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ABSTRACT

To explore the feasibility of operating a heat transfer system at very high

temperature, a figure-eight loop using forced convection was designed and built.

Graphite was selected as the high temperature construction material, and methods

of fabricating and assembling this material were developed. Since tin, which was

used- as the working fluid, proved to be a powerful solvent at high temperature

for most other metals, the system (including a centrifugal pump) was arranged

so that the liquid tin was in contact with nothing but graphite. After preliminary

changes were made it was found possible to operate this system continuously for

over 500 hours at temperatures ranging up to 15000 C without leaks or other

serious difficulties. Temperature data were obtained from which an estimate

was made of the heat transfer film coefficient for liquid tin to graphite, as a

function of fluid velocity.

This report is based upon studies conducted for the Atomic Energy

Commission under contract AT-11-1-GEN-8.
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I. INTRODUCTION

The purpose of this experiment was to demonstrate that a liquid metal heat

transfer system could be built and operated at very high temperatures. The

temperature region of particular interest was 650 to 15000 C (1200 to 2730* F).

The lower limit here was somewhat above the upper temperature limit of mod-

ern steam-electric generator plant practice. It is interesting to note that

material at 6500 C is visibly red hot. The upper temperature boundary was

rather arbitrary, limited to a certain extent by the power available for heating.

Exploratory work in the high temperature region was felt advisable be-

cause of the potentially high operating temperatures made possible by nuclear

power reactors. These higher temperatures can result in improved thermal

efficiency in the power conversion cycle and a resultant improvement in plant

compactness. In conventional power plants burning fossil fuel, the operating

temperatures are limited by materials available for steam superheater tube

service. In addition, heat transfer in this region is limited to a large extent

by the low film coefficient from the hot gases produced by the burning fuel to

the metal wall of the steam tube. In a nuclear reactor cooled by liquid metal

some of the conventional restrictions are removed, and even though other tem-

perature difficulties are encountered, the new possibilities should be investigated.

The experiment to be described is independent of any current reactor design,

although the original instigation was based on a long range high temperature

reactor development program.

The first problem encountered in this high temperature work was one of

materials. It was necessary to select a liquid-solid combination mutually

compatible at 15090 C, with the following properties:

A. For the solid:

1. Useful strength at 15000 C.

2. Ease of fabrication; capable of being formed to close tolerances

by conventional machining techniques.

3. Low porosity (preferably zero) even at high temperature.
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B. For the liquid:

1. Low melting temperature (preferably liquid at room temperature).

2. High boiling temperature.

3. High thermal conductivity.

4. High specific heat.

5. Low viscosity.

6. Low neutron cross section.

7. Stability at high temperature (15000 C).

In the case of the solid, the reasons for the property requirements are

obvious. For the liquid, low melting temperature would facilitate start-up and

minimize the danger of inadvertant freezing. Since it was desired to operate

in the liquid phase only, a high boiling temperature minimized the possibility

of exceeding design pressures due to unexpected boiling, in addition to excluding

vapor deposits on observation windows, wiring, and other undesirable locations.

Items 3, 4, and 5 served to define a good heat transfer fluid. A low neutron

cross section would be necessary for reactor cooling. Item 7 practically dic-

tated the use of a liquid metal.

Manufactured graphite was selected for the material of construction be-

cause of its high temperature strength (a maximum of 6000 psi at 2500* C) and

ease of fabrication. It is, unfortunately, somewhat porous. While the porosity

was found' to vary considerably among several available grades, the National

Carbon Company, Type AUF was selected as being satisfactory. (At the present

time, new grades are available with permeability values as low as one-thousandth

of the Type AUF value. ) All graphite, of course, had to be protected from

oxidation above a temperature of 400* C.

Tin was chosen as the working fluid, having a reasonable compromise of

the desired properties. 2 The primary disadvantages were the rather high melt-

ing temperature and the powerful solvent action at high temperature on nearly

everything except graphite. Alloys were not considered because of the possibility

of change in composition due to accidental oxidation. Sodium, with excellent

heat transfer properties had to be eliminated because of its reaction with graphite

at high temperatures.
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II. DESCRIPTION

In general, the system consisted of a graphite electric resistance heater

arranged to simulate a reactor fuel element, a high temperature heat exchanger

acting as an economizer, a low temperature water-cooled heat exchanger (heat

sink), a sump, and a submerged centrifugal pump. These parts, including the

connecting pipes and the submerged part of the pump, were made of graphite.

The flow diagram is shown in Fig. 1. Figure 2 is a cutaway view of the general

arrangement, and Fig. 3 is a section through the graphite system on a developed

plane. The "rolled up" configuration was used to get the whole assembly into a

convenient gas-tight enclosure. Figure 4 is a photograph of the experiment as

finally assembled.

A. The Pump

The heart of the system is, of course, the pump. The development of this

unit is described in a previous report. 3 The 4-inch diameter impeller finally

used employed shrouded, sweptback vanes. The design point of the pump, based

on estimated fluid friction and power dissipation for the system, was 2 gal/min

at 22. 5 psi. Figure 5 shows the calculated friction vs fluid velocity for the

system. Preliminary tests on trial impeller showed that 3 1/3 gpm could be

attained at 25 psi, operating at a shaft speed of 1500. Actual system flow re-

quirements varied between 3/4 and 1 1/2 gpm. Using the final impeller design

and a carefully made volute, better than 1 gpm could be attained at 1000 rpm.

The actual friction head seemed to be somewhat greater than the original estimate,

probably about 30 psi, and varied with pipe deposits which were cleaned out

from time to time.

The pump was driven by a variable speed, direct current, compound-wound

motor which was mounted outside the gas -tight enclosure to avoid the high

ambient temperature. The speed range was 20-2000 rpm continuously variable,

with good speed-load regulation. A tachometer indicated actual shaft speed.

Two water-cooled, right angle gear boxes and drive shafts made up the mechan-

ical connection between the motor and the pump drive spindle. A rotating

graphitar to hardened steel gas seal was used at the entry to the gas-tight en-

closure. The spindle bearings were placed in a cooled housing, so that the

graphite shaft was overhung. A molybdenum adapter was used between the
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graphite shaft and the stainless steel spindle, to minimize the effect of differential

thermal expansion.

B. The Heat Exchanger

The high temperature heat exchanger, used here as an economizer, was

made up of two pipes, one concentric within the other as shown in Fig. 3. These

were fitted into headers which separated the flow. The center pipe was threaded

on one end, tapered on the other. When assembled it held the unit together under

tension. The pump discharge was connected to the center core, while the hot

fluid from the top of the dummy fuel element (heater) passed through the annulus

in the counterflow direction. The inside tube cross sectional area was 0. 196

square inch, while the annulus cross sectional area was 0. 344 square inch. The

effective tube length was 49. 6 inches. The heat transfer film coefficient, based

on the Lyon-Martinelli Heat Momentum Transfer Analogy is plotted in Fig. 5.

Figure 6 shows the predicted heat exchanger performance in terms 6f driving

temperature for a system input of 60 kw.

Stainless steel jackets packed with bubbled alumina surrounded the outer

heat exchanger tubes, providing thermal insulation. The headers were in-

sulated with an alumina cement having a clay binder. This was trowelled on

wet, then predried in place with embedded nichrome heaters. (The heaters

were part of a system preheater, to be described later. ) Final firing of the

header insulation took place during actual operation.

C. The Heater

The dummy fuel element, shown as the heater assembly in Fig. 3 was

made up of a solid core, a sheath, and the outer jacket. The center core was

the resistance heating element, designed to dissipate 60 kw at 50 volts DC.

This was originally made as a tube with tapered end connections, held in place

with a set of insulated springs. Arcing and other difficulties made the replace-

ment necessary. Figure 7 is a photograph showing the original arrangement

and Fig. 8 shows the lower end of the dummy fuel element as finally used. The

core was hung in tension to provide for free expansion during heating and cooling.

A sliding guide at the lower end maintained proper radial alignment. Electrical

connections were made through water-cooled copper tubes. A section of bellows-

type metallic hose was used to provide flexibility in the connections.
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The sheath served to confine the liquid metal, keeping it from the resistance

core, and at the same time made the threaded ground connection for the core at

the upper end. The annulus between the sheath and the outer shell carried the

fluid flow. An orifice was provided at the upper end of the flow channel to pro-

vide a high velocity flow for at least a short distance, to check the effect of

erosion. The liquid metal also reached its highest temperature in the system

in this region. Heat transfer was largely radiant across the gas annulus. The

calculated heater performance is shown in Fig. 9.

D. Operation of Loop

After the hot fluid from the dummy fuel element transferred the bulk of

its heat in the high temperature heat exchanger, it was passed to the heat sink,

where enough heat was dumped to reduce the fluid temperature to the 300 to

500* C range. The original water cooled heat exchanger is shown in Fig. 10.

This consisted of a graphite pipe surrounded by a water-cooled jacket. The

space between the graphite and the stainless steel jacket was filled with lead

to maintain thermal contact, and to control the flow of heat. Because of operat-

ing difficulties, replacement was made with the tray type heat exchanger shown

in Fig. 11. The floor of the box was drilled and fitted with coolant tubes. A

rectangular discharge weir was used to insure the heat transfer area being

covered even at low liquid metal flow rates. The free surface of molten tin,

low temperature, and the skimming action of the weir made this unit an effective

oxide trap as well as a heat exchanger. Local freezing was no longer a problem,

since a solid layer of tin reduced heat transfer from the liquid metal flowing

over it, without interrupting flow, giving semi-automatic control.

Gravity flow was used to return the liquid tin from the heat sink to the

sump. The entrance to the sump contained a 90 V-notch weir for the purpose

of measuring flow. An electric probe was provided to indicate the height of

liquid metal over the weir. A screw and nut, driven from under the face plate

was used for positioning the probe from outside the gas-tight enclosure. This

method of measuring flow proved unsatisfactory for several reasons. Surface

tension of the liquid tin plus a thin nonconducting film on the liquid metal surface

produced readings which were too low as the probe entered the surface. Cling-

ing metal caused the reading to be too high on withdrawal. The errors were

variable so that a satisfactory correction could not be made. In addition, the

screw and nut mechanism had a tendency to become fouled after a few hours of
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operation in the high ambient temperature. It was therefore necessary to use

other means to obtain the flow rate.

The pump sump acted as a reservoir for the entire change of tin, but not

all of the units in the system could drain back once the system had been in

operation. A liquid level drop of about 1 1/2 inches in the sump was needed to

fill the empty system. This still left a position head of liquid metal above the

upper pump inlet. The tin was melted under inert gas (argon) in an external

electrically heated tank. After the system was prepared for operation gas

pressure was used to transfer the melt to the pump sump from the melt tank.

The stainless steel connecting pipe was electrically heated to prevent freezing

in transit. A molybdenum adapter was used at the graphite to prevent leakage

due to differential thermal expansion. After loading, an all metal valve prevented

back flow, and in addition, a plug was frozen in the tin at the sump entrance,

using water cooling coils, to prevent across-the-seat valve leakage, and also

protect the valve from the solvent action of the hot liquid tin. Four tungsten

probes were used to indicate (electrically) level in the sump during filling.

III. ASSEMBLY

The graphite system was assembled from the pump out, using jack screws

(Fig. 12) to position and align the various parts to their connecting pipes. The

economizer section and the dummy fuel element (heater) were moved into place

as subassemblies and supported on alumina blocks fastened to supporting steel

columns and jack pads. Figure 13 shows the sump, pump, and mechanical drive

assembled on the base plate. The pump motor is visible under the base plate,

directly opposite the vertical drive shaft. The vernier indicator for the probe

is just to the right of the motor. Figure 14 is a view of the assembled graphite.

Since it was necessary to preheat the entire system to something above the

melting temperature of the tin before circulation could be established, the

graphite was completely wrapped with beaded nichrome wire. Wrapping was in

progress when this photograph was made.

Flat strip heaters were assembled on the sump and heat sink for pre-

heating, while the dummy fuel element could, of course, be preheated at low

power with its own heater core.
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In addition to the heat exchanger insulating jacket previously mentioned,

the other components were thermally insulated as completely as possible to

minimize heat loss. The dummy fuel element and the hot discharge pipe were

jacketed with stainless steel tubes which contained about 1 1/2 inches of re-

fractory grade carbon black, a very effective insulation at high temperature.

Silica fire brick was used around the sump. Woven glass tape and alumina

cement were used where appropriate on pipe connections and other irregular

surfaces. The base plate was covered with a 3-inch layer of "Castolite" in-

sulation where it was exposed after installation of the equipment.

Water leads necessary for the heat sink as well as for cooling the pump

drive and bearing assembly were brought through the base plate. The copper

tubes were hard soldered into holes drilled through threaded plugs. The plugs

in turn were sealed to the base plate with standard "0" rings. The electrical

leads for the auxiliary heaters were brought through tubular metal-to-glass seals

which were hard soldered into holes bored axially into standard brass pipe plugs.

These plugs were threaded into the base plate and sealed with "Glyptal" varnish.

The power leads for the dummy fuel element were brought through the base plate

by means of 1/2-inch water-cooled copper tubes. These were sealed to, and

insulated from, the base plate by compressed rubber plugs. At full load, the

current density in the copper was 27, 000 amperes per square inch. Five

gallons of water per minute in the tubing provided adequate cooling, so that the

need for bulky cable inside the gas-tight enclosure was eliminated. A sealed

connection similar to that used for the auxiliary heater lead-throughs was used

for thermocouple connections, except that such leads were continuous from the

welded junction to the instruments.

IV. INSTRUMENTATION

Thermocouples used for temperature measurement in the system were

exclusively chromal-alumel. Junction beads were formed by twisting and gas

welding using a borax flux. After welding the wires were untwisted to the bead.

Where the thermocouples were mounted in graphite, a small blind hole was

drilled and threaded. Pure alumina cement anchored the thermocouple bead in

place. This material protected the thermocouples from carbon diffusion, and

insulated them from stray electric currents in the graphite system. Thermo-

couple locations are indicated in Fig. 2.
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Thermocouples operating at the higher temperature levels were calibrated

against the freezing temperatures of silver and zinc, while those at lower tem-

peratures were calibrated with the freezing temperatures of zinc and tin. Spec-

troscopically pure metals were used for calibrating. Thermocouples 1A, 2A,

9A, 16A, and 21 were recorded continuously on a Leeds and Northrop strip

chart recorder. Thermocouple No. 13 in the sump was connected to a Wheelco

controller which operated the auxiliary sump heaters. This controller was set

at 3000 C to prevent accidental freezing of the pump. A "Simplytrol" was used

to maintain 350* C in the external melt tank, so that tin in the system could be

dumped if necessary. Another "Simplytrol" held the packed column of the gas

purification system at 4000 C. The balance of the thermocouples were connected

to a multi-point Brown "Electronik" self-balancing, temperature compensated

potentiometer. These temperatures were recorded for the condition of thermal

equilibrium at various levels of power input and flow rate. At temperatures

above 7500 C, thermocouple readings were supplemented with optical pyrometer

temperature measurements of pipe surfaces made from outside the enclosure

through observation windows (Fig. 2). The instrument used was a Leeds and

Northrop disappearing filament type pyrometer. Most of the thermocouples in

the high temperature region continued to function to about 13500 C, but were not

considered reliable above 11000 C.

All wiring inside the enclosure was insulated with either ceramic tubes

(thermocouple leads) or asbestos or glass fiber, since the ambient gas tem-

perature was usually above 2000 C. For this reason, soldered bases were re-

moved from internal light bulbs, and "Stakon" compression connectors were

used for all wiring connections (except for the thermocouple, which used con-

tinuous leads).

V. OPERATING PROCEDURE

The start-up procedure was as follows:

1. Power was turned on the external tin melting tank and the controller

(Simplytrol) set to hold about 300* C. Pure tin of known analysis was cleaned

and loaded into the melt tank in sufficient quantity to fill the system (200 pounds).

The space above the solid metal was purged of air and filled with argon gas,

then sealed so that the metal was melted under an inert atmosphere.
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2. Auxiliary heating circuits and thermocouples were checked along with

their recorders or controllers to insure that everything was in operating order.

The graphite system was checked visually for signs of cracks or other damage.

The pump drive was turned over by hand to make sure the impeller was free

and clear.

3. The steel bell enclosure was seated and bolted. While the system was

being evacuated, hold-down bolts were further tightened, and the auxiliary

heaters were turned on to aid in outgassing the graphite. After the ultimate

vacuum of the mechanical pump (Duoseal Model No. 370-97, 1/2 HP) had been

reached, the enclosure was flushed with helium or argon. This process was

repeated for a total of three pumpdowns, after which an operating pressure of

1 to 4 psig was maintained.

4. The entire graphite system was gradually heated to between 300 and

350* C over a period of about 4 hours, using the controller for the sump and

pump temperatures and manually plugging the other auxiliary heater circuits

to obtain an even temperature rise in all parts of the graphite. The dummy

fuel element section was preheated by gradually increasing the motor generator

current, starting with about 50 amperes.

5. After the preheat temperatures had been reached, the molten tin was

charged into the pump sump by pressurizing the melt tank with 10 to 30 psig,

then opening the charge valve under the sump. When the tin had reached the

desired level in the sump, as indicated by the level indicator lights, the charge

valve was closed. To protect the valve against the action of hot tin, and to

prevent across -the-seat leakage, water coils were used to freeze a plug of tin

in the molybdenum adapter pipe between the all-steel valve and the graphite

pump sump.

6. Flow of liquid tin was established through the graphite system by

starting the pump and bringing the speed up rather quickly (to 1000 rpm in about

10 seconds).

7. After flow was established, the system was operated isothermally for

a few minutes at about 3500 C to equalize graphite temperatures. Power was

then gradually increased in the dummy fuel element and the auxiliary heater

circuits were cut out one by one, starting with the heaters nearest the dummy

fuel element. This, of course, was a critical period since the power load had
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to be transferred from the auxiliary heaters to the dummy fuel element without

freezing a plug and without rapid or excessive temperature rise in the dummy

fuel element. A continuous temperature check around the system was maintained

during this period.

8. After all the auxiliary heaters were off, the system was allowed to

come to thermal equilibrium at the lowest power input necessary to maintain

the coldest section of the loop at a temperature safely above the freezing tem-

perature of tin, usually about 3000 C. Heat transfer from the system to the

gas to the water-cooled steel enclosure was sufficient at low power levels to

permit thermal equilibrium without admitting water into the heat sink. In order

to attain high power levels, water was gradually admitted to the heat sink; at

the same time the power input to the dummy fuel element was increased to the

desired magnitude. With constant settings of powei flow rate, and cooling, the

system was permitted to attain thermal equilibrium.

9. The reverse procedure was used in lowering the temperature and in

shutting down, except when unforeseen emergencies forced a shutdown.

VI. OPERATION

Operating difficulties were varied in nature, and are best described, along

with corrective measures, in chronological order. The system was completely

assembled, and ready for preliminary testing on January 4, 1953. A resume

of each test follows. In each case, the procedure outlined in Section IV was

used.

Date Cause of Shutdown Correction

Jan. 5 Break in pipe at hot entrance to Repaired with spherical
economizer section. seat joint.

Jan. 6 Break in liquid metal pipe at Repaired with spherical
exit to heat sink (cooler seat joint; rectangular
assembly). split ring grooves re-

placed with round bottom
groove s.

Jan. 26 Gas leak discovered in bellows Drive shaft disassembled,
sealing rotating pump drive bellows replaced,
shaft. Graphitar ring relapped.
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Date

Feb. 11

Feb. 17

Feb. 19

Mar. 30

April 15

Bad leak at cold exit to economizer
section noticed shortly after cir-
culation was established - due to

crack in pipe connecting this sec-
tion to the heat sink (cooler
assembly).

After several hours operation the
heater core in the dummy fuel
element shorted out. Difficulty
proved to be a slow leak in
dummy fuel element which built
up a stalagmite that shorted the
graphite connector electrode.
There was no previous evidence
of a leak at this point.

Cause of Shutdown

First attempt to pump (previous

breaks discovered "dry"). About
half of the tapered joints showed
leaks varying from a slow drip
to a fine spray.

Cracks discovered in both ends
of pipe entering heat sink at split
ring grooves.

After starting circulation and
operating for about 1 hour, the
pump drive assembly became
very noisy, and finally "froze
up". Disassembly of the drive
unit showed excessive wear on
the bevel gears.

During this time there were
two minor leaks of liquid metal-

at the cold exit and hot entrance
to the economizer section.

Drive shaft difficulty was also
responsible for breaking the
graphite part of the pump shaft.

17

Corrections

Leaky joints were removed,
cleaned of tin and lapped in
place using dry No. 600
Carborundum.

Replaced pipe using round
bottom grooves. Built align-
ing jack for cooler assembly.

New helical bevel gears
were carburized and in-
stalled. Additional water
cooling coils soldered to
gear boxes to cool lub-
ricant.

Leaky pipe joints were
replaced and relapped.

Pump disassembled,
graphite shaft replaced,
reassembled into system.

Designed new heat sink
(cooler assembly) using
a tray type heat exchanger
rather than the original
heavy, rigid tubular unit.
Fabrication and installation
of new unit completed
April 14. New unit per-
mitted free expansion of
pipe connecting to econo-
mizer.

New heater core made.

New sealing nut made and
lapped in place. This was
assembled with furfural

on one surface, HCl on
mating surface.



Date

April 22

Correction

Cracked pipes replaced us -
ing round bottom split ring
grooves. New pump shaft
and spare impeller assem-
bled and balance at 1000
rpm.

Cause of Shutdown

Preheated system and loaded tin
into sump. Tried to pump, but
could not establish circulation.
On cooling down, cracked pipes
were found at the exit to the
dummy fuel element and at the
hot entrance to the economizer
section. These failures pro-
bably due to lack of liquid metal
cooling.

The pump was disassembled and
found to have a broken graphite
shaft and a section cracked out of
the impeller. This trouble was

caused either by unbalance in the
impeller, or by the entrance of

foreign material into the pump
inlet.

Began pumping. Circulation
satisfactory; temperature at
exit to dummy fuel element in-
creased to 1000* C.

Transformer in variable speed

pump motor drive shorted in-
ternally and burned out. This
forced a rapid shutdown; the
dummy fuel element overheated
from lack of circulating metal
and cracked the discharge pipe
connection.

Circulation established. After
pumping a short while, a leak
developed from a flaw in the
graphite part which was re-
placed May 7. A duplicate
was installed after a brief
shutdown and pumping continued
for about 11 hours in the terh-
perature region of 1000* C.

During this period the system was
free of leaks, but the flow of liquid
metal continuously decreased at
constant pump speed. This dif-
ficulty was attributed to the ac-

cumulation of tin oxide.

Transformer and tungar
rectifier bulbs replaced
with direct connected,
bridged selenium rectifier.

Cracked pipe connection
replaced.

A gas purification system
was designed and installed.
This consisted of a heated
column (4000 C) packed
with alternate layers of
copper and titanium turn-
ings, a gas cooler and a
diaphragm pump. Gas was
taken from the top of the
bell enclosure, cooled to
250 C, forced by the pump
through the packed column
back into the bottom en-
closure at a rate of about
1/8 cfm. Make up gas was
also passed through the
packed column.

May 7

May 10

18



Date

May 10

June 16

June 23

July 9

19

Cause of Shutdown

The system was shut down when
the flow became too small to
maintain thermal equilibrium at
a safe temperature above the
freezing temperature of tin.

Operated system for about 6 hours.
Flow decreased during this period.
An attempt was made to clear the
system by speeding up the pump.
The flow did not improve and the
graphite pump shaft broke at about
1500 rpm.

System operated for 28 hours at a
liquid metal temperature in the
region of 11000 C. At the end of
this time the resistance heater
core of the dummy fuel element
burned out, probably due to ex-
cessive oxidation. Since this
part could be replaced without
stopping the flow of liquid metal,
the auxiliary heaters were turned
on, operating the system under es-
sentially isothermal conditions.

Before the core could be replaced,
the upper ball bearing in the pump
drive spindle assembly locked due
to excessive wear, so the system
was shut down. Visual examination
of this part after disassembly in-
dicated that the bearing, which was
well within its load rating, was
probably running too hot.

After pumping for about one-half
hour at 4000 C, the pump speed
began to fall off. It had been
running at 1000 rpm. At 750 rpm,
the motor control was adjusted to
bring the speed back up to 1000
rpm. At this point the pump shaft
broke.

Correction

Graphite system was cleared
of oxide and tin by preheat-
ing and pressurizing the
discharge end of the system
with argon gas at about 50
psi. The debris was blown
out at the pump connection.

Made a new pump impeller
capable of increasing flow.
Shrouded sweptback vanes,
correct inlet angle. Loos-
ened material in packed
column to produce a cir-
culating gas flow of about
2 cfm.

Heater core replaced - de-
sign modified to cool critical
section that had burned
through by increasing cross
section, and increasing
area in contact withwater-
cooled graphite connector
block.

Bearing replaced. Additional
water cooling tubes hard
soldered to bearing housing
in vicinity of hot region.

New pump shaft made and
assembled.

Shaft, impeller, and bear-
ing spindle assembly
dynamically balanced at
1800 rpm.



Date

July 9

Correction

Replaced resistance heater
core in dummy fuel element.

The heater core also showed
some oxidation damage.

Began a continuous run of more None needed

than 3 weeks (510 hours) at tem-
peratures at the exit to the

dummy fuel element ranging up
to about 15000 C. At the end
of this time (August 18) the
system was deliberately shut
down. The heater core was
replaced twice, after 4 days
and after an additional 6 days.
When shut down the third heater
core was in excellent condition.
Twice during this period the
system was cleared by reverse
blowing with argon - without
letting any temperature check

point go below 3000 C. On two
occasions power was lowered and

flow stopped for about 10 seconds-
simply to demonstrate that this

could be safely done, as well as to
observe any effect on subsequent
flow rate (no effect). Rapid cooling
(20* C/min) at final shutdown caused
the pipe from the hot exit of the
economizer section to break. Since
the pump was operating during cooling
down, considerable tin was spilled -
undetected until the system was opened.
Helium was used as the tank atmosphere
during this run.

To summarize, ten attempts were made to operate the system. In each

case but the last, equipment difficulties forced a shutdown. Operating time at

high temperature in each case but the last, varied from about 1 hour to 28 hours.

Thermal equilibrium was established for these high temperature runs. Diffi-

culties fall into 4 categories as follows:

20

Cause of Shutdown

Visual examination after dis-
assembly indicated that the
impeller had been rubbing -
indicating misalignment.
This may have been due to improper
assembly or loosening of the
molybdenum adapter due to
vibration.

July 28



1. Liquid metal leaks

a. At pipe joints

b. Due to cracked pipes

2. Excessive oxidation

a. Of liquid metal

b. Of heater core (graphite)

3. Pump shaft breakage

a. Due to foreign material entering pump

b. Due to out of balance rotor

c. Improper impeller clearance

4. Auxiliary equipment failures

It is evident that an essential factor in getting a successful run started was

the time required to clean up the inert gas atmosphere after the enclosure had

been opened. Traces of oxygen not only damaged the hot (maximum estimated

temperatures, 25000 C) resistance heater core but also caused the formation of

tin oxide. As was mentioned earlier, the free liquid surface of the tray type

heat exchanger (heat sink) was arranged so that the tin oxide could be trapped

and cleaned out. Tin oxide is fine gray-brown powder, much lighter than mol-

ten tin, so that it floats on the surface, and is only very slightly soluble in liquid

tin under 4000 C. Usually it can be blown from the liquid surface by a puff of

dry gas. Sometimes, however, the powder will mix with liquid tin, forming a

sort of jell which is quite viscous even at high temperatures. This is the

material which can cause plugging in small passages and which, perhaps, was

responsible for broken pump impellers and shafts. The interior of the heat

exchanger tray after the run of June 16 is shown in Fig. 15. The gray material

is tin oxide containing a few patches of metallic tin. It was not practical to

clean this with the system operating since'the steel bell enclosure had to be

taken off, and even at low temperature (300-350* C) tin oxide formed faster than

it could be removed, when the liquid tin was agitated in contact with air in the

pump. Compare Fig. 15 with Fig. 16, a photograph which was made of the

same unit after the final shutdown. Here the tin is clean and bright, indicating

that once over the hump of starting up, a bypass purification such as the one used

can maintain an atmosphere of sufficient purity for successful operation of a
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system of this type. It seems probable that traces of oxygen in the inert gas

atmosphere react primarily with tin at temperatures up to 500* C, and primarily

with graphite at temperatures between 500 and 25000 C. Traces of tin oxide

present on the free surfaces of the tin disappeared during high temperature

operation. It has been hypothesized that this oxide was reduced by the action of

hot graphite. No damage could be detected, however, in the hottest part of the

graphite system (the exit to the dummy fuel element) so the oxide possibly de-

composed at high temperature. An orifice of 0. 025 inch diameter in this section

was still within the manufacturing tolerance of -0. 000 inch + 0. 003 inch after the

test. Fluid velocity in this section averaged about 8 ft/sec at temperatures

averaging to about 1000* C, with a maximum of about 15000 C.

VII. HEAT TRANSFER

While this system was not specifically designed for heat transfer studies,

an attempt was made to evaluate the film conductance between hot flowing tin

and graphite. An important parameter was, of course, the mass flow of tin

under thermal equilibrium conditions. Flow information provided by the weir

and probe was unsatisfactory for the reasons previously described. It was

found, however, that for conditions of thermal equilibrium, the flow could be

calculated from the temperature rise of the liquid tin passing through the heater

and the power input to the heater, after evaluating thermal losses in this region.

Losses to the water-cooled power connections to the heater were obtained di-

rectly by measuring the flow and the temperature rise of the cooling water.

Radiation and thermal convection losses to the water-cooled enclosure and the

argon gas atmosphere were calculated.3 No attempt was made to evaluate heat

transfer coefficients in heater.

The inlet and outlet temperatures to the high temperature heat exchanger,

plus the tin flow rate obtained from heater data, were used to calculate the heat

transfer in the high temperature exchanger.4 5 Because of the counterflow

condition, the logarithmic mean temperature difference was used as the thermal

drive. Thermal conductivity of the graphite at the bulk mean temperature of

the exchanger was obtained from National Carbon Company data. The physical

properties of liquid tin needed for the heat transfer calculations were extrapolated

into the required temperature region from data presented in the Liquid Metals
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Handbook. The pertinent quantities were density, viscosity, heat capacity, and

thermal conductivity. Since handbook values of these properties go up to 12000 F,

the extrapolations were not extreme. Thermal conductivity for tin seemed to be

fairly constant with temperature, but the other properties were variable.

Since the fluid temperature varied throughout the exchanger, property

values were used corresponding to mean fluid temperatures. This calculating

procedure gave conductances (as a function of fluid velocity) which were average

values for the exchanger as a whole.

Temperatures were measured at the pipe entrances to the heat exchanger

1/2 inch from the headers. These thermocouples were placed at a depth of

one-half the pipe wall thickness. The film conductance at each of these four

thermocouple locations was about the same. Because of the high ambient tem-

perature, loss along the thermocouple wires was very small and approximately

equal in each of the four locations. Each of these thermocouples read a few

degrees lower than actual metal temperatures because of film resistance and

graphite resistance, but for the above reasons these differences were approxi-

mately equal. Since thermocouple temperature differences were involved in the

logarithmic mean temperature difference for the whole exchanger, the small

thermocouple temperature drops approximately cancelled out. The thermal

entrance effect and heat transferred within the headers were included in the

evaluation of the mean value of film conductance. Turbulence at the heat ex-

changer exits resulting from sharp 900 bends was depended upon to produce

mixed mean fluid temperatures at the thermocouples.

Heat transfer determinations are presented in Fig. 17 as Nusselt number

vs Peclet number. Data for a large number of equilibrium conditions were

available but the points shown cover the entire range of flow used. The Lyon-

Martinelli heat-momentum transfer analogy and some work by Untermyer on

lead-bismuth heat transfer are plotted to the same scale for reference. The

Nusselt number unexpectedly decreases with increasing flow. This phenomenon

is without adequate explanation at the moment, except to say that it is not likely

due to scatter. Since the flow was evaluated from fluid temperature rise in the

heater, the calculated thermal losses in this region influenced the flow rate

directly. At the high temperature involved, radiant losses from exposed parts

of the heater section comprised a considerable proportion of the total losses;

radiant losses are proportional to the difference between sending temperature

23



to the fourth power and receiving temperature to the fourth power, so that tem-

perature measurement errors are magnified. There is only a remote chance

that errors of this sort can produce the effect under discussion, however, since

the temperature level was about the same for each point plotted in the results,

and actual difference in temperature level was random with respect to flow for

the various points in the plotted results. One would expect scatter as the result

of temperature measurement errors, rather than a smooth effect. Nevertheless,

it would 'be better to consider these results as a range of possible values until

the effect shown can be proven or disproven. The heat transfer values (Nusselt

numbers) are somewhat higher than the theoretical heat-momentum transfer

analogy prediction. Previously reported dynamic heat transfer data with metals

in the liquid phase are generally below the theoretical prediction. The higher

values obtained may be due in part to the nature of the machined graphite sur-

face - a continuous series of microscopic cavities, possibly tending to promote

local turbulence. The liquid tin showed no evidence of actually wetting the

graphite as compared to liquid nickel on graphite, for instance.

V III. CONCLUSION

This experiment demonstrated that graphite can be used in high tem-

perature heat transfer work using liquid tin as the working fluid. Other work

has shown that bismuth would also be satisfactory, but with less desirable

thermodynamic and nuclear properties. The compatibility of other often con-

sidered liquid metals with graphite is either poor or unknown at the present time.

Although successful operation of this equipment was finally obtained, it

must be realized that it was of laboratory scale and that modifications were

carried out with comparative ease. The techniques could, no doubt, be scaled

up a considerable amount, but the difficulties encountered would have to be

balanced against the necessity of operation in the 15000 C region. At significantly

lower temperatures, graphite fabrication could hardly compete with construction

using other high temperature materials.

The inherent brittle nature of manufactured graphites is the basis for this

qualified recommendation. Graphite is probably as easy to handle as glass from

the viewpoint of durability, but lack of ductility is a distinct disadvantage in
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fabrication and a hazard in subsequent operation. A manifestation of this

difficulty was the precise alignment needed for mechanical pipe joints. Fusion

joints alleviate this particular problem, but require very carefully controlled

atmosphere and very high application temperature. The acid-furfural process

used for joint assembly gave better results than dry assembly for these tapered

connections. This was partly due to the initial lubricating effect of these

materials, and partly due to the subsequent decomposition product, carbon,

deposited in the joint interface.

The heat transfer data,

signing graphite-liquid metal

unit used in this experiment.

give conservative results for

metal combinations.

while not precise, can be used as a guide in de-

heat exchangers of a design similar to the economizer

The Lyon-Martinelli predictions will probably

design purposes in the case of graphite-liquid
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