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SUMMARY

Research programme

The research programme on MPD power generation at International Research
& Development Co Ltd (IRD) is closely associated with the possibility of
utilizing a high temperature nuclear reactor heat source ir conjunction with
an MPD generator and steam cycle, the overall thermal efficiency of such a

system being estimated as up to 60 per cent.

One of the most important aspects of closed-cycle MPD electrical power
generation now being studied is the possibility of using non-equilibrium
enhanced ionization produced by elevated electron temperature. Under these
conditions high specific powers may be obtained at gac temperatures of 1800°K
or even lower. Apart from the obvious use for large-scale electricity production,
nuclear MPD plant has attractive features for space power units in the 10 to

100 kWe and multi-megawatt ranges, and for compact 10 to 50 MWe units in surface

ship, submarine and other applications.

Progress details of the IRD MPD energy conversion programme from August
1960 tc November 1962 were presented in a previous Technical Summary Report

(IRD 63-1). The programme covers three main aspects: MPD closed-loop; plasma

physics; and theoretical.

MPD closed-loop

High temperature commissioning of the closed-cycle helium-cesium MPD loop
occupied about twelve months (January 1963 to January 1964), with a total of
about 2000 hours of circuit operation, of which 300 hours have been at temperatures
up to 2500°K with unseeded helium, The difficulties assocliated with achieving
operation at such high temperatures, and the relatively long time scale involved
in finding solutions to the various problems, reflect the current state-of-the-art
in ultra-high-temperature loop technology. The IRD loop is unique in that there
is no comparable facility anywhere in which gas temperstures approaching 2500°K
can regularly be maintained for periods of hours w - .xceptional conditions of
purity. Extremely low content of molecular gases i1a the circulating helium is
important both in attaining high plesma electrical conductivity and in minimizing

attack of refractory materials at high temperatures,

The commissioning phase of the loop development programme culminated on
19 March 1964 in cesium-seeded operation and electric power generation. In these
initial experiments the loop was operated continuously for fifteen hours with

indicated gas temperatures up to 2020°k. Twenty series of measurements were made,

with varying temperature, cesium content and applied magnetic field, extracting a




maximum power output of 0.46 We from a five-electrode-pair constant-area generator.
Electrical conductivitiea of about 0,5 mho/m were obtained at static gas temperatures
below 1SOO°K ard there are reasons to expect u considerable improvement on this
level. The main success is that the loop technology and operation has been proved,

and the future detailed programme to elucidate MPD power processes under a wide

range of conditions can now be undertaken with confidence,

Plasma physics

It became evident early on in planning the research programme that, in
assessing the potential performance of MPD generators and in the interpretation
of experimental results, there were virtually no tasic data on the factors which
govern behaviour of the plasma regimes under investigation. In particular, at
the particle energies which apply (usually less than 1 eV) data on thermal jonization
and on the corresponding charged particle concentrations, collision cross-sections
for electrons, ions, atoms and molecules, and ionization, recombination, and

attachment coefficients are either non-existent or conflicting.

A series of experiments was designed for mueasurement of these parameters
in static plasmas, both under thermal equilibrium and non-equilibrium cconditions,
and to establish diagnostic techniques which could also be applied to the closed-

cycle loop. The four principal plasme physics investigations are:

microwave measurements, in thermally-excited plasmas, of electron

concentrations and collision frequencies;

atom-atom and ion-atom collision cross-sections by atomic beam techniques;
photon cross-sections and recombination coefficients in photoionized
plasmas; and

plasma electrical conductivity and breakdown.

All experiments are now functional and a number of measurements are already

completed.
Theoretical

In addition to providing direct analytical support to the experimental
programme, the theoretical work on closed-cycle systems is mainly related to MPD

power generation from a non-equilibrium plasma flow, Present and future aspects

involve:

studies of MPD interactions in supersonic, transonic, and subsonic plasma

flows, including boundary layer effects and the optimization of generator

duct and electrode geometry;




solution of rate equations for ionization, radiation, ~ec¢r bination and

cther atomic and molecular processes in an accelerating piasma;
optimization of atomic seeding fraction, under non-equilibrium conditions;

heat loss by radiation from seeded monatomic plasmas, requiring an

investigation of the transitions between atomic levels;
eff'ect of molecular impurity gases;

electrode processes and boundary layer effects in the presence of elevated

cieclron temperature and high magnetic field;

studv of metal foam and other multi-phase MPD systems for space and other

applications; and,

an extension of the work on transport properties of MPD plasmas,
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CHAPTER 1

INTRODUCTION : ENERGY CONVERSION PROGRAMME

by

B.C. Lindley

1.1 GENERAL

The present research programme on MPD power generation at International
Research & Development Co.Ltd.(IRD)2'12'2O, initiated by C.A. Parsons & Co, Ltd.
in 1960, is closely associated with the possibility of utilizing a high
temperature nuclear reactor heat source in conjunction with an MPD generator
and steam cycle, the overall efficiency of such a system being estimated as up
to 60 per cent11.‘ The research is relevant, however, to both open and closed-
cycle MPD concepts, since the power extraction processes have common features.
Inert gas-alkali metal vapour plasmas, under controllied conditions, are ideal
for such studies, their behavicur being much more amenable tc theoretical and
experimental analysis than that of multi-species comBustion plasmas derived
from burning coal, oil or gas.

One of the most important aspects of closed-cycle MPD electrical power
generatiorn now being studied is the possibility of using non-equilibrium
enchanced ionization, particularly when this effect is due to elevated
electron temperature. For thermal equilibrium ionization, temperatures of
about 2500°K are cornsidered necessary for useful electrical conductivity and
specific power11; under non-equilibrium conditions, high specific powers may
be obtained at 1800%K or even lower. Projected performance from very high
temperature nuclear reactors of the OECD Dragon type (including the Peach
Bottom HTGR, UHTREX and the 'pebble bed' reactors studied both in Germany
and in the United States) indicates that gas temperatures of 1500° to 1800°K
may eventually be achieved. This type of reactor will operate with purified
helium as the coolant, as in the helium-cesium MPD loop at IRD, Apart from
the obvious use for large-scale electric power production, nuclear MPD power
plant has attractive features for space power units in the 10 to 100 kWe}O
and multi-megawatt ranges, and for compact 10 to 50 MWe units for marine

propulsion and other applications.
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Details of the IRD MPD energy conversion prograrme have been presented in
a previcus Technical Summary Reportag, in which progress from August 1960 to
November 1362 was reviewed, Juring the pericd covered by the present Technical
Summary Report (from 1 December 1962 to 31 Mar:h 1964) the financial support
received from C,A, Parsons and Company has been increased to a total of
£150,000 (£420,000), while a further contract has been gained from the Advanced
Research Prozlects Agency (ARPA) for £35.00C (Z'00,000) to cover the period
1 December 1965 to 31 .‘uly 1964, bringing the total contribution by ARPA to
£135,000 (2382,50C) .

For corvenience, so ar to present information on the programme in
suffi~ient detail consistent with clarity, the present report is divided into
three parts covering the main aspects: MPD closed-loop:; plasma physics; and
theoretical. Turthe: subdivision is into separate ~hapters, each intended %o
be self-contaired. The MPD closed-loop programme is described in thirteen
chapters, 2 “o 5 being related to the several stages of commissioning and
operation, 6 to 12 dealing with associated engineering and materials
development problems, and in 13 a review of the intended future programme is
given, Full dciails of basic equipment for the four plasma physics experiments
were given in the previous Technical Summary Reportaq, and chapters 14 to 17 deal
witih the further developments which have teen required in each case to reach
satisfactory uperation; results are mainly presented in 18 to 20. Full reports
or. the main areas of study in the theoretizal programme are presented in 21 to
29, 27 to 24 dealing with important furdamental aspects, with presentation in
25 to 29 of advanced studies of performance and operational aspects ~f MPD
generators in a number of applications. Further technical reports will be
issued on aspects which have not been fully desiribed in the present report,

A bibliography of the msin technical reports and publications by IRD staff on

MPD power generation follows this chapter (1),

1.2 THE MPD CLOSED-CYCLE LOOP

In the MPD closed-cycle loop (Figs. 1.1 and 1.2), continuously filtered
and purified helium is heated in passage through an eleztrical resistance
heater (to simulate the nuclear reactor) which is capable of producing gas
t-mperatures up to 2500°h. A metercn flow of .esium vapour is introduced
before the mixture expands to a high veloci‘y through a rectangular.section
nozzle. In the present arrangement a supersonic flow of helium and ionized
cesium passes through the MPD generator duct and a subsonic diffuser to a
recuperative he~* exchanger and final cooler, Cesium is removed in a cold

trap before the helium re-enters the circulator.
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The power generation experiment is designed to yield date on MPD power
processes for a wide range of experimental variatles. In particular, closed-
cycle steady-state operation allows tlie investigation of different working
fluids (e.g. the various inert gas-alkali metal vapour combinations) under
controlled purity conditions, and shouid establish conclusive evidence
whether non-equilibrium ionization can be promoted by field-induced elevation
of the e’ectron temperature and by other techniques (such as by photoionization,
r.f., electron or ion injection, etc.)., Additionai major variables in the
experiment are pressure, pressure ratio, temperature, Mach number, fractional
seed con~entration, controlled concentration of other gases, generator duct

configuration and magnetic field,

High temperature commissioning of the loop occupied a period of about
12 months (January 1963 to January 1964), with a total of about 2000 hours of
circuit operation, of which 300 hours have been at temperatures up to ZSOOOK
with unseeded helium. The difficulties associated with achieving operation
at this high level of temperature, and the relatively long time scale involved
in finding solutions to the various problems, reflect the current state-of-the-
art in ultra-high temperature loop technclogy. The IRD loop is unique in that
there is no comparable facility anywhere in which gas temperatures approaching
2500°K can regularly be maintained for periods of hours under exceptional
conditions of purity. [Extremely low content in the circulating helium of
molecular gases is important not only in manimizing attack of refractory
materials at high temperatures but, more sigrificantly, in assuring conditions
in the plasma suitable for the attainment of elevated electron temperature and
extra-thermal ionization, since even small concentrations oi molecular gases
serve to dissipate enhanced electron energy tecause of high collision cross

sections, non-elastic collisions and propensity for electron attachment,

The commissioning phase of tlie loovp development programme culminated on
19 March 1964 in cesium-seeded operation and e.ectric power generation. In
these initial experiments the loop was operated continuously for fifteen hours
with indicated gzs temperatures up to 2020°K, Twenty series of measurements
were made, with varying temperature, cesium content and applied magnetic field,
with maximum power outputs of O.45 We for the S-electrode-pair constan.-area
generator, Electrical conductivities of atout 0.5 mho/m were obtained &t
static gas temperatures below 1500°K and there are reasons to expect a
considerable improvement on this level., The main success of this operation
is that the loop technology and operation has teen proved and the future

detailed programme to elucidate MPD power processes under a wide range of
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conditicns can now be undertaken with confidence.

In the next series of power runs the irlet pressure and seeding fraction
at the nozzle are being kept constant at approxima ely 1 atm. and 0.5 per cent
respectively. The inlet temperature will be varied to provide a wide band of
thermal ionization levels, and measurements (including end losses) will he made
with 10-electrode and 36-electrode constant-arsa ductc. “ower
generation experiments will take place for a range of nozzle inlet pressure
(0.5 to 1.2 atm), nozzle inlet temperature (1500° to 2500°K), cesium sced
fraction (up to 3 atomic per cent), electrical load and magnetic field (up to
2T)., Profiled generator ducts and alternative electrode arrangements are
planned, and several expansion nozzles will be used to vary the flow Mach
number from the present level of 2,3 to subsonic values of 0.5 (or possibly
less). Pressure levels will be increased towards those anticipated for a
full-scale system and secding levels will be in the region shown theoreticallyv

(Chapter 23) and by experiment to produze optimum specific power,

Two non-equilibrium ionization effects are anticipated: the first due to
'frozen flow' of electron concentration in rapid aczeleration through the

nozzle9’29’31

; and the second to field-induced ionization in the generator ductca.
The latter effect has been demonstratei theoretically to be possible and the

present programme is aimed at r—oducing experimental evidence in support,

Microwave and spectroscopic techniques, deveioped in the plasma physics
studies (Part 2), are to be used in obtaining eliectron temperatures, concentrations
and collision frequencies at the window staticn upstream of the accelerating nozzle;
it is proposed to extend such measurements within the generator duct itself. lLater
in the programme controlled additions of molecular gases (which inhibit electron
motion) and other noble gases (which may assist non-equilibrium ionization), within
limits imposed by constructional materials, will be made to assess the effect on

ionization and electrical conductivity.

Although the low-field magnet (at present teing modified to increase the
maximum field from 1.2 T up to about 2T) will be sufficient for the purpose of the
early stages of the experimental programmes, there is a strong incentive to
operate at very much higher applied magnetic fields to increase the specific power
(which is proportional to the square of the magnetic field) and field-induced
non-equilibrium ionization effects; in addition. the surface-to-volume ratio of
the generator decreases with a consequent lower heat loss through the walls,

The Hall number (to whick is related the angle by which the electric field and

current vectors are displaced from the transverse direction in the plane
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perpendicular to the magnetic field) increases directly with the magnetic field.
The axial pressure gradient in the duct increases with the magnetic field, which
may be a disadvantage, and ion slip (which gives a reduction in power output) can
occur at very high fields. Other problems which may be encountered at Ligh
fields are electrical breakdown due to the high electric field in the plasma,
inability of electrodes to support the very high current densities which are
demanded and transverse pressure gradients in the duct. which could lead to

fluid flow instability. 1In a large-scale system. the fraction of the output
power which must be used in conventional copper coils to provide the magnetic
field is substantial, so that superconducting field ccils (which have no
resistive loss and only a small power demand for refrigeration) are attractive.
The technical feasibility and capital cost of building large superconducting
magnets are uncertain; however, the 5 T superconducting Helmholtz pair, which
the UK Department of Scientific and Industrial Research has nominated IRD to
construct for operation with this MPD experiment. should contribute sigrificantly
to the technology.

1.3 PLASMA PHYSICS

It became evident early on in planning the research programme that, in
assessing the potential performance of MPD generators and in the interpretation
of experimental results, there was virtually no basic data on the factors which
govern behaviour of the plasma regimes under invesrlgation4o In particular, at
the particle energies which apply (usually izss than 1eV) data on thermal
ionization and the corresponding charged particle concentrations, collision
cross-sections for electrons, ions, atoms and molecules. and ionization,

recombination, and attachment coefficients are either non-existent or conflicting.

A series of experiments were designed for measuremenrt of these parameters
in static plasmas, both under thermal equilibrium and non-equilibrium conditions,
and to establish diagnostic techniques which could also be applied to the closed-
cycle loop. The four principal plasma physics experiments are now functional

and a number of measurements already completed.

Thermally-excited plasmas are being studied using microwave techniques to
measure electron concentrations and collision frequencies in helium-cesium
mixtures at pressures ranging from 1 to 760 torr and temperatures ranging from
1000° to 2300°K to establish basic data at the appropriate particle energies,
The programme will be extended to include mixtures containing from zero to 100
per cent of cesium, sodium or potassium in krypton argon, neon, helium or

hydrogen. It is hoped to establish the optimum seeding fraction for each




mixture under thermal equilibrium conditions, and to derive the effective
collision crcss-sections; in particular, the regions in which electron-ion
collisions become important may be obtained.

In an atomic beam experiment37

s cesium atom<helium atom and cesium
ion-helium atonr collision cross-sections are being measured, with similar
measurements on other alkali metal-inert gas combinations at a later stage,
The data are important in assessing viscosity, heat transfer coefficients
and coupling factors, all of which are significant in boundary layer effects
and energy transfer mechanisms in an MPD generator. It is believed that
surface effects may constitute one of the main limitations on specific power
i.. a practical system operating at very high magnetic fields. No published
experimental data exists for the regimes being studied.

Photon cross-sections and recombination coefficients in plasma irradiated
with light energy are being studied36. The technique is significant both in
the energy balance of the ion-electron pairs produced (as compared with, say,
microwave energy pulses), making it very convenient for experimental
investigations of ionization and recombination, and also as a possible

technique for producing non-equilibrium ionization in a large-scale system22’36.

Very little information is available on the electrical conductivity of
heliun-cesium and other inert gas-alkali metal vapour mixtures., In one
published investigation, the results are limited to a few volts; experience
at the University of Sydney has indicated that, atove 20 volts, breakdown
occurred irrespective of electrode separation. Some indication of this
behaviour has been verified at IRD38. As a possible and severelimitation
on. MPD generator performance this breakdown problem is being investigmted
in detail (including electrode materials, surface finish, magnetic field

effects, etc.).
1.4 THEORETICAL

In addition to providing direct analytical support on the experimental
programme, the theoretical work on closed-cycle systems is mainly related to
MPD power generation from a non-equilibrium plasma flow. A large proportion
of the papers listed in the bibliography are related to these studies.

Present and future aspects involve: studies of MPD interactions at supersonic,
transanic and subsonic plasma flows, including boundary layer effects and the
optimization of generator duct and electrode geometry; solution of rate
equations for ionization, radiation, recombination and other atomic and

molecular processes in an accelerating plasma; optimization of atoaic

1.6




seeding fraction under non-equilibrium conditions; heat loss by radiation from
seeded monatomic plasmas, requiring an investigation of the transitions between
atomic levels; effect of molecular impurity gases; electrode processes and
boundary layer effects in the presence of elevated electron temperature and
high magnetic field; study of metal foam and other multi-phase MPD systems

for space and other applications; and an extension of the work on transport
properties of MPD plasmas.
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DEVELOPMENT OF CLCSED LOOP

by

R. Brown, W.J. Slator, W. Morrison, J. Davidson, K. Cass and V. Brown

2.1 GENERAL

Basic design details, manufacture and test of the individual loop
components have been described in the previous Technical Summary Report (IRD 63-1).
In the period under review, much of the effort was dev ited to commissioning the
complete loop, at fir. t without the main generator section, so s to orove the
mechanical and thermal performance and a capability for extended operation at
high temperature, and with extremely low impurity cortent in the helium,
Quantitatively, one of the objectives was to cperate the complete loop at steady-
state gas temperatures of over 2200°K for more than 1 hr with <10 ppm content in
the helium of molecular gases other than nydrogen. Fig, 2.1 summarizes

development as far as 31 March 1964,

A brief description of the main aspects of development will be given here,
followed in Chapter 3 by consecutive reports on the features of each run at
high gas temperatures, and in subsequent chapters with details of particular

development problems on main components,

2.2  HELIUM PURIFICATION

A number of cold runs were carried out carly in the period (December 1962 to
January 1963) to characterize and develop the nelium purification and analysis plant,
In these, the high temperature heater was in position and a temporary tantalum-
stainless steel transfer duct was mounted bvetween the heater and diffuser, allowing
closure of the loop. The original 0,25 per cent bypass purification plant
supplied by Lirde had proved inadequate and unsatisfactory. A redesigned
molecular sieve bed was introduced, giving an increased bypass rate of 1% to 2
per cent of the main helium flow. The early procedure of analysing gas samples
in the Applied Chemistry Laboratory of IRD introduced prohibitive errors, and an
inproved helium chromatographic analysis plant was developed and integrated in the
loop. The equipment provides for continuous sample circulation from various loop

staticns, and semi-co :tinuous analysis with minimum detectable content of each of




several gases of about 1 ppm,

The running time for 'clean up' to acceptatle impurity levels (<100 ppm) was
approxima‘ely 70-100 hr with inconsistent clean up rates. Outgassing of the loop
and graphite in the heater element and ocil filter was considered to be significant,
and nitrogen purging of the CECA carbon used for circulator oil removal was
discontinued to prevent desorption of nitrogen gas into the loop. Purification
et'ficiency appeared low but exhaustive leak detection indicated the loop to be
tight to <1O"5 ul/sec, A typical curve for rates of impurity removal is shown
in Fig. 2.2.

Consideravle modification of purification plant components during the high
temperature developrent running,based on increased residence times, a bypass rate
ot up to 6 per cent of the main mass flow, and other features eventually gave a
capability for purification cold to sbout 5 ppm within 1 hr from start up and about

10 to 15 hr to operation at full temperature,

During high temperature development runs valuable information was gained on
maximum tolerable gaseous impurity levels for long iife operation of the tantalum
transfer duct, bellows, sapphire window assembly, and supersonic nozzle.
Temporary tantalum transfer ducts (0,015 in. material) were loaded with sample
strips and afterwards subjected tc metallographic examination. In this way
outgassing techniques, purification bypass rates, acceptable leakage and rate of

temperature rise were optimized.

2.3 HIGH TEMPERATURE OPERATIOMN

In February 1963 high temperature runs were begun using & temporary tantalum
transfer duct between the high temperature heater and subsonic diffuser, that is,

without a generator section in the loop.

The first heater system employed 1 molybdenum and 4 stainless steel radiation
shields concentrically distributed around a single graphite element (Figs. 22 and 23
of previous Technical Summary Report), and arranged for radial inward flow of
helium through the shields. The highest helium temperature achieved with this
system was1190°C. Problems included mismatching of the element electrical
resistance, control of radiant heat losses, distribution of helium flow through
the shields and behaviour of electrical end cennections (overheating and arcing).
Subsequently, 18 high temperature runs were carried out employing temporary
transfer systems, successively increasing the helium outlet temperature level
to about 2L00°K. Many configurations of radiation shield systems were tested,
the most satisfactory being a multi-pass axial flow concentric system with radial

flow through the graphite element., Electrical connection problems were experienced
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at the hot (upper) end of the heater. Modifications to the heater necessitated
longer lengths of graphite for manufacture. Poor delivery dates (5 months) from
suppliers for extended lengths of suitahle graphite .ed to the adoption of
terporary extension graphite pin/copper connecturs, which eventualil:- ~77 -»d

opcration at currents of up to 3000 amp.

In an early run, during which the total impurity level was maintained below
50 ppm, the maximum gas temperature was increased in stageés up to 1AbO°K with
5 gm/sec mass flow and 33 kW heater power ingut; the high temperature heater
centre (maximum) temperature was then almost 190.,°K.  The loop was shut down
after about % hr at this temperature level owing to t'ailure of the temporary
tantalum duct (2 in, diameter) between the heater and diffuser. This failure

emphasizes the need to obtain specified impurity levels.

In August 1963, using a graphite pin/copper cone extension on the heater,
and a temporary tantalum transfer duct, a provirg hot cycle was carried out under
conditions envisaged for loop operation. A helium temperature of 2250°K was
attained and held steady for 1 hr, All units operated satisfactorily with

negligible deterioration of refractorv metal and other critical components.

In September 1963, a 2-electrode recrystallized alumina generator system
was installed in loop with the complete tantaium transfer duct (bellows, cesium
vapourizer, window and supersonic expansion nozzie). After careful vacuum-
outgassing a hot run was carried out, Thermal stress in the generator duct
system was minimized by limiting the rate of temperature rise to¢v200°K/hr up to
e maximum nozzle inlet temperature of 2000°K.  On dissembly, the generator alumina
sections were all found to ve severely fractured and cracked, although
maintaining a smooth gas channel. The failure was attributed to axial
misalignment due to the mount®ng and support arranrement and excessive compressive
and axial stress from differential expansion during the thermal cycle, Other
problems at this stage included overheating of the singlie skin stainless steel
subsonic diffuser throat section and thermai insulwtion of the high temperature

transfer duct and generator duct assembly.

Following this first operation with & generator duct, a new assembly and
mounting system was adopted, entailing consideratlie modificetions of this section
of the loop. In the new arrangement the tantaium ransfer duct geneiator and
diffuser entry sections are mounted to provide strain-tfree axial movement on a
massive stainless steel backbone and the complete sut -assembly {including thermal

insulation and instrumentation) can be racked irnto the acceptins cuter case.

During these modifications to tre duct system availability of graphite in
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longer lengths allowed the manufacture of a one-piece heater element, thus
dispensing with the graphite pin and high temperature graphite-graphite interface
which had been subject to arcing. The electrical end connection design, which
had previously, passed currents of up to 3000 amp, was retained. Molybdenum
radiation shields had presented a problem of vaporization and carry-over to

cooler sections, and these were replaced by tungsten,

Prom late September to mid-November 1963, a series of prolonged vacuum-
outgassing procedures proved necessary to rid the high temperature heater
system of mineral oil contamination. The contaminant origin is urknown but it
is possible that oil pick up occurreé during the manufacture of the material or
element prior to delivery at IRD. A full hot run was carried out on 17 November
1963, using a temporary high temperature transfer to clean the system under flow
conditions. The new high temperature heater operated satisfactcrily end a helium
temperature of 1940°K was atteined. To minimize overhreating of the high
temperature heater core an additional thermal shield emxploying pure zirconia
fibre was fitted.

Owing to the initial problems with the recrystallized alumina duct sections,
a survey was carried out for other suitable high temperature insulating ceramics.
Since the original conception of the loop, the envisaged operating temperatures
in the generator region have significantly lowered and boron nitride was considered
attractive for use as a duct wall material telow ZOUOOK. Test generator sections
were manufactured in boron nitride and comprehensive compatibility studies for its

use with cesium at elevated temperatures were initiated.

After initial outgassing, the system was closed on 30 November to 4 December
1653, using the redesigned high temperature transfer and generator support system.
The generator section consisted of (slip-cast, hot pressed) sections of recrystal-
lized alumina and a boron nitr.le top wall, High temperature runs were carried
out attaining gas temperatures of about 1600°K, tl.e rate of temperature rise in
the generator region being limited to ZOOOK/hr. It was apparent that gas
lsakage was occurring into the central high temperature region, bypassing the
heater and reducing the gas temperat . e, and the runs were discontinued.
Inspection showed no damage to the generatcr ceramics and the locations of leakage
proved to be a fractured tantalum pressure pipe on the high temperature transfer
and at the diffuser sliding seal. Appreciable sodium contamination, and
deposition on lower temperature section. of the loop. was fcund to originate from
the zirconia fibre and its use was temporarily suspended, pending investigation by the

manufacturers and suppliers of "sodium-free" zirconia fibre (Hitco Corporation).
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On 10 December 1963 a further run was carried cv' with the previous system,
with the zirconia insulatio:n removed and ‘%ie tantalum pressure pipe repaired,
On the up-cycle at approximately 1720°K helium tempe:ature manual blow-off was in
operation to accommodate pressure rise from erpansion. At this stage during
blow-off an extremely violent pressure rise was ac :ommodatedi with helium loop
mass flow being maintained. Electrical power to the hifh temperature heater
was switched off immediately and component temperatures fe.l at approximately
ZOOOK/min. Flow conditions appeared steady but after circulation for a

further 30 min the circulator was stopped and trhe loop opened up for inspection,

20 gallons of water were arained from tne loop, mainly from the high

temperature heater (Pig. 2.3). The copper/graphite upper electrical connection

to the element had arced through the corper allcwing high pressure water to

enter the loop. Inspection revealed the following conditions.

heater element and shields: corrcéed but intact
high temperature tantalum beilows, cesium vaporizer tuvbe and window
transfer duct: sections disirtegrated, heavy sectiocn

supersonic nczzie unharmed

recrystallized alumina duct minor cracking but otherwise excellent
sections: condition

boron nitride duct sections: unharwred

purification plant ice trap: blocked

oil filter (CECA carbon): saturated

remainder of loop: no damage

By 24 De.ember 1963, the loop was again ir tne closed condition,
Modifications included: a temporary heater to nozzle grabhite tube transfer ducty
a spherical-profile graphite/copper electrica. interface connector; thermocouple
inserts on interface; an arcing waming dev.ce with osciiloscope display
integrated in heater power control system; ané ccoled giass windows to view the
copper/graphite interface. Heater vacuum-outgzassing was carried out to a
saximum centre element temperature of about :}JLOK, rejuiring 1470 amp snd with
no evidence of arcing. Howevar, K with gas circuiation, arcing occurred on the hot
interface at 1950 smp. Power was reduced, but arc instabtiiity persisted and the
run was discontinued with switch ¢ff from :ris jpower lieved. Inspection showed
serious pitting of the graphite interface, but no leterioratior of the generator
sections, Similar arcing behaviour was apparert on subtzejuent runs (7 and 12

January 1964) in which modifications to the end ccnrections were tested, Cwing to
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the uncertainties and inherent dangers of arcing at the hot electrical power
connection of the high temperature heater the graphite/copper cone connection was
abandoned. Throughout the whole of the tedious and expensive series of runs
where prohibitive arcing occurred no conclusive mechanism was established for the

electrical breakdown.

Plow data from earlier runs and a flow check with the high temperature
heater bypassed demonstrated that the recuperative heat exchanger was bypassing
up to 25 per cent of the helium mass flow. The unit was removed, cleaned and

the leaking sliding seal and centrebody repaired.

On 5 March 1964 a proving run showed that a redesigned hot end electrical
connection was satisfactory. The pitted interface of the element was removed and
the head extended with a screwed graphite collar and rod connector. A copper
clamp electrical connector was arranged to pass cold helium (! gm/sec) from the

circulator outlet “hrough cooling channels in the graphite head system.

At this stage a segmented 5 electrode-pair generator duct was completed.
The main tantalum transfer duct was undergoing repair at Murex Ltd. To allow
build-up of tre initial power generator system a glove box welding facility was
set up at IRD and a transfer duct-cesium injection-nozzle system fabricated from
0.020 in. tantalum,

On 12 March 1963, with the outgassed heater, transfer and 5 electrode-pair
generator in position, the loop was closed and a high temperature run begun,
Severe arcing and a total loss of heater power occurred at 2000 amp and the run
was discontinued. Inspection showed fiacture of the element at the extrere upper
end of the perforated section, It appeared the previcus corrosion witn water and
stean in the loop had severely stressed and weakened the element at the point of

fracture, All components of the new electrica. connection were satisfactory.

2.4  POWER GENERATION

On 18 March 1964, with a repaired element fuliv outgassed, the loop was
closed once again. It was expected that the Lcater performance would be
satisfactory and a simple intermittent-fiow cesium injection system was attached
to the loop; ail cther preparations were carried out for seeded power generation.
Loop operation commenced on 19 March 1964, heater power being gradually incressed
while maintaining $30 ppe total impurity level in circuit. 2C short-duration
cesiux-seeded runs were carried cut at indicated nozzle iniet temperatires between
19100 and 2020°K and 1 atam pressure, and with wagnetic fieids from 0.2 to 1.0 T.
Consistent power readings up to % watt were measured frox the generator delivering

to five isolated electrical loads. Seeded operation over a period of 5 hr and a
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total cesium injection of 380 gm resulted in no problems of loop operation although

indications were that carry-over of cesium into cold sections of loop had occurred.

The rig was run down and circulation stopped, and main sections of the loop -
high temperature heater - generator assembly removed using a helium blow-off and
isolation technique. Th+ performance of the high temperature heater had bteen
entirely satisfactory and inspection of the components and electrical end
connections showed no significant deterioraticn. The generator duct showed a
single fracture and minor cracking in the lower and one side wall, Deposits on
the inner surfaces were found in parts to te electrically-conducting. This
surface deposition material is being subjected to intensive metailographic and
chemical analysis to determine its nature and origin. The cesiur. drains on the
heat exchanger and precooler were vlown off but only min:r juantities of cesium
were recovered. With oxidation and alcohol dissolution technijues and due
caution,the circuit was completely stripped. Approximately one-third (1C0 gm)
of the cesium throughput was found in the precooler outiet, the remainder
apparently being dissolved in lubriceting oil in <he main helium circulator and
aftercooler, No deterioration of any component owing to the presence of cesiun

was apparent.

2.5 SUMMARY OF CLOSED LOOP DEVELOPMENT

The sequence of operating conditions during loop development is summarised
in the Tables which follow this Chapter; the final Table is related to the
power generation run (RHT32).
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CHAPTER J
HIGH TEMPERATURE GAS CIRCULATION

by

R. Brown, W.J. Slator, V. Brown, K. Cass and J. Davidson

3.1 HEATER OUTGASSING

During the period February 1962 to Mar:zh 1963 a large number of high
temperature rins (Tables 2.1 to 2.4) have been undertaken with various heater~
trarsfer duct - generator duct configurations. Befcre ea:h run it has been
necessary to establish vacuum-outgassing te-hnicues for :he heater unit previous
to gas nirculation. Throughout the programme tne requirement has been for
iower gaseous impurity levels and the degree of sacuum-cutgassing of the heater
grarhite compcnents has become increasing.y important. The procedure adopted
throughcut the latter part of the rrogram-e ras teen to acthieve a heater core
temperature greater than 2500°K with presaures read at four loop stations and
at the heater core of less than 30 torr, and then holding at this temperature
tc attainr an ultimate base rressure of less tran 5 torr and pressure rise in

this isclated loop of less than 1 torr/min.

A change in temperature profile of the eicment {rom outgassing to gas
circulation is inevitable and produces further descrption of gasaous impurities.
With the adorted procedure and rresent rurificaticn -apscity trhe conly short
holling cond.tions necessary during ‘nzermal cycling from +600° to 2200°K are for

hydrogen rezoval.

RHT 1 : 2 February 19363

Operaticen

The loo; had been closed aurins coid runs {roz Decexber 1562 to January
1963, The ..4.h tezperature heater assexzbly (Fig 3.!) has beern discussed
previously (Tec:nical Summary Report IRD c¢3-1%) A sizjle high temverature
tantalum/stainless steel trarsfer duct arrangezent conrected tie nheater outlet
to the subsonic diffuser inle:., Hea'er yower was steadily increased to give
1200°K indicated ou let temperature witn 5 gm/se. nelium flow. Some difficulty
was ex;erierced in reducing gaseous iz;urities (Fig. 3.2). Pailure of a

rubber heater cooling waler suprly riyfe neresaitated rig s:ut down,
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Inspection and modification

Inspection showed a faulty seam and the pipe was replaced.

RHT 2 : 10 February 1963

Operation

With the rig condition unchanged from RHT 1 a further thermal cycle
under flow conditioné was undertaken, At a helium mass flow of 5.0 gm/sec
a maximum indicated heater outlet temperature of 1350°K was achieved. An
undetermined amount of air leaked into loop from a cracked joint on the
sub-atmospheric purification return line. Temporary sealing was effected

but a rapid increase in impurity levels (Fig. 3.3), the blockage of the

HZO and 002 trap in the purification system, and serious overheating
(~1250%K) of the lower part of the heater case caused the run to be
discontinued., »

Inspection

Inspection showed overheating of the heater core as a result of poor
axial flow distribution,  The tantalum transfer duct (0.0%5 in, material)
had partially disintegrated (Fig. 3.4), allowing helium to bypass the
heater and thus aggravate the stagnation condition in the heater.

Modificaticons

The leaking section in purification outlet was repaired,

The temporary tantalum transfer duct was replaced with a further unit
fabricated from 0,020 in material and incorporating a 0,015 in. material
bellows (Fig. 3.5). A stainless steel baffle was fittied over the upper
half of the outer radiation screen in the high temperature heater core to

improve the helium distribution to the element,

RHT % : 23 February 1963

Operation

Tne run duration was 26 hr with 12 hr hot running. A helium outlet
temperature of 1230°K was attained and held for &4 hr, Progressive blockage
of a molecular sieve bed in the purification plant reduced the bypass flow
to about 0.3 per cent and some difficulty was experienced in maintaining low
gaseous impurity levels (Fig. 3.6). Overheating of the high temperature

heater body again became evident and the run was discontinued.
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!gggection

The purification plant molecular sieve blockage was due to carry-over
of ice from the HZO and CO2 trap. No significant embrittlement or damage
to the tantalum transfsr duct was apparent. The copper flexible head
connection to the high temperature heater showed signs of overheating and

relaxation,

Modifications

The HZO and CO2 helium purification trap was redesigned, manufactured
and fitted. The new unit comprised a small stainless steel _ube heat
exchanger with stainless steel wool packing for even distribution of solius.
The concentric anield heater radiation system was sectioned and the individual
shields caffled with stainless steel inserts to improve the axi:l temperature
distribution of the graphite heating element. The inner molrbdenum shield
baffles were increased to 5 lajers of dimpled molybucenum shecet. Dimpled
transverse molybdenum radiation shiel’s wore fitted below the heater top

connection to reduce radiation on the copper clamp.
RﬂT‘O:?Hl.rch1962

Operation

The run duration was 30 hr with 20 hr hot running time. A saximus
heater outlet temperature of 1490°K was indicated at 5.5 ©3/sec heliun mass
flow. At this temperature level with a heater core tezperature of -+ 1850°%K

overheating of the beater outer case occurred. A rapid increase in the case
teaperature dictated loop shut-down. Missatching of the graphite elezment
electrical resistance was pronounced at high temperature, 0.0075 ohs compared
wvith a required value of 0,012 okm. The run was carried out with impurity
levels of less than 30 pwa (Fig. 3.7), the performance of the redesigned
purification cold trap satisfactorily overcoming blockage of the molecuiar
sieve,

Inspection

Kelting of the lover end of the inner molybdenum rediation shield at
high temperature had occurred (Fig. 3.8). Although a 260°K improvement in
gas temperature had bdeer achieved the modified shield system had resulted in
poor helium distribution into the slement, and temperatures at the lower eand
of the elemen. greater than 3000°K.




Modifications

A heater body of larger diameter was manufactured to allow multi-axial
flow radiatiocn shields to be fitted. These comprised: inner, 2 graphite;
outer, 2 molybdenum, 7 dimpled molybdenum and 6 electro-polished stainless
steel. The wall thickness of the CS20 graphite element was reduced by

0,030 in,

RHT 5 : 18 March 19563

Operation

Before helium circulation a large leak (}%/Véec) was detected in the
helium circulator. The leak proved to be through an oilway into the
subatmospheric section of the circulator, and had not been capable of
detection during leak~checking. In the static state the circulator rotor
end face stopped in close contact with the main housing cover face and with
lubricating oil at the interface no leak was detectable.. After sealing,
on cold helium circul&tibh"rapid clean-up ensued and throughout the run

excellent helium purities were maintained (Fig,3.9).

An indicated helium outlet gas temperature of 1&90°K wag achieved at
5.4 gm/sec helium mass flow. Overheating of the inner stainless steel
radiation shields dictated loop shut-down. During running the element
electrical resistance hot had improved to 0.0096 ohm.,

Inspect:on
Meluing of the inner two electropolished stainless steel radiation

shields had taken place,

Modifizat.ons

The inner four stainless steel radiation shields were removed from the
heater agssembly.

The CS2C graphite heater element wall thickness was further reduced by
0,060 in,

RHT 6 : 23 March 1963

Operation
A further hot run was carried out and with the improved helium clean up

rate (Fig. 3,10) the complete thermal cycle was undertaken in under 12 hr.

The maximum indicated helium outlet temperature was 1760°K for a helium
mass flow of 5.25 gm/sec. The thinned CS20 graphite element hot electrical
resistance of 0.0099 ohm was again lower than ideal. Overheating of the

Sl



heater outer case bYecame evident and the run was discontinued.

Modifications

With repeated thinning of the CS20 graphite element to approach
electrical resistance matching of 0,012 ohm, the transverse strength of the
heater was becoming intolerably weak. The reduced passage length of the
2500éin. diameter holes in the element wall was resulting in poorer heat
transfer to the helium, a larger temperature difference between surface and

gas and a higher radiant loss.

Fine-grained Morgan grade EY9 graphite (resistivity 2009,ohm. cm. CS20
800aohm. cm.) was obtained and a replacement element with a § in. wall
thickness produced.

In the event of molecular sieve blockage or saturation in the
purification plant shut-down of the loop is imperative and, to overcome this
a second molecul«ar sieve system was added in parallel in the purification

circuit.
RHT 7 : 10 April 1963

Qzeration

Modifications to the purification plant enabled by-pass flow rates to

be increased to about 4 per cent of the main helium flow. An intermittent
leak on a Dowty helium circulator oil control valve was locatez and cured.
(This leak was difficult to locate since in isolation the valve appeared
leak-tignt but with oil flow under dynamic conditions and helium circulation
air was being drawn into the sub-atmospheric section of the circulator.)
Because of these improvements excellent (£10 ppm) impurity levels were

maintained (Fig. 3.11).

At an indicated helium outlet temperature of 1700°K the tantalum-

sheathed high temperature thermocouple failed and the run was discontinued.

Insgection

Melting of the stainless steel radiation shield support block in the
heater (Fig. 3,12) had occurred,and the inner graphite shield had cracked.
The stainless steel balls used as a radiation screen in the lower hollow end
of the element had fused together.

Modifications

A replacement graphite radiation shield support block was manufactured

and a new inner shield fitted to the heater. Alumina balls were used to
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replace the melted stainless steel balls,

A 0,015 in, thickness tantalum sheath was fitted to the replacement
high temperature tantalum-sheathed thermocouple.

RHT 8 : 18 April 1963

Qgeration

A further hot cycle was carried out over a period of 4 hr with impurity
levels maintained at <S5 ppm (Fig. 3.13). An indicated helium outlet
temperature of 2010%°K was attained but a direct short circuit to earth of the

bottom electrical connection on the high temperature heater at a power level

of 61 kW caused the element to fracture (apperently from thermal shock).

The run was discontinued.
Inspection
Fracture of the graphite element had occurred in the thinned section.

Modifications

As a hold up was inevitable for replacement of the graphite elemen:,
the thinned CS20 element was refitted.

RHT 9 : 22 April 1963

gggration

After 80 minutes total operation with controlled purities (Fig. 3.14)
at an indicated helium outlet temperature of 1850°K failure of the high
temperature heater outlet thermocouple caused shutdown,

Inspection

The tantalum sheathed thermocouple had no significant impurity attack
and the reason for failure of the grounded junction was not apparent.

N et

Modifications

Replacement high temperature thermocouple fitted.
RHT 10 : 23 April 1963

gneration

The indicated helium outlet temperature was raised to 2070°K. holding
between 2070° and 2010°K at 6.3 gm/sec for 20 min. (Fig. 3.15). Slight
overheating of the heater body became eviden.. Electrical mismatching of

the heater element restricted further power increase and the run was
discontinued.
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Inspection

The high temperature heater and tantalum transfer duct had suffered no

significant damage.

Modification

The CS20 graphite element wall thickness was further reduced by
0,030 in.

RHT 11 : 3 May 1963

With helium impurity levels maintained below 5 ppm (Fig. 3.16) 45 min
of high temperature (2140°K indicated helium outlet) was carried out under
steady conditions., Considering that the heater wall thickness was only
3/16 in, the heat transfer performance was impressive; a contributory
factor was preheating in the multi-pass axial flow between shields. A
temperature profile of the graphite element is given in Fig. 3.19. After
4S5 min at the top temperature failure of the high temperature couple ensued

and tiae run was discontinued.
Inspection
No significant damage of any section was apparent,

Modification

The high temperature tantalum-sheathed thermo:ouple pocket wall

thickness was increased to 0,020 in.

RHT 12 : 5 May 1963

In under 2 hr an indicated helium temperature of 2130°K was achieved under
low impurity conditions (Fig. 3.17). Significant overheating (to > 1000%K) of
the heater case around the outlet section occurred over the last 15 min. of
operation. A sudden rise in core temperatures and evidence of bypass leakage

around the heater dictated the rapid shut down of power and loop circulation.

Inspection
Melting had taken place at the helium outlet section, The tungsten bush,

molybdenum head radiation screens, graphite heater head and inner tantalum and
outer stainless steel transfer duct had fused together and bonded into the
graphite head section. It was necessary to fracture the graphite head to
dissemble the system (Fig. 3.18). The presence of molybdenum in contact with
graphite was thought to have initiated the melting process; since concentrations

of carbon in molybdenum are known to lower its melting point to about 250C°K.
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lhe heat:r head temperature measured optically with a Leeds-Northrup
pyrometer was -32C K (viewing ty 3/16 in. in-line holes through the radiation
shieids) at ‘L« nax.mum gas temperature. From the degree of melting,
temperatures in the region of 2500°K must have beennatﬁained indidating that
temperaturesas ezl were low by more than 180°K. Emissivity, solid angles

and transmissicr adscrption in the viewing window are contributory factors.

Modificaticns

A repiacement element, in EYS grade graphite with § in. wall thickness,
was fitted, All radiation shielding in contact with the graphite heater head
section was fasricated from 0,010 in. tantalum sheet, A replacement 0,020 in.

tantalum transfer duc* with 0,075 in. bellows was fitted.

RHT i3 : 21 May 7963

sravion
The new EY9 element proved to hzwve a resistance of 0.0064 ohm, compared
with the matched value of C,072 ohm, After reaching a gas temperature of
about E?SOgK the run wag daiscontinued due to mismatching which prevented the

power input teing in:reased atove 41 kW, High impurity levels were experienced
(Fig. %.20).

Inspe rion

The rcd .puper end connextion to the-element had fractured evidently on

cooling; no furthsr gsterioration was apparent,

Mcdafications

The rod and -lamp end connection, which had been successful with CS20
graphite, appeared to bte unsatisfactory with EY9 which has a lower transverse
strength. althcugh other factors were change in section at the copper plating
and possible deterioration by ingress of electrolyte. Consequently, it was
decided to abandon this type of end connection. Preferred configurations
required longer lengths of graphite, but a S-month delivery on graphite of
snitable properties (EY1;0 with a resistivity of 2000 ohm cm) led to a tapered
cone heater extension (not an ideal arrangement in graphite). The } ir.
thickness cone cracked during assembly. The element wall thickness was

reduced ty 0,060 in.

Tantalum test strips were introdu:ed in the high temperatiire transfer

dur.t. to monitor attack in aindividual runse.




RHT 14 : 21.-26 June 1963

Operation
An indicated gas temperature of 1650°K was attained but considerably

jncreased heat losses (~10-12 kW higher input) at heater upper end led to
shut-down. The top end of the heater was ¢00°K cooler than usual.
Impurity levels were high (Fig. 3.21).

Insgection

The cone extension was cracked (Fig. 3.22).

Modification

The cone wall thickness was reduced to § in.
RHT 15 : 1 July 19C3

Qgeration

A temperature of 1480°K was reached before the cone section begar to

collapse. Difficulties were experienced with the helium analysis plant

(Fig. 3.23) and the run was discontinued for reactivation.

Inspection
The cone had disintegrated (Fig. 3.24).

Modifications

The heater element wall thickness was reduced by a further 0.060 in.
Although no information was available on this type of electrical connection
for design temperatures and electric currents a connecting pin with flat
graphite interface was adopted, with connection to a copper core at the upper
end. Colloidal graphite was introduced at interfaces in an attempt to improve

the comnection. Fig. 3.25 shows components of the complete heater assembly.
RHT 16 : 5 to 17 July 1963
Operation

5 outgassing procedures were carried out and the current capacity of the

pin connector checked to 3000 amp. No gas flow run was attempted,
RHT 17 : 18 Julv 1963
Operation

The helium analysis equipment failed, and full reactivation of tne

analysis and purification plants was completed,
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RHT 18 : 19 July 1963

Operation
Purification (apart from hydrogen removal) was very good (Fig. 3.26).

Electrical short-circuiting due to leakage through transfer duct and
insulation caused thermocouple failure.

Insgection

Components showed signs of arcing and short-circuiting. The graphite
pin/element interface was in satisfactory condition.

Modification

An insulated and spring-loaded!pin connecticn was arranged.

RHT 19 : 26 July 1963

Operation
Apart from hydrogen removal purification was good (Fig. 3.27).

Inspection
Cracking and bonding had occurred at the heater interface (Fig. 3,28).

There was evidence of molybdenum evaporation and deposition in cooler areas.

Modifications

The 2-electrode-pair generator duct (Thermal Syndicate recrystallized
alumina) was installed with some difficulty due to the mounting arrangement.
Alignment and the spring-loading arrangement was unsatisfactory and mechanical
strain probable. Alumina chip thermal insulation was adopted, with dimpled
tantalum sheet on the mein tantalum transfer duct. The sapphire windows had
provision for gas cooling. A T-piece was mounted for gas temperature
measurement. A micrometer dial gauge was fitted on the heater to check growth,

An extremely careful vacuum-outgassing procedure was followed,

Hydrogen removel was proving troublesome, reactivation occupying about
L hr, and a second copper oxide bed was installed in parallel with the
existing unit, thereby eliminating the need for shut-down. The analysis for
hydrogen was re-checked and a factor of 400 change in the calibration constant
was found.,

RHT 20 : 3 and 4 sSeptember 1963

gzeration

The gas (nozzie inlet) temperature was incieased at about 150° to 200°K/hr,
hot running occupying 20 hr. Loud cracks, at first attributed to strips of




alumina mounted against the nozzle for thermal insulation, were noticed at a
temperature level of ..?OO°K. The heater resistance was still mismatched
(~0,0084 ohm). Helium purification curves are shown in Fig. 3.29; hydrogen
was held below 600 ppm, Filming of the sapphire windows was noticed, and a
duct thermocouple failed. Some helium bypass and leakage was apparent
between the heater inlet and outlet gas. The temperature cycle was

immediately repeated in a second hot run,

Insgection

Tne generator duct had failed by multi-cracking (see Chapter 9).
Molybdenum depozition on the element had occurred. A dark gray non-

electrically-conduciing deposit was found on the generator duct walls,

Modifications

The generator duct assembly was arranged on a mounting backbone
(Chapter 9). Molybdenum radiation shields were replaced by two 0,030 in.
tungsten units. A single-piece graphite heater became available, eliminating
the connector interfzce. The material for this (Morgan Link EYX94 of
resistivity 2200 obm cm) was limited to 3% in, o.d., necessitating a reduced

core connection at the lower end, Boron nitride insulation was adopted.

RHT 21 : 23 september to 15 November 1963

Ogeration

More stringent outgassing procedures were developed with an additional
vacuum system on the heater base. A temporary transfer duct was fitted, to

eliminate damage of the main duct.

RHT 22 : 17 November 1963

Qperation

The graphite element was mismatched electrically; gaz les cage between

heater inlet and outlet was severe. Purification gave much lower hydrogen
content (Fig. 3.30).

Modifications

The element walil thickness was reduced by C.060 in. Jirconia E fibre
(1 in. thickness on 10 in, diameter) was introduced between outer stainless

steel and outermost molybdenum shields.

RHT 23 : 22 November 1963

Uggration

Cutpassing uns: viewing ports 'vere blocked by a crystallinedeposit




between element temperatures of 1500o and 2000°%K.
RHT 24 : 30 November 1963

onration

Hydrogen was maintained at less than 20 ppm (Fig. 3.31). Viewing
parts were blocked by sodium deposition, preventing temperature measurement

which, with evidence of severe heater bypass flow, caused shut-down.
Effectiveness of the zirconia insulation was apparent.

Insgection

Sodium-containing deposition had occurred at the base of the heater as
well as in the region of the viewing parts.,

Modifi:-ation

The zirconia insulation was removed. (The as-received material had
2 per cent sodium content, which the manufacturers were subsequently able to
reduce to 0.5 per cent; treatment of the material at IRD produced a sodium
content of less than 2 ppm).

A further 0,030 in. was removed from the element wall. A 9-electrode-
pair duct assembly was built up with one side wall of hot-pressed alumina,
the second of slip-cast alumina and the top wall of boron nitride, in which
was set a strip electrode under a sapphire window. A tantalum-tungsten alloy
diffuser inlet section was adopted. The duct was thermally-insulated with

sodium.-free zirconia fibre.

RHT 25 : 4 December 1963

Operation
A hydrogen level of less than 10 ppm was attained (Fig. 3.32).

Considerable heater bypass leakage was evident, with a delivery temperature
from the heat exchanger of only h}OOK. The maximum duct sidewall temperature
approached 1600°K.

Inspection

Gas was leaking at the tantalum-tungsten diffuser sliding seal, and the

fracture of a pressure pipe in the transfer duct.

Modificationsg

Leakage was minimized.




RHT 26 : 10 December 1963

Ogeration

8 nr hot running was accomplished; hydrogen levels were high o 90 ppm
(Fig. 3.33). wWhile maintaining temperature for hydrogen removal,
catastrophic arcing took place at the upper end of the heater allowing entry

of water,

Insgection

Fig. 3.34 shows the heater interface. The tantalum transfer duct was
severely damaged, the bellows being shown in Fig. 3.35., idigh temperature
thermozouples were lost and th- heater was considerably eroded but intact.
Heavy deposits of tungsten oxide were evident as far as the diffuser.

Slig-t damage to the alumina duct components occurred but the boron-nitride
was unharned.

Modifications

The loop was re-assembled with a temporary transfer duct. A monitor,
with oscilloscope display, on electric power input was developed to
discriminate arcing, and several thermocouples were mounted in the graphite
and coprer near the interface. The end connection was modified to a
spheroid, allowing for some angular misalignment. Several viewing parts
were added for critical sections, The heater assembly was separately
outgassed to 2500°K.

RHT 27 : 24 December 1963

Ogeration

High hydrogen levels (~12C ppm) were evident (Fig. 3.30). Arcing again
occurred at 1300 amp, and there was evidence of heater bypass. Fig. 3.37
shows initiatiorn of arc behaviour which was also indicated by temperature
assessments near the graphite/copper interrace. The minimum indicated

window T-piece temperature was 1520°K (corrected, ?OQOOK heater gas outlet).

Inspection
The tantalum-tungsten diffuser sectiu: wus severely cracked, giving

direct leakage of low temperature helium bypassing the heater, tantalum

transfer section and generator duct.

Modification

A finned stainless steel (EN53B) diffuser section was fabricated and

fitted to generator section. Viewing parts wvere adied to the generator
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case so the diffuser throat temperature could be maintained.
RHT 28 : 7 January 1964

ggeration

The run dura‘ion was 8 hr with 5 hr hot running. The purification
curve (Fig. 3.38) shows a sharp rise in H,

time severe arcing occurred causing the run to be discontinued.

impurity (3-7C ppm) at the same

Insgection

Substantial areas of arcing (Fig. 3.39) were found cn the interfaces,
It also became evident that the heat exchanger was bypassing helium flow.
A simple flow test proved this to be as high as 25 per cent of main helium
gas flow,

Modification

The heat exchanger was removed from the loop and dissembled (Fig. 3.40).
The coils, centre body and case were chemically-cleaned of impurities resulting
from 1800 hr of cold and hot running. The sliding seal between tne case and
coils, and the damaged centre-body were repaired. reducing the bypass flow to
less than 1 per cent.

RHT 29 : 12 January 964

Qgeration

High H, impurity levels (~800 ppm) during run (Fig. 3.41) were evident.

Seven hours hot running times followed one hour c¢old c.ean up. New finned
pin connection used (Fig. 3.42), which demonstrated slight arcing at 190C amp;
severe arcing at 2700 amp caused run to be discontinued. The maximum
indicated T-piece temperature was 1?50°K which corresponded to 2070% gns

temperature at heater outlet.

Insggction

Severe arcing had occurred betueer interfaces with pitting of the finned

pin face and serious cracking of the heater head.

Modification

The electrical hot end connection was redesigned making use of screwed
connections and interference fits. The design also incorporated helium
cooling channels in the copper connection leading through to the graphite head
systenm.
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Upera‘ ion

Tie full assembly comprised a temporary transfer system, five-ele .rode
pair duct, finned diffuser and new hot end connection on heater. Heater
previously outgassed at 2# and 2&75°K top element core temperature. Fourteen
hours running followed one hour cold clean up; the maximum hydrogen level
was 80 ppm (Fig, 3.43), shut-down was due to arcing between graphite head
piece and copper connection, The maximum indicated temperature on T-piece
was 1530°K which when corrected gave 1970°K gas temperature at outlet of

heater.

Inspection
On inspection, it was decided that the interferenze fit between the

graphite and copper was insufficient and with increase in temperature the

copper expaaded free of the graphite,

Modifications

Interference fit adjusted on the electrical hot end connection. The

simplified cesium injection system was also attached to the loop.

RHET 31 : 12 March 1964

Operation
e ——- +® cR—

Tne totci running time was 7 hr with ° hr cold ciean up of loop; the
maximum impurity (Fig. 3.44) at any time was 60 ppm (99 per cent Ha). Heavy
arcing and loss of heater power occurred at 2000 amp and 1970°K element core
temperature, The maximun irdicateu gas teumperature it tne T-piece was 155C0K
which gave 1870°K heater gas outlet temperature. Before arcing the gas

temperatures were rising steadily.

Inspection
The element had fractured across the upper section of the heating

element (Fig. 3.45). The weakness appears to be related to water corrosion
effects on the element in RHT 26.

Modification

The element was replaced by the cracked interface element of RHT 29.
The head of the element was screw cut with slight modifications to the system
of RHT 31, components of high temperature heater are shown in Fig. 6.1 and
the assemble of heater head in Fig. 6.c.
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The loop was closed with all components attached necessary for a

seeded power generation run. All joints were leak checked and the heater
outgassed at 2350°K.

RHT 32 : 18 March 1964

Details of RHT 32, in which cesium-seeded operation was achieved, are
given in Chapter 4; Fig. 3.46 shows the purification curves.
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FIG 3.4 EMBRITTLED TEMPORARY TANTALUM (O-OIS in SECTION)
TRANSFER SYSTEM

FIG 3.5 TEMPORARY TANTALUM (O.020n. SECTION) TRANSFER SYSTEM
WITH TANTALUM (O .OI5in SECTION) EXPANSION BELLOWS

FIGS 34 &35
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MELTED INNER MOLYBDENUM RADIATION SCREEN
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MELTED STAINLESS STEEL RADIATION SHIELD SUPPORT BLOCK

FIG 312
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CRACKED GRAPHITE CONE EXTENSION

FIG 3.22
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FRACTURED GRAPHITE CONE EXTENSION

FIG 3.24
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.RACKED GRAPHITE INTERFACE

FIG 3.28
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OSCILLOGRAPH OF ARC -INITIATION

FIG 3.37
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GRAPHITE / GRAPHITE INTERFACE SHOWING EFFECTS OF ARCING
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NNED GRAPHITE EXTENSION
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CHAPTER &

POWER GENERATION

by

R. Brown, W.J. Slator, V. Brown, K, Cass and J. Davidson

4.1 UNSEEDED OPERATION

With the 2-electrode recrystallized alumina generator duct assembly, during
creration at 2200°K (RHT ZOL a magnetic field of 1,2 T was applied but no signal
obtained fr m a valve voltmeter connected to the electrodes; this indicated an
impedance in the channel high compared with that of the leads and voltmeter.

At this temperature the gas impurity levels were:

Gas ppm
K <30
N2 <0,8
02 <0,2
co <0.5

4.2 CESIUM-SEEDED OPERATION

Preparations for a cesium-seeded power generation run began on 16 March 196l
with the objective of seeded operation at nozzle inlet temperatures above 1900°K.
The heater was previously vacuum-outgassed to about 2500°K, a minor problem being

loosening of the copper head clamp connection to the high temperature heater which
was retightened, '

On start up, cold gas circulation for 45 min gave a total impurity level of
less than 3 ppm, At a nozzle inlet temperature of 1100%K the copper head
connection loosened again, This was corrected by increasing the diffuser air
cooling (thereby reducing the temperature of helium entering the heater) and
helium cooling to the head connection, and also an increased heater power input;

the combined effect was to re-clamp the connector, clearly indicated by records of

4ot




temperatures at the connector interface,

At 1600°K (heater outlet temperature) the hydrogen content had increased
to about 100 ppm, necessitating prolonged operation at this temperature; the
hydrogen level ut purification plant outlet was always less than 2 ppm. At
1810°K (0030 hr on 19 March 1964) choking conditions on the nozzle were gradually
achieved {vith a mass flow ofa~§ gr/sec), by opening the circulator inlet valve,
At 0120 hr t'inal preparations for seeding were in progress when the nozzle inlet
high temperature thermocouple failed at a gas temperature of 1910°K; temperature
indication was re-established shortly afterwards. Cesium lines were purged snd

' . . . . ) 220
the cesium container maintained at between 35 and 36 C,.

The power generation runs detailed in Chapter 5 were then carried out over
a period of about 5 hr. Full diffuser air cooling was required to achieve a
satisfactory operating temperature, The high temperature heater case glowed red,
end there was evidence of minor arcing. Difficulty was experienced with
blockage of the cesium feed and excess helium pressure was required to clear this.

At the final stages the circulator noise characteristic gave some cause for anxiety.

4.3 LOOP CHARACTERISTICS

Extensive measurements of temperatures, pressures, etc, have been made on
all runs to characterize the various loop components. A full analysis is in

progress and will be presented in the next Technical Summary Report.
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CHAPTER 5

MPD EXPERIMENTS WITH A HELIUM-CESIUM LOOP®

by

B.C. Lindley, R. Brown and I.R. McNab

5.1  INTRODUCTION

A broad research programme, based on a pilot-scale closed-loop helium-
cesium facility, & series of supporting plasma rhysics experiments, and theoretical
studies, has been undertaken at the IRD laboratories, The work is closely
associated with the possibility of utilizing a high temperature nuclear reactor
heat source in conjunction with an MPD generator and steam cycle, the overall
efficiency of such a system being estimated as up to 60 per cent. The main
objectives of the present programme are: to demonstrate the technological
feasibility of an MPD direct power generator in a loop closely simulating the
ultimate nuclear reactor closed-.ycle system; and to establish an understanding

of the fundamental processes of power extraction by the MPD technique,

One of the most important aspects of closed-cycle MPD electrical power
generation now being studied is the possibility of using non-equilibrium enhanced
ionization, particularly when this effect is due to magneticaliy-induced elevated
electron temperature. For thermal equilibrium ionization, temperatures of about
2500°K are considered necessary for useful electricel cunductivity and power
density; under nor -equilibrium conditions, high power densities may be obtained
at 1800°K or even lower, Projected performance f'rom very high temperature
nuclear reactors of the OECD Dragon type indica‘es that gas temperatures of
1500° to 1800°k may eventually be achieved. This type of reactor will operate
with purified helium as the coolant, as in the helium-cesium MPD loop to be
described.

5.2 MPD EXPERIMENT

5.2.1 The closed-cycle loop

In te MPD closed-cycle loop (Pigs 5.1 end ©£.2), continuously filtered and
purified helium passes through an electrical resistance heater (to simulate the
nuclear reactor) which is capable of producing gas temperatures up to 2500°K.

A metered flow of cesium vapour is intrcduced tefcre the mixture expands to a high

To be presented at the Intermational Symposium on Magnetohydrodynamic Electrical
Power Generation. Paris, July 196,
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velocity through a rectangular-section nozzle.

In the present arrangement a

supersonic flow of helium and ionized cesium passes through the MPD generator
duct (alumina or boron nitride) and a subsonic diffuser to a recuperative heat

exchanger and final cooler. Cesium is removed in a cold trap before the helium

re-enters the circulator, The szelected design parameters of the test facility

and first generator section ar-

helium mass flow, gm/sec
seeding
helium purification

expansion nozzle inlet
temperature, °k

expansion noztle inlet

1-10
up to 3 */o cesium
up to 4% of mass flow to reduce
the content of impurity gases te
less than 5 ppm (by volume)

1500 - 2500

1 (variable from

pressure, atm 0.2 to 1.2)
expansion pressure ratio 20
Mach number at generator

inlet 23
velocity at generator inlet,
n/sec ' 3,00 - 4000
generator duct cross-section,
inz 9.5 x 1.5
geverator duct length (magnetic
field region), in. 5
transverse magnetic field, T® 0-12

® 17T (Tesla) = lb/m2

The power generation experiment will yield data on MPD power processes for a
wide range of experimental variabtles, In particular, closed-cycle steady-state
operation allows the investigation of different working fluids (e.g. the various
inert ges alkali metal vapour combinations) under coutrolled purity conditions,
and should establish conclusive evidence whether nen-eqilibrium ionisation can be
promoted by eleva ion of the electron temperature and by other techniques (such
as by photoionization, r.f., electron or ion injection, etc.). Additional major
variables in the experiment are pressure, pressure ratio, temperzture, Mach
number, fractional seed concentration, controclied concentration of other gases,
generator duct configuration and magnetic field.
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In commissioning the power generation experiment ebout 2000 hours of circuit
operation were accomplished, of which 300 hours werevet temperatures up to 2500°%k
with unseeded helium, Several important achievemenég led to the successful |
operation. Design and constructional techniques have Been established for complex
refractory metal (tungsten, tantalum, molybdenum, and tantalum—B 8/0 tungsten alloy)
duct and heat exchange systems, while a novel high temperature window system will
facilitate the application of optical and microwave diagnostics to the plasma
region. Other achievements are: the development of a helium circuit, having
both static and rotating components, which has an extremely low leakage rate
(<10~ ul /sec); the development of a high- efficiency oil filtration system;
advances in techniques for pur1fy1ng and analyzing hellum in flowing systems; and»
the development of an e-ectrical resistance heater for gas temperatures up to 2500 K,
which has demonstrated excellent heat transfer performance and reliability. A
cesiur injection and handling system,for pumping and; accurate metering of pure
cesium seed, has been designed and constructed, utiljéing an electro-magnetic

punp and flowmeter; in initial experiments a p031t1ve-feed injection system is

being used,

Following the successful seeded cperation of the loop the ensuing experimental

programme is conveniently divided into two stages: w{th the present facility and
g 1.2 T electromagnet; and with modifications and a 3 T Bitter~type water-

cooled copper magnet, which will be built to cover the interim period before the

5 T superconducting magnet (Section 5.2.3) is commlssioned

5.2.2 Experimental programme with present facilijy

In the first series of runs the inlet pressure’ and seeding fraction at the .é
nozzle is being kept constant at approximately 1 atm‘and 0.5 per cent respectively. :
The inlet temperature will be varied to provide a wide band of thermal ionization

levels, and measurements made with 10-electrode and 36-electrode constant area

ducts. Before seeding the flow, the acceleratine nazzle and generator duct
section has been f:lly characterized for static temperatures and pressures over a
range of total head conditions. Having established these values, power generation i
experiments are being undertaken for a range of nozzle inlet pressure (0.5 to 1.2 atm), ‘
nozzle inlet temperature (1500o to 2500°K), cesium seed fraction (up to 3 &/0),
electrical load, and magnetic field (up to 1.2 T). The electrical power

characteristics will be studied to indicate duct end losses,

Two non-equilibrium ionization effects are anticipated: the first due to
'frozen flow' of electron concentration in rapid acceleration through the nozzle

and the second to field-induced ionization in the generator duct. The latter
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effect has been demonstrated theoretically to be possible and the present programme
is producing experimental evidence in support,

Microwave and spectroscopic techniques are to be used in measuring electron
temperatures, concentrations and collision frequencies at the window station
upstream of the accelerating nozzle; it is proposed to extend such measurements
within the generator duct itself., Later in the programme controlled additions
of molecular gases (which inhibit electron motion) and other noble gases (which
may assist non-equilibrium ionization) will be made to assess the effect on
ionization and electrical conductivity.

5.2.3 Experiments with 3 T electromagnet

Although the low-field magnet will be sufficient tor the purpose of the
early stages of the experimental programmes, there is a strong incentive to
operate at very much higher applied magnetic fields to increase the power density
(which is proportional to the square c® the magnetic field) and field-induced
non-equilibrium ionization effects; in addition, the surface-to-volume ratio of
the generator decreases with a consequent lower heat loss through the walls, The
Hall number (to which is related the angle ty which the electric field and current
vectors are displaced from the transverse direction in the plane perpendicular to
the magnetic field) increases directly with the magnetic field. The axial
pressure gradient in the duct increases with the magnetic field, which may be a

disadvantage, and a phenomenon known as ion slip (which gives a reduction in power
output) can occur :t very high fields. Other problems which may be encountered at
high fields are electrical dbreakdown due to the high electric field in the plasma,
inability of electrodes to support the very high current densities which are
demanded and transverse pressure gradients in the duct, which could lead to fluid
flow instability. 1In a large-scale system, the fraction of the output power which
must be used in conventional copper coils to provide the xzagnetic field is
substantial, so that sujerconducting field coils (which have no resistive loss and
only a saall power demand for refrigeration) are attractive. The technical
feasidility and capital cost of building largze ruperconducting magnets are
uncertain; however, the 5 T superconducting Helmhclts pair, which the UK Department
of Scientific and Industrial Research has nominated IRD to construct for operstion
with this MPD experiment, should contridbute significantly to the technology.

To cover the interis period before this 5 T magnet is available, a Bitter-
type magnet with water-cooled copper conductors is to be constructed for operation
et fields up to 3 T. This will de associated with s re-designed generstor duct
with modified profile and a constructior which will allow s number of altermative
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electrode arrangements, based on present knowledge and the data obtained in the
first stage (Section 5.2.2). Several expansion nozzles will be used to vary the
flow Mach number from the present design level of 2.3 to subsonic values of 0.5

(or possibly less).

The experimental programme will be broadly on the same lines as for the
first stage except that generator duc® pressure levels will be increased towards
those anticipated for a full-scale system and seeding levels will be in the

regicn shown theoretically and by experiment to produce obtimum specific power.

5.3  COMMISSIONING

5.3.1 Development problems

In design, construction and commissioning many problems were evident in the 4
materials of construction, assembly techniques, developing a circulator for

extremely low helium leak rates, lubricating oil filtration and analysis,

eliminating internal contamination, assembly techniques, instrumentation for

test conditions, etc. It is beyond the scope of this paper to describe in

detail much of this work, but some information is given in the next sections on

helium purification, the high temperature heater, cesium injection and recovery,

and on materials.

%.2.2 Helium purification

Operation with very low impurity levels in the helium is important for {

i

three main reasons:

oxidizing impurities attack components fabricated from graphite and the

refractory metals (tantalum, tungsten, etc.);

high cross-section impurities inhibit extra-thermal ionization effects;

and

electronegative impurities, by attaching free electrons, also reduce the

piasma electrical conductivity.

The purification plant (Fig. 5.3) is designed for a 6 Nms/hr continuous
flow of helium (about 6 per cent of the muin helium flow) at 1 ata and the maximum
differential pressure across the circulator (~0.7 ata), and to remove 02, H20, H2,
CO2, ce, N2 and A.- On’'entering the purification plant helium is heated
electrically to 625°K in catalyst beds to convert CO and H2 to CO2 and H20
respectively, the latter being separated in & trap at liquid nitrogen temperature,
The remaining impurities are absorbed in molecular sieve beds held at liquid

nitrogen temperature.. Residence times for the maximum gas flow are; catalyst

T
¢
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bed, 2 sec; H20 and CO2 trap, 2 sec; &and molecular sieve beds, 5 sec. The
associated chromatographic analysi. .quipment is capable of resolving

concentrations of impurity constituents to levels in the table below:

Minimum delectable concentration in helium

Gas S v]H WW N,

L2412 12 CHA

:
ppm (Sr-90 source) 1 [0.2{0.8;0.5]|1.0]0.5
| l

0 co 002

5.3.3 High temperature heater

Many configurations of high temperature clectrical resistance heater have
been considered, based on either refrectory metal orvgraphite elements. Following
preliminary development of both types, a graphite element was eventually chosen.
Inward radial flow through a perforated-wall tubular heater surrounded by & nunber
of radiation shields appeared attractive, but controi?of radiant losses led to the
adoption of a multi-pass axial/radial flow concept (Figs. 5.4 and 5.5). Severe
stress and arcing problems were encountered in the end electrical connections, but
the present arrangement (tapered cone at lower cnd and copper clamp at upper end)

hes proved satisfactory for currents up to 2500 A.

5.3.4 Cesium injection and recovery

The cesium circuit was conceived as o continuous flow system for recovery,
filtration, evaporation and injection, utilizing an elecctromegnetic pump and
flowmeter, Difficulties associated with fabricatio; methods, materials and the
small size of components have been encountered and development work is continuing

towards a fully-continuous system,

Several alternative semi-continuous systems have been studied, and a
mechanical micro-feed'cylinder of 1 kg cesium ceapacity is currently employed
(Pig. 5.6). The original provision for cesium removal by condensation on
cooled surfaces proved inadequate on the first cesium-seeded operations;

precipitation and cyclone separators are being considered.
5.3.5 Materials

All high temperature components of the loop cre contained in a 18/8 stainless
steel outer casing capable of withstanding vacuum and over-pressure conditions,
Pure helium flows from the high temperature heater to the generator duct through
a 5 cm diame“er tantalum transfer section containing an expansion bellows, a cesium

evaporator, & window syctem, high temperature thermocouples and the acceierating
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nozzle. The tantalum sections (0.3 ¢to 1.5 mm thickness) show no significant
deterioration after a total of 200 hr operation at temperatures up to 1800°Kk and

with about 30 ppm total gaseous impurity.

Molybdenum has high evaporation losses and will not be used in future.
Tantalum 8 a/o«tungsten“a’lloy,' although amenable to fabrication techniques, has

demonstrated brittleness probably associated with non-uniformity of alloying.

Compatibility and vaporization studies of generator duct and electrode
materials are in progress; at present, alumina and boron nitride ducts with
tantalum electrodes are being operated, After service at temperatures up to
15OO°K duct surfaces have been coated with dark grey or black deposits when
removed, Fig. 5.7 shows generator duct components (two side walls and an
electrode wall) in which the lighter regions are noh-electrically-conducting and

the dark regions have a relatively low resistance, =
5.4  QOPERATION

5.4.1 Procedure

Following normal assembly procedure the 1oop{is'1eak-checked under vacuum,
If satisfactory, the high temperature heater is vaéﬁum-outgassed, maintaining a
pressure of less than 1 torr up to tempers! uares greétér than 2000°K, the highest
temperature being held until a pressure rise of leés than 1 torr/min is achieved
(usually 2 to 3 hr). '

With the high temperature heater cold the heiium circulator is started and
nineral helium introduced through a purification train. The main bypass
purification plant is operated at maximum flow (atfained by choking the circulator
inlet to produce a high pressure differential acroés the purification plant) to

give ciean-up (to less than 5 ppm total gaseous impurity) in about 30 min,

Electrical power input to the high temperature heater is gradually increased
over several hours to a gas temperature higher (by 100°K or more) than requiréd in
operation, Up to abou§‘1}OO°K the rate of temperaturé rise is limited to 200-
}COOK/hr to minimize}tﬁérmal stressing of the aluminnjgenefator duct; Dbeyond
1300°K the rate of evolution of gaseous impurities is the controlling factor, the

most significant, hydrogen, being maintained at less than 50 ppm.

‘VYhen the tolerable impurity level (¢ 30 ppm total) is achieved the temperature
is reduced to¢ the operating level, The supersonic accelerating nozzle is gradually
choked by opening the valve at circulator inlet. Helium pressure is adjusted by
blow-off or introduction of further purified gas, kHOnce steady conditions are

attained, power generation experiments with cesium injection can be undertaken.
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The loop is shut down under helium pressure above atmospheric and may be

dissembled and opened to atmosphere at the expense of some loss of helium,
5.4.2 Results

Twenty separate short duration cesium injectlon runs were made on 19 March

1964, Details of the observed voltages for runs 9’ to 20 are given below,

subseripts referring to the five electrode pairs (the second pair were

disconnected).

Run U.V. recorder, Y : Field,
LB B, 5 ’

9 |3.8 3.0 2.5 T o 10
10 -7 =5
11 | -2.1 -3.8 -1.7 1.3 -5
Ao . | 10
13 425 o

14 ; %

15 470 |10
16*] 5.7 5.1 425 4.25 6 | 470 10
17 | 6. 6 bl b7 5.8 |* 470 5
18 | 4.25 4.25 3.8 4.7 470 2
19" " 2 | a0 10
20 | 8.0 6.4 5.5 6.4 L7C 10

10

Consistently higher voltages were observed for runs 16 to 20 and these will

be considered in more detail;

mWe were observed and reversal of current direction with magnetic polarity was

established (runs 10 and 11),

Measurements of temperature, pressure,

were made to correlate the observed results with
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* indicated nozzle inlet temperature 2000°K (lower
than true value)
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in general, overall power outputs of several hundred
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theory,

measured short circuit current 55 mA per electrode pair

mass flow and cesium concentrations
For runs 16 to 20 the
t four stutions filush with a side wall were sensibly constant

0.51 ata.




The static gas témﬁéfaturé was estimated at entfaﬁce and exit from the duct;
for runs 16 to 20 the measured inlet temperature was - 1230 K and exit temperature
1190 K. The measured temperatures are subject to considerable error, through :
conduction down the thermocouple leads, indirectly down ‘the electrode leads and
the effects of thermal boundary layers, Correlatlon experiments resulted in an
average (and probably high) correction factor of 1.22 ;for temperatures of
interest. Using this and the observed temperaturesﬁéives an ~verage static

sas temperature of 1480°K.

From the continuity equation and equation of state, using the mass flow

(8.8 g/sec) and duct cross sectional area (0.75 in? ) a flow velocity of 1075 m/sec

is obtained fro runs 16 to 20, giving a Mach number of O 48.

For run 20, the average observed voltage across each 470 ohm load is 6.6;
the load current is 14 mA and power output 93 mWe per electrode pair, or 0.46 We
for the five electrode pairs. The internal electrlc fleld (distance between .
eleotrodes 1.5 in.) is 86.5 V/m and the current den51ty (electrode area 0.25 1n.2)
is 87 A/m , yielding an apparent electrical conductiv1ty of about 1 mho/m,

The temporary cesium injection device was deszgned to give a seeding fraction
of 0.5 %/0. The effects of seeding (observed voltage) ravsisted for mch longer
than the measured injection time, indicating an evaporation rate much less than
tha inlet £low; Lo suediug Craction 1s probably about 0.1 %/o.  Using this
seeaing fraction, the corrected temperature and measured pressure, thc thermal
equilibrium electrical conductivity is about 0.05 mhd/jj; thus, the measured
conductivity is about twenty times greater than the value for thermal equilibrium,
H-wever, it should be noted that the electrical conductivity in this regime is
extremely sensitive to temperature, a 100°K change alteriﬁg the conductivity by

a tactor of about five,

Fer run 20, the load factor with a 470 ohm resistor is 0.66; assuming that

this factor and the flow velocity remain constant for runs 17 to 20 the observed

and calculated (vculc = khUB) voltages are:
M - 1
Run | Field, T | Calc. voltage, V | Cbs, voltage, V! Loading
¢ 18 0.2 5.4 Lok 470 ohm load
17 0.5 13.5 5.6 470 ohm load
20 1.0 27 6.6 470 ohm load
20 1.0 &1 Y] open circuit

The observed voltages are consistently lower than those calculated.
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On dissembly of the MPD loop after the power generation runs, a dark deposit
(see Section 5.3,5) was found on the alumina duct walls and tantalum electrodes.
On test this deposit was found in places to ve an extremely good electrical
insulator, as shown below (resistances were measured with point electrodes across

each side wall, opposite blanked pressure stations (see Fig. 5.7} ).

Pressure
station no.

(Resistance, ohm)

Block A 110 ] 180 | 350 | 800 | 350 | 2000 | 300 | 1800 | 540

Block B 160 * | 440 o | 500 :160 600 | 760 970

A and B in parallel | 65| 160|194 | 800 | 206 | 148 200 531 | 340

* gide well cracked

The average resistance of A and B in parallel along the duct (neglecting
measurement 2) is 310 ohm. The existence of this deposit throughout runs 9 to
20 could provide an explanation of the low output voltage, slthough it is
possible however that deposition occurred during thermal run down of the loop.
In addition to shorting currents through the side walls considerable electrical
leakage probably occurred between electrodes on the same wall, down pressure
station leads and possibly through the nozzle and diffuser structures (aithough
measured resistances during stand-by operation for the latter were in excess of

1 kilohm); there is also the possibility of internal plasma and end loop leakage.

Assuming that leakage through a conducting deposit on the walls occurs, the
electrical conditions have been examined fo.' run 20; a generated voltage of 4O V
is assumed. The apparent 'open circuit' and 'on-load' conditions are shown in
Pig. 5.8 (Ri is internal plasma resistance, Ry wall resistance, and RL the load

resistance).,

From Pig. 5.8 and the conditions of run 20,

#

R

3 3Ry

i, = i, + 0.0%4
12 Rw = 6.6
i, R = 33k
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Solution of these equations yields

Ri = 970 ohm
Rw = 323% ohm
i, = 3.4 mA
12 = 20010» mA

The calculeted wall resistance (Rw) is in good agreement with the average value

measured on side walls A and B,

The power dissipated in each external load is about 93 mWe and in the
equivalent wall path is about 135 mWe; the total power output in the absence
of wall leakage should therefore be about 230 mWe per electrode pair, or for the
five electrodes, 1.15 We,  The equivalent external load is 190 ohms and the
lcading factor K = 0.16.

. The plasma electrical conductivity may be evaluated from the internal
resistance (Ri) calculated above; electrode sheaths have been neglected, their
effect being tnat the calcuiated electrical conductivity (Fig. 5.8b) for run 20
(0.24 mho/m) is prcdably substantially less than exists in the volume of the
plasma. It has been assumed that the internal plasma resistance is independent

of the current drawn.
5.5 CONCLUSION3

1 The technolcgical feasibility of a closed-cycle high-temperature
(up to 2500°K) loop for MPD direct electrical power generation has

been demonstrated.

2 Preliminary power generation experiments with cesium-seeded helium
indicated electrical ocutputs at least eguivalent to thermal ionization.,
Magnetically-induced extra-thermal ionization might not occur under

the particular conditions which apply, the electron concentration being

less (~5 x 10" m“3)1 than a threshold value (~3 x 10"8 m-3)2.
REFERENCES
1 LINDLEY, B.C. Unpublished work at C.A. Parsons and Company. 19569

2 KLEPEIS, J. and ROSA, R.J. Experimental studies of strong Hall effects and
V x B induced ionization. Avco-Everett Research Laboratory Report 177,
BSD-TDR-64-20.,  April 1964
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R. Brown, W.J. Slator, K. Cass, V. Brown, and J. Davidson

6.1 TEATER DEVELOPMENT

One of the major efforts over a pericd of three vears has been the
develorment of a high temperature heater for the MPD experiment. The programme
undertaken with a single element graphite configuration is detailed in
Chapter 3, It has resulted in a facility capable of ?ontinuously heating
helium flows in the range 5 to 10 gm/sec at 1 ata to témperatures approaching
2500°K.

The multi-pass axial/radial flow radiation shield concept adopted during
the laitter part of the programme has significantly improved the overall heat
trancfer performance, Control and reduction of high radiant heat losses by
more tnan 5C per cent has been established by tie use of an outer concentric
thermal insulation pack (zirconia fibre and finely-dispersed ce:lulose carbon)

over the full active length of the resistance element.

Satisfactory vacuum-outgassing techniques have been established for the
heater assembly, atiaining high temperatures and low pressure rises on
isolation conditisns, prior to loop start-up. Geseous impurity contamination
from the graphite tc the helium under high temperature flow conditions is
exceptionally low (<50 ppm) and readily controllable by the helium purification
plant. ¥ith the heater previously outgassed, top heater outlet temperatures

under helium £low conditions can be achieved in under 5 hours.

Figs, 6.1 and 6.2 show the present high tempe.ature heater components
without the containment case and the assembled shield and ocutlet section. The
original perforated wall hollow graphite element is unchanged. Electrical end
connections are; at the lower end, a reduced graphite cone in contact with a
water-cooled stainless steel housing: and at the upper end, a water- gas-cooled
copper clamp on to a graphite rod, the latter and an cutlet section being screwed

to the top end of the graphite element (Fig. 6.4).
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°

alumina)

Lower connection internal space:

% in, alumina balls

A boron nitride ring is used to electrically insulte the graphite support
and element radiatior. shields from the lower end. The system is arranged for
the element to support the shields and their weigh% ‘o provide the required

high electrical contact load pressure on the lower cund cone connection,

6.2  TEMPERATURE MEASUREMENT

Although the high temperature thermocouples employed in the MPD loop are
capable of measuring up to 2600°K, the tantalum sheatrn (U.51 in. material) would
readily carburize. Over the development period in-line holes through the
radiation shieid have been viewed using a Leeds Northrup disappearing-filament
optical pyrometer, four such viewing stations along the =lement giving axial
temperature profiles under the various operating conditions. Several factors
contribute to a significant error in the observed temperature, in particular,
the optical pyrometer error. In addition, inflow of cooler helium (<800°K)
from the heater outer case impinges on and cools the viewed element area.
Minimizing the latter effect ty reduction of the in-line hole diameters (at
present % in.) increases the solid angle and adsorption errors.

The complexity of the viewing configuration and lack of physical information
prohibits theoretical analysis for temperature correction. Experience (for
example, the melting of refractory metal systems (Chapter 3)) has shown that the
observed temperature is approximately 10 per cent lower at 2200°K element

temperature.
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A ocarpe (i in. ID,; viewing sta®. 5 snE Leorn LRIl LRt tno s enter Lyt.et
heal, An % in. thick sepphire window is armxznged o~ simultanecus viewing:of
an % in. graphite pin positioned into the cen-ral gas cutlest regicn) of the tip
¢! lne tantalum thermocouple pocket in the tantalum high temperature transfer;
arni along the transfer section (to view cesium injection conditions). This
arrangement will allow correlation between the heater outlet gas temperature
ard the tantalum thermocouple indiceted temperaturé, and will establish the

accuracy of the theoretical analysis for thermocouple correction (Section 10.2).

6.3 GRAPHITE USED

The heater power supply problems are discusséd in Section 10,3. The

ideal load resistance requirement of 0.012 ohm introduced difficulties in
ottaining graphite with suitable elsctrical re51stance characteristics, Early
usare of Acheson CS 20 grade graphite (800 u ohm. cm) was discontinued (Fig. 6.2)

in favour of Morgan EY9, EY110 (2000 u ohm.cm), 4Vhriation in electrical
nally the same grade of

resistance of graphite elements manufactured from’n
material required several hot runs to be underiake _optimize the active

element wall thickness.

6.4,  CONCLUSION

In general, it may now be concluded that a satlsfactory high temperature

heater eiement has been successfully developed: uhe unit is reliatle, robust,

J

has good heat transfer performance and is relatlvely inexpens‘v e, It is
believed that the configuration is suitable for other operatlng cornditions, for.

example, at h1gher pressure levels, higher power d M51pav10n and with other

inert gases.
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CHAPTER 7
HELIUM PURIFICATION ON ANALYSIS

by

R. Brown, J. Davidson, W, Slator, and A, Bottom

Operation with very low impurity levels in the helium is important for
three main reasons:

oxidising impuf&ties attack components fabricated from graphite and
refractory metals (tantalum, tungsten, etc.);

high cross-section impurities inhibit extra-thermal ionization effects; and

electronegative impurities, by attacking free electrons, also reduce the
plasma electrical conductivity.

The presence of other than monatomic gases in the helium and the consequent
high inelastic electron energy loss on collision significantly reduces the
likelihood of obtaining elevated electron temperature effects. Theoretical

investigations on nozzle and channel flow (Chapters 24 and 25) are being extended

to investigate these effects in detail. Presence of dlatoamic gases such as »
002, N2 and 02 even at levels «1 ppm cause the electron to suffer considerablo‘
inelastic energy loss through the excitation of rotational and vibrational energy
modes, The theoretical investigations will incorporate kmown irelastic energy
transfer coefficients. |

The helium purification plant originally supplied by Linde has p!vvod _
entirely unsatisfactory and has been sorapped. The preaent operating rccility han
been designed and built at IRD, (Mg. 7.1).

The purification plant is designed for s § Na’/hr continuous flow of
helium (about € per oent of the msin helium flow) at 1 ata and the paximus
differential pressure across the circulator 6»0’7‘iti},~lnd to remove O n20 “2*
002. co, nz and A. On entering ths purirtontion plnat helium is hmatcd ,
electrically to 625°K in catalyst beds to convert €0 and My to 0, and RO

respectively, the latter being separated ina trep at liquid nit:osca tulpornturo. -

The remaining impurities are absorbed in solecular sitv. beds held at liqntd _
. nitrogen tcnpcruturo. Residence tiqoc for the saxisus gas flow sre: o.tnly:t

__7;1.a_




bed, 2 sec; HZQ amd_'co2 trap, 2 sec; and molecular sieve beds, 5 sec.

The plant i; capable of continuous operation by the provision of
paralleled catalys,t' and molecular sieve beds enabling isolation, and reactivation
to be undértaken without flow interruption. Large impurity levels (>1000 ppm)
can be coqtinnou‘aly reduced to undetectable levels at the purification plant
outlet (<5 ppm total).

The dhdlybis is carried out using a Pye Argon Chromatograph modified to
work with heliun as a carrier gas and fitted with additional separating columns
to deal with the large number of impurities. The automatic gas analyser uses
an ioniszation detector to determine the impurity concentrations, measuring
Mrectly small quantities of impurities. The sampling operation is manual aid
takes three minutes; the levels of impurity are automstically recorded on a
strip chart. Sampling is arranged at the inlet to the purification plant
(giving maximum circuit conditions), following the copper oxide bed at the
purification plant outlet and at selectad stations in the main loop.

The ionisation detector head is a standard Pye Instrument (Sr-90 source)
used with helius. Ges ssaples (5ml' are analysed at 0°C on a 40 cm column of
Linde molecular sieve SA (for By 0y, Ny, cnk and CO) and a 50 om column of
silica get (for C0,). The minimum detectable concentrations of the various
gases in helium are shown in the following table.

Ges H, 02 ll2 (:I'I,t c0 002
Minimum dotoctcblo
concentration 1 1]0,2]0.6}0.5] 1,0} 0,5
(Sr-90 sourcof

o Detection of the large cross section molecule 002 say be necessary as

discussed previously. Development is being undertaken on a system for the
‘determination of small amounts of €0, in helium (Pig. 7.2). The method is
optiul making use of the absorption of infra-red radiation by carbon dioxide,
and ocould be used for the estimation of other infra-red absorbing gases, depending
of course on their absorption charscteristics. An advantage of the method is
that the cell c=r de duilt into s side loop of the rig for oontinuous operatioa.
The optical (" si-x .8 fitted into & gas-tight box whioh is continuously flushed
with pure helium from the helium purifioation plant outlet.

~ Bediation from a filament source is split into sample and reference beass.
ngth beams are hrought into focus on a thermocouple dstector, the semple bean

1.2
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adjustable comb, both having already pessed through filters to remove unwanted
radiation and through a synchronous chopper. The thermocouple signal is
amplified and displayed on a millivoltmeter,

Measurement of carbon dioxide content is by a null-point technique,
Carbon dioxide-free gas is passed through the cell, and the comb in the reference
beam is adjusted by a micrometer screw until a minimum is recorded on the
millivoltmeter. The sample gas is passed through the cell, and the new uinimum
similarly found; the difference in micrometer readings is proportional to the
carbon dioxide content. Calibration is necessary. As the amounts of carbon
dioxide being estimated are eaxtremely small, long path length cells are required
to obtain absorption in the sample beam. A cell of at least 10 in, path-length
is probebly required for the level sought (<0.01 ppm).
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CHAPTER 8
CESIUM INJECTION AND RECOVERY -

by

R. Brown, W.J., Slator, T. Archbold, V. Brown, K., Cass, and J. Davidson

8.1 INTRODUCTION

Although the major work has been concerned with thermain helium loop and
its auxilliaries a considerable programme has been required on cesium
injection and recovery problems, ‘

8.4.1 Injection

Originally it was envisaged that a metered cesium vapour-flow would be
injected continuously into the loop, with efficient recovery and recycling.
A design on this concept was sub-contracted for manufacture and, since March 1961,
this has been the subject of many development problems at IRD. The difficulties
can be attributed mainly to manufacturing errors, to the use of small-bore piping
and the supply of impure cesium., Further development of miniature electromagnetiec
pump channels and flowmeters is in hand and work will continue towards a

satisfactory continuous flow facility.

To allow initial seeded runs to be carried out semi-continuous systems
have been studied and developed. A constant back pressure cesium feed system
employing a hyperdermic needle was used successfully for the twenty seeded runs
on 19 March 1964. Seed fractions ofas0.5 %/0 were maintained over periods of up
to 30 sec with a total throughput of~380 gm.

Two further systems are based on the micro-feed piston principle, employing
a mechanical piston and a purified paraffin oil piston respectively, Bach has
a cesium containment of 1 kgm and is capable of metering cesium over a seed
fraction range of € 2 a/o. Both systems are in the final stages of commissioning.

8.1.2 Recovery

Efficient removal of the cesium from the main helium flow is desirable for
a number of reasons. The helium circuit following the precooler contains
materials and components which are adversely affected by cesium. Initial
seeded runs are programmed for short duration cesium injection but optical and
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microwave plasma diagnostics and materials testing will require steady conditiors
and prolonged periods of cesium injection. The high invastment cost of pure
cesium metal and handling difficulties add to the necessity for high efficiency

removal and re-injec.ion on a continuous cycle basis.

It was originally arranged for the helium-cesium to pass and cocl over the
recuperative heat exchanger coils and impinge on a coocled suraface at a low
velocity. It was thought the bulk of the cesium would condense part-way down
the angled (36c) heat exchanger and, in the cooled lower section, the helium
carrying trace cesium and cesium vapour at the appropriate level for the local
helium temperature (<500°K) would enter the (electropolished) stainless steel
precooler, It was thought that complete cesium removal would be effected at this

stage before the cooled helium re-entered the circulator.

8.2 OPERATING EXPERIENCE

The requirement for low helium purity urder loop opera*ing conditions has
been discussed in Chapters 2 and 3. The ultimate condition for purity might
result in conditions for super saturation of cesium in the helium, inhibiting the

condensation processes,

The twenty seeded runs carried out on *9 March 964 clear.y deamcnsirated
the inefficiency of the removal system., On injection a finely divided c¢loud of
particulate c-sium was seen at the window station of the heat exchanger outlies}
and a change in circulator noise level znd quality suggested cesium carry-over
through the precooler and ¢irculator, Of the 380 gm injected it is aifficuitl
to assess accurately the final distribution in the loop. The unknowr adsorption
factor of containments and components, the necessity during inspe:-icn to isolate
the sections using oxidation and alcohol dissclution techniques make quantitative
assessments difficult,

It was decided to strip the circuit from the high tempera*ure heater to the
oil filter. All units of the loop to be removed were spli*t from :.he .oop under
conditions of helium outflow and isolated with blanking flarges. The high
temperature heater, transfer and expansion nozzle, generator du.t, containment case
and subsonic diffuser wer:c cesium free. 5 cm of clean cesium were drained from
the heat exchanger, none extracted from the precooler, and 50-7)0 gm froa the
precooler outlet (Pig. 8.8). Cesium remaining in the heat ex:hanger and precooler
was allowed to oxidise progressively by flowing argon with increasing
ooncentrations of air, These units were cleaned by circulating metnyi alcohol
for several hours and dreining. Eventually the high temperature heatler,
generator test section, subsonic diffurer, heat exchanger, precoc.er, aftercooier,
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circulator and activated charcoal filters were removed from the loop. The
circulator, aftercooler and filter units were considered safe to dismantle because
of lubricating oil coverage. There was evidence that a significant amount of
cesium had formed a complex with lubricating oil covering the moving parts of the
circulator and aftercooler, and traces of cesium were found in the charcoal
filters. The filters were replaced., No permanent damage to the dry part of the
loop had occurred. ﬁ

8.3 CESIUM RECOVERY SYSTEM

The loop was reassembled and leak-checked (leak rate <10~ ul/sec) within
ten days of the cesium-seeded operation,

6 in. bore vacuum valves were introduced at the heat exchanger outlet
and precooler inlet to allow additional cesium removal systems to be added in
series/parallel arrangements.

Three methods for cesium removal have been considered and are at present
being developed and prepared for commissioning:

the use of ultrasonics in the heat exchanger region to promote agglomeration
and removal of the particulate cesium;

a cyclone separator for the helium-cesium mixture at heat exchanger
outlet; and

an electrostatic precipitator.

The first method is at present the subject of a feasibility study but proviaion
for its inclusion in the heat exchanger is being arranged. For both the cyclone
and electrostatic precipitator the range of cesium particle sige to be removed

is so far unknown. However, the tolerable pressure loss of the cyclone separstor
controls the design parameters and a unit has been constructed and fitted to the
loop. Electrostatic precipitation, if feasible, has advantages which include

low pressure loss und potentially high efficiency. A single-column unit is being
assembled to allow for flow velocities in the region of ! m/sec at pressures
between 1 and O.3 ata, the operating voltage will probatly be between 15 and 30 kV.

Pull details of the theoretical and experimental work on cesiua recovery will
be presented in a subsequent Technical Summary Report.

8., DESIGN PARAMETERS POR THE ORIGINAL CESIUM INJECTION CIRCUTT
8.4.1 Dump tanmk

Total volume of cesium in circuit:

8.3




cdnneéting _Ppipe work (§ in. “bore say 15 rt) 2.2 in.”

Isolating valve No. 8 = 0.
Plow control valve No. 7 = 1.3
Plow control valve No. 6 = 1.3
Isclating valve No. 5 = 0.4
2ump valve No, &4 = 0.4
Filters = 0,25
Bypass cooler = 2.4
Heater - as part of pipe work —_—
8.65 fm.3

= 142 em’ = 262 gm

Total mass of cesium including 50 gm in injection circuit = 312 gm = 170 cn’
Tank size say 3.5 in, diameter x 2 in. deep: total volume = 317 cl3

Heat input to tank and onim:
temperature rise say 20° to 6° = 4%

heat input to cesium = 312 x 0.06 x 40 = 750 calories

latent heat of fusion = 312 x 3.77 = 1180 calories

hest input to stainless steel tank = 1000 x 0.?1 x 40 = 4400 calories

(based on tark mass of 1000 gm) 6330 calories tote
= 26,500 Joule

(i.e. theoretical 110 watt heater for 4 minute heating time)

Air cooling by nominal air supply to 'canned' metal jacket around dump tank,
‘Jacket will also enclose electrical wound strip heater. Heater coil as a cord
heater (3/ 16 in. diameter, 60 watts/ft).

8.4.2 Heater

Maximua throughput = 16 gn/sec

Temparature rise to be 100° - K = 7¢% approximately

Heat input maximum = 16 x 0.06 x 70 = 67 calories/sec = 280 watt
Blectrothermal heating cord ¥ 16 in. diameter heat input 60 watt/ft or cord
as a 5 ft length wound over § in. bore tube (say } in. 0/D).

12 in. long heat insulated would provide sufficient heuting.

8.4.3 MNowmeter

Plow rates to be measured: 0.2 to 6 ga/sec
Por calibration purposes:

1 ga/nec cesium = 0,54 ca’/no.
Assume magnstic flommeter with ! am bore throat = 0.00784 “2
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te

flcw velocity at 1 gm/asec = 0050 = M 70 om/sec

If caramic, quarts or sapphire flowmeter tube is used, generated vcitage
ignoring hydraulic losses is as follows, assuming magnet flux of 1 T.

voltage = B.L.V. volt
= 1 x 0,00 x 0,7
generated voltage = 0.7 millivolt per gm/sec

8.4.4 Electromagnetic pump

Flow rate based on constant 16 gm/sec cesium i.e 8,7 cl%/loc = q, 84Y.
Pressure¢ rise through pump based on 3 psi, i.e. 2020 sq/o-? = P,

Assuming that cesium wets fairly well and that stainless steel can be used for
the pump channel the following propcssl is based on a d.c. conduction pump in

which the iron circuit is magnetized from a series connected winding with the

channel current source, from a static rectifier set,

resistivity of cesium
resistivity of
stainless steel

resistivity of copper

37 microhm, cm

70 microhm., cm
1.72 aicrohm., cm

r——-— 0.6 ca '--" |

[— $=0,15 ca

> I
wall = 0,015 in.

Assume: channel length in concentrated flux as 4 ca long; leakage curreant

Yypass length in walls 1 om each end; and leakage current bypass length in
cesium 0.5 om each end.

resistance of walls:

70 x 0.6
R * TETR0ITES o ° 92 wicroa

resistance of bypass path in cesium;

B * AT+ '8 sicrom
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resistance of cesium in councentrated flux:

x 0,6
R‘ = éZ;-BTTg = 37 microhm

Prom electromagnetic theory:

B.1,

pressure rise through pump: p = Tx3 d.yno/c:z

or current through cesium in concentrated flux:

10 ps
I. = ) amp

With a flux density B of 10 x 10° gauss:

10 x 2020 x 981 x 0.12
10 x 10

I,

I, = 296 amp

Back emf generated by cesium in pump channel:

x°=§=§-

07s

3
MB.‘_"_*_B.-J = 5.8 x 1070 volt

10" x G, 15

Pump chennel gap = (5.059 in.) + (0.030 in.) + (0.03 in. insulation)ax 0.12 in.

Iron circuit mean length, say, 17 in,

Fole face ares = 4 x 0.6 = 2.4 on’

Por 0,12 in. gap assume "fringing” loss to increase gap 'plan view' area by
3%, i.e. to 3.12 caz.

Also flux leakage for 0.12 in. gap, say, 10K. ‘

If B' is iron flux density at the poles: total iron flux = 2.4 B' gauss;
allowing for 108 leakags, total air gap flux = 2.16 B' gauss.

2.16 b*

A

Then gap flux density = = 0,69 B' gauss

.*. 10000 = 0,69 B*
or  B' = 14500 line/ca’.

PFroa stardard B/H curves:
Por air gap, tkc amp-turns/in. at flux density 10“ gauss = 20,000,
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Por average mild steel,amp-turn/in. at flux density 14500 gauss = 120

or, if general body of iron oircuit is 4 cn2 cross section in "Purefee” iron,
anp-turns/in. = 20 .

Then total sap-turns required = 20000 x 0,12 + 20 x 17

= 2740

i.e, at 590 amp, number of turns = 5 approximately.

Power consumed by energizing coil (1.75 in. diameter x 5 turms)

Coil of % inch square copper, i.e. 1.61 cn’ area.

Length of winding and comnections on puap but excluding external busbars,
= (1.75x 2,122 5) + 8
= 27,5+ 8 = 35.5in, = 90 ca

Resistance of winding and ends

R = 1.7281%= Y6 micronm
Wattage of winding = I .R -
= 590° x 96 x 10
= 33,5 watt

o

> ij MAAN WW\— b —>
——WWW; hx

.
-

Proa the abon circui® we have the following relationships:
Overall voltage V=J_ R + g, eoees(8.1)

BBy

el = T where BB =

 or ¥ =L.,RB é_‘l“_.'ﬂ . -----(5-2) 
Bquating oqntiw (;&.1) and (‘&.2)

IR, + 8, = 1.08 - 1.8
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or Ec = I.m - ire (RB * Re) oooou(acj)

Now R = %%—i—%%% x 1078 - 1152%9 x 5% - 56,7 aicroha
-3 % o -6 -6
Prom equation (8.3), 5.8 x 10 =1 x 5.7 x 10 =295 (5.7 x 10 + 37 x 10 )
or I=(58+29% x 93.7x 1077 —
56.7 x 10
1 = 590 amp
: ’ron equation (8.1) V=29 x 37 x 10"6 + 5.8 x 10™2

V=168 millivolt

vPower in pump channel =Vxl

& 10 watt

Mechanical power developed in the cesium:

‘work dore/sec = Q.p erg
-7
= 8,7 x 2020 x 981 x 13 ' watt

= 1,72 watt

Crannel theoretical efficiency = -’1'-5-2-2 17 yer cent

- Based dh ceries connection with channel duct, sinding current is 590 amp, and
" gap flux demsity of 10,000 gauss,

' Voltage drop of coil = 96 x 1078 x 5% .

= §6.5 =illivols.
Then voltage drop across pump channel ard cuil = ~3.3 zillivolt

8.5 QQIIISSIONXRG TESTS OP ORIGINAL CESIVK INJECTION CIRCUIT
8,51 Circuit reclamation

Earlier work has be:n reported in Tecnnical Summary Report IRD 63-1;
Pig. B.! shcws the ccntinuous cycle cesium injection facility.

The piant was fully reassemtled as origina.ly designed with the flowmeter
in (ircuit and a bypass pipe un from the systes cutiet to the dump tank to sake
a closed systez ir which cesium could te circuiated. An atteapt was then made
to clean the system by inserting s ;ury :n °*his .ine and circulating a solution
of 10% nitric acid and 9% hydrofluoric acid., After atout 2 hr the motorized
bypass valve developed a leak round tre shaft sea.. Shortly afterwards one of
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the pneumatically operated shut-off valves developed a similar leak, It appeared
that this could only have been caused by failure of the stainlese steel bellows in
trte valves which serve as an air-tight seal between cesium and atmosphere.

Subsequent stripping down of the valves, which are a welded assembly, proved this -
to be so, and metallographic examination (Pig. 8.9) of the damaged bellows (Fig, 8.2%
showed extensive attack of the grain boundaries and cbnsequent weakening and
embrittlement of the 0.005 in. thick stainless steel (Enb5ER) material, The
appearance of the material under magnification was similar to some previously

examined that had been attacked by cesium,

To establish the precise nature of the attack ahd the effect of the cleaning
solution, & fresh sample of solution was made up and a new bellows immersed in it.
Fairly rapid chemical action was seen to take place and the solution rapidly
discoloured until the bellows was invisible. After L5 min the bellows were

removed and seen to be in a similar state to those attacked in the assembly,

It was concluded after metallographic examination of this bellows and of
a bellows in the 'as-received' condition that the material was not to
specification and that this type of attack, by both cesium and dilute acid, was

due to the material being unstabilized.

Because of the severity of the attack the other valves were dismantled to
establish the condition of their bellows. Only one other bellows {the long bellows
in the other motorized valve) had suffered attack; the other four were in sound
condition and it was probable that these were manufactured from the correct

materiail,

8.5.2 Operation of motorized control valves

The plant had been assembled with both motorized control valves in circuit.
The motors are single phase &.c. 50 ¢/s 250 V and operate the valves via a

reduction gear giving 0.25 rpm output and a short lever connected to the valve.

The flow of each valve is controlled by the position of a taper needle
in an orifice, and it is intended that the constant output of the pump is metered
to the rig in the reqguired amount by adjusting the position of the two taper
needles, allowing the proportion of pump output not required by the rig to be
returned to the dump tank via the by-pass valve. The valves therefore work in
opposition and opening and closing of the two valves is achieved by reversed
field windings, changed by means of contactors and micro-switches at the two
limit rositions of each valve. The valves are thus set up with one in the fully
open position and the other in the fully closed position. It is not required

that & positive snut-off should be achieved by these valves, this being done by
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the paeuaatically-operaﬁed shut-off»valves.

- On attempting to operate this system the two valves were found, after
“fbeing set ug- as above %o 'ereep! on each other until one was on its limit where
h it was ”estralned mechanically with considerable stress on the linkage: the
\proportion of flow was no longer accurately shared between ‘the two valves. This
S 'creep' would appear to be an inlierent fsature of A ooncrol system of this nature

and -was due to one or alx of the following reasons

there is a cerfaln degree of | over—run' after power is cut off to each
motor, any dlfferenoe in this anount of over-run between the two motors
‘ @r-between the forward\and reverse running ofleaoh motor) being added

‘ ““into the system as a further positional difference between each valve;

~ the apeed'of each motor was not measured, but a difference of only a few

rpm would contribute a similar error;

the deadAspace zone in between the two contact positions on the

microswitches might slso introduce a similer error; and

-there was consideratle back-lash in the reduction gears, contributing a

positional error between the two valves, althoush this should be constant,

;MeasurementﬁoﬂVthe:amount of creep using one valve as datum and running the
other on to its limitlafter several reversals showed that the cumulative error
amouhted-to approximately 0.015 in, per reversal. As frequent reversals take
place in aatempting‘to controi the flow by this method, this amount is serious.
Operation of these valves by two separate motors seems unnecessary in theory and
was found to be unsatisfactory in practice. A modification has been arranged for
the two valves to be mechanically linked in oppcsition and operated by one motor,
thus obyiating all the difficulties listed above.

8.5.3 Re-assembly of system for further attempt to circulate cesium

The system was re-assembled with the motorized valves replaced by hand-
operated bellows valves, One pneumatic shut-o’. valve between the dump tank
and filter was omitted from the system because of lack of availability of valves

because of Jamaged bellows,

An attempt was made to fill the circuit with cesium using a single valve
cylinder (supplied through Light and Co Ltd) but, on pumping down, the nylinder
was found to leak round the (Hoke) valve shaft, which would have resulted in

contact of cesium with air had the valve been opened.

A (American Potash and Chemical Co) 1 1b cylinder was substituted. This
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is a two-valve cylinder, permitting pressurization of the can by inert gas to
evacuate the contents. The Hoke valves on this cylinder also leaked but,
after sealing with Araldite, the can could be immersed under oil during the
filling operation.

The can was immersed in oil and heated to 60°C and connected to the plant
and to a helium line., The whole plant was brought up to 60°C by means of an
electric air heater in the enclosing catinet, It was then evacuated and purged
-with helium, The cesium cylinder was pressurized, the valves cpened to the
plant, ard about 0.5 ib of cesium was successfully transferred from the can to
the plant. An sttempt to circulate cesium by means of the electromagnetic pump
1ivas;‘mt successful despite several attempts and variation of procedure, reversal
of pump connec‘ions, evacuation and pressurization of the lines. The system was
emptied of ce.rum, with some difficulty, about 0.2 1lb of clern cesium being
recovered, and stripped down for examination.  This established that the cesium
has passed right through the system and that the most likely fault lay in-the
pump itself. The magnetic field of the pump was examined using a Hall type
probe and was found to have a strergth of only 4 kgauss (Fig. 8.3) compared with

a design figure of 10 kgauss, the magnet saturating at 300 amp.

A simple loop was set up containing only the pump with a pipe from inlet
to outlet, and filling and evacuating lines. This was filled with cesium
recovered from the plant., Again no circulation took place, and this loop
was stripped after examination. The flow meter was checked by passing mercury

and was found to give an indication of fliow.

The pump was then set up in a horizontal position and filled with mercury,
a glass tube containing a mercury column being arranged at inlet and outlet,
On supplying power at ambient temperature, the pump created a pressure difference
equivalent to a column of mercury in 3 mm bore tubing 3.3 cm high. This compares
unfavourably with the 35 psi design pressure rise of the pump (with cesium).
This test is open to criticism or the grounds that the behaviour of mercury is
not necessarily the same as that of cesium under these conditions but, even with

the lower magnetic field strength, a better result than this would be expected,

The electromagnetic pump channel was stripped and inspected. The original
specification called for a homogeneous layer of copper to be built around the
channel for attachment of the current-carrying copper connections; from the
appearance of the channel it had been connected by attempting a direct brage
between the m:ssive copper leads and the 0.015 in. thick stainless steel channel,
promoting oxide filming, the retention apparently being achieved with "1lipping"
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of the braze material around the channel edges. The pole faces of the magnet
were misaligned end one face only was insulated electrically from the channel.

8.5.4 Electromagnetic

Stabilized stainless steel (18/8) has been electropolished and jig-formed
to give a channel of lunger dimensions, sealed along if% axis and ends by electron
beam welding. Three channels in the closed capsule form are being built up
with electrolytically deposited copper. This is to be machine-profiled and

argon arc welded to the copper current carriers.

8.5.5 Magnet

The flux density of the magnet has been rechecked free from the support
plate using a Hall probe. Saturation occurred at 4.2 kgauss. A similarly
profiled iron circuit in mild steel was formed and checked to give 6.7 kgauss;
from this it appears that the original 'Purefee’ iron material is faulty.

8.,5.6 Turther work

Puture work with the continuous cesium pumping and metering system is
programmed around the electromagnetic pump and flowmeter, existing pneumatic
stop valves, linked control valves and 0.25 in. bore piping. An in-line
gettering tank running at 1100°K with zirconium will replace the present dump
tank,

8.6 SIMPLE INJECTION SYSTEM FOR POWER GENERATION EXPERIMENTS (MARCH, 1964)

To aliow seeded operation of the loop a simple constant cesium injection
feed system was devised (Pig. 8.4). A small storage tank filled with cesium
(filtered and gettered with zirconium at 800°K) was attached to the loop. A
variable and metered supply of pure helium allowed for a constant cesium feed
from the storage tank to the loop through a hyperdermic needle. The system
~as previously calibrated with distilled water at 42°¢ (viscosity approximately
equivalent to cesium at this temperature) and with cesium under glove-box
conditions. A satisfactory correlation was found between the two., A 0.041 in.
bore hyperdermic allowed seeding fractions of the order of O.Sa/o to be
maintained and during the seeded operation of the loop approximately 380 gm
of cesium was successfully injected.

8.7 MICRO-FEED CESIUM INJECTION SYSTEM

Two similar systems have been developed from the micro-feed piston
displacement concept. Mig. 8.5 shows details of the solid piston system, and
Pig. 8.6 the system during commissioning and calibration, Pig. 8.7 is a
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schematic arrangement of the oil piston displacement feed system, rBoth‘systems
are arranged to feed up to 2‘/0 cesium seed fraction to the main helium streanm,

Full design and commissioning details will be given in the subsequent Technical

Summary Report.
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CHAPTER 9
GENERATOR DUCT

by

R. Brown

9.1  DEVELOPMENT OF GENERATOR DUCT “ o

The MPD generator test section and its mode of operation under locy - . ~ -

~
~

conditions has been discussed previously (Technical Summary Report IRD 5?-1;:fj{
Section 6.8). Difficulties experienced with the manufacture of the highi;.\’
density, high-purity recrystallized alumina channel sectioms and develbpﬁépﬁb”

problems associated with the high temperature heater precluded its installation }ji

in the loop until September 1963, , ~

Initially a simple recrystallized alumina two-electrode (%antalum 0.5 in,
diameter) pair rectangular test section (1.5 in. x 0.5 in.) was assembled in
the loop (Figs. 9.1 and 9.2). Severe problems were encountered in alignment
and location of the ceramic/metal systeﬁé and in sealing the rectangular
encasement flangesj it is probable that the final assembly was under severe

axial and transverse mechanical stress.

After two carefully controlleé thermal cycles under loop conditions with
helium alone, the duct was stripped and inspected. It appearéd that the
‘ceramic section had maintained a smooth gas channel during operation, but all
four wall sec:ions were severely fractured, the main cause being mechanical stress,
Minor cracks in the side walls were typical of thermal stress patterns (Fig. 9.3 (a
and b)).

The support and housing arrangement for the generator section, tantalum

transfer duct, cesium injection and supersonic expansion nozzle was redesigned,

‘ During previous high temperature runs with helium, overheating Qv1200°K)
of tne throat section of the subsonic diffuser (single skin i in. stainless steel
construétion) nad occurred. Compatibility tests with stabilized stainless steels
and cesium vapour a‘ high temperatures (up to 1150°K) have shown evidence of the
possibility of rapid intergranular attack leading to disintegration. The high
temperature potential of the IRD closed loop is 2500°K and for high temperaturs

operation the single skin diffuser was considered a definite hazard.
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Consequently the first 14 in. diffuser section was fabricated from tantalum/10%
tungsten alloy (0.020 in, section) and integrated as an extension of the

redesigned duct and transfer system,

The transfer, generator and diffuser ducts are now supported by a single
stainless steel square section beam (Fig. 9.4). The systems can be accurately
aligned free from strain, instrumentated, thermally insulatéd and loaded as a
completed unit into a single containment stainless ctieel case (Fig. 9.5). The
rectangular sealing flanges have been scrapped and water cooled (externally);

rubber and/or metal O rings in seal flanges have been successfully developed,

Further problems with recrystallised alumina were considered possibles and
a renewed generator duct materials survqyrwas initiated. As t-e channel wall
temperature conditions appear to be less severe than at first enviséged‘boron
nitride was carefully considered as an alternative gererator duct material, ~ Its
vepour pressure characteristic permite operation up to ?O?OOK; the electrical
resistivity of boron nitride at this kemperature compares favourably with alumina,
its resistance to thermal stress is excellent and it is readily machined with ‘
conventional equipment. An extended prégramme of compatability tests between
horon nitride and cesium at elevated temperatures has been undertaken (Chapter 12)

and it is shown that no significant attack occurs.

" A second generator test section was constructed to the original dimensions,

The four interlocking pieces comprised:

side wall: high purity, high density recrystallized alumina - (slip cast

manufacture) ;

side wall: high purity, high density recrystallized alumina - (hot pressed

manufacture) ;

- bottom well: high purity, high density recrystallized alumina - nine electrode

% in, x % in, tantalum;
top wall: boron nitride - sapphire insert,

The duct channel was thermally insulated with Zirconia E fibres (Hitco Ltd.) and we

subjected to several thermal cycles during the heater development programme,

Several thermal stress conditions ¢ccurred on more than one occasion
(cooling at 200°C/min), resulting in minor cracking of the alumina side walls, a
single fracture of the bottom wall, and no noticeable damage to the boron nitride
wall, Owing to water ingress into the loop under high temperature conditions,
embrittiement and fracture of the tantalum 10 per cent tungsten diffuser section

occurred (Fig. 9.6) and a replacement finned stainless steel (EN 58B) diffuser
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was fitted (Fig. 9.7) and successfuily operated, ,

At this stage extensive repair to the high temperature tantalum transfer

duct necessitated its return to the fabricators, 'Murex Ltd.

As & cousiderable delay appeared likely, an inert étmosphere, high purity,
refractory metal welding facility was constructed; This enabled a temporary
replacement thin section(0.015 in,) tantalum transfer duct, cesium injection,
and expansion nozzle to be fabricated (Fig. 9.8)., The cesium injection
and vapourizer section‘cohprised several layers of fine tantalum mesh (% in, diameter
discs) arranged within a tantalum tube leading>intg the,high temperature gas
region of the tantalum transfer duct. The vapdufiéer efficiency and short
residence time of the cesium vapour in the hot helium before eipanSion into the

generator section limited the envisaged cesium seed fréétion to 0.52/0.

’ The generator system employed‘for the twenty'séeded runs carried out during
March 1964, (Chapters 4 and 5) is shown in Fig. 9.9.

9.2  SPECIFICATION

Channel walls (4) recrystallized, high purity, high density slip cast

) alumina,
Channel dimensions 1% in. x % in. x 6 in.

» 5 pressure stations - top wall

2 high temperature thermocouples (flush in top wall)

5 electrode pairs, tantalum 4 in, x % in. x 5 in., inter-electrode

spacing § in.

9.3  CHANNEL SURFACE CONTAMINATION

Previous to seeded operation, after service at up to 1500°K, duct inner

des surfaces have been coated with dark grey or black depeosits when removed,
Preliminary metallographic examination of the surfaces showed the presence of
tantalum oxide, tantalum carbide and iron., Electrical resistivity measurement

was showed the surfaces to be non-conducting (1 M ohm. cm). During seeded operation

between injection periods measurements showed resistivities of the shortest
paths to ground and the interelectrode paths to be >1000 ohm, Inspection
afterwards showed the blocks to be again coated with electrically non-conducting
black depocit, but lighter regions, in particular on the side walls (Fig. 9.10),
were of a relatively low electrical resistance. At present the factors
promoting this phenomenon are not understood. Preliminary investigation and

analytical work is reported elsewhere (Chapters 4 and 12).
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9.4  PRESENT STATUS

The latest generator systems programmed for seeded operation are at present
under construction, Electrical end leakage considerations (Chapter 25) have led
to an axial extension of the insulating generator duct walls at the subsonic
diffuser end. Eighteen tantalum 10% tungsten strip electrode pairs are mounted
flush in the channel walls (Fig. 9.11). The channel wall material is borun
nitride and the duct internsl dimensions are 1% in, x % in. x 7% in, Inserted
refractory metal pins will allow end leakage measurements to ground to be carried
out (Chapter 10). The repaired tantalum high temperature transfer duct, modified
cesium vapourizer, original nozsle, eighteen electrode pair duct and fore~
shortened stainless steel subsonic diffuser section are shown under assembly in
Fig. 9.12, A stainless steel expansion bellows unit has been incorporated at the

. diffuser sliding connecticn to effect a gas seal and accommodate axial differential

expaasion relative to the outer containment case.

For further investigation into electrical generator duct end leakage problems
electrically insulating expansion nozzle systems are being studied., A boron
nitride nozzle is under construction for operation up to 2000°k (Pig. 9.13).
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CHAPTER 10
INSTRUKENTATION

by

F.B. Jones, W, Jackson, J. Blunt, R. Brown, and I.R. McNab

10.1 INTRODUCTION

The measurement of a large number of physical parameters in the MPD loop is
required to assess the detailed snd overall component performances. In addition,
physical measurements on the plasma in the nozgzle and channel region are required

to characterize the plasma state and to compare with theoretical predictions.

The parameter of prime importance insofar as materials problems and plasma
properties are concerned is the gas temperature. To date gas temperatures have
only been estimated indirectly from corrected thermocouple and radiation
pyrometer measurements of appropriate solid body temperatures, The manner in
which observed thermocouple temperatures have been corrected to yield the static

gas temperature is given in Section 10.2.

During development of the graphite heater assembly considerable difficulty
occurred because of inaccurate measurement of the power supplied to the heater.

Section 10.3 outlines the investigations carried out to reduce these inaccuracies.

Over the major portion of the contract period the greatest effort has been
devoted toward obtaining a reliable, hot, pure gas flow facility. It is only
recently, since this facility has been obtained, that power generation with cesium
seeding has become possible., From experience gained on the preliminary seeded
run a sophisticated power measurement and leakage system has evolved and is
described in Section 10.4.

Section 10.5 describes briefly some of the aspects of the future programme
on measurement of the plasma properties.

10.2 GAS TEMPERATURE MBRASUREMENT BY THERMOCOUPLES
10.2.1 Introduction

One of the temperature measuring stations of particular interest is that
in the tantalum transfer section, since, in view of the low Mach number at this
point, the static gas temperature is close to the stagnation temperature; that
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18, tr.: total enthalpy of the gas at entrance to the nozzle can be found.

In early runs the only means of measuring the gas tamperaturs in the transfer
section was by a thermocouple affixed to the transfer wall. In later runs this
thermocouple was replaced by a tantalum sheathed tungaten—tﬁngstenurhenium
thermocouple projecting into the centre of the gas stream. The sections below
describe the manner in which estimates of the gas to wall temperature drop and
corrections to the observed thermocouple temperatures are made, radiation and

conduction losses being allowed for.
10.2.2 Transfer section

The tantalum transfer section is circular for most of the length, changing
to rectangular where it joins the generator duct. The stainless steel tube
surrounding the tantelum tube acts as a radiation shield, the interspace being
filled with helium at atmospheric pressure. The helium, in passing to the heater
from the heat exchanger, flows between the generator duct case and stainless
steel radiation shield, the direction of flow being opposite to that in the

transfer section.,

To simplify the problem it was assumed that all the tubes were of uniform
diameter over the total length and equal to the diameter at the heater exhaust
end, Fig. 10.1 shows a diagram of the simplified system.

10.2.3 BEstimation of wall temperature

The transfer of heat from the hot to the cold gas is considered to be in thrg
three stages:

(i) convective heat tranfer from the hot gas to the transfer section;

(i1) conduction and radiation between the tantalum and stainless steel

tubes, and

(1ii) convective heat transfer from the stainless steel tube to the cold
gas.
Conduction through the tube walls is neglected, being small compared with other
factors. Convection in the interspace between the tube is also neglected
because of the small gap and high conductivity of helium gas.

The convective heat trunafer coefficients h1 and hh in both the hot and

cold sides of the transfer system are calculated from the formula for laminar

heat transfer1
N

wC
hD
‘i=1°5[ﬁ.'L
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where D is the hydraulic diameter of the respective passage, L is the heated
length, W the mass flow of helium and K the conductivity.

The radiant heat transfer between the tantalum and stainless steel tubes
is expressed as:

T b _ L
T 2
Qga = U . cal/em”,
[ ][—-1]
where U = 1.358x10-12 cal/cmz oK, and the emissivities of tantalum (02) and

stainless steel (03) are 0,73 and 0.25 respectively. The radiant heat transfer

expression may be written as

a =R <T2# B

The conduction heat transfer b1jween thfltubes is

ca],/cm2
%ond © log"("r3 g ’

where K23 is the mean of K1 and KL. This may be written alternatively as

2
%ond = P (T2 - TB),cal/cm .

Therefore if 'q' is the total heat transferred from hot gas to cold gas,

then:
A =h (T, -T) ceees (10.1)
=h (T, - Ty) + by (TZ“ - Tj“) veeee (10.2)
= hh (T3 - Tl-&) csees (10-3)

where A = 585.0 om2 is the surface area of the tantalum transfer section.

The mass flow is the same in both streams, the temperature difference
between the hot and cold gas streams must be the same at any section along the

tube if the effect of temperature on gas properties is ignored.
Hence from Fig. 10.2

(Ty = 7,) = (T = T\p) -3-5; cores (10.4)

where T, and TLO are the hot and cold inlet temperctures Equitions (10.1) to

(10.4) were solved with a Pegasus Autocode programme.
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10,2.4 Correction to the gas thermocouple reading

The thermocouple receives heat from the gas by convective heat transfer,
but heat is lost by radiation to the surrounding wall and conduction along its
sheath to the wall, thus recording a lower temperature than the true gas

temperature.

Ir Tg, T and T' are the gas, thermocouple and wall temperatures respectively
then assuming heat transfer to the whole length of the couple immersed in the
gas stream, the tip temperature is given by:

T =- T'
Tg = Tc = TCosn N

2
ﬂDclc h

KOA c

. .
where N© =

in which'Dc is the outeide diameter, lo the length, AC the cross section area and
I(C the thermal conductivity of the couple sheath.

The nett heat transfer coefficient h between the gas and the couple is

given by: -
Te [T‘*-T‘*‘l
- .21 ¢ LA

c T -T
g c

where the emissivity of tantalum is agein taken as 0.73.

The convective heat transfer coefficient from the gas to the couple hc is
04466

calculated from:

Dc W Dc
hc z - 0.615[:5—(18

where Ad is the area of the duct.
The thermocouple reading is obtained from the above equutions with a Pegasus

Autocode programme.

10.2.5 Thermocouple curves

Figs 10.3 is a plot of wall temperature against gas temperature., The
three curvcs are for cold side inlet temperatures of 1270, 327° and 527°C
(400°, 600° and 800°K). The variation of wall temperature with changing mass
flow is very small (10°C maximum over a range of four mass flows, 5.0, 5.5, 6.0
and 6.5 gm/sec); a mean curve has been drawn for each ¢old side inlet temperature.

The computed wall temperatures are used in the correcticn of gas

thermonvuple readings and are plotted in Figs. 10.4 and 10.5.
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The above calculations are subjected to the following uncertainties:
(1) choice of the correct convection heat transfer functions;

(41) property values of helium (the values used are extrapolated from
below 1200°C); and

(111) emissivity values.
10.3 HEATER POWER MEASUREMENT
10.3.1 Introduction

The power to the graphite heater element is suppiied from a Sturdy Transductor.
In the determination of the heater input power it was found that the measurement
systems, particularly those for current measurement, were very inaccurate.
Originally the control current was used as a measure ¢f the transductor output
current based on the assumption that these were directly proportioned. This is
only true for a particular load and voltage setting however, and since several
different heaters (with different total resistances) have been used the meter

calibration is not generally applicable.

To overcome this difficulty and determine the heater power accurately the
measuring technique was changed to that described in the fcllowing section.

10.3.2 Power measurement

The iaput voltage, current and power to the transductor were obtained from
voltmeter, ammeter and wattmeter measurements when these instruments had been

connected through appropriate current and voltage transformers.

For the heater input power, voltmeter measurements were obtained from
osciliograms of the voltage across the heater terminals and current measurements
from oscillograms of the voltage drop across a shunt in series with the heater
supply busbars. The root mean square values of voltage and current were calculated
and are given in Table 10,1, Typical os:illograms are shown in Fig. 10.6 t.

10.9. For comparison purposes the readings on the control panel voltmet:r and

ammeters were noted.,

The marked distortion of the current and voltage waveforms is caused by
the saturuble nature of the transductor. This distortion excludes the use of
potential and current transformers and inductive shunts as measuring devices.
To measure this current a thermal meter has been constructed in which the
temperature of a small oven, which is heated by the hea‘er input current, is
measured by a thermocouple; the voltage output of this thermocouple is proportional
to the root mean square value of the current. This thermal meter was used to

10.5




measure both the heater voltage and current and replaced the control board meters.
Since the heater power factor is unity the power can be obtained from the root
mean square current and voltages:

P= lelma
(See Table 10,2).

10.4 GENERATOR POWER AND ASSOCIATED MEASUREMENTS

10.4.1 Introduction

In the preliminary seeded runs (Chapter 4) relatively elementary power
measurement techniques were employed, thus all the power measurements were carried
out using an external resistance of 4700; open circuit voltages were also measured.
The voltages across the loads and on open circuit were recorded on a five channel
U.V. recorder and with an AVO meter. While these measurements enabled estimates
to be made of the plasma electrical conductivity, more reliable measurements
require better techniques. An instrumentation system is presently under
construction to enable & sophisticated series of measurements to be made on the
eighteen electrode pair channel.

Switching over five different loads (4.7, 18, 68, 280, 1000 ohms) is to be
provided on each electrode pair and five pins will be inserted in the channel exit
region tc enable end leakage to be evaluated by voltage measurements. In additior
measurements will be made on non-opposite pairs of electrodes with the same set of
loads to assess the merits of an angled segmented electrode generator. The
characteristics of the generator when working in the Hall mode will be investigated

each electrode pair being short circuited and axial voltages and currents measured.

In view of the experience gained in the previous run, where a highly
conducting wall deposit was found, measurements of the leakage currents between
each pair of electrodes and the pins will be made between seeded runs, the overall
loop conditions being identical with those for the power runs.

In addition, resistive measurements on each electrode are to be performed
with unseeded gas to enable the temperature profile down the channel to be
determined, and to compare these temperatures with those obtained from thermocouple
measurements, The resistivity of the tantalum -10R tungsten alloy changes by a
factor of seven over the ‘emperature range oonsidered. The voltage-current
character:stics of the plassa will also be determined with 110 volt a.c.

Before the eighteen electrode pair channel is used, further preliminary runs
wi‘h a teaporary channel are to be made. In this system three large electrode
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pairs (0.25 in.z) and nine pin electrodes are used. This system will be used to
investigate the characteristics of' the generator when wdrking in a subsonic mode,
particularly the effects of boundary layers on power output, thus the pinb,aré no
longer flush with the channel wall but extend, by differeﬁt amounts, into the gés

stream.

10.4.2 Measurement system

As outlined above a large number of measurementi,are to be made with the
short available seeding time at present extant. About 300 measurements are
required in a few seconds, necessitating s fairly compiex §ystem. The system
described beiow has been designed for the eighteen elactrode pair channel, but

will also be used for the preliminary measurements.

There is no questien of supplying 300 separate channels, nar are there
sufficient data to warrant an all-electronic multipléxidgghrrangement feeding a
tape recorder. Hence, since in addition many measurements are required free of
earth, switching with uniselectors ard relays was chosqn as the most suitable
system. One limitation of the uniselectors, which switch actual load resistors

in addition to recorder signals, is their contact ratlng of 50V, 1A.

A 24 channel U.V. recorder will be available for the tests. Thus'with the
uniselectors switching at 30 steps per second, 720 readings psr second can be
taken, although the resistive readings (for the temperature profile) have to be
taken singly at a rate of 30 per second. (This is not a drawback since it is
not anticzipated that any readings will be made until the loop has rsached steady
state.) Screened cables are used from the channel terminals to the various

panels and screening covers are used on the channel terminals.
One end of each electrode pair and any pin connections are brought, using
the screened cables, to the following panels:

(i) the temperature measurin anel used to determine the individual electrode
P g P

resistances and hence the temperature profile in the channel;

(ii) the patch panel which, using stacking plugs, allows flexible connections
to the load scanner, so that any generator characteristic mode can be examined:

this panel also carries switches and the transistorized uniselector pulser;

(1ii) the load scanning panel with 90 load resistors together with range resistors

and protective Zener diodes flor the galvanometers;

(iv) the leakage measurement panel which has relays for earthing electrodes and

the ammeter circuit; and




(v) the voltage-current characteristic panel empolying 110V a.c.

To measure the leakage currents betwsen the eighteen pairs of electrodes,
not less than 56 readings are required to establish the equivalent ladder network
resistances, Stepped pulses are used to aid the identification of the U.V.

recorder traces.
10.5 FJTURE PROGRAMME

Section 10.4 describes the programme of measurement of output powers for the
next generating channels.

To obtain reliable gas and plasma temperatures ssveral different measuring
systemz should be used and the results correlated. The possibility of using
sophisticated thermocouple systems (for example cf the suction type) and, for
the plasma, spectroscopic techniques (such as cesium line reversal) are presently
being examined.

In the channel, pressure measurement is currently made at several stations
flush with the wall surface. One of the disadvantages of this technique is that
rapid fluctuations in pressure cannot be followed. Piezoelectric devices would
enable this difficulty to be overcome, slthough the s:iil s.ale of the experiment
and the relatively high teaperatures may necessitate dsveiopment work.

Provision is made for microwave parts previous to the supersonic nossle and
at inlet to, and exit from, the channel region. The mi:rowave techniques
developed in the auxillary piasasa physics experiments (Chapter t4) will be used
to enable the electron concentrations and e.e:troni: .ollision frequencies to be

seasured at these positions using phase shift and attenuation ut.hodsz.

The window systems and apparatus required for plasma temrerature neasurement
could also be adopted for spectroscopic investigations ¢f the slectron conoentratio
and colliasion anuonciuz.

When the gene-ator is operated in a subscnic sode usefuyl information on
plassa properties (on electron tempera‘ures and concentrations) could be obtained
froa probes inserted in the strean. Howover, supersonic operation of the
generator makes the interpretation of the prode characteristiss difficult.

REFERENCES
1 McADAMS, W.H, ‘'Heat transaission' K2Grew-H:i1 Becl. Co. 195

2 McNAB, I.R, 'The electrical properties cf cesium-helium ;.asmas’.
C.A. Parsons, MRC Report 61-12, 1961
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TARLE C.

KBSULTS OF TEST FCR OBTAINING OSCILLOJRAMS

Transductor Input Heater Inrut
v, | I, P, cos ¢ v I Vos :,‘l Iose, Power
volts | amps [watts meter,| meter. | velts | amps | V.I, watts

volts amps

247 52.5 | 3000 | 0,231 3.5 0.1 3.8 | 442 1700
247 90.0 | 7800 | 0.35 6.0 0.5 5.5 720 3980
24k | 122.5 |13700 | 0,486 8.0 1.0 8.22 | 930 7690

24 | 1440 [18900 | 0,537 S.5 1.15 9.32 | 1146 10720
242 72.5 |25000 | 0.618 | 11.5 1.5 1.5 | 1425 16400

RESULTS OF TESTS TO CHECK .“sRMAL METER

Transductor Input Heater Input

v, I, P, cos ¢ \ I v I Power
volts | amps watts meter, |mete:, | therma..| thermal | V.I,
volts amps vo_ts watts

238 322.5 | 42400 {0.525 |21.0 - 20 2131 | 42620
237.81 352.5 | 51200 [5.613 - - 224 2268 | 50080
240 271.5 | 30600 {0.47 - - 16.4 1600 | 26250
239.6] 273.0 | 29400 [0.45 - - 15.8 1600 | 24,000
244 | 248.3 | 21300 | 0,355 [12.8 - 15.2 1200 | 18240
244 150.0 8700 [0.237 | 7.5 - 8k 666 5600
26541 61,5 | 5610 |0.371 | 6.0 - 5.8 400 < J0
247.01 41,3 | 3000 |0.294 | 4.0 - 4.0 133 53,
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CHAPTER °1

MATERIALS

1.7 INTRODUCTIQ:N

A number of investigations intc materials prbblems under the operating
ccnditions of the loop have been undertaken in an éffort to understand
ultra-high-temperature loop technology. Some ofiiheimain topics have been:
the vberuviour of tantalum under dynamic conditioﬁségf;impure helium flow;
comi-utibility znd physical properties of electrodefénd duet wall materials;
cenmpatinvility of metals, ceramices and other materi?is}with cesiunm ligquid and

crciwe vapour; and nature of the dark deposit on nerator duct walls after

opuvration,
It is hoped to present a more complete analysisiand review of some of
ary Report; in the

the muterials problems in a subsequent Technicalns
presented in the belief that

precent report the results of some of the tests ar

thic findings may be of value to other workers.

11.2 EXAMINATION OF A TEMPORARY TANTALUM TRANSFER DUCT (RHT 2)

vy

N. McCormick, A. Taylor and C.C. Rcbinson

11.2.17 TIntroduction

A temporary tantalum transfer duct from the MPD loop was received for
metaliographic examination to determine the cause bf embrittlement which hed
led to the failure of the tube,. Helium gas, heatéd tv a2 graphite heater to
~4LOOOK, had been passed througn the duct. The impurity level of the helium

gas (nitrogen and oxygen) was estimated to be<5U ppm,

11.7.2 Visual examination

The mouth of the duct had completely fractured (Fig. 11.1) and fine cracks
had developed along the duct which was extremely brittle, particularly near the
inlet orea, and two geuzes which had been mounted in the duct had disintegrated.

A biack deposit lined the inner walls of the duct, being most dense at the

inlet region,
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transversz sections were taker ?rom'the *uve wail (Pig. 11.2):

1 zection throu;n walil and gauze at tnt ducv 1niet

¢ - sectisn t arcugh region: of vis 1ble CP&LFIH!. h

2 .'section through waii to include thennceoupze sirap,.

b section through'spbr weided ares of duct, - 7.<

5 Bectionias indicated in ﬁiagfam T N fiA'f N

& section threugh wall and gauze at the exhauS?;endlcf iﬁ?t B -

The sectipns,were'mountedfih blackf¢akei‘t ground on 180 a nd EGO grit
Sic papers and pofiﬁhedfch31au bu &ﬁd‘f# giam ond pa@te. Theﬂ were tben

J

etctied in a sclution e* 40 ee ccnc H h’ 2%-ce @ np ﬁ%nz gdtzu'cc;gquegns HE,

14.2.A Metallog;apnlc examznatlon . S -

A discontinuous ;der of tanta;;m ce rb de ba ‘ofﬁed alcng the- wal; of the
duct,heving maximum thicknesses of 0.0C4 xn./and Cou B;i ht the inlet and

exhaust ends respectively (Figs. 11.3 én& 11}&3.

Islands of massive Ta, 05 phase were observed 4n the carbide layer and in

some areas had penetrated into the grain boundsries ¢f the tantalum (Fig. 11.3).

Flatelets of a second phase precipitate, which was anisotropic (Fig. 11.5),
extended acrcss the duct wall. The occurrence of this precipitate was more

pronounced at the inlet end of the duct (compare Figs. 1.3 and 11.4).

Sections taken through fragmento of the gauzss exhibited similar corrosicn

phenomensa to those found in the duct wall (Fig, 1156)a

11,2.5 X-ruy analysis

Standard Debye Scherrer photographs and X-ray diffractometer traces were

obtained f'rom samples of the deposit and metallic debris,

Comparison with the ASTM index showed these sampies to consist mainly of
tantalun carvide (TaC) together with tantalum pentoxide (Ta20%) in either the
¢ or B foru. Since nitrogen is soluble up to 1% in tantalum oxide i% cannot

be detected by X-ray crystallography below this concentration., At concentrations

greater than 1% of the nitride is formed, but none was detected,

11,2.6 Comments

1  Embrittlement which had caused the failure of the duct was due primarily

to severe oxidation followed by carburization,

2 The surface oxide, Ta205, is reported to have no protective properties1.
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3 The piatelets of second phase precipitate appear to be similar to a

suboxide phase observed by previous investigators. However, X-ray

. 1
analysis gave no evidence to confirm the presence of this phase ’2.

4 The fine matrix precipitate is thought to be impurities inberent in
the original material,

REFERENCES

1 NORMAN, N., KOPSTAD, P., and KRUDTAA, 0.J. Metallic cxide phases of Nb
- and Ta. Journal of the Less Comnon Metals, Vol, L. April 1962

2 '*»KCFSTAD, F, Oxidation of Ta in temp. 1range 500—700°C. J.I.M. March 1962

19,3  EXAMINATION 0F TANTALUM TEST STRIPS (RHT!4)
byi |

Mrs. S. Beale and A, Taylor

711}}.1 lntroduction

TWO tan*alum test strips were held within 2 tantalum transfer duct in a
hel‘um atmosphere for 05 hr tu studo the effect of impurities in the gas stream,
The p031t10n of t&e spseimens w*thln the duct and the atmospheric conditions are
'indlcgted 1n Pig. 11 7. Afte‘ tesv1ng,the clamps and pileces of original material

from wh;ch theae were m&de were examined as fol¢ows.

11,3.2 Qpec;menlggeparation

’Lcngitudiﬁal sections were taken thfough‘thé clamps, ieading edges of the
ééSt strips and "as-received" material: these were mounted ih'black'bakelite,
Pgrctnd on SiC papers down to 600 and finally polished with 1. diamond paste on
a vibratory polisher. Specimens were then electrolytically etched in lactic
acid/sulphuric acid/hydrofluoric acid mixture to reveal general structure and

sulphuric acid/nitric acid/hydrofluoric acid mixture for grain boundary definition.

11.3.3 X-ray examination

Dif -a..ometer traces were obtained from all the samples using Copper K @
mdi&ti Oon.

Samples A and B were found to be similar and consisted of free Ta with
TaC. Lerge amounts of TaZC, Ta-N, crp -TaH were also prasent. Tazc, p-TaH
and Ta-N have similar structures and it would be difficult to state which was
present in this caase.

Sample C consisted mainly of Ta with small amounts of the previously
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mentioned compcunds. No evidence of oxides of tantalum was found. Two contrcl

samples received consisted of Ta only.

11.3.4 Metallographic examination

Surface attack in specimens A and B could be resolved into three layers
(Pig. 11.8) whereas in specimen C only two layers were observed (Fig. 11.9).
Measurements of the layers are given ir table beiow. The centre layer in
specimens A and B occurred as a precipitate separating the white inner and pink
outer layers. The two layers in specimen C occurred (a) as a very thin pink
outer layer and (b) as a precipitate sometimes needle shaped and penetrating
into the strip (Pig. 11.10).

Very fine inter and transgranular precipitates similar to those found in
the test strips and clamps (Pigs. 11.8 and 11.10) also appeared in the original
material (Pigs. 11.11 and 11,12),

Hardness measurements and grain size determinations are _-eported in the
following table.

Oversall
thi:izzas k.M. Hardness No.
s
Specimen U Ave, grain
code : size,
Area between
Max | Ave H gzt:: iznzi surface Random
J J layers
A 351 15 11 1120-1250 | 450~520 210=225 -
B 21 17 11 * 810-1150 320-385 -
C <L | <l 16 * - 3865440 -
As-received
(0.002 in.)] | - 18 - - - 130-135
As-received _ _ _ _ _ 120
(0.015 in.) 12 130135

®* area not large enough tec ascoamodate hardness impression

Impressions were made both across and along the length or' the strips t.tween
the surface layers and within these layers whereve: there was an area large
enough to accommodate an impression. Random hardness tests were carried oui ca
the as-received material,

Grain sizes were uniform in all specimens except in specimen A (Mig. 11.13)
where an area of larger grains (average grain size 31 u) was found at the end of
the strip remote from the clamp.
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11.3.5 Conclusions

The embrittlement of the samples was caused by the penetration by surrounding

gases which comprised carbon, hydrogen and nitrogen.

11.4 EXAMINATION OF TANTALUM THERMOCOUPLE SHEATH (RHT 11)

by
A. Taylor

11.4.1 Introduction

A tungsten—tungsten/rhanium thermocouple packed with BeO was examined to

ascertain the nature of embrittlement in the tantalum sheath,

11.4.2 Specimen preparation

Longitudiral sections were taken adjacent to the fracture, and behind the
fracture within and outside the helium gas stream. All precautions relating to
Be0 laid down by IRD Health Physics Department were followed, Grinding was
carried out on SiC papers down to 600 and diamond polishing down to 14, Etching

procedure was carried out as described in Section 11,3.

11.4.3 Micro-examination

Precipitation of the type illustrated in Fig. 11.14 was found in the area
of the fractur., In the section taken behind the fracture in the gas stream
precipitation occurred mainly at the outside edge of the sheath (Fig. 11.15)
whereas outside the gas stream unifcrm preciritation occurred (Fig. 11.16).
Results of hardness and grain size determinations are given in the following
table .

Area | Ave., grain size R.M. hardness No,
In gas stream : LS5u 400 - 445
Qutside gas stream | cold worked structure (Fig. 11.17) 230 - 235

Tha thermozcouple sheath within the gas stream was harder than the sheeth outside
the gas stream and grain size was largest in the fracture area. (Pigs. 11.15
and 11.17). Pg. 11.18 illustrates the change in the original cold worked
structure which occurred in an area about 0,5 in, behind the fracture,

11.4.4 Conclusion

Precipitation in and immediately behind the frocture area, occurring meinly
et the ovtuide edge of the thermocouple sheath, suggests that emdrittlement had
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been caused vy pick up of some impurity present in the heliun gas stream.

11,5 EXAMINATION OF EMBRITTLED TANTALUM BELLOWS (RHT 12)

by

A. Tayler and Mrs. S. Devine

11.5.1 Introduction

A tantalum bellows from the MPD lcop wes examined to iﬁvestigate the reason
for its embrittlement. »

11.5,2 Specimen preparation

Longitudinal sections were taken through the bellows and prepared in the
manner described in Section 11,3, |

11.5.3 Micro-sxamination

Extensive corrosion occﬁrred on the inside walls of the bellows, maximum
overall thickness 132u. This atfack could be diétinguished as three separate
layers (Fig. 11.19). An intergranular phase similar to the inner layer on the
surface extended right across the wall (Pig, 11.20). i

A precipitate in the form of platelets was found along the outside edge of
the bellows wall and in regions where cracking has occurred (Pigs. 11.21 and
11.22).

R.M. Hardness impressions were attempted in the surfuace layers but were
unsatisfactory because: the particles in the outside layer were too brittle;
the centre layer appeared to be too porous; and the inner lsyer wﬁs too small.,
Impressions made across and down the centre of the tantalum wall were in the
range 400-420,

A uniform grain size of 19 u was measured,

11.5.4 X-ray analysis

Zrom the diffraction patterns produced, the deposit was found to consist
of TaC and either Ta,C, TaN, B TaH or a mixture of these. Some extra peaks were
observed but could not be identified, The scale consisted of TaC and a trace of
graphite,

11.5.5 Comments

Embrittlement is thought to be due primarily to severe carbonitation. The
possible presence of nitrogen, hydrogen or both would also be a contributary
factor,
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11,6 EXAMINATION OF TANTALUM TEST STRIPS (RHT 14)

by

A; Taylor

11.6.1 Introduction

Further tant#lum test strips and clamps were received to study the effect
of environmentel conditions. These cor iitions together with the position of the
test pieces within the transfer tubé are.given in Section 11,3,

11,6,2 Specimen preparation

As in Section 11,3

11.6.3% Micro-examination

. Surface attack in spécimens A and B occurred mainly as a single layer

(Pig. 11.23). There werejhowever, areas where more than ons layer was present

(Fig. 11.24) but these were difficult to resolve. Measurements of the layers
are given in the following table,

Overall layer
- _ R.M. Hardness No.
Specimen thickness, y Ave. grain
code ' ' size, u
. +| Area between
Maximum | Average : Outer layer surface layers Random
A 10 8 11 500 - 550 155 - 185 -
B o] 6 10 . 115 - 145 -
c - - 15 - - 170-185

® area not large encugh t ¢ accommodate hardness impression. + outer layer as shown in
No surface attack was observed in specimen C., Fine inter- and transgranular Hg.11.23

precipitates similar to those found in the original material were present in
all test specimens (Migs. 11.23 and 11.25).

Hardness measurements and grain size determinations are given in the table,

Impressions were made both across and along the length of the strips A and
B,between the surface layers and within these layers wherever there was an ares

large enough to acccamodate an impression. Random impressions were made in specimen
c.

Grain sizes were uniform in al.i specimens except in spscimen A where an area

of larger grains (average grain sise 45 y) was found at the end of the strip remote
from the clamp,
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11.6.4 Comments

1 Surface attack was less severe in these specimens than in the previous

ones (section 11,3),

2 Whereas in the previous specimens surface attack could be resolved into
three distinct layers, it was difficult to decide whether the "centre
layer" in the present specimens was
(a) the boundary between inner and outer layers or

(b) a fine precipitate separating two layers,

11,7 EXAMINATION OF TANTALUM TEST STRIPS (A RMT 15, B RHT 19)
by

A. Taylor

11.7.1 Introduction

Further tantalum test strips were received to study the effect of environmenta
conditions and temperature, Apart from test strip B which had been subjected to a
maximum temperature of 2200°K, the other conditions of environment, temperature
and the position of the test pieces within the transfer tube ware the same as those

given previously ir Section 11,3. %
11.7.2 Specimen preparation |

As in Section 11,3,

11.7.3 Micro-examinat: ->n

Surface attack in specimen A was confined to a very thin single layer of not
more than 2 u thick, A fine precipitate similar to that found in the original
material (Section 11,3) was preaent throughout the strip.

In specimen B, surface attack appeared as two separate layers Pigs. 11,26,
11.27 and 14,28. A white intergranular phase (Pig. 11.26) similar in appecrance
to the inner surface layer and a fine needie-like precipitate (Pig. 11.27) were
both found within the strip. Hardness measurements and grain size determinations
are given in the following table:

Overall lqyorl R.X. Hardness no.
Specimen | thickneas, u ‘;;::" ~
‘code ' ize B 1 outer surface | Inner surface | Area between
Nax. L_Avo. size, ¥ layer layer surface layers
A <2 - 1% Layers too thin to 275 - 315
accommodate
B 10 J 7 16 impressions 310 - 365
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Impressions were made both across and along the lengths of the strips,bezafw; the

surface layers,

The grain size in specimen A wasrunifonm‘but in specimen B large grains

(max. 5404) were found along one edge (Pig. 11.28).
11.7.4 Comments

Test strip B has been the only specimen to date in which the white grain
boundary phase or the needle-like precipitate has been observed.

11.8 EXAMINATION OF BLACK COATING ON ALUMINA DUCT COMPONENT (RHT 20)

by

S. Maxwell

Diffractometer traces obtained from the sample using copper K & radiation

showed mainly a-alumina but small amounts of TaC and either Tazc, TaH or TaN

or a mixture of these were found from the surface layer,

11.9 EXAMINATION OF TANTALUM TEST STRIPS (RHT 24)
by

A. Taylor

11.9.1 Introduction

Twc tantalum test strips(0.010 in. and 0.020 in. thick) from the MPD loop
were received for metallographic examination.

11.9.2 Specimen preparation

As ir Section 11,3,
11.9.3 MNicro-examination

The results of micro-examination are reco~ded in the following table,

Overall layer Average R.M. hardness no.
Specimen thickness, y grain Area betwes
size, u | Surface layer n
Max, Ave, surface layers
1 s ., 1 .
‘Oi:.? 12 57 39 layers too thin 200 - 245
( to accommodate
2 (0.020 impressions
in.) 7 5 39 185 - 200
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Corrosion in both test strips occurred mainly as a thin surface layer. A
white intergranular phase similar in appearance to the surface layer was also
found within the strip. The surface layer and intergranular precipitates
resembled those illustrated in Pig. 11.26 although the intergranular precipitates

occurred to a much lesser degree. A uniform grain size was observed in both
specimens.

19,10 EXAMINATION OF TANTALUM PRESSURE PIPE WELD (RHT 25)
by

A. Taylor

11.10,1 Introduction

A tantalum pressure pipe weld was received to investigate the reason for
its failure,

11.10.2 Specimen prenaration

. A section was taken through the assembly so as to give a transverse section
through the weld and a longitudinal section through the tube insert (Pig. 11.29).
The preparation was the same a3 that described i.n Section 11.3.

11,40.3 Nicro-examination

The formation of a hard white surface layer occurred along the inside of
the high teaperature transfer duot at the vase of the weld (Pig. 11.30). This
layer wa= also appa.enc on the small tube insert and extended for at least 0.5 in.
up the tute wali (Piea. 11.31 and 11.32). A white grain boundary phase and
intragranu..r grecipitate was found in the weld metal itself but was most dominant
in the tube insert region of the weld (Mg, 11.33). Penetraﬁionﬁof the surface
«aysr occurred in tube inserts, outer end inner walls remote from the weld
{Mg. 11.32). The general form of the weld was not good, tnere being s bulging
of *he weld into the tube insert wall and extensive porosity.  Results nf
R.M. Hardness lapressions are r:ported in tiha following tadle:

Area 1 R.M.H. No.
Surface lgyér B , 1200 - 135 Aﬁ
Weid metal (Ta) ' L% - 486
Ta insert tudbe remote from weld 320
Too amall to
Grain boundary phise sccommodate impressigcn
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11,10.4 Comments

Although the meid “{taelf was not good, failure is thought to be due to
embrittlement caused by pickup of impurities in the helium gas stream,

11.11 ANALYTICAL EXAMINATION OF GENERATOR SIDE WALL SECTIONS AFTER SERVICE ‘llﬂ‘ 22
by
A. Robertshaw

11.11.1 Introduction

The re-crystallizced alumina side walls were tiles of approximate dimensions:

6 in. x 2 in. x 3/8 in., coated with an adherent, dark grey to black layer
which proved resistant to aineral acids.

Two tiles were available for examination: (I)} - ®here the cdeyosit appeared
non-uniform and contained electrically-conducting.aréa.s whic'!_‘i_, in general, were
darker in colour than the ncn-conducting areas on the same surface; and (II) where
the deposit was more uniform in colour (griy) and found to bo;'wholly non- conducti‘n;v
by the Avometer test as applied to tile 1. . |

11.11,2 Preliminary examination of tile I sf.fonducti'r‘xﬁ ares)

(1) X-ray diffraction crystallography Tsh‘énd the presence of tantalum
cnrbide and @ iron. Other unidentified elements were present in
smaller amount. )

(2) Chemical spot tests ihdi_eated iron and tantaum pnsent.

Surface iron concentration . =~ 150 le/cu
Surfuce carbon concentmtion ~ 200 pp/ca

11,11,3  X-

fmoruconce cmiu?ion of tima I wd»II

Twc samples A and B, 1 ca squlre, nre prepared Crom Tile I.
Eglo was froz an eloctdcally-conduc ting area. |
Sample B was froz an electricaliy non-cordmting um. o

Two further nlpzea c md D, qf si:ula:_f size, un puund tm ﬁlu 1 and
11.

Sample C was froa an olcct.rlenly ooaductimt aru of Mie 1 ( gné thtnfbu
idertical to Semple A). | | S '

Sample D was froa Tile II (-hon the :ho.e L-ea way nar*aendueung;.

Tre X-ray fluorescence aulyus report s smnrind in the u‘bw mﬂuf
(and see slso Pigs. 11.34 and 11.35). ‘ '




Element | Sample A | Sample B | Sampie C | Sample D
| Trace Trace Trace Major
Ta Ma jor Ma jor Na jor Trace
No N.D. Trace Trace Minor
ir Trace Trace Minor Trace
Pe Major Trace Ma jor Major
5 Trace Minor Trace Minor
Cu Trace Trace Trace Minor
Zn Trace Trace Trace Trace
Cr Minor Minor Minor Minor
Mn N.D, Trace Trace | Minor
T Trace Trace Trace | Trace
Ca Trace Trace Trace | Trace
Cs Miror | Trace | ‘Minor | Trace

Note: Trace <0.1%
Minor 0.2 - 2%
Kajor >28 o ,
K.D. : none vdetectablej(p‘x“oba\bi.;<0.01} v

11.11.4 Suasary
(1) Witk regard to the cleétricsliy <§tndmging'a reas of deposit found in one

“ inatance on a generator side wall section, the ana; ¥tical dua gathered to date
. pointa to either one of the alternativea, be‘mr, «r « cozbination of thea.

(a) The build up of a continuous lunr o“ etg-l and/or carbide containing
“Pe, Ta, Cr. ete, 'x

(h) Dcposiuon of eui\- on the aluinn mi‘hc#Q

(2) In ana.ytical studies of this mtun 1: is ulnr trat the conventiona. wet
V‘Meul tecaniques are of lisited value, and zathods amch as X-ray fluorescence,
micro-grobe uuly:u and possidly emission s;ictmgnpm 24y all be required to

o nubluh quantitatively the nature of such depozits on umim. Pture plarnned

m txpcrluuto should therefore make an account for this, 80 that earlier arrange-
"unts can ho sade -ith outside authorities for the s—enix = techniques aentioned.

i \H.H.SM_ jreparation

”'Nur sanjles rere recwyived, these were iateiled as foilows:-
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3/L,/64  Conductive
2/4/hl,  Non-conductive
10/L/64 Conductive
10/4/64 Non-conductive

o O W >

For the purposes of this report these samzples wiil te called A, B, C and D.

Samples were placed directly into sample cups fitted with 6,25y mylar
windows,

11.11.6 Qperating conditions

A full list of operatinfs conditions is given on ench of the individual chart

records (Pigs. 11.3% and 11.%5,. The following points should be noted:

1 The scintillation counter wis used up to 61° 20 at which. poins it was

replaced by the gas flow proportional counter.

2 All chart records were made under identical conditicns such thst direct
comparison of relative intensities can te made, It must te realized,
however, that as the deposit layer was not irn excess -f critical thickness
and that the samples only partially covered tre cell windows, absolute

comparison between samples is subject to .arge error.

3 R.M. refers to rate meter and represents tre sensitivicty of the recorder,
At B = 1 full scale deflection is ejuivalent tc 5 c¢/s, thus st RM = 64
full scaie deflection is equivalent to 50 x 64 ¢/s. In a.. cases the

R.K. settings were changed at 61° 2o (i.e. us *ke craunge ;c.nt cf the detectors).

[N In the case of sample B “he .zan atove 51° 20 was vieated 1t higher

sersitivity as peak intensities froz this saz;.e were partic:larly low,

p) A tungster. target x-ray tube was usei or the zajor.ty of tre xork. As
tungsten itself was being sought in “he sam;.cs and as, iue %o scatter,
the s;pectrs froa an irrediated sampie wii. aiwsyvs contain prizary lines,
the zpectra in the area of the tungsten .(ines were repeated with a gold
target tubte.

11.11,7 Results and discussion

The eieaents detected include W, Ta, Mo, ir, Fe, Ni, Cu, 2r, Cr, Mn, Ti, Ca
and Cs (Pigs. 11,3 and 11,35). "nder the ccrditions of s.an,a.. e.ements
present at concentration ievelsinexcess of atout 1) jr= =i.] have given detectable
responses,
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11.12 ANALYSIS OF OXYGEN IN CESIUN

by

V. Cullen

The method currently used for analysis of oxygen in cesiu£»is~8ésed on _
heating cesium with a known excess of* sodlum under ?aouum and - as the cesium ‘
oxides break down then the liberated oxygen will be readscrbed until all the
cesium metel is removed by dlsti;xatlon. Alternatlvelv the mere sﬁable T
sodium monoxide will be slow;v f ormed unt11 eventuaily only free cesium is ‘

present. N o .

two-stage distillation removes firstiy the cealum and than the sodium
urtil finally only sodium monoxide is left. - “Phis is ?nen dlssolwed in ﬁater'“
and titrated to a phenolrhthalein end point w1th °tandard ac1d IR separate
sodium-only distillation gives & 'blank' for—the sodlum used hence -any oxide in
excess of this amount must be from the ces‘um and thus the- vo"cent ation- of

oxysen in the cesium is known. _ - '2’»1 s

Wnen {'irst preposing this method the stablllties of verious common cestum
sxides were corsidered, and all were found to decompose at or below 650 c, w1th

the exception of the trioxide Cs,0 wh:ch was. known to. melt at 400 C. Since

’
then more data‘ on decom0051t10n203 the more common ox1de« has been obtalned

All deco&poue pelow 880°¢C when the.most stable of thsse, the superoxide, C§32,
decomposes. This information is in agreement with IRD findings since, in -
accordance with the first proposalr, severgl distillavions of cesium alone were
carried out without detecting any res*dual alkallnlty. £s a continuation, cesium
was then added to sodium and & vacuum distillation carried out; again no residual
alkelinity was detected. Pinélly the Cs/Na alloy ‘was iaised to AOOOC, sealed
under vacuum ard heated for an hour to ailow the cesium oxides to decompose and
thé oxygen to be finally absorbed by the sodium, when the temperature was raised

to /0C°C and the two-stuge distillation completed.

This presents the method in jts most recent and modified form, and it has
produced resuits of a reasonavle order particularly in the 300 - 700 ppm oxygen }
range on samples of glass-encapsulated cesium, for which the makers claim a 7
purity of about 99,%. |

REFERENCES
1 Cesium and rubidium (supplement to bulletin No. TD - Cs/Rb) American

Potash and Chemical Corporation.
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-, hydrofluoric acid; 10 per cent nitric acid) and then washed with Inhibisol,

2 Tech, Mexo. TRD/IR/VC/MK. 22/1/63. A proposed method for the determination
' “of oxygen ir cesium,

- 11,13 COMPATIBILITY OF CESIUN WITH 'GASCO' AND SILICON RUBBER 0-RINGS

by

V. Brown
- Stainless steel containers were cleaned chemically (pickle: 5 per cent

" Cnused O-rings were weighed, inserted into containers with a 1 gm cesium ampoule,
- and evacuated to 4 x 10 =3 “torr at a8 temperature of 80°C.  The ampoule was then
broken to immerse the Q-ring under cesium at 85- 95 C for 10 hr, Weight losses

of about 1 perréent, attributed to outgassing, were obtained.

Pig. 11,36 shows the attack on silicon rubber; the 'Gasco' rubber was
unaffected, |
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FIG 11-3 CARBIDE ,PENTOXIDE AND PLATELETS OF SECOND °
PHASE PRECIPITATE IN SECTION | {X400) * .

FIG 114 CARBIDE , PENTOXIDE AND PLATELETS OF SECOND

PHASE PRECIPITATE IN SECTION 6 (X €00)
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FIG 11'S PLATELETS OF SECOND PHASE PRECIPITATE
(POLARISED LIGHT) (X 400)

FIG 11:6 CARBIDE , PENTOXIDE AND PLATELETS OF
SECOND PHASE PRECIPITATE IN A FRAGMENT OF
GAZE (X400)
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FIGIIS BULK OF PRECIPITATE AT OUTSIDE EDGE
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SURFACE ATTACK AND FINE PRECIPITATION
N SPECMEN A (« 400)
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FIGIL24 SURFACE LAYERS ON SPECMEN A (x750)

FIGIL.25 FINE INTER AND TRANSGRANULAR PRECIPITATION IN
SPECIMEN C (v 400)




FIGN26 SURFACE LAYER AND GRAN BOUNDARY PHASE
N SPECIMEN B (.400

FIG 1127 SURFACE LAYER AND NEEDLE-UKE
PRECIPITATE IN SPECIMEN B(x400)

FIGS 1126 1127




LARGE SURFACE GRAINS IN SPECMEN B (X 300)

FIG 11-28




1129 SECTION THROUGH WELD (x 8)

11-30 SURFACE LAYER ON TUBE (X100)

FIGS 11-29 &11-30
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FIG 1132 SURFACE CORROSION
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FIG1I-34
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ATTACK ON SILICON RUBBER
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CHAPTER 12

COMPATIBILITY OF MPD REFRACTORY MATERIALS WITH CESIUM VAPOUR®
by

¢. Arthur

12,1 INTRODUCTION

This paper describes some of the materials_wbrk being carried out in

support of the clocsed cycle MPD pQWer generation project at IRD.

In the clossd cyéle ¥PD syétem‘a high velocity stream of helium containing
a small amount of cesium is passed through a duct containing a series of
electrodes insuleted from each other, The minimum temperatures of operation are

at present not established but will piobably be in the range 1500 - 2200°¢,

In & previcus paper1 the stabiiity of various refractory insulating
materials to vaporization were discussed and it was concluded that for operating
temperatures in the region of 2200°% only hafnia and thoria would be suitable
insulants and tungsten a suitable electrode material. However, it is now thought2
that lower temperatures of operation G~1500°C) are possible and this considerably
widens the choice of both insulating and electrode materials., For example, boron
nitride, which has a high electrical resistivity, good thermal shock resistance

and is easily machined, can now be considered as an insulant.

However, it still remains to determine ‘hether these electrode and insulant
materials are resistant to cesium vapour and this is the purpose of the present

work,

Considerable information is already available on the reactions of alkali
metals, especially sodium and potassium, with variou. materials at low temperatures
G»}OOOC)3’A, but many of the results are complicated by the presence of alkali
oxides. Smith et a15 and Slivka6 have investigated the compatibility of some
metallic and non-metallic thermmionic converter materials with cesium up to 600°
and 900°C respectively., They found, among other things, that high purity alumina
was not attacked in contrast to alumina of lower purity. Wagner and Corriell7
studied the effect of cesium vapour on several of the more stable oxides at
temperatures up to 1u75°c. In the short time (~10 min) of their experiments no

marked effects were found.

To be presented at the International Symposium on Magnetohydrodynamic Power
Generation, Paris, July 1964
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12,2 THERMODYNAMIC PROPERTIES OF CESIUM AND ITS OXIDES

The vapour pressure of cesium in torr is given by

log p = 11,0531 - 1.35 log (- 430 coeee (12.1)

at 300o and }7500, the cesium reservoir temperatures used in the present work,
the corresponding pressures are 1,9 and 10 torr.

The free energies of formation of 0320, 03202, 05203 and 0502 have been
glven by Coughlina. C820 is the most stable and the other oxides decompose to

give 0320 with increasing temperature and decreasing partial pressure of oxygen.
The free enargy of formation of 0320 is given by

’ \ 3 = = -101 . 1 eoces 1 .

9

Brewer® states that none of the cesiuﬁ oxides are volatile and that volatilization
takes place by decomposition to oxygen and monatomic cesium. Thus, irrespective
of the oxygen content of liquid cesium there are no oxides in the vapour., Systems
containing cesiun vapour are thus considerably simpler than those with liquid
cesium,

Caicu‘lation1 shows that at no temperature would cesium react with the more

stable refractory oxides (such as A1203,'Zr02, Mg0) by reactions of the form

2Cs + MO = C3,0 + M,

2
No thermodynamic information can be found on compounds of 0520 with other oxides
but it is unlikely that they would have sufficient stability to allow reactions
of the form

2Cs + 2M0 = CSZO.HO + M

to proceed at high temperatures where the stability of 0520 is lowest. At low
temperatures it is possible that cesium oxide-alumina-silica compounds similar
to the felspars could form and thus account for the observed attack5 of liquid

cesium on impure aluminas,

12.3 EXPERIMENTAL WORK

12.3,1 Apparatus

The apparatus is shown in PFig. 12.1. The outer vessel was of austenitic
stainless steel closed at one end by a flange seating on a copper ring of diamond
cross section. This ring was replaced ifter each runm, The heating element was
a 5 cm long spiral of 8 turns of 2 mm molybdenum wire, one end of which was connecte
directly to the case and the other to a ceramic-metal seal brazed to the detachable
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flange. The molybdenum power leads inside the vessel were sleeved with alumina
tubes to prevent arcing to the case in the presence of cesium vapour, The element
was surrounded by radiation shields, the inner three of which were molybdenum and
the outer two stainless steel, A small sheet of zirconium was also inserted

between the molybdenum and the stainless steel to act as a getter,

The vessel was evacuated through a 1.5 cm diameter stainless steel tube
fitted with an all metal vacuum valve suitable for use up to 400°c. This 1.5 em
tube was fitted with a side arm to which was welded another stainless steel tube

into whizh had been inserted a glass capsule containing 1 gm of cesium,

Eight chromel-alumel thermocouples were fitted to what were known from
preliminary experiments to be the coldest spots on the outer vessel, The

temperature of these spots was controlled by lagging with refrasil heating tapes.

Temperature measurement of the specimen was by a Kodial window fitted to the
stainless steel vessel by flanges seating on a small copper O-ring. This window
was maintained at the same temperature on the rest of the vessel by a small hot

air heater not shown in Fig, 12.1.

12.3.2 Test procedure

The test samples consisted of small cylinders approximately 3 mm diameter and
5 mm long held in the molybdenum heater by small molybdenum clips, After
insertion of the specimen, the observation window and end flanges were fitted and
the side arm containing the cesium phial was welded in position. The assembly was
then evacuated and leak-tested by means of a helium mass spectrometer sensitive to
a leak rate of 1«’10 litre-torr-seconds. When this lesk rate had beer achieved
the specimen was ' lowly heated to the test temperature to outgas and to calibrate
the optical temrerature with power input. That black-body conditions were
approximately achieved was confirmed by the insertion of graphite specimens which,
for a given power input, gave the same temperature as the other specimens tested.
The specimen was then cooled, the stainless steel bellows valve c. sed and the
cesium capsule broken by compressing the stainless steel side arm, The cesium
was then driven from the side arm by the application of a gas burner and the side
arm sealed by compression in a vice, The specimen was then reheated to the test
temperature by adjustment of the power input tc the previously-determined level,
This procedure was necessary because of the discoloration of the glass window by
cesium which made accurete optical temperature measurement impossible. Tne brown

discoloration was, however, easily removea by water at the completion of the run,

The vapour pressure of cesium was determined by the minimum temperature of

the enclosing vacuum vessel, This was controlled by power adjustment of the
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external heating tapes at either 300° or 575°C corresponding to 1.9 and 10 torr
respectively,

The presence of cesium vapour in the vessel was checked periodically by
cooling the observation window below the minimum vessel temperature when globules
of cesium could be seen condensing.

The test runs were of four hours duration. Concurrently duplicate specimens
were heated in vacuum without cesium so that the effects of temperature and cesium
could be separated.

cesium was 180000.

The maximum specimen temperature in the experiments done in

12.3.3 Examination of lgecimens

All specimens were weighed and measured before and after exposure to cesium,
Most specimens were also examined microscopically and some by X-ray diffraction.
The cesium content of some of the specimens was also estimated.

12.4 RESULTS

The materials which have been tested to date are boron nitride, graphite,
hot-pressed silicon carbide, alumina, hafnia, zirconia, tungsten, tantalum and
molybdenum. Graphite was included in the programme so that its behaviour could
be compared with that of boron nitride under similar experimental conditionms.

12.4.1 Boron nitride

The boron nitride was hot-pressed material obtained from the Carborundum Co.
The boric oxide content was determined by chemical analysis to be 2,.70% and only
trace quantities of other elements could be found.
material was 2,04 sm/cms.

The density of the as-received

The results of the tests in both cesium and in vacuum are summarized in the
following tsble,

CHANGES IN SIZE AND WEIGHT OF BORON NITRIDE SPECIMENS
HEATED IN CESIUM VAPOUR AND IN VACUUM

Vapour Percentage weight | Percentage volume

Spec. Tgnp, pressure change in 4 hr change in 4 hr
No. c of cesium, with without with without
torr cesium | cesium cesium | cesium

1 375 10.0 nil nil nil nil

2 600 10,0 +1.5 nil nil nil

3 1600 1.9 «2.1 5.4 +2.3 +1.5

4 1600 10.0 -5.0 “5.h +2.3 +1.5

5 1700 1.9 -4, 8 -12.0 o5 +3.5

6 1700 10.0 -5.5 -12,0 +1.5 +3.5
7. ’800 10.0 -1 5.0 "‘1“-.6 - *3.3‘}
8 1&0 10.0 "7.6 ‘1‘096 41.5 *}o"t
9 | 1900 nil - -27.0% -  |not .done

® gspecimen cracked $ 1 hr run
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Specimen No. 7, which was cracked both radially and longitudinally, was the only
one showing any gross attack by cesium, A repeat of this, test no. 8, however,
showed no cracking. 1In all cases the weight loss in cesium was less than in
vacuum, This was probably partly due to suppression of volatilization by the
pressure of cesium and partly to the pick-up of cesium by the borsn nitride,

A small expansion occurred in all the specimens whether heated in vacuum or in
cesium. This expansion may in both cases be caused by the volatilization of
boric oxide from the interior of the specimen. Some support for this hypothesis
is given by the results of a previous investigation1° which found larger expansions
(9-10%) at 1800°C for material containing higher oxide contents (~1%%).

Photomicrographs of some of the specimens heated in cesium are shown in
Pig. 12.2. The specimens heated for 4 hr at 1600°, 1700° and 1800°C all showed
an outer rim of close-textured material and an inner core which also differed in
appearance from the original. None of the specimens heated in vacuum to these
temperatures showed a rim and core effect. The specimen heated to 37500 in
cesium was unchanged from the original but that heated at 670°C also showed a rim
(Pig. 12.2) but examination at higher magnification (Pig. 12.3) showed no difference
in microstructure between the inner and outer areas. X-ray examination of the rim
and core of specimens treated at 1600° and 1800°C showed that the core ccntained less
BZO3 than the rim but otherwise the patterns were identical.

12.4.2 Graphite

lorgan EY9 graphite was tested at 600°, 1000° and 1800°C. A summary of the
results is given in the following table.

EFFECT OP HEATING GRAPHITE SPECIKENS FOR 4 HR
IN CESIUM VAPOU™ AT 10 TORR PRESSURE

Speﬁimon Temp, °c Commen“s

o.
10 600 Specimen disintegrated
1 600 Specimen disintegrated
12 1000 Specimen badly cracked
13 1800 No apparent attack

Photographs of the specimens af'ter treatment are shown in Pig. 12.4. The
specimen tested at 1eoo°c showed no change in appearance, weight or size,

12.4.3 Silicon carbide

A sample of silicon carbide hot-pressed {rom @ silicon carbide containing L%
Alzo3 to a density of 3.10 gm/cm3 was tested in cesium at 1800°C for 4L hr, A




weight lcss of 4% was measured which was approximately the same as found in the
thermal history run. NMicroscopic examination showed nc evidence of attack by

ecesiun,
12.4.4 Oxides

Samples of alumina, hafnia and zirconia (magnesia stabilized) were also
tested for 4 hr at 1800°C. In none of these specimens was there any change in

weight, dimensions or microstructure.

12.4.5 Metals

(1) Moly .denum

The molybdenum heaters used remained ductile and uncorroded by the cesium,
One of these af'ter being at approximately 1900°C (the heater was noticeably hotter
than the specimens which were at 1800°C) for 30 hr was examined microscopically and
showed an even equiaxed grain structure with no evidence of attack by cesium,

(ii) Tantalum

Small pieces of tantalum foil heated to 1800°C in cesium were invariably
embrittled. No change was, however, apparent in the microstructure. The
embrittlement may have been due to reaction of the tantalum with oxygen or nitrogen
which had leaked into the vessel during the course of the experiment. Further
work is being done to elucidate this point.

(iii) Tungsten
A plece of tungsten wire heated for 4 hr in cesium at 1800°C was neither

eubrittled nor corroded.
12,9 DISCUSSION OF RESULTS

Of the materials tested in cesium, the most marked changes were found in
graphite and tantalua, the former disintegrating or showing gross cracking at
teaperatures up to at least 1000°C and the latter being emabrittled at 1800°C.  This
embrittlement may, however, be due to oxygen or nitrogen and not cesium,

Graphite is known11 to form interlamellar compounds with the alkali metals of
types cel, °2a' and °u0 o These compounds are believed to be ionic in character,
eleotrons being transferred from the metal to the graphite to give structures such
as cgl’. The stability of the compounds increases with the atomic numdber of the
metal, reflecting the increasing ease with which electrons can be removed. It is
doubtful if Li and Na (having higher ionization potentials) form any compounds at
all. Most of the studies of these compounds have been done at comparatively low
temperatures (<300°C) and at these temperatures the insertion of the alkali metal
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ions between the graphite layers causes an expansion in the ¢ direction and
specimen disintegration. It is probable that a similar reaction caused
disintegration of the specimens at 600° and 1000°C in this work., At 1860°C -

the decomposition pressure of any graphite-cesium compound has presumably exceeded
the cesium pressure inside {he reaction vessel,

It is of interest that boron nitride, having « layer lattice almost identical
to that of graphite, does not disintegrate in cesium vapour even at temperatures
as low of }7500. However, boron nitride, unlike graphite, is a good electrical
insulator with a band gap of 4.6 eV between the uppermost filled molecular orbital
and the next higher ievel, For this reason boron nitride would be unlikely to
either accept or donate electrons to form ionic interlamellar compounds,

The effect which cesium has on boron nitride (Pig. 12.2 and 12,3) is not
reflected in any change in tre lattice parameters. It is possible that the
cesium reacts with the small amount of boric oxide present im the boron nitride
to form a cesium borate glass,

Cesium vapour has been shown to have no effect on the oxides, alumina,
hafnia and zirconia at 1aoo°c, in agreement with the known thermodynamic properties
of these naterials,

12.6 CONCLUSIONS

1 Alunina and hafnia are suitable closed cycle MPD duct materials up to
1800°¢,

2 Boron nitride, although altered by cesium at 1800°C, is not severely
damaged and the limitation on life would be the high rate of evaporstion.
It should be noted that after 4 hr at 1800°C boron nitride undergoes a

1€ linear increase in size and provision may have tc te made for this
in design.

3 Of the electrode materials tested, molybdenun and tungsten were
unaffected by heating in cesium to 1800°C, Tantalum was embrittled
but this may be due to oxygen and nit.ugen pick-up and nct ¢c cesiua.
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CHAPTER 1
FUTURE PROGRAMME

by

B.C. Lindley

Descriptions of proposed future experiments (over a two-year period)
scheduled for the IRD c¢losed~loop facility are given in Section 1.2 and in
Chapter 5, detailing the very wide ranges of operating parameters over which

data on plasma behaviour and MPD power extraction are required.

In the immediate future (that is, until the temmination in July 1964 of
the present ARPA contract) the main aspects receiving attention are: the
electrizally-conducting layer which appears during service on the generator
duct walls; and the recovery of cesium from the helium-cesium mixture. (End
leakage in the plasma itself is thought to be substantial,) Before the next
series of power generation runs, the insulated regions of the duct will be
extended by several inches on each side of the active duct region; a ceramic

(boron nitride) expansion nozzle (already manufactured) may also be adopted.

A preliminary run is scheduled in May, followed in June by a series of
runs with a 36-electrode generator duct; fully automatic recording of a
comprehensive range of electrical performance parameters is planned. For
these and subsequent runs a modified electromagnet will provide fields of
about 2T maximum,
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