N7

EPA

United States Industrial Environmental Research EPA-600/7-79-204
Environmen tal Protection Laboratory August 1979
Agency Research Triangle Park NC 27711

A Technique for
Predicting Fly Ash
Resistivity

Interagency
Energy/Environment
R&D Program Report




RESEARCH REPORTING SERIES

Research reports of the Office of Research and Development, U.S. Environmental
Protection Agency, have been grouped into nine series. These nine broad cate-
gories were established to facilitate further development and application of en-
vironmental technology. Elimination of traditional grouping was consciously
planned to foster technology transfer and a maximum intertface in related fields.
The nine series are:

1. Environmental Health Effects Research

2. Environmental Protection Technology

3. Ecological Research

4. Environmental Monitoring

5. Socioeconomic Environmental Studies

6. Scientific and Technical Assessment Reports (STAR)

7. Interagency Energy-Environment Research and Development
8. "Special” Reports

9. Miscellaneous Reports

This report has been assigned to the INTERAGENCY ENERGY-ENVIRONMENT
RESEARCH AND DEVELOPMENT series. Reports in this series result from the
effort funded under the 17-agency Federal Energy/Environment Research and
Development Program. These studies relate to EPA’s mission to protect the public
health and welfare from adverse effects of pollutants associated with energy sys-
tems. The goal of the Program is to assure the rapid development of domestic
energy supplies in an environmentally-compatible manner by providing the nec-
essary environmental data and control technology. Investigations include analy-
ses of the transport of energy-related pollutants and their health and ecological
effects; assessments of, and development of, control technologies for energy
systems; and integrated assessments of a wide'range of energy-related environ-
mental issues.

EPA REVIEW NOTICE

This report has been reviewed by the participating Federal Agencies, and approved
for publication. Approval does not signify that the contents necessarily reflect
the views and policies of the Government, nor does mention of trade names or
commercial products constitute endorsement or recommendation for use.

This document is available to the public through the National Technical Informa-
tion Service, Springfield, Virginia 22161.



EPA-600/7-79-204
August 1979

A Technique for Predicting Fly Ash Resistivity

by
Roy E. Bickelhaupt

Southern Research Institute
2000 Ninth Avenue, South
Birmingham, Alabama 35205

Contract No. 68-02-2114
Program Element No. EHE624

EPA Project Officer: Leslie E. Sparks

Industrial Environmental Research Laboratory
Office of Energy, Minerals, and Industry
Research Triangle Park, NC 27711

Prepared for

U.S. ENVIRONMENTAL PROTECTION AGENCY
Office of Research and Development
Washington, DC 20460



ABSTRACT

The objective of the research reported herein was to develop
a technique for predicting the electrical resistivity of fly
ash from an as-received, ultimate coal analysis and the chemical
composition of the concomitant coal ash produced by simple labora-
tory ignition. This research was motivated by the obligatory
need to know this particulate property. The information is re-
quired or extremely useful for designing a dry-collecting electro-
static precipitator, for evaluating the quality of coal in an
unopened seam or field, and for blending coals to produce a de-
sired effect.

The electrical resistivity of fly ash is dependent on several
physical and chemical characteristics of the particulate and
the flue gas. Physically, the particle size distribution, specific
surface and ash layer porosity are important. Chemically impor-
tant are the alkali metals, alkaline earths and iron with respect
to the fly ash and the water and sulfur trioxide concentrations
in the flue gas. Since the technique for predicting resistivity
does not anticipate physical parameters, a large number of fly
ash samples were evaluated in this research to minimize variations
due to physical effects. The effects of fly ash chemical composi-
tion, ash layer field strength, and the water and sulfur trioxide
concentrations in the test environment were evaluated with respect
to electrical resistivity in the laboratory. Correlations were
established between resistivity and the evaluated parameters
for the entire temperature spectrum of interest. The research
became especially difficult when it was discovered that conven-
tional resistivity test apparatus and procedures were not appli-
cable to investigating the effect of sulfur trioxide on resis-
tivity. Suitable equipment and techniques were developed to
obtain the required data.

It was previously observed and reconfirmed in this work
that the chemical composition of fly ash and coal ash are similar
if the fly ash has a relatively low concentration of combustibles
and the coal ash has been ignited in air at a sufficiently high
temperature, v1050°C. The coal ash chemical composition and
the flue gas analysis calculated from the stoichiometric combus-
tion of the coal were used to predict resistivity using the
aforementioned correlations.
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Predicted resistivity as a function of temperature was favor-
ably proof tested using data acquired from previous field evalua-
tions of precipitators at six power generating stations. The
proof test involved a comparison of predicted resistivity, labora-
tory measured resistivity, resistivity measured in situ, precipi-

tator efficiency, and current density of the precipitator outlet
fields.
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SECTION 1

INTRODUCTION

In the design of an electrostatic precipitator for the dry
collection of fly ash, the electrical resistivity of the ash
is one of several important factors to be considered. Since
resistivity inversely influences the allowable electrical operat-
ing parameters, high resistivity necessitates the design of large
precipitators for a given collection efficiency. The direct
relationship between the size and performance of the precipitator
and the cost makes the knowledge about resistivity mandatory.

When a precipitator is being sized to collect ash produced
from a well known coal of uniform character, performance data
and/or in situ resistivity data are available, and minimum design
difficulty is encountered. However, ash produced from coals
of highly variable character or from coals that have not been
previously commercially burned present a problem. If a trial
burn of a coal of unknown quality at a commercial installation
to obtain design data is not possible, one must acquire this
information in some other manner.

Precipitator manufacturers have proprietary techniques for
estimating fly ash resistivity and precipitator design functions.
Often these techniques, developed from extensive experience,
are based on a correlation in which certain coal, coal ash or
fly ash characteristics are related to previous success or fail-
ure in the precipitator design. Usually these procedures are
not publically available and often are not generally applicable.
An alternate approach' is to burn small quantities of pulverized
coal in small furnaces and measure the properties of the resultant
fly ash. Although time consuming and expensive, this technique
should give excellent results if the fly ash and the flue gas
duplicate those commercially produced. Using this method, one
can examine the physical, chemical, and electrical characteris-
tics of the fly ash.

Several years ago relationships were developed?’3’* between
fly ash resistivity and certain parameters that are based on
the chemical composition of fly ash. With these relationships
one can predict the resistivity of fly ash for specific condi-
tions or types of ash knowing the chemical composition of the



fly ash or coal ash. Resistivity predictions obtained in this
manner have been used with a substantial degree of success.

These ash composition-resistivity correlations have some
inherent weaknesses. The data used to establish the correlations
are obtained from laboratory resistivity tests conducted under
a limited number of conditions. Generally these conditions in-
volve low ash layer field strength, invariant environmental water
concentration, and the absence of sulfur trioxide from the test
environment. Furthermore, disagreement was often noted between
laboratory resistivity determinations and in situ values; how-
ever, one cannot assume that all in situ data are infallible.

In spite of the shortcomings, these predictive techniques are
reasonably effective when applied to ashes of low-sulfur coals,
because they take into consideration the temperature and the
concentration of sodium in the ash. These two factors exercise
the principal control over ash resistivity values when the sul-
furic acid vapor in the flue gas is insignificant.

There has been an intense motivation to be able to predict
fly ash resistivity quickly, cheaply, and accurately in the abso-
lute sense from the most basic of input data. This ability would
allow one to:

* supply input data for sizing precipitators with respect
to one or many design coals,

* topographically define the resistivity for entire unopened
coal fields or seams from core bore samples,

* troubleshoot poorly performing precipitators without in
situ resistivity measurements,

* develop an in-line monitor for stockpiled coal feed,

* blend coals to obtain superior precipitation characteristics,
* evaluate the merits of hot-side or cold-side operations,

* evaluate and/or select dosages of conditioning agents.

Encouraged by laboratory resistivity measurements that pro-
duce data in better agreement with in situ values and by the
observation that in most cases fly ash composition and concomitant
coal ash composition are similar, additional research was proposed
to develop an improved technique for predicting the resistivity
of fly ash. The objective of the research was to produce a pre-
dictive technique that requires as input information the as-received,
ultimate coal analysis and the chemical composition of the respec-
tive coal ash. The output information is resistivity as a func-
tion of temperature for a given coal ash analysis in an environ-
ment stoichiometrically calculated from the coal analysis. This
report describes the results of this research.



SECTION 2

CONCLUSIONS

As a result of this research, a technique for predicting
the electrical resistivity of fly ash from an as-received, ulti-
mate coal analysis and a chemical composition of the coal ash
was developed. Resistivity predicted as a function of tempera- .
ture was favorably proof tested by comparing predicted resis-
tivity values with those acquired by in situ and laboratory
measurements.

A prerequisite step to the accomplishment of the task objec-
tive was the design of equipment and a test procedure to quanti-
tatively evaluate the effect of environmental sulfur trioxide
on the electrical resistivity of fly ash. This was successfully
performed, and additional information related to the conduction
mechanism involving sorbed sulfuric acid vapor was obtained.

It was concluded that the effect of sorbed sulfuric acid vapor
was observable only while the agent was being continuously in-
jected and that the conduction process functioned independently
of other surface conduction mechanisms.



SECTION 3

RECOMMENDATIONS

The effort to develop the method for quantitatively evaluat-
ing the effect of environmental sulfuric acid vapor on resistivity
required a large amount of contract time. As a consequence,
the amount of data taken after the perfection of this experimental
procedure was held to the minimum that would still permit the
development of the resistivity predictive technique. Therefore,
it is suggested that additional experimentation should be con-
ducted to perfect that portion of the predictive technique re-
lated to environmental sulfur trioxide. Specifically, more data
are needed with respect to: (1) the variation of sulfur trioxide
concentration, (2) the combined effect of variations in water
and sulfur trioxide concentrations, and (3) the relationship
between the effectiveness of sulfur trioxide and the fly ash
composition.

Additional effort should be made to evaluate the predictive
technique with respect to: (1) cleaned coal, (2) the effect
of conditioning agents, and (3) the effect of coal containing
large amounts of ash and moisture thereby yielding a stoichio-
metrically high concentration of sulfur trioxide for a relatively
low concentration of sulfur in the coal. This effort would re-
quire a combined field testing - laboratory experimentation task.

In this report a simple coal ashing technique was used that
was selected based on a few trial and error experiments. It
is recommended that a technique be developed to objectively
select the temperature at which a given coal should be ignited
to produce the coal ash required for the prediction of fly ash
resistivity.

The technique for predicting fly ash resistivity described
in this report utilizes a sulfur trioxide concentration calculated
as a percentage (0.4%) of the sulfur dioxide concentration ob-
tained from the stoichiometric combustion of the coal. Further-
more, it is assumed that the fly ash is in equilibrium with the
concentration of the sulfur trioxide that is measured at the
precipitator inlet and that this is also true of the fly ash
layer under laboratory test when exposed to a given sulfur tri-
oxide concentration for a long period of time, typically 18 hours.
A task combining field evaluation and laboratory experimentation
is required to justify the above approach. Typical of some of



the data required would be in situ resistivity and flue gas analyses
taken at about 350°C and 150°C. This information would be coupled
with coal and fly ash analyses and laboratory resistivity data
obtained under conditions simulating the in situ conditions.



SECTION 4

INVESTIGATIVE SCOPE AND APPROACH

A large number of commercially produced fly ashes were chemi-
cally and physically characterized for this work. It was hoped
that all ranks of coal would be represented. Resistivity as
a function of temperature for a given set of electrical and en-
vironmental conditions was determined using all the available
fly ash specimens. From these data one can relate fly ash resis-
tivity as a function of temperature to fly ash chemical analysis
for one set of experimental conditions.

From the original group, sixteen ashes were selected to
investigate the effect of the variation in environmental water
concentration and ash layer field strength on resistivity. Eight
of these ashes were further utilized in experiments to determine
the effect of sulfur trioxide on resistivity. By combining the
expressions defining the effects of these three factors on resis-
tivity with the basic expression for resistivity as a function
of ash composition, resistivity can be predicted as a function
of temperature knowing the ash composition, water and sulfur
trioxide concentrations, and the ash layer field strength.

Six coal and fly ash specimens were obtained during field
test programs in which in situ resistivity and precipitator elec-
trical characteristics were monitored. Experiments were conducted
to establish an ash ignition temperature that produced coal ashes
that were chemically similar to their respective fly ashes.

From these coal ash analyses and the water and sulfur trioxide
concentrations estimated from stoichiometric combustion calcula-
tions, resistivity was predicted. This predicted resistivity
value was compared to the resistivity values determined in the
laboratory, the in situ resistivity data, and the precipitator
electrical operating conditions.



SECTION 5

EXPERIMENTAL PROCEDURES

FLY ASH AND COAL CHARACTERIZATION

The fly ashes were received from commercial steam generating
power plants. An organization supplying fly ash samples also
submitted a data sheet listing the available information regard-
ing coal identification and analysis, flue gas analysis, precipi-
tator temperature, source of ash sample, etc. After the ashes
were put through an 80 mesh screen to remove debris, they were
quartered into 25-gram specimens to be used for resistivity and
characterization studies.

The chemical composition, helium pycnometer density and
particle size distribution were determined for each fly ash.
Helium pycnometer density was determined using a Micromeritics
Instrument Corporation, Model 1302 helium-air pycnometer using
the manufacturer's suggested procedures. A number 6000 Bahco
Micro Particle Classifier was used to determine the particle
size distribution using the technique outlined by the manufac-
turer. Chemical analyses were conducted for the elements com-
monly reported for fly ash. 1In addition, soluble sulfate and
loss on ignition were determined. The chemical analyses were
made using ash specimens that had been ignited for loss on igni-
tion determination. A general description® of the analysis pro-
cedure for fly ash and the gaseous environments used is avail-
able.

Representative coal specimens were sent to a subcontractor
to have total sulfur, proximate analysis, ultimate analysis,
and forms of sulfur determined. Respectively, the ASTM desig-
nated procedures used for these determinations were: D3117,
D3172, D3176, and D2492. 1In addition, the subcontractor ashed
one-pound samples of coal using the ASTM procedure D3174 (700-
750°C) . These coal ash samples provided the starting material
for the ignition experiments which will be subsequently discussed.

EXPERIMENTAL EQUIPMENT AND PROCEDURES FOR RESISTIVITY DETERMINATION
This research required the determination of resistivity

using simulated flue gas environments. Major experimental prob-
lems were encountered when using sulfur oxides. These difficul-



ties included the technique of environmental chemical analysis,
the inadvertent generation of sulfur trioxide and the need to
develop a resistivity test procedure involving sulfur trioxide.
A significant effort was required to overcome these problems,
ultimately a new test procedure and resistivity test cell were
developed to evaluate the effect of sulfur trioxide on fly ash
resistivity. Since the equipment and test procedures used repre-
sent a departure from the commonly employed techniques, a sepa-
rate report6 regarding this facet of the research was written.
Consequently only a brief description of the apparatus and pro-
cedures used to measure resistivity will be given here.

The initial apparatus consisted of four ASME, PTC-287 test
cells housed in a stainless steel environmental chamber which
was installed in a high temperature laboratory oven. A negative,
direct-current high voltage was supplied in common to the cup
style electrodes. Each current measuring circuit and guard ring
circuit terminated at a female phone jack. A male phone jack
was used to complete the circuit under test. Except when the
effect of ash layer field strength was examined, the applied
voltage was 1330 volts (2 kV/cm). The standard baseline environ-
men in addition to nitrogen contained by volume 5% oxygen,

13% carbon dioxide, 9% water, and 500 ppm sulfur dioxide. The
simulated flue gas environment was maintained under slight posi-
tive pressure in the chamber.

The resistivity as a function of temperature was determined
using the above conditions for each fly ash used in the project.
The ash under test was allowed to thermally equilibrate overnight
at 460°C in a dry nitrogen environment. After determining the
resistivity under this condition, the environment was changed
to the above described baseline mixture. Approximately thirty
minutes later the oven was turned off and allowed to cool natural-
ly. Resistivity and temperature were recorded periodically as
the test cells cooled to 85°C. After removing the test cell
from the chamber, the ash layer thickness was determined, and
resistivity was calculated in the usual manner.

Using the apparatus and procedure briefly described, tests
were repeated on sixteen of the ashes to examine the effect of
water concentration and field strength on resistivity. In addi-
tion to the baseline value of 9%, water concentrations of 5%
and 14% were used. When the effect of field strength was being
determined, the test procedure was slightly altered in that the
oven cooling process was arrested at 162°C. At this temperature
the effect of field strength was measured by increasing the ap-
plied voltage in increments of 1330 volts until dielectric break-
down occurred or the capacity of the voltage supply (6000 volts)
was reached.



The apparatus and procedure used to determine the effect
of temperature, ash composition, water concentration and field
strength on resistivity was unsatisfactory for experiments in-
volving sulfur trioxide. A second test apparatus was constructed
principally of glass that could accommodate one test cell. 1In
the case of the modified resistivity test cell, two circular,
concentric electrodes l-mm thick were pressed into the surface
of an ash layer to a depth of 1 mm. Voltage was applied across
a 6-mm gap between the electrodes, and the current was measured.
This thin layer of ash contiguous with the test environment was
capable of equilibrating with the sulfuric acid vapor in a reason-
able amount of time.

The standard test environment was changed from a simulated
flue gas to air containing 9% water. The effect of sulfur trioxide
on resistivity was determined for concentrations of about 5 and 10 ppm
using the air-water environment.

The test procedure was altered significantly also. Isothermal
tests were usually conducted at 138, 147, and 166°C. The ash
was equilibrated in dry air at the temperature of interest for
three hours. After determining dry resistivity, the nine percent
moisture was introduced. Current was measured every five minutes
(voltage applied one minute), and when the value failed to increase,
the sulfur trioxide was introduced. An overnight equilibration
was required for the resistivity to asymptotically approach a
minimum value. The environmental moisture concentration and
sulfur trioxide concentration were determined after the first
hour of the test and during the final hour. Resistivity was
calculated using the expression derived for a radial flow (concen-
tric electrodes) test cell, and the soluble sulfate concentration
for the ash before and after test was recorded.

The equipment and procedures described in reference 6 for
making laboratory resistivity determinations in an environment
containing sulfuric acid vapor represent a noteworthy technical
advancement. At present it is the only available technique for
making this measurement. Later in this report and in subsequent
papers, it will be demonstrated that reasonably good agreement
is obtained between laboratory and in situ measurements made
with known quantities of sulfuric acid vapor present in the test
environment.



SECTION 6

RESULTS

FLY ASH CHARACTERIZATION

The results of the physical and chemical characterization
are shown in Table I. The elemental chemical analysis results
are expressed in weight percent as oxides. The loss on ignition
value is listed separate from the total chemical analysis,
because the analysis was conducted using an ignited specimen.
Helium pycnometer density values are shown in grams/cc and are
used to calculate resistivity specimen porosity. Bahco particle
classifier results are shown as mass-median-diameter in microns.
This value and the ash layer porosity can be used to calculate
a crude value that is proportional to specific surface. The
last column shows the location from which the ash sample was
obtained.

Most of the elements determined in the chemical analysis
show a wide variation in concentration among all the ashes.
This reflects the attempt to acquire ashes produced from all
ranks of coal acquired from all major coal producing areas in
North America and some other regions. Density and mean particle
size also varied greatly among the ash samples. It was hoped
that this situation might eliminate data bias that could occur
using ashes produced from coals of a restricted area or of limited
characteristics.

RESISTIVITY DATA

Effect of Fly Ash Composition

For all the fly ashes described in Table I, the resistivity
was determined between 80°C and 460°C using the baseline condi-
tions and test procedure previously detailed. Baseline conditions
included an ash layer voltage gradient of 2 kV/cm and 9 volume
percent water vapor in the simulated flue gas.

The resistivity data were plotted on semi-logarithmic graph
paper versus the reciprocal of the absolute temperature. Fig-
ure 1 illustrates the data obtained for ash number 105. The
curve shown in this figure has the characteristic inverted V-
shape. At the higher temperatures, the curve is linear in agree-

10



1T

126
127
128
129"
131

134
135
137
138
139
140
141
142
143

Table I.
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1.7
0.8
2.7
2.4
3.1
2.2
0.8
2.7
0.9
1.2
0.7

_Mg0

1.3
0.8
1.5
5.9
8.9
1.2
1.9
1.0
1.0
2.1
0.8
1.6
0.3
1.1
1.7
4.0

_Ca0
1.9
2.2
1.5
3.1
2.1
9.6

14.5

15.6
12.8
19.6
9.1
13.0
13.7
17.3
2.6
8.6
5.2
4.7
0.4
1.2
1.5
1.4
23.3
32.2
4.3
11.8
1.8
1.6
4.6
1.2
11.5
0.3
0.8
7.0
22.7

Fe,04
13.1

9.6
1.1
10.5
11.4
3.9
7.8
5.2
4.3
4.7
5.4
10.2
9.8
8.7
19.2
5.9
4.3
19.3
4.8

8.8

23.6
10.3
10.6
12.6
5.1
5.9
15.3
11.0
8.2
1.7
5.9
0.7
7.3
4.5
4.8

Al205
24.0
25.1
25.9
24.1
28.2
17.1
18.5
22.9
22.5
21.4
23.4
18.5
17.3
19.3
18.3
23.7
23.4
19.5
31.5
27.6
19.9
27.9
10.0
12.3
23.7
23.2
22.1
26.1
26.0
30.0
20.1
27.6
26.3
21.5
21.6

§i0; Ti0y
52.2 2.1
54.2 2.3
51.6 1.7
51.4 2.7
51.0 2.5
61.5 2.5
51.0 1.4
45.9 1.4
55.0 1.1
43.8 1.6
51.2 5.5
47.7 1.4
47.2 1.4
8.9 1.9
52.0 1.9
51.9 1.3
58.5 1.7
50.4 1.6
54.5 2.8
54.0° 2.3
46.2 1.9
51:7 2.3
27.6 0.7
22.6 0.7
59.7 2.0
51.2 1.8
50.7 2.1
55.3 1.9
52.9 2.2
50.9 1.5
52.7 0.7
63.4 2.1
s8.3 1.9
59.3 1.1
8.8 1.9

P05
0.3
0.1
0.3
0.3
0.5

[
N

© O rr O O O O © 0 ©
& H O w b B W~ NoWn

(=]

0.3
0.1
0.5
0.4
0.7
0.1

0.3

0.3
0.2
0.3
0.3
0.2
0.4
0.4
0.1
0.1
1.0
1.4

_S03
0.6
0.5
0.3
1.2
0.6
1.2
1.9
1.3
0.3
1.9
0.4
4.2
3.2
5.7
1.0
1.3
0.7
1.5
0.2
0.3
0.8
0.8

11.0
7.9
0.8
1.6
0.5
0.2
0.5
0.4
0.6
0.3
0.2
0.4
1.7

Total
100.1
98.9
98.2
98.1
100.7
100.3
100.4
97.6
98.8
101.0
100.2
101.6
99.2
96.8
101.3
98.8
97.5
101.5
98.0
100.0
98.2
101.0
98.7
99.3
99.4
100.1
96.8
100.2
100.3
99.4
99.0
97.7
97.3
98.3
98.7

50,~
.38
.22
.24
.62
.45
.50
.50
.34

o ©O O 0 © © © O

(=]
N
(2]

0.19
0.37
1.80
1.14
5.65
0.55

.71

0.30
0.58
0.20
0.29
0.42
0.50
8.93
2.81
0.45
0.69
0.35
0.25
0.50
0.28
0.41
0.19
0.12
0.24
0.83

10I

1.1
1.8
4.0
2.3
2.7
0.3
0.8
0.4
1.0
g.3
0.3
1.0
1.1
0.7
6.1
0.8
1.6
1.2
3.2
1.9
4.7
3.2
1.0
1.0
5.0
1.7
1.1
3.0
0.4
3.1
0.3
3.2
4.9
2.0
0.1

Helium Mass-
Pycnometer Median
Density Diameter Source of
qms/cc Microns Ash Sample
2.39 26 Storage silo
2.04 15 Inlet, hopper
2.73 7 Inlet, cyclone
2.32 13 Inlet, hopper
2.41. 13 Iniet, hopper
2.48 24 Inlet, hopper
2.28 50 Inlet, hopper
2.19 10 Proportionate blend, hoppers
2.54 20 Mechanical collector
2.52 11 Proportionate blend, hoppers
2.03 35 Inlet, hopper
2.50 10 Unknown
2.43 10 Unknown
2.79 12 Hopper
2.67 14 Hopper .
2.50 3 Proportionate blend, hoppers
2.15 38 Storage silo
2.63 16 Proportionate blend, hoppers
2.38 14 Unknown
2.59 6 Unknown
2.76 16 Inlet, cyclone
2.71 Unknown
2.99 6 Hopper
2.91 12 Hopper
2.65 11 Unknown
2.37 ‘15 Unknown
2.58 12 Unknown
2.31 13 Inlet, hopper
2.49 19 Inlet, cyclone
2.78 4 Proportionate blend, hoppers
ND 13 Proportionate blend, hoppers
2.43 8 Proportionate blend, hopgers
2:26 13 Inlet, hopper ’
2,27 80 Unknown
2.54 7 Unknown



ELECTRICAL RESISTIVITY, OHM-CM
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Figure 1. Typical resistivity-temperature data.
Ash 105, baseline conditions.
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ment with the Arrhenius equation for resistivity. From this
part of the curve the experimental activation energy for volume
or thermally controlled conduction can be calculated. As lower
temperatures are approached, the curve departs from linearity
due to the effect of surface conduction. After passing through
a maximum, resistivity decreases rapidly with lower temperatures
and concomitantly greater relative humidity.

After the data were plotted for each fly ash in this fashion,
the resistivity values at specific reciprocal temperatures were
selected, and the experimental activation energy was calculated.
The resistivity data were compiled for 1000/T (°K) at 1.4, 1.6,
1.8, 2.0, 2.2, 2.4, 2.6, and 2.8. The experimental activation
energy was calculated from the slope of the linear part of the

resistivity curve using the logarithmic form of the Arrhenius
equation:

log G log Pyo + (@/k)log e}l (1/T) : (1)
where
Py = volume resistivity,
Py, = @ complex material parameter including the number

of mobile charge carriers,

© = experimental activation energy in electron volts,

k = Boltzmann constant, and

T = absolute temperature.

This information has been tabulated in Table II. 1In addition,
the atomic percentages of lithium plus sodium, magnesium plus
calcium, and iron are listed. These values were calculated from
the compositional data in Table I. The weight percent values
were normalized to 100 percent and converted to molecular percen-
tages. The atomic percentage of cation was calculated by multi-
plying the molecular percentage of oxide by the decimal fraction
- of cation present in the oxide.

To examine the effect of ash composition on resistivity
"and to develop compositional information for the resistivity
predictive procedure, the resistivity values listed in Table

II were plotted versus the combined atomic concentrations of
lithium and sodium. This was done, because it has been shown®r?
that in the absence of sulfuric acid vapor the lithium and sodium
ions are the principal charge carriers. Functioning as mobile
ions, not oxide molecules, the number of charge carriers is pro-
portional to the atomic concentration of these ions. Since the
resistivity should be inversely proportional to the number of
mobile charge carriers, log-log graph paper was used for these
relationships. :

Figures 2 through 7 show the measured fly ash resistivity

values plotted as a function of the respective lithium plus
sodium concentrations for the various reciprocal temperatures

13



b1

No.

101
103
104
105
106
107
109
110
111
112
113
114

116
117
118
121
123
124
125
126
127
128
129
131
133
134
13s
137
138
139
140
141
142
143

Table II.

Chemical, Physical and Electrical Characteristics of Fly Ashes

Measured Resistivity in ohm-cm at Various Temperatures Eﬁiii‘:?;:l
momic percentage “/TCY 150 18 i o 2 Lo T e
Mg+Ca _Fe LiNa °F - 183 233 291 359 441 666 volts in %
2.3 2.5 0.37 6.0 x 10'° 6.2 x 10! 1.0 x 10'2 6.0 x 10'! 1.4 x 10"! x 10° 0.90 54
2.5 1.8 0.49 3.4 x 10'° 4.2 x 101} .0 x 10! 5.8 x 10! 1.4 x 10! x 10° 0.90 50
2.5 2.1 0.35 8.8 x 10° 1.5 x 10! 4.0 x 10! 4.0 x 10! .5 x 10! .6 x 10° 0.79 69
3.2 2.0 0.62 2.2 x 10'® 2.5 x 10! x 10!} 3.5 x 10!! 1.3 x 10! 2.5 x 10° 0.86 59
2.4 2.1 0.47 3.0 x 10! 3.5 x 10! .5 x 10! 4.5 x 10! 1.4 x 10!} 2.6 x 10° 0.90 59
7.5 0.6 0.24 1.3 x 1o!! 1.3 x 10'? .3 x 10'2 1.9 x 10!? 1.0 x 10'? 5.2 x 109 0.86 47
11.2 1.3 0.35 3.4 x 10!° 2.6 x 10! 7.4 x 10! x 10! 4.8 x 10! 2.4 x 10!° 0.79 a4
10.8 0.9 2.43 1.7 x 10° .2 x 10'° 2.3 x 10'° 2.8 x 10'° .2 x 10'° 3.5 x 10° 0.83 60
9.3 0.7 0.23 2.2 x 10'! 1.8 x 10'° 3.3 x 10!2 .7 x 10'2 1.1 x 10!2 5.0 x 10%° 0.83 54
16.8 0.8 0.31 3.2 x 10'° 2.8 x 10! 8.0 x 10!° .2 x 10'2 1.0 x 10'? 1.1 x 10!! 0.83 59
7.3 0.9 1.40 2.0 x 10° 1.5 x 10'° 3.9 x 10!° .6 x 10'° 3.0 x 10%? 1.8 x 10° 0.66 55
10.3 1.7 1.52 2.7 x 10° 1.8 x 10'° 4.0 x 10'° x 10'° x 1010 2.2 x 10° 0.68 64
11.0 1.7 1.43 4.5 x 10° 3.4 x 10%° x 101° x 10!° x 10'° 4.7 x 10° 0.74 60
14.4 1.6 7.53 1.0 x10° 6.5 x 10° .4 x 10° 1.8 x 10° 1.7 x 10° 9.0 x 107 1.10 67
2.7 3.6 1.8 3.3 x 10° 3.2 x 10 x 10!° 2.2 x 10'° 4.5 x 107 8.0 x 107 0.86 58
8.4 1.0 0.25 8.0 x 10'° 7.6 x 10! .4 x 10!2 1.1 x 1o0'? 5.2 x 10'! 1.5 x 10'° 0.95 70
4.0 0.8 1.10 7.5 x 10° 6.0 x 10'° 8.4 x 10'° 5.5 x 10'°? 1.8 x 10'° 5.1 x 10% 0.79 53
4.1 3.6 0.43 5.0 x 10'° 6.5 x 10! .2 x 10'2 5.5 x 10!} x 10! 2.2 x 10° 0.90 63
1.0 0.9 0.24 2.0 x 10! 3.0 x 102 .3 x 10!2 x 1012 .8 x 101! 9.5 x 10° 0.90 67
2.0 1.6 0.35 8.0 x 10'° 9.2 x 10"} 1.8 x 10'? .5 x 10! 2.3 x 10! 3.8 x 10° 0.95 65
1.9 4.8 0.33 3.8 x 10!'° 5.0 x 10! .2 x 10*!? 4.6 x 1o!'! 1.1 x 10! 2.0 x 10° 0.90 56
2.3 1.9 0.42 3.7 x 10%° 3.8 x 10! .0 x 10! 5.8 x 10! 1.9 x 10!!? 2.7 x 10° 0.95 8l
19.0 1.8 6.20 1.4 x 10® 1.0 x 10° 1.6 x 10° 2.0 x 10° 2.0 x 10° 1.0 x 10° 1.32 78
26.3 2.1 1.16 2.2 x 10° 1.2 x 10'? 2.8 x 10'° 3.9 x 10'° 2.8 x 10'° 2.8 x 10° 0.86 68
3.7 0.9 0.48 2.2 x 10%° 2.6 x 10! 6.8 x 10! 5.2 x lo!! .9 x 10! 3.2 x 10° 0.83 76
8.9 1.0 1.27 2.6 x 10'° 2.2 x 10'° .5 x 10}° 4.5 x 1010 3.4 x 10'° 3.4 x 10° 0.76 54
2.2 3.0 0.31 3.8 x 10'° 4.2 x 10! 7.6 x 10! 4.4 x 10*! x 10! 1.8 x 10° 0.79 56
2.0 2.0 0.34 4.0 x 10! 2.2 x 10!2 2.9 x 1012 1.2 x 1012 2.8 x 10'! 4.0 x 10° 0.90 67
3.8 1.5 0.41 1.4 x 10'° 1.3 x 10! 3.2 x 10! 2.9 x 10! 1.1 x 10! 3.1 x 10° 0.86 53
1.6 2.2 0.30 1.6 x 10%! 1.8 x 10'2 3.0 x 102 1.8 x 10'2 4.9 x 10%! 6.4 x 10° 0.90 68
8.4 1.0 3.47 7.0 x 10° 4.8 x 10° .4 x 10° 9.5 x 10° 5.8 x 10° 4.3 x 10° 0.60 ND
0.5 0.1 0.26 2.4 x 10! 3.4 x 10!'2 .7 x 1012 3.9 x 10!2 8.5 x 10'! 1.3 x 10!° 0.90 75
1.5 1.3 0.32 1.8 x 10! 1.4 x 102 2.5 x 10'? 1.0 x 10'? 2.5 x 10*! 4.7 x 10° 0.83 66
5.8 0.8 0.53 4.4 x 10'° 6.0 x 10'! 1.3 x 10'? 8.0 x 10'! 2.9 x 10!} 5.8 x 10° 0.86 61
17.1 0.8 0.84 1.1 x 10'° 9.0 x 10'° 2.5 x 10! 3.1 x 10"! 2.2 x 10'° 3.0 x 10'° 0.79 64



2.8 IN OHM-CM

BASELINE CONDITIONS

MEASURED ELECTRICAL RESISTIVITY AT 1000/T(°K)

1012

| ) [
y=62aexb
Iny=a+binx —
35
[
where:
1 a = 22.6416
| o0 %0 b = -2.0618 _
”?“ R =-0.94
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10— 25 —_—
1Bo\o_
0023
34 26\ 042
® 3
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LITHIUM + SODIUM CONCENTRATION IN ATOMIC PERCENT

Figure 2. Resistivity versus lithium + sodium.
Baseline conditions at 84°C.
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MEASURED ELECTRICAL RESISTIVITY AT 1000/T(°K) = 2.6 IN OHM-CM

13 ,
y=e?a xb
40 Iny=a+binx
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24 55 a = 24.8070
— 110 38 b = -2.2334 —_
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LITHIUM + SODIUM CONCENTRATION (N ATOMIC PERCENT

Figure 3. Resistivity versus lithium + sodium.
Baseline conditions at 1129C.
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y=ea-xb

Iny=a+blinx

MEASURED ELECTRICAL RESISTIVITY AT 1000/T(°K) = 2.4 IN OHM-CM

where:
a = 25.5104 -
b =-2.2314 '
R =-0.97
—
o015
— 33\ V7 —
o\©
14
13
290
ASH NO. 139
1010
16
109 [ - | . 1 |
0.1 . . 1.0 " 10.0

LITHIUM + SODIUM CONCENTRATION IN ATOMIC PERCENT

Figure 4. Resistivity versus lithium + sodium.
Baseline conditions at 144°C.
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MEASURED ELECTRICAL RESISTIVITY AT 1000/T(°K) = 2.2 IN OHM-CM

1013 T I I T [
) } b —
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o
011
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LITHIUM + SODIUM CONCENTRATION IN ATOMIC PERCENT

Figure 5. Resistivity versus lithium + sodium.
Baseline conditions at 1820C.
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MEASURED ELECTRICAL RESISTIVITY AT 1000/T(°K) = 2.0 IN OHM-CM

1013
! | ! [
| y=eda xb —l
Iny=a+blnx
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LITHIUM +'SODIUM CONCENTRATION IN ATOMIC PERCENT

Figure 6. Resistivity versus lithium + sodium.
' Baseline conditions at 227°C.
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MEASURED ELECTRICAL RESISTIVITY AT 1000/T(°K) = 1.6 IN OHM-CM

012

10N

107 1 I

y=ed«xb
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a = 21.3680
043 b = -1.2630
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0.1

1.0 10.0

LITHIUM + SODIUM CONCENTRATION IN ATOMIC PERCENT

Figure 7. Resistivity versus lithium + sodium.
Baseline conditions at 352°C.
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of interest. A linear regression analysis was performed on each
group of data, and the resultant line was superimposed on the
data. On each graph the expression for the straight line is
repeated, and the intercept and slope values are shown as well
as the coefficient of correlation, R. This value is a measure
of the degree with which the data fit the regression analysis,
and a value of -1.00 would define perfect correlation between
the two factors.

At the lower temperatures, 1000/T(°K) = 2.2 to 2.8 (359°F
to 183°F), the plots typically show a negative slope of about 2.1
and a R value of -0.96. This indicates that under the prevailing
test conditions the resistivity decreases two orders of magnitude
for each order of magnitude increase in the combined concentra-
tion of lithium and sodium. The value of R suggests that a good
correlation exists between these two factors.

In the simplest case, one can graphically predict resistivity
from plots such as Figure 4 for 1000/T(°K) = 2.4 (144°C, 291°F)
or calculate the value from the given equation. If the combined
lithium plus sodium atomic ?ercentage of an ash is 1.0 percent,
the resistivity is 1.2 x 10'! ohm cm. This value, of course,
is dependent on the quality of the laboratory measurement, is
restricted to an environment containing 9 volume percent water
and no sulfur trioxide, and relates to an ash under an applied
voltage gradient of 2 kV/cm. Subsequently, it will be shown
how the above predicted resistivity value can be changed to re-
flect other field strength levels and environmental conditions.

It would be convenient if the exercise just described could
be repeated to predict the resistivity at all temperatures using
the Figures 2 through 7. However, it is apparent that at the
higher temperatures, where 1000/T(°K) = 2.0 or particularly 1.6,
the relationship between resistivity and the combined atomic
concentration of lithium and sodium degrades. This is apparent
from the decrease in R values and the significant change in slope
of the regression analysis curves.

These observations suggest that in the higher temperature
range other ash compositional factors may influence the measured
resistivity values. Previously investigators have shown that
for certain ash types the concentration of iron!? and the alkaline
earth elements'!! (magnesium and calcium) affect resistivity.

The measured resistivity data for 1000/T(°K) = 1.6 were examined
with respect to these two compositional factors.

The as-measured resistivity data shown in Fiqure 7 were
normalized to the values that would be expected if all ashes
contained 0.4 atomic percent lithium plus sodium. This was done
using an arbitrarily selected slope of -2.0, because the low
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temperature data indicated that the final slope would be approxi-
mately -2; see Figure 2. The Figure 7 resistivity values normalized
to 0.4 atomic percent lithium plus sodium were plotted as a func-
tion of atomic percent iron to establish a correlation between
resistivity and iron concentration for those ashes having a very
limited range of magnesium plus calcium (1.9 to 2.7 atomic per-
cent). Using this resistivity-iron correlation, the remaining
Figure 7 resistivity values normalized to 0.4 atomic percent
lithium plus sodium were also normalized to 1.0 atomic percent
iron and then plotted to establish a correlation between resis-
tivity and the atomic percentage of magnesium plus calcium.

The correlations established between resistivity and iron con-
centration and between resistivity and the combined concentra-
tions of magnesium and calcium allowed a secondary correlation

to be established between resistivity and the combined lithium and
sodium concentration for ashes normalized to constant values

of 1.0 atomic percent iron and 2.5 atomic percent magnesium plus
calcium.

This entire procedure was then reiterated to include the
data normalized with respect to the alkaline earths for those
ashes used to develop the initial resistivity-iron correlation.
This extended the number of ashes that could be utilized in the
correlation. Figure 8 shows the second iteration of the resis-
tivity-iron correlation using those ashes having relatively low
magnesium-calcium concentrations that are generally similar to
ashes produced from coals of the Eastern United States. The
linear regression analysis yielded a slope of -0.9696 and a coef-
ficient of correlation of - -0.88. Figure 9 shows the second itera-
tion of the resistivity-calcium+magnesium correlation using those
ashes that are generally similar to ashes produced from coals
of the Western United States. The linear regression analysis

yielded a slope of +1.2370 and a coefficient of correlation of
+0.78.

Using the correlations shown in Figures 8 and 9, the resis-
tivity data were normalized to 2.5 atomic percent magnesium plus
calcium and 1.0 atomic percent iron. These data were then plotted
as a function of lithium plus sodium concentration using a nega-
tive slope of about 1.7 obtained from the first iteration. The
results are shown in Figure 10. Comparison of Figure 10 with
Figure 7 shows the dramatic decrease in data scatter; R changed
from -0.73 to -0.95, and the slope increased from -1.2630 to
-1.8916. This indicates that the data scatter and seemingly
lesser effect of lithium and sodium on resistivity at high tempera-
tures as implied by Figure 7 was due to the wide variation in
iron and alkaline earth concentrations. Furthermore, it is ap-
parent that iron and the alkaline earths affect high tempera-
ture resistivity.

The linear regression analyses shown in Figures 8, 9, and

10 have been reproduced without the data points in Figure 1l1.
The important characteristics of each curve are given. This
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NORMALIZED RESISTIVITY DATA IN OHM-CM
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Figure 8. Second iteration of Figure 7 resistivity data.

Normalized to 0.4% Li + Na and 2.5% Mg + Ca.
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NORMALIZED RESISTIVITY DATA IN OHM-CM
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Figure 9.-Second iteration of Figure 7 resistivity data.
~. Normalized to 0.4% Li + Na and 1.0% Fe.
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NORMALIZED ELECTRICAL RESISTIVITY AT 1000/T(°K) = 1.6 IN OHM-CM -

ot ' 1 T
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LITHIUM + SODIUM CONCENTRATION IN ATOMIC PERCENT

Figure 10. Resistivity versus lithium + sodium, baseline
conditions at 3520C. Data normalized to
1.0% iron and 2.5% calcium + magnesium.
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1.6 IN OHM-CM

PREDICTED RESISTIVITY AT 1000/°K
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Figure 11. Predicted resistivity under baseline test conditions at 3520C
as a function of the atomic percentage of lithium + sodium,
iron and magnesium + calcium.

26



figure can be used to graphically determine the predicted resis-
tivity for a reciprocal absolute temperature of (1000/°K) = 1.6
(352°C) and the previously described baseline test conditions.
An example of this prediction is shown in the figure. The fic-
tive fly ash example contains in atomic percentage: 0.5% lithium
plus sodium, 1.9% iron and 12.0% magnesium plus calcium. Fig-
ure 11 is entered at point 1 using the atomic concentration of
lithium plus sodium. At point 2, on Line A, it is indicated
that a resistivity of 3.2 x 10° ohm cm would be expected if the
fly ash contained 1.0 atomic percent iron and 2.5 atomic percent
magnesium plus calcium. The resistivity value is translated
laterally to point 3, 1.0 atomic percent iron. By moving from
point 3 in a direction parallel to Line B to the assigned iron
concentration at point 4, one finds the resistivity value, 1.7

x 10° ohm cm, for the fictive ash excluding the alkaline earth
effect. By repeating the previous step, however, with respect
to the combined concentration of magnesium and calcium (Line

C), one arrives at point 6, 1.2 x 10'° ohm cm, the predicted
resistivity for the ash composition and test conditions stated.
It will be subsequently shown how this predicted value is adjusted
for greater field strength and other temperatures.

Effect of Environmental Water Concentration

Sixteen ashes were selected from the large group available
to examine the effect of water concentration on resistivity.
The selection was made to have the widest possible variation
in ash chemical composition. Each ash was evaluated with the
previously described baseline resistivity test utilizing approxi-
mately 5, 9, and 14 volume percent water vapor in the environ-
ment. An example of the data acquired is shown in Figure 12
for ash #105.

For this particular ash, the effect of water vapor on resis-
tivity was detected first at about 275°C and showed a maximum
effect at the lowest test temperature. As the concentration
of water increased, the maximum resistivity decreased and shifted
to higher temperatures. These observations are similar to those
made by other investigators.!'?’!® For the example chosen, the
high temperature data reproduced almost perfectly for the three
tests. Because of the differences in porosity among tests of
a single ash and the normal variation due to the precision of
the resistivity measurement, this was not true for each set of
three tests for all sixteen ashes examined. When data scatter
occurred, the entire resistivity-temperature curve was shifted
so that the three curves were superimposed in the high tempera-
ture region, where 1000/T(°K) = 1.6 to 1.4. The superimposed
position was the average value for the three tests.

When the resistivity data presented in Figure 12 are plotted

as a function of water concentration for various isotherms, a
series of more-or-less straight lines result. Water concentra-
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Figure 12. Resistivity as a function of water concentration for Ash No. 105.
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tion can be expressed as relative humidity, partial pressure,

or volume percentage as in the case of Figure 13. This figure
shows the pronounced effect that environmental water concentration
can have on fly ash resistivity especially at the lower, cold-
side temperatures. At constant temperature and in an environment
containing no sulfuric acid vapor, the surface conductivity of

a specific fly ash is directly dependent on the interaction be-
tween the ash surface and the water vapor. Therefore, the linear
relationship shown in Figure 13 is expected. Sixteen sets of
data similar to those shown in Figure 13 were accumulated for

the sixteen ashes used in this part of the investigation.

The slopes, Sy, of the curves such as those shown in Fig-
ure 13 were determined for each temperature of interest for each
of the sixteen ashes utilized. From these data the average,
maximum, and minimum slopes were plotted as a function of_recip-
rocal absolute temperature as shown in Figure 14. Since Sy is
a parameter defining the effect of environmental water concentra-
tion on resistivity, it is not surprising to find a linear re-
lationship when this value is plotted on a logarithmic scale
versus reciprocal absolute temperature. This relationship holds
because a similar one exists for the relative humidity of a given
absolute water concentration as a function of temperature. As
the relative partial pressure of water vapor increases, the
residence time of a water molecule on the ash surface increases.

The variation in S5, among ashes was not particularly great
at temperatures lower than about 180°C (355°F). Above this tem-
perature the effect of water vapor on resistivity becomes a minor
consideration, and the variation between maximum and minimum
values increases. In the high temperature region, the small
effect seems sensitive to the affinity of a specific ash composi-

tion for water vapor. The minimum value of Sw at the highest
temperature was zero.

The use of S, is illustrated by the expression

log p = log p_, + (C_ - C.)E, (2)

b
where

log p_ = the logarithm of the surface resistivity for
a specific lithium plus sodium concentration

and water concentration, Cw;

the logarithm of the baseline surface resis-
tivity for a specific lithium plus sodium con-
centration and a water concentration of 9

volume percent (values obtained from Figures
2-6);

log Psb

C = the volume percent water concentration to
which the resistivity is to be adjusted;
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the water concentration used in establishing
Figures 2-6, 9 volume percent; and

§w A log pg/A%H,0; for example, -0.0808 for

1000/T(°K) = 2.4 and water concentrations
between 5% and 15%.

After determining the resistivity for a given atomic per-
centage of lithium plus sodium in an environment containing 9%
water vapor from Figures 2-6, the resistivity values for other
water concentrations can be calculated from Equation 2, using
values of Sy taken from Figure 14. 1If desired, a series of
curves relating resistivity, water concentration, and temperature
can be generated. The computer program for resistivity predic-
tion described later in this report utilizes the expression
shown in Figure 14.

Effect of Applied Electrical Stress

Since electrostatic precipitators are often operated at
or near the point of dielectric breakdown of the ash layer, it
is desirable to predict and/or measure fly ash resistivity at
this electrical stress level. The ASME, PTC-28 suggests measur-
ing laboratory resistivity at 90% of breakdown stress, and some
in situ resistivity measurements are reported at about this
point. However, a research program involving many fly ash speci-
mens and a multiplicity of test conditions cannot readily comply
with this procedure.

Resistivity as a function of applied electrical stress was
determined for the selected sixteen fly ashes at one temperature
(160°C) and one set of environmental conditions (9 volume percent
water). Using an ash layer thickness of 6 mm, the applied voltage
was increased until electrical failure occurred or a voltage
gradient of 10 kV/cm was reached. Figure 15 shows the minimum,
average, and maximum effect of increased voltage gradient on
resistivity for the sixteen ashes tested. The data are expressed
as relative resistivity plotted on a logarithmic scale versus
applied voltage gradient. Relative resistivity was calculated
as the ratio of the resistivity measured at some field strength,
E, to the value obtained at 2 kV/cm, the baseline voltage gradient
used in this work. Similar response of resistivity to applied
voltage gradients has been found by others.'®

The following algebraic expression was used to adjust resis-
tivity values taken at conventional stress levels in the labora-
tory to reflect the effect of higher voltage gradients:

= - 3
log Pe log pE2 + (E Eb)se (3)
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where

log pp = the logarithm of resistivity adjusted to some
field strength, E;
log P, = the logarithm of resistivity with E = 2 kV/cm;
E = the applied voltage gradient to which log

P is to be adjusted;
Eb = the applied voltage gradient used in estab-
lishing the base line data, 2 kV/cm; and

S = A log p/AE = -0.030 (the average value for
sixteen test ashes at 160°C and an applied
voltage gradient range of 2 to 10 kV/cm).

Until additional information is available, the technique for
predicting resistivity described in Section 7 will utilize the
average S, at all temperatures and test conditions and for all
ash compositions. Unless otherwise noted, resistivity is pre-
dicted for E = 10 kV/cm only. That is, after the resistivity
is predicted as a function of ash composition and water concen-
tration at a voltage gradient of 2 kV/cm, it is adjusted to the
value expected at 10 kV/cm. It is believed that in most cases
this adjusted value will be equivalent to that determined at
dielectric breakdown.

In the course of establishing a means of adjusting resis-
tivity data taken at low stress levels to levels associated with
precipitator operation, several interesting observations have
been made. They are related below because they may affect thoughts
pertaining to electrical breakdown. In the laboratory using
ash layers about 6 mm thick, dielectric failure usually occurred
at voltage gradients of 4 to 12 kV/cm. 1In situ field test deter-
minations with a point-plane probe using the parallel plate mode
of operation show dielectric failure generally happens between
8 and 20 kV/cm. The higher values found with the point-plane
device probably are due to the relatively thin ash layer under
test, typically 1 mm.

The observation that dielectric strength increases with
decreasing specimen thickness is commonly noted with regard to
glasses and ceramic dielectrics.!® 1In this laboratory it has
been shown that the ash layer field strength at dielectric failure
increases significantly as the ash layer thickness is decreased.
Figure 16 shows resistivity as a function of ash layer field
strength for two identical ash specimens tested simultaneously.
The only difference between the two tests was that one cell had
an ash layer thickness of 0.70 cm while the other was 0.24 cm.

The applied voltage to each cell was identical. Although the
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layers were of two significantly different thicknesses, dielectric
failure occurred at the same applied voltage, 4.65 kV. Conse-
quently it was recorded that the "spark", "arcing", or dielectric
failure occurred at an average stress of 6.7 kV/cm and 19.6 kV/cm
for the otherwise identical thick and thin specimens, respectively.

These data reaffirm the general observation that greater
average electrical stress across an ash layer decreases the
resistivity. This is probably a result of the increased number
and/or the increased mobility of charge carrying ions. It is
also suggested that average field strength has little effect
on dielectric failure since the thick and thin specimens failed
at the same voltage. Failure may have occurred at some location
in the ash layer on the basis of a "weakest link" that is common
to thick or thin specimens. Arguments can be presented that
the failure is related to the fly ash itself or to the gas phase
in the ash interstices.

Also it is interesting to note several manifestations of
an ash layer dielectric failure during resistivity determina-
tions. Fiqure 17A shows a resistivity test cell in the environ-
mental test chamber with the upper electrode removed after a
failure had occurred. The B view of this figure shows the lower,
negative, cup electrode. Figure 18 shows the upper and lower
electrodes after the removal of the ash. The evidence of arcing
between these two electrodes is obvious and in proper register
with the damaged ash layer.

Detailed examination of failure regions occurring during
tests at 160°C provided the information schematically shown in
Figure 19. 1Illustration number one shows the observed situation
that suggests an explosion took place leaving a clean cavity.
Illustration two, a cavity with fused ash at the surface, and
illustration three, a column of fused ash, show the effect of
a thermal excursion probably in excess of 1000°C. The mechanism
of dielectric failure has not been studied in this investigation.
However, the observations suggest that ohmic heating at particle
interfaces may play a role.

Some of these observations suggest that the dielectric fail-
ure of fly ash layers is imperfectly understood and that additional
research is desirable. A list of experimental parameters would
include: ash particle size distribution, ash layer porosity,
ash layer thickness, environmental composition and pressure,
temperature, ash composition including combustibles, and test
procedures.

Effect of Sulfur Trioxide

General Observations-- -

Experimental problems encountered in attempting to quanti-
tatively determine the effect of sulfur trioxide on the resis-
tivity of fly ash in the laboratory severely delayed the completion
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PLANE OF
UPPER ELECTRODE

PLANE OF
LOWER ELECTRODE

1. OPEN CAVITY WITH “DRY"” WALLS

2. OPEN CAVITY WITH “FUSED"” WALLS

3. SOLID COLUMN OF “FUSED" PARTICLES

Figure 19. Schematic cross-section of cavities occurring in
ash layers having experienced dielectric failure.
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of this research project. The solution of the experimental dif-
ficulties has been previously discussed in Reference 6, in which
the test equipment and procedure used with sulfur trioxide in-
cluded in the environment is described. Because the time schedule
was already significantly extended, only a few ashes were investi-
gated with respect to the sulfur trioxide-resistivity relation-
ship. The results were very interesting and demonstrated the
pronounced effect the environmental sulfur trioxide concentration
can have on the resistivity of fly ash. At this time it is ob-
vious that the data base is small, and one should therefore use
the quantitative information with cautious reserve. Under an
Environmental Protection Agency grant, additional research will

be conducted to expand this data base.

Experimentation using sulfur trioxide was somewhat different
from the baseline work. In these experiments the fly ash under
test was thermally equilibrated three hours in dry air at the
temperature of interest. Resistivity was determined, water vapor
was added to the environment, and resistivity was determined
again. After the ash had equilibrated with the air-water environ-
ment, the desired concentration of sulfur trioxide was injected,
and resistivity as a function of time was determined. Using
the asymptotic approach of the resistivity to a minimum value
as the end point, about an eighteen-hour exposure was required
to equilibrate the ash volume under test with the sulfuric acid
vapor in the environment.

Figure 20 shows a typical record of resistivity versus time
of exposure to an environment consisting of air, 9 volume percent
water, and 9 ppm of sulfur trioxide at 147°C. At time equal
zero hours, the resistivity was 2 x 10!® ohm cm, and the water
vapor was introduced. Within ten minutes the resistivity had
decreased to 4 x 10'° ohm cm as the water vapor equilibrated
with the ash. At time equal 0.5 hours the sulfur trioxide injec-
tion was started, and after about 1.5 to 2.0 hours, the resis-
tivity started to decrease. After 16 to 18 hours of exposure,
the resistivity asymptotically approached a minimum value of
2 x 10° ohm cm. It apparently took this length of time for
the sulfuric acid vapor to penetrate the ash layer (1 mm) and
reach an "equilibrium" with the ash volume under test. At time
equal nineteen hours the sulfur trioxide injection was stopped.
The effect of the sulfuric acid immediately started to disappear
and had essentially ceased within 2 to 3 hours after the injec-
tion was discontinued. The time required to eliminate the effect
of the sulfuric acid is not related to the time required to re-
move the agent from the environment, because this apparatus
allows for a 99% dilution of an environment in sixXx minutes.

The very rapid disappearance of the effect of sulfur trioxide
when injection is stopped circumstantially suggests that the
adsorbed sulfuric acid participates directly in the surface
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conduction process. Since there is no lasting effect, one cannot
equilibrate an ash with sulfuric acid vapor, stop the injection,

and then measure the effect. Neither can one expect to measure

the effect of adsorbed acid after removing an ash from a com-
mercial facility for subsequent testing in a conventional labora-
tory device. Resistivity as a function of time for various levels
of sulfur trioxide concentration has been previously demonstrated.'®

Information such as that shown in Figure 20 was obtained
for several fly ashes from eastern and western coals using three
sulfur trioxide concentrations, three water concentrations, and
several test temperatures. Typical data are shown in Figure
21 for ash #143. The upper curve for the entire test temperature
spectrum (circular symbols) was obtained using a simulated flue
gas containing 9 volume percent water and no sulfur trioxide.
The four data points indicated by hexagonal symbols were taken
from curves similar to that in Figure 20 and represent the mini-
mum resistivity at four different temperatures using an environ-
ment containing air, 9 volume percent water, and 2 ppm sulfur
trioxide. A dashed curve is drawn to link the data acquired
in the presence of sulfur trioxide with the high temperature
data obtained without this agent. The low temperature portion
of the resistivity-temperature curve shows the dramatic effect
adsorbed sulfuric acid has on fly ash resistivity. This ash
was the only one examined at four temperatures for a given set
of environmental conditions. These data suggest that, under
the influence of sulfuric acid vapor, the logarithm of resis-
tivity is a linear function of absolute reciprocal temperature.
This observation is reasonable when sulfuric acid vapor provides
the principal conduction mechanism and the temperature is above
the acid vapor dew point. Under these conditions, the resis-
tivity will be dependent on the amount of acid vapor adsorbed
by the fly ash. For a specific fly ash, the amount of acid vapor
adsorbed is a function of the ratio of the given acid vapor
pressure to the saturated acid vapor pressure for a specific
temperature. The logarithm of this ratio is also a linear func-
tion of reciprocal absolute temperature. Therefore with increas-
ing reciprocal absolute temperature, the logarithm of the acid
vapor pressure ratio increases linearly and the logarithm of
the resistivity decreases linearly.

Comments on the Sulfuric Acid Conduction Mechanism--

In order to better interpret experimental observations re-
garding the effect of sulfuric acid vapor on fly ash resistivity,
a chemical transference experiment was conducted in an environ-
ment including sulfuric acid vapor. The objective of this experi-
ment was to determine whether the migration of any chemical
species under the influence of an applied electrical stress could
be detected. The detection of a mass transfer would offer help
@n developing an explanation of the electrical conduction mechan-
ism.
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A sample of ash was equilibrated in an air environment con-
taining 9 volume percent water and 9 ppm sulfur trioxide at 140-
150°C. Under these conditions, the specimen had a resistivity
value of 1 x 10° ohm cm. A direct current voltage was contin-
uously applied, and current was recorded as a function of time.
After approximately 38 coulombs of electricity had been passed,
the test was discontinued, and the volume of ash that had been
under electrical stress was divided into thirds— the volumes
contiguous to the anode and cathode, respectively, and the center
volume. These specimens, as well as a specimen that had not
been under test, were chemically analyzed. This information
is shown in Table III.

The data reported as sodium oxide suggest that sodium ions
migrate from the region of the anode to the volume of ash con-
tiguous with the cathode. This qualitatively indicates that
sodium participated in the conduction process as a charge carrier.
Knowing the amount of electrical energy conducted during the
experiment, 38 coulombs, and estimating the mass of ash involved,
one can calculate the approximate concentration of sodium oxide
that should be found in the ash volume contiguous with the cathode
if only sodium were the charge-carrying species. This value
is about 13% sodium oxide.

Since it was experimentally found that the sodium oxide
concentration at the cathode was increased from about 3.2 to
3.8% instead of the calculated 13%, it can be concluded that
sodium was only a minor participant in the conduction process.
No other cation included in the chemical analysis showed evidence
of migration.

It can be assumed that the sulfuric acid vapor adsorbed
on the surface of the fly ash directly participated in the con-
duction process. The mechanism by which this occurs is not clear.
It would seen unlikely that the large sulfate anion, S0,, would
be capable of migration. 1In fact, the data in Table III do not
reflect an excess of SO, at the anode. This, however, does not
preclude the participation of hydrogen ions in the charge trans-
fer process. The mechanism of the charge transfer and means
of maintaining electrostatic balance are unclear.

If the adsorbed acid vapor principally functioned bY increas-
ing the interparticle contact by capillary condensation,'’ one
would expect an enhanced mass transfer of the normal charge carry-
ing species, sodium, and an attenuation of current with increased
time of continuously applied voltage. Neither of these occurred.
Furthermore, one would not expect the almost instantaneous degrada-
tion of current carrying capacity when the sulfur trioxide injec-
tion is discontinued.
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Table III.

Chemical Analysis of Ash Specimens
Used in the
Chemical Transference Experiment

Test Test Test
Specimen Specimen Specimen
Specimen Contiguous Center Contiguous
Oxide Not Tested with Anode Section with Cathode
Li,0 0.01* 0.01 0.01 0.01
Na,O0 3.2 2.9 3.3 3.8
K,0 0.7 0.8 0.7 0.8
MgO 1.2 1.2 1.1 1.1
cao 15.1 14.6 15.1 14.7
Fe,0; 5.0 5.0 5.0 5.1
TiO, 1.0 1.0 1.1 _ 1.1
Soluble Sulfate
SO, 0.34 4.0 5.4 4.9

*Expressed as weight percent of total sample.

45



In the transference experiment, the magnitude of current
resulting from the applied voltage remained uniform from the
beginning to the end of the test. This observation is consistent
with the lack of evidence for significant chemical migration
or transfer. If the principal source of conduction is a contin-
uously supplied source of adsorbed sulfuric acid, one would not
expect an attenuation of current with time as in the case when
conduction is dependent on a finite concentration of mobile cations
such as sodium ions. Under conditions involving simulated flue
gas containing no sulfur oxides at both 150°C and 350°C when
alkali metal ions are the principal charge carriers, the trans-
ference experiment current decreases with time, asymptotically
approaching some minimum level. This decrease in current is
caused by the depletion of carrier ions at the anode and exces-
sive buildup of these ions at the cathode.

The results from the above-described chemical transference
test offer strong evidence that the adsorption of sulfuric acid
vapor on fly ash provides a separate and distinct conduction
mechanism. The observations suggest that this mechanism is in-
dependent of fly ash composition, except with respect to the
acid vapor-fly ash surface affinity. Certain other circumstan-
tial evidence also supports the view that the adsorbed acid pro-
vides a separate mode of conduction. One such observation is
the transient effectiveness of the sulfuric acid vapor illus-
trated in Figure 20. Even though the electrical stress was only
applied intermittently, the effect of the acid vapor ceased
quickly after injection was stopped, and the conduction process
reverted to that provided by the mobile alkali metal ions. It
has also been observed that the injection of 9 ppm sulfur trioxide
resulted in resistivities of 1-5 x 10%® ohm cm for two fly ashes
having, respectively, resistivity values of 1 x 10'° ohm cm and
1 x 10'% ohm cm before injection. This indicates that the effect
of the acid vapor adsorbed on the ash provides a conduction mode
independent of that related to the interaction of water vapor
and fly ash composition.

From the foregoing, it is visualized that under cold-side
precipitator conditions two parallel conduction mechanisms are
available. At very low concentrations of sulfuric acid vapor
the electrical conduction in fly ash is principally influenced
by the charge-carrying ability of the alkali metal ions as af-
fected by the interaction of water vapor and the ash surface.
At high concentrations of sulfuric acid vapor, perhaps 10 ppm
in equilibrium with the ash, the conduction process is princi-
pally controlled by the adsorbed acid. At intermediate concen-
trations of acid vapor, both mechanisms contribute to the con-
duction process. Subsequently, the effect of environmental
sulfur trioxide concentration on the predicted fly ash resis-
tivity is incorporated by using the expression for calculating
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the resultant resistance for two or more parallel resistances.
This allows the effect of both conduction modes to be appreciated.

Incorporation of the Environmental Sulfur Trioxide Concentration
into the Resistivity Prediction--

Tests illustrating the effect of sulfur trioxide concentra-
tion on resistivity were principally conducted at 148-149°C
(1000/T(°K) = 2.37) using. an environment of air containing 9
volume percent water. The concentrations of sulfur trioxide
injected were nominally 5 and 10 ppm. The data acquired under
these conditions, using several fly ashes from eastern and western
coals, are shown in Figure 22. The data points represent minimum
resistivity values taken from curves such as the one shown in
Figure 20 plotted against the measured concentration of condens-
able sulfuric acid vapor (expressed as sulfur trioxide in ppm)
found in the test environment at the chamber outlet after the
ash under test had been exposed for about eighteen hours.

Examination of Figure 22 shows the very pronounced effect
sulfuric acid vapor has on resistivity and that fly ashes pro-
duced from western coals are affected to a greater degree than
ashes from eastern coals for a given sulfur trioxide concentration.
This observation can be justified on the basis of the generally
more alkaline ashes from western coals having a greater affinity
for the acid vapor.

An average value was calculated for each of the four data
clusters, and straight lines were constructed connecting the
data clusters for the eastern and western ashes, respectively.
The following algebraic expressions define the constructed lines:

for eastern ash; where Ca + Mg < 3.5% or K > 1.0%,
109 0. 1000/7(°k) = 2.37 = 12.9676 - (0.3075 x ppm SO,) (4)
and for western ash; where Ca + Mg > 3.5% and K < l;O%,
109 0, 1o00/1(°k) = 2.37 = 12.1612 - (0.3712 x ppm SO,).(5)

There are obviously weaknesses in this proposition. It is pos-
sible that some of the resistivity values at the 5 ppm sulfur
trioxide level are influenced by the inherent conduction related
to the alkali metal ions. Also, one would expect the intercepts
at zero sulfur trioxide to be the same value for each line in
Figure 22. Acknowledging these shortcomings, it is believed

that for an initial effort, these expressions can be used to
predict the resistivity of fly ash as a function of the calculated
concentration of sulfur trioxide in the environment.
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Figure 22 and the expressions (4) and (5) are used to deter-
mine the resistivity of fly ash as a function of sulfur trioxide
concentration at one temperature (1000/T(°K) = 2.37) and one
water concentration (9 volume percent). To be able to predict
resistivity based on the combined conduction modes due to the
water vapor-ash composition interaction and due to the presence
of adsorbed sulfuric acid vapor, one needs to know the effect
on resistivity of the sulfuric acid vapor as a function of tem-
perature. A few isothermal resistivity tests were conducted
at several temperatures using a constant environment consisting
of air, 9 volume percent water, and 9 ppm sulfur trioxide. These
data are presented in Figure 23.

It is again apparent that for a given set of conditions
the resistivity as influenced by the adsorption of sulfuric acid
vapor is attenuated to a greater degree for ashes from western
coals. Since several of the western and eastern ashes were very
similar with respect to physical characteristics, it is suggested
that this effect is related to the greater chemical affinity
of the more alkaline western ashes for the acid vapor.

Figure 23 exhibits the very pronounced dependency of the
sulfuric acid conduction mode on temperature. It was previously
suggested that the observed linear positive relationship between
resistivity and temperature is a reflection of the linear, nega-
tive relationship between the relative partial pressure of sulfuric
acid vapor and temperature. With respect to the sulfuric acid
conduction mode, the resistivities of the eastern ashes are par-
ticularly sensitive to temperature. This sensitivity is great
enough that temperature gradients commonly found within a pre-
cipitator can cause one region to perform satisfactorily while
another region demonstrates poor performance.

The difference in the slope of log p versus 1000/T(°K) curves
shown in Figure 23 could be related to differences in adsorp-
tion energy as a function of variation in ash composition or
to the position of the acid vapor dew point. For the test condi-
tions used, the dew point was about 1000/T(°K) = 2.45 (270°F).
At the dew point, homogeneous condensation occurs and other
factors are no longer of great influence. One would expect
resistivity to dramatically decrease as the dew point is reached.
In Figure 23, it appears that the curves are converging at the
dew point.

In a few experiments involving sulfur trioxide, water con-
centration was the variable. Ashes from both eastern and western
coals were subjected to tests in which the injected concentration
of sulfur trioxide, as well as all other factors, were constant
while the water concentration was varied: 5, 9, and 15 volume
percent. Although water concentration influences the relative
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Figure 23.  Resistivity versus reciprocal absolute temperature in an
environment of air containing~ 9 ppm sulfur trioxide
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partial pressure of the sulfuric acid vapor, increasing the water
concentration had no effect on resistivity. The value was .ap-
parently dependent only on the concentration of sulfur trioxide.
As water concentration increases, the relative partial pressure
of sulfuric acid vapor increases. This should cause an increase
in adsorption and a decrease in resistivity. It is possible
that for the specific experimental conditions used, the amount
of vapor adsorbed as a function of relative partial pressure
lies on a plateau of the adsorption-relative partial pressure
curve. This possibility has been explicitly defined in sorption
studies'® involving fly ash and sulfur trioxide.

With respect to the principal objective of this research,
the prediction of resistivity, both slopes shown in Figqure 23
are utilized. After determining the resistivity at 1000/T(°K) =
2.37 for the specific sulfur trioxide concentration of interest
using Equations (4) and (5), the line defining resistivity as
a function of temperature is established using the following
expression:

1og 0P, 1000r = 199, 1000/7 = 2.37 + [Sa (2.37 - 1000/T)] (6)
where
log 0, 1400yr = logarithm of resistivity for a specific
sulfur trioxide concentration and a
selected value of 1000/T(°K);
log p = value calculated from Equation (4) or

1000/T = 2.37 g s
@ / (5) for a specific sulfur trioxide con-

centration, ash composition, and a
reciprocal absolute temperature of
1000/T(°K) = 2.37; and

S_ = slope of log py versus 1000/T(°K). =
10.1048 for ashes in which Ca + Mg <
3.5% or K> 1.0% and 5.6673 for ashes
in which Ca + Mg > 3.5% and K < 1.0%.

T = temperature in degrees Kelvin

Expression (6) yields a curve of predicted resistivity as
a functlon.of temperature based on the estimated sulfur trioxide
concentration in the flue gas and the chemically defined type
of fly ash. It has been previously pointed out that the evidence
suggests thgt conduction due to adsorbed sulfuric acid vapor
is totally independent of other mechanisms. Also, in the absence
of sulfur trioxide, it is known that conduction is dependent
on the charge-carrying capability of the alkali metal ions and
is controlled_by the interaction of water vapor and the fly ash
surfacg. Obviously, under certain conditions both conduction
mechanisms can be operative. The combined effect of the two
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mechanisms is established by determining the resultant resis-
tivity using the equation for parallel resistances. In the fol-
lowing section the mechanics of combining the effects of the
principal factors controlling the resistivity of fly ash will

be given. The result is a prediction of resistivity as a func-
tion of temperature for a given coal and coal ash composition.
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SECTION 7

RESISTIVITY PREDICTION METHOD

The resistivity of a collected layer of fly ash is affected
by certain physical, chemical, and electrical factors. It is
known that the ash layer porosity and the available conducting
surface resulting from the microplacement of a given particle
size distribution have a significant effect on resistivity.
However, since there is presently no way of anticipating these
factors from core bore samples, an attempt was made to circumvent
this problem by incorporating into the study a large number of
fly ash specimens having a wide range of properties. Hopefully,
this technique has minimized the influence of the physical charac-
teristics of specific ashes. The chemical factors include the
chemical composition of the fly ash and the concentrations of
water vapor and sulfur trioxide in the flue gas. The influence
of these factors has been quantitatively defined in a preceding
section. The effect of electrical stress on resistivity was
also discussed previously.

The predictive method attempts to accomodate the most general
case; that is, the prediction of fly ash resistivity from a core
bore sample of a coal that has never been commercially fired.

The various steps used in the prediction of resistivity are dis-
cussed below so that one can calculate resistivity as a function
of temperature from the expressions and graphs previously given
or one can use the computer program that is given in the next
section for this purpose.

REQUIRED INPUT DATA

The required input data are obtained from the as-received,
ultimate coal analysis and the chemical analysis of the coal
ash. Since the predicted resistivity is sensitive to the chemical
factors involved, it is emphasized that one should use the best
available coal and ash specimens and that accurate quantitative
analyses are available.

For this research program, the ASTM D3176 procedure was
used to determine the ultimate coal analysis. From this informa-
tion, a stoichiometric combustion calculation to determine the
flue gas composition based on 30% excess air is made. The 30%
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excess air value was selected by evaluating the precipitator
inlet flue gas analyses submitted by the forty utility operators
that assisted in this program by supplying ash samples and useful
data. The combustion calculation will not be reproduced here,
because it is a familiar step to the concerned industry. The
output of the computer program that follows shows the general
form of the calculation. Two factors from the computed flue

gas analysis are used in the resistivity prediction. These are
the water concentration in volume percent and the sulfur dioxide
concentration as the dry, volume fraction in parts per million.
For the example calculation that follows, the water concentration
equals 9.9% and the sulfur dioxide concentration equals 1350

Ppm.

The coal ash was produced by first ashing according to the
ASTM D3174 procedure and then reigniting a specimen at 1050°C #
10°C in still air for 10 to 12 hours (overnight). This ignition
schedule was found to be optimum for the several coals used in
this study. The good agreement between the fly ash and coal
ash chemical compositions will be shown later in this report
in the section describing the testing of the predictive technique.
When other research'? is examined, the ignition temperature
established in this work by trial and error seems reasonable.
It is hoped that in the future an objective technique will be
established to determine the optimum ignition temperature for
each specific coal sample prior to chemical analysis.

The coal ash is chemically analyzed, and the data are re-
ported as oxides in weight percent. After normalizing the weight
percentages to sum 100%, each oxide percentage is divided by
the respective molecular weight to obtain the mole fraction.

Each mole fraction is divided by the sum of the mole fractions
and multiplied by 100 to get the molecular percentage as oxides.
Each molecular percentage is multiplied by the decimal fraction
of cations in the given oxide to obtain the atomic concentration.
An example of the calculation is shown in Table IV. The follow-
ing atomic concentrations taken from Table IV are of interest

for the resistivity prediction: {(a) the sum of lithium and
sodium, 0.36, (b) the sum of magnesium and calcium, 10.7, (c)
iron, 1.3, and (d) potassium, 0.65.

CALCULATION OF RESISTIVITY

Using the aforementioned input data, resistivity can be
calculated as a function of the usual temperature spectrum ex-
perienced by both cold-side and hot-side precipitators. The
entire resistivity-reciprocal absolute temperature curve is pro-
duced from the combination of three separately calculated curves.
These three resistivity-temperature relationships reflect the
influence of: (a) ash composition, p,, (b) ash composition-water
concentration, pg, and (c) concentration of sulfuric acid vapor, pj-.
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Table 1IV.

Illustrative Example of the Calculation of the Atomic Concentration of Cations
' : in Coal Ash. '

Oxide Determined Normalized Molecular Mole Molecular Cationic Conﬁ:z:;;tion
Wt % Wt 7 _Weight Fraction Percentage Fraction of Cation
Lio0 0.01 0.01 29.88 0.00033 0.022 0.67 0.015
Na,0 0.46 10.47 61.98 0.00758 0.517 0.67 0.346
K20 1.30 1.34 94.20 0.01423 0.970 0.67 0.650
MgO 2.82 2.91 40.31 0.07219 4.921 0.50 2.461
Ca0 13.10 13.52 56.08 0.24108 16.433 0.50 8.217
Fe;03 7.46 - 7.70 159.70 0.04822 3.287 0.40 1.315
Al203 18.40 19.00 101.96 0.18635 12.703 0.40 5.081
S510; 49.60 51.22 60.09 0.85239 58.103 0.33 19.174
TiO; 0.64 0.66 79.90 0.00826 0.563 0.33 ~ 0.186
P20s 0.57 0.59 141.94 0.00416 0.284 0.29 0.082
S0, 2.50 2.58 80.06 0.03223 2.197 ' 0.25 0.549

Sum 96.86 ©100.00 -—== 1.46702 100.000 38.076



Calculation of Volume Resistivity, oy

This value at a reciprocal absolute temperature of 1000/T{(°K)
1.6 can be obtained graphically from Figure 11 or can be computed
from:

log pvl e = 8.9434 - [1.8916 log x] - [0.9696 log y] +

[1.2370 (log z - log 2.5)]}, (7)

where x, y, and z are the atomic concentrations of Li + Na, Fe,
and Mg + Ca, respectively.

Expression (7) was derived by summing the three curves shown
in Figure 11 and converting to base 10 logarithms. Substituting

the concentrations from Table IV for x, y, and z into Equation (7),

the value of log py, | . ¢ becomes 10.4533. Using Equation (3),

this value for log py, ,. which is based on the experimental

voltage gradient of 2 kV/cm can be adjusted to the arbitrarily
selected gradient of 10 kV/cm used in this predictive technique.
Then the value of log py at 1000/T(°K) = 1.6 and E = 10 kV/cm
equals 10.2133, and py = 1.6 x 10'° ohm cm.

By inserting this corrected value of log Pyv,1.6 in Equation

(1) and letting 0 equal 0.86 electron volts, the average value
for this study, the preexponential term of Equation (1) is calcu-
lated. Knowing this term, values of py at all temperatures of
interest can be calculated. 1In this manner log pV at 1000/T(°K) =
1.4 was calculated as 9.3464 (py, = 2.2 x 10° ohm cm), and

1ol
curve number one in Figure 24 was constructed.

Calculation of Surface Resistivity, ps

The values of log pg at reciprocal absolute temperatures
of 1000/T(°K) = 2.8 and 2.6 for E = 2 kV/cm and a 9.0% water
concentration can be graphically interpreted or calculated using
the expressions shown in Figures 2 and 3, respectively. These
values then can be adjusted to an E value of 10 kV/cm and to
the example environmental water concentration of 9.9% using Equa-
tions (3) and (2), respectively. After these corrections are
applied, the values of log pg are 10.3255 and 11.4095 for recip-
rocal absolute temperature of 1000/T(°K) = 2.8 and 2.6, respec-
tively and pg, , , and og, , . are 2.1 x 10'° ohm cm and 2.6 x

10!! ohm cm, respectively.
If this technique for calculating pg is used at higher tem-

peratures and the values of pg are combined with the previously
calculated p, values using the parallel resistance expression,
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a discontinuity can develop in the resultant resistivity versus

reciprocal absolute temperature curve.

This can occur because

of the significant effect of the alkaline earth elements on the

high temperature resistivity, py.

If one were interested in

calculating the predicted resistivity at a single cold-side pre-
cipitator temperature, for example 1000/T(°K) = 2.4 (291°F),

the above procedure used to calculate the values at 1000/T(°K)
2.8 and 2.6 would be adequate.??

from the value computed at 1000/T(°K) = 2.6, an expression

However, to extend the pg versus reciprocal absolute tem-
perature curve to some limiting value such as 1000/T(°K) = 1.4

previously rationalized and found useful was used:

where
ps
Pso
W
T
K, and K,

the
the
for
and

= e
Ps Pso

Expressed in logarithmic form this equation is:

log P = log oo ~ [log e K, exp (K,/T)] W

21,13,22

(8)

(9)

surface resistivity influenced principally by
temperature, ash composition, water vapor
concentration and specific surface,

maximum surface resistivity as the effect of
water vapor approaches zero at high temperatures,

water vapor concentration in volume percent,
absolute temperature, °K,

parameters related to the physical and chemical
properties of the water vapor having the

dimensions l/volume percent water and degrees
Kelvin, respectively.

The quantity shown in brackets in Equation (9) defines the
change in the
concentration
defined as Sw

[
w
log Sw

Figure

regression analysis of the data shown in Figure 14,

logarithm of resistivity as a function of water

at a given temperature. This value was previously
in Equation (2); that is,

log e K, exp (K,/T) and (10)

log (K,log e) + K,log e (1/T). (11)

14 graphically illustrated Equation (l11l). Using
numer ical values for the intercept and slope calculated from

the values

Ko and K, were determined, respectively, as 7.3895 x 10”"
2.3033 x 10°%.
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Knowing K,, K,, the water concentration, and Ps, , the
value of pgy was calculated from Equation (8). After éégermining
Psor the values of pg at 1000/T(°K) = 2.4, 2.2, 2.0, 1.8, 1.6,
and 1.4 were computed. The curve showing these values for surface
resistivity, Pg, as a function of temperature are shown in Fig-
ure 24, curve numbered 3.

Calculation of Combined Volume and Surface Resistivities, pyg

Although in the absence of significant sulfuric acid vapor
the surface and volume conduction mechanisms are both dependent
on alkali metal ions for charge carriers, the two processes af-
ford separate conduction paths through the ash layer. Resis-
tivity as a function of temperature for the combined effect of
surface (pg) and volume (py) resistivities can be calculated
using the expression for the sum of parallel resistances stated
in terms of resistivity:

= S
Y (12)

It becomes apparent that when py>>Pg then pyo ~ p and when
ps>>py then pyg ~ py. Curve number 4 in Figure 24 shows the
resultant pyg-

Calculation of Acid Resistivity, pa

In previous discussion it was concluded that surface conduc-
tionm resulting from the adsorption of sulfuric acid vapor occurs
by a mechanism unrelated to that occurring due to the interaction
of the ash surface and water vapor. Consequently the surface
resistivity resulting from the adsorption of sulfuric acid vapor,
Par is calculated separately in a manner analogous to those used
to calculate pg and py. Finally, the effect of adsorbed acid
on the complete resistivity-temperature relationship is incor-
porated by combining py with pyg using the expression for parallel
resistances.

Present knowledge suggests that the effect of adsorbed acid
on resistivity is a function of fly ash composition in that certain
compositions have greater affinity for the acid. Because of
this, two separate calculations are used to define py; as a function
of environmental sulfur trioxide concentration and temperature.

If the combined atomic concentration of magnesium and calcium
< 3.5% or the potassium concentration is > 1.0%, then:

log o_ = [12.9676 ~ (0.3075 C__ )]

(10.1048 (2.37 - 1000/T)]. (13)
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If the combined atomic concentration of magnesium and calcium
is > 3.5% and the potassium atomic concentration is < 1.0%, then:

= : - (0. +
log pa [12.1612 (0.3712 CSO3)]

[5.6673.(2.37 - 1l000/T)]. (14)

where

Cogs = concentration of sulfur trioxide in dry volume
SO ppm and

T = absolute temperature in °K.

The chemical limitations applied to Equations (13) and (14)
generally define what is commonly referred to as eastern and
western ash, respectively. Equations (13) and (14) were obtained
by respectively substituting Equations (4) and (5) into Equation
(6) utilizing the appropriate slope value. 1In either case above,
the calculated value of p5 is that concomitant with an E value
of 2 kV/cm. As in the case of the calculations of p, and ¢g,
tge Py values at 2 kV/cm are adjusted to 10 kV/cm using Equation
(3).

In the example problem being considered, the stoichiometri-
cally calculated concentration of sulfur dioxide was 1350 ppm,
dry volume. The concentration of sulfur trioxide used in the
prediction of resistivity, Cgo;, is taken as 0.4% of the computed
Cgoz vValue. 1In this case, Cgn; equals 5.4 ppm. This method
o? computing the Cgqo; concentration is based on the review of
information from seventeen field tests in which both sulfur
dioxide and sulfur trioxide determinations were made using speci-
mens taken at the inlet to the precipitator. It is assumed that
the degree of equilibrium between the fly ash and sulfuric acid
vapor at the inlet to a precipitator is similar to that existing
at the surface of an ash layer after long-time exposure to a
laboratory test environment.

In the example problem, the ash analysis indicates that
Equation (14) should be used to compute pz with Cso,; equal to
5.4 ppm. After correcting to E = 10 kV/cm using Equation (3),
values of pz for several values of 1000/T(°K) were plotted in
Figure 24, curve number 5. No data are computed for values of
1000/T(°K) > 2.4. There are two reasons for this. One, no signi-
ficant experimental data were acquired at temperatures lower
than this point. Two, at the lower temperatures, the acid dew
point is approached. It is not possible to precisely determine
this value, and the effect of condensed acid on resistivity has
not been measured.
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Calculation of Combined Volume, Surface, and Acid Resistivities,
Pvsa

The curve for resistivity as a function of temperature is
completed to include the effect of adsorbed sulfuric acid vapor
by combining the values for p; and pyg using the equation for
parallel resistances expressed in term$§ of resistivity:

pP_ P

0 = _;;:JEi_ (15)
a Pys

When pa>>pyss Pysa ~ Pys and when pyg>>pz, Pysa ~ Pa- Curve
number 6 resulting from the use of Equation (15) is indicated
in Fiqgure 24. Comparison of the resistivity-temperature relation-
ships pyg and pyg; shows the effectiveness of sulfuric acid vapor
as an agent for attenuating resistivity. The example used to
illustrate the method of predicting resistivity in this section
is also used to illustrate the computer program described next.
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SECTION 8

COMPUTER PROGRAM FOR PREDICTING RESISTIVITY

In the preceding section a method was described with which
resistivity as a function of temperature can be calculated.
Using an assumed as-received, ultimate coal analysis and the
concomitant coal ash analysis as input information, the method
was illustrated in detailed steps by computing the resistivity
from the many equations and correlations established earlier
in the report. In this section a computer program is given to
determine resistivity as a function of temperature using the
same illustrative example. The program written in FORTRAN is
shown in documented form as Table V. The program written in
disk BASIC for a TRS-80 microcomputer is shown as Table VI.

The input for the FORTRAN program is shown on a multiple-
card layout form, Figure 25, indicating that a data set of three
punched cards are required. The first card contains two vari-
ables: IEND, an end of data indicator, and ITITLE, the title
or designation information. For each data set of three cards,
IEND should be blank. A card with IEND equal 9 should follow
the last card of the last data set to stop the program. The
second card contains the input data for the variables XIN, SO2,
W and E. The third card contains the input data for the variable
XMWPO. Figure 26 illustrates the three cards punched for the
example coal and coal ash.

Input for the BASIC program is from the computer keyboard.
The program prompts the user and provides opportunity for error
corrections. The program also allows the user to change sulfur
trioxide after initial resistivity is predicted. The BASIC
program is essentially a direct translation of the FORTRAN code.

The program can be used in several ways. The principal
mode is to determine ash resistivity at a field strength of 10
kV/cm from a core bore sample of coal in which case the data
for variables XIN and XMWPO are supplied respectively from coal
and coal ash analyses determined in the manner described in the
previous section. In this mode the variables SO2, W and E are
left blank.

A fly ash chemical composition can be used for the variable

XMWPO instead of a coal ash analysis. 1In this case, the loss
on ignition value normally reported for a fly ash analysis is
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¢ TABLE V
t
¢ COMPUHTER PRUGRAM FOR PREDICTINGR RESISTIVITY
C
r*itittttkii*l*ii*itttt*itt*it*tt*ttitt*t**ttitttt*t*ti**tt*i*tﬁtti*t*t*
Cw *
Cn THIS PRNGRAM IS DESIGMED TO COMPUTE FLY ASH RFSISTIVITY AS A *
Cw FUMCTTOM OF TEMPFRATURE FROM COAL AND COAL ASH ANALYSES, *
Cw PR, R, p. RICKELHAUPT OF SOUTHERN RESEARCH INSTITUTE wAS THE )
Cx PPINCTIPAL TNVESTIGATOR, THE RESFARCH WAS SPONSORED BY THE *
Cx PARTICHLATE TECHNOLOGY BRANCH, INDUSTRIAL ENVIRONMENTAL %
Cw RESEARCH, LABDRATNRY OF THE ENVTIRONMENTAL PROTECYInN AGENCY, *
Cx DR, L. F. SPARKS, PROJErT OFFICER, *
Ce ®
C*iﬁﬁﬁ*t****ttiiti*i***ttttt*ttt**t*tt**ii*ttiiit**titittttititttiﬁt**tt
o

NIMENSTON XIN(T7),wTM(6),X02(S),XDACS),02(T7),DACT),WET(5),0RY(Y),

» XMOLES(7Y,ITITLECTS), XMWPOCL1Y), uPnLct11) XMWOC11). XMFC11),

* XMPn(jl).XHPtflp) TFMP(B) TK(8),KT(R)Y, RVSA(8),PFOC11),ICT(8Y,

* RV(A),RS(B).RVS(B),RA(B),TFT(8),51(2).YCEPT(2),SW(2)
e | _ .
EQUIVALENCE (RS(7),RS26)
c _ _
C*t*t*tii*ttittttitt**it*t****t**t*tit*ttiitttt*ﬁ*i***i*itiﬁﬁt*t*tiﬁtitt

Cw "
Ce DEFINITION OF VARIABLES IM DATA STATEMENT *
Cwn *
Cwx TEMP RECIPROCAL ABRSOLUTE TFMPERATURE = 1000/7 DEGRFES K %
Cx TK TEMPERATURE DEGREES KFLVIN *

cx ICT TEMPERATURE DFGREES CENTIGRADE « INTEGER FORMAT FNOR PRINTINGH
tx IFT TFMPERATURE NEGREES FARENHEIT = INTEGER FORMAT FOR PRINTING #

Cae KT TERPERATURE DFGREES KELVIN = INTEGER FORMAT FOR PRINTING *
L X0P MALES OF NXYGEN RENUIRED PER MOLE OF C,H2,02,N2,5 *
Cox FOR COMBUSTTON _ *
Cx  X0A MPLES OF DPRY AIR REQUIRED PER MOLE OF C,H2,02,N2,§ *
Cx FNR COMRUSTION *
Cx S1 SI OPE OF LM RHD VS ATOMIC X LTTHIUM 4 SODTUM AT *
Ca 1000/T DEGRFES K 8 2,6 AND 2,8 RESPFCTIVELY *
. Ce YCEPY INTFRCEPT OF LN RHO VS ATOMIC % LITHIUM 4 SOPTUM AT *
Cw 1000/T DEGRFES K = 2,6 AND 2,8 RESPECTIVELY : *
Cx Su SLOPE OF LOG RHO VS VOLUME X WATER AT *
Cx 1000/7 NPEGREES K & 2,6 AND 2,8 RESPECTIVELY *
Cx  WTM MOLECULAR WEIGHTS FOR C,M2,02,N2,S,H20 *
Cx PEN % CATIONS FNR RPPORTED ASH OXIDES . *
Cx XMWQ  MOLEC!LAR WEIGHTS OF REPORTED OXINES *
Cx %
Ctﬁt***ﬁt**ﬁtt**tﬁ**it*tt***ﬁ*t*tttittitﬁﬁitttt*tt******liit*tit*******i

¢
DATA TEMP/1,4,1,6,1,8,2,0,2,2,7.4,2.6,2.8/
NDATA TK/T14,0,625,0,556,0, Son 0, uss 0,017.0,385,0,357,.0/
DATA 1€T/441,352,2R3,227,182,144,112,84/
DATA 1FT/826,b666,541,0081,359,291,233,18%/
DATA KT/710,625,556,500,455,417,385,357/
DATA xND2/1,00,0,50,«1,00,0,00,1,00/
DATA XDA/U,T76,2, 18,-4,76, 0.00,4,76/
DATA SJI-Z 2331“8.-2 061840/
DATA YCEPT/24,R07004,22, 641601/
DATA SW/0,1280, 0 2029/
DATA WTM/12,01.2702,32,00,28.01,32.06,18,02/ :
NDATA PEQ/3%b6,66, 2-50 00,2#40,00,2%33,33,28,57,25.00/
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TFMPFRATURF = 385,00 NEGREES K
F St OPE LNG RHO VS FIELD STRENGTH

*

ONSTAMTS *
*

X 30% FXCESS AIR FUNCTION .
C Lo 2.5 *
A\ S1 OPE LNG RHC IN ARRMFNIUS FQUATION VS RECIPRNOCAL *
ARSN UTF TEMPFRATURE %

KGO CAMSTANT »*
*

]

4

*

*

R AR AN AR R R A AR AR AT R A AN AR R T AT AR NP AN AR ANA N AN R WA RN AR AR AR NN A AN AR IR

C

€

Cw
Cn
Cwn
Cw
Cw
Cx»
Cx

15

?

Cx = 13n,0/100.0

XC = aLOG1A(2,S)

Sv = u:33d§*10:0**3

XKn = 7’3890tln_n*g(-u)

XKY = 2,3033w10,08w3

T = 385,0

SE = n.H3

PrAD FROM CARD IEND ANMND DATA INDENTIFICATTON *

READ (2,h) TEND,ITITLE
FORMAT (T1,75A1)

TENG = 9 STOPS THE PROGRAM *
TF (TENR LEQ, 9) G0N TO 999

JSKIP 1S YARTARLF FOR PRINT SPACING *
ISKIP = 9

FEAD DATA CARD

XIN = AS RECFIVEN ULTIMATE COAL ANALYSIS

SNy = PPM SN2

W= VOLUME % WATFR

F = FIFLLD STRENGTH

SnP, W, ANPD E ARE NPTINNAL AS TNPUT VARIARLES
THE PRNGRAM WIILL CALCULAYE IF NDT INPUT

READ (2,1) XIN,S02,H,E

FORMAT (12F6,0)

* % % % * X %

READ NDATA CARD = XMWPD IS ASH ANALYSIS *
PEAD (2,1) XMWPOD

THF NEFAULY VALUF FOR FIELD STRENGTH E 1S 10,0 *
IF (¢ _FQ, 0,.0Y £Fz10.0

PRINT IDENTIFICATINN *
HRITE (3,7) TTTTLE

Fopuar (’1‘ SX, *RESTISTIVITY PRENICTION RASED ONM WORK DONE BY*/

* 6X,°NR, ROY RICKELHAUPT OF SOUTHERN RESEARCH INSTITUTE.®*/

* 4X,*THE RESEARCH WAS SPONSNRED BY THE PARTICUIATE*/
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121 » 6!.5TECHN0LOGY BRANCH, INDUSTRTAL FMVIRONMENTAL PEStAPCH'/

122 * bX.'LABORATO?Y OF THE ENVIRONMENTAL PROTECTION AGENCY,’/
123 « LD, L, ¥F. SPARKS, PROJFCT OFFICER,® /// 1%X,75A1/7/7)
124 ¢

128 Cw IF & AND SN2 ARF G;VEN A§ INPUT DONT CALCULATE « SKIP T0 75
126 IF ((W_NF,0,) LAND, (802.NE,0,)) GO Tn 75

127 o

12R ISKTIP = |

129 t

130 Cw Sust £nal. ANALYSIS

131 Syril = 0,n

132 no 16 1=1,7

133 SurIh = SUMIM 4 YIN(T)

134 10 CONTTHIE

135 IF (SUMIN .EQ, 100.0) GN TN 30

136 c

137 Cx NORIGALTZF COAL AMALLYSIS

134 DN 20, 1=24,7

139 YINCTY = XTINCIY/SUMIN®10O, 0

140 A0 CQUTINIIF

141 SUMIN = 100,0

147 c

14% Cxn CALCULATF AND SUM MOLES e MOLES @ X/MOLECULAR WEIGHT

144 30 SUMDILE a 0.0

148 Py an Ist,6 _

146 XMOLFSCTY = ROUED(XINCIYZWTM(T))

147 SUMOIE = SUMOLF + YMOLES(I)

148 an COMTINUF

149 ¢

150 Cn CALCUI.ATE AND SUM MOLES 02 AND NDRY AIR

151 Cx REGUTREND FNR COMRUSTINN AT 100X TOTAL AIR

152 SUMD? = 0,0

153 Surna = o,n

154 2o 56 131,5

15% TF (1 “ER, 4) 60 TO So

156 N201) = RONND(XMOLES(I) » X02(1))

157 FACIY = ROUND(CXMOLESCI) % XDA(T))

158 SUMN2 = SUMO2 + N2(1)

159 SUMNA = SUMDA 4+ NPa(T)

160 50 CONTTINIF

161 o

162 Cn PRINT _ , _ _

163 WRITF 3,2y (XIN(IY,XMOLES(I),n2C1),DA(IY,101,7),8UMIN,SUMNDLE,
1640 * §itin2, 511MNA

169 2 FOPMAT (T41,*REQIIRED FOR COMBISTION®/ TU3.'MOLES/!00 LR FUEL'/
166 * Tﬂ 'As RECEIVFN®’, sz.'MnLFs PER',Tul.'AT 100X TOTAL ATR®/
167 * 'HLTTiATF COAL’,T28,100 LB”,T44, 23('-’)/ TiO.'ANAlVSIS'
168 * TPq.'FUEL' 7U§.‘02‘.TSS.'DRY AIR?/ T7.13(%="),T126, 9(*=’),Tul,
169 * o('-‘) T55,7(*=*)/ % C?,T11,.F6.,2,T27,F6,3,TU3,F6,3,T56,F6.3/
170 * _ P?' T11,F6.,2:,T27.F6, 1 T4y, Fb.l.TSb Fb 3/

171 * * nre, TU1,F6.2,T2T,Fh,%,T43, Fb 3.756,F6,3/

172 * ¢ si2e, T11.F6 2:T27,F6,%,T43, F6,3 T56,F6,3/

173 " * 8, T11,F6,2,T27,F6,%,T43,F6.3,T56,F6,3/

174 * * HP20%, T11,F6,2,T27.,F6,%,T43, Fb 3,756,F6,3/

A * * ASH’, Tit,F6,2,T27.F6,3,T43, Fb 3,7T56,F6,3/7/

176 * * slin°, T11,Fhe2eT2T.F6,%,TU43,F6.3,T56,F6,3//)

177 C

178 Cx CALCV'I_ATF MOLFS 02 AND DRY AIR REGUIREND FOR COMBUSTIONM

179 M AT 30% EXCFSS AIR

180 XSUMMAY = ROUNDICX w SUMO2)
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181
182
183
184
185
186
187
188
169
190
191
192
193
194
195
196
197
1948
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
22
223
224
22%
22k
227
228
2e9
230
231
232
233
234
23s
236
237
238
239
240

[m )

Cw

[m}

Cx

Cw
C %

3

60

70

[}

75

XSHUMRA = ROUNDECY « SUMNA)

CAIC'1 ATE EXCESS ATR AND EXCESS 02
FxAIR = XSUMNDA e SUMDA
Fxn2 = XxSUMO2 « SuMD2

PRINT

WRITF (3,3) XS'IMN2,XSUMDA,FXAIR,EX0D2

FORMAT (T34, °RPER FONR counusvlou'/ 735,‘MOLF8/100 L8 FUFL'/

* T6,7030% EXCFSS AIR’/ T3U,18(*=*)/ T37,°02°,T44, DRY AIR'/
x T15,6(°%=%),3X,7(*%=%)/ ¢ 02 AND ATR » 130/100 TOTAL’,7X,F6,.3,
* 4UX,F6.37 * FXCESS ATR?,T4%5,F6,.37 * EXCESS 02°,T35,F6.3//)

CaLCULATF PRODUCTS OF CNMRLSTINN

XMOLFS(2) 2 XMNLFS(2) ¢ XMOLES(6) 4 (XSUMDAw29,0#%0,013)/18.0
XMOLFSI3) = XMALES(S)

XMOLFS(a) = XMOLESC4)Y + (XSUMDA%0,79)

XMOLFS§CS) = FXN?

CALCULATE X BY VNLIIME « WET BASIS
SIUMNFT = 0,0

no Ko 11,5 .

SUMWET = SUMWET & XMNLES(])
COMTINUE

CALCU'LATE ¥ BY VOULUME = NRY RASTS
SUMPDRY = SUMWET = XMOLES(2)

Sind WET AND DRY

P 70 1=1,5

WET(TY = ROUNDCXMOLFS(I)/SUMWET®100,)
NRY (1) = ROUMDCXMOLES(I)/SUMDRY®*100,0)
CONTYNUE

DRY(2)Y = 0.0

PRINT
WRTTF (3,4) (XMOLES(I),WFT(I),PRY(T),I=21,5),SUMKET,SUMDRY
FORMATY (T17,* PRODUCTS NF COMBUSTION'/ Tit, 37(' “‘V/ T13,°TOTALY/

T11, MOLES/Z100°,6X,°% BY VOL®,6X,°% BY VOL®/ T12,°L8 FUFL’,

¢ N2’ ,8%,F6, +BX,F6,3,8X,F6,3/ ¢ H20*,8X,F6,.3,8X, F6 3,8X,F6

¢ 02%,9X,Fh, 3 ax Fhu3,8X,F6.3/ *# SUM WET?,uX,Fe,3/ * SUM DRY’,
4x, Fb 3//)

* % % % ¥ »

TF W AND SN2 ARE NNT GIVFN AS INPUT (=0,0) SET W AND
S02 FROM PREVINUS CALCULATIONS

TF (W .EQ. 0,) WEWET(2)

TF (502 ,EQ., 0.) SN2mDRY(3)«10000,0

SC2 = e1,0 (N DATA CARD INDICATES §02 SHOULD BE 0,0
IF (Snp .EQ. -‘10) Sng=n,

CALCULATE SO3 FROM S02
03 = 0,004S0?2

REPRFSFNT S02 ANMD F AS INTFGFRS

I8N = 504
TE & E
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bY,wET HASTS’ RX,‘DPY NASIS’/ Tit, 9('-‘),5! 9¢’="), SX 9("‘)/

* sn2°,RX,Fh, x 8X.F6.3,AX,F6.3/ ¢ N2?,9X,F6.3,AX,F6. 3,8%,F6°3/



241

242
243
244
248
246
247
U8
249
250
259
252
253
254
255
5k
257
258
259
260
261
262
263
264
265

266

267
268
269
270

271

272
273
274
275
274
277
278
279
280
281
282
28%
284
28S
286
287
288
289
290
291
29¢
293
294
295
296
297
29A
299
i0n

Cw

"

a0

29

tno

Cw
Cw

Cw
Cw
Cw
Cw

Ca
Cx
Cx

b |

ROUME W AND SO TO THE NEAREST 0,1
Wz ATNT(W&10,0+SIGNCO.5,W))/10,0
SQ3 = AIMT(903*10 0+SIGNCO, 5,503))/10,0

PRINT

WRITF (3,11) W, Is0e,503,1E

FORMAT (% H2D¢,F14,1/ ° 8S02¢,8%X,16/ * SO3°,Fld,1// * E'

SUM ASH ANALYSIS

SUMY = 0.0

ho B0 1=1,

1

SUMX = SUMX « XMWPD(T)

CCMTINUE

MORMALYZE AND SUM ASH ANALYSIS

SUMA = 0.9
Do 90 I=9

)11

WPOLC(T) 3 (XMWPA(T)/SUMX)Iw100%0
SUMA = SUMA + WPDLC(I)

COMNTINUE

CALCULATE AND SUM MOLE FRACTION = XMF

SUM = 0,0

ro 100 t=1,11

XMF(TY 3 WPOLC¢IY/ZXMWOCT)
SUM = SUM & XMF(T)

CONTIMIE

CALCULATFE MOLECUILAR % AS OXIDPES = XMPO
CALCULATE AND SUM ATOMIC CONCENTRATIONS OF CATIONS o XMPE

SUMR = 0,0

DO 110 T=1,11

XMPOCTY = XMF(TI)/SUM
XMPE(TY = XMPO(IY » PEO(T)
SUMB = SUMR ¢ XMPE(I)

CONTTWNIE

SL = ATOMIC CONCFMTRATION LITHTUM ¢+ SODIUM _
CM = ATOMIC CONCEMTRATION CALCYUM + MAGNESIUM

¥IRON = ATOMIC CONCENTRATION IRON
POT = ATOMIC CONCENTRATION POTASSIUM
SL = XMPF (1) + XMPE(2)

CM = yMPE(U) + XMPE(S)

XIROM = XMPE(6)

POT = XMPECY)Y

ROUND SI. AND POT TO THE NEAREST 0,01
ROUND £M AND XTRON TO THE NEAREST 0,1
SL = AINT(SL*IOU +SIGNCD, S.SL)s/loo.
CM =z AINT(CMwi9, +SIGN(0 S.CM)) /10,

XIROM = AINTOXTRON®1Q,+5IGM(0,S, XIRON))/ioo

POT = ATNT(POT#100.4SIGNC0.5, PnT))/lOO.

CLASSIFY ASH HASFD OF AFFINITY FOR ACID

L
t

{

aun

1

IF ((cH,67,3.5)

IF (TSKIP

WEQ,

> CALCTUM + MAGNESIUM > 3.5 AND POTASSIUM < 1,0
1 OTHERWISE

LAND, (POT,LT,1.0)) La2

1Y WRITE(3,14)
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301
30°
303
104
305
106
307
3J0R
109
310
I
312
313
314
31S
316
317
31A
319
320
321
122
323
324
325
326
127
128
129
130
331
137
333
334
335
336
3137
338
339
340
341
142
343
44
348
Uk
347
LY
349
350
359
38>
3153
354
3158
3156
157
158
359
160

J4 FORMAT (°1°)

o
Cw PRINT P
WRITE (3,12) (XMWPO(T) WPOLCCIY,XMPEC(I) I=t,11),8(/MX,SUMA,SUMB
12 FORMAY (T23,°COPRECTED®/ T1l4,°ASH?, Tab.'Asu'.Tao -ATOMtc‘/
* T11, ANALYSTS?,T24, ‘ANALYSIQ’.T}b.'CONCFNTRATInN’/
* T11,8(°=°),723,9(%«"),T36,1%(%=")/ ¢ L120",F12,2, P13,2,F15,3/
x * nA20”, F12.2.F13.2,F15, 3/ ’ K207,2F13,2,F15, 3y ’ Mso' 2F13,2,
* F15,3/ ¢ CAN’,2F13,2,F15,3/ * FE203°,F11,2,F13,2, Fts 3/ .
* * aL2037,F11,2,F13,2,F15,3/ ¢ S$102°7,F12.2, F13.2.F15 3/ * TIng’,
* F12.2,F13.2, F15.3/ ¢ 9?05',=12 2,F13,2,F15,3/ ¢ sns'.zrts.a.
* F15.3//7 ¢ SUM?,2F13,2,F15.3//)
£
115 WRITH 3,8) SL
A FOBRMAT tf SUM NF LTTHIUM AND SNADTIUM ATOMIC CONCENTRATIONS®,
* 5X.Fa.2)
WRITF ¢3,16) CM,YIRON,PQT
16 FORMAT (¢ SUM nF MAGNESIUM AND CALCIUM ATOMIC ancFNTRATtoNs'
* 2X,Fb.17 * TRNH ATOAMIC CONCENTRATIONG,27X,Fb6.1/
+ # PNYASSIUM ATOMIC anCENTRArrnN'.aex.Fh.all)
o
Cw RVi& IS .THE RESISTIVITY AT 1000/T NEGREFS K = 1,6 RASED ON »
Cx FXPERTMENTAL COKRELATION OF RESTSTIVITY A8 A FLUNGCTTION OF *
Cx SH COMPASTTION *
PV16 = R,9434 w1 R91AXAL0G10(SI) =0,9696wALOGLIO(XTRON)
* 1.2370%CALNGINCCMY~XE)
c
Cx Pvn T8 THE PRE«EXPOMENTIAL TERM IN THE ARRHMENTUS FQUATTON »
PY0 s RVIG = SV/625,0
r
Ce PV TS ANY RESISTTIVITY DEFINED RY THE ARRHENIUS EQUATION *
Cr ADJUST EACH RV FNR THF EFFECT OF E *
no 116 Is1,8
RVEIY = RVN 4 SV/TX(])
PVIIY = RV(I) = (Ew2,0)4SE
PV(IY = 10,0#%RV(T)
116 COHNTINUE
o
Cx RSC 1S SUPFACE PFRISTIVITY AS A FUNCTION OF *
Cx FNMPOSTTION AT 2.6 AND 2.8 "
Cx RSCw 1§ LNG SURFACE RESISTIVITY AS A FUNCTION OF a
fx COMPOSTTINN AMN VOLUME %X WATER AT 2,6 AND 2.8 . *
Cow RSCWF 1S LOG SIKFACE RESTSTIVITY AS A FUNCTION OF COMPOSITION, *
() VOLUME ¥ WATER, AND FIFLD STRENGTH AT 2,6 AND 2,8 *
Cx PS 1S SURFACE RESISTIVITY (HERF ONLY CALCULATED FAR 2.6 AND 2,8) =
no 117 1=1,?
J =21 + 6 . .
PSC = EXP(S1(IIAALNG(SLY4YCEPTIT))
RSCW = A OGIN(RSCL) = (Wa=9 0)wSW(I)
RSCWF = RSCW = (Fw2,0)%5F
RSEJY = 10,0%aR3CHF
117 CONTTIHNE
r
Cw RSt 78 THE PRE~EXPNNEMTIAL TERM IM THE DOURLE *
Cw EXPUNENTTIAL SURFACE RFSISTIVITY EQUATION *
RSN = RSPO6/EXP(awaXKOXEXP(XKI/TY)
£ .
Cw RS 1S SURFACE RFSISTIVITY (CALCULATED FOR {,4 = 2.4) *
PO 119 I=y,6 .
RSCI) = RSO % FXP(=waXKOREXP(XKI/TK(I)Y)
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361 119 CONTINIE

162 c , »

363 Cw RyS 1S THE RESISTIVITY RESULTINMG FROM THE COMBINATION OF
364 Ca VOL 1iMF AND SURFACE RESISYIVITIFS USING THE EXPRESSION
369 Cx FOR PARALLEL RESISTANCES

366 pn 12n T1=1,8 ]

367 PVS(T) = RV(TI)I«RS(I)/(RV(II¢RSCI))

36R 120 CONTINHE

369 ¢

370 Cw IF 802, 803 = A, nO NOT ADJUST RESTSTIVITY

LA o] FOR FEFECT OF ACTD

372 TF (SN2 .NE, 0.) GO TO 1202

3732 nn 1261 I=1 8

374 RVSA(TY = RVS(I)

375 1201 COMTTHUE

376 GO O 127

377 c .

378 (o CHEGK I « ASH AFFINITY FOR ACID

379 1202 GO TN (121,123), L

380 - f . )

381 Cx PA237 1S LOG RESTYSTIVITY A8 A FUNCTION OF S03 CONCENTRATIQN
18?2 Cw AT RECIPROCAL TEMPERATURE & 2,17

8% Cw RAT 7§ LOG RESISTIVITY AS A FUNCTION 0F 803 CONCENTRATION
384 Cx AND TEMPERATURFE

3185 Cx« ADJUST RAT FNR THE EFFECT OF E

186 | Cw RA 185 RESISTIVITY AS A FUNCYION OF SO3 CONCENTRATION

387 Cn AND TEMPERATLURE :
18R C , ,

189 121 RA23IT = 12,9676 « (0,3075x503)

390 ro 122 1=1,8

319} RAT = RA2I7 + (10n, 1048%(2,37=TFMP(1)))

392 RAY = RAT = (E= 2. 0)*SE

193 PACI) = 10,0%%RAT

3194 122 COMTTINUE

398 . GN TO 128

396 €

197 123 RAPIT = 12.1612 = (0, 3712w503)

198 GO 124 1s1,R

399 RAT = RA237 4 (5,6673»(2.37aTEMP(I)))

400 RAT = RAT = (E-P N)#SE

a0 RACT) = 10.0tiRAT

402 128 CONTTHUE

403 c .

4Qu Cx FvSa 1S RESISTIVITY RESULTING FROM THE COMBINATION NF THE
4905 Cw RESISTTIVITY AS A FUNCTION OF ACID CONCENTRATION AND THE
406 Cx PESTSTTVITY RESULTING FROM THE PREVIOUS COMBINATINN OF
407 C» VOLUME AND SURFACE RESISTIVITIES USING THE EXPRESSION
408 Cw FOF PARALLEL RESTSTANCES

409 125 DO 126 1=1,8 i

410 RVSACIY = RVS(I)#RACI)/Z(RVS(TI)+RA(I))

4 126 COMTINUE

432 o

6173 Cw PRINT

414 127 WwRITF (3,9)

415 9 FOFMAT (¢ TEMP 1000/T(X)?%,2x,*NEC K*#,2X,*DEG €*%,2X, *NEG F*,3X,
416 * 'hHﬂ(VS)’.SX.‘RHO(VSA!'/ 1X.10(‘-') 2X.5(' *1,2%X,5(%«"),2X,
417 * S(*=®),3X, T(*=*), IN,B(%=6))

418 c

419 PO 130 T=1,8

420 TF (1 "GFE, 7) 6D TO 128
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ue1 WRITF €3,13) TEMP(T),KT(1),ICTCI),IFY(I),RVSCTI),RVSA(T)

422 13 FOPMAT (1X,0PFA,Y,SX,3C4X,13),3X,1PEB,1,3X,1PF8,1)

43 6N TN 130 )

a4 128 WRITF (3,18) TEMP(I),KT(1),ICT(1),1FT(T),RVS(T])

425 {R FORMAT (1Xn0°F5.1.SX.Z(“X.I}),KX.IPES.1,7X.'**')

426 130 CONTTIHIE

427 r _

428 wRITE (3,19) ,

429 19 FORMAT (///7° =% FEXISTING EXPERIMENTAL DATA DD NOY JUSTIFY *, ]
430 * COMPUTATIONS?/ 6X,°AT TEMPFRATURES LOWER THAN (44 DEGRFES C,.°,
439 * ///77° ~NTFS BECAUSE THE PREDICTED RFSISTIVITY VALUES ARF °,
432 *  °VFRY®/ ° SFuSITIVE TOQ SEVERAL FLUE GAS AND ASH COMPOSITIONALY,
uly * * FACTORS,’/ * ONE MUST EXERCISE GREAT CARE IN THE SFLFCTION ¢,
43y * #AND PREFPARATTION®/ * OF COAL AND ASH SAMPLES, FURTHERPMDRE, °,
43s * *THF NUALTITY OF THE®/ ¢ OUAvTITATIVE CHEMICAL ANALYSIS WNRK 7,
436 * ‘15 OF GREAT TMPORTANCE,®/ * IN ESTABLISHING THTIS PRNGRAM, ¢,
437 * *THE AS=RFCEIVED, ULTIMATF COAL®/ * ANALYSES WFRE OBTAINED’,
43A " * 1JSING ASTM Nn3176 PROCEDURF, AND THE’/ * COAL ASH WAS *,

439 * ‘PRPDIICFN USING ASTM D271 PROCEDURE FOLLOWED BY’/ * A SECOND’,
440 . * IGNTTION AT 1050 DEGREES € 4 OR ». 10 DEGREES € IN’/

441 * * STILL AIR FOR 10 TO {2 WOURS.”)

44? c ‘

uusy GO TN §

aqa r

448 Cx SKIP TN TUP OF PAGE AND STOP

446 999 WRITE (3,17)

447 17 FOQRMAT (*1°7)

44R STOP

ua9 FND
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Table VI

PRGE 4 BASIC PROGRAM FOR RESISTIVITY PREDICTION 27 G 1979

18 REN eree PROGRA PREDRES ke
BSIC PROGRAM WRITTEN IN TRS-80 DISK BASIC 32K RAM

RESISTIVITY PREDICTION BRSED ON MORK DONE BY
28 REM ROV BICKELHAUPT OF SOUTHERN RESERRCH
30 REW BASIC PROGRAM CPREDRES) BY LE SPARKS
48 CLS:PRINT*RESISTIVITY PREDICTION® :POKE 16425, 8
SA LFRINT TRS(18)*RESISTIVITY PREDICTION BASED ON WORK DOKE EY*
€3 LPRINT TAB(18) "R ROY BICKELKAUPT OF SOUTHERN RESERRCH INSTITUTE®
76 LPRINT TRB(19) “BRSIC PROGRR1 BY DR L E. SPARKS PARTICULATE TECHHOLOGY BRAHCH":
LPRINT TRB(10)°INDUSTRIAL ENVIRONMENTAL RESERRCH LRS RESERRCH TRIANGLE PRRK NC EPR®;
CHR(18); TRB(2S); *VERSION 1 HAY 1, 1979"
8 DIH USC7), RS$(11)
99 DIN X1(7), HTC7), H0(5), KD(S), 02¢7), DR(2), KE (5, DR(S)
160 DIN YH(7), XB(14), KPCAL), SHCL1), ¥FC44), XP(A1), YEC44), TE(B)
118 DIN KT(8), R(B), PECA1), CT(B), RV(B), RT(), RS(B), RA(B), FT(B), S4(2)
128 DIN YC(2), H(2)
138 FEM THE FOLLOWING THO FUNCTIONS ROUD TO NEAREST . 661 R .1
140 DEF FIRB(X)=INTCY+1068 +. 5)/1688
430 DEF FIRLCO=INTCH#0 +. 5)/18
150 REM RESD TENPERATLRES FOR KHICH RESISTIVITY 1S T0 BE CALCILATED FROM DATR STRTEMENT
178 RN TE = 1088/T DEG K, TK=TEKPERATURE DEG K. CT TENPERRTURE
BEG C, FT TEMPERRTURE DEG F, KT TEWPERRTURE DEG K INTEGER FORM
128 DEFINT K, 1
190 FOR 1=4 70 8
200 RERD TECD), TK(), CTCD, FTCI, KTCD)
218 NEXT 1
228 FEN RERD POLES OF 02 (X0) AN DRY AIR (XD REGUIRED FOR COMBUSTION OF C,H2,02,M2,5 IN FUEL
238 FOR 1=4 70 5
248 RERD ¥OCD, XD(1)
258 MEXT 1 |
268 REH RERD MOLECULAR MEIGHTS NT OF C,H2, 02, 2,5, AN H20 FROM DATA STRTEMENT
B FR 14 106
289 PERD WTCD)

298 NeXT 1 :
303 PEM REFD 7 CATIONS FOR REPORTED RSH ORXIDES

MOFR 1AL TO 44

323 RERD PECD

338 KEXT 1

340 REM RERD ROLECULRR WEIGHTS OF REPORTED ASH OXIDES

IVFR I TOU

368 RERD W(1)

378 REW RERD STRINGS FOR LRBLES #+ RLL RERDS ARE FROM DATR STRTEMENTS
308 NEXT I

398 FOR 1=1 TO 7:RERD USCI):NEXT 1

480 FOR 1=1 TO 11:RERD AS$(I):NEXT 1
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Table VI (cont'd)

PRGE 2 BRSIC PROGRAM FOR RESISTIVITY PREDICTION 27 AG 1979

410 S1(1)=-2 233348:51(2)=-2. 06184 YC(1)=24. 507004 .YC(2)=22 6416
420 SH(1)=. 128:SH(2)=. 2029

430 (X=130/168:XC=L0G(2. 5)/L0G(18)

448 SV=4, 345+1000 . XK=7. 3534/10000.

458 X1=2 3933+1608:7=385:5E=. 63

468 53-8, :S0=0. :Wi=6.

478 ES= 03:REM ES 1S THE CORRECTION FRCTOR FOR E FIELD

460 LPRINT CHR$(10), (HR$(10), (KR$(19)

498 TNPUT" NAME OF PLANT ";R$

508 INFUT*NAME OF COAL";B$ }

516 PRINT® PLANT NRME 1S ";R$: REW CHECX TO SEE IF DATA ARE K
520 PRINT" COHL NAME IS *;B$

938 INPUT*IS THIS CORRECT Y OR N ";¥v$

540 IF YYe="Y" THEN 568

558 PRINT“REENTER INCORRECT DATR":GOTO 498

568 LPRINT “PLANT NAME IS ";R$;"  CORL NRYE IS °;B$

576 PRINT® INPUT ULTIMATE CORL ANRLYSIS®

560 FOR I1=1 T0 7

590 PRINT U$C1), X1C1); * PRESENT YRLUE 7°: INPUT XICI)
608 NEXT 1

616 PRINT"ULTIMRTE ANALYIS®

62 FR 1=1 T0 7

638 PRINT U$(1, XICDD

648 NEXT 1

638 INPUT"1S THIS CORRECT ¥ OR N°; v

668 IF Y$="N" GOTO 678 ELSE GOTO 638

670 PRINT "REENTER ANY INCORRECT DATR®:GOTO 566

689 REM THE FOLLOWING DATR ENTRIES RRE OPTIONAL IF @ IS ENTERED THE PROGRAHM WILL CRLOWLATE
698 INPUT"CPTIONAL INPUT IF INPUT 8 PROGRRM KILL CALCULATE

ENTER H20 IN GRS 7% IR

768 PRINT"OPTIONAL INPUT. PRESS ENTER AND PROGRAM WILL CALCULATE

ENTER -1 IF DESIRE @*:

INPUT*ENTER SO02 IN PPHF; S0 :

718 INPUT"OPTIONAL INPUT IS @ INPUT PROGRRM NILL CRLCWLATE SO3 RS 8. 804+502 ENTER PPH SO3%;53
728 INPUT®OPTIONAL INPUT IF ENTER @ PROGRRM WILL CALCULRTE ENTER ELECTRIC FIELD KV/CH"E
738 PRINT"ENTER ASH RNAYSIS®

748 FORI-ATOU

758 PRINT RS$<1), X8C1); "PRESENT VALUE®: INPUT XB(1)

760 1F E=B THEN E =16

778 NEXT ]

786 FOR 1=1 TO 11

79 PRINT RS$(1), X8(1)

808 NEXT 1
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Table VI (cont'd)

PAGE 3 BRSIC PROGRAM FOR RESISTIVITY PREDICTION | 27 A6 1979

818 INPUT"IS THIS CORRECT RSH ANALYSIS ¥ OR N Y4
820 1F V$="N" THEN GOTO 738

838 REM CHECK TO SEE IF PROGRRM 1S TD CRLCULATE H20 RND SO2
848 IF NRO8 AD SOO8 GOTO 1446

858 REM S COAL RMNALYSIS

868 5=0.

878 FOR I-1 T0 7

830 S=5+X1CD

899 NEXT |

998 REM CHECK TO SEE IF SUM OF RSH RNRLYSIS IS 108
916 1F S =188 GOT0 970 '

920 REM NORMRLIZE RSH AHRLYSIS

9BFR 14 TO 7

946 XI(D=X1(1)/5+168

958 HEXT 1:5=108

960 REM CRLCULATE AND SUM MOLES-MOLES =% MOLECULAR WEIGHT
978 SU-8. ’

O FRI1=1T06

9% WMD=XIDAID

1608 2D = FR3CAUD)

1640 SU=SUHINCT)

1628 HEXT 1

1630 REN CALCULATE RD SN MOLES OF 02 ARD DRY RIR REGUIRED FOR COMBUSTION AT 1687 TOTAL AIR
1848 58=0. :<D=0.

1658 FOR 1= 4 10 5

1668 IF 1=4 GOTO 1658

1670 02(1)=FHRCXNCIAXOC1)) :DRC=FRICRIC (1))

1850 SB=5+02(1): SD=SD+DA(1)

1090 NEXT |

1189 REN PRINT COMBUSTION REQUIREMENTS

1118 LPRINT* - REQUIRED FOR COMBUSION®
1126 LPRINT® ‘MOLES/408LB FUEL®
1139 LPRINT® RS RECEIVED 'MOLES PER AT 166ZT0TAL RIR®
1146 LPRINT®  ULTIMATE CORL  16ALES FUEL @ DRY RIR"
1% FRI=1706 | .

1168 LPRINT U$C1); TRE(18)3 X1C1); TRBC38); XC1 ); TRE(S8); 02¢1), TABLSA): DACI)
176 NEXT

148 LPRINT*RSH  *X1(D)

1198 LPRINTSIM %55, *, 0,58,

1269 REN CALCULATE WOLES 02 R DRY RIR REQUIRED FOR 3% EMCESS AIR
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Table VI (cont'd)

PRGE 4 BASIC PROGRAM FOR RESISTIVITY PREDICTION 27 AUG 1979
1218 Xo=FNR3(CX#58)

1228 XD=FNR3((X#SD)

1238 XR=XD-SD: X0=X5-58

1249 LERINT"

1258 LPRINT® REQUIRED FOR COMBUSTION®

1268 LPRINT" MOLES/166 LB FUEL®

1278 LPRINT® @3BZEXLESS RIR®

1288 LPRINT* 02 DRY AIK*

1250 LPRINT"02 AHD AIR+138/100 TOTAL *; TRB(3D); XS; THB(45); XD

1308 LPRINT"EXCESS RAIR"; TRB(45); XA

1348 LPRINT'EXCESS 02  *; TAB(35); %0

1326 REM CALCULATE PROOUCTS OF COMBUSTION #ak+
1338 XH(2)=XN(2)+X(6)+ (XD+23+ B13)/18.
1348 XM)=M(5) - (4 =0 (4)+ (XD, 79)

1358 XM(5)=X0

1368 REM CALCULATE 7% BY YOLWME - WET BRSIS
1379 SE=0.

{388 FOR 1 =4T035

13% SE=SEHN(])

1400 NEXT |

1416 REM CALOWATE 7 BY YOLUME DRY BASIS
1420 D =SE-M(2)

1438 FOR 1 =1 105

1440 RE(D=FRRE(N(1)/5E+108)

1458 DRCI)=FNR3CGMN(1)/50+168)

1468 NEXT 1

1478 DR(2)=8.

1488 LPRINT® *
1498 LPRINT" #ekkr PRODUCTS OF COMBUSTION #tes®

1560 LPRINT" TOTRL"

1510 LPRINT" MOLES/108 4 BY 0L 7 BY yOL*

1526 LPRINT® FUEL KET BRSIS DRY BRSIS®

1538 LPRINT'CO2 "5 M(1); TRB(23); HE(1); TRB(44); DR(1):
LPRINT"HB  *;3M(2); TRB(23); ME(2)TAB(44); DR(2)
1540 LPRINT"SO2  *; XM(3); TRBCZZ)HE(R); THB(44); DR(3):
LPRINT*N2 *5 XM(4); TRB(23); WE(4); TRB(44); DR(4)
1550 LPRINT®02 " XMC5); TRBC23); HECS); TAB(44); DR(S) :
LPRINT"SUM BET " SE:LPRINT*SW DRY ;5D

1568 REM CALCULATE H2@, S02, 503, D INSERT DEFAULT ELECTRIC FIELD
1576 IF WA =08. THEN WA =HE(2)

1569 IF S0=0. THEN SO-DR(3)*10809

1599 1F S0=-1 THEN S(-0

1680 IF S3=8. THEN 53-8, 864+S0
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Table VI (cont'd)

PRGE 5 BRSIC PROGRAM FOR RESISTIVITY PREDICTION ' ' : 27 A 1919

1616 REM ROLND H20 AND SO3 TO MERREST .4

1620 NA=FNR1(KA) : S3-FNRL(S3)

1638 LPRINT CIR$(18), CHR$(10), CHR$(18)

1640 LPRINT "H20 °;HR; " %" CHR$(18); "S02 *;SO; ® PPN®; CHR$(18); "SO3 *;S3:* PPH"
1656 LPRINT "ELECTRIC FIELD ®E " KV/CH" :

1668 SX-8

1670 FOR 1 =470 41

1680 N=Sx+%8(1)

1699 NEXT ]

1768 REM NORMALIZE RND SUM RSH RNARLYSIS
1748 A8

178 FRI=1T04

1738 RP(1)=(XB(1)/5X)+168

1748 5= SR + WP(D)

1756 WEXT 1

1768 REM CALCULATE RND SUM MOLE FRACTION
778 52-9

§768 FOR 1 =4 T0 1

170 FDHHPAUDT)

1600 SZ =82 + X (D)

1810 REXT 1

1828 REM CRLCULATE RND SUM ATOMIC CONCENTRATIONS OF CATIONS ?E(l)
1838 8-

1BBFR 1 =4T044

1858 =X (/R

1866 (D = PP

1878 SB=SB+XE(])

1880 NEXT 1

1898 SL=INT((REC4)+XE(2))%168 +. 5)/168: (H=-FIRA(KE(4) (D))
1968 XE(6)=FNRL(XE(6))

19108 XEC3)=INT(XE(3)+108+. 5)/168

1928 L =1:1F OD3.5 AD XU L=2

1938 LPRINT CHR$(12): INPUT"PRESS ENTER FOR NEXT PRGE"; GM
1948 LPRINT TRB(28)"CORRECTED"

1938 LPRINT TRB(7) "RSH"; TRB(32) “RSH"; TRB(SB) “ATOMIC*
1968 LPRINT TRB(3)"ANRLYSIS®; TRB(38) "RHALYSIS®; TRB(47)* wmmlw'
1978 FOR 1=1 70 41

1988 LPRINT AS$(1); TRB(6); XBC1); TRB(3B); WP(1); TAB(49); XE(1)
1996 NEXT 1 '
2008 LPRINT*SM *; %" " SR.SB
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Table VI (cont'd)

PRGE © BRSIC PROGRAM FOR RESISTIVITY PREDICTION 27 A6 1979
2618 LPRINT*SUM OF LITHILW AND SODIUM ATOMIC CONCENTRATIONS i

2628 LPRINT*SUM OF MAGNESIUM RND CALCIUM CONCENTRATIONS *; (N

2038 LPRINT®IRON RTOMIC CONCENTRATION : *; XE(6)

2048 LPRINT*POTRSSIUN ATOMIC CONCENTRRTION s XEQ)

2658 R6=8. 9434-1. 83164L0G(SL)/AL0G(10)-. 3696+L0G(XE(6))/L0G(18)+4. 237+(LOG(CH)ALOG(18)-XC)
2060 REM BEGIN CALCULATION OF RESISTIVITY

2678 REM R6 1S THE RESISTIVITY AT 10868/7 K =1 6 BASED ON

EXPERIMENTRL CORRELATION

2088 REM OF RESISTIVITY RS R FUNCTION OF ASH COMPOSITION

2038 REM R® 1S THE PRE-EXPONENTIAL TERM IN THE ARRHENIUS EQUATION

2168 RB=R6-5Y/625

2118 REM RY 1S THE RESISTIVITY DEFINED BY THE RRRHENIUS EQUATION

2120 FR 1=4T708

oK) RY(I) = R@ + SY/TKCD)

H40 RY(D)=RV(D)-(E-2)%ES

Pk ky(D)=16.[RV(DD

2168 NEXT 1

A7BFR 1=1T702

2168 =1+6

2158 RS=EXP(S1C1)LOG(SL) +YCEPT(D))
2208 RR=LOGCRS) ALOG(10)- (HA-9)$SW( 1)
2210 RC=R-(E-2)%£S

2228 KT())=18.(RC

2236 NeaT )

2240 REM R4 1S THE PRE-EXFONENTIAL TERM IN THE DOUBLE EXPONENTIAL SURFACE RESISTIVITY EQUATION
22508 Ri= RT(7)/EXP(-HFHXKHEXP(XL/T))

2268 REM RT 15 THE SURFRCE RESISTIVITY

216 FOR 1 =170 6

2289 RTCD=RESERP (-RAKERF (R1/7TK(1D))

2296 HEXT 1

2368 KEM RSC1) 1S THE COMBINED RESISTIVITY DUE TO PARALLEL
COMBINATION OF SURFACE RND YOLUME RESISTIVITY

2B FR 1AL TO 8

2328 RSCH=RYCIDRRT(DZARTCIDHRYCT)

2338 NeXT |

2348 REM CHECK FOR AFFINITY OF RSH FOR ACID

2358 REM CALCULATE RESISTIVITY IN PRESENCE OF SO3

2368 IF L=2 GOTD 2458

2378 R7=12. 9675-(. 3675¢53)

2BBER 1 =4T08

3% RT=R7 +(18. 1848%(2 37-TE(1)))

2400 RT=RT- (E-2. B)*ES

76



Table VI (cont'd)

PAGE 7 BASIC PROGRAM FOR RESISTIVITY PREDICTION 20 AUG 1979

2418 RAC1=10. [RT

2420 REXT 1

2438 REM TRANSFER TO CALCULATION OF COMBINED RESISTIVITY
2448 G010 2538

2438 R7=12. 1612-(. 3742¢53)

24686 FOR1=4T08

2478 RT = R7 +(5.6673%(2 3?-TE(1)))
2469 RT= RT - (E - 2 8)3S

2498 RACI) = 16 [RT

25/ NEXT 1

2518 REM CRLCULATE COMBINED RESISTIVITY OF VOLUME RKD SURFRCE

2528 REM RESISTIVITY DUE TO SO3 IN PARRLLEL

HBFRI=1T08

2548 RCD=RS(#RACT/ (RSCIHRACLY)

230 HEXT 1

2568 REM RORD RESISTIVITY

HMB FRIAT08

2589 C=INT(LOG(RS(1))A.06(18))

H% RSC(DFIRIRS(DAC) : RS(DRS(D#HHC

268 C=INT(LOG(R(1))AL0GC18))

2610 RCD=FRL(RCD /7461 C) :R(D=R(1)HB C

%20 NXT 1

2638 LPRINT CHR$(10), (HR$(16), * *

2649 LPRINT"TEMP 1088/TCK)  DEGK DEGC DEGF RO RHO(S)*
%58 LPRINT®

2668 FOR 1= 4 T0 8:1F 1>6 GOTO 2689

2676 LPRINT TECD, KTCI), CTCD), FTCI); ® " RS(D; " *;R(1):6G0TO 2698
2688 LPRIMT TECI), KT(D), CTCD), FTCT); nRS(1); '

2698 NEXT 1

2768 LPRINT CHR$(16)

2718 LPRINT *

2728 LPRINT (HR$(48)

2738 LPRINT CHR$(16)" RHO 1S RESISTIVITY HITHOUT SO3 IN OHM-CM BUT NITH ;MR ® % WATER"*
2748 LPRINT "RHO(S) 1S THE RESISTIVITY KITH ®;S3;* PP OF SO3 IN OkiM OM°

2758 LPRINT #» + % .

2768 LPRINT "s= NKOTE !! EXISTING EXPERIMENTRL DRTR DO HOT JUSTIFY®

2776 LPRINT"CONPUTRTIONS AT TEMPERATURES LOWER THAN 444 DEGREE C°

2789 LPRINT ® * .
2798 LPRINT®se+ NOTE #+s BECRUSE THE PREDICTED RESISTIVITY VALUES ARE®
2863 LPRINT® VERY'! SENSITIVE TO SEVERRL FLUE GRS AND RSH COMPOSITIONAL®
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Table VI (concluded)

PAGE 8 BASIC PROGRAM FOR RESISTIVITY PREDICTION 27 AG 1979

2810 LPRINT"FACTORS ONE MUST EXCERCISE GRERT CARE IN THE SELECTI(N °

2620 LPRINT "AHD PREPARRTION OF COAL RND ASH SAMPLES#s"

2638 LPRINT" THE QUALITY OF THE GURNTITATIVE CHEMICRL ANALYSIS MORK 15°

2848 LPRINT"OF GREAT IMPORTANCE®s. *

2858 LPRINT"IR ESTHBLISHING THIS PROGRAM THE RS-RECEIVED WLTIMATE®

2868 LPRINT*CORL ANALYSES MERE OBTRINED USING ASTM D3176"

2878 LPRINT"COAL ASH KAS PRODUCED USING ASTM D274 PROCEDURE®

2688 LPRINT*FOLLOWED BY A SECOND IGNITION AT 4658 DEG C *

2698 LPRINT*+0R- 18 DEG C IN STILL RIR FOR 18 TO 12 HOURS®

2999 LFRINT" *

2918 LPRINT CHR$(12)

2928 INPUT “ENTER 1 TO CALCULATE RESISTIVITY FOR DIFFERENT S03*;X

2938 IF X1 GO0 2984

2948 1NPUT"NEW SO3 CONCENTRATION IN PPH*; S3

2956 LPRINT "RESISTIVITY FOR °;fis; * BURNING °iB$i " CORL WITH S03 OF *;53;° PPN
2968 X-8 '

2976 GOTO 2368

2588 INPUT® DO YOU WANT TO CALCULATE RESISTIVITY FOR FNOTHER PLANT Y OR N*;V$
2998 IF V4="Y" RN

3888 STOP

3818 DRTA 4. 4, 714, 441, 826, 714

3828 DRTR 4 6, 623, 352, 666, 625, 1. 8, 596, 283, 541, 356, 2, 508, 227, 444, 388

3038 DRTR 2. 2, 435, 182, 359, 455, 2. 4, 447, 144, 291, 447

3846 DRTA 2. 6, 385, 112, 233, 385, 2. 8, 357, 84, 183, 357

3358 DRTR L 4 ?6: . 5: 2 38; ‘1. : "4. ?6: 0 ’ 8; 1: 4 ?6

3868 DATA 12 04, 2. 62,32, 28. 61, 32. 86, 18. 82

3978 DRTR 66. 66, 66. 66, 66. 66, 50. , 5B. , 48, 48, 33. 33,33. 33, 28.57, 25

3688 DATR 29 68, 61. 98, 34. 2,40, 3, 56. 88,159, 7, 161. 96,68, 89, 73. 9, 141. 94, 88. 86
3888 DATA °C", °H2°, 02", *N2°, "S", "H28", “"ASH"

3168 DATA"LI20", "NR20", °K20", *MGO®, "CRO*, "FE203", "ARL203", *S102", *T1(R", "P205", "S03"
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Figure 25.

MULTIPLE-CARD LAYOUT FORM
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RELCHFIRE UNIT § PUMPKIN SWAMP COAL
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Figure 26. Example Data Input Cards
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simply omitted from the data input. If one wants the resistivity
predicted for some value of field strength other than 10 kV/cm,
the field strength value desired is punched in for the variable

E instead of leaving it blank. Also, in place of an as-received
coal analysis (variable XIN on the second card), one can introduce
known or assumed sulfur dioxide and environmental water concentra-
tions for the variables S02 and W respectively on the second

card.

Table VII is the data printout for the FORTRAN computer
program for predicting resistivity as a function of temperature.
On the first page, the as-received ultimate coal analysis input
data are shown along with the essential features of the calcula-
tion of combustion products using 30% excess air. At the bottom
of the page, several of the parameters critical to the calcula-
tion of resistivity are tabulated: (1) the environmental water
concentration in volume percent, 9.9%; (2) the sulfur dioxide
concentration in dry volume ppm, 1350 ppm; (3) the sulfur tri-
oxide concentration (sulfur dioxide x 0.004) in dry volume ppm,
5.4 ppm; and the field strength (E) to be used, 10 kV/cm.

Table VIII is the data printout for the BASIC program.
On the top of the second page of Tables VII and VIII, the ash
analysis input data are shown with the resultant values of cationic
atomic concentration. This calculation was demonstrated in the
preceding section. The atomic concentrations critical to the
computation of resistivity are tabulated as: (1) lithium plus
sodium, 0.35%; (2) magnesium plus calcium, 10.7%; (3) iron, 1.3%
and (4) potassium, 0.65%. At the bottom of the page is a tabula-
tion of temperature and resistivity. The resistivity values
with the heading RHO (VS) are those resulting if the effect of
sulfuric acid vapor is excluded, while the data headed RHO (VSA)

are those resulting from the prediction including the effect
of acid vapor.

Figure 27 presents in graphical form the predicted values
of resistivity as a function of temperature with and without
the effect of sulfuric acid vapor taken into account. These
data were generated using a fictive coal and coal ash. Although
the principal purpose of the technique is to predict resistivity
from core bore samples of coal, one can obviously use it to gener-

ate information about the effect that various parameters have
on resistivity.
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Table VII
RFSISTIVITY PRENICTION RASED NN WORK BONF BY
PP, ROY RICKELHAUPT OF SOUTHERN RFSEARCH IMSTITUTE,
THE RESFARCH WaS SPNONSORED RY THE PARTIFULATYE
TFCHMOLOGY RRA:CH, TNDUSTRIAL ENVIRONMENTAL RESEARCH
LABORATORY NE THE EMVIRNNMENTAL PROTECTINN AGENCY,
DR, L. E. SPARKS, PROJECT OFFICER.

HELCHFTIRF JMIT ¢ PUMPKINM SWAMP COAL

RFAUIRED FOR COMRUSTION
MOLFS/1n0 LR FUEL

AS RECFIVED HOLES PER AT 100% TOTAL ATIR
ULT’”ATF. COAL 100 |H T I Iy e Y YY)

ANALYSTS FUEL : 0?2 DPY ATR
c 58,13 n,R40 4,840 23,034
H2 4,69 2.322 1,161 5,526
02 9,13 n,28% «0,285 1,357
NP 1,36 n,049 n,no0 0,000
8 1.50 0,047 0,047 0,224
H2n 13,77 0,764 n,N00 0,000
ASH 11.42 n, 000 0,000 n_ 000
StM 100,00 R,307 5,763 27,431

REN FOR CAOMRISTION
MOLESZ100 LR FUEL
830Y EXCFSS AIR

02 PRY AIR
02 AND ATR « 1307100 TOTAL 7,492 35,660
EXCESS ATR , A,229
EXCESS 02 1,729

PRODUCTS OF COMBUSTION

TNTAL
MOLES/Z100 % RY VoL % Ry voL
LB FUE) WET BASIS DRY RASTS
T2 X XX NY X1 bl A L X X L X ¥ ] [ E XL X XX X X X J
co2 u, 840 12,516 13,894
H20 31,833 9,912 n,000
S0e2 0.047 0,122 0,138
NP PR, 220 72.979 81,00R
0e 1,729 4,471 4,96%
SUM WET 3R Ao
SUmM DRY 34 RIA
H20 Q.0
S02? 1350
S03 9,4
E 10
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Table VII. cont'd.
CORRECTED
AGH ASH ATOMIC
AMALYSTS _ANALYSIS CONCENTRATTION
LI20 0,01 0.01 0,016
NA20 0,46 0.47 0,348
K20 1,30 1,34 0,647
MGO ?.82 2,91 2,862
CAO 13,10 13,52 R,220
FE203 TS 7,70 1,315
AL203 18,40 19,00, S.0R0
$102 09, /0 51,21 19,361
T102 0,64 0,66 0,188
P20S 0,57 0.5¢9 0,081
$03 2.50 2,58 0.549
SuM 96,86 100,00 38,267
SUM OF LITHIUM aMn SOpTUM ATOMIC COMCENTRATIONS 0,36
SUM 0OF MAGNESTUM AMD CALCIUM ATOMIC CONCEMTRATIONS 10,7
IRON ATOMIC CNNCEMNTRATION 1.3
PUTASSIUM ATOMIC CONCEMTRATION 0,65
TEMP 1000/T(K) DEG K VLEG C DEG F RHO(VS)Y  RHO(VSA)
a4 T1a 841 826 2,2E409  2.2E409
1.6 b25 152 bbb 1,6E410 1,6F410
1.8 SSé 283 Su1 1.1F+41 1.1F+11
2,0 500 227 . 4uy A 3EH]Y 3,9F+11
2.2 uss 182 359 1,2E412 716410
2.4 u17 1ad 291 7.3E¢+11 5.5E409
2.6 3RS 112 233 2.6E+11 '
2.8 357 ad 183 2. 1E410 *w
#x EXISTING EXPFRIMFMTAL DATA DD MAT JUSTIFY COMPUTATTONS

AT TFMPFRATURES LUWER THAN ju44 DEGREES C.

NOTE: RECA'SE THF PRFDICTED RESISTIVITY VALUFS ARE VFRY

SENSTITIVE Tn SFVERAL FLUE GAS AND ASH COMPOSTTIONAL FACTORS,
ONE MUST EXERCTSF GREAT CARE IN THE SELFCTION AND PREPARATION
NF CNAL AND ASH SAMPIFES, FURTHERMORE, THE QUALITY OF THE
NUANTITATIVE CHEMICAL AMALYSIS WORK TS OF GRFAY IMPORTANCE,
IN ESTAHI ISHING THIS PROGRAM, THF AS=RECEIVED, ULTIMATE COA|
ANALYSES WFRE DPRTATNFN USING ASTM D3176 PROCEDURE, AMD THE
COAL ASH WAS PRORUCED 1JSTNG ASTM DR71 PROCED!RE FOLLOWED BY

A SECOND IGNTTION AT 1050 DEGRFES C ¢ OR = 10 DEGREES C IN
STILL AIR FODR 10 TN 12 HONURS,
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Table VIII

PAGE 9 BASIC PROGRAM FOR RESISTIVITY PREDICT

108 27 RUG 1979

RESISTIVITY PREDICTION BASED ON WORK DONE BY

DR ROY BICKELHRUPT OF SOUTHERH RESERRCH INSTITUTE

BRSIC PROGRAM BY DR L E. SPRRXS PARTICULATE TECHNOLOGY BRANCH
TNDUSTRIAL ENVIROMMENTRL RESERRCH LAB RESEARCH TRIARGLE PARK NC EPR

YERSION 4 MARY 1,1979

PLANT NAME 1S BELCHFIRE 4

CORL RAYE 1S PUKIN SRP

REQUIRED FOR COMBUSION
HOLES/106LB FUEL
fiS RECEIVED HOLES PER AT 168/TOTAL RIR
ULTIMATE CORL 166LBS FUEL 17 DRY RIR
C 8.1 4.84 4.84 23.638
R 4.69 232 1164 5.526
® 913 .20 - 285 -1.3%
e 136 . 849 8 e
S 15 . 847 . 847 .24
7 3.7 . 764 8 )
fisH 4 42
aw 168 8. 367 5. 763 27.431
REQUIRED FOR COMBUSTION
MOLES/168 LB FUEL
@3BEXCESS AIR
02  DRY RIR
(2 RD RIR+138/168 TOTAL .42 %66
EXCESS RIR 8.229
EXCESS (2 179

sk PRODUCTS OF COMBUSTION wwees
TOTRL

NOLES/168 4 BY YOL 4 BY YL
FUEL RET BASIS DRy BRSIS
02 4.84 12 546 13.894
K8 383268 9.912 e
S,z .64y A AB
L4 8. 204 297 81 eas
02 1729 4.471 4.963
SUM RET  38.6693
S DRY  34.8364
HO 99 %
S02 1350 PPH
S03 5.4 PPH

ELECTRIC FIELD 10 Kv/CH
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Table VIII (cont'd)

CORRECTED
oK fSH ATOMIC
RELYSIS RHELYSIS CONCENTRATION
120 e . 8193242 . 456999
N0 .46 . 474942 Ce
K0 43 1 34214 .65
MO 282 2 94442 2 46221 -
o0 134 13, 5247 8 21948
FE203 7.46 7. 70184 13
CAL203 184 18 9965 5, 87995
IR 49.6 S{. 2879 1. 3689
T2 .64 668748 . .18788
PA5 .57 588478 . 690745
wewW 25 258165 . 54363
M 9.85 108 38, 2668
SUM OF LITHIUM AND SODIUM ATOHIC CONCENTRATIONS .36
SN OF MAGNESTUN AD CALCIUM CONCENTRATIONS - 18.7
IRON ATOMIC CONCENTRATION 13
POTRSSIUM ATOMIC CONCENTRRTION .65
TEWP 100/TCK)  DEGK DEGC - DEGF RHO RHO(S)
14 14 444 826 2 %49 2 %489
16 625 g5 666 1 6EH8 1 GEV0
18 556 283 544 L 4EH1 4 {E+id
2 500 o 444 6. 3EM4 39644
2.2 45 182 159 L %M2 7.4E48
2.4 447 144 1 7.3 5. SE+09
26 S 142 3 2 GEM1 -
2.8 paT 84 183 2.4E48 -

RHO 1S RESISTIVITY RITHOUT SO3 IN OHM-CH BUT RITH 9.9 7 WATER
RHO(S) 1S THE RESISTIUISy WITH 5.4 PPH OF SO3 IN A CH

*s NOTE ! EXISTING EXPERIMENTAL DATR DO NOT JUSTIFY
COMPUTRTIONS AT TEMPERATURES LOWER THAN 144 DEGREE C

#tx NOTE %+ BECAUSE THE PREDICTED RESISTIVITY VRLUES RRE
VERY! SENSITIVE TO SEVERAL FLUE GRS RND RSH COMPOSITIONAL
FACTORS ONE MUST EXCERCISE GREAT CRRE IN THE SELECTION
RID PREPRRATION OF CORL AND RSH SAMPLESss
THE QUALITY OF THE QURNTITATIVE CHEMICAL ANALYSIS RORK IS
OF GREAT 1HPORTANCE®.
IR ESTRBLISHING THIS PROGRAF THE RS-RECEIVED ULTIMATE
CORL ANALYSES WERE OBTRINED USING RSTM D3176
COAL RSH WAS PRODUCED USING RSTM D271 PROCEDURE
FOLLOWED BY A SECOND IGNITION AT 1650 DEG C
+0R- 10 DEG C IN STILL RIR FOR 18 T0 12 HOURS
SRR *
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TEMPERATURE

Figure 27. Predicted resistivity for the fictive coal and coal ash used to
illustrate the computer program.
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sym | oNT - NAME cie | PR. [ Hy0 | 0, | cO, | 50, |5O;] P% | E kViem | mmd, um | d. grcc | DATE
O [RHoiwl] BELcHFIREUNIT 1] — [ = [ 99 |50 J138] 0 o | - 10 - - -
A [rHowwsaf pumpkin swamp coku — | — [ 99 [ 5.0 [139] 1350 [6.4 | - 10 - - ~
1013
1012 HON
{
v
A h
al A
s £ \
o
s /
I / / \
S /
> 10N A
e
> =3
= i 7
@
& \
« [
& / \
N , V
1010 g
A —1-1
\
102 :
1000/T(°K) — 3.2 3.0 2.8 26 24 2.2 20 1.8 1.6 14 1.2
oC — 40 60 84 12 144 182 227 283 352 441 560
OF — 103 141 183 233 29 359 441 541 666 826 1041




SECTION 9

PREDICTED RESISTIVITY PROOF TEST

In the preceding sections experimental data have been pre-
sented to quantitatively relate resistivity to the principal
fly ash and flue gas compositional factors that influence this
property. Finally, these relationships were used to predict
resistivity as a function of temperature utilizing input data
acquired from the ultimate analysis of a coal and the composi-
tional analysis of the respective coal ash.

The accuracy of resistivity predictions made in the above
manner was tested using data mainly acquired from another re-
search project that required significant field testing.’’ The
objective of the proof test was to compare predicted resistivity
values with those values determined in the laboratory and in
situ using a point-plane resistivity probe. Furthermore, these
data were compared with mass train efficiency information and
the current density of the outlet field of the precipitator.

buring a relatively short time period (several hours) while
the boiler and the precipitator were operating in a normal full-
load manner, the following data and samples were simultaneously
taken: coal sample, fly ash sample, in situ resistivity data,
mass train efficiency data, secondary current and voltage data,
and the flue gas analysis at the precipitator inlet. The coal
sample was used to obtain the as-received ultimate coal analysis
and to produce the coal ash for chemical analysis. The fly ash
sample was subjected to chemical analysis and was used to deter-
mine the laboratory resistivity data. Laboratory resistivity
values were measured in an environment simulating the in situ
environment with respect to temperature and the concentrations
of water vapor and sulfur trioxide.

The field test data and samples from six power stations
were used. Three stations were burning coals from the western
part of the United States. Two cold-side and one hot-side pre-
cipitators were in use at these stations. A similar situation
existed for the three stations burning coal from the eastern
part of the United States with the exception of the prerequisite
that one of the cold-side units was collecting ash produced from
a "cleaned" coal.
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For each station, Table IX records the field test date,
the size of the unit tested, the specific collection area of
the precipitator and the analysis of the coal being burned at
the time of interest. The W or E following the station number
indicates whether the station was burning western or eastern
coal respectively. The table conveys the variation in station
and precipitator size and the coal quality.

In Table X the chemical analyses for fly ash and coal ash
for each station are shown. The coal ash was analyzed after
the ashing procedurg previously described in detail was executed.
Soluble sulfate (SO,) and loss on ignition were determined on
separate fly ash specimens. The remainder of the ash from the
loss on ignition test was used to determine the chemical com-
position of fly ash.

Also in Table X, the in situ flue gas composition is com-
pared with the composition calculated from the stoichiometric
combustion of the coal using 30% excess air. It was previously
stated that the predicted value for sulfur trioxide was arbi-
trarily taken as 0.4% of the sulfur dioxide value. With respect
to the measured flue gas values, the sulfur dioxide and sulfur
trioxide values are usually averages and ranges of values respec-
tively depending on the availability of field test data taken
during a time period of two to eight hours.

Comparison of the chemical compositions of fly ash with
the respective coal ash compositions shows little difference
between the values that are specifically significant in the pre-
diction of resistivity. These of course, include the elements
lithium, sodium, magnesium, calcium and iron. Furthermore, the
entire weight percent analysis of the coal ash is similar enough
to the respective fly ash analysis that one would not find a
significant difference between resistivity data predicted from
fly ash or coal ash for the stations evaluated.

With respect to the prediction of resistivity, the principal
flue gas species are sulfur trioxide and water vapor. The in
situ and predicted values for these environmental factors can
also be compared in Table X. For the six stations examined,
the water concentration was under-predicted three times and over-
predicted three times. The greatest deviation was a predicted
concentration 30% greater than the measured value. On the average,
the predicted concentration was 5% greater than the measured
value. Typically, a predicted value of 9.5 volume percent would
relate to a 9.0 volume percent measured value, an insignificant
difference. Under the usual cold-side precipitator conditions,

a 30% error in water concentration could cause a factor of two
error in predicted resistivity.
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Table IX. Predicted Resistivity Proof Check
General Information and Coal Analyses for Six Power Stations

STATION NUMBER 1 (W) 3 (E) 4(E) 5 (W) 7 (E) 13 (W)

TEST DATE 7 AUG 75 2 MAR 76 27 APR 76 5 OCT 76 17 SEPT 76 21 JuLy 77

UNIT SIZE, MW 135 122 271 508 350 800

SCA OF ESP, m?/m’®/sec 98.8 50.2 76.4 117.2 33.3 60.2
ft2/£t3/min 504 256 390 598 170 . 307

COAL ANALYSIS
AS-RECEIVED
PROXIMATE, wt. %

Moisture 13.94 10.84 6.22 19.91 11.68 12.34
Volatile Matter 37.78 33.99 30.73 26.48 31.06 37.81
Fixed Carbon 43.07 43.94 50.20 42.16 46.36 40.59
Ash | 5.21 11.23 12.85 11.45 - 10.90 9.27
Sulfur 0.41 2.05 0.95 0.43 0.81 0.48
" Btu - 10,557- 11,050 11,903 9,104 12,011 10,630

AS-RECEIVED
ULTIMATE, wt. % . :
Carbon 59.41 62.44 64.75 52.01 65.22 60.58

Hydrogen 4.24 3.95 4.11 3.53 3.87 4.16
Oxygen 15.33 8.27 9.42 11.55 6.21 11.78
Nitrogen 1.46 1.25 1.69 1.02 1.21 1.39
Sulfur 0.41 2.02 0.96 0.53 0.91 0.48
Moisture 13.94 10.84 ~  6.22 19.91 11.68 12.34

Ash 5.21 11.23 12.85 11.45 10.90 9.27
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Table X. Predicted Resistivity Proof Check
Ply Ash, Coal Ash, and Flue Gas Compositions for Six Power Stations

STATION NUMBER 1w 3B 4E Sw 7E 13w
ASH COMPOSITION FLY COAL FLY COAL FLY COAL FLY COAL FLY COAL FLY COAL
WEIGHT PERCENT ASH ASH ASH ASH ASH ASH ASH (a) ASH ASH ASH ASH ASH
Li20 0.02 0.0l 0.03  0:03 0.04  0.04 0.02  0.02 0.05  0.05 0.01 0.0l
Na20 0.29  0.27 0.67  0.63 0.43 0.44 1.38 1.28 0.27 0.31 1.42  1.s1
K20 1.8 1.0 2.1 2.1 3.5 3.2 0.54  0.53 2.1 2.2 1.0 0.9
Mgo 3.6 2.8 1.0 1.0 1.3 1.2 1.1 1.8 0.9 0.9 1.8 1.9
cao 8.6 7.5 5.0 4.6 1.1 1.0 5.8 5.3 3.7 3.2 6.7 7.3
Fe10 5.9 6.0 13.1 9.0 7.2 7.4 6.1 2.5 7.1 6.8 5.0 5.7
Al20s 23.7 15.2 21.8 25.4 28:4 28.4 13.2  13.7 29.3 29.4 25.5  21.6
S10: 51.9  65.3 50.2  53.3 53.8  53.3 70.8  13.6 53.8 54.4 56.3  57.8
TiO; 1.3 1.2 2.0 1.6 1.8 1.9 0.9 1.2 1.8 1.6 1.0 0.5
P20s 0.39 0.35 0.78  0.21 0.23  0.24 0.05 0.13 0.20 0.33 0.31 0.3
50s 1.2 0.58 2.3 0.77 0.50  0.15 0.50 0.63 0.7 1.6 0.71 3.5
TOTAL 98.7  100.2 99.0  98.6 98.3  97.3 100.4  100.7 99.6 100.8 99.8 101.0
LOI 0.8 - 10.9 - 3.5 - 1.0 - 7.5 - 2.6 -
SOLUBLE SULFATE 0.7 - 1.6 - 0.3 - 0.5 - 0.7 - 0.5 -
FPLUE GAS
COMPOSITION IN SITU PREDICTED IN SITU PREDICTED IN SITU PREDICTED IN SITU PREDICTED IN SITU PREDICTED IN SITU PREDICTED
CO2, vol & 13 13 13 13 15 13 13 13 ND 13 15 13
02, vol % 7 5 5 5 5 5 6 5 ND 5 5 5
A0, vol % 8.3 9.6 8.2 8.4 8.5 7.8 8.1 10.5 9.0 8.2 9.6 9.1
S0z ppm 262 440 2440 1730 755 800 480 570 600 740 430 429
SOy ppm 31 1.8 6-9 6.9 2-3 3.2 <1 2.3 3-4 3.0 <1 1.7

a About 8% of this ash was > 0.18 mm (+80 mesh) and mostly carbon.
It was removed prior to testing.



The predicted values for sulfur trioxide were within the
range of values reported in the field test data for the stations
burning eastern coal. However, the predicted sulfur trioxide
concentration for the stations burning low-sulfur western coals
was about 2 ppm while the in situ value was < 1 ppm. Several pos-
sible explanations can be given for this observation. The in situ
measurement of sulfur trioxide is not a simple test, is subject
to error, and is less reliable the lower the concentration of
agent present. Also, 2 ppm is near the level of detection.

On the other hand, the ashes from western coals are inherently

more basic than ashes from eastern coals. This greater affinity
for acid vapor coupled with the low available concentrations

of sulfur trioxide could lead to an almost undetectable concen-
tration remaining in the flue gas at the inlet to the precipi-
tator. In the proof test experiments, the sulfur trioxide value
determined from the stoichiometric combustion calculation was

used to predict resistivity, while the in situ value was duplicated
in the experimental environment for the determination of labora-
tory resistivity.

Table XI shows a comparison of in situ resistivity just
prior to dielectric failure, laboratory re51st1v1ty just prior
to dielectric failure, and predicted resistivity at a field strength
of 10 kV/cm. The temperature listed refers to the temperature
at which the in situ determination was made and later duplicated
during the laboratory measurement. Precipitator mass train ef-
ficiency and current density for the outlet field are also given
as circumstantial evidence to help evaluate the quality of the
resistivity determinations and prediction.

Figures 28 through 33 show the in situ and laboratory resis-
tivity data superimposed on a curve of predicted resistivity
as a function of temperature for each of the stations evaluated.
To illustrate the pronounced effect of sulfuric acid vapor on
resistivity, the data are plotted with and without the effect
of the predicted concentration of sulfur trioxide taken into
account. The predicted resistivity under consideration in all
cases except station 5 is the value obtained by including the
effect of sulfur trioxide. 1In the case of station 5, the tem-
perature of interest is significantly lower than the lowest
temperature used to develop the predictive parameters involving
sulfur trioxide.

The data illustrated in Fiqures 28 through 33 visually demon-
strate the generally good agreement obtained between predicted
and measured results. Only in the case of stations 5 W and 4 E
was the deviation significant. In these instances, the in situ
resistivity data were about one order of magnitude greater than
either the predicted or the laboratory measured data.
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Table XI. Predicted Resistivity Proof Check

Temperature, Resistivity and Performance Data for Six Power Stations

STATION NUMBER

TEMPERATURE, °C

RESISTIVITY, ohme°cm

In S8itu Spark
Laboratory, Spark
Predicted, 10 kV/cm

ESP EFFICIENCY, %

CURRENT DENSITY

OUTLET FIELD, nA/cm?

1w 3E : 4E 5W 7E
145 158 332 105 163

3.0 x 10" 2.1 x 10'° 3.0 x 10'° 5.0 x 1l0'! 2.7 x 10!
5.0 x 10 2.3 x 10'° 4.0 x 10° 5.0 x 10'° 2.2 x 10!
1.2 x 10'' 7.0 x 10*® 2.3 x 10° 1.6 x 10'°(a)ls o x 10'!

99.92 99.87 99.65 99.85 NA

15 ‘ 45 37 23 NA

a

Test temperature below

that of acquired laboratory data involving sulfur trioxide.

13w
350

1.8 x 10°
2.0 x 10°
1.4 x 10°
99,22
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SYM STATION NAME c/P | PR.| H0 | 05 | COy | SO, |SO3| P% | E kV/em | mmd, um | d, g/cc | DATE
) 1w PREDICTED - - 96 | 5 13 440 (18] - 10 - - -
(o] 1w PREDICTED - - g6 | 5 13 ] oy - 10 - - -
JA W IN SITU - — 83 | 7 13 262 | <1 - SPARK - - -
O W LABORATORY - - 9.0 AlIR 0 1.3 - SPARK - - -
1013
- PN
.l
T %
/ A
1012 . \
Vi AV ;
SEy i
l -4
s A \
2 !
I / \
5 / \
> 10N & \
pant
> a \
-
4
[72]
w
[+ o
\
\
1010
AN
109
1000/T(°K) — 3.2 3.0 2.8 26 24 2.2 20 1.8 1.6 14 1.2
oC — 40 60 84 112 144 182 227 283 352 441 560
OF — 103 141 183 233 291 359 441 541 666 826 1041
TEMPERATURE
Figure 28. Predicted, in situ, and laboratory measured resistivity data,

Station 1W.
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v v
SYM STATION NAME cip | PR. | H0 | 0, | cOy| 5O, |SO5| P% | E kViem | mmd, um | d, g/ec
a 3E PREDICTED - - 8.4 5 |13 [1730 |69 ]| - 10 - -
O 3E PREDICTED - - 8.4 5 | 13 0 o| - 10 - -
A 3E IN SITU - - 82| 5 | 13 | 2440 [69)] - SPARK - -
O 3E LABORATORY - — 9.0 AlR 0 [87] - | SPARK - —
1012
2t
4/ N
4 1IN
1011
o]
)
s
o
b T+
z \
= 10
Z 10 LY
=
2
-
@
2 \
« \
ﬂ:\
109 A\
X
\
\
108

1000/T(°K) — 3.2 3.0 28 26 24 22 20 1.8 1.6 1.4 1.2
oc — 40 60 84 112 144 182 227 283 352 4441 560
OF — 103 141 183 233 291 359 441 541 666 826 1041

TEMPERATURE

Figure 29. Predicted, in situ, and laboratory measured resistivity data,
Station 3E.
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T I
SYM STATION NAME cp | PR H0 ]| Oy | COy | SO, |SO5) P% | E kV/iem | mmd, um | o, g/cc | DATE
() 4E PREDICTED - - 78 | s 13 800 | 32| - 10 - - -
O 4E PREDICTED - - 78] s 13 0 0 - 10 — — -
AN 4E IN SITU - - 851 5 15 756 28] - SPARK - - -
O 4E LABORATORY - - 9.2 5 AIR 3.1 - SPARK — - -
1012
Y.
) 4
(4
/ /
/
1011 /
J VY
/
p \
—_— A ‘4
=
9 (o=
2
I
(2]
> 1010
S iy
-
«
(7]
w
= .
109
\
108

1000/T(°K) — 3.2 3.0

oc—~40 60
Of — 103 141

183 233 291

2.8 26 24 22 20 1.8 1.6 1:4 1.2

560
1041

441
826

352
666

182 227 283
359 a1 541

84 112 144

TEMPERATURE

Figure 30. Predicted, in situ, and laboratory measured resistivity data,

Station 4E.
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SYM STATION NAME C/P | PR.| H)O | O, | CO; | SO, |SO3| P% | E kViem |mmd, um | d, g/cc | DATE
a 5W PREDICTED - - 10.5 13 | s70 23] - 10 - - -
(@] 5W PREDICTED - -~ | 108 13 0 o] - 10 - - -
FAY 5W IN SITU - - 8.1 13 | 480 1 - SPARK - - -
O W LABORATORY - - 9.0 AIR 0 10} - SPARK - - -

1012

ol
//ﬁ-’r"\
1011 p.
& "
= /
s / \
o
= \
b 4
o] D \
> \
-
» '\
[7,]
w
@ ¢}
q
109 \
N
¢

108

1000/T{(°K) — 3.2 3.0 2.8 26 24 22 20 1.8 1.6 1.4 1.2
oCc — 40 60 84 112 144 182 227 283 352 441 560
OF — 103 141 183 233 291 359 441 241 666 826 1041
TEMPERATURE

Figure 31.

Predicted, in situ, and laboratory measured resistivity data,

Station 5W.
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SYM STATION NAME c/P | PR.| H0 | O, | CO, | SO, |SO3| P% | E kViem |mmd, um | d, g/cc | DATE
O 7E PREDICTED - - 82 1] s 13 | 739 30] - 10 - — -
(o) 7€ PREDICTED - - 8.2 13 0 o] - 10 - - =
fay 7€ IN SITU - - 8.0 [ND |nND ] 600 | 3.0 — SPARK - - -
o) 7E LABORATORY — - 9.0 | AIR 0 2.9 - SPARK - — —
o 7E PREDICTED — — 82 1 5 13 ] 739 851 - 10 = - -
2 7E IN SITU - | - 90 {ND | ND | 600 {7-10] - | SPARK - - -
v 7E PREDICTED - - 8.2 5 13 | 739 |1258] - 10 - — —
v 7E IN SITU - — 9.0 | ND | ND | 600 f11-14 — SPARK - — —
[ ]1
1012 P .
y. 74
ALY
Y
4
1011 /
J
q i
1 \
s [
.
. |
>
- 1010 \
>
(5 - .
2]
(7]
T |¢
u \\
N
109 \
1
y
108
1000/T{°K} — 3.2 3.0 28 2.6 2.4 2.2 20 1.8 1.6 1.4 1.2
°Cc — 40 60 84 112 144 182 227 283 352 441 560
OF — 103 141 183 233 291 359 441 541 666 826 1041
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Figure 32. Predicted, in situ, and laboratory measured resistivity data,
Station 7E.
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SYM 'STATION' NAME c/p PR H20 02 C02 502 803 P% E. kV/cm | mmd, um | d, g/cc DATE
D 13W PREDICTED — — 9.1 5 13 429 1.7 - 10 - - -
(0] 13w PREDICTED - - 9.1 [ 13 0 0 - 10 — - -
A 13w IN SITU - - 9.6 5 15 430 1 - SPARK - - -
O 13W LABORATORY - - 193 5 13 0 0 - SPARK - — -
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Figure 33. Predicted, in situ, and laboratory measured resistivity data,

Station 13W.
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Station 4 E is a hot-side unit burning eastern coal. Since
both the in situ and laboratory measured resistivity values were
in the desirable range, 3.0 x 10!'° ohm cm and 4.0 x 10° ohm cm
respectively, it is difficult to assess the accuracy of either.
The efficiency of the precipitator and the outlet field current
density are commensurate with desirable levels of resistivity.

It is noted that only one hot-side in situ resistivity measure-
ment was made during the field test. This value was obtained
with a new high temperature probe in service for the first time.

The other unit that showed a significant deviation was the
cold-side unit burning a western coal, station 5 W. In this
case the high eff1c1ency of the precipitator and the reasonably
high current density in the outlet field (23 nA/cm ) suggest
that for some reason the in situ resistivity is 1naccurately
high. It is pointed out that the power station in this case
was having pulverizing-mill problems at the time of the field
test, and a high percentage of coarse fly ash was produced.

The point-plane in situ probe is inclined to preferentially col-
lect a particle-size distribution that is coarser than normal.
From the standpoint of specific surface and perhaps ash composi-
tion, this biased collection could lead to in situ re51st1v1ty
values that are higher than anticipated. Another minor factor
contributing to this deviation was the fact that the water con-
centration used in the resistivity prediction was over 2 volume
percent greater than that measured in situ.

The predicted resistivity also can be evaluated by examining
resistivity ratios in which a perfect correlation yields a ratio
of unity. Three calculated ratios are shown in Table XII: in
situ resistivity/predicted resistivity, laboratory measured re-
sistivity/predicted resistivity, and laboratory measured resistiv-
1ty/1n situ resistivity. When it is considered that consecutive
in situ "resistivity measurements involving the point-plane probe
have shown on occasion an order of magnitude variation and that
a series of repeated laboratory determinations can develop a
factor of 3.0 high/low ratio, the agreement among in situ, labora-
tory and predicted resistivity is excellent. With the exceptlon
of the two cases in which the in situ data are an order of magni-
tude greater than both the predicted and laboratory-measured
data, one could not expect better agreement.

The results pertaining to station 7 E require additional
explanation. This station was burning a coal that had been cleaned
to reduce the ash and sulfur content from 20-25% and 1.5-2.0%
to <12% and <1% respectively. First, it was desired to evaluate
the resistivity prediction for a cleaned coal. These results
were included above; that is, in situ and laboratory measured
resistivity was 2-3 x 10'!' ohm cm and predicted resistivity was
5 x 10'! ohm cm.
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Table XII. Comparison of Predicted Resistivity Values
with those Measured in the Laboratory and In Situ

Resistivity Ratio

In Situ Laboratory Laboratory

Station T, °C Predicted Predicted In Situ

1w 145 2.5 4.2 1.7

3 E 158 0.3 0.3 1.1

4 E 332 13.0 1.7 0.1

5 W 105 31.3 3.1 0.1

7 E 163 0.5 0.4 0.8

13 W 350 1.3 1.4 1.1

100



In anticipation of elevated resistivity due to the lowering
of the coal's sulfur content by cleaning, the utility had available
a commercial sulfur trioxide injection system to condition the
ash. This afforded an opportunity to compare in situ and predicted
resistivity values for sulfur trioxide conditioning.

Two injection concentrations were used, nominally 25 and
15 ppm. These injection rates at the precipitator inlet produced
measured sulfur trioxide concentrations of 11-14 ppm and 7-10
ppm, respectively. Resistivity was predicted for these injection
rates using the coal and coal ash analyses shown in Tables IX
and X, respectively, except that the calculated sulfur trioxide
value of 3 ppm based on the coal's sulfur content was replaced
by the average values measured at the precipitator inlet, namely,
12.5 and 8.5 ppm. These predicted resistivity values and the
resistivity data measured in situ are shown in Figure 32. At
the temperature of interest, the predicted resistivity using
12.5 ppm sulfur trioxide was 3 x 10° ohm cm while the in situ
measurement was 9 x 10° ohm cm. The predlctlon for 8.5 ppm
sulfur trioxide was 3 x 10'° ohm cm and the in situ measurement
was 2 x 10'% ohm cm. These results are very encouraging with
respect to the resistivity prediction technique. One cannot
critically review the variance shown with respect to the method
of prediction. It is obvious that the resistivity is very sensi-
tive to temperature and sulfur trioxide concentrations. Because
of this sensitivity, small deviations in temperature and the
lack of information about the concentration of sulfur trioxide
at the precise time and the exact region of the in situ resis-
tivity probe measurement can cause the resistivity data to agree
or disagree with the predicted value.
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