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ABSTRACT

The effective work functions for several synthetic coal slags
and lanthanum chromite based ceramics were obtained using thermionic’
techniques. The effective work functions of the low silica coal:
slags that contained potassium were found. to be about 3 eV at low
temperatures, and about 4 eV at higher temperatures. The effective

- work functions for the high silica coal slags that contained potassium

were.found to be close to the effective work function of the slag
which contained no potassium. X-ray fluorescence studies showed
that substantial amounts of potassium had been lost from the high
silica coal slags in their initial heating. The efféctive work _
functions for the Sr and Mg-Al doped ceramlcs were determlned to be
3.28 eV and 3.13 eV, respectlvely <




I. INTRODUCTION

‘Magnetohydrodynamics (MHD) is the science of the interaction

between a magnetic field and a flowing ionized gas. There is currently .

much optimism that MHD will be useful in the production of electricity
from fossil fuels, particularly coal., An MHD channel has the potential
of broducting electricit§ with a.greater efficiency than conventional
power plants because of the higher temperature at which it operates

(up to 3000° C). In an open—cycle MHD‘generétor, the gases evolved

from the combustion of the fuel are directed to flow at a high velocity

through a duct or channel which contains a strong magnetic field

oriented perpendicular to the direction of the gas flow. These

gasés are made conductive by seeding with a small amount of potassium,
ﬁsﬁally in the form KZCO-’ which ié thermally ioni?ed at the high
temperature of the gas. An electromofive force i1s generated by the
flow of this conducting gas through the applied magnetic field

according to Faraday's law of magnetic induction. In a conventional

' generator, a coil of a conductor like copper rotates in a magnetic

- field which also induces an electromotive force according to Faraday's

law.

Figure 1 shows a conceptual diagram of an MAD channel, and the
geometry of the current flow induced by the electromotive force,
Theoretically, the direction of the current flow is mutually ﬁerpéndicu—
lar to botﬁ the magnetic field and the direction of the gas flow., This

current flows through an external load resistance and does useful work.
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FIGURE. 1
Co'nceb-tual di_aéram of a coal fired MHD channel, . The direction’
of the gas flow an, magnetic field (B), and the induced

current density (3) are shown. - R >

%
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In ordexr to cl&se the current loop, electrons must be emiﬁtea'from :
the cathode, pass through the iénized.cqmbustioq'gasgs.and;éntér'
the anode. The eiéctrons méyvbe,emitted from the cathode in two
wayé:l 1) uniformly over the paﬁhode]surface by'thermionic emission

(the thermionic or diffuse mode) or if the thermionic emission is

insufficient to supply the current, then 2) the electric fieids

_generated are sufficient to strike arcs and the electrons leave the

" cathode in a small number of locaiized arcs (the arc mode). .In the

3 2

arc mode, enormous current demsities, which can exceed 10~ amp/cm”,
cause . localized ohmic heating which tends to destroy the electrodes.
To prevent destructive arcing, it is preferable to operate in the

diffuse mode if possibie. This would require that the thermionic

emission from the cathode must be sufficient to supply the necessary

. current.

The evident importance of thermionic emission in an MHD generator

provides the motivation for the present investigation. It is the

~goal of this research to determine -the thermionic emission properties.

of various cathode materiéls under consideration for a coal fired MHD-

. generator, namely coal slag and certain refractory ceramics. - The coal.

which is burned inevitably contains small gmounts of impurities con-
sisting of minerals that are common in.the earth's crust. These .
mineralé.consist of oxides and silicates of aluminum, iron,'magnégium,:

and other elements. Such materials, termed‘"slag":are,liquified_and
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vaporized in the combustor, become entailed in the combustion and::

‘coat the inside of the channei? including the cathode surface. At

the cgthode, the eleétrons'must now be emitted from.the slag layer,
50 thaf.it is the thermionic'emission-proéerties of the slag that
éon;rols the flow of electrons into the plasma. Aiterﬁatively;kthe
channel walis may be allowed to become so hot GleOOOK) that the slag
does mnot stick. In this caée, only refractory ceramics can withstand
both the high temperature and the'éorrosive chemical environmeﬁt; So
it is the thermionic emission pfoberties of thése ceramics that are
at issue. . |

Historically, it has been difﬁiﬁult to obtain reproducible
results ffom the thermionic étudies due to the many factors that
ipfluence it. Most of the early thermionic work was done on
bére metals like tungstén and fantalﬁm. which were used to construct
electron tﬁbes. Latex, when vaEUum technié;es improved, thermionic
studies of atomic films and semiconducto;s becamg possible. However,

dirty. emitters like coal slag have never been studied to any great

‘degreg. This is the first comprehensive study of thermionic emission

from coal slags.




II. THEORY

It is the purpose of this section to examine the fundamental

laws and physical quantities that influence thermionic emission.

A.‘'The'Richardsc’m—Dushman'Equationl

~ Thermionic emission refers to the escape of electrons from a
hot surface. If all of the electrons emitted are collected, the

saturation current density J is related to the temperature T and

‘the work function @ of the emitter by the Richardson-Dushman equation

J=A Tz exp (-®/kT) amps/cm2

0

-where , , 4 . — ‘ @

A, = trme 1 2h > = 120 amp/K 2 - cm?.
This equation can be derived by assuming the potential energy of an
electron .due to its interactions with the ions and electrons in the

emitter can be approximatéd by a square well of depth E,. 'This well

0°
will be partially £filled by electrons up to the fermi level Ef. For
an electron to escape from the emitter, it must have a éufficient

kKinetic energy to take it from the emitter to infinity. If the

emitter is considered to be a semi-infinite plane with its normal

. parallel to the % direction, then only the x component of the

escaping electrons kinetic energy contributes to the electrons'
ability to leave the emitter. Thus the condition for an eléctron’

to leave the emitter is




.2,
Sa >0+ E
or . .
Pyo = [2m@+E))] 12 (ZmEo)Jf/z o ' N ¢

X

where Pyc is defined by equation 2 and is the critical x momentum.
In generél, the current density of electrons that flow through
e i K S i ‘
an arbitrary surface with momenta between p and p + dp is proportional
to the product of their momentum and -the demsity of electrons with
this moméntum nC'fa). The total current density that flows through this
surface is ~
A F . .
e 3
J'=';-I P ad)dp
' All
p B ‘ \
Thus the current density that flows' in the x direction is

g =2

=2 [ pa®d@® . ®

All
4
From Fermi-Dirac Statistics, the density of electrons with moment'a

| s
between 'B and 5‘ + dp is
a@) = £@)DE)
- where f('f;)‘ is the fermi function -

: ' © L E=E, 1-1 - BT
£(p) _=‘[,,1 + exp (—R_TJE-)} | o RO
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and

: 2. .2 2
f'pX”*:Pi +,pz
E =~ .
) 2m

3 . .
The quantity D(ﬁ)dp'is the density of traveling wave states

D@)dp -5 dp,dp dp, - - (5)

From equations 3, 4, and 5, the current density in the x directipn is

-0 —~00 !
- . ) . ) XC

C a e @ ® e pigp T g
x5 [ao, [an, [ - . )
wh y z o _e(E EF)/kT +1 -
2 _ o .
For Cga'— EF) >,5va, the Fermi function can be'approximated as’

f(“) = c;-xp [ (—2-2 - E,F),/'k.T]“ = elxp[

(E—E 7
o

' For typical emitter temperatufes (less than 2000°C) this is a valid

form for the Fermi function. Under the -change of variables

2
~ P, - 2mEF
B 2mkT
eqﬁation (6) becomes
] . 2. . -
| _2_e_1£ f -
| o Ig T Id exP(z kT)f dp exP(zka) ' )

" Using the integral relation




9

Lj -ax e
| e =. —
oo x a

equation (7) becomes

J_(lnrmek)Tz —@/kT_AT 2_-®/xT

h3 . '0
which is the Richerdson—Dushman equation.

If ac escapiﬁg‘electron comes too close to an iqn'in-the emitter,
it can be beckscattefed back;into the emitter. Thislfeduces the"
chermiohic current emitted. In general, a qualitative descfiption of
fhie pfocese can be very difficult. It ie customery to define the
quantity T as the fraction of electrons incident on the emitter--
vacuyﬁ iﬁterface that are reflected back‘into ;ﬁé emitter. Then

* equation (1) takes the form

= a, 0D T L ®

Typlcally, r is small compared to 1 Gv 05) so the reflection of
electrons can usually be’ neglected

If the quk function has a temperature dependence of the foim
Q= <I>0 +.aT
then ‘equation (8) is further.modified'to'become
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Further modification'of eqﬁation (9) occurs if the effective mass éf
the escaping electfon m# is assumed‘to be‘differéﬁt from the mass-of a
free electron. 'So the Richardson-Dushman equation in its most genefél

form under the above assumptions is

3 < aga2 O [(m) ) - ao)

There is no easy way to determine the effect of each factor that
modified equation (1) into equation (10). Experimentalists usually
determiné‘the effective work function ¢ by assuming.the quantities in
the brackets of equation (10) are collectively equal to unity. If.

equation (10) is reduced to a form

5 = gt ¥y
where Y >0, then the difference between the thermionic Workyfunqtion_
~sand the effective work function is ® -¢ ==®:?=fkT fny.. If7Y = .5,

then
®-¢ =.0.69 KT

Whicﬁ-is.a small change fq; usual thermionicitemperatﬁres < 2000°K).
It should be noted that the deriﬁation of the Richardson-Dushman

equatiéﬁ.given in this chapter was done for a metal. Equation (1)

also governé.thermiohic emiséion from insula;ors and semiconduétors.‘

This can be pfoven by éonsidering a model independent stafiStical_
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mechanical derivation of the Richardson-Dushman equation such as that

done by Herfing and‘Nichblsz.

B. The Image Potential

Recall that the definition of thé thermionic work function is the
amount‘éf energy required to remove an electron from the fermi level
to the vacuum level.  If an external forée is applied to the escaping
electron, it cén force this electron oﬁt *gf or .into the-émitter
depending upon éhe'directioﬁ of the force, Thﬁs this
external force can add to or subtract from the tﬂermionip work functionm.

A good example of sﬁch_an external fércé;is'the attraction between
an escaping eiectron and ité image charge in the emitfer. The'
*poteﬁtial'energf qf.an éscaﬁing:electrén.dué to its attractiéﬁ to its -
image charge in the emitter is- @n MKS ﬁnits)

V" Toregr R

For a non-metal with a dielectric constant K, this energy is

2
-e

= 16me

[ R-1 o ' L .
x | K+l } S (12)
o~ L .

Equations (11) and (12) are only valid for relatively large distances,
As the value of x goes foAéero,,the'potential energy given by

équations’(il) or (12) approaches the bottom of the square well ;EO-:

as Figure 2 illustrates.




12

o)

ji




k FIGURE. 2
Elec;r;r.on potential eneréy diagram near thé. surfacé of an
em‘itter‘i ‘Veff is the sum of the image charge potential e.nergy
gﬁd'tﬁe poéential energy c;f.the applied electric field. ;The
'néW- Work.functi;on ' is A® lower than the original work function

Ay
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C. The Child-Langmuir Law

Although the Richardson—Dusﬁman equation descriges the flux of
electrons flowing out from the surface of the emitter, the presence
of these electrons sets up-an electric field which will tend to drive
the electrons back into the surface. Thus the measured emission
current will be less)than that given by the Richardson-Dushman equation
unless a large enquéh_external electric field is applied to overcome
the space charge field. These conditions are knéwn, respectively, as
space charge limited and satﬁrated; Figure 3 shows the net emission
current as a function of the applied voltage. in the space charge
limited region on the left, the current goes as V3/2 according to

the Child-Langmuir law of space charge limited emission. The region

of the curve on the right would be berfectly flat except for a

slight electric field induced work function lowering~ the Schottkey .

effect.

The Child-Langmuir law can be derived by considering the effect
of an electric field on the emitted electrons. If an electric field
is established between the emitter and collector, the thermionically

emitted electrons gain a kinetic energy

"EE;-= eV (13)

.where v is the velocity of an electron after it has traveled through
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FIGURE 3

An idealized I-V curve. The current omn the -left is space

charge limited, While the current on the right,is voltage

saturated. The slight voltage depehdence'in the saturation

region is due to the Schoftkey effect. (Tl > T2 > Té);
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‘ a potential difference V volts. Here it is assumed that the electrons
" are emittéd with no kinetic energy. - This is in fact a fairly good
approximation since 907 of the thermionically emitted electrons have
kinetic gnergies less than 0.5 eV. To determine how the current
density J varies Wifh the applied potential V, it is necesséry to
solvg the one dimensional Poisson equatién'

a*v _ P | -
£ = (14)

2 -86 -

where P is the space charge density. The velocity given by equation

(13) can be related to the space chargeAdeﬁsity by the relation

. Here J is the currént density. Note that P has the dimensions of
charge per unit volume. Solving equation (15) for P and substituting

the yalue of Vv given by equation (13), and equation (14}, becomes

v _(J fm -\ ~1/2 : :
T "( é—(; //2e )V ‘ . (16)
X .

For simplicity, defineV = 0 at x = 0 and V = Yo at x = d. Here the
cathode or emitter is located at x = 0. Using an integrating factor,

'solutions to equation (16) are easily found to be of the form
' .480 2e"V03/2
J=—/= : an
] d2 _

B
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This is the Child—Langﬁuir 1aw3. A boundary conditidn tﬁét has been
uéed.td obtain equation- (17) is that

d_v' ..
dx | x=0

This boundary condition st;tes-that iﬁ the spaée charge'limifed

gegion, fhe current density collected at the anode is:in'equilibrium

- when the applied electric field cancels £he space charge field at

the cathode., If the applied electric,field:is suddenly incféased,.fhe
instantaneous elegtric fiel& will be noﬁ-zero étAthe'cathode_surface.-

" This forces eléctrons'to flow out of tﬁe.catho&e unti1 the electric

field induced by the space charge-again cancéléhthe,applied field.

VAé the electric field between the émitéer and collector increases, ‘
the space charge current density Will‘approach the saturafion current

density given By equafion (1). As the field increases. still further,

.the current density satufates‘and is no longer'space charge limited.

D. The Schottk!gyﬁEffect4

As the applied field iﬁcreases stillifurther, the curreﬁt:dénsity
increases because fhe,electrié.fiéld lowers the amount of kinetic
energy that éscabing electrons must have to escape td‘infiﬁify. That
- is the electric.fiéld_loﬁeré thé work fﬁﬂctionwA The-énergy associafed

: KY ..
with an elegtric field E is
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When this-epergy_is added to thé energy of the image bharge, a
potential maximum occursat X ax which is‘loﬁer than the yacuuﬁ level.
Figure 2 illus;rates héw the électric field potential energy and the -~
'image charée energy add up'to'an effective.pqéential energyVéff which
héé'a maximum Vo located at X %+ This lowers the b:iginallwork
function '.‘I’ by an,amoﬁnt A¢. - Thus the new work ‘functj_ion ié " = ¢ -AOD,

. The amount that the work function is loweréd can be calculated
by setting the firét derivitive of veff equal té'zero.' This yields
that the change in work function is |

: Coae=p ,W-E—L?_ . as

‘For non-metals with a dielectric constant K

A2 =%V me v

AT [K_l] 1/2
0

=>1/2

Thus A% is proporfional to ]E[ .. This is commonly referred to as

the Schottkey effect.

E. Surface Effects on the Work Function

If atoms are absorbed at the surface of the emitter as ioms, -
such that there are N ions per unit area,. their dipole moments with
their image charges in the emitter set up an electric field
‘eN ~
z_ o
0 v PN

E =




. o
where A is the ndrmal unit vector wﬁich-is definea'és % for £he‘case'.
6f a semi—infinite emitter. Alternatively the absorbed atoms may

not be ionized but only distoftedlinéq’andipéle on account of their
5bnding to the éurfacei If each abédrﬁed'atomAhas a dipole moment

"M associated with it, the change in the work function is

NM
8

LN\

"0
If the atoms are absorbed as singly charged posifive ions, a distance
d away from the emitter, the work function is lowered by an amount
Ae =n (2L,
0

‘"The work functioh'is 1ow¢red by i ev if ions are one Angstrom away’
frqm their image charge, and there are 0.55 % lols'dipoles/mgterz,
.Wﬁich-correspénds‘to about_13,5 K:between individual.ions'on the =
.surface, This will inéreééé the.thgfmionic current density by a

factor'offexp (A®/KT). For A¢%= 1 eV and a fempe;ature of 1800°K;
the current density is increased by'a facfor of 630. Thus a small

decrease in the work function causes a big increase in the current

density.




IIT. EXPERIMENTAL TECHNIQUES. -

Thelcﬁrrenf col¥ection;strﬁctdre‘used‘in these thermionic studies
was chosen to have a planar diode geometry for simplicity. This struc-
ture consisted of a massive anode surroﬁnded-by an annular'éﬁard ring
which ensured that oﬁly electrons-eﬁipted from the ma;erial'being E
studié&_werelcoliectéd by“thé énode., The anode"is massiyé to-keep
neutral atoms that boil off the emitter from thermally ioniéing on fhe-
anode. If positivejionslwefé-present on the anode, they would be
accelerated back toward the emitter giving erroneous currents. Further-
more, these ions‘could produce gecopdafy electroﬁé at the cathode when
- . they impéct.-.fhése éleétrqns would then‘bé attracted toward'fhe'anodg
éﬁd would givé even more:erroneous:currents. Figure'4'iliustrates the
strucfuré of thé aﬁééé ——.gﬁardiripg'assembly used_for:thgse spud;es.
Other current collection teéhniques, employing Féraday cups and
-suppression grids were ‘also used iﬁ this-feséaréh.-'Thege Wéfe used in
an,attempt'to-suppresé secondary glectrons and to isoléte the énode
from the hot cathode. However; the syst;m shown ianigure 4 was
\fouﬁd to give<thelbest results. | |
| TwQ 1antﬁaﬁum'chromite baéed ceramiés,-and fourteen synthéﬁip
éoal slags were obtéinga f?om the National Bureau of StandngS'MﬁD
materials g¥opp. Two different'séries of'coal‘slags wefe ﬁééd for
this research.-'One series cohtained élégs withnrelafively low‘amounfé.
of—silica.whiie the other seriesKéontaine& ﬁigher amounts;\’Bothﬁ

series contained known amounts of potassium oxide that varied from
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' FIGURE 4
" Measurement geometry of the anodg—gﬁard ring assembly and

- the measurement electronics.




ISOLATION AMPLIFIER

TO Y
— 7 INPUT
CURRENT £ - —
SHIELD s
R
ANODE 5
SERCR : '
BIAS _
N . voum L TO X
GUARD RING L 3 1 INPUT
A i
COAL > :
SLAG A ‘ /IRIDIUM FOIL
IS5 rsisirrsrre) GROUND
[ {)

TANTALUM RIBBON j S




- '.'_.‘24
07 to 30% by inghf. Tabie 1 contains the percentage by weigh£ of
the individual components that ﬁake up both series of slags.l The
composition of the two lénthanum chromite ceramics is also listed in -
Table 1.

The coal slag specimens Qere Pulverized into a fine powder to
ensure uniformit? and to make it easier to obtain a uniform slag layer
at lower temperatures. This pulverized coal élag was placed on é thin
square of iridium foil which was spot welded to é grounded tantalum
ribbon. The iridium f&il was used to iéolate_fhe slag from the tantalum
ribbon. This was neceséary ﬁecause the slag reacted with the tantalum
and quickly destroyed it. |

The coal slag powder was heated in a vacuum of 10--7 torr to-well
over 1700°K by passing a high current ;hroughythe tantalum ribbon. This
yacuum was prodqced by a six inch oii'diffusion pump with a cold trap.
The main reéson for the vacuum is to provide a long mean free patﬁ for
the emitted electrons. .This ensures that the current is not limited by
diffusioﬁ thrqﬁgh the atmosphere. Also, the Vacﬁum minimizes.the'oxida—
tion and heat loss of the tantalum ribbon, and reduces the chance that.
oxygen atoms could be absorbed on the élag's sgrface‘changing.its work
function. | |

The two lanthanum chromite.baged ceramics were machined into
thin disks, piaced on fhe.tantalum ribbon, and heated in the~same

manner as the slags. No iridium foil was necessary for these
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TABLE 1 :

_High Silica Series (% by Weight) .

Slag#  Si0p 1o T AL05 - - FegOy o --Cad - Mg0- - Ky

. K517 60.00, 25.00 - 10.00 ' 3.00 -2,00 0
7 K520 " 57.00 23.75 9.-50 2.85 '1.90 5.00
K524 54.00- 22.50 9.00" - 2.70 1.80 10.00
K527 51.00 21.25 8.50 ~2.55 ‘1.70 15.00
K531 48.00 20.00 8.00 2.40 -1.60 20.00
K533 45,00 - 18.75 * 7.50 . 2.25 1.50 25.00
K536 42,00 17.50. 7.00 2.10 -1.40 30.00

' LOW‘Silica.Series'(% By'Wéight)

Slag # 510, - AL0,. . Feg0, Ca0' Mg0 .KZO
K488 40,00 15.00 15.00 ~ 20.00 10.00 0
K492 38.00 14.25 14,25 119.00 9.50 5.00
K494 36.00 ©13.50 *13.50 18.00 9.00 10.00
K509 34.00 -12.75 12,75 17..00 8.50 15.00
K510 32,00 12.00. 12.00 16.00 "8.00 '20.00
K512 . 30.00 11.25 11.25 ° 15.00 7.50 . 25.00
K539 .28.00 10.50 10.50 - 14.00 7.00 .30.00

Ceramics

- La AT
HB.95 M8 5Al 5507 5504

25

]}'3684 Sr.l6CrO

3

Ly 0 _Jb )
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materials because they'never melted or'reaétéd with the tantalum,
although the portion of these ceramics that was in direct contact with
the tantalum ribbon did bond tightly to the surface. These ceramics
were heated to about 1600°K in a vacuum of 10'_7 torr for about one
minute, to eyaporate impurities from the surface.

The thermionic current collected from the slags and ceramics was
converted into a Voltage signal by passing this current through a
load resistor. An isolation .amplifier was employed to monitor this
voltage signal, while providing protection.to the chart recorded
from the high voltages applied to the guard.ring assembly. This high
voltage was supplied by a KEPCO OPS-2000 operational power supply
which is ramped up or down in yoltagé by a ramp generator. The
voltagg applied to the guard ring assembly was usually less than 700
volts. This voltage wés monitored by the X-axis of an X-Y recorder
after it was passed through a 1000 to 1 voltage divider. The voltage
sighal moniﬂiring the thermionic current was input into the Y¥-axis.
With -this eqﬁipment, gfaphsdocumentiﬁg the thermionic current as a
function of voltage were obtained, These graphs are commonly called
I-V curves and are similar to those in Figure 3.

The temperature of the slags and ceramics was determined using
an optical pyrometer. The temperature observed by the pyrometer was
corrected to take into account the spectral emissivity &, which was -

determined experimentally to be approximately5047. This value was
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‘obtained by comparing the appérent temperaturé of the slags and -
ceramics to the apparent femperature of the tantalum ribbon which
has a known value of 85{ Usually this correction -added about 30°C to
.all oﬁ the aﬁparent témperatures measured- by’ the'pyrometerg' ‘An
additional éd’C was added to offset the absorption effects of the
optical fegd»through:in the vacuum chamber:

Sinée_the temperaturé and anodé aféa'afe k;owﬁ; the effective work
function can be-obtained using equation'(l): The factors that appear
in the brackets in equation'(lO)whibh.modiff e&ﬁation'(l) to take
into account reflections and temperaturé dépéndénéies are aséﬁmed to‘A
vcpllgctively equal unity. ‘Thus the work fﬁﬁcfioﬁ oBtéined by this
'techniqué;is the effective work funétion'which was described earlier
in this work.

If the results of a thermionic study are plotted as

P B
gnér§~:vs T

T . : o -
the results should be a straight line.’ From equation (1)
L - i
InE%) =daa-~ A 2
T .
so the slope of the straight line gives the Riqhardson'work function -

and the intefcept at T-l'= 0 is 4n A. This type of plot is often

referred to as a Richardson plot, and. is one way the results of
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thermionic studiesican bé‘prgsented. In‘general, because of the
variation of the‘work function with température or other factors,
the value of A obtained from'the:Tfl = 0 intercept of a Richardson
plo£.ﬁi}l‘n0t be 120 émp/”Kz—cmZ; and the Richardson work function~
will be different from the effective work function. Figure 5 shows
- .Richardson plots for three high silica coal slags. Each of these
lines is .the averaéé over se&éral samplesl' The data points have .been
omitted for sake of clariéy. The effeéﬁive Wofk funétions for this
research were obtained By-avgraginé thé'éffeétive work function at a
éiven temperature for each data pdih; éf'a paf£iéular slag. This
' technique'yiglded mdpe-rep;odﬁcible data aﬁd better'rééglté than
determining'tﬁevRichards;n work'fﬁnction'froﬁ'the 81§pe of a;Richardson
plot. Also, this technique is moréJCOnVeﬁieﬁt'sinée bnly-oné parameter
. need be specified Cﬁ) father than two‘Gb and A).

As the potassiﬁﬁ doped slagé used in thié researcﬂ are heated,

potassium which has a low vapor pressure ' evaporates out of -the slags

LN L)

and condenses on the vacuum chamber walls.. As the potassium concentra—

tion of.these'slags.drops, the amount of potassium ions on the surface

will also change, thus changing tﬁe'wérk>function. To defermine the
extent of'the‘potassium'1osses'in these slags; én X«rﬁy;fluofESCenée
study waé'undertakeg;' With this technique;lan approximate measure of‘
éhe potassium loss in tﬁe first few microns of theléﬁrface'cén be

obtained.
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FIGURE 5
Richardson plots of the high silica slags listed. Each line ‘ ﬂ

represents the average over several samples.

»
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" The X-ray fluorescence’ method consists. of méasuringAthe.energies
of the X-rays emitted from the atoms of a sample éfter excitation of
the~ atoms by an impinging beam of 25 KeV electrons. Since each
element emits its characteristic X-rays,. the idéntities of»the atoms
in the first micron or so of the surface can ﬁe'accertaiped. ‘The
X~-ray energies -are measured with a lithigm-diffused Silicon-éetector;
The oufput was recorded with a pulse height analyzer. A typical
h spectrum of X-rays evolved from these coal slags is shown in Figure 6.
A ratio of ;he peak number of counts of the potassium Kcii line (3.53
Kev) to the peak number of counts of the silicon Kda 1 line (1.73 ReV)
was constructed for this reéearch. The silicon'was assumed to be a
stable species ﬁhich does not evaporate out of the slag in any
appreciéble amount at the temperatureé.USed'for'this reéea?ch. ‘By
coﬁparing this K/éi ratio of X-ray fluomscence peaks, relative
changes in.fhé potassium conéentrgtion‘can be:ﬁonitored.

. éince the work function of.a surface depends on the chemical
nature of the first ménolayer, Apger electron gpectrosc0py wﬁs usédt
to determine the elementél ideﬁtity-of £he surface atoms_ and;in
particular, to déte?ﬁine if-potéssium wés abseﬁt or présent, Auger‘
_spectroscopy is, in principle, analogous to the X~ray>fluoiescence
'methoa. Tﬁereﬂarg two importént differences between them. .Ihese
are: 1) Ihé[detected particles are éleét?oné;emitfed from.fhe afom ‘

by the radiationless Auger process after excitation by a .beam of
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FIGURE 6

An X-ray fluorescence spectrum obtained for K539 (30% KZO);
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3 ReV electrons. The kinétic energies of the electrons are charsdcter-
istic of the emitting atom and thé energy spectrum serves to identify
the atoms present. 2) The mean free péth of éhe'Auger»électrons is
only a few Angstroms; éo the defected electrons that still: retain
their éharacteristic energy must neceésarily have beén'emitfed from
.atoms within a few Angstroms of the Surféce; The X-ray mean free
path is on the_ordér of a micron so that in that-method'ong ﬁeasures
an:ave:age composition over that‘depth:'AA retardation1field analyzef
(PHI 15-120) was used to meaéure the eléctron enérgy and lock-in .
techniques were used to separate the'Apger'éléctron signal from
the large background of secondary electroﬁé. The expefimental téch—
niques employed in this study are siﬁ?lar to those used by D. F.
Stein e_t'_a_l_.6 and P. W. Palmbert’ 5,3 3_1_7

The relative concentrations of aﬁ N-component system can be
obtained from Auger eiéctron spectroscopy using the relation

VAN

C_ == :
n K78, F.. K 7S

20y

where Kn is the peak to peak'amplitude of the Auger signal and Sn is
eyt s . " th . .
the relative sensitivity of the m— component of the slag.compared
. 8
to a silver standard. These relative sensitivities are tabulated

. . : el : "
and are in general very complicated” functions of density, and beam
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voltage as well as atomic number. Figure 7-illustrates a typiéal'
Aﬁger‘spectrum obtained in this researcﬁ{

A Balzers QMC10l quadrupole mass spectrometer was also uséd in
this réséafch to study the ionslevolved:frém the hot'cogl s;ag; The
only ions that were obsérvaﬁle were K39 and Kal. Figure 8 is a
spectrum obtained ffom K524 at abéut 1300°K; This slag cﬁntained

10% potassium oxide by weight before heating. The ratio of the K4l

-

and K39 ion flux aﬁplitudes as anticipated is the same as the ratio

of the natural abundancies' of these isotbpésg.
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FIGURE.7

"An Auger spectrum obtained from K524

(10% K20) .-
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FIGURE 8
Mass spectrometer spectrum obtained with a’quadrupole mass
spectrometer from K524 0% KZO). The ionization filament

was off so nq neutral atoms were detected.
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IV. EXPERIMENTAL RESULTS

The thermionic current éoliection system shown in Figure 4 was
used initially to obtain the eﬁfective work function of two poly-—
crystalline metals to test its reliabili;y; These metals were
tantalum and platinum. The emitting surface of these metals was
cleaned of gross impurities by bringing these metals up to a high
temperature in a vacuum of 10_7'tofr: for about a minute. An effective
work function of 4.23 eV was obtained for tantalum which has an
accepted value of 4,19 eVloq This measurement has'less-than one
percent error, and indicates that thg current collection system is
working quite well. An effective work functién of 4.86 eV was obtained
for platinum which has. an accep;éd vélué of 5;32 eVlO. This
measurement has 8.7% error. Since platinum has a lower melting point
than tantalum, it could not be flashed at a sufficiently high tempefa—

ture to remove all the contaminaﬁts present on its surface. Thésé
impurities probably caused the erroneous work funétion measurement.
Historically it has been difficult to measure the work function of
platinum because of these impurities. The accepted value for the
lwork function of platinum was obtained from a freshly sputtered
layer of platinumll. Those thermionic studies were done before any
impurities had a chance to settle back on the surfage;'

Once the current colleétion assembly was proven.reliable,
thermionic studies on the Hiéh silica slégs were begﬁn; ‘The high

silica content in these slags made their melting points occur at
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high temperatures. Powdetized specimens of these slags were heated:
lnitially to ovet-lBOOéK in order .to nelt the powder into a uniform
slag layer. Unon nelting,'the temperature of these slags was dronped
to about 1000°K It was hoped that'the'high 'temperatures-needed to -
melt these slags would not cause substantlal amounts ‘of. the pota551um
to evaporate out of these slags and condense_pn the vacuum chamber
Wallsl If-ln~fact the'potassidn‘did 1eave these slag samples,-this
would mest-likely affect the cencentration of'potassium‘on the.sutface,
which would be reflected‘in a higher'wotk fnnctién; Thermionic
.studies Were‘done on K517. K524..K53l' k533 and K536 which initially -
.contalned OA, 10%, 20%, 25% and 307 pota331um ox1de by welght,
respectlvely. Rlchardson plots for K517, K524, and K536 are shown in
Figure 5. It is strange that the current density 1is lowest fot the
-slaé that initially had the highest potassium content. The.efteetive
work function vs. potassium oxide centent before heating is shown in
Figure 9. The effective work,function'for'all'four slag samples that
contalned potassium are’suprlslngly’ close to the work functlon of K517
which contained no potassium. It would seem that these slag mlght.
have lostusubstantial amounts.of pota551um‘1n the:1n1t1al melt;ng_'
operation. | .
To determ1ne if in fact this pota331um was leav1ng and: to What . :f/

extent, an X~ray~flourescence study of’ the melted and unmelted high

silica series was undertaken. The X«ray fluomscence studies on the
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' FIGURE 9

' A'ﬁlot ofjthe'effective work functibn'vé. potassium content.
4The dotted line represents a downward trend which Wés anti-
_cipatedu The data points for 25% and 302 KZO’ which do not .

follow .this trend, may be ﬁigher'due to potassium loss.
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unmelted high and low silica series slags yielded a calibration éurve
which could be used to determine the percent‘potassium oxide left
in a slag sample after heating, from the K/Si ratio which was defined
earlier. Figures 10 and-ll contain the results of the’unmelted
X-ray fluorescence studies. In general,calibration curves of this
sort can be a high order polynomial due to densitf, backscattering,
and fluorescence yield corrections. Both.a.first and second order
fit is made to the data displayed in Figures 10 and 11. The K/Si
ratios for some of the ﬁeltgd.high silica slags used in the thermionic
studies were determined. Table 2 lists the K/Si ratié, the ofiginal
potassium oxide content, and the potassium oxide left after heating;
From Table 2, it is apparent Fhéﬁ these melted high,silica slagé‘have
lost from 43% to 65% of their original potassium oxide content,

The amount of potassium on the surface of K524 caﬁ be determined
using equation (20). Since the potassium and oxygen peaks are
substantially larger'than the calcium and iron peaks, a éood.aﬁproxima-
tion of the amount of potassium on the surfacé can be obtained by
.considering this slag as aAtwo component system: potassium and

oxygen. Thus for N = 2, equation (2) states that

o ng/sk.
&k Kk/Sk:-}-KOSO
and
I Ko/s0

0 1<k/sk+1<0/sO -

v
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. FIGURE 10

An1Xfray'fluorescence calibration curve which can be used to

determine the amount of KZO left in a high silica coal slag

"éample,aftex,heating. The dotted and solid lines represent

‘a first and second order least squares fit to the_data;

respectively..
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FIGURE 11

An X-ray fluorescence calibration curye which can be used to

determine the amount of KZO,;eft in a low silica coal slag
after héafiﬁg. The dotted and solid lines represent a

first and second order least squares fit to the data,

respéctiﬁely.
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" TABLE 2
Slag # K/Si ratio % K,0 before . .% K,0 after - _. % change -
524-2-°  .148 + .003 .10z 352 - - 357
524-3- ©  .197 + .008 10% 4.5¢ . 45%
531-1 459 + 192 20% 1157 58%
" 533-1 . .518 + .139 25% 13.02 - 52
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The values of K, amd K, can be obtained from Eigure 7 to be

1

Kk 10.6 and Ry = 15.4. The relative sensitivities S

) 7
x and SO are

S, = .8 and SO = .5. This yields the result that Ck = .301 and
C0 = ,699, or roughly 307 of the atoms on the éﬁfface are potassium,
wvhile about 70% of these atoms are oxygen. Since all of the compéﬁents
of these synthetic slags are metallic oxides, oxygen is the largest
component of these slags. This indicates that there was a substantial
amount of potassium on the surface at this time. No time dependent.
studies were undertaken td determine how. the potassium on the surface
changed with time and temperature.

The low silica series of slags melted at lower temperatures
than the.high silica series due to the decreased silica concentration,
Powderized samplgs of these slags were heated to about 1600°K in
_ofder to melt the powder inté a unifprm layer. Immediately aftér'
all,thé powder had melted into the slag layer, the slags temperature
was dropped to about 1000°K. Recalling Fhe substantial potassium
loss observed for the highﬂsilica slags, much.more éauti;n was
shown to the maximum temperature of the low silica thermionic studies,
It was hdped that potassium loss couid be minimized By reducing the’
maximum temperature of theée slags, Numefous Ehermiopic studies were:
done on K488, K492, K494, K510 and K539 which coﬁtain'OZ, 5%; 10%, 20%

and 307 potassium oxide by weight, respectively. The data obtained

from these studies is plotted in Figures 12 through 16 as the effective
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ﬁork'function vs. the temperature of the slag to Bettef describe
the temperature dependence of the work function. In all of these
figures, the work function increaseé apprbximately lineafly with
increasing temperature. A-first order least squares fit was done

on this data. The slope of these lines appear in Table 3 along with

.the work function at 1300°K. The nearly vertical lines that appear

on Figures ‘13, 14, and 16 connect. different values of the work -
function for the same slag sample. The lower point in each case was -
the value of ¢ obtained immediately.after the slags temperature was

raised to the temperature shown. The upper points are the equilibrium

values for the effective work function after the slag's new temperature

had been established for several miﬁutes.' All othef data points that
appear on these figures are equilibrium values of ¢. This change of -

the effective work function at fixed temperatures can be attributed

‘to potassium loss from the surface of the slag.

An X-ray fluorescence study similar to those done for the high

-silica slags, was done on a low silica slag; In this study, several

samples of K510' Q0% K,0 before heating) weré each heated to succes-’ -
sively higher”temperatures.'.A K/Si ratio was determined for eaéh_Siag
sample and the potassium oxide céncent after heating‘wés obtainéd
using the calibration curve shown in Figure 11. The'peréeﬁtagé.

potassium loss was -calculated by the relation
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FIGURE. 12

Thé température dependence.df the effective work function of

K488 (0% K,0).
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FIGURE 13
The temperature dependence of the effective work function
o K492 (S%KZO) The vertical line'illustrates the ;
difference between the equilibrium value and the initial
value of the effective work function at the temperature shown.
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s o i FIGURE 14
:Théhtéﬁperéturé dependence of the work function of K494
(1OZ-K20}. The vertical lines illustrate the difference

| quween,the equilibrium value and the initial.value of the

effective work function at the temperatures'shown.
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' FIGURE 15
Th_é témperature_ dependence of ‘the effective work function

of K510 (207 K,0).
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_FIGURE 16 -
The temperature.dependence of tHe work function of K539 °
(30% KZO); The vertical -lines illustrate the difference

Between the equilibrium value and initial value of the

' effective work function at the temperatures shown.
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TABLE 3
Slag # % K,0 by Weight Slope (107> ev/°K) ¢ @1300°K
K488 0 2.04 4.20
K492 5 2317 ' 3.64
K494 10 1.34 3.76
K510 20 0.99 3.52
K539 1.08

30 -

3.52
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”Z.KéQ:before.:.%.KZO.éftér .

% K20 loss =( 7 K,0 before Y100% , -

2
Table 4‘éontaiﬁs the results‘of this'study. At lower teﬁpefatﬁreé
€£11005K) small amounts of potasgium were'lést while 'at higher-
temperatureé- ©1700°K) most of the potassium in these samples had
evaporated out.

Thermionic studies were also done on two possiblé MID ceramic

electrode materials, These samples were La.QSMg.05A1.25cr.7503 and

La g8t ;.Cr0;. The results of the thermionic studies on these
lanthanum chromite based ceramics appear.: 'in Figures 17 and 18 as
Richardson plots. An effecti&e.work function of 3.13 + .04 €V was

obtained for the magnesium and aluminum doped -lanthanum chromite

sample. An effective work function of 3,28 jL.OS'GV'was obtained for

.thé strontium doped lanthanum chromite sample, For each sample the

data points of three different runs appears.along with the Richardson

plots shown in Figures'17 and 18,
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TABLE 4
Potassium content and loss from K510 after heating

B QO%,,KZO before heating)

K0 - R R0

'.,"-.Maxim;xm‘ L gfsi . , _
“Temperature (K) - ‘ Ratis . . after heating . .loss’
L 1120°K O nsos.a1 . 147 1

1180° K . 1.09 + .11 o 1487 . 267
1530° K ', 0.86 + .06 . '12.0%_ : - 40

1610° X 1 0.63 % .01 0.1 . . 551
| 1680° K | ' '0.19 +_".o9_ ,3.77;. | ézz'







FIGURE 17 -

A Bi?hardson plot for La.95Mg.05Al.250r
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[ T . FIGURE 18 " . -

A R.ji.f:hardson plot for La'84.,r.16(;'r03.
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V. DISCUSSION AND CONCLUSION S

Using thermionic techniques, - the effective work functions for
seyeral synthetic coal slags and lanthanum chromite based ceramics
were determined in this research. Materials such as these will
pfobab;y be used as the cathode material used to supply the current
demand in a coal fired ﬁHD generator. The minimum current density
necessary for economical operation of an MHD channel is one amp per
square centimeter. If the temperature of the cathode is 2000°K, a
work function lower than 3.44 eV would be required to emit this
current density.

Effective work functions of 3.28 + .08 eV and 3.13 + .04 eV were

Cr0, and La These values

obtained for La_ 3 .9578 g5AL 95CT 7505

Sr

8477 .16

were obtained from clean surfaces. 1In a MHD generator, these
cathodes would be in contact with a dense potassium seeded plasma,

The electric field induced by the flow of the conducting combustion

~ gases through the magnetic field forces electrons toward the anode

while it forces potassium ions toward ;he cathode. As these ions
build up, they reduce the thermionic work function of these ceramics
and increase their current density. The potassium concentration will
reach an equilibrium value when the diffusion of potassium out of
these ceramics is balaﬁéed by the absorption of éotassium from the

plasma. If the work function of these lanthanum chromite ceramics
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were reduced 1 eV by'the potassium on their -surfaces, the éurrent
densities would increase by a factor of 331 at ZOOOOK, to about
860 am.ps/cm2 and 2056 amps/cm2 for La.SASr.IGCfOB, and . .
La.95Mg.05A1.25cr.750 respgctively. "These current densities are

extremely high‘and are far beyond What'is needed for economical opera-
tion. By limiting the current demand from .the load resistance on the _
cﬁannel, ohmic heating of the electrodes caﬁ be reduced and their
lifetime extended. Unfortunately, the temperature of these eleé-
trodes canmnot be reduced to further lengthen their lifetime because
a coal slag layer would fofm over them.

If a slag layer has covered the cathode, then its tﬁermionic

properties are important. As with the ceramic electrodes, ‘the '

equilibrium potassium concentration on the surface of this slag layer

will increase its thermionic current density. It would be advantageous

to be able to determine the effective work function with an equilibrium
potassium concentration. However, the measurements of the effective
work functions for the synthetic coal slags in this research were.

made under non-equilibrium conditions. That is, the potassium

contained by these slags was leaving the samples while none was

entering. ‘

A

The effective work functions for the potassium doped low silica

- coal slags varied from between 3 eV and 4 eV. The lower- values

measured here were at lower temperatures. .The X-ray fluorescence
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studies that were.undertaken to monitor the potassium loss.from these
slags-indicates that very little potassium is lost.at 1ower,tempera—':
tures (less than 1300°K) while substantial 1ésses occur at higher
temperatures. - This study indicates that the lower values obtained
for'the effective Qork'function of the potassium doped low silica
slags may be more representative of the actual work function than
the higher values. This indicates that thé current densities necessary
for MHD power generation in a slagging environment may~be_obtainable.

In this research, evidence of work function lowering by
absorption of ions, and potassium loss by diffuéion has been observed,
Also a work function temperature dependence has been observed which '
might be due to the potassium ioés . This experimentation should be
regarded as a pfeliminary investigation of the thermionic_emission'
of these MID materials. Studying thefmionic emission in an equilibrium
system such as was done by J. Koester12 ﬁili give more realistic data

to use in the design of a real coal fired MHD channel.

\
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