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ABSTRACT

‘The electrical conductivity of MHD coal slags must be known to
design efficient open-cycle, coal-fired, MHD generators. In this work,
the effect of slag composition on electrical conductivity is examined,
with attention to the role of iron in slags. Electronic and ionic
conductivity mechanisms are examined. The present theories of conduc-
tivity in slags and glasses are reviewed, and the equation ln ¢ = - A -
B/T is derived. A system for measuring the AC conductivity of slags
at 120 Hz, 1000 Hz, and 10,000 Hz is described in detail. Data up to
2025°K are presented for six slags. The data are interpreted comsider-
ing the comp051t10ns of the slags and the above equatlon.




CHAPTER ‘I
INTRODUCTION

As oil Beéomes scarce, and its pfice rises, new séufces'of inexpen-
sive energy are sought. In recent yeafs, ;esearcﬁeré.in'uqiyersities,
private cgrporations, and tﬁe government have turned their efforts to
" this problem. |

Coal has been suggested as. an easily'a?ailable‘resource which could
supply energy for many years; Coal reserves in the~U.S. are esfimated
at between 390 Billion metyic toné and 1486 billion metric tqﬁs.ll If
consumption is.limitgd to the presenf rate, Which is not likely, coal
coﬁld provide'énqrgy for at leasf 680 years, and possibly as lqng'as.
2872 years,2 a vefy comfortaﬁle amount of time., .I; fhe consumption con-
tinues té grow at the present rate of 11 percent per yaéf,B which‘is
likely, U.S. coal will last only 39 to 52 yeqfs.4 This is a short
period, but could be extended by limiting consumption and by efficient
use of tHis:nafural resource.

One promising way of using coal more efficiently is magnetohydro-

dynamic conversion (MHD). In an MHD generator, the electrically charged .

~ gases produced by_Burning coal (or other fuels) move By expanding through

a nozzle or channel. -Surrounding the channel is a magnet which prodﬁcgs
a strong field. The force exerted by the magnetic field on the moving
charged particles directs them to the side of the channel.separating the

positive and negative charges. .Current is collected by electrodes

e




“placed in the chanmel Walls;s Such a generator is simple-—it has no.
moving parts. e
When coal is burned in an MHD generator, the chanmel walls become

'

coated with a layer of slag. This changes the performance of the gener- -
ato? by increasing the voltégé loss at the electrode Walis and reducing
the resistivity of the insﬁiators'befween the elect;odes.6 The magnitude
of theée effects dépénds upon the thickness of the slag layer and its
electrical conductivity. _Rosa7 has anained-this'in detéil, and empha-
sized the importance of knowing the eieétrical_conduc;i&ity of slag at
‘ the,tempera?ures found in MHD generafér.channels. |

_The conductivity of the slég—must fall within certain limits if the
generatér is to function proﬁerly; It'musf conduct well enqﬁgh 50
current may pass through the slag from_the ﬁot gases to the eleétrodes.
At the same time it must conduct poorlﬁ enqugh so it doés nb; aliow
" shorting between electrodes.

| The conductivity. of a slag.dependé upon its chemical composition. -
S;ags are compoéed'of thexinqyganic oxides remaining after the coal is
.bﬁrned. _The cémposition of the slaé, thén, dependé upon the amouﬁt of
inorganic material in the coal and the amount of inqrganic:matéfial
added to the coal before burning.. This is different for different
coals. | o |

Coal.from the 1arge.deposifs.in.Moﬁfana ﬁill.be used‘fq fuel MHD

generators. The purpose of this work is to examine the electrical con-




ductivity of élags‘from Montana coal asﬁ and other commoniMHD slags.
Chemical composition is examined, eépecially the effect of iron oxide in
slag. Iron oxide-is an important.contributor te the eléctrical conduc-
tivity, yet one which is often ignored. |

Othér inveépigators, espeéially Pollina and Larsen,8’9 have examined
the coﬁdu??iviﬁy of various slaés to 1450°C. It was decided to expand
‘on their work by'developing equipment capable of measuring the cbndué—
tivity of slags (and-other materials) to 1750°C. Tempéréthres Betwéeh

1450°C and 1750°C are predicted for coal-fired MHD generétors.




. CHAPTER II

BACKGROUND

Coal slag does not have a définite chemical composition or physieal‘
structure. This makes studies,of’coal~sleg difficult, and the literature
on crystalline sollds is’ only occasionally helpful..

Luckily, most coal slags resemble -certain glasses and glassy slags_:
produced in steelmaking. These have been studied experimentally and
theoretically for several years. | |

The main constltuent of coal’ slag, SlO tends to.fbrm extended,

2’

three—dimensional, non-periodic arrays, or networks, when.found in the

' glassy“state.lo, Because of this, Si0, ‘is called a 'network former".

11

2

Other common network fosmers are-BZO3 and P205

- As the network forms, the silicon and oxygen:atoms eendleo align to
form SiO4-tetraﬁedra joined at their corners.12 The extra oxygen atoms
are provided by ceﬁposnds such as Nazo, KZO’ CaQ, an@.BaO, which are
known as "network modifiers". As the.netwprk is formed, the metallic
cations in the network qulfiers occupy holes in the network. and can
have a large effect on the physical properties of the glass.

Otﬁer oxides,fell sefween these two cases; ;hey may form networks

or modify them. 'These are called "intermediate oxides", Some common
‘ones are N203, Fe203, FeO, MgO, and Zn0. 13

> .The structure of . glass and ‘the. roles of . these three types of ox1des

is described thorqughly by Owen14.and Stevels.15




When the electrical conductivity of a slag (or a glass) is measured,
a voltagewiﬁ applied across a sample of the material causing a current
to flow. This current may be carried by the movement of ions or elec~
trons. In a slag with little 'or no transition metal oxide -content, the
current is carried by monovalént catioms. If sodium ions are present,
even as few as several parts per million, they will carry most of the
¢harge. Should sodium ions not be present, the main charge carriers
: v . ' . 18
would be lithium, potassium, or hydrogen iomns.
These ions carry the charge by jumping from one hole in the network
1 : .
to another. ? The voltage across the sample causes the ions .to jump in
a preferential direction, giving rise to the current. The small alkali

+

ions, such as Li and Né+, seem to jump .through the nétwork more easily

then the larger alkali ioms, such as K+.20

If modifier ions such as Ca2+, Bag+; or fb2+_are present,. they,
too, may fiil the holes in the network. This can block some of the
holes so Na+ ioﬂs can no longer move throuéh them,21 reducing the con-
ductivity. ‘ o

"The ;ole of alumina in slags'is uncertain. Alzq3 is .not a network
forﬁer,ibut the Al3+ ion may rebiace the Si4+ ion in the network, thus
extending it,.22 This has been observed to increase.the mobility of |
hydrogen ions,23 inéreasing their.contfibution to the con&ﬁctivityf

S&metiméé an.ion may.becdme‘trapfed in the'network and prevented

. from carrying current. Thus, not.all Na* ions are able to contribute to




- 2 . : . . s
the conductivity. 4 Martin and De‘rge'25 have found a similar restriction
.2+ . .
on Ca2 and Fe2+ ions. . iy,
More exotic ions may also carry current. The Si044— ion has been

observed to migrate, contributing to the conductivity and forming SiO
26,27 ' 28

2

at the anode. This process has been observed in coal siag.

The nature of the conductivity is changed if iron oxides are pres-
ent in the slag. Many experimenters have shown that iron-containing
slags and glasses show greatly enhanced conductivity due to an electron-
. . . 29-34 35 . '
ic contribution. Trap and Stevels™  have a list of methods used to
determine whether a sample conducts by ionic processes or electronic
ones.

. . . . 2+ 3+

Iron is multivalent in slags; it appears as Fe' and Fe~ . Current
. PR . 2+, .
is carried when electrons jump from the Fe ions to the ',Fe3+ 1ons.36
Trap and Stevels37 have shown that at a given temperature the conducti-
vity of an iron-containing sample is strongly dependent upon the ratio

T 3t 2+ . ‘ ' .
f = Fe” [Fe” and upon the total iron content. They go on to explain
‘that f is dependent upon the atmosphere surrounding the sample. Schuh-
. 38 39 . ..

mann and Ensio,”  and Turkdogan™  explain how oxygen in a.furnace atmos-
phere affects £ in iron-containing silicate slags. 1In measuring the
conductivity of a slag, then, it is important to specify'the'iron con-

tent of the slag and the partial pressure of oxygen in the.furnace

atmésphere.




- The rati§ f may alsé depépd upon fhe ﬁfesence of platinum. - Baak
and,Hornyak,40 and Larson and Chipmén41ﬁéhow that.tﬁe reaction.betweén
iron:and‘platinum changes the.Fe3_+/'Fe2+ equilibrium and tﬁe iron acti;-
vity. They point out.that platinﬁm eléqtrodeé or crucibles may change £,
giving a change in the measured conductivity.

Trap .and Stevelé42 examine the relation between f and the conducti-
vity. They find iron-containing glasses show strong electronic coﬁduc— —
tivity for 1.3 < £ < 4.6. The maximum in the conductivity occurs near
£ = 2. | |

Some ifon—containing.slags.showAa_1arge ioﬁic conducfivity.~ This
may happen at very high temperatures when the slag is-méltén and.the
-.alkaii:ions in the slag are highly mobilé.43  it may aiso ﬁappéh‘as very .
15# iron concentrations44'if the iron ions are not close enough for the
electron hopping mechanism ;to occur.

Recenfly, some Wogk héé been dome on the electron band structure of
glaésés. This work is well summarized by Owen,45 Mott,46 and Dévis.47
Mott*® also has written a general review of the theory of conduction in
non—crystalline solids. |

Stﬁdying the temperature.dependencé_of conductivity in~slags'is an

49

important part of MHD. research. .The review papers previously mentioned

and others,50’51’52.

cover .the experimental results of .slag and glass
conductivity measurements in detail. So- far .few satisfactory theoretical

studies have appeared on the electrical conductivity of a substance so




complex as slag. Some simplé modeis, however, do explain the important
aspects of :lag cdnducfivity and provide helpful physical imsight to
experimenters.

Examine the electrical conductivity of a slag following the work of
Owen.53 Assume the netﬁork in the glass sets up potential wélls through .
which ‘the charge carriers must move. The structure of the.network is
aperiodic and there are seyeral.different ions in the. network. The
potential wells are not identical, and may resemble those in ﬁigure'l.
For simplicity, assume the wells are identical an& perio&ic, as in
Figure 2. Let the wells be of depth Q, separated by a distance A.

At any temperature the éharge carriers (ions) will oscillate in
their wells. Let the frequency of this motion be b. Assume-that the
charge carriers have a Boltzmann distribuéion of energy, and they move

along the X-axis. The probability that an ion will move to the left or

right is

p~b e-Q/kT.

When an electric field is applied to the slag the potential wells
change'shape, as in Figu;e 3. The left side of each well .seems higher
by the amount-% qE A, where E is the field strength and q is the charge
on the ion. Simiiarly, the right side éf each well seems lower by the

" same amount. This decreases the probability of a jump to the left to




FIGURE 1. POTENTIAL WELLS IN A SLAG
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FIGURE 3. POTENTIAL WELLS IN AN ELECTRIC FIELD
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1
P, = %-b e_(Q+§qEA>/kT

énd increases the probability of a jump to the right to

1
1 -(Q - 5 q E A)/kT.
P =5 b e 2 .

Jumps to the right become more probable than jumps to the left, so

current is carried. The main velocity of the iom drift is

AP P ,Q)
1 A p (eq‘E?,/ZkT _ e—q’E’)\/ZkT)

W

il

-

2.
L qEA
Ap sinh 5

i

If %qEA << kT, which holds for fields less than 10 V/em at room tempera-

tures and above, then

: 2
- _ . . gEA _gEA P
u = Ap sinh oia = ST

The current density due to this drift is
jFrng ¥

where n is the number of mobile ions per cubic centimeter. This gives

. 2,2
. - Dq EA P
37 Tkt

- 0B’y _~Q/kT
ZkT :
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A

The conductivity, o, is given by j/E, so

- ="zigz9\2b o~ Q/KT,
2kT
.and
2.2
~1na b ADb_Q _ , B
In o = 1In KT KT A T

Many authors call QN (N is Ayagadro's number) the activation energy.
Trap and Stevels54 have meésﬁred Q for several glasseé and .find 0.6 < Q
< 1.1 eV for 100°C < T < 300°C. They point out that Q is a "rough
average" of.;he actual potential baf;iers. It often sho%s a temperature
depéndence. | -

. The quantity A is examined by Stevelss5 and Tgap and Stevéls.56
They find that it is related to the probability of the:jumps betﬁeén
wells. It hés'been measured, and generally falls in the range -6 < A <
4 for 100°C < T < 300°C. They note that for the ionic conductors which
were examined, A is usﬁally in the £gnge 1 <Ax 4, while fbr eleétronic
conductors -6 < A < 0. This has been proposed. as a'methodiof distin-
guishing ionic conduétqrs from eiectronic conductors. | |

Iﬁ many experimental Studies,:ln'c'is plotted versué‘104/T?K or

103/T°K. The theory shows why

¢

this is reasonable. -




' CHAPTER IIT
EXPERIMENTAL

The main purpose of the experimental work was to obtain electrical

.conductivities of slags up to 1750°C. An Astro 1000A Series furnace was

used to provide these high temperatures. The furnace had a standard
alumina muffle tube which separated thé graphite heating elements from
the slag samples. This prevented the inert étmosphere required by the
heating elements from mixing with the oxygen-containing atmosphere used
to study the slags.

Four important pieces of apparatus Wére added to the furnace: a
temperature drive, a closed cooling system, a sample holder/electrode
aséembly, and a gas system for delivering controlléa atmosphereé to the
sample. These are described below. Their development took a.large part
of the available research time.

The temperature drive used an accurately-regulated power supply and
a clock-driven potentiometer to produce a small voltage. This small
voltage was coqnected in series with the furnace's temperature control
thermocouple which was éonnected to the temberature contrél apparatus of
the furnace. The voltage coming from.the potentiometer could be selected
so its sum with the thermocouple voltage met the préset‘voltage require~
ment of the temperature controller. The .clock-drive on the potgntiqmeter
could then be turned on. This would change the potentiometerjs output

voltage so the temperature controller would read a voltage different .
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than the preset-value.ﬂ The temperature contrqller.Would then increase
or decrease the power to the'furnacg. Thus,  the furnace.température
could be raised or lowered as desired. | |

' The Aséro furnace needs a cooling gyétem so that the elements which
hea£ fhe furnace's working zone (to 1750°C or above) do not also melt
the externél structural members. The fufnacé;s transformer and power
leadS'must'also be cooled. Usﬁally cold tap water is used to cool fhg
furnace. Unfortuhately, 16éa1 tap water is_high in particulates, espé—
cially in spring and early summer when melt—watér from thefmountains
carries soil and other ﬁatter into the‘resgrvdirs. These particles
-quickly clog 1abo¥atory filters and lodge inlfhe small ﬁaésagés éf the
furnace's water jécket. Within 24 hours} filters bécpme.blocked, and
the‘furnace is no ionger properly cooled. In order to ayoid éhesé
problems a closed cooling system was devised. It is shown schematically
in Eiguré'47

A Sears~modé1 390.25310‘three—quarter horsepower jet pump is mounted
. ’ -y

~on top of a 30 gallon resexrvoir. The pump moves clean water: (to which
- has been added some algicide) from_the reservoir through thé system. The
water -is sent to cool the furnace, then on to a heat exchanger. The
heat exchanger cools the water which has just come from the furnace.
This is done by funning thevwarm wéter (from the furnage)lthrqughltﬁe
core of the heat eichgpger while. cool tap water is run through the outer

jacket of the heat exchanger. The tap water moves quickly enough and
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the jacket of the heat exchanger is large enngh that the particles in
the tap'water do not élog thé heat exchéngen. After leaving the heat
exchanger, the water ié returned té the resef?oir. The tap Water»whigh
leaves the heat exchanger is wasted during the wintex, but during the !
summer it is used to water the-lawn.outside the iaboratqry.

The'system contains a pressure relief control so the pump does not
overdrive the system. There is a pressuré gaugé in the system which
shows when thé.system is working properly. An expansion tank prevents
quick'chanées of pressure in the lines.. Seyeral drains and cutoffs
" allow the lines to be emptied for repair..

| The pﬁmp is connected to a relay so if the power gogsioff for
longer than 15 sgconds the pump.will'stay off.. Should the power go of £
the furnaée would quickly boil aw;y the water sitting.in its water
‘jacket. If the puﬁp-wére to come'back on it would pump water into a’pot
water jacket, possibiy'causing én explosion. '

A saﬁple holder must be strong enough to.avoid sagging at 1750°C.
The original sample holder was too delicatef an& fell apart undér its
own weight. its sturdy réplacé@eﬁt is shown‘in Eigure 5;. The main body
parts (A, B, C, and D iﬁ the figure?lare cylinders-3.8 cm (175“) gn

diameter and 4.1 cm (1;625") 1qng, made of Norton AN59§ firebrick. 'In
-thé center of the assembly, papts'B and-C, is‘a hollow area.to aééepf a.
| platinum crucible holding the slag. 'Holgs .64 cm (.25")-in.diaméter R

approach the holloW‘area_axiaily from both ends. ‘These allow alumina -
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FIGURE 5. THE SAMPLE HOLDER

Part A is at the bottom, and part D is at the top. A crucible is
visible in part B. The stains on parts B and C are from spilled slag.
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tubes containing platinum electrodes and type B thermocouples access to
the sample. The same tubes may carry a type K thermocouple (for éccﬁrate
measurement of temperatures below 500°C) and the gas mixture used to
control the atmosphere surrounding the sample. The entigé sample rests
on top pf an alumina.baffle insidg the furnace, and is centered in the
hotteét part of the furnace. ‘

At high temperatures, the bottom electrode forms a diffusion bond
with the platinum crucible, giving excellent electrical contact and
making the crucible one of the electrodes in contact with the slag. The
top electrode is lowered into the molten slag to a depth of .49 cm using
a threaded collar and bushing. They are shown in Figure 6; and are
designed so the outer bushing turms, but the electrode does not. This
keeps the electrode centered in the crucible to ensufe accurate répeat—_
able measurements.

In order to investigate the dependence of conductivity on oxygen
content of the atmosphere, an atmosphere control syétem was assemble&.
It is shown séhematically in Figure 7. The figure does notlshow the
many shutoff values and fittings in the system.

There are two ways the oxygén in thé atmosphere is controlled. One
is by using mixtures of air and argon; the other is using;mi%tures of CO
and éo . The air-argon method ié used for oxygen partial pressufes of

2
10--1 atmosphere to lO-'4 atmosphere. .The CO—CO2 method may be used for
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oxygen partial préssures of 10—5 atmo§pherejto 10—8 atmospheré..

When in use;.each gas goes directl§ to its’own calibrated fl&wmeter
which delivers the required amount of gas. When using thé CO‘—-CO2
method, both gases then go immediately to -the mixing tube, Which.is 30
cm long and 1 cm in digmeter. It is filled with glass beads wﬁich cause
~ turbulence, thereby'mixing the gases.

Air and argon are cleaned before going to the miking tube. This'is
done by paésing the air_thrqugh‘a desiccgnt, CaSO4, to remove any water.
The argon may be passed through a scrubbing furnace.to remove éxygen.

From fhg mixing tube the gases go to the furnace. The gases pass
up into the sample holder emerging just below the sample, theréBy keeping
the atmosphere near the sample consténtly‘replenished.A They pass out
through the vents in part C of the samble,holder, aﬁd from there travel
6ut-thrqugh,the tdp of the furnéce. The flow rate is slow enough for
the gas to be at thermal equilibrium with the sample. N

A description of how data were collected may be helbfu} in order to
show how the various pie;es of apparatus work together; |

First, samples of sl;g were prepared by heating bottom ash (obtained
from a local power.plant)-mixed with any necessary iron oxidg or potas-—
sium oxide, in an alumina crucible. Each sample was heated to 14505d
for ome to 24 hours; The’ samples were cooled quickly £otproduce a black,

glassy slég.
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The cooled sample was removed from the crucible and broken .into

“a

small pieces no larger than 2 mm.in diameter. These pieces .were used to

£ill the platinum crucible which goes in the furmace. At least 2.5

~ grams, but no more than 2.9 grams, were necessary to f£ill the crucible.

Once the crucible was full the sample holder and eléptrodes were
assembled. The crucible was placed in i£é well in firm contaét With-the
iower electrode. The upper-electrodé was put into the furnace and
lowered until it was about 1 cm above the crucible. At this point the

cooling system.and controlled atmosphere were turned on and.the furnace

" was. slowly heated to 1750°C.

Once the furnace was hot the top electrode wés lowered 0.49 cm into
the_slag. The bridge was then used to measure R, C, a£d tan 6 at 120,
1000, and 10,000 Hz. The temperature was allowed to drop to the next
iowef value,-the sampie was allowed at least 45 minutes to xeacﬁ thermai
equilibirum, R, C, and tan § were measured agaiﬁ, the.temperéture waé
dropped- again, and the procéss repeated unfii the lowest desired tem-
pefature was-reached. | '

The atmosphere.was tﬁen éhanged and the furnace set to .reheat to
1750°C. Data points were taken, and the entire process repeéted:as
necessary.

When all necessary data were taken.the furnace was allowetho cool
to réom temperature, fhen.turned'off. .Ihe samplé was removed .through

the top of the furnace and the top electrodeiwas-cut. .The sample was’

y
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saved for-inspection.

. Sometimes the atmosphere to the sémp}e had to bé.changéd betwéen
data points. The sample needed time to come into equilibriﬁm’ﬁith the
new atmosphere. At 1eést one hour was'necessgry at 1500°C, more time at
lower tempgrétures. Whenever possible, the sample was ailoﬁed to reach
equilibrium overnight.

After a samplelwas remove& from the furnace and thoroughly inspected,
the slag had to be remoyed from the crucible. This was done by soaking
the crucibles in hydrdfluoriclacid. The acid was replaced every two or
three days. It would‘dissolve-all of the slag in ébouﬁ 6 Aays.

| Occasionally the slag had to-be dissolved‘using fused potassium
bisulfate; The crucible would be left in the fused salt for about ome
hoﬁr, theﬁ_femoved and cooled to room temperagufe, A few minutes in
ﬁboiling water wéuld remove the leftover salt from the crucible.- ThevHF
" treatment could then proceed.

At first, data points were taken in temperature inérements of 50°C.
When the conductivity was plotted against 10%/T°K, this ﬁéthod produced
graphs with too many-data.points in the high-temperature region and too
-few in the 10w—tempefature region. A new series of temperaturés was
chosen giying an even spacing of poiﬁts on the 104/T°K;graphs.

‘In order to measure k, C, and tan '§ at the various temperatures,

é.Héwlett—Packard.4262A'digital meter was used in.the fwo—lead'mdde.
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This'metgr can measure R, C, énd tan § to 0.3 percent accﬁracy. Measure-
ments may be performed at 120 Hz, 1000 Hz, or.10,000 Hz.. The range of
the meter is i mQ to 19.99 MQ in resistance, 0.0l pF to 19.9 mF in
capacitance, and 0.001 to 19.9 in diésipafion.

Temperatures were meaéured by connectiné the type B thermocouples
to an Omega 400 thermocouple reader and the type K thermocouples. to a

Fluke 2100 A digital thermometer.




' CHAPTER IV

MEANING OF MEASUREMENTS
i ‘ | .

An experimenter may measure either AC conductivity or DC conducti-
vity and he may choose from. several measuring teghniques. The common
techniques will be examined hére;'less common techniques are described
4n detail elsewhere.>’ |

Meésﬁréments of DC coﬁductivity ﬁay be.performed by the two-elec-
trode method ér,the four-electrode method. The two—électfode method
uses two leads attachgd to fhe samplé. A known constant current may be -
applied across the sample whiie the voltage ﬁecessary to maintain the
current measured, or a known voltage may be applied and the cu;rent
measured. In our laboratory the'firé£ method is used. 1In either case,
the resistance is easily calculated, since R = V/I. To find the ;onduc—
tivity, the geometry of the sample must be known. If the sample is a
%

cylinder with the electrodes. on the -ends R ='p N % = length of cylin-

. der, A = area .of ends, so.

.A_probiem with the two—eiecfrode teé@niqué is that the~sam§le often -
becomes polarized--the applied yoltage causes a charge.éeéaration. ?his
degreases.the current flow (or equiyalently, increases the yoltage)
causing the measured resistance to.be falsely*higH,SO the conductivit&

is falsely low.
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This prbblemwméy be avoided by using the four-electrode methsd. In
tﬁis case, four electrodes are placed colinearly in the‘sample. fhe
outer two electrodes are used to apply a comnstant current. The inner
two electrodes are used to measure the voltage drop over the distance L.

The resistance is

where A is the cross-sectional area of the sample.

Most authors find the four-electrode ﬁethpd gives getter sensiti-
vity and reproducibility than.tﬁe two—elect?ode-method.58—6l_ This is
because the charge build-up, which causes'polarization.in the two-
electrode method, is localized near the current electrodes. The voltage
electrodes are not affected by the polarized region because they are
outside it. Tﬁus, the conductivity of the unpolarized sample is measured.

In préctice, when DC conductiyity is being measured, the current is
turned oﬁ and a measurement is taken, tﬂen the current is reversed and
another measurement is taken, then the current is.turned off. This
minimizes the effects of polarization and increases the reliability of
the data.

The two-electrode technique is nearly always used. for measuring AC

conductivity. This is because the alternating current applied to the
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sémple automatically_causes'the polariiation to reverse, keeping the
polarization effect to.a minimum...The appiied current is knqwn, the
resﬁlting voltage is measured, and thevresistapce is calculated. The
conductivity may be computed if ;he geometry of the sample is knoﬁn.
This is done by the same method followed ‘in the‘DC'case; vSoﬁe more
complex.examples will be worked later in this chapter.

Aciually, measuring the AC conductivity does not give complete in- -
formatidn about - the Behévior‘of the slag. This ié because the sample
and electrodes aéf as a capacitor-—the e%ectrodes are the plates aﬁd'the.
slag saﬁple acts as an imperfect dielectric. This may be‘clé;ified by
exaﬁiﬁing a capacitor, following the analysis of Hollo&ay.

The charge on a capacitor is given by
Q = CvV.

For an ideal capacitor C is constant, so-

Let V = Vo sin wt. Then
- I =CV wCOSwt=V_ wCsin (wt- + ©w/2).

This shows that the current leads the voltage by m/2.
When a real dielectric is placed in the capacitor there will be a

component of the current which is in phase with the voltage. ‘This is.
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because the dielectric allowé some resistive current leakage between the
plates, and because the dielectric takes‘a finite amount:of time to
polarize, which changes the electric fields in the capacitor (this will
be clarified shortly). The total current is.not w/2 out of phase, but

some angle (n/2 - §) out of phase. If
V = V_ sin wt,
o.

then

-
It

LT _ _
I0 sin [wt -+ (E -68)] = I0 C0S (wt 8)

(I, COS &) COS wt + (I sin §) sinm wt.

Now it is easy to see that the first term is m/2 out of phase with the
voltage while the second is in phase with the voltage. The capacitor is
still charged and discharged by the out-of-phase cohponent,'whose ampli-~

tude is related to C by

I COS 6§ =V_ wC,
(o] - 0
V_ wC
I =2
so : o COS & °

. The in-phase component will dissipate energy according to

P =VI V0 sin wt Io sin § sin wt

VI sin § sin2 wt .
oo
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Averaging over one period gives

D1 L
P = 5 VoIo sin 6 ,

where § is known as the loss angle. This expression may be rewritten

V. wC
o COS 6

= _ 1 .
P = 2 A sin 6§

v 2 wC tan ¢ ,
[s) .

o
N =

with tan § called the dissipation factor.
This system is seen to be equivalenf to a capacitor with a—iarge
resistor R, in parallel. The energy dissipation takes place in the

resistor, so .

%‘Y§3'= %'Voz wC tan §
R~ e s
or; equivalently, -
tan § = leﬁ',

In order to get all the information about the slég R, C, and tan §

1

must be measured.

How does tan.§ relate to the physical properties of the material?

Again,. examine a capacitor,. this time folldwing Owen.63-
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A vacuum-filled capacitor with charges +0 and -o on its plates has

an internal electric field
E = 410 .

If the capacitor is filled with a dielectric while the charges remain

the same, the field becomes

where €g is the static dielectric constant. The change in the field may
be attributed to a reduction in the charge, o, by-

€4 — 1A
P=0(1—%—)=—§—?—.0.
S - S

P is the polarization of the dielectric. It is the result of displace-
ment of bound chérges in the atoms or molecules of the dielectric. This
displacement does not happen instantanecusly because the pa;ticles ﬁave
some inertia and because they feel forces from nearby particles.

In order to separate the effects of the charge on the plates from
the effects of the bound chafges in the dielectric'a new field, the

electric displacement, is defined. It is labeled D, and
D = 4m0 .

In vacuum D = E, but in a dielectric
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D=¢E=E-++ 4P .’

s

In an AC field, the time lag ium P causes a phase difference'Between

D and E which may be written as

; | . . . _ .
| . E=F elwt.’
.o . o

. . ] et - &)
“ . D ="DO el.(w ) R

where § is the phase difference and w is the applied frequency. Since

D = ¢k 8;_]2=_I)_O_e—is=g.—i6
’ E E s®
o
= ES C0S 6~ 1?5 sin § ,
if g = ¢' ~ ie", then
e' = eg COS 8,
e = es'sin 8, and-
. "
tan6=-€—,.
. €

This shéws that the dissip;tioﬁ factgr is due to the imégingry part of
the dielectric comnstant. |

__ The imaginary part of the dielectric constant shoul& not be surpri-
sing. it has a ;imple thSical interpretation reveaied by examining

Maxwell's equations.
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Ampere's Law says
4w 1 5D

VXH=E_—J+E-5-E"

For a medium which obeys Ohm's Law, -
J = oE, o= electrical conductivity.

Let the medium have a real dielectric constant €, SO D= EOE. Suppose

E = Eoe , where w is the frequency of the electric field. Then
_ 4o €0 3E
VH-= C E + ¢ ot
€
=—4—g-£E+E—9(—iw) E
_ —iw 4mic
T cC (éo t ) F
= _éw eE ,
so - g' = eé , and
e" = 4no

Theé imaginary part of the dielectric constant, then, comes about because
the slag has a non-zero conductivity.

To summarize, the slag in the conductivity cell acts/as a dielec~
tric with.a comélex dielectric constant, € = €' ~ ie". This produces a

"leaky" capacitor described by
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the loss factor, tan 6; which gives rise to dielectric loss within the

sample,

P = Vosz tan §.

N

If the dielectric constant di& nof have an imaginary part, the siag
‘would be a perfect insulator. Thié would mean coal~fired MHD generators
could not work. '

'There'é;e some other proﬁléms associated with botﬂ AC and DC.elec—‘-
trical cbnducti?ity measurements. One importaﬁt one is cogtaé£vresis—
‘tance. The electrodes must'be in firm contacf_with the sample over'a
well-known area. In our laboratory, proper contact is assured by using
the crucible as one.electrode aﬁd inserting £he'pther élgctrode to a
known depth in thé molten slag. Liquid slag "wets' the elecfrqdes well
and assures good cOntaét after the slag.solidifies.

Another problem, especially in DC work, is electrélysis of the
sample. The current used -to measure the conductivity méy electrolyze

elements or molecules in the sample.. Thus, 0, gas may be given off, and

2

S;i.O2 may form é giassy deposit'around the anode.65 This not-only chénges
the composition of the sample, but may‘havé a high resistance deposit
near dne of the electrodeg.66 Other experimenters note an evaporation
of potassium from the sample67 éausing a deplétion of these mobilé ions.

A final problem is that of surface conduction. -At times, there is

less resistance between the. electrodes along the surface of the sample
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than through the sample. Th¢,¥esult is falself low values fof ;he
resistance, so falsely high values-for the. conductivity. This problem
may be elimiﬁated for solid samples by usiné_a fhrée~electrode or five-
electfode measuring technique.68 Molten samples present a probiem, for
it is difficult to position the necessary guard rings accurately ﬁo usé,
three-electrode or five—electrode techniqﬁegL To some extent, a proper
design of tﬁe conductivity cell, one which has short distances between.
the electrodes through the bulk of the-samplé yet long ones acrbsé.the

surface, will minimize surface effects.




CHAPTER V

DATA REDUCTION

02

When déta gathering was finished, the experimenter had a table of
resistancéé of slags at .various temberatures. These resistances were
used to cglculate conductivities by examining the geometry of thé sample
. and its,electrodes. Three methods Qere>tried.

The first method was to assume fhe cfﬁéible had a simple shape and
calqulate'the expectgd resistance. Actually, the crucible has tapered
sid¢s~and looks like a thimble. its diameter is‘L.Z cm;at the top and
1.0 cm at the bottom. It is-1.5 cm deep but usually filled to only .8
cm, The electrode is a cylindgr of diametgp .05 cm, and is inserted to a
depth of .49 cm in the center of the saﬁple. The sample with the cruci-
ble and electrode may be approximated by a cylinder or a hemisphere.

Resistance is defined as -

R’ V = voltage, I = current

"

<

where I= Sjeds | V = =fE-d&

j is the current density, j = oE, o is the desired conductivity.
This means
_ =JE-dyg
R'_ fj‘ds .
First, approximate the sample by a cylinder with a cylindrical

electrode at the center. Gauss's Law gives the electric field between
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two cylinders as

where q is the charge on the inner cylinder (the charge is used as a

computational device, it will drop out later). The voltage becomes

_ b dr - _ 9 b
B fa Zwrh Zﬂh f 2wh ln a

where b is the radius of the outer cylinder, and a the radius of the
inner cylinder.

The current becomes

= [ jeds = ds =39 ds _ 09 Zmrh
[3:ds = [oBeds =g [ F=gp S =00

This means

494 3, b
R = 27h in a 1 in b
oq 2twho a
so o= 1 in b
27hR a '

~n,55 em (since the crucible is not full to the

For our crucible, b

top), a = .05 cm, h .49 cm, so

- = 1 1y 35
21(.49)R " .05

779
= -
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The samplésmay also be approximate& by a hemisphere with a concen-

tric hemispherical electrode. Gauss's Law gives the field as

= q
E = s SO -
2ﬂr2-
. .
=9 pdr_ q 1 _ 1
) v 27 Ya r 2w (b a) ’

where a is the radius of the electrode and b is the radius of the sample.

The current becomes

I - [ oids = %4 [ds _ oa 2m? _
2n V2T 2m 2 1 -

This gives

_4a GL._ 1)
R = 21 b a’ _ 1 Cl __l
oq o2n b a’ ’
.1 -1 1
so % R (a - b)

The crucible is neither a éylinder nor a hemisphere, but something
in between. The exact geometry is difficult to treat theoretically, so
an expériméntal technique was uséd. |

Thé crucible was filled to various depths with a potéssium chloride

solution of known conductivity, prepared according to the method of
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69

Jones and Bradshaw. The resistance of the known solution was measured

at 120 Hz, 1000 Hz, and 10,000 Hz. Itbwaé fognd'that near 2-1/2 turns
-of our standard screw the resistance was insensitive to small-changes.in
electrode immersion depth.n This corresponds to a depth of .49 cm. This’
dépth was chosen as the standard immersion depth.

‘ Following the conductivity cell calibration procedures of Jones and

Bradshaw,70 and Chiu and Fuoss,71 it was found that

'8

g = —

3.
R
whenever the crucible Was.filled to a depth of .4 cm or more.

One final method was used to check the conductivit& calculations.
Some of the slags in this study had been studied by Pollina and Larsen.72
Their values of o were compared with the present values of R. It was

found that ¢ = =769 though for some individual slags o = '6§5

R b
.71
—ﬁfproved more accurate.

or o =

A method evolved fOr'calculating the final conductivities. If
Pollina and ﬁarsen'had found the conductivity of a slag then its o was
comﬁufed.ﬂy normaliéation fo their data. If they had not studied a slag;
then the formula 6 =-4§-Was used because it well approximated the three

formulas from KCl calibration, -normalization to the other data, and the

theoretical consideration-of the cylinder.




CHAPTER Vi

SOURCES OF ERROR

)

-

The possibility of.errors in the conduétivity measurements was in-
vestigated. Both systematic errors and reproducibility errors were -
consideéed,

/ To check for reproducibility errors the conductivity of one slag,
Rosebud ash ﬁith 15 percent Fe203 added,_was measured'twice ig an air
atmosphe;e., Figure 8 shows the results. - Even with the expanded scales
in the figuré the conductivities are indiétinguiéhabie. The.reproduci—
bility errors seem to be small, certainlf less than ten percent of‘the

4

measured‘conductivity, except near éhe phase transition at = = 7.2,
where the error may be as high as 20 percent of the conductivity.

Systematic errors are more difficult to investigate. 'The.conduc—
tivities in tﬁis paper agree with tho;e of Polliﬁa and Larsen..-Ihe
values are very close above 1000°K, thoﬁgh atllower temperatures they
may be different by oﬂe—half an order of magﬁitude._ This could be-due
to the different thermai-histories of the sémples. Trap and_Stevels73
point out that this often happens. |

Other sources of systematic érrof may be present. At times samples
.have changed composition at high Eemperatﬁres. .This may happen by
electrolysis or evapératiqn.: It may also be possible that the chemical

analysis is not.always accurate. This would hean correct data could be

misinterpreted,
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As pointed out ‘earlier, the blatinum crucibles and éieétrodes may -
be changing-the Fe3+/Fe2+ ratio, changing the eléétronié.coﬁtribution to
the conductivify. This problem wili be‘investiga;ed in the fﬁture using
éarefui chemical aﬁalysis. |

Another possible sourcé of systematic error is 1éak3~iﬁ the atmos-
phere control system. The tubes and c;nnectionsiare examined regularly
and at p;esént no -leak proflems.have-occufred.

Two more sources of error sﬁouid'be mentioned. The meters uééd to
measure reéistance and temperature must be accuraté if thé data are to
be accurate. The Hewlett-Packard digital RC meter haé Eeen tested with:
standard resistors and found to be working at factory specifiéations.
The three thermocouples used tb moﬁitor fhe tempeféture of fhe samﬁles
have beén tested and found accurate to * 2°K.. So far-these devices have'

not contributed significant errors to the measurements.




CHAPTER VII
DATA AND DISCUSSION

Six coal slags were selecfed for study--natural Montana Rosebud,
natural Montana Rosebud with potassium seed added, natural Montana Rose-—
bud with 15 percent iron oxide added, natural Montana Rosebud with 20
percent iroﬁ okide added, Illinois #é with potassium seed added, and New
Hampshire with potassium seed added. The cbmpdsitions‘of these slags
are sﬁown in Table 1. Ali the slags were measured at 120 Hz, 1000 Hz,
and lO,OOOVHz using tﬁe atmospheres listed in Table 2. This table also
shows which slags were studied previously. |

The natural Rosebud slag is made by heating ash pfoduced by burning

coal from fhe Rosebud seam. This ash was obtained from Montana Power

. Company's Corette Plant in Billings, Montana. The ash samples are .

homogenized before heafing to assure uniform composition of the resulting
slags.

The conductivities of the slags usﬁally showed 1ittle'frequency
dependence, Comparison with the data of Pollina and Larsen show that
their DC aata and the present 120 Hz AC data are indistinguishable with
two exceptions. The 1000 Hz and 10,000 H=z conductivitieé presented here
are slightly,higher than the 120 ﬁz conductivities, but still close té
the DC values. ,

The two exceptions are illustrated in Figure 9 and Figure 10.

Figure 9 shows the AC and DC conductivities of Rosebud with 20 percent




TABLE 1. Compdsitions of the Slags

Slag Natural Rosebud Rosebud Plus Seeded . Rosebud Plus

Oxide Rosebud Plus K,0 I1linois #6 15% Fe,04 New Hampshire 20% Fe,04
510, 416z 36.7 45 38.1 _ 33.3 33.9
A1,0,  26.6% 23.4 20 2.3 18.7 20.6
ca0  19.6% 7.3 - 18.0 . 4.8 18.9
MgO . 6.2% 5.5 — . s 1.1 4.9
Fe,0,  4.5% 5.0.‘ 1.3 1.2 19.6 - 23.7
X,0 0.5% 1.8 . 12,6 . . 0.5 S o151 - 0.4

Na.,0 10.5% 0.4 = . 0.5 1.3 . 0.4

7o
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TABLE 2. Atmospheres Used With Each Slag -

Atmospheres Used Studied by'

Slag | ' . PO, Pollina and Larsen?
Natural Rosebud A0.17 (air) ) Yes
Rosebud plps K,0 ) 0.17 p | ‘ Yes
Illinois #6 S 0.17 ' No
Rosebud plus iSZ FeZO3 0.17, 10—4, 10—6 Yes
Seeded New Hampshire : 0.17, 10_? : | Yes
Rosebud plus 20% Fe,0, = 0.17, 107" No

273












































































