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FOREWORD

This report summarizes efforts to date on Phase IT of Air Force Contract
AF 33(616)-8277. A literature survey of liquid metal boiling technology has
been released as an ASD report (ASD Tech. Rept./6l-594). Phase II consists
of analytical and experimental studies with boiling metal systems. The in-
vestigation is being conductedbat the University of Michigan in the Liquid
Metals Laboratory of the Departments of Chemical and Metallurgical Engineer-
ing and in the Heat Transfer and Thermodynamics Laboratory of the Department
of Mechanical Engineering. Professors Balzhiser, Hucke and Katz of the
Chemical Engineering faculty and Professors Clark and Merte of Mechanical
Engineering are participating in the program. Misters Colver, Smith, Barry,
McSweeney and Harrington, all graduate students in the College of Engineering,
have responsibilities for specific segments of the study.

Lt. Lloyd Hedgepeth and Mr. Kenneth Hopkins are serving as project
engineers for ASD.

Comments are solicited by both the authors and ASD.
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ABSTRACT

An analytical and experimental study relating to the boiling of liquid
metals has been initiated at the University of Michigan under contract with
ASD. The program will include pool boiling studies of potassium, sodium
and rubidium at temperatures up to 2200°F. Mercury will be pool boiled at
temperatures near its normal boiling point as a preliminary step in study-
ing the effect of radial accelerations up to 20 times normal gravity on
the boiling process.

A forced circulation loop is being designed to determine the effect of
velocity and quality on the heat transfer process. Two-phase flow studies

will also be made with this equipment.
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INTRODUCTION

The literature survey on liquid metal boiling heat transfer conducted
as Phase T of this contract confirmed the need for reliable experimental
studies in this area. The proposed use of liquid metals as working fluids
in space turbines has raised numerous questions with regard to the effect
of pressure, velocity, subcooling, quality and acceleration on the maximum
obtainable-heat flux from a surface to the metallic fluid. The effect of
many of these variables have yet to be substantiated for relatively simple
systems such as the water-steam system.

With few exceptiors experimental programs to date have been confined
 to heat fluxes below 500,000 Btu/(hr)(sq ft). Suggested correlations for
the criticd heat flux for liquid metals estimate the these fluxes to De:
in the neighborhood of 500,000 Btu/(hr)(sq ft). However, several investi-
gators in preliminary experiments have measured fluxes substantially above
those suggested by these theoretical predictions. As reported in our
literature survey, the highest flux reported in the literature to date was
600,000 Btu/(hr)(sq ft) for mercury boiling from an electrically heated
surface. No effort was made to electrically insulate the fluid from the
surface, Consequently, a substantial portion of the electrical energy was
dissipated directly in the mercurya This made it difficult to estimate
accurately the heat flux across the mercury solid interface. It is import-
ant to note that at this estimated flux the investigators concluded that
they had not yet reached the critical flux for their particular system.

Other studies including those of Lyon and Bonilla in this country and
those summarized by Kutateladze (l) in the Soviet Union have investigated

the pool boiling of liquid metal media. - Although the effect of pressure



on the heat transfer process has been investigated by sgeveral of these in-
vestigators, none of the investigations have achieved fluxes approaching
that of burnout. Likewise, none of these investigations have shed any
light on the effect of the other significant parameters.

Thig program has among its goals an experimentsl study of boiling
phenomena at fluxeg in the neighborhood of 1,000,000 Bﬁu/(hr)(Sq ft).
Congsiderations have been given to the possibilities of attaining fluxes
up to 10,000,000 Btu/(hr)(sq ft) in the event that the critical flux is

.found to be above a million. Both pool boiling and foreced convection
studies have been proposed in an effort to isblate the effects of the im-
portant parameters in liquid metal boiling heat transfer.

Another objective of this program is to explore the behavior of metal-
lic fluids in the stable film boiling regime. Some evidence seems to exist
that coefficients considerably in excess of those predicted by Bromley-type
correlations might be experienced. A possible explanation for such be-
havior is presently under consideration. It is hoped that experimental
studies can be carried out in this regime. A.discugsion of apparatus cap-
able of operating with highly reactive fluids at the temperatures necessary
fo sustain film boiling is included in this report.

Considerable time has been spent on. analyzing the effect of interfacial
energies on the boiling process. Uncertainty exists among investigators
in this field as to the significance of surface effects on the critical heat
flux, It has been demonstrated that the addition of certain elements to
mereury systems improves remarkably the ability of mercury to transfer heat
from a surface. In the case of alkali metals which wet most surfaces ex-
tremely well, it is questionable as to whether additional improvement

might be affected by altering the interfacial energies. Certainly from an



academic point studies in this area would be most worthwhile in providing
a clearer picture of the surface phenomena involved in. the boiling pro-
cess. It is hoped that this program might include an experimental studj
of interfacial effects.

The importance of accelerations normal to the heat transfer surface
has been demonstrated by several investigators in the recent literature.
For aqueous systems it has been shown that the critical flux is appreci-
ably increased by producing force fields normal to the surface in excess
of those ordinarily experienced from gravity. The desirability of such
artificially induced accelerations for equipment operating under zero gravi-
ty conditions seems obvious from other points of view also. As a phase of
the contract a program is being conducted in which mercury will be pool
boiled from a surface subjected to radial accelerations up to twenty times
that of normal gravity. The details of this program are discussed later
in this report.

The two-phase problems associated with the operation of such a cycle
require much attention. Existing two-phase flow correlations are highly
empirical and have been substantiated only for sfeam-water, air-water and
other similar systems. The literature reviewed indicated a complete ab-
sence of two-phase flow studies pertaining to metallic media. The experi-
mental difficulties in this field are complicated by the temperatures at
. which one must operate and the fact that direct observation of these sys-
tems is frequently impossible. Consequently, the determination of flow
regimes and the transitions between various flow regimes remains a most
challenging task. It is hoped, however, that this study will produce some

reliable two-phase pressure drop data which might be used to test the



reliability of existing correlations.

These experimental studies are being conducted by graduate student
researchers under the supervision of faculty members in the Departments
of Chemical and Metallurgical Engineering and Mechanical Engineering.
Several of the more challenging topics are serving as doctoral theses

problems for some of these students.

POOL BOILING STUDIES

Heat transfer systems utilizing boiling liquid metals provide one
method for efficiently exchanging large quantities of heat at relatively
high temperature levels. In order to determine useful design information
for such systems, it is necessary to simulate the actual conditions with
a relatively simple and yet similar experiment. One might hope ultimately
to generate an analytical or semi-empirical relationship substantiated
for experimentally'selécted'métallic‘(pgssibly aguedls ) systems
which would provide reliable engineering design information. Unfortunate-
1y, to date no relationship exists which reliably predicts the heat trans-
fer coefficient or the critical heat flux for liquid metals.

Some experimental data for pool boiling mercury, sodium, NaK and cad-
mium and for mercury in a natural convection loop have been reported in
the literature. For the most part, the data have not correlated well, and
the highest heat flux reached in each case gave no indication of having
reached the critical heat flux. Analytical expressions for predicting
critical fluxes such as the Zuber-Tribus equation have not been verfied
for liquid metals. Conversations with persons actively engaged in boiling

liquid metals at high heat fluxes indicate considerable uncertainty among



the existing data.

It thus seems desirable to study further liquid metals at higher heat
fluxes with the hope of reaching the critical flux. In order to operate
a boiling system at these desired heat flux levels without fear of burnout,
safeguards must be incorporated which prevent surface temperature excur-
sions when the critical flux is reached.

In accordance with requests from the Aeronautical Systems Division,
potassium will be studied initially at teﬁperatures up to 2200°F. Sodium

and rubidium will be investigated in subsequent runs.

Proposed Experimental Design

The present experimental design consists primarily of a small colum-
bium boiling vessel containing an electrically heated tube, a water-cooled
or air-cooled condenser, an outer protective vessel, auxiliary and guard
heaters and necessary instrumentation. Figures (l) and (2) show two alter-
nate designs of the experimental system. Upon inspection of each figure,
it is seen that the principal difference in each design is the method and
type of heat transfer media used for condensing the liquid metal vapor.
The design in Figure (l) uses air as ‘the condensing fiuid while the scheme
shown. in Figure(@ utilizes a conventional-type water condenser. It should
be pointed .out that water in contact with potassium (particularly at the
high temperatures involved here) creates a violent reaction. For this
reason, it is imperative that any water used in the apparatus be well con-
fined and far removed from the bolling metal.

In either design, boiling takes place in a columbium vessel 3-in.
I.D., 4 inches long with approximately 1/8-in. wall thickness. A small
composite tube, extending through the vessel, is to serve as the boiling

gurface. This tube is shown in Figure (3) and consists of a 0.25-in. 0.D.,



0.0l-in. thick, and approximately L4.5-in. long tantalum tube, plasma-
sprayed with pure aluminum oxide to a layer thickness of 0.005-in. The
alumina powder to be used for the layer has a grain size¢(325 mesh yielding
a minimal porosity in the coating. Over the alumina a columbium coating
will be plasma-sprayed to a thickness of 0.0l to 0.04 inches along the
boiling length. On the region of the tube that coincides with the vessel
wall, a build-up of sprayed columbium will be allowed (0.125 to 0.25 in.)
such that the composite tube can be welded directly to the boiling vessel.
As indicated in the diagram, each end of the composite tube will be

welded to type 316 stainiess steel tubing. This tube in turn will be dir-
ected out of the protective outer vessel and connected to the helium
system. The two Pt-Pt, 10% Rh thermocouples (shown on the drawing) will
be used to measure temperatures that can be used to determine surface
temperatures. These thermocouples are to be fabricated by Motech Company
of Kansas City, Missouri, and consist of a core metal &nd:-diggimilar annu-
lar metal. The metals are electrically insulated from each other by a
0.0005-in. thick layer of oxide. This coaxial assembly will be press-
fitted into the inner tube and will protrude from the surface of the tube
so that after spraying the oxide coating on the tube the thermocouple may
be ground off flush with the surface of the oxide. The response time of
such a thermocouple is in the order of 0.3 milli-second for an instantane-
ous temperature change of 1300°F.

Power to the boiling tube is to be furnished through two bus-bars
(type as yet undetermined, but will probably be water-cooled), clamped or
welded to the inner tube and set directly against the outside wall of the
boiling vessel. Total power to the boiling tube will be determined from

voltage and amperage measurements made directly across the tube. The



columbium vessel will be electrically insulated from the bus-bars by a
thin layer of plasma-sprayed oxide, sprayed over the vessel, Heavy leads
welded to each bus-bar.pass through the outer container wall and are
connected to a DC power supply. This power source will supply 4O KW
with a rated output of 1700 amps at 24 volts DC.

At certain times during the investigation it may be necessary, as a
precaution against burnout, to flow a stabilizer gas (helium) through the
-core of the heater tube. The gas will be furnished by cylinders at 2200
psi and will pass through a purification train to remove essentially all
oxygen, flow through the heater tube and exhaust to the atmosphere at high
velocity. As much as 300,000 Btu/(hr)(sq ft) (based on the boiling tube
0.D.) will be transferred to the gas as it flows through the tube. The
cooling effect of this gas will control the temperature of the heater tube
and thus prevent burnout at total power inputs above those required to
produce the critical heat flux. The inlet and outlet temperatures and the
flow rate of helium will be instrumented. From these readings, the amount
of heat transferred to the helium can be calculated.

The helium purification train is to be fabricated from stainless
steel and designed chiefly to remove oxygen. The gas heaving the storage
cylinder will be pressure regulated and then pass through five metal con
tainers (2-in. I.D. by 10 inches long) containing either hot liquid sodium
or NaK. .Each container in the train is to be heated by nichrome wrapped
heaters, varaic controlled. Insulation will cover the complete arrange-
ment.

The entire boiling vessel aside from the condenser is to be contained
in a stainless steel vessel 18 inches I.D. and approximately l/E-in. thick.

This vessel is nearly identical in each design and consists of a flanged



top and bowl shaped bottom. The flange is to be gasketed and will use
stove bolts and nuts to assume a leakproof fit. It is seenm that all
entry into the vessel, save the guard heater leads, is made through the
vessel top. This fact permits easy disassembling of the apparatus for
internal inspection or repair. The inner space between the columbium
‘boiling vessel and the outer stainless steel vessel will be evacuated and
refilled with purified helium. At all times the pressure of the helium in
the inner space will be equalized with the boiling vessel pressure. In
addition, the inner space is to be filled with insulating material and as
a further means of preventing heat loss, a nichrome wire guard heater is
to be installed as shown. Power to this heater will be regulated by a
varaic connected to a:110 v AC circuit.

The air-cooled condensers in the first design (Figure 1) are welded
to the top of the boiling vessel. .Each condenser tube will be made from
columbium and will be fabricated by Wolverine Tube Company of Detroit,
Michigan. They will be Wolverine Trufin type, 3/h—ino 0.D. (19 fins/in,)
tubes with an average wall thickness of 0.082 inches. Assuming an air-
side heat transfer coefficiettt of 10 Btu/(hr)(sq £t)(°F) (this coefficient
corresponds to an air velocity of 15 ft/sec), it was found that 6.48 total
feet of condenser is needed to operate the system at 2,000,000 Btu/(hr)
(sq ft). Five 1.3 ft. condenser tubes extending from the top of the boiler
satisfies this requirement. .Condenser tube velocities, using total boil-
up rate, are 132 ft/sec for one condenser tube to 26 ft/sec for five con-
-densers.

To guard against oxidation, the condenser and exposed boiling vessel
loop will be coated with an oxidation resistant material. . Inspection of

the literature shows that nickel-chromium alloys, e.g. 80% Ni-20% Cr, have



.good oxidation resistance properties in the neighborhood of 2000°F. Work
done at Battelle Memorial Irstitute on zine coatings on columbium indi-
-cates that a 6 mil coating of zine on columbium has a service life of
1000 hours at 1800°F and TO hours at 2000°F. - Unfortunately, it was found
that although zine was attractive in the range 1600-2000°F that at lower
temperatures, say 1400°F, the zinc coating inconsistencies, pin-holes,
~ete. were not self-healing as at the higher temperature and thus did not
give a satisfaetory protective. coat.,

Air velocities: aecross the condenser sections will be furnished by a
f68ce capacity blower. A duct will be installed so that the air can be

- foreed directly across the condenser bundle.

. Each condenser tube is to be welded into a common header made from
standard 3-in. 0.D. type 316 stainless steel pipe, fitted with a stain-
less steel top and bottom. . A coiled water cooler will be used around
the outside of the header. A standard 3/h-in. 0.D. type 316 stainless
steel tube welded to the top of the header allows entry into the system.
Through this line, helium, thermocouple leads and a comnected yacuum line,
enter the apparatus. Also beyond the header a knock-out drum will be in-
-stalled to further prevent small amounts of potassium vapor from passizg

upstream through the helium lines.

The alternate design (Figure 2) uses water as the condenser medium.
From a 4-in. dismeter 316 stainless steel cylinder, 5-3/k-in. diameter
holes are drilled as shown (Figure 2). Four grooves are machined along
‘the length of the cylinder, stopping approximately two inches from either
end. An annular plate welded to the condenser cylinder and a 5%-‘1:1‘. C.D.
shell forms the water passage. Two 3/h-in., diameter water taps are in-

gtalled to the bottom and the top of the condenser shell, Colunbium
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tubes (3/h-in° 0.D.) are to be press-fitted down through each of the five
holes drilled into the cylinder. In turn, these tubes are press-fitted
and welded into coinciding holegs drilled in the top of the columbium
vessel. The top of the condenser section is welded to a S%win. inD,
header, possibly made from an extension of the outer water shell. This
header, as well as the condenser shell, is to be made from type 316
stainless steel.

Design calculations have been made to determine the required conden-
-ser length. It has been found that for a boiling heat flux of 10,000,000
Btu/(hr)(sq ft) and a total temperature drop of 1300°F that 0.73 ft. of
condenser is needed. Using this as a basis, it is probable that a two
foot condenser will be used.

Instrumentation in either system is to include a multi-point tempera-
ture recorder for indicating many necessary temperatures throughout the
system. In addition, a potentiometer will be used to measure temperatures

where accuracy or precision is required.

Experimental Procedure

The system 1is designed such that the experimental procedure will be
gimple and direct. After performing the necessary preliminaries before
each start-up, the power input to the boiler tube will be set at the de-
sired heat flux level.  When the boiling process becomes stable and the
system reaches steady state, the required temperature, etec. readings will
be made and recorded. Subsequent runs at other heat fluxes will require
only adjusting the power input and waiting until the system reaches steady

state.

Results Anticipated
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It is hoped that the following results will be obtained:

1. The determination of the boiling curve for potassium at atmos-
pheric pressure up to and including the critical heat flux.

2. The determination of the boiling curve for potassium at other

pressures in the range 0-200 psia.

FILM BOILING STUDIES

Operation in the transitional and film;boiling regimes is theoreti-
cally possible with the pool boiler discussed earlier providing it is
capable of reaching the critical flux. In the event the critical flux
-exceeds . that obtainable, it is impossible to raise the surface tempera-
ture to a sufficiently high level to sustain a stable vapor film. How-
-ever, if one first obtains a surface temperature above that required for
stable film boiling and then contaets it with a saturated liquid metal,
stable operation might be achieved at the fluxes permissible.

Consideration has been given to the design of a submersible ribbon
element which could be adapted to these conditions. Direct resistance
heating may be possible as the vapor blanket, if achieved, could electri-
cally insulate the surface from the fluid. Condensing metals might also
be used in a similar manner.to study film boiling. Surface temperatures
sufficiently high would first be obtained after which the metallic fluid
will be introduced. In the case of an electrically heated ribbon, the
power input could be adjusted simultaneously to the immersion to a value
characteristic of film boiling. Further study in this area will be

carried out during the next quarter.
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FORCED CIRCULATTION. STUDIES

Design studies have been carried out for a forced circulation. loop
to study the effect of velocity, quality and subcooling on the boiling
process. Based on these studies, the following specifications have been
set as operating objectives for boiling potassium:

Fluid flow rate, potassium 0.2 to 2.0 &

Maximum heat input, preheat section - 50 Kw

Maximum heat input, 5-in. test section - 15 Kw

Operating fluid temperatures - 1400-1800°F

Saturation pressures - 14.7 - 81 psia

Tubing - 5/8 inch 0.D. Haynes 25 alloy

Under these specifications, liquid velocities will range from 0.3 to
3.3 ft/sec affording Reynold's numbers of 6500 to 65,000. Vapor qualities
of up to 100% can be attained at 0.7 gpm. Vapor velocities will range up
to 600 ft/sec affording Reynold's numbers up to 200,000 although critical
velocities, known to be much lower in two-phase mixtures, will likely
limit the operation to muck lower vapor Reynold's numbers. Energy bal-
-ances around the preheater and test sections will be used to estimate in-
let and outlet qualities and the heat flux to the test section. Surface
temperature measurements pose a difficult problem. Various possibilities
exist for each proposed test section. For a known flux a single tempera-
ture measurement at a known position in the wall can be used to estimate
the surface temperature. Several such measurements will be made to con-
firm this value. A specially instrumented section is planned between the
preheater and test section for studying two-phase flow behavior. This is

discussed later in the repdrt.
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A firm proposal has been received from one prospective supplier whife
a second is still in the process of making a design and cost estimate,
Preparations are also being made to design and fabricate the equipment our-
selves 1f proposed costs are prohibitive.

It is anticipated that potassium will be pumped with an electromag-
-netic pump, metered by an electromagnetic flowmeter and preheated to vapor
qualities of up to lOO% by a three-phase direct resistance.connection to
the pipe., The fluid then enters the test section where fluxes of up to -
one million are anticipated. The stream may then pass directly to a con-
-denser-subcooler or to a liquid-vapor separator. In the latter case the
liquid portion is metered for a direct measurement of quality and then
flows to a hot well., The vapor stream is condensed im a finmed-tube, air-
-cooled condenser and then is added to the liquid in the hot well. Loop
pressure 1s controlled by adjusting. the rate of heat removal in the con-
~@enser. From the hot well, the fluid would then enter a subcooler where
the stream temperature is lowered to 1L400°F before entering the suction
side of the electromagnetic pump. Enbrittlement problems with Haynes 25
require that fluid temperatures be kept above 1400°F. Stability will be

enhanced by the presence ofa throttling valve located downstream from

- the flowmeter.

The most critical component of the loop is the test section where ex-
tremely high heat fluxes are desired. In our design we have considered
several heating possibilities, of which on}y the first two listed below
seem feasible., A conceptual design is shown in Figure (7).

1. Condensing of Liquid Metals

If condensing sodium (or lithium) is used on the outer wall, the

temperature. drop between the condensing and boiling liquids will likely
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be around 200°F. However, containment of sodium (or lithium) vapor at

2000°F is a definite problem. Condensing coefficients have not been well
substantiated under these conditions so some uncertainty exists here also.
.This type of heating would permit operation near the critical with little

or no risk of burnout should this condition be reached.

2. Resistance Heating

In this method a sandwich technique is used to heat a thin
layer of refractory metal which is electrically insulated from the base
tube by another thin layer of a metallic oxide. These materials can be
flame or plasma-sprayed to thicknesses of a few mils. A typical sandwich
would be a base tube of columbium covered with 5 mils of beryllium oxide
(chosen for its high thermal conductivity), and 3 mils of tantalum.
Approximately 1000 amps will pass through the outer layer. A test program
is planned to determine the limitations of this approach. Investigators

at General Electric have already established its feasibility.

3. Induction Heating

A flux of 10° Btu/(hr){sq f£t) can be easily obtained with high-
frequency induction heating. However, data obtained are likely to be in-
accurate because of the difficulty of measuring power input and of prevent-

ing fringing electromagnetic fields.

L. Radiant Heating

A temperature of 5000°F would be required to transfer 10%° Btu/(hr)(sq ft)
to the tube walls by radiation. This is in excess of normal operating

limits for the radiator.

5. Gag-Fired Heating

Tt is virtually impossible to obtain the required heat flux via gas-
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fired heating.

Another problem of congsiderable importance is the pressure drop
. likely to be encountered in two-phase flow. Based on evaluation of the
data for two-phase water flow, we may expect a pressure drop as high as
12 psi/ft. (for potassium at 1TOO0°F, 2 gpm flow rate and 50% quality).
It will thus be necessary to make all lines as short as possible and to

design the condenser and preheater for minimum pressure drop.

INTERFACTIAL EFFECTS IN LIQUID METAL BOILING

Almost all research onm liquid metal heat transfer has attempted to
fit existing heat transfer correlations., In most heat transfer correla-
tions, dimensionless groups are used. This means these curve fittings
lump many parameters together and measure their overall effeect. 1In order
to get a better idea of the difference between ordinary liquids and liquid
metals, the variation of the parameters which make up the dimensionless
groups must be studied.

The experimental procedure used in liquid metal heat transfer studies
must be different because of the impossibility of making visual observa-
tions. The boiling site in a liquid metal can not be seen so it is seem-
ingly impossible to measure any variables on the boiling surfacevwhere
neither the number of boiling sites nor their position can be directly
'o’béerved° A practical solution seems to rest in the measurement of the
effect of variables on the dynamics of a single active site. If a hot
spot or "point boiler" were used, the position of the active bubbling
site is known. Also since this is the only point from which boiling is
taking place, the variation of surface properties over the boiling area

will be small.,
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One of the most elusive variables to characterize has been the sur-
face. On a normal "clean" surface it has been shown that there are many
layers of foreign material. Since these layers are difficult to character-
ize and may continually change, it is difficult to obtain reproducable re-
gsults for experiments depending heavily on surface properties. By ion
borbardment cleaning it becomes possible to remove almost all of the sur-
face contaminants. This should make the surface much more reproducable.

Once the surface is clean it becomes possible to characterize boiling
from a true liquid metal-metal interface. It has been shown that both
electrical and thermal energy are transferred across metallic interfaces
primarily by electrons. The relation between the elec¢trical and thermal

conductivities is given approximately by the following equation (Ref. 2):

(1)

X
T

-

{ - Interfacial thermal conductivity

¢ - Interfacial electrical conductivity
T - Absolute temperature

h - Planck's Constant

e - Charge on an electron

Although investigators have tried to verify this relation for metal-
lic interfaces, +the results have not yet been reproducable. In general
it was found that the group KeT varied only slightly with temperature
but changed with time. This scatter would appear to result from surface
phenomena due to faillure in achieving perfect electronic conductivity
across the interface. It is hoped that by ion bombardment cleaning of
the surface a more intimate contact can be established between the phases.

If the surface is mace small, a large variation in the temperature

of the heating element can be expected as bubbles form on the surface. On
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a large boiling surface these same temperature variations have been ob-
served. However, it is impossible to know exactly where the bubbling
‘site is in relation to the thermocouple. In the case of a single bubb-
ling site the temperature measured will be directly below the bubble.
Therefore, the temperature variation will take on more significance.

In addition to these variables, the frequency of bubble formation
and perhaps the bubble size might be determined by noting changes in
interfacial resistivity. Alsc, it would be quite easy to study the effect
of additives to the liquid as well as the solid.

A limitation of using the "point" boiler is that the data from one
active site probably will not correspond to the data from a surface with
many active sites. However, a change in any boiling characteristic of
the point boiling system should correspond to a similar change in the boil-
ing characteristic of a large boiling surface.

Also, the effect of impurities might have a much larger effect on a
single bubble site than on a large boiling surface. It is felt, however,
that this limitation can be overcome if a certain amount of care is exer-
cised.

At the present time the = advantages: of using a "point" boiler seem
to greatly outweigh its disadvantages when considéring the amount of in-
formation that can be learned. Active consideration is now being given

to the design and instrumentation of the apparatus.

LIQUID METAL BOILING IN AGRAVIC FIELDS

Test Apparatus

A preliminary sketch of the test vessel to be used for studying the

pool boiling characteristics of mercury in high force fields is shown in
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Figure (h)« Slight modifications may be necessary as further design de-
tails are worked out.

The preliminary measurements to be made are heat flux, heater sur-
face temperature, liquid temperature, and dimensionless total accelera-
tion a/gJ Using an electrical resistive heat source it is expected that
the heater surface temperature will be the only dependent variable, be-
sides the hydrostatic pressure at the heating surface. Initially,
efforts will be made to obtain data with saturated liquid. A controll-
able degree of subcooling will depend upon the thermal interaction be-
tween the condenser coils and the mercury vapor or liquid. To obtain data
with large subcooling it may be necessary to design the condenser coils
such that they are in direct contact with the liquid.

Tests ueing the proposed vessel will be operated at atmospheric
pressure only. A test vessel for operation at higher pressures would be-

-eome too massive for use in the centrifuge presently available.

The test vessel is desigyed to provide a flat heat transfer surface
2 inches in diameter. The liquid metal to be used initially will be
mereury. Should the results warrant, consideration can then be given to
other liquid metals.

The test vessel is being designed for an arbitrary maximum heat flux
of 500,000 Btu/(hr)(sq ft). The value of the peak heat flux of mercury
at atmospheric pressure is uncertain, but a review of the available data
(Ref. 3) appears to indicate a probable value somewhat higher than this.
Operation near the peak heat flux is undesirable with this system because
of the possibility of burnout.

The heat source consists of 7 eleetrical cartridge type heaters em~
bedded in the end of a cylindrical copper block. Copper is used to

minimize the temperature difference between the cartridge heater and the
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boiling surface. The heaters are spaced such that each is surrounded by
an equal volume of copper, and the larger diameter of the cylinder permits
a lower operating heat flux in this area. A transition section to the
smaller diameter of the heat transfer surface is provided.along with l%
inch long smoothing section to assure a uniform temperature at the heat
transfer surface. Measurements are planned to check the uniformity of

the surface temperature.

The copper heater block is igolated from the mercury at the boiling
surface by a stainless steel foil 0,001 inches in thickness silver-brazed
to the copper to provide intimatevthermal contact. Extension of the foil
from the heater surface furnishes a. convenient seal between the heater
and the container side-wall. A thin foil is desirable for two reasons:
the temperature drop across. the foil is minimized, as is the heat loss
from the edge of the heater due to the fin effect. A smaller temperature
drop across the foil will permit a more accurate evaluation of the heater
surface temperature, as the point nearest the boiling surface accessible
to a thermocouple will be the copper-stainless steel interface.

The surface temperature will be calculated from measurements at 3
locations at the copper-stainless steel interface. Two thermocouples are
planned for the measurement of the mercury temperature at two variable
depths. The thermocouples to be used are chromel-constantan, selected
because of their stability and high thermoelectric power. These will be
encased in stainless steel tubing and calibrated at the steam point, tin
point, mercury vapor point and sulphur point. The emf measurements will
be made with a Ieeds and Northrup Type K-3 Potentiometer, using anm ice
point reference junction.

The maximum design heat flux of 500,000 Btu/(hr)(sq ft) corresponds

to a power input of 3170 watts. The power will be measured with a
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calibrated voltmeter and ammeter. To insure that the heat losses from
the bottom and sides of the heater block are kept at a minimum, guard
heaters and radiation gshields are provided. Since the heater block
varies in temperature along its length, the guard heater is split into
two sections, each being independently monitored by a differential
thermocouple and controlled for a minimum temperature differential.
Guard heater power is supplied by resistance strip heaters wrapped
around the circumference.

The walls enclosing the boiling surface will be composed of two con-
-centric stainless steel tubes with insulation in the amnular region and
outside.

The mercury will be condensed at the top of the boiling chamber by
a coiled stainless steel tube through which water will flow. The boiling
chamber is vented to the atmosphere by means of a vent tube terminating
near the center of rotation of the centrifuge to prevent the possibility
of an agpiration effect decreasing the pressure within the test vessel
during rotation. The vent tube will be water cooled .for a considerable
lengtiy to prevent mercury vapor from escaping to the atmosphere.

Initial tests will be conducted with mercury depth constant at as
low a value as is practical, perhaps %‘to 1 inche to keep the changes in
hydrostatic pressure at the heater surface due to varying acceleration
small, A question exists as to whether it is possible to attain satur-
ated mercury at the boiling surface with finite depth. With mercury
boiling at standard gravity, it was found that the bulk mercury tempera-
ture was essentially that of saturated mercury at the liquid-vapor inter-
face (Ref. L4), hence somewhat subcooled at the heating surface. With
high force fields this may also be the case, since the fluid motion be-

tween the heater surface and liguid-vapor interface will be greatly
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enhanced., A similar effect has been observed in high g work with water
(Ref. 5). The only way to minimize this effect is to use very low
depths of mercury, which decreases the variation in hydrostatic pressure

from the heater surface to the liquid-vapor interface.

TWO-PHASE PRESSURE DROP AND VOID FRACTION

Although an extensive literature exists on the subject of two-phase
fluid flow, no investigations have been reported on flow of metallic
systems. The mechanisms of two-phase flow behavior are not amenable to
mathematical analysis without resort to highly simplified models which
are frequently unrealigtic. Consequently, one generally has to rely on
semi-empirical correlations for predicting two-phase pressure drop. The
Martinelli-Nelson method is probably the best existing method for predict-
ing pressure drop in forced-circulation boiling, and the Lockhart-Marti-
nelli correlation is most often used for isothermal situations. These
correlations, and others, are bagsed on water-steam, water-air, or hydro-
-carbon-air data. Thus, a need exists to experimentally examine the
validity of such correlations for use in metallic two-phase flow problems.
The proposed research program is aimed at answering this need in addition
to providing reliasble pressure drop and void fraction data for potassium
flow. Hopefully, this study will reveal which parameters best character-
ize two-phase metallic flow. The literature is being searched for approp-
-riate models and experimental studies which may aid in this research.

It is expected that fluid physical properties play a prominent role
in two-phase flow behavior. The viscosities, densities and surface
tensions of sodium, potassium and their vapors were compared with those

of the water-steam system on a reduced temperature, T.., basis. In the
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range 0.5 <LI&.<( 0.75 very favorable comparisons were found--i.e., at
least order-of-magnitude agreement existed in all cases. Certain di-
mensioniess groups and combinaticns of physical properties entering into
known important dimensionless groups were also plotted against reduced
temperature. Again, order-of-magnitude agreement between sodium, po-
tassium and water was noted, and indeed, remarkably good agreement
exists in some cases. These favorable physical property comparisons
suggest that the Martinelli correlationg may predict pressure drop in
metallic flow to at least the correct order of magrnitude. It is sug-
gested that the correlations be applied on a reduced-property basis. If
the reduced temperature in a problem is in the range 0a5<iTr<zOoT5; the
numerical results are postulated to be as accurate as can be obtained
without help of experimental datsa.

In the experimental program, pressure drop measurements alome will
not be sufficient for correlation and analysis. In addition, it is
proposed to obtain void fraction data, the importance of which will be
outlined here, In gas-liguid flow, the mean velocities of the two phases
are not equal. This condition is known as "slip" and occurs both in
horizontal and vertical flow. The true proportion of the pipe cross-
gection occupied by either phase differs from that calculated, if the
caleulation is based on the volumes of liquid and gas passed through the
duect. To compute the true gzs velocity, one must know the vapor volume
fraction., The slip velocity ratio is given by

oo el

Vz 1-x Pg

where Vg, Vy = vapor and liquid superficial velocities
Pgs £ = vapor snd 1iquid densities
% = quality, mass of vapor/mgss of mixture
vapor volume fraction (also called void fraction or
iiquid holdup)

ol

Il

Sy
A

(o7

1



23

The hydrodynamics of two-phase flow depend strongly on void fraction.
In a flow system in which a change of phase is occurring, the pressure

drop can be written as

-dP static = AP frictional + dP acceleration + dP hydrostatic (3)
overall head

or by the familiar energy balance

. vav
- = : + Pl
dpP meHf P o + pmdL (1)
. Where P, = mixture density
Hf = frictional head loss
V = local superficial velocity
L .= length of duct
ga= force-mags. convergion constant

For a two-phase mixture with slip, the local mixture density is given in

terms of the local void fraction.

o, = (1-a) py + op, (5)

Without knowledge of o, the hydrostatic, frictional and acceleration com-
ponents of pressure drop cannot be separated from the overall static
pressure drop. From the above remarks and equations, the importance of
measuring void fraction, o, becomes evident.

The experimental data will be obtained from the boiling potagsium
circulation loop. It is hoped that study can be made on both horizontal
and vertical flow, but this aspect of the research has yet to be de-
cided., Pressure gauges on a test section of known length will furnish
the pressure drop data. GCGamma-ray attenuation methods have proven
successful for making void fraction measurements up to qualities of 10

to 15 per cent. Above this quality level it is difficult to obtain
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reliable data as can be seen from Figure (B)ﬁ Above x20.1 the slip
ratios bunch together, making it very difficult to establish vg/vlv
for any given o value.

Tn the radiation attenuation method of making void fraction mea-
surements, low energy radiation is desired in order that a large
portion of the incident beam can be attenuated. It is proposed to use
low energy X-rays which will eliminste the half-life problem associ-
ated with gamma-ray sources as well as mwaking 1t possible to have a
reasonably monoenergetic beam. Tn receiving and recording the trans-
‘mitted beam, a direct current amplifyinglsystem;is suggested. Only
current measurements are recorded in calibration and data rums. Fig-
ure (6) gives & schematic diagram of the proposed X-rey attenuation
setup.

Because of its temperaiure semsitivity, provisions will be made
to cool the seintillation erystal. It will also be necessary to shield
the photomiltiplier tube from elscirostatic and electromagnetie fields
present around the loop. Comecentric shells of copper, mu-metal, and
iron can be used for this shielding. It will be required that the
photomultiplier tube have a low dark current.

In proposing this research program, costs have been considered,
The design of the circulation loop includes instrumentationm which will
provide heat balance data for determinming quality. The Mine Safety
Appliance Company recommerdls = pressure gauge which costs about $1500.,
The equipment for measuring the transmitted X-ray beam in void fractionm
determinations will cost about $2000. An X-ray apparatus will probably
be svailable at little or nmo cost. It thus appears that the research

program is financially fedsible,
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Fig. 6. Schematic diagram of void fraction measurement apparatus.



Fig. 7. Conceptual design of the forced-circulation liquid
metal loop.
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