reactors such as
FERMI, and of experimental breeder reactors such as SHE and HNFF, and also
of rocket auxiliary power systems such as SNAP (where liquid metal vapore
jzation will occur in an advanced Rankine cycle) have created a great de-
mand for investigating and understanding the process of bolling liquid
metals.

Liquid alkali metal pool boiling data is ?gi;essiirse, and the small
amount of available data scattisers considerably 7%~ (as shown in Fig. 1
and Fig. 2) so that good engineering designs of the above-mentioned systems
are very difficult.

It is felt that the primary cause of a lack of reproducibility in boil-
ing liquid metal data is due to poor control of surface conditions (i.e.,
poor control of surface physical roughness and surface contamination, and

also the wide use of many different surface materiala).

II. OBJECTIVE

The maln purpose of this research program is to sstablish an experi-
mental procedure for cleaning, evacuating and filling a piece of equipment
which will yield reproducible pool boiling sodium data for a given set of
boiling surface conditions, and to investigate the effect of various
surface finishes and sdditives on the nucleate pool bolling sodium curve.



I1I, BACKGROUND

Theoretical Results

It 18 now generally agreed that in nucleate pocl boiling, the heat
transfer coefficient can be writien as

h e (n/A) (T, - 7 _,,)° e (1)

sat

where (n/A) is the number of active cavity sites per unit ares of the
boiler surface. Several investigators(5’6) have shown that the critical
wall superheat necessary to initiate the growth of a bubble from a cavity
algo depends on the surface geometry

(1, - T_,,) o~ fh oo (2)
[+

887 it

where r, is the cavity mouth radius of a nucleating site.

Thus, it is evident from the form of equations (1) and (2) that the
condition of the boiler surfece plays a twofold role in nucleate boiling
heat transfer; first, surface conditions can alter the cavity size distri-
bution of a boiler surface and second, surface conditions can alter the
stability of & nucleating site and thereby control the degree of superheat
necessary to initiate nucleate bolling.

Experimental Results
(5)

of surface roughness on nucleate boiling heat transfer coefficients, They
boiled Freon 113, diethyl ether and n-pentane off copper and nickel plates

Corty and Foust were smong the first to extensively study the effect

for different surface polishes, and found that notonly the position of the
boiling curve, but also the slope depends on the degree of surface polish.
later, Berenson 7) showed that for bolling of n-pentsne off copper, nickel
and inconel flat plates, the surface roughness can increase the heat transfer
coefficient by as much as 500%, as shown in Fig. 3. More recently, Bonills,

Grady and Avery(g) found that by applying sharp parallel scratches onto the
boiling surface, heat transfer coefficlents for water increased by as much

as 88% and for mercury with 0.1% sodium by as wmuch as 116%.
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Since different solid metals have different grain structures which can
alter the size and shape of microscopic cavities on the boiling surface, we
would expect that surface material would also affect the nucleate pool
boiling curve. Both Stock(g) and Eeranson(v) show similar results for the
effect of surfarce material. Fig. 4 shows that ihe healt transfer coafficlients
increase by as much as 200% depending on the mataerial used.

Other variables which effect the surface snergy of = given mstal (chem~
ical contemination in the form of oxides, chemical contamination due to
additives, the state of stress, etc.) can alter the wetting characteristics
of a boiling fluid and also cause changszs in the nucleate boiling curve(lo’lhjzl

Since none of the abvove effects have besn aystematically investigated
for alkali metel boiling systems, the importance of thls research werk is
quite evident,



IV. EXPERIMENTAL DESIGN

Since this research program is the first of its type at M.I.T., in
order to begin the design of the equipment, the following conditions were
established:

1. The working fluid should be sodium because it is inexpensive,
its propertles are well tabulated, and becmuse its corrosivs
capabilities are rather wsll known.

2. The boiling system should be & static, closed capsulewith no
loop operation.

3. The boiler surface should be & horizontal flat plate because
this is a simple geometry, & large amount of horizontal flat
plate boiling data is available for comparison, and because it
is the simplest geometry on which to regulate surface finishes.
4. The boiler surface must be easily removable to allow for
different surface polishes, surface materials, etc,

5. The system must be designed as simply, aa =afely, and as
flexibly as possible.

With these "parameters® in mind, the final design resulted in &
system where sodium would boill off a flat plate, rise up a vertical pipe,
and condense due to forced convection of air. The boiling system is shown
schematically in Fig. 5.

The mejor components are the main heater, boiler~condenser, high
vacuum system, helium cover gas line, sodlum fill and drain system, and

instrumentation. These main components are now described more fully.
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Main Heater

In order to interchange boller surfaces quickly and with relative eass,
it is nsceasary that the main heater should not be an lntegrsl part of the
boiling test plate; therefore, radiant lype hesting was decided upon. The
heater consists of thres tantalum-10% tungsten filaments clamped in series
betweaen two wmolybdenum bus bars. The filaments are .010% thick, 1" wide
and 4" long., They are corrugeted with an internal angle of 300 for two
reagons: first, to give added strength at high temperatures and second,
(13), the effective emissivity increases by
roughly 200%., A large DC power supply, rated at 1200 amps, 20 volts, will

according to Sparrow and Lin

pass up through internally water cooled copper electrodes to the molybdenum
bus bars and across the electrlcal filements. High temperature slactrical
insulators made of high purity aluminum oxide are used to channel the current
so that the three filaments are connected in series. Fig. 6 shows ths heater
assembled, with six concentric radiation shislds (the two inner made of .010%
thick molybdenum, the four outer of .019" thick stainless stesl 304) and

nine horizontal .019" thick stainless steal 304 radiation shields to reflect
as much heat as possible toward the boiler plate. These shislds have been
polished on the inner face to a mirror finish. The electrical filaments will
operate up to a maximum temperaturs near 4500 o (the melting point of
tantalum-10% tungsten 1s approximately 5300 °F), and it is expected that heat
fluxes as high as 500,000 Btu/hr ft? will be reached. To prevent complete
oxidation and burnout of the filamenta, a& vecuum betwesn 1074 om Hg and 1077
mm Hg must be maintained.
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Boiler-Condenser

The boller 1s a 2~1/2" schedule 40 stainless steel 316 pipe, 1 ft.
long. Fig. 7 shows an exploded view of this plece of equipment. Boiling
will take place from a horizontal, flat, nickel disc 2~7/8" in diameter and
3/4" thick, electron beam welded by means of a .030" thick collar onto the
stainless steel 316 pipe wall. This method of attachment was decided upon
because the slectron beam weld can be ground off the collar, leaving the
boiler plate ready for refinishing and for re-welding to the pipe wall. It
is expected that each collar can be re-wslded about four times. Also,
electron beam welding is the purest weld possible and eliminates any oxide
formation, The bottom of the boller test plate 1s flame sprayed with a
thin coating of "Rokide A" aluminum oxlde to increase its emissivity,
Thermocouple wells, 1/16" in diameter, have been drilled at a number of
axial and radial positions in the test plate to insure an sccurate recording
of the temperature distribution. The boilsr pipe is flanged 9" above the
boller surface to allow for easy dismantling. This flange is grooved to
accommodate a thin nickel gasket, Stainless steel knife edges, nachined
in the groove, provide a tight seal, The condenser section is a 2 ft. length
of stainless steel 316 pipe with 18 copper fins, 18" long, 1-1/4" wide and
1/16" thick, hydrogen brazed on the outside,

High Vacuum System
The boiler and heater are contained within s 14" CD, 18" long, stainless

steel 316 vacuum chamber, flanged at the top and bottom for easy access,
Aluminum "0" rings are used 1n these flanges for a high temperature vacuum
seal. The high vacuum line 18 a 4" schedule 40 pipe line connected to a
flexible steel connector, a 90° elbow and a 4% vacuum diffusion pump.
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Helium Cover Gas Line

In order to maintain the sodium as free of oxides as possible, helium
will be used as a cover gas. Pressures will range from 10 mm He to 760 mm Hg.
The helium will be dried end filtered by flowing through a molecular sisve
bed (1/16" diameter pellets of an alkali metal alumino silicate) at liquid
nitrogen temperaturss. Ths entire helium gas line is 1/4" stalnless stesl
316 tubing snd all valves are Hoke type TY440.

Sodium Fi11l and Drain System

Sodium will be stored in two tanks (one for filling, one for draining),
4=1/2" 0D, 6" high with Viton "O" ring seals. The fill and drain lines are
3/8" stainless steel 316 tubing. Both the tanks and lines are electrically
heated to keep the sodium molten. Sodium will be filtered before entering
the boliler by passing through packed, fine grade, stainless steel wool. All
valves ars Hoke type TY445.

Ingtrumentation

Six platinum-platinum 10% rhodium "Ceramoc" type thermocouples will be
used at different axial and radial positions in the test plate. These
thermocouples ars 1/16" 0D, inconel sheathed, magnesium oxide insulated,
and are speclally calibrated at 1400, 1600, 1800 and 2000 o by the Thermo-
electric Company to within sn accuracy of less than 0.25%. Four chromel-
alumel "Ceramo" type thermocouples, 1/8% OD will be contained inside 1/4" OD
horizontal stainless steel 316 wells to measure the sodium pool temperature
distribution. These thermocouple wells are locatad 1/2%, 1", 1-1/2% and 2"
above the boiler surface. Another chromel-alumel ®"Ceramo" type thermocouple
1/16" OD will be contained within a 1/8" OD stainless steel 316 tube and will
dip down vertically into the sodium pool. Pressura in the helium line is
measured by a Marsh compound pressure gage, and an open end manometer.

The heat flux can be calculated directly, knowing the thermal conduc-
tivity and thermcccuple locations accurately, by measuring the temperaturs
differentials between paired thermocouples in the boiler plate. The wall
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temperature can be determined by exirapolating the plate thermocouple
readings to the boller surface. The saturation temperature of the sodium
can be determined either by measuring the temperature distribution in the
sodium pocl, or by using the temperature corresponding to the measured

saturation presaure in the vapor space,

V. IIME SCHEDULE

The boiling apparatus is about 80% complete. Fig. 8 shows the partisl
assembly of the system including the air blower, condenser cover, vacuum
chamber, vacoum pumps, cooling water connections, steel enclosurs, etc,

5

The vacuum system has been tested and a vacuum as low as 2.5 x 10 “mm Hg
heas been reached. The electirical heaters will be tested next, and the
gystem will be "debugged" throughout September.

Experimental runs should begin sometime in October.
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Fig. 6 ASSEMBLY OF MAIN HEATER WITH RADIATION SHIELDS
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DISCUSSION

MR. BALZHISER: First, you made a statement which intrigued me. The
fact you wouldn't expect the type material used in the surface to affect
the results, and second, I wonder--our experience with nucleate boiling, T
assume by the way you are going to extrapolate and use the thermocouple
readings in the plate and get the flux--our experience with nucleate boil-
ing is that the fluctuations are extreme, and might cause a bit of trouble

in trying to extract flux from this sort of reading.
MR. ROHSENOW: This is in liquid metal? You have more fluctuations?
MR. BALZHISER: Substantially more.
MR. ROHSENOW: We hadn't been aware of that, with liquid metals.

MR. BALZHISER: We plan to do this same thing with a film-boiling
regime. It appears, there, there is greater stability. But when we are
inclined to go up and get down in the nucleate regime, we observe rather

sizable fluctuations, which poses a problem.

MR. ROHSENOW: You have two questions, there. The one, so far as
whether the material surface itself, the kind of material of the heated
surface, has any influence. Peter Griffith and John Wallis investigated
this kind of a thing with a boiling apparatus very much like the kind we
have here; the kind Paul Berenson used. They counted a number of points
where boiling took place on the surface. Plotting n/A against the wall
temperature, minus saturation, he got three curves, one each for water,
methanol and ethanol.

Then they went through AP = %? and with this AT took every point on

the curves for the different fluids each with different properties, and
computed r. When they plotted n/A against the computed r, all of these
curves fell on a single line. This suggests, then, that this is the
minimum cavity size active for a given boiling condition, or a given AT;
actually this is the integral of a kind of a distribution function which
is n/A between D and D plus AD, say, plotted against diameter, or cavity

radius.
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There is a hint, here, pretty strong hint, that cavity size distri-

bution is important.

As to surface temperature fluctuation, this technique of measuring
with the thermocouple in the surface is used with non-liquid metals, and
if we have trouble with liquid metals, T guess--we will find that out in

October, and do something about it.

MR. BERENSON: If I may, I would like to expand on your answer to
Dick's question. I think the effect that was shown in the slide, where
we tested copper, inconel and nickel, part of it is probably due to a
difference in hardness-yielding, different cavity distributions on the
surface, even with the same surface-finishing technique; but I suspect--
I'don't have any proof of this--that part of it is also due to the thermal
properties of the surface material, and I think this is--the property
that I think of is the thermal diffusivity. Right above the surface you
get temperature fluctuations as the bubbles grow in the pores, and these
have been measured with surface thermocouples that were developed mea-
suring the temperature fluctuations right at the point where a bubble
breaks off. As this surface temperature fluctuates, this must have asso-
ciated with it a certain heat-transfer resistance as the temperature re-
covers under the bubble after the bubble leaves; and I would think that
this thermal diffusivity for the surface very low diffusivities, for in-
stance with inconel, could begin to contribute to the overall boiling
resistance. When I plotted the data as the temperature difference versus
thermal diffusivity, the temperature required at a given thermal heat flux
increased drastically as you got to inconel, which has a very low thermal

diffusivity.
This is just a conjecture. I think there might be a material effect.

MR. ROHSENOW: We have always wondered about this influence. On the
other hand, the material effect seems not to be present when we are getting
our burnout points except for very thin material. With a thin ribbon, of
.001 of an inch, as opposed to 1/16 of an inch, the measured (q/A),,.i¢ 18
lower. But that evidence would say that the properties of the surface
itself ought not to play a role, perhaps only the lateral conduction re-

sistance. We don't know the answer to that.
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MR. GROSSMAN: Just to be sure the paper is technically accurate, in
your introduction you made a couple of errors I think you want corrected.

1"

You refer to the STR and HNPF reactors as "breeder reactors". They are

not. They are thermal reactors.
MR. ROHSENOW: Experimental thermal reactors.
MR. GROSSMAN: Experimental sodium reactors.

The other one is on SNAP--I hope I don't hurt any feelings here--but
the SNAP cycles have not been settled, as such. 5o if you want to speci-
fically refer to it as SNAF mercury cycles~-~but there may be Brayton cycles
or other cycles in SNAP. This is not heresy, here, but I Just wanted to

say that.
MR. ROHSENOW: Thank you for those refinements.

MR. CHEN: We have been thinking along the same line and have reached
the same general conclusions that you have indicated for the study. We ran
into some difficulty that perhaps would give us an insight on it at this
time. First, when you mentioned the distribution of cavities, the thought
is that with a change in cavity size, you get a different free energy re-
quired for nucleation of a bubble, corresponding to that dimension. For
this reason I believe we and you are looking into cavity distribution on
the surface, and the trouble is we find that most cavities on surfaces are
not pits or cones, so much--unless you go to the trouble of putting them in
that way. Most of them are grooves and scratches. We have some difficulty
in visualizing why in, say, a unit area, with all scratches running pretty
much in one direction, how many pits would you have; or how many cavities
would you count along the length of a groove. We have difficulty in char-

acterizing the so-called surface cavity distribution.
MR. ROHSENOW: We agree--by the way! That's difficult!

MR. CHEN: ZExperimentally we also have g 2-inch disk--yours is 2 l/8~
inch. When we find that conditions for which we have been working with a
very smooth, polished surface, so that there are very few micleation sites,
it is extremely difficult to iliminate the condition where the edge of the

test section joins into either your test vessel or skirt, to eliminate
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cavities there, which sre much larger and more likely to nucleate than

the test surface of The wass which you measure.

MR. ROHSENOW: We are expecting some trouble there. We may have to
move ‘the joint up higher, away from the heated surface. We may have to
put in & little cooling, there, to prevent cavity nucleation at those

points. We have this in mind, but we thought we would try it first.

The other guestion on nucleation: Peter Griffith has made up, some
while ago, a boiling slide that we have exhibited arcund the country in
various places. We put it in a lantern and have an electric wire with
water right before your eyes, hoiling, and put the experiment on thé

glide.

If you go up to the extreme and have nucleate boiling coming off of
a point on the wire, and you put your finger there, pull the electric plug
stopping all boiling, then replace the plug, boiling comes back right at

that same point.

So as far as whether grooves are really important here, or not, I just
don't know. Bub it 1s possible that the cavities that we are talking a-
tout are in the grooves, within the groove itself. And in that case you

wouldn't have much difficulty.

This kind of a study, suggested here, seems to be valid only at low
heat fluxes, that is, under conditions of pool boiling. Whether this kind
of an analysis is true with liquid metals, is another question, where per-

haps the heat fluxes would be a little higher, with a lower AT.

This simple analysls doesn't work in forced convection, There is a
dynamic effect that Hsu and Graham are espousing. We modified their
suggestion in a paper that we presented last month at the National Heat

Transfer Conference [Bergles and Rohsenow, ASME Paper No. 63-Hr-22].

MR. TEPPER: This might not be germane to the talk, but T was won-
dering what would your feelings be with regard to the effect of the
application of an ultrasonic beam to the wall on the number of nucleation
sites, on formation of a large number of smaller bubbles, and on rate of

departure of the bubbles from the wall?
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MR. ROESENOW: I guess you would have a more rapid departure by the
Jiggling. But what secems to happen is that more rapid departure is asso-
ciated with smaller bubbles. The net effect of ultrasonics is that the
frequency increases, but the diameter goes down. The net effect of this
seems not to influence the heat transfer very greatly, except at the burn-
out condition, the maximum flux. With tThe smaller bubbles, you would be
able to go to higher burn-out heat fluxes, but it doesn't seem to Influence
the position of the boiling curve very greatly. That hasn't been investi-

gated as thoroughly as it should be.

MR. BALZHISER: The way you have that last picture on the board, I
would like to make one comment. It might be interesting to contrast that
sort of behavior, which you might expect with water, with what we would
expect for liquid metals, where we have extremely high thermal diffusivity.
You may actually experience lines on that scale which are essentially
horizontal; and when we are well out away from the wall, we have actually

measured this.

MR. ROHSENOW: Yes. This is what happens at low heat fluxes with
water al very low forced convection, or natural convection pool voiling.
The slopes of actual temperature curves are very shallow, being tangent
to the 20/r curve at larger cavity sizes which do not exist in the surface,
Therefore higher superheats are required to nucleate the smaller available
cavities. At the lower heat fluxes (natural convection, or very low forced
convecticn) this theory doesn't hold very well. It simply means that the
AT's predicted are very much lower than those actually measured. This is

probably what happens with liquid metals.
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POOL BOILING OF POTASSIUM

Introduction

The use of liquid metals in space~oriented Rankine cycles necessitates
a thorough understanding of flow, quality and gravity effects, as well as
the effects of temperature, pressure and heat flux on boiling phenomena.
The sparcity of such information makes it difficult to engineer these systems,
The urgency in obtaining boiling heat transfer data for liquid metals flowing
in tubes and other channels is great, and such experimental investigations
have now become an integral part of the overall space program.

Information on pool boiling can be of considerable value in the inter-
pretation and correlation of forced convection boiling. For instance, low
vapor quality forced convection boiling heat transfer coefficients would not
be expected, normally, to fall below pool boiling coefficients. Thus pool
boiling data can serve as a guide as to whether proper boiling is being
obtained in a loop, e.g., whether good wetting occurs, whether some unexpected
resistance in the heating path or error in the temperature-measuring instru-
mentation is present, etc, Furthermore, the effecl of additives and other
changes of operation in loops can be readily obtained, at least qualitatively,
In addition, it may well be found feasible and desirable to express forced
convection liquid metal boiling by means of pool boiling correlations or results
with an additional forced convection term or multiplying factor, similar to the
correlation of Clark and Rohsenow L) for water, This might be particularly
true for burn-out heat flux,

Previous Liquid-Metal Pcol-Boiling Experimental Work

The fi Ss ?ggad boiling study of several metals was published by R,E,
Lyon, et al in 1953, The metals studied were mercury, mercury plus
0.10% sodium, mercury plus 0,02% magnesium and a trace of titanium, sodium,
sodium-potassium alloy and cadmium., These metals were hoiled on a single
horizontal type 316 stainless steel tube five inches long. All data were
obtained at atmospheric pressure with nitrogen cover gas, Heat fluxes up
to 130,000 BTU/hr £t2 were obtained., Nucleate boiling heat transfer coef-
ficients of nearly 15,000 BTU/hr £t?2 OF were reported for sodium boiling at
1620°F and sodium~potassium alloy boiling at 1500°F with a temperature
difference of less than 10°F, Lyon reported, however, that temperature
difference in this region was independent of heat flux, Cadmium and pure
mercury experienced only film boiliug upon reaching the saturation tempera-
ture, This phenomenon was attributed to non-wetting, since when wetting
agents were added to mercury, nucleate boiling and high heat transfer coef-
ficients were observed,
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Starting in 1952 more extensive data on heat transfer to pool-boilin
mercury and mercury with wetting agents were obtained by Bonilla, et al 4
Mercury was boiled on an electrically-heated horizontal low-carbon steel
plate at pressures from 4 mm. of mercury to 45 psia, depths of 2 to 10
centimeters and heat fluxes from 4000 to 200, 000 BTU/hr £t2, These data
agreed well with those of Lyon 3 on mercury. Some of the conclusions drawn
from this investigation were: (a) Nucleate boiling at a given heat flux
requires decreasing temperature differences with increasing pressure for all
pool depths, (b) for pure mercury both the addition of wetting agents and a
long boiling period tend to increase the heat transfer coefficient, the former
having a greater effect than the latter, (c) higher noise levels are gener-
ally observed at higher heat fluxes in nucleate boiling, (d) pool boiling
mercury - a dense metal, of low kinematic viscosity - mixes well, showing
little or no superheat in the liquid.

Lin(5) boiled mercury at lower heat fluxes at pressures from one to
eleven atmospheres. Contrary to the results of other investigations, he
indicated that as pressure increases the heat transfer coefficient to boiling
mercury decreases,

In 1960 Avery and Bonilla(6’7) boiled mercury and mercury with 0.1%
sodium near atmospheric pressure and studied the effect of surface roughness.
Boiling was accomplished on_the same smooth horizontal low-carbon steel plate
apparatus previously used 4 , and on another similar one. Despite efforts to
reproduce surface conditions, the two smooth plates gave considerably different
heat transfer coefficients., The authors concluded that boiling coefficients
can be improved by deeply scratching the surface, the (fairly critical)
optimum spacing of parallel scratches being approximately twice the bubble
release diameter given by Jakob & Linke's formula. The use of cover gas does
not appreciably affect the heat transfer characteristics of the boiling pool
and the effect of surface grooves increases percentage-wise with increasing
heat flux over the range covered of up to 100,000 BTU/hr x sq.ft.

. (8,9) . . . . .
Madsen and Bonilla boiled sodium~potassium alloy on a horizontal
low-carbon nickel plate, Pressures ranged from 2 mm. of mercury to one
atmosphere and heat fluxes from 20,000 to 135,000 BTU/hr ft2. Using a statis-
tical analysis of the data, which exhibited considerable scatter, the authors
showed that boiling heat flux was proportional to the 1.24 power of the tem-
perature difference between the boiling surface and the vapor space. For a
given heat flux Madsen and Bonilla's data showed a temperature difference
roughly five times that determined by Lyon(g). Unlike Lyon, Madsen and
Bonilla found a considerable temperature gradient within the boiling pool,
with much superheat at the bottom. This might be explained by the difference
in pool geometry, Lyon's larger pool and smaller horizontal tubular element
promoting a stronger convection current, which tended to eliminate tempera-
ture gradients., FEvidently the higher thermal conductivity of alkali metals
does not cause greater temperature uniformity in the pool than with mercury,
as might have been expected. Instead, the larger Rayleigh number of mercury
yields stronger natural circulation, and transport is the dominant process of
sensible heat transfer from the heated surface to the liquid-vapor interface,
rather than conduction.
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Another recent investigation is that of Noyes(lo) on pool boiling
sodium, The liquid metal was boiled from the surface of a 3/8 inch 0,D.
horizontal test section. Measurements of surface temperature and heat flux
during nucleate boiling were made at pool temperatures from 1200 to 1500°F
and at heat fluxes up to 800,000 BTU/hr ftz. Correlation of nucleate hoiling
data showed heat transfer coefficients somewhat higher than previous predic-
tions., Heat flux was found to be propoxrtional to the 2.35 power of the tem-
perature difference., Burn-out heat fluxes were determined at low pressures,
and correlated and extrapolated to higher pressures, yielding 1.9 x 108 BTU/
hr sq ft at atmospheric pressure,

. (11) . . . .

Englebrecht and Bonilla have pool-boiled potassium and rubidium in
conjunction with a study of condensation of these vapors, Heat fluxes were
low, ranging up to 5,000 BTU/hr ftz, and pressures were in the range of 0,1
to 1 psia, Boiling was at the cylindrical inside walls of large vertical 304
stainless steel tubes, the boiling temperature difference being measured by
differential solid~liquid metal thermocouples., Heat transfer coefficients
were, surprisingly, found to agree closely with Madsen and Bonilla's empirical
lines of q/A vs At for NaK, extended downwards.

12
At present, results are becoming available from Balzhiser et al( ) on

their program on the pool boiling of potassium. As they are preliminary, and
generally circulated to this group, they will not be discussed at present,

Present Pool-Boiling Program with Potassium

The current General Electric program for NASA under contracts NAS 5-681
and 3-2528 has as its principal objective the evaluation of potassium for
Rankine cycles, It has been seen that when this program started there was no
information on the boiling of potassium at substantial heat fluxes, Accord-
ingly, for rapid early orientation in the overall program it was decided to
carry out any feasible preliminary pool-boiling potassium experiments on
equipment already in existence, and to simultaneously undertake the design
and construction of a more adequate apparatus for a later extensive study.
This papexr describes the results of the first study, and the equipment that
has been completed for the second one.

Equipment

The equipment ava%%agﬁe for the first study was basically that employed
by Madsen and Bonilla ’ with NaK. Figure 1 shows the general arrangenent.
Boiling was accomplished on a submerged horizontal nickel plate. The boiling
chamber, consisting of a 3 in. Sch. 40 type 316 stainless steel pipe, was
welded to the heater plate at one end and to a stainless steel block serving
as a reflux condenser at the other end. The heat was supplied electrically
by means of a molybdenum resistor wire wound around and electrically insulated
from molybdenum fins which were brazed into slots milled on the underside of
the nickel plate, The heat was removed from the condensing surface by cooling
water passing through channels drilled transversely through the condenser
bleock.
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The bottom of the pool for this study was made from a high purity-low
carbon nickel plate provided by the International Nickel Company. The plate
was turned in a lathe to the desired dimensions (Figure 2) and then vacuum-
brazed onto the bottom half of the A-nickel heater plate and its attached
heater and housing that had been constructed by Madsen and Bonilla(srg). The
A-nickel was topped with low-carbon nickel because it had been found in the
previous study that graphite separation in the A~-nickel at some 800°C soon
rendered it porous.

Three holes 0.041 inch in diameter were drilled into the low-carbon nickel
plate parallel to the heat transfer surface. The holes varied in length, and
in depth or distance from the heating surface. The length differences were
intentional, for the purpose of observing any variation over the boiling area.
The depth variation resulted from the difficulty of controlling the path of
the very small drill through the nickel plate, but was not a significant dis-
advantage.

In order to minimize conduction from the heater plate to the chamber wall,
it was decided to make the bottom of the wall relatively thin over a reason-
able length, as in the previous pool-boiler E . Also, it was desired to avoid
a weld or undue thermal stress directly at the outer edge of the boiling
surface. Accordingly, the boiling plate was made by turning down a 3/4 inch
thick plate, leaving a thin rim at its outer edge, as shown in Figure 2.
Unfortunately, a short thickened shoulder remained above the plane of the
boiling surface due to an oversight. 1In addition, a fall-through in the weld
of the plate rim to the pipe wall could only be repaired by building up the
thin wall thicker at that point. For symmetry the welder then built up the
rest of the thin wall. Fortunately the added metal was stainless steel weld
rod, of low thermal conductivity. Neither defect was corrected because of the
impossibility of turning the whole apparatus in available lathes and fear of
damaging the boiler if done otherwise.

Stainless steel sheathed, chromel-alumel Ceramo type thermocouples were
used to measure the temperature in the heater plate and in the boiling pool.
Three 40 mil thermocouples were placed in the 42 mil holes in the heater plate.
The close clearance supported the assumption that the effective positions of
the hot junctions could be taken as at the axis of the thermocouple holes.
After many hours of operation it was found that the thermocouples could not be
removed from the holes. The oxide formation between the sheaths and the holes
had obviously cemented the two, further strengthening the assumption as to
location of the thermocouples in the holes. The thermocouple used to measure
the vapor space temperature was a 1/16 inch stainless steel clad chromel-
alumel couple, This thermocouple could be raised or lowered in the well and
could thus be used to determine the temperature profile in the pool. All
thermocouples, with the exception of two only used in the heat loss runs were
calibrated against a standard Pt-Pt 10% Rh thermocouple. The 40 mil heater
plate thermocouples were found to agree very well among themselves and with
the standard. A correction of only 1°F at 1500°F was found, and since this
error is within the accuracy of the standard no correction was applied to
these thermocouples.,
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The Ni-K-Ni differential thermocouple consisted of a nickel wire dipping
into the boiling metal and another nickel wire connected to the nickel heater
plate, The nickel wires were made of high-purity low-carbon nickel as was the
heater plate., However, a slight difference in composition between the wires
and the plate resulted in a small emf being generated at their junction. This
emf was measured vs, temperature and taken into account when considering the
actual emf of the differential thermocouple. The Ni-K-Ni differentia%lggermo~
couple emf was converted to boiling A t by available calibration data > ~7.

For the lead into the boiling metal a ball was made on the end of a
nickel wire by striking an electric arc between the end of the wire and =z
graphite slab undeyr a pool of glycerine. The wire was theun threaded through
a 1/8 inch I,D, stainless steel tube and pulled tight until the ball was
firmly seated, then welded to the end of the tube. It was electrically
insulated from the tube by ceramic beads. This tip was placed 3/8 inch above
the boiling surface, The other wire was welded to the bottom of a thermo-~
couple well in the heater plate by condenser discharge.

Experimental Procedure

Before assembling the apparatus, the boiling chamber was filled with con-
centrated hydrochloric acid and allowed to stand for one hour in order to
dissolve oxide and welding flux, After Lthe acid was drained the chamber was
flushed several times with distilled water and helium leak-tested. The
apparatus was not considered ready for charging until a vacuum of less than
1 mm Hg, abs. could be maintained overnight at 1000°F with the vacuum pump
turned off.

The heat loss from the heater housing was determined in order to calcu-
late the net flux to the boiling plate by subtraction from the total elect-
rical energy input. This was accomplished by heating the empty apparatus
under a high vacuum before charging. At several power inputs the plate tem-
peratures, condenser block temperature, heater resistance, temperature profile
along the chamber wall from heater plate to condenser block, and temperature
profile along the inside wall of the stovepipe were recorded. Subtracting
the loss through the insulation along the chamber wall plus the loss from
the condenser block to the atmosphere from the power input gave the net loss
from the heater to the room through its thermal insulation, This loss is
plotted in Figure 3 against heater resistance, the resistance being a good
measure of the average temperature of the winding, and thus of its housing.
This figure has been published previously 1 . At the highest temperatures
the heat loss amounted to some 25% of the heat input at high heat Tluxes,
However, it was believed to be known to some 5%, thus was not a substantial
source of error.

The first group of data (see later) was taken without argon cover gas.
The valve to the manometer system was closed to prevent potassium vapor from
entering the system tubing from the boiliung chamber. The boiling pressure
during these runs was taken as the saturation pressure corresponding to the
observed vapoyr space temperature
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After one day of operation without cover gas, it was decided to switch
to operation with argon at pressures ahove atmospheric. In this mauner
pressure control was much more accurate and rapid, Also, operation might be
continued in the event of a slight leak, since the leak would be outward from
the chamber or tubing and could possible be sustained or even repaired without
contamination of the liquid potassium. Pressure was controlled by setting the
argon to the desired boiling pressure. It was uoticed that when sizable rates
of cooling water were passed through the condenser, the pressure fluctuations
normally observed with pool boiling ceased. This was attributed to plugging
of the line to the manometers by solidifying potassium in the hole in the
block. The plug could be removed by applying a Bunsen flame to the condenser
block,

When steady state operation was reached, as evidenced by the lack of drift
of the heater plate thermocouples, the following measurements were recorded;
plate, differential and vapor space thermocouple emfs, manometer readings and

ammeter, volitmeter and wattmeter readings. The raw data are tabulated else-
where(18,17,18)

Data Reduction

The rate of heat transfer through the horizontal surface was determined
by subtracting the heater loss and the conduction loss up the chamber wall
from the total power input, which was the wattmeter reading less the IzR drop
in the leads from the wattmeter to the heater., Dividing the results by the
horizontal heat transfer area gave the heat flux g/A,.

; A . (17) .

As a first rough method of analysis , the heat escaping up the walls
of the boiling chamber was taken at 15% of the total, based on an estimated
average effectiveness of the walls as uniform infinitely long fins. Recog-
nizing that the walls are not uniform in thickness or material, a second
process employed was the construction of a large scale model of the cross
section of the wall in Teledeltos paper, simulating the poorer thermal con-
ductivity of the stainless steel weld metal overlay by perforations(lg). The
analog was run with a number of different values of constant heat transfer
coefficient at its inner surface and the results correlated graphically, Trial
and error was of course required in finding the resultant boiling heat flux in
order to compute the boiling heat transfer coefficient to be used also on the
wall,

Although the results obtained using these two methods of correcting for
wall heat loss did not differ widely, it was decided to use yet a third pro-
cedure for the final results(lg). This method employed a formula derived for
heat lost up the walls which assumes the walls uniform in structure but allows
for the variation of h (or gq/A) to the boiling potassium with change in /i t
along the wall., This method can only be applied to individual points of a
succession of the data points at varying heat flux, so that the correction
effect of At on h or on /A is available., It also requires trial and error,
but only 1 or 2 approximations are required, and it is convenient in appli-
cation. The derivation follows:
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Let T =t where t is assumed uniform in each

wall ~ “potassium’ wall
horizontal plane through the wall and t otassium is assumed uniform through-
out the boiling liquid. P

Let x = distance up the wall from its base, the wall being assumed, for
convenience, infinite in height with the same structure as over its bottom
portion (thin nickel and stainless steel). This assumption is permissible
because the values of h are high. The heat transfer equation can be presented
as follows:

a/A = aT® (1)

where a and ¢ are obtained from a plot on log-log paper of all of the points
of the runs. These points were heat loss corrected q/A plotted vs, the net
hoiling & t, which was corrected for the At lost between the Lhermocouples
and the boiling surface, The chromel-alumel thermocouples were employed to
measure temperature, since the Ni/K/Ni differential thermocouples read too
high, as if a nickel wire were shorted to stainless steel,

The heat conduction equation for the wall, in terms of the internal dia-
meter D, and kS, the sum of the products of the thermal conductivity k and
the cross section S of each material is:

2

avT YYD h
5T kg T (2)
dx

c—1

Replacing h by q/(AT) = aT from equation 1:

T (3)
dx

aT D a (e+l)/2
ax ° ¥ VK S (c+l) 1)

From the condition that at x =o< , T = 0 and dT/dx = O, N wmust = O,
Equation 4 with N = O can readily be verified to give equation 3 by differ-
entiation, Finally:

3 dT _ /2m1Da k § (c+1)/2
Gp = | K8 (;x o Y c+1 T (5

FINAL RESULTS

Applying the above method of data reduction, the preliminary and final
values shown in Table I result{18 . To calculate these data the thermal con-
ductivity of the high purity nickel was estimated ! . To obtain at an
early time the maximum amount of information on the effect of pressure, the
initial runs were made either at low pressures or in the 1 to 2 atmospheres
range. Additional runs were carried out later, but had to be discarded as
less accurate when it was determined that after run D-11 the potassium had
penetrated through the nickel plate at a peripheral spot near the welding
fall-through and had attacked the braze metal beneath the plate. This was
discovered by comparing the run numbers with the thermal resistance from the
molybdenum wire to the boiling plate, employing the electrical resistance
of the Mo wire to obtain its temperature.



TABLE I

POOL BOILING OF POTASSIUM (ref. 18)

Preliminary Values Final Values
(1st Approximation) (2 Re-iterations)
Saturation £ -t t t
Pregsure Temp, q/A w sat q/A w - sat

Run No, mm Hg. °F) BIU/hr ft2 (°F) BTU/hr £t2 °F)
A-1 2.25 682.6 16,530 31.8 15,500 33.9
A-2 2,67 696.1 38,300 73.6 24,100 77 .4
A-3 11.60 821,7 37,100 77 .4 18,700 81.3
A-4 2,66 693,1 56,200 81.7 35,500 82.0
A-5 5.40 752.9 55,400 87 .4 29,900 94 .4
A-6 2.67 697.9 82,300 83.1 63,200 92.9
A-7 993 1452.,0 67,700 15.9 78,100 18.9
B-1 771 1391.5 12,930 11.2 12,100 12.0
B-2 772 1391.5 23,200 13.6 21,000 16.3
B-3 771 13921.5 32,850 14.5 32,400 16,0
B-4 775 1392 .4 47,200 16,5 46,400 19,0
B-5 768 1390.7 69,700 17.8 71,300 20,0
Cc-1 1198 1482.5 24,870 13.8 24,100 15.0
c-2 1189 1480.9 35,850 14 .9 35,700 16.3
C-3 1198 1492.5 41,100 19,2 34,900 22.4
C-4 1186 1480.2 59,700 17.5 59,800 19.9
C-5 1198 1482.,5 71,200 14.9 75,800 17.3
C-6 1198 1482.,5 85,500 14,5 95,400 15.8
D~-1 1501 1532 .6 21,400 12.8 20,900 13.8
D-3 1500 1532.5 39,400 17.7 35,700 20.2
D-4 1503 1532.7 50,500 15,7 50,400 18.7
D-5 1500 1532.5 54,100 16,0 55,900 17.5
D~-6 1498 1532.1 71,500 17,0 65,400 18,9
D-7 1498 - —-— - 76,700 17 .5
D-8 1498 1532.1 78,900 16.6 83,700 18.1
D-9 1498 1532,1 86,600 18.4 21,500 20,0
D-10 1498 1532,1 a8, 000 16.4 107,300 17.3
D-11 1498 1532,1 106,800 18.5 115,500 19,7

These points have been plotted in Figure 4.
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The first series of runs, series A, was taken without argon cover gas.
Most of them were at low pressures, but run A-7 was in the higher pressure
range, as well as at a representative heat flux. A-7 is seen in Figure 4 to
agree well with the other higher pressure runs, all of which employed argon
to control the pressure. Therefore it is concluded that the boiling potas-
sium heat transfer coefficients provided by this apparatus are not affected
by the presence or absence of cover gas, and thus would apply in either type
of operation on a larger scale, provided that any cover gas is kept suffic-
iently away from the liquid surface, It is evident that a clear~cut separa-
tion of the experimental data into low pressure and high pressure values is
obtained, the latter having approximately 5 times as high a heat transfer
coefficient at the same heat flux. This is evidently the effect of gross
pressure difference, the (much smaller) relative variation among pressures
in each group of the data points not showing any substantial trend. h is
seen to be approximately proportional to the (log 5/log (1200/5) ) = 0,293
power of pressure, This is in excellent agreement with 0.30 found for pure
mercury {4), and close to 0.20 found (9) for the binary mixture NaK.

Film boiling is not involved in any of these runs, as bubbling was heard
during all of them. In addition, the slopes (8.7 as drawn for the low pres-
sure points) of the lines are typical of nucleate boiling, not film boiling.
The high value of the slopes agress with Lyon(z), and is presumably due to
the highly uniform roughness of the (polished) nickel plate.

An empirical equation approximately fitting the data, and thus presum-
ably other comparable and intermediate pressures is:

0.115 _-0.
At = 41.5 (q/A) P 293 (6)

where At is in oF, g/A in BTU/hr x sq.ft, and P in mm. of mercury absolute.

Comparison with Available Correlations

23,24,2
Available theoretical and empirical correlations(zz’ »24,25) proposed

for liquid metals, or possibly applicable, have been calculated for the
representative condition of 1400°F and plotted on Figure 4. It is seen that
moderate agreement is reached, but that the correlations spread over the full
range of the experimental points, are yet less self-consistent than the experi-
mental points, and have less steep a slope. Evidently further improvement in
correlations, including the effect of roughness and metal, is necessary before
pool boiling predictions for liquid metals can be made with confidence,

Advanced Apparatus

The advanced type of potassium pool boiler for work at higher pressures,
heat fluxes and roughness has been completed and installed, and operation on
it is commencing. It is illustrated in Figures 5,6,7 and 8 .

The bottom assembly of the pool boiling apparatus is illustrated in
Figure 5, DPower is supplied through tantalum leads held in pressure contact
against the molybdenum heater element, A Cb-1l%r alloy cylinder, which is
brazed to the molybdenum disc, provides the transition between the molybdenum
boiler and the L-605 alloy condenser section. The L-605 alloy bottom shell,
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not shown in Figure 5, contains thermal shielding and provides the vacuum or
inert environment necessary to protect critical molybdenum and Cb-1Zr alloy
components., Instrumentation consists of ten thermocouples, positioned as
shown in Figure 7, within the Mo-0.5 Ti alloy boiler plate., The plate thermo-
couple wells shown as meeting are pairs located at different depths. The
other two wells are for Mo-0.5 Ti wires, to use in differential connection
with similar wires into the potassium pool. Two L-605 alloy thermocouple
wells provide temperature measurement within the potassium pool, including

the separate Mo wires,

Using standard metallographic procedures, the Mo~0.,5 Ti alloy boiling
plate (3-inch diameter x 0.382-inch thick) was polished on one side. The
final polishing operation employed 0.25-micron alumina powder abrasive, From
interferometer photographs as shown in Figure 9 the initial roughness can bhe
determined.

The heating element was produced in the following sequence, Initially,
99.5% purity alumina was flame sprayed to a 0,045-inch thickness. Slots,
0.120-inch wide, were then ground in the alumina so the remaining alumina
was 0,020-inch thick. A 0.030-inch wide alumina spacing was maintained
between slots. Near the circumference, these spacings were removed to pro-
duce the continuous configuration shown in Figure 5. At this point, the
heater was exposed to 27000F for 1 hour in a vacuum to convert the alumina
from metastable gamma phase to the stable alpha phase. Unalloyed molybdenum
was then flame sprayed over the entire surface and ground to expose the
alumina separators at a molybdenum thickness of 0,020~inch. Visual inspec-
tions were made after each processing step to verify the integrity of the
sprayed deposits. To determine the uniformity of the molybdenum heating
element, resistance measurements were made on each segment. A constant
current was introduced at the terminal points and millivolt readings were
taken across each straight segment of the element. A high degree of uni-
formity was obtained, with a total hot resistance of roughly 1 ohm.

Two brazed joints were used to attach the Mo-0,5 Ti alloy boiling plate
to the L-605 alloy containment vessel. The initial joint between the Cb-
1Zr alloy transition cylinder and the Mo-0.5 Ti plate used AS-514 (V-35 Cb)
brazing alloy. Brazing was conducted at 3400°F for 5 minutes. This alloy
possesses excellent metallurgical compatibility with both Mo-0.5 Ti and
Cb~1Z2r alloys. Liquid metal capsule tests had also shown no attack at
1850°F after a 1, 000-hour exposure., The second braze employed H-33 alloy
(21 Cr - 88i -~ 21 Ni ~3,5W - 0,4C - 0.8B Bal, Co)to form the bimetallic
Jjoint between the Cb-1Zr alloy cylinder and the L-605 alloy containment
vessel. Brazing was accomplished at 2150°F in two 5-minute cycles, The
tongue-in-groove joint configuration is illustrated in Figure 6, Radiographic
inspection of both joints revealed no significant defects, Ultrasonic inspec-
tion of the AS~514 braze indicated a minor defect in the outside braze fillet,
The joint cross section, however, was not affected,

Final assembly of the pool boiler consisted of routine fusion welding
of the L-605 alloy and stainless steel components. Radiographic inspection
of each liquid metal containment weld revealed no defects, The final con-
figuration is shown in Figure 8. Both the bottom (left) vacuum jacket and
the liquid metal containment tube, independently helium leak-tested, were
free of defects,
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Figure 5. The Pool Boiler Bottom Sub-Assembly.
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Figure 7. Radiograph of Thermocouple Holes in the Mo-0.5Ti Alloy
Pool Boiler Plate. Viewed from the Polished Surface.
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Figure 8.

The Pool Boiling Apparatus After Final Assembly.
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DISCUSSION

MR. HAYS: I was wondering, yesterday and today, about using the
ligquid metal as one leg of the thermocouple. I notice the traces were
about 200 microvolts, full scalé. Is there any possibility of some kind
of electromagnetic currents occurring when you have the resulting liquid
metal here, and the electric heater, and resulting magnetic field that

could produce the fluctuation.
MR. BONILLA: I don't believe so. The heater employed 60-cycle AC.

The measurements are fluctuating DC, showing only much lower fre-
quencies. It is possible with a potentiometer and an uninsulated thermo-
couple even to measure the temperature of the central electrode of a spark
plug during firing. ©So I don't think there will be any interference on
the reading itself. Another question would be whether the AC heating
affects circulation of the metal, altering the heat transfer. We could
do comparative tests with DC heating as a check, but I don't anticipate

that there would be any effect.

There is quite a thickness of good electrical conductor, nickel and/
or molybdenum, around or between the heater and the pocol. But it is omne
of the things that certainly could readily and will be investigated if it

cannot be ruled out by analysis.

MR. GOLDMAN: Perhaps of some concern too, when you have liquid metal
flow, is that you could get voltages due to the zeta potential between the
liquid metal and the wall; Just a flowing fluid will cause the voltage to

occur.
MR. BONILLA: The Z~-potential? That requires a nonconducting liquid,
doesn't it?

MR. GOLDMAN: No. Any liquid in contact with the wall has a Z-Poten-
tial; and if you have a flow of the potential along the wall, you create

voltages which are measureable.
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MR. BONILLA: ‘There is, of course, a Pelller potential belween any

)_I

iguid and solid metal, as well as Thomsen potentials along each if there
a temperature gradient. Their effects could be investigated by putting
in baffles of some type to change the currvent flow, and see if there is
any change in the heat transfer performance. I doubt that one would be
able to demonstrate anything like that; bubt of course we will operate with
different depths, and with a very shallow pool there might be quite a
difference compared to a deep pool. Previous work with NaK and nercury
have shown no effect, over a sizable depth range; but tha®t is another good

point to investigate.
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SUPFRHEAT REQUIREMENTS WITH BOILING LIQUID METALS

A. I. Krakoviak
Oak Ridge National Laboratory
Ozk Ridge, Tennessee

ABSTRACT

A brief review of boiling for ordinary fluids with emphasis on
the wall superheat required for bubble initiation from a heated sur-
face is presented. Calculations based on an equation valid for normal
fluids indicate that superheats from two to eight times that for water
are required to initiate a vapor bubble in some of the alkali metals.
This high superhest and the high thermal conductivity peculiar to
liquid metals are cowbined to explain the unstable ligquid-metal boil-

ing phenomenon in natural- and forced-circulation loops.
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INTRODUCTION

A brief review of the boiling phencmenon in ordinary fluids (water,
alcohol, etc.) with emphasis on the superheat regquired to initlate a bubble
from a surface may be useful in explaining the ervatic behavior observed in
the natural- and forced-circulation boiling-potassium loops at the Oak Ridge
National Leboratory.

The condition for dynamic equilibrium of a spherical vapor bubble in

a liguid pool is given by:
P -P, = — , (1)

which relates the pressure, P , of a vapor within a bubble and the pressure
v

in the liquid external to the bubble, P,, to the surface tension, o, of the

z}
liquid at the liquid-vapor interface and the bubble radius, r. Then for
bubble formation, Pv mist be greater than Pz; for boiling, the temperature
of the ligquid must be greater than that corresponding to the saturation
temperature of the liquid at pressure, PV. This excess temperature over
the saturation value at PB is termed the liquid superhest.

If Eq. (1) is combined with the Clausis-Clapyron relation, as was

. 1 .
done by Ellion,” there results the expression:

2 R Tpaf o
I1v - fsat = ? (2)
h, P,
g £

wherein it has been assumed that the specific volume of the ligquid can be
neglected in comparison with that of the vapor and that the gas law rela-
tion, PV = RT, describes the specific volume of the vapor. In Eg. (2),

Tv is the absolute temperature of the vapor within the bubble; Tsa#’ the
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absolute temperature of the saturated liquid at Pﬂg R, the gas constant;
hfg, the latent heat of vaporization of the liquid. This equation then
predicts the approximate 1liquid superheat required for equilibrium for a
bubble of radius, r.

Equation (2) has been tested and found adequate by a number of ex-
perimenters. Griffith and Wallis® studied nucleation of water, ethanol,
and methanol from a copper surface conbaining conical cavities of 0.0018-
in. diameter at the base. With this value for r, the calculated liquid
superheat agreed well with the experimental results for the superheat
required to maintain ebullition. Berenson® obtained similar results in
his investigation of the effects of surface roughness on the superhcat
involved in the beiling of liguid pentane. Farber and Scorah® found an

additional effect of pressure on the superheat with boiling water.

SUPERHEAT AS APPLIED TO LIQUID METATS”

Since Eg. (2) appears to represent the results for water and several
organic fluids, it is presumed that the eguation may also be applicable
with liquid metals. For ease of calculation, the evaluation of the liguid
superheats required for boiling with the several liquid metals is madc in

comparison with water by use of

(Tv ) Tsat)w (0 Tv v

_ fg>w % (hfg X , (Q)

(lv h Tsat)x (o Tv Vfg)x (hfg r)

where the subscripts, w and x, denote water and liquid metal, respectively,
and Vfg is the specific volume change between liquid and vapor (= Vv’ the

vapor volume). Using the physical property values listed in Table 1 and

teking 30°F as the superheat reguired to sustain bubble formation from a



Table 1. Physical Properties of Water and Several Alkali Liqui

et their Respective Normal Boiling Points

d Metals Evaluated

Normal Boil- Spec. Vel. Density Latent Heat of Thermal Surface Heat
Liguid ing Point, Vepor of Liquid, Vaporization, Conductivity, Tension, Capacity,
°F ££° /10 1b /248 Btu/ib Btu/br - £t - °F 1b/Tt Btu/lb-°F

Water 212 26.82 59.83 370 0.393 0.00403 1.0
Potassium 1400 32.47 41.58 851 18.1 0.0043 0.187
Sodium 1618 60.6 IV 1609 30.1 0.0077 0.307
Rubidium 1270 16.67 82.15 347.5 il.8 $.003 0.088
Cesiwn 1260 10.52 10h.7 213.8 10.6 0.002 0.057

Na

Rb

1
y
g

T. ¥ Young and W D

Surface tensions at the normzl boiling temperature were estimated from data given in the following

hysics, edited vy C. D Hodgman,

Harkins, p. 1721 in Handbook of Chemistry and P
Cremicel Rubber Pupiishing (o., Cleveland, Ohio, i3th ed., 1947.

J. W. Cooke, Thermophysical Properties of Liquid Metals, "Space Power
June 20, 1963, USARC Report (RIL-3439, Oak Ridge National Laboratory,

J. W. Taylor, "Solid Mebsl-Liquid Metal Imteraction Studies, Part 1:
British Atomic FEnergy Authority Report ARRE M/R 1247, September 1953.

R. N. Lyon (ed.), Liguid-Metsls Handbook, 2nd ed., pp. #0-43,
of the Navy, Washingtcon, D. C., 1952.

Program Semiann. Prog. Rep.
to be published.

The Surfece Tension of Sodium,"

tomic Energy Cormission and Department

£Ie
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particular surface with cavities of radius, r, immersed in water at atmos-
pheric pressure, the superheats required to form vapor bubbles from the
same surface immersed in several liquid metals at their normal boiling
points are shown in Table 2. Data obtained at ORNL with potassium boiling

e}

in natural-®"7 and forced-circulation loops® ® and in reflux capsules® 10,17

indicate liquid superheats in the vrange of 70 to 340°F.

Table 2. ZEstimated Liquid Superheats Required to Sustain Boiling
with the Alkali Liquid Metals at 1 Atm Pressure

Calculated Super- Measured Calculated Super-
Fluid heat Based on 30°F Superheat, heat Based on 90°F
for Water, °F °F for Water, °F
Na 258 — TTh
*
K 125 3u2 375
Rb 101 135% 303
Cs 67 - 201

*

E. E. Hoffman, "Metals and Ceramics Division Annual Prog. Rep.
1963," USAKC Report CRNTL-3470, Oak Ridge National Laboratory, to be
published.

One further factor may be determined in relation to the superheat
problem. The boiling sites (cavities) available on a natural surface
(such as a pipe wall) will show a normal distribution of sizes. From
Eg. (2), it is seen that as the temperature of the surface rises, bubble

formation will begin in the cavities of largest radius first. As these

and smaller cavities will be brought into action. Presuwnably these
cavities are not wet by the fluid; i.e., the fluld does not displace
trapped or adsorbed gases. On the other hand, liquid metals wet most
metals easily. It is to be expected then that the boiling site distri-

bution will be drastically skewed, predominating in very emall cavities.
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The superheats required to initiate bubble formation with the liguid-metal
will thus significantly exceed that required with water. In addition,

gince the liguid metals used are genecrally of very high purity and are in
contact with clean surfaces in the absence of inert gases, the comparison

of BEq. (3) should be made with water under similar conditions. It has

veen observed that for distilled, deaerated water in contact with a very
clean surface the liquid superheat is of the order of 90°F. For the ligquid
metals, then, the values in the second column of Table 2 should be increased

by a factor of 3 as shown in the column on the right.

UNSTABLE BOTLING 2

From the data of Table 1, it can be determined that the thermal dif-
fusivities of the liquid metals grossly exceed that for water; e.g., the
diffusivity ratio, K to Hz0, is calculated to e 355. To illustrate the
widely different temperature profiles and thus the different boiling be-
havior between water and liquid metals, imagine an infinitely long l-in.-
0D so0lid rod surrounded by an infinitely long radiant heater (as shown in
Fig. 1). After a sufficient length of time with energy radiating to the
rod at a constant rate of, say, 30,000 Btu/hr-ft2 (maximum heat Flux of
all but one boiling-potassium loop at ORNL), the temperature profile with-
in the rod will assume the paraboloids of revolution shown in Fig. la.
Paths a and b represent the temperature gradients in a rod of thermal con-
ductivities equivalent to potassium (18.1 Biu/hr-ft-°F) and water (0.393),
respectively. Now 1if this rod i1s replaced with a 1l~in.-ID tube filled
with water under 1 atm of pressure, then when the wall lemperature rises
to 30°F above saturation temperature (depending on the cavity size of

heated surface), tiny "explosions” of liqguid into vapor take place at the
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wall and grow rapidly in the 0.005-in. superheated annulus depicted in

Fig. 1b and either collapse after leaving the wall if the bulk liguid is
subcooled or remain stable if the bulk fluid is saturated. 1In contrast,

if the water in this tube were replaced with potassium under 1 atm of
pressure, then the wall temperature would rise 375°F above saturation
temperature before bubble nucleation at the wall. However, because of

the conductivity of potassium, the entire volume of potassium in the tube
would be at a superheat of not less than 340°F (Fig. lc). DNow when a
bubble nucleats, the energy of superheat from the entire veolume is re-
leased in a matter of microseconds in a sudden "explosion” of liquid into
vapor. The energy of superheat in a unit volume of potassium when re-
leased under these conditions produces a vapor quality in excess of T wbi %,
resulting in a momentary high-pressure surge and supplies a large amount

of vapor to the condenser, thus increasing the condenser teumperatures.

This cycle repeats 1tself at a frequency depending on the heat flux and
thermal gradient in the bubble~producing cavity. If the heated surface
contains a re-entrant-type cavity with a sufficiently high thermal gradient
to maintain a liquid-vapor interface at the cavity mouth, then stable boil-
ing without excessive liguid superheat can be expected. The mechanism
pictured is consistent with the pattern of temperature oscillations cbserved
in the low-flux boiler®:® during the condition described as "unstable boil-

ing" and in natural-circulation loops.®s7

A cyclic variation in boiler
wall temperature was found in which the temperature first increansed slowly
{over ~20 sec) to a level of 150 %o 250°F above the saburation temperature
and then decreascd extremely rapidly (~0.1 sec) to the saturation value

(in association with equally rapid increases in boiler pressure and con-

denser temperaturc). This type of unstable boiling existed only when
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liquid entered the boiler subcooled (that is, single-phase flow existed).

STABLE BOILING

In contrast, stable performance (i.e., no oscillations in temperature,
pressure, or flow) has been observed in forced-convection boiling-potassium
locops when some finite inlet guality condition existed (i.e., two~phase
flow was present at boiler entrance). This was generally accomplished by
allowing flashing across the flow restriction at the boiler inlet. It is
possible that this stability resulted from the presence of the bubbles in
the liquid so that the high superheat required for bubble initiation was
circumvented. Alternatively, a different mechanism may be operative.

From a map of the forms of flow for air-water mixtures in a vertical
tube by Radovcich andbkdssis}sa,graph was constructed for potassium show-~
ing the minimum quality requirements for the existence of annular flow as
a function of tube diameber and mass flow rate. It is thus estimated from
Fig. 2 that aonular flow will exist in a l-in.-ID tube at a quality = 0.4¢
and a mass flux of 10° lb/hr-ftz. The thickness of the liquid film on the
wall of a 1l-in. tube under these conditions (assuming zero slip) is calcu-
lated to be ~0.040 in. TIf, z2s indicated by Eg. (2), 375°F of superheat is
necessary for bubble initiation, then by conduction alone a film of this
thickness will sustain a thermal flux of the order of 2 X 10° Btu/hr-ft2
without nucleation. There would also exist a convective contri'bution,l4

however, this was not considered in this analysis. Thug nucleate boi
2 J

ig "supressed" in "forced-convection bvoiling"” because the high thermal

4

conductivity of the liquid film and subsequent vaporization at the gaz-

liquid interface preclude the development of sufficient wall superheat to

s

intitiate bubble formastion at the heated surface. Hence, the total heat
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transferred in the tests to dafe can be amply accounted for by this
conduction-evaporation mechanisnm.

€511 nave shown that the wall

Pool boiling tests with potassium at ORNL
superheat required for oubble nucleation can be reduced appreciably by
the addition of appropriate nucleation sites om the heated surface.
Experiments to determine the wall superheat required to activate a pore
of a controlled size have been initiated; the capsule designed for this
work is shown in Fig. 3. The inside surface of the capsule has been
polished to a mirror finish with dismond dust. Thermocouples are located
at the bottom of the capsule to meter the axial heat flow from a 1/16-in.-
OD calrod heater brazed in the form of a spiral to the bottom of the cap-
sule. Extrapolation of the temperature gradient through the capsule to
the liquid-s0lid interface will provide a measurement of the liguid tem-
perature at the wall and the pressure gage and thermocouples in the vapor
space will provide & check on the saturation temperature.

The assumptions and correlations presented here are admittedly over-
simplified. It is hoped that the difference between liquid metals and
ordinary fluids presented in this paper will elicit more quantitative

study of boiling-licuid-metal heat transfer.
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DISCUSSION

MR. GOLDMAN: I think you are very much on the right track. I have
only one question, relating to your statement that you belileve that the
surface of the film is sufficient to evaporate all the liquid which is
evaporating. I was wondering whether you have any data which shows that

such evaporation rates from free surface are possible.

MR. KRAKOVIAK: I wondered about that; however, I don't have any data

2
on this.
MR. GOLDMAN: Let me suggest that until you have found such data, that

we don't accept the model.

MR. ROHSENOW: This kind of scares us a little bit. Would you sa
that with low heat flux boiling, pool bolling, that we ought to have gome
wide swings? And yet Bonilla had some data, there, at low heat flux, I
wonder what he has got to say about the operstion of that apparatus? Do

you get these wide swings?

MR. BONILLA: We have some pool-boiling data at still lower heat
fluxes that I don't recall~-I know they never have been published. They
were submitted to Thompson-Ramc-Wooldridge, because they were obtained as
a part of a condensation sub-contract from the Air Force, in which we con-
densed potassium and rubldium vapor., Of course we had to produce that
vapor; and since we were studying condensation, we did not want to run
into any problems on producing the vapor. So we used very low fluxes of
about 2,000 to akoubt 5,000, We saw no instabilities; it always bholled

beautifully.

It scems to me there are so many possible paramebers in pool boiling.
For instance, at low fluxes I think you undoubtedly get vaporizatlon from
the top, more than any other way. And of course 1t also depends on the
pressure at which it is boiling, since boiling at a low pressure with even
a relatively small hydrostatic head, will increase the boiling point

greatly.

So unless you have very shallow depth, it would be impossible to boil

down frow the bottom.
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There are an awful lot of angles. It seems to me, though, that wmy
own approach 1s let's make the boiling better instead of worrying about

how bad it can be.

MR. LYON: I would just like to make a qualitative comment on Dr.
Goldwan's question. I think if one were to look at the evaporation rate,
when bumping is occurring, super-evaporation rates, or flux, at the sur-

face, would pe quite demonstrable.

MR. GOLTDMAN: T agree with you that if the evaporation is a bumping
kind of phenomenon, you get tremendous releases of vapor from a surface
but this, then, would no longer imply that you have this nice, annular
flow. The model you have described here is that you have an annular flow;
you have a thin liquid film. T believe that once such a bump occurs, the

liguid film gets completely blown off the wall.

MR. TYON: My comment was directed at the idea that the mechanism of
evaporation would be the same, whether it is steady-state, as in the case
of annular flow, or unsteady-state, in the case of bumping. As long as
the heat 1s being supplied to the surface. Or maybe I misunderstand your

point.

MR. GOLDMAN: No. My point is that when you try to evaporate from
the free surface at very high heating rates, the free surface doesn't re-
main a smooth, free surface. As you lncrease fluxes from a frees surface
you find that the surface starts wobbling, and some people actually have
described them as "schizovhrenice" surfaces. But the schizophrenic surfaces
occurred at vapor-rclease rates which are very much lower than the kind of

vapor-release rates which you are talking about here.

So I believe you must have a lot of surface available, to evaporate
1iquid; and in the annular flow (heat flux of 2,000,000, for instance)
gives ycu such a high vaporization rate that you just don't have enough

surface there.

MR. KRAKOVIAK: Of course in annular flow, you have quite a few

ripples on the surface, resulting from the shear forces of liquid.
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MR. LYON: Let me propose a compromise., Suppose vhat is suggested
is only that if there is an interface of some undefined shape, which is
close enough to the wall so that the heat can be supplied with the small
AT available, then the evaporation can occur; the temperature of the wall
will not rise out of bounds, This may be a somewhat fluctuating situa-
tion, asg you suggest., I misunderstood your comment. I thoupht originally
your question was whether you could actually get molecules leaving the
surface at this rate, and the answer 1s, you can. But if your question is
whether you have a nice, smooth, ammular layer of liquid, T am inclined
to agree with you. It is probably quite random in shape, with luaps
Jumping off; and of course if 1t is evaporating rapidly, you also have a
force against the annulus because of the reactlon from the acceleration
there.

MR. GOLDMAN: My propesition, of course, is that after the initial
bump, all you have left 1s a whole bunch of droplets, and you have an

evaporatlion of droplets.

MR. LYON: You are proposing an additional mechanism. The droplets

come off and continue to evaporate after they get into the stream.

MR. GOLDMAN: Then you have droplets, instead of liquld film at the
wall. Maybe you have a few rivulets, but when you really look at the wall,
you have droplets rather than a continuous liguid £film, at these high heat

fluxes.

MR. H. W. HOFFMAN: T only wish to comment, in regard to your men-
tioning a 2,000,000 Btu/hr-ft? heat flux, that this really is not the
level of heat flux we have in our systems. The capability of meost appara-
tus we have been working with is in the range 30,000 to maybe 300,000

tu/ar.£t7,

MR. ROHSENOW: Lacey and the fellows at Harwell have got a pretty

convineing argument that you can have a film along the wall and not have

nucleate boiling, if the film is thin enough to have plain conduction 1

G+ B

the water and evaporation at the interface (and they have interoreted i
this way, certainly) one can conceive some vapor models of this which arve

pretty convincing. With liquid metals--
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MR. DWYER: At what fluxes?

MR. ROHSENOW: T don't have the numbers here, but they are in the
higher quality ranses. You have this annular flow model. Some of 5il-

vestri's data can be interpreted in the same way. The same mcdel holds.

If this is possible with water, it is even more possible with liquid
metals. Particularly in light of this retarded nucleation, of getting
the high super-heats. If the wall can go up with mcdest super-heats, then
with the high conductivity of the ligquid alkalil metals, a liquid layer
could exist right along the wall, and you don't have the Tog flow with

liguid metals.

MR. E. HOFFMAN: I would like to make a few remarks regarding bolling
instabilities which we at ORNL have encountered in the course of conduct-
ing potassium corrosion experiments. The instabilities have led to liquid
carryover which complicated the determination of corrosion in condenser
regions and Iin some cases to actual container system failure due to thermal
fatigue induced by the boiling instabilities. Recently we have conducted
a series of capsule experiments to determine means of stabilizing boiling

to eliminate the problems cited above.

First I will show two slides wnich illustrate the problem which we
have encountered in our natursl-circulation boiling potassium locp experi-
ments. Slide 1 is a top view of 0.8-inch 0.D. x O.l-inch wall x 1.5-inch
long insert specimen which was located at the approximate liguid level in
the condenser region of a Type 316 stainless steel--potassium loop test.
The specimen shown is one of approximately 4O that lined the condenser and
subcooled liquid regions of the loop which operated for 3,000 hours at an
approximate boiler temperature of 1600°F (871°C). Pressure and tempera-
ture fluctuations occurred every one to three minutes during the experi-
ment due to boiling instabilities and the resulting thermal fluctuations
led to fatigue of the insert specimen illustrated in the first slide.

Two adjacent specimens had similar thermal fatigue cracks.

Slide 2 illustrates the boiling instabilities which have been observed
in several natural-circulation boiling potassium loops during startup. The

temperature plotted is that measured by a two-color pyrometer sighting on
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the loop wall above the condenser. The severity of the thermal shock and
the frequency of the unstable bolling is illustrated. As the heat to the
toiler was increased, this system very abruptly began to boil stably and
continued to boil stably for the remainder of the 2,800 hr experiment.

As a result of the difficulties cited above, & serles of capsule ex-
periments were conducted in an attempt to discover a practical methed of
achileving stable boiling. Analysis of the oscillations in the tewmperature
of the liquid potassium in the beller in the various experiments suggested
that ligquid superheat and periodic flashing due to lack of continuous

vapor hubble nucleation might be the provlem.

For this reason, a test program wasg initiated to evaluate the effec-
tiveness of various devices in promoting nuclestion of wvapor vubbles in

alkali metals.

The most successful solubion to this problem found during these ex-
perinents, which included a total of nine tests with both potassium and
rubidium, is illustrated in the third slide. The wvapor bubble nucleation
site or "hob-finger" was located at the bottom of the capsule. The bulk
of the heat to the capsule was supplied by the rezistance heater which sur-
rounded the entire liquid length of the capsule. A very localized hot
region of ligquid was obiained in the 0.50-in. dlameter x 0.25-in. long
potassium well in bottom of the ecapsule by heating the 0.25-in. diameter
rod with a gas flame. The liquid and vapor temperatures were measured by
thermocouples loecabted in wells in the condenser and ligquid regions. A
typleal experimental run which illustrates the effectiveness of the "hot
Finger" as a vapor vubble nucleation site and beiling stabilizer 1s given
in slide 4. ‘he boiling activity inside the capsule during these tests
was determined by a contact microphone mechanically linked directly with
the capsule. The cyclic behavior of the bolling in the capsule is apparent.

When the temperature of the hot-finger reached a value approximastely 100°C

[

n excess of the Iliquid temperature, the potassium began to boiling con~
tinuously and the cyclic thermal behavior ceased. On lowering the hot-
finger temperature gradually, it was observed that when the AT betwszen

not-finger and liquid reached a value of approximately 60°C the potassium
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again started to boil in the unstable manner. This pattern could be re-
produced over a wide range of liquid temperatures in both the potassium
and the rubidium experiments. A final experiment in which more precise
temperature measurements were obtained indicated that a temperature dif-
ferential of approximately 70°C between the hot-finger and the bulk liguid
was sufficient to achieve stable boiling initially and that reducing the
temperature differential to approximately 55°C caused the onset of un-

stable boiling.

Following these results, the loop referred to in slide 2 above was
re-examined more closely and a favorable vapor bubble nucleation site was
found in the boiler where a thermocouple well penetrated the boiler wall.
It is postulated that the activation of this site was responsible for the
gudden transition from unstable to stable boiling observed while the loop

temperature was being increased.

In closing, I would like to suggest that special attention be given
to the possibility of accelerated corrosion at favorable nucleation sites
in bolling alkalil metal systems. It seems quite possible that the violent
liquid agitation at these sites might cause preferential dissolution in
these regions, even with materials having relatively good corrosion

registance.
Thank you.

MR. DWYER: We will take a few more questions on this other contro-

versial issue.

MR. BAIZHISER: I would like to support what Krakoviak has presented
here, and also some of the work that Gene Hoffman put forth. We have ob-
served exactly the same thing, particularly at low fluxes - very pronounced
temperature rises. We will discuss this work later, but I think it appro-
priate to mention it at this time. We have three thermocouples located
12:00 o'clock, 3:00 o'clock, and 6:00 o'clock, in the boiling tube. We
observe the low fluxes rise just as CGene Hoffman's slides indicate, with
the sudden drops. In our apparatus these fluctuations may be overall as
much as 150°%; these thermocouples are located about 20 mils below the

gurface. All three respond exactly in phase. It appears as though there
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is something triggering this response. When it goes, the entire system
is nucleated and all the thermocouples are simultaneously depressed; a

bump ocecurs at the same time.

I might also add--and T am not sure of the flux levels--but as we
go up in Flux (somewhere above 150,000 Btu/hr-ft%), the period of the
fluctuations has decreased substantially and the amplitude (at least as
indicated by our detectors and recorders) appears to have decreased
significantly. Incidentally at the lower fluxes, the period appears to

be of the order of 15 sec; very distinguishible.

MR. KRAKOVIAK: I would like to add that any liquid-metal system that
doaes not show these temperature fluctuations during nucleate boiling pro-
bably has somewhere 1n that system an appropriately-sized nucleation site
resulting from either a faulty weld, a flaw in the materlal, or some other

discontinuity.

I would also question any nucleate boliling data that does not have a

contact microphone to detect nucleation and boiling in a capsule.

MR. E. HOFFMAN: I didn't mention this, but when we pult the swage
thermocouple in the bottom of this hot Tinger, we got about 70° tempera-
ture differential between the end of the finger and the liquid temperature,
both on heating and cooling. It appeared very reproducible. It was quite

different when we had the thermocouple located below, as you might expect.



330

Slide 1 Type 316 stainless steel insert which was located at the
approximate liquid level in the condenser. Note the
thermal fatigue crack and mass transfer deposition
which occurred during the 3, 000 hour test.
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RECENT EXPERIMENTAL RESULTS IN ORNL STUDIES

WITH BOILING POTASSIUM

H. W. Hoffman
Oak Ridge National Taboratory

Oak Ridge, Tennessee

ABSTRACT

Recent results of continued studies into the forced-convection
saturation boiling of potassium in a vertical, circular tube are re-
ported. Heat-transfer data, for conditions below the critical heat
flux, were explained in terms of an annular flow with surface evapors-
tion. Critical heat flux values continued to agree with a correlation
developed for water by Lowdermilk, Tanzo, and Siegel. A consistent
vattern was observed for the pressure drop across the boller; the data,
however, include indeterminate losses at the boiler entrance and exit.
New boiler sections, designed to provide data on the fluid-temperature
distribution, are described. A program,td obtain data on the criticsl
heat flux in a multirod geometry as a function of rod spacing is dis-

cussed.
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INTRODUCTION

The Oak Ridge National Iaboratory has continued a significant effort
into the study of the heat transfer and flow aspects of boiling potassium.
As indicated at the 1962 mceting® of this group, our over=-all program
remains broad in scope. However, our principal studies thus far continue
to be restricted to the determination of heat transfer (including the
critical heat flux) with potassium at saturated conditions in vertical
upward flow through a circular tube and of selected thermophysical prop-
erties of the alkali metals. These latter measurements are discussed by
Cooke® in & separate paper. The next phasce of our studies with boiling
potassium (hopefully beginning within the next year) will be concerned
with either a swirl-flow situation or with flow parallel to the longitudinal
axis of a rod bundle (or a simulated unit channel from such a geometry). A
decision has not yet been reached ags to which of these alternatives will be
elected. However, we have initiated a study with water boiling in a multi-
rod geometry to study the effect of rod spacing on the magnitude of the
critical heat flux and the location of the region of "burnout”; this is

discussed in more detail later in this paper.

BOILING-POTASSIUM STUDIES

Experimental studies into the forced-convection saturabion boiling of
potassium have continued with the accuwmumlation of some additional data
on the critiecal heat flux and on the pressure drop for flow vertically up-
ward within a circular tube. The experimental apparstus used in this in-
vestigation is adequately described in the previous proceedings;* for

reference, a cut-away sketch of the 0.325-in.-il hoiler ig shown in Fig. 1.
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The results of the most recent experiments are summarized in Table 1.
As noted, the data were extended to heat-flux levels of the order of
350,000 Btu/hr-ft2 with exit gualities in excess of 50%. Atteupts at
achieving higher heat fluxes and at resolving some uncertainties in the
data were hampered by a deterioration of the bond between the stainless
steel boiler tube and the surrounding copper blocks and by the fajilure of
a significant number of thermocouples.

Data obtained for conditions below the critical heat flux are given
in Fig. 2. It should be noted again that the superheat temperature dif-
ference shown is a mean across the boiler assuming a linear variation in
the fluid temperature. The trend exhibited by the data remains consistent
with that reported previously. However, the dispersion in Al' at any flux
level, which previously seemed to relate systematically to the exit quality,
now appears more random; this may result from errors introduced by the
breakdown of the thermal bond in the boiler as mentioned above. It has
been indicated in the paper by Krakoviak® that an snnular-flow condition
can occur with potassium at very low gqualities. BSuch a situation almost
certainly existed in these experiments in that stable loop operation was
achieved only when vapor existed at the boiler inlet as the result of
flashing across the inlet restriction; it has been estimated that the in-
let quality was of the order of 0.5%. This mode of obtaining stability
relates, of course, to the question of the superhesat reqguired for bubble
nucleation in liquid-metal systems as also discussed by Krakoviak. It is
to be expected then that the slope of the g/A versus AT curve will deviate
from that which obtains under strictly nucleate boiling conditions and
that the data will show a velocity dependence. As indicated later in this
paper, it is planned to continue studies toward a2 better definition of thie

effect.



Tablie 1.

Summary of Results on Potassium Boiling in a 0.325-in. ID Vertical Tube

1075 ¥ . L Heat Baiance

Series Inlet an‘L?t b:.ﬂ*.“ . . - . ) Q .

A Mass Flow Fluid Fi.uvla Exﬂ? Boa.%.er Heat F;}LD(\ electric Q’thru copper AT

_— Temp . Temp. Quality AP Q/h (£iuid)

Run No. (ib/hr.?t3)  (°F) (°¥)  (wt % Vapor) (psi) (Btu/nr.ft?) 1uia Uiuig (Tw,* " Ysat
23 1.b2 Lhahk. b 1394k.5 19.4 3.9 106,900 1.12 0.86 14.3
2L 1.13 1428.9  1392.8 24.3 3.6 107,700 1.03 0.79 i2.5
25 1.hk 1k48.6  1403.0 3L.7 5.0 145,700 1.08 0.98 19.6
25 1.23 1.6 1401.6 37.2 4.8 146,200 1.09 1.07 16.4
27 1.78 1461.1 0 1382.3 35.4 8.6 197,200 1.12 1.06 39.7
28 1.58 1460.7  1386.5 4o.s5 7.8 201,600 1.09 1.08 35.8
29 .84 14664 1386.7 36.8 8.9 292,600 1.09 0.98 Lo.7
30 2.12 1479.0  1397.3 32.2 9.6 290,000 1.10 1.00 b1.1
3L 1.47 k72,1 1L02.0 46.5 7.7 297,40C 1.10 1.02 36.4
32 1.15 1465.9 1ho2.6 58.6 6.7 296,400 1.10 1.02 34.8
27 0.9k 1860 1h02¥ 734 6.5 305,000 1.07 - -
23 2.06 7L 1his.y 17.1 3.7 174,000 1.00 0.92 -
55 2.06 1521.9  1401.9 3.2 8.3 343,200 1.07 0.98 Ls.2
37 .54 1453.7  1393.5 45.5 6.9 349,500 1.0h 0.98 39.8
1.27 1450.6  1288.0 53.8 6.1 345,100 1.05 0.99 ha.2
37 1.20 52,4 1295.8 57.5 5.0 347,100 1.05 0.98 555
oY 2.08 £ 1k05.3 4.2 8.7 346,900 1.07 0.99 3.4
: 1.81 LR 13501 39.9 7.8 357,000 1.03 0.95 1.1

LEE
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Under these circumstances, the critical heat flux values reported
relate to a "dry-wall" condition. In the data of Table 1, runs 30
through 33 again constitute a critical heat flux determination following
the procedure of decreasing the flcw while maintaining a constant heat
input. From this latest measurement, "burnout" occurred at G = 9.37 X 10*
1b/hr-ft? for a heat flux of 305,000 Btu/hr-ft? and an exit quality of
73.4%. This result is compared in Fig. 3 with the previously reported
values. Again, agreement with predictions based on the Lowdermilk, Lanzo,
and Siegel4 correlation for the forced-convection saturation boiling of
water in a vertical tube is good; note that this correlation is dimensional
and that the curves shown in Fig. 3 pertain to the specific geometries of
this investigation. It was found, however, that for equivalent values of
heat flux and mass flow the critical heat flux condition with potassium
occurred at somewhat higher exit qualities (~15% increcase at atmospheric
pressure). In these experiments, "burnout" was evidenced by a sharp rise
in wall temperature with an equally sudden reduction in the over-all pres-
sure drop; a wall-temperature increase of 50°F wasg taken as the power cut-
off criterion. With this annular-flow situation, oscillations in wall
temperature prior to achieving the critical flux were not observed.

Resulis obtained for the pressure drop across the boiler are shown in
Fig. 4 as the variation of the pressure-loss ratio (total two phase to
equivalent 1liquid-only at the same inlet mass flow) with the Lockhart-
Martinelli® parameter; a consistent pattern, with the total two-phase

n

pressure drop increasing as the exit quality increased, was observed.
view of this result, it should be kept in mind that the pressure taps were

located approximately 2 £t upstream of the boiler entrance and zbout 1 ft

beyond the exit. Thus, the data include undetermined losses assocliated
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with flow through an inlet mixing chamber, around exit-end thermowells,
and through an exit expansion. Corresponding data for water, similarly
presented but with the exclusion of losses incurred outside the confines
of the boiler, fall about a factor of three higher. A better comparison
between potassium and water would be in terms of the frictional portion
only of the pressure drop; however, information on the slip ratio in a
potassium liquid-vapor flow needed to account for the acceleration con-

tribution to the total momentum change is not readily available.

APPARATUS MODIFICATIONS

Interpretation of the results of this study and the development of
local heat-transfer information has not been possible due to the lack,
primarily, of data on the fluid-temperature distribution. To correct this
situation, a new boiler has been fabricated. In most details, this test
unit is similar to that used thus far in these experiments. However, the
design has been modified to include the direct measurement of tube-surface
temperatures at three equally spsced locations along the tube and of the
pressure at the midpoint and ends of the boiler section. The Chromel-
Alumel thermocouples previcusly used were replaced with Pt vs Pt—10% Rh
couples in the hope of increasing thermocouple life and of providing far
in-place annealing and calibration subsequent to boiler fabrication. Un-
fortunately, this study has been temporarily delayed as the result of
extensive damage to the new boiler prior to installation. Salvage and
rebuilding of the unit 1s proceeding, and it is anticipated thét experi-
ments will be resumed within six months.

In the interim, the design and counstruction of an alternate boiler

(capable of fluxes of the order of 100,000 Btu/hr'ft2 at the boilling
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surface) has been initiated; operation with this boiler should begin by
the Tirst of November. The test section will be constructed from a
0.84-1in.-0D, 0.29-in.-ID, type 347 stainless steel tube. Thermocouples
(Pt vs Pt~10% Rh) will be inserted radially into shallow wells in the
tube wall. In addition, gunbarrel-type thermocouple39 will be located

in the wall at two levels near the boiler exit. With several such couples
positioned at various depths within the wall at each measuring station,
it is hoped to gain better data on wall-temperature fluctuations near

the critical heat-flux condition as well as information on the heat flux
and the inside tube surface temperarature. Pressure taps will be located
at five positions along the tube. Heat will be supplied radiantly to the
boiler from a set of surrounding clamshell heaters. The power input to
these heaters will provide an additional measure of the heat flux; losses
from these primary heaters will Pe minimized by a second jacketing set

of clamshell heaters.

BOTILING IN A MULTIROD GECMEIRY

In a related phase of the ORNL program, a study of the magnitude of
the critical heat flux in a multirod geometry has been started. Although
considerable attention has been given to this problem in recent years (in
particular, reference can be made to the work of Levy et al.” and of
Beckerg), there s5till remain significant areas of uncertainty. It is
generally agreed that the burnout heat flux is lower for rod-cluster
geometries (with an unheated chamnel wall) than for single round ducts
at the same conditions of gualily, mass velocity, and pressure; however,
guestions still exist as to the location of the "burnout” region on the

rods and the influence of rod spacing. It is with this latter question
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that this investigation will be initially concerned. In addition to rod
spacing, the effects of inlet subcooling and outlet quality on the critical
heat flux will be considered at near-atmospheric pressures using deareated,
demineralized water as the test fluid. In a later aspect of this study,
an apparatus will be constructed to examine boiling with potassium in a
seven-rod geometry.

A photograph of the experimental system being assembled is shown in
Fig. 5. The outer shells of all major loop components have been fabricated
from flanged sections of glass piping to allow visual observation of
phenomena occurring during boiling runs; al the same time, easy removal
and exchange of individual units will be possible. The boiler will con-
tain a cluster of seven %~in.—diam Firerods of 10-in. heated length arranged
in a triangular pattern with six rods surrounding the central seventh rod.
Surface heat fluxes to 160,000 Btu/hr-ft2 will be possible. Thermocouples
embedded in the rods near the surface will provide both information on the
surface temperatures and the input signal to a device for protection
against actual physical burnout. Boiler clusters with rods at spacings
of 1/16, 1/8, and 3/16 in. in channels of 1 3/4-, 2-, and 2 1/k-in. diam-
eter, respectively, are being constructed for the Ffirst studies; the cor-
responding ratios of heated-to-total perimeter are 0.67, 0.64, and 0.61.
Dummy-rod sections may be inserted in the channel to simulate the hydro-
dynamic conditions of an Infinite array of rods. The effects of roughness
elements attached to the channel wall will also be considered. Operaticn

under both natural- and forced-circulation conditions will be possible.
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FUTURE STUDIES

A program has been initiated to examine methods for circumventing
the problems created by the high superheet requirement with boiling

4
[0

potassium . Since these studies hagve Jjust barely started, and at the
mement are still restricted to the development of techniques of surface
preparation, further discussion will be postponed to a later meeting.
When available, a short section of a treated tube will be located in the
inlet region of the boiler.

As indicated earlier in this paper, it is planned to extend the
boiling potassium studies to other geometries during the coming year.
Two possible situations, both of much interest, are being considered:
(1) boiling with the fluid in swirl flow through a circular tube or
(2) boiling within s simulated unit channel of a multirod arrangement.
Both geometries present some problems in construction and instrumentation,
and it has not yet been decided as to which course will be pursued.

Finally, manpower permitting, it is hoped to initiate experimental
studies intc regime transitions for a flow in a rod bundle geometry.
Water-air in transparent channels will be used in early phases of these
experiments; the use of a capacitance-type probe, previously tested with
some success, will be essayed.9 It is hoped to modify this probe even-
tually to be of use in similar experiments in a potassium liquid-vapor

system.
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Fig. 5. View of Apparatus for Study of Critical Heat Flux with Water Boiling
in a Multirod Channel.
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DISCUSSION

MR. RCHSENOW: What is the quality in Fig. 3 that causes burnout

flux? Is this in the quality region?
MR. HE. W. HOFFMAN: The last burnout point I indicated was 75%.

MR. ROHSENOW: Fig. % shows the critical heat flux increasing with
mass flow rate. With water there is a reverse effect at high gquality.

What is the explanation of that?

MR. H. W. HOFFMAN: T have none at the moment. The critical flux
values given are not at constant quality. The qualities for the data

shown vary from about 60% to about 92%.

MR. BERENSON: In regard to your plot of your Martinelli parameter
(Fig. %) in which you mentioned that the water data (and by this I assume
you mean the data that Martinelli and Nelson originally used to plot their
parameter), we have observed that the predicted pressure drop, using the
Martinelli water data, was approximately a factor of 2 higher. In our
paper we offered an explanation of this. Maybe an explanation isn't re-

quired, and using the water data was just not sufficient.

MR. STEIN: Did you also try using the simple homogeneous model to
bring together the pressure drop?

MR. H. W. HOFFMAN: No. The pressure-drop data, because of the loca-
tion of our pressure taps, are somewhat uncertain. It has only been

recently that we have started analyzing this data.

MR. STEIN: If I may make a suggestion of two kinds, with the critical
heat-flux data, I think, if possible, it would be better to take the sim-
plest approach first. Maybe the critical heat flux is a function only of
local conditions in terms of G, quality, and pressure. And so i1t would be

nice if you could look at the data in this way.

And then for the pressure drop, again maybe we should look at the
simplest situation first. Maybe the homogenecus model does predict it
with sufficient accuracy, and it is certainly much easier to use, and much
more consistent, from a theoretical point of view, than the Lockhart-

Martinelli type of correlation.
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MR. BERENSON: One additional observation: In Fig. 2 where you plot
heat flux versus temperature, with the exception of the data above a tem-
perature difference of 100°, all the data appear to reduce to a constant
Nusselt number of plus or minus 20%. I get that impression, looking at

the slope of one and the diameter variation that 1s reported.

MR. H. W. HOFFMAN: Yes.
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BOILING STUDIES WITH POTASSIUM

by
Richard E. Balzhiser

Assoclate Professor of Chemical Engineering
The University of Michigan

Introduction

Liquid wmetal boiling studles were initiated at The University of Michigan
in June 1961 with support from Aeronautical Systems Division. Analytical and
experimental investications were planned to yield a better understanding of
the phenomena which characterize boiling liquid metal heat transfer in all
rezimes. Potassium was chosen as the experimental fluid for all initial
phases of the study except the agravic program. The selection was based on
its appropriateness with respect to the space energy conversion interests of
ASBD as well as the similarity of certain of its physical properties with
respect to water in the temperature range of interest.

The program is composed of four experimental phases: two pool boiling
studies, one in the high flux nucleate regime and the second encompassing the
entire boiling range with specilal emphasis on transitional and film boiling;
a forced circulation study which is Intended to produce local heat transfer
coefficients and two-phase pressure drop and void fraction data; and a study
of the effects of acceleration on the boiling process. The latter study
ecuploys mercury as the test fluid; all other phases will employ potassium
initially with later work to include sodium and rubidium vhere appropriate.
Substantial progress has been achieved in each of these phases during the
past year with three of the studies having ylelded some data. Significant
equipment modifications have been and are still being made in most of the

phases as experience 1s accumilated.
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Analytical studies have been concentrated on the transitional and film
boiling processes and on the effect of wetting on the heat transfer characteris-
tics of metallic fluids. Analyses of the behavior in other regimes will be
accelerated as experimental demands are lessened and data becomes available

to suggest rewarding courses of action.

High Flux Nucleate Boiling

This phase of the program constitutes the thesis research of Mr. C. Phillip
Colver and the studies with potassium have been essentially completed. The
program was designed to yield burnout data for saturated potassium boiling
from the surface of a B/B—in bayonet tube at pressures in excess of one
atmosphere.

The results of Noyes (l) have suggested that burnout correlations based
on hydrodynamic theory may not be adequate in explaining burnout dehavior for
metallic fluids. His burnout data for sodium was confined to a very small
pressure range, .5 psia to 1.5 psia, and hence couldn't be expected to provide
any check on the predictions of existing correlations for pressure variations.
His correlation which essentially added a Pr number correction to the Zuber-
Tribus equation succeeded in reconciling his data with the existing data for
a variety of fluids. Its inability to predict the sulfur results of Sawle (2)
suggests that proper recognition of controlling parameters has not yet evolved.

Inasmuch as the physical properties of potassium differ significantly
from water only in respect to thermal conductivity and wettabiliiy, neither
of which would be significant according to hydrodynamic theories, it was
anticipated that potassium burnout data might provide considerable insight into
the controlling phenomena.

The design of the apparatus is shown in Figure 1. Boiling occurred from

the outer surface of a 5/8-in diameter bayonet tube which protruded L%—inches
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into the pool. The boiling vessel consisted of a 2.1%-in OD by 1.36-in ID
Haynes-25 tube, 2h~in long. 'The upper portion of the system served as a
condenser with water as the coolant. Potassium was charged to a desired
depth through the charging line at the bottom of the tube. The boiling tube
asgembly screwed into a threaded 5/8-in diameter hole, centered Qé—inches
above the bottom of the boiling chamber.

Guard heaters surrounded the liquid-containing portion of the boiling
chamber. They were used to bring the system to Lest temperature and reduce
heat losses during boiling runs.

The boiling tube, shown in Figure 2, consisted of a graphite core
surrounded by a thin insulating sleeve of boron nitride inside the Haynes-25
boiling tube. Dimensions are shown in the figure. Thermocouples were
embedded in grooves located 90° apart in the tube surface. Nicrobraze vas
used to fill the grooves after thermocouple installation. The thermocouple
asseubly consisted of a .0205-in diameter swaged chromel-alumel couple within
a .035-in OD by .022-in ID stainless steel hypodermic tube. The later under-
went the brazing operation after which the thermocouple was inserted.

Direct current was supplied from a Udylite rectifier rated at 12 KW.

The current was introduced to the bayonet tube through a spring-loaded
molybdenum rod. The current passed from the molybdenum to the graphite core
of the boiling tube. The graphite comprised approximately 90 per cent of the
total boiling circuit resistance. The circuit was completed through the
Haynes-2% tube in parallel with the potassium pool and then through the vessel
wall. Heat flux was determined by measuring IER dissipation in the graphite
resistor and allowing for reasonable end losses. An analysis of end effects
at both ends indicated that the heat flux over the central portion of the tube

should be greater than 95 per cent of the measured value.
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Temperatures were measured and recorded at 12, %, and 6 o'clock at the
center of the boiling tube. A sliding thermocouple extending from the top
of the condenser was used to measure and record pool temperatures at different
depths. A single tube with thermocouples located at different longitudinal
positions was used to verify the analytical evaluation of axial temperature
gradients in the tube.

Water was boiled in preliminary runs to check the apparatus and sub-
stantiate the system geometry as being reasonably representative. Results
agreed well with Lyon's (3) data from a 5/8~in 0D tube by 5-in long, con-
sidering the inherent uncertainty in estimating surface temperatures under
these conditions. Burnout data for water was not obtained in the original
tests but consideration is being given to obtaining such data before charging
sodium for further sludies. These results contrasted with liquid metal
results should prove extremely revealing.

Burnout data for potassium were obtained on four different tubes over
the pressure range 0.15 psia to 22 psia and are shown in Figure 3. ''wo of the
tubes experienced destructive burnout, one melting near the center while
the other developed a longitudinal crack along one thermocouple groove. This
latter tube also developed a hole in the Haynes-25 at the free end of the tube.
Either of the above Tailures would have led to the chorting of the graphite
resistor.

Burnout was approached in most cases by fixing the heat flux and gradually
decreasing pressure. At burnout, temperatures measured by the three tube
thermocouples would simultaneously soar off the recorder scale. Immediate
power cutoff to the boiling tube prevented damage to the surface. Several
runs were made by increasing flux at constant pressure until burnout was achieved,

These runs confirmed the points obtained by the constant flux technique.
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Figure 4 contrasts the burnout results with the predictions of Noyes,
Addoms, Zuber and Tribus, Rohsenow and Griffith, and Kutateladze. None of
these satisfactorily predict the bahavior observed over the pressure range
studied. The slope of the data is as significant as the magnitude in that
it suggests that functional relationship between pressure dependent properties
and burnout flux may need reevaluation.

Interestingly encugh the theory of Zuber and Tribus for subcooling
corrections to the saturated burnout flux predicts values slightly in excess
of those obtained in this study for 10°F subcooling. The slope also approxi-
mates that exhibited by the present data.

Pool temperature measurements were made at various depths for a series
of fluxes. These measurements indicated temperatures at or above saturation
from the liguid free surface to two inches below the tube. From this point
the temperature decreased to 4°F below saturation at the base of the pool for
nearly all fluxes studied. The subcooling at the bottom of the pool was
attributed to conduction losses through the charging line. It seems doubtful
that it could have accounted for the differences observed.

The temperature traverse of the pool also revealed superheat at consider
able distances from the tube. This behavior tends Lo support other observations
made during nucleate boiling runs and re-enforces certain ideas advanced during
the analytical portion of our investigations.

Extrapolation of tube thermocouple readings to the surface produced some
insight as to the nature of the nucleate boiling process. Uncertalinty in the
exact sensing position of the thermocouple junction and the effective con-
ductivity of the Haynes alloy-braze combination made precise determination of
surface temperatures difficult. The band of data obtained seemed to fall
uniformly around the data of Bonilla (k) and suggests that wall superheats of

20°F at high fluxes are experienced at atmospherie pressure.
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Fluctuations in tube temperatures of up to 150°F were observed at lower
fluxes. They were characterized by a gradual build up to peak values followed
by a sudden drop to near saturation temperature. The tube thermocouples,
which were located at the top, bottom and side of the tube, fluctuated in
phase at low fluxes suggesting that the cause of the fluctuations affected
all simultaneously. The simultaneous drop in tube therwmocouple readings was
accompanied by an audible "bump." Pressure fluctuations were also observed to
occur at the same time. As the flux was increased the freguency increased
substantially and the amplitude appeared to decrease. Further study of this
is underway and a more complete discussion will be published later.

These observations tend to support the behavior to be anticipated with
wetting, metallie fluids. The combination of good wetting and low thermal
conductivity makes it difficult to concentrate sufficient energy at the
interface to nucleate vapor. Unlike water and organics the superheated region
may extend well into the bulk fluid. When nucleation occurs at one point on
the surface the flushing operation proceeds along the entire surface until
liquid superheat is consumed as latent heat. BEvidently seed vapor nuclei do
not remain behind on the surface to enhance nucleation of subsequent cycles.
The cobservation that systewm superheat existed well into the bulk was further
evidence of this type of behavior. The scatter in nucleate bolling data can

also be explained in part by these fluctuation temperatures.

Film Boiling

An experimental study with film bolling potassium was initiated by Andrew
Padilla as a second phase of this project. The purpose was to determine the
characteristics of potassium in the transitional and film boiling regimes. The
nature of the apparatus is such that it should also yleld data at low fluxes

in the nucleate boiling regime.
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Potassium will be boiled in the upper compartment of a "double boiler” by
condensing sodium on the bottom side of the plate (see Figure 5). The sodium
will be boiled by radiantly heating the Cb-1Zr tubes which makes up the vessel.
Potassium will be condensed by radiating heat from the top of Cb-1Zr tube <o
its environmental chamber walls,

The boiling plate was machined from Cb-1%r (sce Figure 6) and heliarc
welded to the upper and lower pieces of Cb-1Zr tube. The boiling surface 1is
0.98-inches in diameter by .1065~-inches thick. It contains eight .021-in
diameter holes drilled to various depths at three longitudinal positions. The
heat, flux and surface temperatures will be determined by establishing the
temperature profile through the plate and extrapolating to the surfaces., The
profile will be determined at two radiil to check for radial variations in flux.

Heat is supplied to the potassium by passing DC current through a graphite
cloth which encircles the sodium pool. Preliminary trials have proven the
feasibility of such an approach. Guard heaters and radiation shields are
used to minimize heat losses from the sodium boiler and to reduce heat flux
distortions in the region of the bolling surface.

The entire boiling tube assembly 1s contained within an environmental
chamber in which a vacuum is maintained to minimize oxidation of the tube and
radiant heater. The fluids are charged through the lines shown schematically
in Figure 5. A water cooled trap at the top of the vessel serves to condense
traces of potassium from inert gas being pumped from the system.

Preliminary operation to date has yielded nucleate boiling data with
temperature fluctuations similar to those obtained in the high flux pool
boiler. Bumping again characterizes the boliling process but the presence of
two boiling pools creates some uncertainty as to the source of the noise.

Stable operation has not yet been obtained in the film boiling regime.



358

Two methods seem feagible for achieving film boilingz. The first involives a
reduction of system pressure such that the critical heat flux might be
exceeded. Transitional boiling is expected to result in a system of this
type where surface temperature is an indpendent variable. At higher energy
inputs to the sodium the wall superheat at the upper disc surface should
increase and stable film boiling should eventually result. This method
depends on the capability of the system to produce fluxes in excess of the
"purnout flux," which according to Colver's results discussed earlier, is
100,000 Btu/(nr)(sq ft) at 1 psia. This value is greater than anticipated
and if the change with pressure is as slight as our earlier data suggests,
some difficulty might be encountered with this approach.

The second approach involves charging the potassium slowly to a system
which has been preheated so that the surface 1s above the minimum temperature
required to sustain film boiling. Westwater and Hosler employed this technique
in their studies. The equipment is operating at the present time and additional
data should be forthcoming in the near future.

Inasmach as the diameter of the surface is the same order of magnitude as
the wavelength of the surface waves predicted for potassium, it is planned to
duplicate the geometry with a water boiler and determine the significance of
edge effects.

Considerable effort has been devoted to an analytical examination of the
Film boiling regime. The studies of Zuber (5), Berensen (6), Rankin (7) and
others have been examined. An explanation for phenomena observed in the
transitional and stable film regimes has been advanced and efforts to complete

the analysis are currently in progress

Forced Circulation Studies

A liquid metal circulating facility was installed earlier this year which
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is designed to obtain high temperature, high flux two-phase heat transfer and
fluid flow data for metallic flulds. The effects of mass veloeity, quality,
subcooling and pressure on boiling will be examined. Pressure drop and void
fraction determinations will also be obtained for various combinations of the
above parameters. Prediction of the conditions which lead to sudden depressions
in the heat transfer coefficient within the quality region represents a

primary goal of the study.

Figure 7 is a schematic diagram of the facility. Initially it is planned
to circulate potassium in the primary loop. Heating of potassium in the test
section will be accomplished by condensing sodium circulated in a natural
convection loop. The test section consists of a 2-in length of 10 mill wall,
.355~in ID Haynes tubing. Potassium circulated inside the tube with sodium
condensing on the outer surface. The system is designed to achieve [fluxes of
up to 106 Btu/(hr)(sq ft) with the potassium operating at 1800°F. Flow rates
of 0 - 4.5 GPM and qualities up to 100 per cent can be obtained at the test
section inlet.

Heat transfer measurements will be made by first determining sodium con-
densing coefficients with the potassium in single phase flow. Temperature
measurements in and out of the test section will yield the flux and a suitable
bulk potassium temperature. Measurement of the condensing temperature of
sodium permits evaluation of an overall coefficient from which the condensing
coefficient can be estimated for known values of the tube wall and potassiunm
film resistances.

When boiling coefficients are to be measured, a similar procedure is
followed and the boiling coefficient is extracted from a measured overall
coefficient. No surface temperatures are involved in these determinations
for two reasons. The attalnment of high fluxes necessitated using a thin

walled tube in which it was virtually impossible to obtain temperature
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measurements, and secondly; the accuracy assoclated with meking and extrapolating
thermocouple readings at high fluxes to obtain surface temperatures is question-
able. Thin film techniques may eventually provide an answer to this problem buu
the technology was not considered well enough advanced to use in this study

Two-phase flow studies will include pressure drop readings across a
horizontal 3-ft length of 5/8-in 0D by .065-in wall tube. These readings wiil
be obtained from a Taylor differentizl pressure gage Void fraction measurements
will be made by gamma ray attenustion techniques using a thulium-170 source.

The results will be used to test the applicability of existing pressure drop
correlations to metallic systeums.

Operation to date has been concerned with calibration of instrumentation
and elimination of plugging difficulties in the potassium loop. Initial
atteupts to circulate potassium resulted in oxide plugging 1n the pumping
section which necessitated removal and cleaning. Sodium coutamination of the
potassium likely accentuated the difficultlies and a nigher grade potassium
was therefore used in subsequent charges. A stainless frit filter bypass was
inserted in the cooler portion of the loop to remove gross oxide contamination.
Circulation through these filters followed by zirconium hot trapping eliminated
the plugging difficulties.

More recently attention has been focused on the sodium loop. Nucleating
difficulties, not uncommon in liquid metal systems, were indtially experienced.
Then a leakage of poltassium into the sodium system prevented proper operation
of the sodium loop.

Two-phase flow data will be obtained while difficulties with the sodium
loop are being resolved. The instrumentation has undergone preliminary checkout

and data should be forthcoming soon.
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Future Efforts

Each of these phases will be continued during the coming year. Pool
boiling studies will be extended to sodium and rubidium upon completion of the
potassium programs. It is also intended to study sodium in forced convection
at a later stage in the program. The effect of swirl flow on heat transfer
behavior in the test section will be explored during the final stages of the

project.
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DISCUSSION

MR. BONILLA: I was wondering how certain you are of the state of
10° super-heat that you reported for the pool? What was the technique of

measuring that, or estimating it?
MR. BALZHISER: The 10° super-heatt Did I report it here now?
MR. BONILLA: Yes.

MR. BAIZHISKER: We did have a thermocouple which extended down into
the pocl. We started at the surface and measured the pcol temperature

relative to the surface temperature at all depths.

The pool temperature increased as much as 20°F (at a flux of 228,000
Btu/hr-ftz) as the tube was approached., This increase began to occur just
below the surface and increased about 16°F in the 2 in. just above the
tube. It then proceeded to decrease at depths below the tube. Near the
base of the pool the temperature at the above flux was approximately L°F
below the potassium surface tempeyature. At lower fluxes the pool super-
heat observed within an inch of the boiling tube was less than 20°F and
more subcooling was observed at the base of the pool. By the way, there
were significant fluctuations in these temperatures, as you would expect.
We experienced super-heating well out Into the liquid region; a simul-~
taneous flashing seemed to occur periodically which caused all tube

thermocouples to drop simultaneously.

There were a couple of errors I had wanted to correct in the paper.
I hsd "flushing" for "flashing", although it seems to me it might be just
as deseriptive. More important, on page 6, second paragraph, "The combi-

t

nation of good wetting and low thermal conductivity,--" be sure to change

that word "low" to "high". It should be "--high thermal conductivity".

MR. BONILLA: You probably had a very uncertain flow regime in that

little apparatus.
MR. BAIZHISER: I wouldn't want to describe it.

MR. BROCKS: Dick, did you correct for the heat that comes out the

end of the tube? Did you have a way to measure that?
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MR. BAIZHTSER: Through molybdenun?
MR. BROOKS: Yes.

MR. BAIZHISER: No. I believe the values charted here are essen-
tially the values we compubted by assuning uniform dissipation and transfer
radially. As I menticned, our analysis indicated the loss to be almost
negligivle at the center of the tube so that the actual value should be
95% or more of the theoretical flux over the central portion. We feel that
we were within 10% of the correct value. It is small relative to the dif-

Ference between our results and hydrodynamic equation.
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