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ABSTRACT

A technique that determines the optimal particle-size
distribution for coal-slurry pipelines has been developed
and has been proven to work. The technique involves de-
veloping cost functions for coal-slurry preparation, coal-
slurry pipeline transportation and coal-slurry separation
or dewatering, and determining the optimal coal-particle-
size distribution both analytiﬁally and graphically. The
coal-particle-size distribution was chosen to be represented
by a coal-particle-éiza diameter referred to as the weighted
mean diameter (WMD).

A case study, which assumes a coal-slurry pipeline that
transports coal at the rate of 300 tons per hour (2.376
million tons per on-stream year (330 days)) a distance of
200 miles, has been undertaken. For this case study, the
technique resulted in an optimal coal-particle-size distri-
bution, 95 percent of which passes through 2 14 mesh screen
and contains about 25 perceﬁt that passes throunh a screen
size of 325 mesh. It was reprééé;ted,by a weighted mean
diameter of 0.330 mm.

For the case st&dy described above, the total annual
capital and operating coal-slurry preparation cost in De-
cembsr 1975 for this pipeline was found to be §596,671, or

iv
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0.126 cents/ton-mile., Pipeline transportation cost was
found to be 87,365,600, or 1.55 cents/ton-mile., Coal-slur-
ry separation or dewatering cost was Fand to be $1,168,517,
or 0.246 cents/ton-mile. The total cost is then 89,130,788,
or 1.9220 cents/ton-mile.

The tool proved to work both analytically and graphi-

cally.
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NOMENCLATURE

WMp = Weighted Mean Dijiameter of the Coal Size
Distribution

tph = tons pe:vhour

fps = feet per second
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INTRODUCTION

Almost evety paper, magazine, and television or radio
program nowadays calls for expansion and diversification of
environmentally acceptable U.S. domestic energy sources.
This call héé been created by:

1. the depletion of low-cost domestic o0il and gas

resources,

2, the high cost of and heavy dependence on foreign

oil and gas supplies, and

3, the unreliability at the present time of nuclear

systems.

These factors have produced a sharply increased inter-
est in returning to coal, since coal is the most plentiful
sdurée of energy in the U.S.

Coal is also abundant throughout the world., Battelle
(1) estimates that 90 percent of the world's reserves of
bituminous coal is found in China, the United States, and
-thefU¢S.S.R‘.wandrbh&tﬂ90'pércent~of~the«world's reserves of
lignite (brown coal) is found in Australia, the United
States, and the U.5.5.R. The United States has nearly half
of the world's reserves of coal,

A brief discussion of the current status of coal in the

United States follows.

s
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COAL IN THE U.S.

In the United States, coal’is'widQSpréad and abundant,
Coal-bearing rocks undgrrfa*kﬁ*pefcehf*of;the-land of the

S0 states and are present in parts. of 37 states.

Resocurces

U.S. coal resources, as estimafad by the U.S. Geologi-
cal Surveyl(Z). are much larger than the resources of oil
and gas combined.

Recoverable reserves of coal are estimated to be 197
billion short tons, while*total‘idehtifﬁed'reénurCes (inclu-
ding raserves in thick accessible beds) are estimated to be
1,581 billion tons, with a recoverability range of 40 to 90
percent, depending on mining methods and geology. Hypotheti-
cal resburces (those expected to be found in unmapped and
unexplored areas in known coal fields) are estimated to be
1,643 billion tons,

With theses resources in the U.S., coal can provide many
decades of fuel and hydrocarbon supplies to meet future en=-
ergy demands., The technologies for mining, washing. trans-
porting.'and burning of coal are wellkknown. Coal can be
‘converted into electricity, heat, gas, and (in the future)

heavy liquids and light distillates to serve almost all the
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energy-consuming markets.

Production

In the U.S5., coal production faces some environmental
problems whicﬁ inlfuxn affect. the cost and;availabilitonF
coal. These environmental cbnsttaiﬁts are:

1. Land Damage: Lénd'is altered by the method of

mining used, e.g. surface and underground
mining depresses the topography.

2, Health Risk to Population: There are health and

safety risks in surface and underground mining.

3. Air Pollution: Air pollution is created by the

burning of coal-sulphur and other particulate
-material such as ash,

U.S. coal production has set a record high of 638 mil-
lion tons in 1975 -- an B8-percent increase over the 1974 pro-
duction. Coal production is expected to increase to 664 mil-
lion tons in 1976 (3). These high records are similar to
the postwar boom year of 1947, when the U.S., produced 631

million tons.cﬁ).

Coal Consumption

In the early part of the century, coal supplied almost
80 percent of the nation's energy (Table 1). Shortly after

Ww I1, coal demand dropped to less than 40 percent due to
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rajilroads shifting from coal-fired steam locomotives to
diesel engines to avoid the problem of coal handling. At
Athe same time, home coal furnaces shifted to cleaner, more
convenient, and environmentally accaptéble sources of ener-

gy -- oil and natural gas.

Table 1. Enerqy Suppliss
»in the U,S.,

e e—m— e
——— — ——

Percent of Total

Source of
Energy 1920 1950 } 1973
Coal | 78 38 18
Petroleum 14 39 46
Natural Gas 4 18 31
Hydro 4 S 4
Nuclear - - 1
Total 100 100 100

~

.Sources Ford Foundation (5)

Future Markets

Ma jor breakthroughs in technology will play a largse
role in the future domestic markets of coal.
Coal for the synthetic fuel markets will be used in the

early 1980°'s for the p}oduction of synthetic pipeline gas and
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synthetic liquid fuels. Other processes produce clean (sul-
fur-free) coal for burning in power plants and refineries,
or for any other industrial use.

Today, there are many processes Fﬁr producing synthetic
fuel from coal; some are at the laboratory-tench scale stage,
and some .are .at the pilot-plant stage, while others .are at
the producihgvstaga. A summary of these processes is
‘presented in Appendix A.

The National Academy of Engineering (6) estimated that
coal production in the U.S. by 1985 will double the current

annual output of 600 million tons, as shown below,

Source 1985 Production

- million tons/year
Eastern Underground 480
Eastern Surface 220
Western Surfacse 560
Total 1,260

Fuel - 1985 Consumption

million tons/year

. Coal solids (for utilities,

industrial, and reSidantial) 950
Synthetics 310
Total 1,260

From these figures, it is anticipated that the synthetic
fusl industry will be consuming about 25 percent of the total

production of coal in 1985,

ARTHUR Liwe” LIGAAAY
COLORADO SCHOOL of MINES
GOLDEN, COLORADQ 80408



T‘lBGd 6.

Transportation

Since coal is a source of energy, it must be trans-.
ported to the vicinity of its use in one form or another,
gither in its natural state, as electricity. or as a refined
prOduct,sucﬁ as a gas or a liquid., Currently, the economics
of coal utilization, particuiarly as an energy -source for
electric power generafion. favor moving it and using it in
its natural state (6)

Modes‘of Coal Transportation: In the U,S., thers are

four major modes of transporting coal in its natural form to
markets; railroads, barges, trucks, and miscellaneous means
such as tramway, conveycrs.»and»siurryfpipelines. Table 2

shows the 1973 share of each of these modes.

Table 2. Coal Transportation Modes
in the U.S. in 1973

b e e e e e =

Mode Percent
Railroads ) 52*
Barges 27
Trucks 12
Other (Tramway, conveyor and

private railroads) 8
Slurry Pipelinas** <1
Total —IEE—_

®# Source: U.S. Bureau of Mines (7). This fiqure has bsen
updated to 65 percent in 1975 (8),
** Coal-slurry pipelines are pipelines transporting crushed
'~ coal suspended in a liquid. (water).
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The Western States are expected to play an i;portant
part in the United States' future enerqy market. Some pre-
dict that annual consumption of Western coal from Wyoming,
Colorado, and neighboring states will rise from 21 million
tons in 1971 to 362 million tons in 1980 (9). Because of
the remoteness and the low populétion density of the new
coal fields and because of the projected increased produc-
tion, coal will have to be moved to markest by all of the ex=-
isting transportation modes.

The railroads alone certainly cannot transport the pro-
jected amounts of coal. Waterways (barges) are the cheapest
mode of transporting coal but are limited qgeoqgraphically
(10). MUrbﬁvar, there are no waterways in the West within
a hundred miles of the coal fields. Trucks are uneconomical
for long distance and large volumes; therefore, coal-slurry
pipelines must play ar increasing role in transporting coal
where water is available.

The technical journal, Chemical Enginsering (9), contains

Mr. Dale W. Steffes' projection that railroads and slurry
pipelines will transport almost equivalent amounts of Western

coal by 1980, as shown in the following.
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million of tons

per_ year

Moved by rail for utilities :

and industry 165
Moved by slurry pipelines for

utilities and industry 162
On site generation station (EHV) 20
Substitute natural gas (SNG)

from coal 15

Total 362

Coal-Slurry Pipelines: The technology of coal-slurry

pipelines has reached the stage of maturity and has been:
firmly established by the Ohio and the Arizona pipelines to
be technically and économically feasible., The Ohio pipe=-
line, 10 inches in diameter, tramsported 1.3 million tons of
coal annually from Cadiz, Ohio, to the East Lake Power plant
of Lake Erie, near Cleveland -- a distance of 108 miles.
The Ohio pipeline was built when railroad tariffs were in-
creased substantially. The pipeline was technically and
economically successful -- so much so that it was shut down
only after ssix years of operation (1957-1963).;when the rail-
road lowered transportation rates from $3.00/ton to $1.90/ton
(11). At this point, the pipeline operation became uneco-
nomical in comparison to the rates of rail transportation.

In 1970, the longest and largest coal-slurry pipeline,

the Black Mesa coal-slurry pipeline, went into operation.



The line is 18 inches in diameter and currently transports
about 5 miliidn tons of coal per year from the Kayenta coal
mine in Arizona to the Mohave power plant in Nevada, a dis-
tance of 273 miles. This pipeline was built in an isolated
region of Arizona where there was no existing railway track-
age.

There are in the,U;S. at lsast six more proposed coal-
slurry pipglines. which are listed in Table 3., These pro-
posed pipelines must be put into operation to transporf coal
to satisfy U.S. energy consumption; but they face two problems:
the problem of "right of way"™ and the problem of water avajl-
ability. If coal-slurry pipeline operators- are granted the
right of eminent domain and if water is available, these six
proposed coal-slurry pipelines probably will go into operation.
Thus it is a political problem, not a technical problem, that
is holding these pipeline projects on the drawing board.

A typical coal-slurry pipeline system involves (1) coal-
slurry preparation {n wﬁich the coal is qround to the desir-
able size for pipelining, mixed with the liquid carrier
(water), and pumped through a pipeliheg (2) coal-slurry pipe-
lining in which the coal-slurry is transported from source to
terminal; and (3) coal-slurry ssparation, in which the coal is
separated from the water to render it suitable for combustion.

The total coal-slurry pipeline system depends on the
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Table 3, Coal-Slurry Pipelines
in the U.S.
Existing Lines Length Diameter Capacity
Name — Origin/Terminal (miles) (inches) (million
_ tons/yr.
Consolidation® Cadiz-Cleveland, A
Ohio 108 10 1.3
Black Mesa Kayenta, AZ./
Nevada 273 18 5.0
Planned Lines
gTsr™*® Gillette, WY./
White Bluff, AR, 1040 38 25
Houston Walsenburg, CO0./
Nat., Gas Houston, TX,. 1100 18 7
Salt River Star Lake, N.M./
SYStem St. JOhnS,‘ AR. 180 16 -
Nevada Power Alton, UT/ Arrow
Canyon, Nevada 180 24 10
Gulf Interstate Gillette, WY./
Oregon 800 30 16
Montana/Houston  Southern Montana/. e
Houston, Texas 1260 42 30
Sources: (12, 13)
* is not in operation at this time,.
x* Enerqgy Transportation Systems Inc.
+* 9% ¥*

Estimated from the map. (13)
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coal-particle size and distribution. The particle size and
distribution are the keys to the hydraulic transportation of
solids. As tha coal-particle size becomes smailer. the cri-
tical velocity* for the fine or homogensous slurries and the
deposition velocity** for coarse or heterogeneous slurries
decreases. This dacxgaaa,naauiissiniayigw&apanating_cost
for pipeline tansportation. But pipeline transportation is
only one part of the total cost of a slurry pipeline system,
The other two parts of the coal-slurry pipeline system are
coal-slurry preparation, and coal-slurry separation. These
processes, when dealing with fine coal, will have 2n in-
creasing operating cost because fine coal requires extensive
crushing and grindings and separation of fine coal-slurry is
difficult and expensive.

* Critical velocity is the velocity that delineates between
turbulent and laminar flow. This velocity is the velocity
used for homogeneous slurries. Slurries are referred to as
homogeneous when the solid particles are very fine and
light, so that the solid and liquid phases may essentially
behave as one. In this system, the mean velocity of the
flow is high enough to keep the solid particles uniformly in
suspension throughout thes pipe cross section. Examples of
this type of noridsposit flow are the tranSport of clays,
drilling muds, cament, and sewags  sludge.

*#%# Deposition velocity is the velocity at which mineral sol-
ids begin to depositf that is, when the force of gravity
overcomes force of turbulence. This term is used for coarse
or heterogeneous slurries. Slurries are refsrred to as
heterogeneous when the solid particles are coarss and have a
large relative density. 1In horizontal flow, the mean veloc-
ity of the slurry is low so that the solid particles parti-
ally settle to form a zone of increased concentration near
the bottom of the pipe.. Examples are coarse sands, trona,
phosphate, salt, coal and nickel ores.
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The opposite is true for coarse coal. As the coal par-
ticles become largser, the critical velocity for the homogen-
eous or fine slurries and the deposition velocity for coarse
or heterogeneous slurries increase. This increase results in
2 high operating cost for pipeline transportation, and a low
operating and capital cost for coal-slurry preparation and
separation, because it costs less to crush and separate coarse
coal. Therefore, an optimum coal-particle size and distri-
bution must exist in the overall slurry pipeline Systeh to
give the lowest, total, combined cost of slurry preﬁaration.
pipelining, and separation.

Because reduction of operating and capital costs of any
of the coal-slurry system components is beneficial, this
study was undertaken to determine the optimum particle-size
distribution for a coal-slurry pipeline system.

To develop a2 tool that in turn would determine the op-
timal coal-particle-size distribution for a ;oal-slurry pipe-
line, the following procedure was followed:

l. Cost curves, as a function of particle size, were

developed for each of the follomings
a, coal-slurry preparation,
b. coal-slurry pipeline transportation for a
fixed distance,
€. coal-slurry separation or dewatering.,

2, From the cost-size curves, cost-function equations

were‘develobad.
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3. A mathematical model that consists of the
summation of the three cost-functions
mentioned above (coal-slurry preparation,
pipeline transportation, and separation)
was developed.

4, An attempt was made to determine. the optimum

solutiog)both graphically and analytically.

In order to evaluate the technique discussed abov%)a
case study was made in which a hypothstical coal-slurry pipe-
line was to deliver 300 tons per hour of coal for a horizon-
tal distance of 200 miles from the coal source. The follou-
ing chapters will implement each of the above steps for this

hypothstical coal-slurry pipeline,
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The following discussion of costs has been divided under
the headings Coal-Slurry Preparation, Coal-Slurry Pipeline

Transportation, and Coal-Slurry Separation,

Coal-Slurry Preparation.

The slurry preparation section of the coal-slurry pipe-
line transportation system has two main functions:

1. to prepare the amount (capacity) and grind of

coal for terminal use, and

2. to prepare a slurry to transport this capacity.

These Functions are a:compliéhed by the use of coal-
size reduction equipment, such as crushers and grinders,
and other miscellaneous coal-slurry preparation eQuipment
such as conveyor belts, screens, dust collectors, mixing
tanks, meters and gauges, Slurry pumps;and pipes., These are
shown in Fiqure 1 and are discussed in detail in Appendix 8,

As shown in Fiqure 1, coal is delivered by conveyor
belts from the coal storage area to scalping screens of the
required size. The fractions thatpass through the screens
drop onto a2 belt and are delivered to either the mixing tank
or to the wet-grinding section, depending on the coal-slurry

particle size required. The fractiens on the screens are

ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES
GOLDEN, COLORADO 80401
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discharged into the crushers for reduction. The crushed
coal is then weighed by a weightometer on the feed belt and
delivered to a slurry mixing tank or rod mills for further
grinding.

If the weighed coal is delivered into a slurry mixing
tank, a measursed amount of .water is delivered to be mixed
with the coal to form the desired slurry. Slurry is then
pumped to the slurry holding tanks.

If the weighed coal is delivered to the rod mills for
further grinding, water is delivered to the rod mills to
start the wet-grinding process. The product of the rod mill
is a slurry with the specified particle size needed for
pipelining. Slurry overflow from the mills is charged into
a slurry surge tank, from which it is pumped by centrifugal
slurry pumps to the slurry holding tanks. A slurry density
meter, mounted on the pump discharqe line, monitors the coal
concentration of the slurry and transmiés the information to
the plant control panels. The slurr9 is then being sampled
automatically for immediate analysis of size distribution
and solids concentration. If the slurry is suitable for
pipelining, it is then pumped into the pipeline. If it is
not suitable, it is returned to the wet-grinding section for
ad justment.

Eleven coal-particle sizes defined as 95 to 100 percent
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passing through l-in., 3/4-in., 3/8-in., 1/4-in., 6-mesh, B-
mesh, l4-mesh, l6-mesh, 20-mesh, 30-mesh, and 35-mesh screens
were uséd for this case study. These sizes, randomly selesct-
ed, were based on the top size of thg coal particles of the
Black Mesa Pipeline -- 1/8-in,; x O (1&). Five particle sizes
were selected to have a top particle siza,Finer (sma11er)
‘than the Black Mesa's, 1/8-in. x 0, and five others were se-
lected to have a top particle size coarser (larger) than the
Black Mesa's 1/8-in. x 0. Thess are shown in Table 4 below.

Table 4. Coal-Particle Sizes
Used in This Study

e e e

Particle Size - 95-100 Percent Passing Through

U.S.
Inches Millimeters . Standard Mesh
1.0000 25.400 -
0.3750 9,525 -
0.2500 6.350 3
0.1320 3.360 6
0.0937 2.380 8
0.0550 1.397 14
0.0469 1.190 16
0.0331 0.84C 20
0.1232 0.589 30
040195 -0+,495 ~35

The coal slurry to be prepared is assumed to be 50 per-
cent coal by weight. Based on the above assumptions, commer-
cially avajlable coal-slurry preparation eduipment was se-

lected, and costs were obtained. This equipment is discussed
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in detail in Appendix B.

Capital equipment costs for slurry preparation can be
obtained, based on the squipment discussed in Appendix 8,
These costs are shown in Rppendix C. The total capital in-
vestment cost of a coal-slurry preparation plant to prepare
300 tons per hour of a 50 percent by weight coal-slurry now
‘can be detetmined.ftom the capital investment cost in Ap-
pendix C, and from the cost factors for installation, piping,
building and site development, engineering and construction,
land, and contingencies. These cost items are discusséd in
Appendix D. The ragults are shown in Table S,

Table 5 shows only the total costs of the physical
plant. Operating and maintenance costs for coal-slurry pre-
paration are not available from the manufacturer. Thess
costs vary from one operator to another; therefore. there
is no single operating and maintenance cost. Domestic
aperating coal-slurry pipelines were contacted for informa-
tioh about these costs, and the reply was "operating cost is
‘proprietary.” No litsrature known to the author is available
on this matter, other than the operating and maintenance
costs of the total pipeline system by Aude, Thompson, and
Wasp (15) of Bechtel Inc., San Francisco, California. These

authors concluded that operating and maintenance costs

comprise 30 percent of the total slurry pipeline system, half

of which (15%) is power cost, the other half (15¢) is for
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labor and supplies. The remaining 70 percent is considered
capital cost.

Based on this information, operating and maintenance
costs of slurry preparation are assumed to be 30 percent of
the total cost or 42,851 percent of the annual plant cost.
The total annual plant coét.;opemating;and.maintenance cost,
and the total cost of slurry preparation are shown in Table

6.

Coal-Slurry Pipeline Transpbrtétign
Pipeline transportation cost is dependsent on the fol-

lowing parameters:

‘1. slurry throughput (capacity).

2. pipeline geometry,

3., Coal-particle size and distribution (screen
analysis), and

4, slurry concentration.

Design Parameters to be Used in..this Study: For the

purpose of this study, seven avajlable coals with different
screen analysis and specific gravities were used. These
coals and their screen analysis are shown in Appendix E.
These coals and their screen analysis were usad because they
were the only ones avajilable with pipeline data. Coal-screen

analyses with pipeline data are hard to obtain and vary in
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accuracy, depending on the source.
For all the seven screen analysis shown in Appendix E,

the following pipeline design parameters were used:

Slurry throughput (capacity) 300 tph of dry coal

i

Specific gravity of the liquid. 1.0
Slurry temperature =. 18,0° Celsius, except
' for screen analysis
No. 7 (24,7° C.§

Initial (injection pressure) = 10 psi

Final (aischarge pressure) = 0 psi, free discharge
Pipe type = Commercial steel
Pipeline iengfh = 200 miles

Pipewall thickness = 0.0208 ft,

Additional pipeline design parameters to be used in
this study,ére shown in Table 7 for each of the screen anal-
yses used for this section of the study. From the parameters,
the coal-slurry pipeline transportation cost was obtained by
using the computer programs developed by Faddick (17) and
described byALavingia (18) in a thesis submitted to the
Colorado School of Mines.

The computer program described in Lavingia's thesis
combines hydraUIic characteristics of the pipeline with
economic ones, and determines the optimum pipe diameter and
pipeline cost for homogensous slurries. A similar computer

program, developed by Faddick (17) at the Colorado School
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Table 7. Adﬂitional Pipeline Design Parameters

to be Used in This Study

Scres
Analy
No.

n

i

Specif

Gravit

Solids | Headloss Correla- Shape
ii ‘ Concen-2 Inter- tion 5 Factor
yle tration?: cept(A)3+ Slape(b) >+ (Xx)5.

1.
2,
3.
4,
S.
6.
7.

1.
2,
3.

4,

1.26
1.306
1.339
1.32
1.34
1.385
1.381

Append
Concen

The in

40.0 3,78 0.2575 0.243
45.0° 134.40 1.2335 0.284
50.0 89.26 1.2032 0.4545
50.0 114.36 1.1797 0.6765
50.0 27.42 0.8098 0.938
50.0 6.18 0.3947 0.842
46.7 Nade NA NA

'ix E-
tration by weight percent.

tercept A and slope b are the intercept and

slope of the reqgression line of the logarithm

of ¢
hat

:ter

NA =

X is t

vVersus y. The_headloss equation for
erogeneous slurries is @ = Ay°,
ms are discussed in detail in Appendix F.

Not applicable to homogeaneous slurries;
instead rheoloqy data such as K(slurry con-
sistency index) = 33,84 dynes secl.cm?,
n(slurry flow behavior index) = 0.143, and
ty(slurry yield stress) = 4.33 dynes/cm? were
used, These terms are discussed in. detail in
Appendix F.

he shape factor obtained from  Faddick (17).



of Mines, does the same but for heterogeneous slurries.

In these two computer programs, 3 range of throughputs
and pipe diameters was specified to compare pipeline costs
in different diameter pipes. The cohputer programs read
rheoclogy data for homogeneous slurries and head loés data
for heterogeneous slurries and determine the Reynolds number
of flow.

From the Reynolds number of flow, the flow regime was
determined. The Reynolds number of flow and the regihes for
the screen analysis used in this study are shown in Table 8.,
The computer programs then compute the annual total pipeline
transportation cost, which comprises the capital cost of the
‘pipe and the pumps and the annual operating or pumping cost.
The-computer programs then print out a unit transportation
cost in cents per ton-mile, For more details refer to
Lavingia‘'s thesis (18).

Summary of Coal-Slurry Pipeline Transportation Costs:

The cost equations in Lavingia's thesis for pipés. pumps,
and motors were based on June 1974 prices (marshal and
Stevens' cost index of 386.1). In order to update these
cost equations to December 1975.prices, a Marshal and
Stevens index of 450.6 was used (19)., Based on the Marshal
and Stevens cost index for June 1974 and December 1975 of

386.1 and 450.6, respectively, the updating cost factor was



T-1804 2.

Table 8. Reynolds Numbers of Flow-and Flow-
Reg1mes for Different Coal
Sereen Analysis

Cball' o Reynoldé No.

Settling Flow Regime
Eastern Coarse Coal #1 3697.89 Heterogeneous
West Virginia Coal»#Z 254.16 Heterogeneous
Pocahontas Seam Coal #3 109.78 Heterogeneous
Pocahontas Coal #4 16.12 Heterogeneous
West Canada Coal #5 6.58 Heterogeneous
West Canada Kaiser Coal #6 4.4 Heterogeneous
Eastern Fine Coal #7 0.06 Homogeneous

1. Appendix E.

RNTHOT TARES TR
COLORADO SCHOOL of MINE&

GOLDEN, COLORADO B04M
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found as follows:

Fact . Marshall & Stevens cost index Dec. 1975 = 450.6
ctor Marshall & Stevens cost index Jun. 1974 = 386.1

L] 101671

This cost factor was then used to update the cost equations
developed in Lavingia's thesis for pipes;, pumps, and motors.
Thg computer programs described above were then used to de-
termine the optimum pipe sizes and the total cost of the
pipeline. The optimum pipe size was selected to correspond
to the lowest pipeline tfansportation cost, provided that
the pipeline operating velocity excesded the deposition
velocity bf the slurry For;heterogeneous slurries, and ex-
ceeded the critical velocity of the slurry For'homogeneous

slurries, These results are shown in Table 9.

Cosl-Slurry Separation

Coal-slurry, ﬁpon'arrival at the destination area, must
be separated from its carrier.,water} in order to meet the
moisture content the market specifies. This separation
could be accomplished by using coal-slurry dewatering
equipment.,

As Figure 2 shows, coal-slurry is pumped by centrifugal
pumps from the slurry receiving tank to a2 dewatering screen

to be thickened. The thickened slurry is then delivered to
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centrifugal dryers, which produce a coal cake, The moisture
content of ths coal cake depends on the dryer used and the
slurry concentration., The effluent from the slurry screen
and the centrifuqgal dryers are pumped into a thickener
(large diameter tank) where the slurry is thickened either
by gravity or by chemical treatment. If chemical treatment
is used, the type and amount to be added to the coal parti-
cles in suspension will depend on the kind and the size of
the coal particle.

The thickened slurry is then pumped from the bottom af
the thickener sither to the coal cake produced from the cen-
trifugal dryser or toc a Filter. if further dewatering is
needed, depending on the amount of the thickensed Slurty out
of the thickener. 1If a filter is needed, the product is a
coal cake, which is then sent directly to the boilers in a
power plant or for further drying before use in the boiler.

For this study, seven available coasls with different
specific qgravities and particle-size distribution were used,
Six of the sesven coals and their screen analyses were men-
tioned earlier in the pipeline transportation section anc
are shown in Appendix E. In addition, 2 seventh coal with
its screen analysis was used and is shown in Appendix E.

For the conveneince of the reader, the names of these

coals and their specific qravities ars mentioned as follows,



T-1804 30.

Spacific
Coal Nao. _Name Gravity
1 Eastern Coal 1.256
2, Pennsylvania Coal 1.30
3. West Virginia Coal 1.306
‘4. Pocahontas Seam 1.339
5. Pocahontas Coal 1.32
6. C N Coal 1.34
7. Kaiser Coal 1.385

Based on these screen analyses, coal-slurrv separation
processes and equipment were selected for each coal. The
selected processes and their capital costs are shoun inmﬁg:‘
pendix G.

The total capital cost of the coal-slurry separation or
dewatering plants were then calculated, based on capital
costs described in Appendix C and plant design costs des=-
cribed in Appendix D. These results are shown in Table 10.

The total capital and operating cost of dewatering 300 tons

of 50 percent coal slurry are shown in Table 1l.
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STATISTICAL ANALYSIS_OF COAL-SIZE
 DISTRIBUTION DATA

The most'comhoh method of measuring coal-partitle size
is sieving’(sbreen analysis)., Another method of determining
the size of small pafticlesAis establishingvtheir settling
velocity.

Small spheres settle in accordance with Stokes' Law,
which states-that the settling vslocity varies as the square
of the particle diametsr.

Two graphic pr&cedures are commonly used in presenting
coal-particle-size distribution (screen anmalysis).

1. Histogram is a block diagram that gives the per-

- centage of grains in an arbitrary number of
grade sizes presént'in the screen analysis.
Histograms present a factual picture of the
abundance of grains in each grade size in a
readily visualized form; howsver, they cannot
be used directly for numerical summaries of
the data.

2. Cumulative curve is a curve prepared by adding the

percentages in succeeding size grades in a screen
2n2lysis and drawing 2 smooth curve through the

points. These curves are used as graphic devices
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for determing average particle size,

Coal-particle-size distribution has been a subject of
much research, which for many years has focused on deter-
mining the most meaningful size measure that represents coal
or other minerals®' size distribution. The following size
measures (diameters) are known to the author.

1. Arithmetic Mean

2. Median

3. Weighted Mean

4, Rosin-Rammler

5. Quartile Mean

6. Moment-Phi Mean

Each of these dismeters will be discussed briefly below.

Arithmetic Mean

The arithmetic mean diameter is a siﬁple representation
of particle-size distribution. It is calculated by adding
the top (largest) and bottom (smallest) of the screen anal-
ysis and dividing the result by two. The result is an

average size.,

Median

The median diameter of a screen analysis is simply the
"middle-most"” grain size with an equal percentage of grain
on each side. It is the diameter, where S50 percent of the

screen analysis is smaller and the other 50 percent is
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larger than the median diameter. In other words, it is the
screen=-size diametér. where 50 percent of the sample weight

passes through and the other 50 percent is retained,

Weighted Mean

In a screen analysis the first two screen sizes are
converted from mesh 6pening size to inches or mm and aver-
aged. The avetage is multiplied by the weight percent of
the total sample that is retained on the smaller and passes
the larger size. This procedure is followsd for sach con-
secutive pair of the screen analysis, These products are
lfhen summed, and thé result is divided by 100 to get the

weighted mean diameter, which is represented mathematically

by
_ n
WMD = I diwi (1)
i=1
100
Where, WMD = Weighted mean diameter
di = Average diameter of each
of the consecutive pairs
of sizes
Wi = Weight in percent corresponding

to each pair of sizes
n = Number of pairs of screen sizes
in the screen analysis,
Along with the weighted mean diameter, two coefficients

.are used to repraesent the relative dispersion of the screen
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analysis. These are the coefficients of variation and the
Hazen Uniformity Coefficients, These coefficients are dis-
cussed by Faddick (20). The coefficient of variation, is
the dimensionless term used to measure relative dispersion.
It is the standard deviation divided by the weighted mean
and is expressed as a percent. The larqger the coefficient
of variation the wider the range. If the coefficient of
variatien equals zero percent, the particles have uniform
size.

The Hazen Uniformity Coefficient is the ratio of the
diameter at the 60 percent finer point and the 10 percent
finer point on the cumulative gradation curve. This
coefficient ranges from unity for uniform soligg to 1000

for a well-qgraded gravel, sand, silt, and clay.

Rosin-Rammler

The Rosin-Rammler function was originated in 1933 for

coal (20,21). This function is represented by

D.b
wr = 100 e-(%®) (2)
Where Wr = Cumulative percent weight retained,
D = Mean diameter

a and b are constants,
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a = Size constant, detarmined by sieve open-
ing on which 36.79 percent of the sample
is retained,

b = Distribution constant, measures dispersion

of material over the size range.

The constants (a,b) are besst determined from the linear curve
resulting from the Rosin-Rammler Plot. The Rosin-Rammler

plot is determined from the equation above. From equation

(2)
b
D
100 . 9(5)
wr

100 p.b
In(Zgr) = (3) and

100

ln(ln[—w;]) = b(ln D-1n a) = b 1In D - b 1n a, (3)
Let, ln(lnﬂl%g]) =Y

ln D = X, and

b 1In 2 = ¢, and substituting these values in
equation 3 yields a linear equation
of the form

Y = bXx-C.

In order to obtain values for 3 and b in the above equa-
tions, a screen-analysis cumulativé curve is plotted on loga-
rithmic graph paper. The value of a is the particle size,
where the screen-analysis cumulative curve line crosses the

horizontal line, at which 36.79 percent of the coal sample

in the screen analysis is retained. The value of b is the
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slope of the cumulative curve line; it measures dispersion
of material over the size range. For small values of b, the
size curve is close to the size axis, and the material is

spread over a wide size range (solids with wide distribution-

horizontal).

Quartile Mean

The quartile method is based on quartiles obtained
~graphically from the cumulative particle-size-distribution-
curve determined by following the 25, S0, and 75 percent
lines to the right of their intersection with the cumulative
curve, then reading the values on the size scale which lies
directly below the intersections. The first quartile is-
associated with the 25 quartile. The second quartile, as-
sociated with the S50-percent line, is called the median dia-
meter. The third quartile is associated with the 75 percen-
tile. In order to measure the degree of sorting, the sort-
ing coefficient (So) was developed. The sorting coefficient
(Se) is a measure of the spread of the distribution., It is
defined statistically as the axtent to which the grains
spread on either side of the average. The wider the spread
the poorer the sorting. Yet one distribution may have a much
wider range than the other. The sorting coefficient (So0), as
discussed in Krumbein and Sloss (22), is defined as the

square root of the ratio of the larger quartile, the (25%)
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value @;, to the smaller quartile, the (75%) valuse G,

So = ﬁvl;ﬁso

Where S0 = sorting coefficient
@, and Q5 represent diameters of 25 and 75
percent quartiles.

The more nearly equal the two quartiles, the more closely
the sorting coefficient approaches 1. According to Krumbein
and Sloss a well-sorted sediment has So values less than
2.5, moderately sorted sediments have So values in the range
of 2.5 - 4,0, and poorly sorted sediments have values larger

than 4,0.

Momant-Phi Mean

In addition to the quartile measure, Krumbein and Sloss
(22) discuss moment measures. Moment measures are related
to the center of gravity of the size frequency curve. They
have some advantages over the quartile measures in studies
of the dynamic condition of sedimentftransporﬁ. Moment mease-
ures are usually expressed in logarithm form because of the
need for a geometric grade scale in particle size analysis.
The average diameter in the logarithmic moment method is the.
phi mean; its antilog is the geometric mean diameter. The
degree of sorting is expressed as logarithmic standard devi-

ation (sigma phi) or its antilog, the geometric standard
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deviation. Krumbein and Sloss (22) discuss Inman's proposed
method that permits simultaneous graphic treatment for both
quartile and moment measures. The cumulative curve of the
screen analysis is plotted on probability paper.

The diameter scale is expressed as its negative loga-
rithm to the base 2, which yields the arithmetic phi scale.
The phi mean is then defined as half the sum of the phi
values associated with the 84~ and 16~ percent lines; the
sigma phi is half the difference betweasn these two values.

phi median = d, = ﬂso*

phi mean = (ﬁa4 + gls)/z = %(d84 + d16
which is the geometric mean diameter.
sigma phi = @ = (fy, - 516)/2 = %(d84 - dig)*

which is the geometric mean standard deviation.

)*,

These values are in logarithms. They may be converted to
their diameter equivalents by use of charts. The measurs
of skewness (8@) to be used with this measure is based on
the extent to which the mean and the median saparated as the
cumulative curve beccmes asymetrical as shown:

s@ = (mg - mdff) / of

‘where, M@ = phi mean
Md@ = phi median

of = sigma phi.

* From the cumulative graph.
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Any of above-mentioned size measures can be used to
represent screen analyses. The most widely used size meas-
ures for coal are the "median"; "Rosin-Rammler"”, and the
"weighted mean" size measures (diameters). The median "dia-
mater” is the easiest to compute but is limited because it
is difficult to use in predicting an optimal screen analy-
sis. The Rosin-Rammler "diameter”, which was originally
developed for coal, is a reasonable "diameter” but it is
computed in a complicated manner. The weighted mean "dia-
mster” is a reasonable measure; it takes into consideration
averaging each consecutive pairs of screen sizes in the
screen analysis,

For the ﬁﬁrpose of this study, any of these three size
measures (diameters) can be used. However, the weighted
mean diameter will be used because it is easily and rational-
ly computed., It will also work well in the trial-and-error
approach to predict anm optimal particle-size distribution

(screen analysis).
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DEVELOPMENT OF THE MATHEMATICAL FUNCTIONS

Tables 6, 9, and 11 have shown the preparation, pipe-
lining, and separation costs of coal-slurry transportatijion
for different coal size distributions. In order to develop
cost equations, cost curves need to be developed. Cost
curves are developed by plotting cost of preparation, pipe-
line transportation, and separation of coal-slurry against
representatives<of coal-particlé size distribution. Again
it is‘emphasiied that for the purpose of this study the
weighted mean diameters will be used. Throughput this chap-

ter the weighted mean diameter will be designated by umMD.

Coal-Slurry Preparation

Table 6, earlier, showed the total cost of coal-slurry
preparation in dollars per ton for 300 tph capacity, for
different coal sizes. These coal sizes are the top size of
the screen analysis (95-100 percent ﬁassing the screen of
the top size). Coal screen analyses are impossible to ob-
tain from coal reduction eauipment manufacturers because
each coal grinds differently, depending on the specific
gravity, moisturs content,-chemical composition, and the
amount of ash and other waste material in the coal.

For the purpose of this study, the top size is used to
determine an "estimated” WMD, which is needed to develop the
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cost function for slurry preparation, The "estimated" WMD
is determined by dividing the top size by two. Ffor example,
if the top size of a screen analysis is 1 inch, 95 to 100
parcent of the coal-particle-size distribution (screen anal-
ysis) passes through a l-inch screen, Dividing that hy 2
gives 1/2 inch, what is referred to as the "estimated" WwMD,
which means that 50 percent of the coal-size distribution is
coarser than 1/2 inch, and 50 percent is finer than 1/2 inch.
This assumption is limited, but is a fair and reasonable as-
sumption, since the true particle-size distribution (screen
analysis) is not known. In the author's apinion, this as-
sumption is the best that can be used to describe the WMD
for the coal-slurry preparation sectinn; Coal-slurry prep-
aration costs and the assumed WMD's are shown in Table 12
and are plottad in the upper part of Figure 3.

In order to get a mathematical function to define this
cost cJ}ve (top Figure 3), three curve-fitting techniques
were considered: minimizing the sum of the squares of the
deviation (least squares), minimizing the sum of the absoiute
deviation, and minimizing the maximum absolute deviation.
Since the least-squares method is most commonly used, it is
usad in this study., The other two methods are disc;ssed by
wagner (23).

The "least squares” method is used for determining a
ragression equation which is used to predict with reasonabls

accuracy one of the variables based cn the other variable.
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Table 12, Coal-Slurry Preparation Costs For
300 tph and 200-Mile Long Pipeline

Coal-Particle Size - mml® Total Cost-Cents/Ton-MileZ*
12.7000 0.0876
9.5250 0.8910
4.7625 0.0914
3.1750 0.0916
1.6800 0.0920
1.1900 0.1021
0.6985 0.1074
0.5950 0.1115
0.4200 0.1198
0.2945 0.1230
0.2475 0.1362

1. Assumed wéighted mean diameter, top size in
Table 6 divided by 2.,

2. Total cost from Table 6 divided by 200 miles.

The method gives what is commonly referred to as the "best
fitting” straight line. This method minimizes the sum of
the squares of the vertical deviation about the line. For
more details refer to Crow et al. (24)

The selection of the mathematical equation that de-
sc:ibes'the-cost curve best was based on the correlation co-
efficient. In other.words; the closer the correlation co-
efficient to one (100 %), the better the “straight line
(regression) equation.” For the coal-slurry preparation

cost curve shown in the upper part of Fiqure 3, the best

mathematical cost function that defines the curve was of the
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form Y = M/X + B, with M = 0.0122592, and B = 0.0884125, with
a coefficient of correlation of 0.9917, where X is the coal's
WMD and Y is the coal-slurry preparation cost. Note the
sudden increase in cost of preparing a coal-size distribu-

tion with a WMD smaller than about 2 mm.

Coal-Slurry Pipeline Tranqurtation'

The seven WMD's and their corresponding pipeline trans-
portation costs in Table 9 were plotted and are shown in
Figure 4. (Note that there are no data points between the
last point with a WMD of 12.650 mm and the one before it
with a WMD of 2.380 mm). Also, there are no data points be-
tween the first two points with a WwMmd of 0.,0607 and 0.330
mm, which means there is no way of knowing if the lowest
cost occurs at a WMD of 0,330 mm, to the left of it, or to
the right of it. More data are needed between these tuwo
points in order to resolve this problem. Since there ares
only seven data points available for this study, an effort
was made to obtain the best mathematical function defined
by these points,

In order to develop a mathematical function defined by
the seven points in Fiqure 4, the first-., second-, third-,
fourth-, fifth-, and sixth-order polynomial functions were
considered. The results did not yield a2 very qood fit.

Therefore, piece-wise éutve fitting techniques wsre investi-
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gated. This technique involves dividing the available seven
data points into two consecutive sets of data that overlap
at a point and fitting a curve through sach of these sets.
The first set includes WwMD's of 0.0607, 0.3300, 0.3610, and
0.5990 mm., The second set includes WMD's of 0.595, 1.479,
2,380, and 12.650 mm. Tqé results were third-order poly-
nomial functions describgng each of the sets of points.
These tuwo functions hav?;a zero residual, but are meaning-
less because a third-oréer mathematical function was forced
to fit a curve that goe% through a set of four data points,
Therefore, thesse Functi%ns will not necessarily describs the
true mathematical Functibn for this study.

The only alternative left is to consider linear func-
tions describing the straight line sigment between sach pair
of adjacent data points in the top curve of Figure 4, The
bottom curve shows the top curve, but with an expanded scale

and without the last point. The results gave six sifferent

linear functions shown below.

Linear Function Interval of WMD mm
Y = -2,0052X + 2.2120 0.0607 - 0.330
Y = 8.7097X - 1.3242 0.330 - 0.361
Y = 2.6470X + 0.8644 0‘361, - 0.599
¥ = 0,1932X + 2.,3343 0.599 - 1.479
Y = 0.,2219X + 2.2920 1.479 - 2,380
Y = -0,00097636X + 2,8223173 2,380 - 12.650
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Since these functions describe the cost curve best, they
will be used later to compute the total coal-slurry trans-

portation system's cost.

Coal-Slurry Separation (Dewatering)

Table'll shows the total cost of~separation (dewater=-
ing) 300-thp coal slurry for different coals and screen anal-
yses. In order to be consistaent with coal-slurry preparation
and pipeline transportation costs, the total coal-slurry
separation cost (Table 11) has tc be in cents per ton mile
for the 200-mile pipeline specified for this study. These
costs are shown below.

Coal-Particle Size-WMD, mm Total Cost-Cents/Ton-Milel®

12,524 0.0976
5,162 0.1110
2.380 0.1328
1.479 0.1458

 0.599 0.2265
0.361 0.2385
0.327 ' 0.2459

The total coal-slurry separation cost for each of these coal
slurries was plotted against the WMD of the coal-scresn
analysis and is shown in the top curve in Figure 5.

From the top curve in Fiqure S the bottom curve was
developed to define the cost Punction, This curve has a
least squares equation in the form of Y = 0.107//X + 0.06562,

where Y is the coal-slurry separation or dewatering cost, and

1. Total cost from Table 11 divided by 200 miles.
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X is the coal's WMD; This equation hés a correlation co-
efficisent 6f 0.987, Since this function has a good corre-
lation coefficient, it will be used to describe the slurry-.
separation cost curve, At a WMD above S mm, separation costs

tend to level out.

Total Coal-Slurry T@anépcrtation Systaem

A cost equation fof the total slurry transportation
system of slurry preparation, pipeline transportation, and
slurry separétion can now be determined. This equation is
simply the addition of the cost equation for each of the
slurfy system'slcombonents (slurry preparation, pipeline
transportation, and slurry separation), and is shown bslow.

For WMD range 0.0607 < X < 0.330 mm

10 - 00122592 _ 5 0052 + ;2:107 o 2.366

For WMD range 0.330 < X < 0.361 mm

0.0122592 ' 0,107
Tc = ——'_x_"—" * 807097x + f—r— -

1.17
For WMD range 0.361 < X < 0.599 mm

0.0122592 .

TC = =X~ + .2.647X + 42,%21 + 1.0184
For WHD ‘range 0.599 < X < 1,479 mm

e = 20122592, g yo30x o 2B L 2.4883

For WMD range of 1.479 mm < X < 2.380

0.107
1€ = Q:QL%EéEZ + 0.2219755X + %X — + 2.446

For WMD range 2.380 <X < 12.650 mm

0.0122592 0.107
TC = ==—x— - 0.0009736X + S/ — + 2.9763
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where,

TC = total cost of the slurry transportation sys-
tem--slurry preparation, pipeline trans-
portation, and slurry separation in cents
per ton mile for 2 200-mile line and 300-
tph capacity, ’

X = coal-particle size - weighted mean diameter,
mm,
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RESULTS

The optimal particle-size distribution, WMD, for coal-
slurry pipeline, can be determined analytically and/or
graphically. Each of these approaches will be discussed
briefly. The latter part of the‘chapter is a comprehensive

discussion of these results.

Analytical Solution

The optimal particle-size distribution, WMD, can be
determined analytically by the use of calculus. Ffor any
mathematical function, f(X), the following steps are follow-
ed to determine the minimum and/or maximum points of the
function., Find the first derivative (f'(X)) of the function;
sat it equal to zaro,.and solve the resulting eQUation for
real roots in order to find the critical values of the var-
iable. Find the second derivative (f"(X)); substitute each
critical value for the vafiable in the second derivative.

If the result is negative then the function is a maximum for
that critical value; if the fesult is positive,'the function
is a minimum for that critical value. When f"(Xo) = 0, or
does not exist, the above process does not apply, although
a minimum or a maximum may exist, in which case, one criti-

cal value should be considered at a time. The Fi:st



derivative should be tested first for a value which is a
little less and then for a value which is a little greater
than the critical value., If the sign of the derivative is
first positive and then negative, the function has a maxi-
mum value for that particular critical value:of the vari-
able; but if the reverse is true, then it has minimum value.
If the sign does not change, the function has neither.

From Table 13 the lowest minimum and the highest maxi-
mum- are then used to define the minimum and maximum cbst.
The minimum appears to be at a WMD of 0.330 and has a total
cost of 1.9215 cents per ton mile; the maximum appears to be
at a WMD of 2.380 and has a total cost of 3.04636 cents per
ton-mile.

Table 13. The Value of Minimum and Maximum
For Different Intervals of WMD

Interval of X, mm X, mm Maximum Minimum
0.0607 < X < 0.330 0.0607 2.827525 -
0.330 - 1.9215
0.330 <X < 0.351 0.330 - 1.9215
0.361 2.1808 -
04361 < X <.0.599 0.361 - 2.1808
0.599 2.7855 -
0.599 <X <1.479 0.599 _ - 2.,7855
; 1.479 2.8625 -
1.479 < X < 2,380 1,479 - 2.9625
2,380 < X <12.550 2,380 3.04636 -
: 12,650 - 2,9952
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Graphical Solutian

The graphical sclution includes:

1. summation of the three costs of the total coal-
slurry pipeline traﬁsportation system-prepara-
tion, pipeline transportation and separation,
for the saﬁé particle-size distribution, WMmD,

2. plotting the total cost versus the coal-particlé—
size distribution, WMD, and developing the total
cost curve, and

3. determining the optimal coaleparticle-size distri-
bution, WMD, from the total cost curve. This
is the WMD that cocrresponds to ths lowest cost
on the total cost curve,

In order to develop the total cost curve, the total
coal-slurry transportation system cost ' functions shown in
the previous chapter were used to predict the costs for
different coal-particle-size distributions, WMD. Some of
these costs are shown in Table 14, These aﬁd some other
calculated values are shown in Figure 6. The top curve in
Figure 6 shows the range of WMD from 0.0607 to 12.650 mm.
The bottom curve shows the WMD range from 0.060G7 to 2,380
mm and has a different scale. The bottom curve was con-

structed to illustrate the optimal WMD more clearly.
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COLORADO SCHOOL ot MINES
GOUNRLCKX&ﬁHﬂXJB&ﬂm



56.

*s3800 (Teufbrio) peniasqo syj sle syseyjusled UJ 53509
.mcoﬁuaocm 3800 Tej03} 8yj3 wody psejeINITRI 8Ie a[qe] sTY3 UT s3507

£8°¢ -00S°0 (60°2) 60°2 8c2°0 190°0
rAAK/ Zve'o 16°1 0L1°0 0ST°0
vi°2 082°0 ZL 1 (951°0) 8ET°0 8vZ°0
26°1 (9vz°0) 9vz*0 (s5°1) S5°1 9z1°0 0gE°O
81°2 Amnu.ov.qwm.o (z8°1) 28°T Z21°0 19¢°0
6L°2 (Lzz*0) 0120 (sv°z) sv°'2 (111°0) 0110 665°0
08°¢z €LT o £5°2 101°0 000°1
98°2 (sv1°0) g¢s1°0 +(29°2) 29°¢ L60°0 osv° 1
S1°¢ (¢£1°0) set0 (88°2) 28°2 v60°0 08g°2
€0°¢ S11°0 a 28'2 (160°0) 160°0 £9L* Y
0o‘e Ammo.ov.omo.o (18°2) 18°2 (680°0) 680°0 - 0s9°zt
Ie30}) ‘ coa»muuamm - uotjejlodsuegly . uojijeledadd , Coww gum
aurt1edyd 821G 8[913ded

T-1804

.Amﬁﬁs-co»\macmu_cw A3Toede] ydy QOg Pue s88TTW 00Z
40 we3sAg uvofiwjdodsuel) AJINTg-{eO0] JO 360] [e30)] °¢ 8(qey



T-16804

Fig.

Cost, Cents/ton-milé

Cost, Cents/ton-mile

3.05 - 57,

2.85 Jy

2.65 4}

2-45 —‘17

2025 ¥

0.0. ' 4,0 8.0 12.0 16.0

2.45

2.05

1085 ) T L T : T 1

0.0 0.50 1.0 1.5 2.0 2.5
WMD, mm

6 - Total Cost of Coal-Slurry Pipeline Transportation

System for a 200-mile line and 300 tph capacity, v



Interpretation

From: Fiqure 6, the high cost shown on the left side of
the curve for a WMD smaller than 0.330 mm (between 42 mesh
and 48 mesh) is explained by the fact that slurries with
excessive fines form a highly viscous slurry which behaves
like a mud or ﬁaste; making it more difficult to pump and
réQUiring higher pumping costs.

From Table 13 and Figura's. the optimum particle-size
distribution, WMD, occurs at a wmD of 0,330 mm, This is
shown by the minimum point in Figure 6, and by the lowest
total cost in Table 13--1,9215 cents per ton-mile,

The maximum total coal-slurry transportation cost in
Table 13 and Figure 6 occurs at a WMD of 2.380 mm (approx-
imately 8 mesh) with a total cost of 3.05 cents/ton-mile.
This cost is higher than the total cocal-slurry transporta-
tion cost for the.ccarser screen analysis (with a WmD of
12,650 mm), which is 3.00 cents/ton-mile. This discrepancy
can be attributed to t;e iower slurry concentration used
_for the coarse screen analysis (with wmd of 12.650 mm),
which is 40 percent by weight, while the slurry concentra-
tion for the finer screen analysis (with WMD of 2,380 mm) is
45 percent by weight.,

The WMD of 0.330 mm was found to be the optimal because

the total cast curve, Figure 6, lacks data points between
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the 0.330-mm and 0,0607-mm region. There is no way at this
time to obtain a screen analysis that has a WMD between the
0.330-mm and 0.0607-mm region. The wMD of 0.330 mm is to be
considered the optimal WMD for this case study because of
the unavailability of data. The true optimum-could be on
either side of the chosen WMD of 0.330 mm.

The next value to the right of WMD of 0.330 mm is at a
WwmD of 0.361, which is about 9.4 percent higher (larger).
This means that the optimum generally cannot be greatér than
0.361 but could be anywhere in between 1 to 9 percent higher
than the optimal wmp of 0.330 mm, Investigating the left
side of the chosenAoptimal WwMd of 0.330 mm gives a large
range of values since there is no coal-screen analysis with
pipeline data available at this time that has a WMD between
0.330 mm and 0.0607 mm. The true optimum could lay anywhers
in between that in a range between 1 and 80 percent smaller
or to the 1left of the calculated Wmd, 0.330 mm. It is em-
phasized that more data™are needed to investigate this
section of the curve. However, the purpose of this study is
to show that the technique is viable, that it works. Once
the technique is developed, the input data can be modified
.to handle the details on specific cases.

Moreover, the Black Mesa coal-slurry pipeline (the only

operating coal-slurry pipeline in the U.S. which transports



about S million tons of coal per year from Kayenta, Arizona,

to the Mohave power plant in southwestern Nevada, a distance

of 273 miles, has a WMD of 0.283 mm (25), which lies to the only
left of the calculated optimal WMD af 0.330 mm and is about

14 percent smaller.

The reason for comparing the results of the study with
the Black Mesa pipeline system are twofold: (1) It is the only
existing long-distance coal-slurry pipeline and (2) its WMD
compares favorably with the results developed in this study.
The latter may be only coincidental because the present
study uses only half the throughput of the Black Mesa pipe-
line, and no topographical gradients were assumed in the
200-mile distance.

Whether the optimal particle-size distribution, WMD,
will be locked between 0.283 and 0.330 the author does not
know., But knowing the Black Mesa's WMD supports the hypoth-
esis that the optimal particle-size distribution is not
greater than a WMD of 0.361 mm'and is not less than a WMD of
0.0607 mm,

This study brings up the following two Questions:

1. Once the optimal WMD is determined, how can the
coal-particle-size distribution screen analysis
be obtained?

2, After determining the coal-particle-size distribu-

tion screen analysis, can this screen analysis
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be obtained physically? If yes, how?

Coal-particle-size distribution screen analysis for the
optimal WMD can be obtained in two ways, depending on the
WMo .

The first is the cass where the optimal WMD happens to
be at a point where there is a corresponding coal-screen
analysis, as in the case study discussed in this thesis,
where the optimal WMD happens to be at 0.330 mm, which
corresponds to a given coal with a given particle-size dis-
tribution (screen analysis). This screen analysis %s shown in
Table 15. This happened because of the limited input data
that forced a linear interpolation between this point and
thé one preceding, WMD, of 0.0607 mm in the cost curve in
Figure 6.

The'second is the case where the optimal WMD happens to
be at a point where thers is no corresponding screen analy-
sis. The procedure then is to develop a screen analysis by
trial and error that corresponds closely to the optimal wmD.
For example, if the optimal WMD happens to be to the right
or the left of the WMD of 0.330 mm (coarser or finer) shown
in this study, ths trial-and-error method suggests starting
with the screen analysis that corresponds to the WMD of
0.330 mm as a basis, and using successive analysis as a
quide to develop a screen analysis that corresponds to the

optimal WMD, It may not be 2 very accurate screen analysis,
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Table 15. Suggested Optimall® Coal Size
Distribution Screen Analysis
Inch/Tyler Mesh | Percent
.1 X 8 0.16
8 x 10 0.56
10 x l4 4,42
14 x 20 3.78
20 x 28 B.56
28 x 35 10.38
35 x 48 11.30
48 x 65 9.52
65 x 100 8.18
100 x 150 7.12
540 x 200 5.54
200 x 325 5.56
325 x ‘pan 24,94
100.00

1. This screen analysis has a weighted mean diameter of

0.330 mm (0.01299-inch, between 42- and 48-mesh).

RARTHUR CAKES LIBRARY] )
COLORADO SCHOOL of MINES

GOLDEN, COLORADQ 80401
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but it would be close. Sinces there could be more than one
screen analysis that had the same WMD, common sense and ex-
perience must be used.

In addition, special attention should be paid to the
amount (percent) of coal fines (passing through 325-mesh
screen) in the assumed screen analysis. 0One must make sure
that the amount of coal fines should be at least consistent
with the coarser and finer given screen analyses that corre-
spond to these WMD's, that screen analysis is ihe optimum
one.,

Now that an optimum coal-particle-size distribution
(screen analysis) is available, can this axact optimal screen
analysis be obtained physically? The answer is "No", because
the coal-particle-size distribution screen analysis is de=-
pendent on (1) the method of crushing and grinding of coal,
(2) the type of reduction equipment used, (3) the kind of
coal used, and (4) the moisture, chemical, and ash content
of the coal. Even the same coal from different seams will
grind differently; therefore, there is no way of obtaining
bthe exact screen analysis., However, 2 close screen analysis
may be obtained by experimental work done at pilot plants
owned by producers of coal-crushing equipment, Usually the
coal operator sends samples of his coal and the optimal

screen analysis to these companies. The companies in turn
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determine the squipment that gives a close scresen analysis
to the optimum one, This is as close as is humanly possi-
ble to qget.

In summary, the technique described is Qiable. and it
works. It may be applied for short and long distance hori-
zontal pipelines, and for vertical coal transportation from
underground mining.

It is not limited to coal, it may be applied to any
other mineral such as oil shale, copper and nickel ores,
sand and qravels, and many other minerals to be transported
by pipeline.

The technique could be used for any capacity and pips-
line lengths; the optimum particlé-sizs distribution may
~change, but the technique will not. The technique has only
one noticeable limitation: it does not determine the exact
‘particle-size distribution screen analysis, but it is close
enough,

The technique will serve as a design tool for future
coal-slurry pipelines for any capacity and any pipeline
length., A step by step recap of the technique fellows.

Step 1. Determine the throughput or capacity of the

mineral to be transported by estimating the
production and the market requirements.

Step 2. Determine the distance (length) and topog-
raphy of the land by tracing the route the
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Step 3.

Step 4.

Step S.

Step 6.

pipeline will take from the starting location t

destination. Slurry pipelines are sometimes

limited to 2 15 percent grade (SO);

Obtain cost of slurry preparation for the above

determined capacity for different particle size

distributions by

a. contacting slurry-preparation equipment
manufacturers, along with cost and
engineering texts and journals, or

b. consulting with experts in the field.

Determine pipeline transporation costs by

consulting Lavingia‘'s thesis (18) and
experts in the field of hydraulic transport.
Determine mineral-slurry separation or de-
watering cost for different particle size
distributions by
a. contacting slurry-separation equipment
manufacturers, along with cost and
engineering texts and journals, or
b. consulting with experts in the field.
From the costs obtained for slurry preparation
pipeline transportation, and slurrv degater-
ing, construct cost curves versus "particle-

size distribution” measures. The "weighted

65.
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Step T

Step 8.

Step 9.

66.

mean diameter" measure is recommendad,

From the cost curve, determine cost equations

for each component of the slurry transporation

system. The least-square method is recommended.

Sum the above-mentioned cast squations and call

it the total slurry transportation cost equation.

Detsrmine the optimum total cost of the slurry

pipeline transportation system by the following

methods:

Analytically by using calculus and
determining the minimum cost, and
graphically by projecting the total
cost of the slurry pipeline system
for different particle-size measures
(wmD's) and plotﬁing these costs
against the WMD's used. Ffrom the
curve the minimum cost can be seen
and determined. This cost corre-
sponds to the optimum particle-size
measure, which represents a2 screen

analysis.

Step 10. From the optimum WMD, determine a2n optimum

particle-size distribution (screen analysis)
by following these steps.

a, Start with a WMD that corresponds to a
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known screen analysis and is closae to
the optimum WMD. Use that as a base
to determine an assumed screen analysis,
From the assumed screen analysis
determine a WMD by using equation (1),

n

wmp = I diwi,

i=1

100
in the text:
Check the calcuiated WMD with the optimum
one, If it is the same nar reasonably
close, stop and go on to Step 1l1l. If it

is not close, make adjustment to the

assumed screen analysis and repeat part

b, of Step 10,

Repeat part c until the WMD of the

assumed screen analysis is reasonably

close or the same as the optimum WMD.

This is the assumed optimum screen

analysis. Here, special attention should
be paid‘to “weight percent of the fines"
(passing through 325-mesh screen size)

in the assumed screen analysis. Note
that the amount of fines in the

assumed optimum screen analysis should
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be consistent with the bhase screen

analysis used in part a of this step.

Step 1l1. Once the optimum particles~-size distribution

(screen analysis) is determined, samples of
the mineral (in this case coal) and copies

of the assumed optimum screen analysis

should be sent to various manufacturers of
material-handling equipment for testing in
their pilot plants, The manufacturers then
would recommend the optimum equipment

(crushers and/or grinders) that would give
a close particle-size distribution (screen

analysis) to the assumed optimum one,

68.
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CONCLUSIONS AND RECOMMENDATIONS

Based on the specific case used in this study a set of
canclusions, recommendations, and limitations wers

developed.

Conclusions

A technique that determines the optimal particle-size
distribution for coal-slurry pipelines has been developed
and has been proven to be viable and was shown by the case
study to work, both analytically and graphically. However,
the accuracy of the results is strictly dependent on the quan-
tity and quality of data used to develop the mathematical
cost function for each of the pipeline transportation sys-
tem components.

For the specific case used in this study, a coal-slurry
pipeline delivering 2.376 million tons of coal pef year a
distance of 200 miles, the following conclusions may bs
drawn,

l. The optimal coal-particle-size distribution (repre-
sented by the weighted mean diameter) is 0.330 mm
(0.01299-inch) or betwesn 42 and 48 mesh, but
closer to 42 mesh, Based on this weighted mean

diameter, a suqgested coal-particle-size distribu-

tion (screen analysis) was shown earlier in Table 15,
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2, Based on the above optimal coal-particle-size dis-
tribution, the total_annual cost of the coal-slurry
transportation system in December 1975 was
$9,130,787, or 1.9220 cents per ton-mile. $596,670
or 0.126 cents per ton-mile is attributed to coal-
slurry preparation; $7,365,600, or 1.55 cents per
ton-mile is attributed to pipeline transportation;
and $1,168,517 or 0.246 cents per ton-mile is at-
tributed to coal-slurry separation or dewatering.

3. Coal-slurry preparation cost contributed an averags
of 3.2 percent of the total cost for coarse coal
weighted mean diameter range between 1 and 12.650
mm (1/2) inch), and an average of 6 percent of the
total cost for fine coal weighted mean diameter
range between 0.7 and 0.06 mm.

4, Pipeline transportation cost contributed an average
of 92.5 percent of the total cost for coarse coal
weighted mean diameter range between 1 and 12.650
mm (1/2 inch), and an average of 81 percent of the
total cost for fine coal weighted mean diameter
range betwsen 0.7 and 0.06 mm.

5. Coal-slurry separation or dewatering cost contributed

an average of 4.3 percent of the total cost for

ARTHUR TCAKES LIBRARY
COLORADO SCHOOL of MINES

GOLDEN, COLORADQ 8040
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coarse co%I weighted mean diameter range between 1
and 12.650 mm (1/2 inch), and an average of 13 per-
cent of the total cost for fine coal weighted mean
diameter range between 0.7 and 0.06 mm.

Nonlinear curve fitting of the total pipeline

,tranSportationacost curve may result in an optimum

’pa:ticls-size distribution, WMD, either 9 percent

higher or 1 to 80 percent lower than the one da-
picﬁed in this study. Therefore, it is concluded
that the optimum particle-size distribution occurs
between the weighted mean diameter of 0.061 mm

(65 mesh) and 0.361 mm (42 mesh).

Coal-slurry preparation costs increase with de-
creasing coal-particle-size distribution (repre-
sented by the weighted mean diameter of the coal
screen analysis), and decreases with an increase
in the weighted mean diameter. This is true
because the power and capital cost requirements for
crushing and grinding increase with a decrease in
product sizes. |
Coal-slurry transportation costs decrease with de-
créasing coal-particle-size distribution (repre-
sented by the weighted mean diameter of the coal
screen analysis), up to a certain weighted'mean

diameter, where the slurry has excess fines,
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resulting in a high viscosity and higher pumping
costs than slurries with fewer fines.

Coal-slurry separation or dewatering costs de-
crease with increasing coal-particle-size distribu=-

tion (represented by the weighted mean diameter of

~the coal screen analysis). This inverse relation-

ship is explained by the fact that fine coals re-
Quire filters and thermal dryers that increase

capital and operating costs.

Recommendat ions

Because of the potential use of the toel outlined earli-

er in this study, research should be continued in the fol-

lowing areas:

1.

For mors accurate optimal particle-size distribu-
tions for the casse sﬁudy described in this study,
more pipeline data are meedsd between a weighted
mean diameter of 0.0607 mm and 0.330 mm, in order
to define properly the curve between these two
points.

Further work can be done to demonstrate the foect
of changing the pipeline throughput (capacity) and
pipeline length on the optimal particle-size dis-
tribution. Such further work would result in a

library of optimum-size distributicns for any



T-1804 73.

combination of pipeline throughput (capacity) and

length.

Limitations

This study revealed two noticeable limitations. The
first is that the author ignored the cost of water for slur-
ry because of the assumption thét any time a coal-slurry
pipeline is considsred, water is avaiiable and the water at
the terminus of the pipeline is used for cooling in the pow-
ar.plant to which the pipeline is delivering the slurry.

The second is that the author treated an assumed WMD
for coal-slurry preparation, (which was calculated by halv-
ing the top size of the selected screen analyses), the same
as the real or calculated WMD used for the coal-slurry pipe-
line transportation and separation (dewatering), analyses.
This is a Fair assumption at this timerbecausa the author is
concerned with the viability and the workability of the
techniqua. O0Once the technique has been proved to work, it
could be used for better input data which will result in a
more accurate answer., The author also assumed a horizontal

pipeline and ignored topography.
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APPENDIX A

‘The following is a summary of the current status of the
art of synthetid fuels from coal, Table 16 summarizes
available coal gasification. Table 17 summarizes avajilable

coal liQUefaction processes.
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APPENDIX B

The following brief discussion of coal-slurry prepara-
tion equipment is divided into two parts; the first briefly
discusses each'coal-slurry preparation equipment, and the
second discusses coal-reduction equipment that is applicable

to this study,

Coal-Slurry Preparation Equipment

Coal-slurry preparation equipment includes crushers,
grinders, screens, dust collectors. conveyor belts, slurry
tanks, meters and gauges, slurry pumps, and pipes, Each of
these is discussed below.

Crushers and Grinders: Crushers and grinders are used

to reduce coal to the size needed for pipelining.

Screens (dry or wst): ODry screens in a slurry prepara-

tion plant usually complement the crushers and qgrinders.
Their purpose is to size the coal ?Sr further reduction or
for slurry preparation.

Wet screens, or slurry screens in a coal-slurry prepar-
ation plant, are used to check the oversize particle size of
the coal slurry.

Dust Collectors: The purpose of the dust collectors is

to collect the fine particles that are produced from the
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crushers, grinders, and conveyor belts during the coal re-
duction and transportation processes., These collectors
eiiminate'explosions of fine particles and are usually
equipped with fans,

Conveyor Belts: In coal-slurry preparation plants, con-

veyor belts are used tp move dry coal from one part of the ,

plant to another. In some plants these belts move coal from
the crushers directly to the slurry mixing tank. In others,
where wet grinding is available, these belts move coal from

the crushers to the wet grinders.

Slurry Tanks: These tanks are used mainly either as

mixing tanks or as slurry holding tanks, where the coal slur-
ry is being held before it is pumped to the pipeline. The
tanks are usually eqﬁipped with agitators to keep the coal
particles in suspension,

Meters and Gauges: In coal-slurry preparation plants,

the most common meters are weightometers and density meters.
Weightometers, which a£; used to weigh the coal before it is
mixed with the liquid carrier, water, are usually located at
the conveyor beltS»beForg delivery to slurry mixing tanks,

or before delivery to‘the rod mills (in case of wet grinding).
Dénsity meters, or gauges, are used to read the density of

the coal-slurry and to monitor the coal concentration in the

slurry before the slurry is sent to the pipeline. Usually,
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these meters are mounted on the pump-discharge line that de-
livers the coal slurry to the slurry holding tank (see Fig-
ure 1).

Automatic Slunﬁg.ﬁamgL&nas The. slurry sampler to be

used in this study is a self-contained unit desiqgned speci-
fically for secondary sampling of slurries. Samples are
sent to the laboratory for immediate analysis of size con-
tent and solids concentration of the slurry.

Plant Pumps: In coal-slurry preparation plants, there

are usually water pumps and slurry pumps. Water pumps are
used to pump the water to be mixedfwithAthe dry coal to form
the coal slurry. Slurry pumps are used to pump the coal
slurry formed from the slurry surqge tanks to slurry screens
and from the slurry holding tanks to feed the pipeline pumps.
Plant pumps are usually centrifugal pumps.

Motors: Motors used on crushers, gqrinders, agitators,
and pumps ares usually shpplied with the equipment, or pur-

~

chased separately.

VCbaI-Reductionthuipment

The following is a description of the reduction process
for this case study. 1In this section when a manufacturer of
coal-reduction equipment is mentioned, there is no implica-
tiocn that this specific equipment is recommended; it implies

only that the manufacturer was cooperative in giving the cost

BRTHUR DAKES CIBRARY
COLORADO SCHOCL of MINES
GOLDEN, COLORADQ 80401



T-1804 81.

of the equipment.

Reduction of Cocal to 95 Percent Passihq‘Throuqh a l-

dnch Screenvﬂoenihqz This,redﬁctibn is accomplished by the
use of a Williams reversible impactor size 350 (27). This

impactor is éble to reduce up to 315 tph of B-inch feed coal
to 95 percent passing through a l-inch screen opening in one

pass, The impactor requires a 200-hp motor.

Reduction of Coél to 95 to 100 Percent Passing Through

a 0.75-inch Screenvogening: Run-of-mine coal is fed to a

standard-duty Guhdlach roll crusher, modelv70 DA (28), which
can accept coal'feed up to 16 by 69 inches., This machine
can crush up to 295 tons of coal pef hour to 95 to 100 per-
cent passing thrdugh a 0,75-inch screen opening in one pass,
‘The machine.requires a 150-hp motor.

Reduction of Coal to 95 to 100 Percent Dassin@ Throuagh

a 0.375-inch Screen Openina: This reduction is accomplished

by use of a Jeffrey Flextooth crusher, size 4266 (29), which
is capable of crushing up to 300 tph of run~of=mine coal to
96 percent passing through a 0,375-inch screen ppening in one
pass, This machine requires a 300-hp motor.

Reduction of Co2l to 95 Percent Passing Throuqh a 0.25-

inch Screen Opening: This reduction is accomplished by the

use of a ring-type Gruendler hammer mill, model SXE. size

4260 (30), which can reduce 1l6-inch coal to 95 percent
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passing through a 0,25-inch screen opening at a capacity of
300 tph in one pass. This machine requires a 300-hp motor.

Reauétion'of Coal to 95 Percent Passihq Through a 6-Mesh.

Scréen Opening: In order to maintain 95 percent passing

through 6-mesh screen, coal is introduced to a SO0-inch Gund-
lach Cage Paktor (28), which will accept coal sizes up-to 20
inches and crushes up to 333 tph of this size coal fo 95 per-
cent minus 6 mesh and about 80 partent_minus 8 mesh., This
machine requires a 250-hp motor.

Reduction of Coal to 95 Percent Passing Through 8-Mesh

Screen Opening: To accomplish this, run-of-mine coal is

first introduced into a standard Gundlach roll crusher, mod-
el 56DA (28), which has a capacity up to 400 tph and reqﬁires
a 75-hp motor. This crusher reduces run-of-mine coal to pass
through a 4-inch screen opening. The product is fed into
Koppers Hammermill (31), with a capacity of 350 tph. The
product of this machine is 95 percent passing through an 8-

inch screen opening. This hammermili requires a 400-hp motor.

Reduction of Coal to Top Size of l4-, 16-, 20-, 30-, 35-
ﬂggb: The gfinding“of coal‘toktﬁe above-menfioﬁed sizes is
accomplished first by the use of a Gundlach Caqe Paktor, size
50-inch (28), which can crush 12- by 25-inch coal to about 95
percent passing through a 6-mesh screen opening. The Cage

Paktor is capable of handling about 333 tph and requires a
250-hp motor. The product of the Cage Paktor is fed into a
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Nordberg rod mill (32), which in turn will reduce coal to

finer sizes by wet grinding. The Nordberq rod mill has dif-

fetént”horsepower reqQuirements for diffeteﬁt levels of fine-

ness, Ffor the purpose of this study the above five sizes

were used, The mill's horsepower requirements are summarizad

below.

100 Percent Passing

Through

Nordberg Rod Mills
Horsepower Requirsment

14
16
20
30
3s

Based on

mesh

mesh

mesh

mesh

mesh

450

600

900
1200
1500

the above describtion of the size reduction

equipment to be used;»capital costs were obtained from the

manufacturer and are shown in Appendix C,
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APPENDIX C

This appehdix briéfly describes the coal-slurry prepar-
ation equipméﬁt and costs, Table 18 shows the reduction
equipment discussed in Appendix B and corresponding capital
costs. Table 19 shows all other miscellaneous coal-slurry
preparation equipment and corresponding costs. Table 20
shows the total capital equipment cost. All of these costs

are in December 1975 dollars.
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Table 20,

Total Capital Equipment Cost for 300-tph

Coal-Slurry Preparation Plant

8s.

Reduction Size

Capital Equipment

(Inches/Mesh) "Cost,’ 8 1.
1 inch 609,740
0.750 iﬁch 620,318
0.375 inch - 636,168
0.250 inch 637,893
6 mesh 640,818

8 mesh 710,818

14 mesh 747,818

16 mesh 807,818

20 mesh 927,818

30 mesh 1,047,818

35 mesh 1,167,818

1.

Tables 18 and 19,
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APPENDIX D

PLANT DESIGN COSTS

Total estimated costs of a typical process plant include
cost of equipment, installation, plant pipes, building and
site dsvelopment, engineering and construction, land, and
various contin§enc19$y Each of these costs is briefly dis-

cussed below.

Process fquipment.

This cost inclﬁdes expenditures for plant-process equip-
ment, handling and storage equipment, gauges, and instru-

ments., It is sometimes shown as f.o.b., or delivered cost.

Installation

The installation cost of equipment involves costs for
labor, foundations, supports, platforms, chutes, gates, vents,
insulation, installation-erection, and any other costs re-

lated to the erection of the purchased equipment.

Dlaht Piping Installation

The cost for piping covers labor, valves, fittings,
pipe supporis. and other items involved in the complete erec-
tion of all piping used directly in the plant, It includes

water, air, sewer, and all other pipes used in the plant.,
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Buildings and Site Development

This cost includes fencing, grading, roads, sidewalks,
landscaping, buildings, and all electrical installation.
Building costs include labor. materials, and supplies in-
volved in the 2rrection of all buildings connected with the
plant. It includes cost of plumbing, heating, ventilation,
and electrical installation. Electrical installation in-
cludes power, wiring, ligbting. and instrument-control wir-

ing.,

Engineering and Construction

This cost includes temporary construction, rental of
equipment, field and home office, overhead, engineering de-
sign and drafting reproduction, communication, travel, taxes,

and insurance,

Land

Land cost, which depends on the location of the property,
may vary from one area to another, Land cost for industrial
plants amounts to 4 to 8 percent of the purchased equipment

cost.

Continoencies

Contingency costs are usually included in an estimate of
plant costs to compensate for unpredictable eavents such as

storms, floocds, strikes, price changes, small design changes,
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errors in estimation, and other unforssen expenses which
- previous estimates have shown statistically to be likely to
occur. Table 21 shows each of these costs as. a percent of

purchased capital equipment cost.

Table 21, Plant Design Costs As a Percent of
Purchased Equipment Cost

Percent of Purchase

Cost Item Equipment Cost
Process Equipment Purchase Cost 100
Installation Cost 43
Plant Piping Iﬁstallation Cost 10
Building & Site Development Cost 50
Engineering & Construction Cost 57
Land Cost 6
Contingencies 23

Sources:s (41,-42, 43)
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APPENDIX E

The following is a list of the different coals and their
screen analyses to be used in the pipeline transportation

section and slurry separation section of this study.

A

Table 22a. Différent Coals and Screen Analyses
Eastern Coarse Coalt:
Specific Cravity~1.26

Inch & Tyler Mesh Percent

1 5/8-in. x 1 1/2-4n. | 1.0
1 1/2-in. x 1l-in. | 9.2
l-in, x 3/4-in, 12,5
3/4-in., x 1/2-in. 17.3
1/2-in. x 3/4-in. 35.6
1/4-in, x 5Mm 1.4
5 x 10 8.8

10 x 16 ~ 4,0

16 x 20 2.2

20 x 30 1.3

30 x 50 2.1

50 x 100 1.5

100 x 200 l.1

200 x pan 2.0

1. Source: U.S. Bureau of Mines (44) 100.0
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Table 22b., Different Coals and Screeg Analyses
‘Pennsylvania Coal*"*
Specific Gravity-1.30

Inches & Tyler Mesh | Percent

1.5-in. x 1l-in., 0.09
l-in. x 3/4-in. 0.62
3/4-in., x 1/2-in, 6.61
1/2-in., x 3/8-in, 8.81
3/8-in. x m 22,62
K] X em 12.46

- 6M X 10M 13.37
10m g l6m 6.79
16m X 20m 4,72
20m  x 148M 9.18
48m x l0o0m 7.23
100m x 200m 4,99
200m X pan 2.51
100.00

1. Source: U.S. Bureau of Mines (44)

Note: This coal has no headloss data, it was used
only in the Coal-Slurry Separation Section.
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Table 22c., Different Coals and Screen Analyses
West Virginia Coall.
Specific Gravity-1,306

Inches & Tyler Mesh | .Percant
0.525 in, x 3m 8.41
3 x 6 18.37

6 x 12 16.86
12 x 20 13.75
20 x 42 7.28
42 x 65 9.10
65 x 150 6.85
150 x 200 2,89
200 X pan 16.49
"100.00

l. Source: U.S., Bureau of Mines (45)
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Table 22d. Differant Coals:end Screen Analyses
“ Pocahontaes Seam Coal’’
Specific Gravity-1.339

Inches & Tyler Mesh ’ Percent
3/8 in. x  3m 0.06
3 x 4 3.44
4 x- 6 7.17
6 x 8 12.39
8 x 10 13.85
10 x 14 11.40
14 x 20 8.41
20 x 28 6.78
29 x 35 5.01
35 x 48 4,53
48 x 65 3.41
65 x ‘100 3,45
100 x 150 2.73
150 x 200 2,15
200 x 270 1.53 ’i;@
270 x 325 0.90 “11*
325 x pan 12.79
100.00

1. Source: U.S. Bureau of Mines (46)

ARTTLL Dhinis LIURATY
COLODFD0 SCHOOL of MINES
GOLDEN, COLORIDO EUAM
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Table 22e., Different Coals and Screen,ﬂnalysas
‘Pocahontas Coall.
Specific Gravity-1.32

Inches & Tyler Mesh Percent
0.090 in. x 14m 13.66
14 x 28 27.86

28 x 48 18.92

48 x 65 S.34

65 x 100 4.26
100 x 150 2.85
150 x 200 2,31
200 x 325 2.27
325 X pan 22,42
100.00

1. Sources U.S. Bureau of mrﬁes (47)



1. Source: S.R.C. (48)
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Table 22f., Different Coals and Screen knilyses
Western Canada C,N, Coal*"
Specific Gravity-1,36
Inches & Tyler Mesh | Percent
0.093 «x 10m 0.37
1om  x 1am 4,07 :
14 b 20/' 4,03
20 x 28" 11.30
28 x 3% 13.83
35 X %8 13.47
18w’ 65 9.87
\‘ 65 x 100 7.86
100 x 150 6.10
150 x 200 4,40
200 x 325 4.10
325 X pan 20,60
| 100.00
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Table 22g.

Different Coals and.Screen Analgses
Western Canada (Kajiser) Coall.

Specific Gravity-1.385

99.

Inches & Tyler Mesh

. Percent

0.1 X 8 0.16
8 X 10 -0.56
10 x 14 4,42
14 X 20 3.78
20 x 28 8.56
28 X 35 10.38
35 X A8 11.30
48 X 65 9.52
65 x 100 8.18
100 x 150 7.12
150 x 200 5.54
200 x 325 5.54
325 X pan 24,94
100.00

l. Source:

S.R.C. (48)
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Table ;22h, Djifferent Coals and Screen Analyses
‘ Eastern Fine Coall.
Specific Gravity-1,381

Inches & Tyler Mesh | Percent
80 x 100 1.50
100 x 200 30.00
200 x pan. 68.50
100.00

1. Source: Faddick (49)
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APPENDIX F.

HEADLOSS EQUATION(S) - FOR

- HETEROGENEOUS SLURRIES

Since rheologyfréboratory equipment (viscometers) do;s
not provide precise rheology data for slurries containing
particles coarser than about 65 mesh (0.20 mm), pipeline
loop studies are used tq develop mathematical models for
heterogeneous slurries.

For determininé slurry friction losses for heterogene-
ous slurries, the following modified Durand's equation is
used (50):

= ay®

im-i

v.i

P = vm2 J3.CD7 X
4(5-S0L) /5L gD(5-SL)/sL

im « the total friction loss of
the mixture, ft. of slurry/
ft. of pipe,

'hereo g s

i =« ¢the friction loss due to the
vehicle, ft. of flowing
fluid/ft., of pipe,

C « the volumetric concentration
of the solids, fraction,

D - the pipe diameter, ft.,

S -« the specific qravity of the
solids,
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SL - the specific gravity of the
liquid, '

v - the velocity of the slurry,
ft./sec.,

C., - the drag coefficient of
some representative par-
ticle size, dimensionless,

9 - tha*acceTeEétton of gravity,
‘ rt./SQCO [

the shape factor that devi-
ates from a sphere,
dimensionless,

b4
!

A and b are, respectively, the intercept and the
slope of the logarithmic plot of @ versus y
%n ;he headloss equation formulated by Durand
50). '

"Headloss Equations for Homogeneous Slurries

For homogeneous slurries, friction-loss calculations
may be based on studies of tﬁe slurry rheology. According
to Faddick (50), rheology is the study of the deformation of
pseudo-liquidsdue to shearing. Several available mathemati-
cal models describe this deformation and are well explained
by Govier and Ariz (S1). According to these authors, many
non-Newtonian homogeneous slurries can be defined by the
ganeral mathematical model

=T, = ky"

where 1 - the slurry shear stress,
dynes/cm2
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=
]

the slurry §ield strass,
dynes/cm

<
L]

- the slurry shear rate,
sec~4,

K - the slurry consistency
index, dynes-secn/cm

s |
[

the slurry flow behavi-
our index, dimension-
less.,

The generalized model reduces to simpler expressions for

other rheological models as follows,

Newtonian Fluids T = uys (n=1.0._K=u)
Bingham Plastic Slurries I KY (n=1.0)
Pseudoplastic Slurries T = Ky" (n<1.0)
Yield Pseudoplastic .

Slurries T -1, = K" (n<1.0)

These models are shown in Fiqure 7,

To utilize any of the mathematical models shown above,
laboratory measurements must be obtained from the slurry
being examined. These measurements will provide data which
yield values for Ty. T, 9. K, and n., Ffraom these data the
slurry Reyndlds number may be determined; and then by means
of a Moody diagram, the friction factor is determined. The
friction factor is then used to compute ths friction head-

loss by means of the Fanning equation,

2
= p2L VO
H = f5= <

where f = friction factor, dimen-
sionless,
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x
[1]

friction loss, ft. of
flowing fluid,

-
"

pipe length. ft.,
fluid velocity, ft/sec.,

O <
n ]

pipe diameter, ft.,

~acceleratéon of gravity,
ft/Sec .

Note: In thisﬁstudy,‘rheology data are expressed in SI
units, whereas pipeline data will be expressed in English

units.
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Bingham
Plastic
(n=1.0)

~
Yield
Pseudoplastic
(n<1.0)

Pseudoplastic
(n<1.90)

Newtonian
(n=1.0)

Shear rate,

Fig. 7 - Flow curves for various types of time - Independent

Fluids.

¥

(sec”
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APPENDIX G

SEPARATION PROCESSES AND EQUIPMENT

The following is a brief desbription éf the coal-slurry
separation process aﬁd'equipment to be used for each of the
coals used in this study.

It should be noted that, when 2 manufacturer of coal-
slurry separation equipment is mentioned, there is no impli-
cation that this specific equipment is recommended; it im-
plies only that thé manufacturer was cooperative in giving

the cost of the equipment,

Separation Equipment for Coal No. 1 (Eastern Coal)

Coal-élUrry received at 60-percent moisture is thicken-
ed by two Tabor vibrating dewatering screens to about 65-
percent solids, The thicken=d slurry is fed into two CMI
centrifugal dyrers (Model VC-48)(52)., This dryer has a
capacity of 170 tons per hour and recovers about 99 percent
of this coallwith a surface moisture of about 3 percent.

The remaining unrecovered coal, 1 percent (3 tph) of
the coal ié sent to a 10-ft -diameter thickener. The thick-

‘ener recovers the remainder of the coal,

Separation Equipment for Coal No. 2 (Pennsylvania Coal)
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This screen anélysis is slightly finer than the previe
ous ons8., Cba1~slurfy is received at 60-pefcent moisture
content and thickened as before to 65-percent solids by two
Tabor vibrating dewatering screens. Because of the fineness
of the coal, more drying capacity is required; therefore,
thres CMI vibrating centrifugal dryers. (Model VC-48)(52) are
required for further dewatering. These dryers will recover
about 97 percent of this coal at a surface moisture content

of 4 percent.

Separation Equipment for Coal No, 3 (West Virqinia Coal)

Coal,slurry is received at S55-percent moisture content
and thickened by three Tabor vibrating dewatering screens to
_about 65-percent solids., The thickened slurry is introduced
to five CMI continuous centrifugal dryers (Model EB-36)(52).
This type of dryer develops '‘a greater gravitational force
because of its higher rpm, These dryers will recover about
90 percent of this coal at a surface moisture_of about 5 pere
cent,

The remaining 10 percent (30 tph) of the coal comes out
with the effluent and is discharged into a 45-ft-djameter
thickener, where it is thickened and mixed with the dried

coal,

Separation £quipment for Coal No. 4 (Pacahontas Seam)
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Coal slurry is received at S0-percent moisture content
and is delivered to three Tabor vibrating dewatering screens
to be thickened to 65-pq:cent solidss Because this coal is
finer than the previous ones, more drying capacity is re-
Quired; therefore, six CMI continuous centrifugal dryers
(Model EB-36)(52) are used to dewater the thickened slurry.
Because of the fineness of the coal, only 85 percent of this
coal will be recovered by these dryers, at a surface mois-
ture of 6 to 7 percent.

The remaining 15 percent (45 tph) of the coal comes out
with the effluent and is discharged to a S55-ft-diameter

thickener, where it is thickened and mixed with the dry coal.

Separation Equipment for Coal No. 5 (Pocahontas Cocal)

This coal is fine--more than 22 percent passes 325 mesh.,
This coal slurry is received at SO-percent moisture content
and thickened by ten Bixby-Zimmer dewatering screens. The
thickened slurry is fed~into twelve CMI continuous centrifu-
gal dryers (modified Model EB-36)(52), which dry fine coal
(28 mesh x 0) and each of which has a capacity of 25 to 30
tph. Because of the fineness of this coal, these centrifugal
dryers recover only 80 percent of this coal at a surface mois-
ture of 13 percent,

The remaining 20 percent (60 tph) of the coal comes out
with;effluent and is discharged into a 60-ft-diameter
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thickener. The coal is pumped from the thickener into two
Eimco vacuum disc filters (53) for further dewatering. The
size of these filters (12' x 6" x 15) means that the filter
has 15 discs, each 12,5 ft. in diameter. This size filter
has a capacity of 3,300 square feest of filtration aréa.

These disc filters reduce the moisture content of coal and

produce a cake containing 20 to 25 percent mois?ﬁ?é.

Separation tquipment for Coal No. 6 (C. N. Coal)

This is also a fine coal but is slightly finer than coal
No. 5. Coal slurry at S50-percent moiéture content is thicke-
ened by twelve Bixby-limmer dewatering screens, and fed into
twelve CMI modified continuous centrifugal dryers (modified
Model EB-36)(52). These dryers recover only 78 percent of
this coal (due to the fineness of thercoal)._at a surface
moisture of 15 percent.,

The remaining 22 percent (66 tph) of the coal is dis-
charged with the effluent to a 70-ft-diameter thickener. The
slurry from the thickener is then pumped into two Eimco Vacu-
um disc filters (size 12 x 6" x 15)(53) for further dewater-
ing, which produces a coal cake having 20 to 25 percent mois-

ture.

Separation Equipment for Coal No., 7 (Kaiser Coal)

This coal is still finer than that described above. The
same equipment used for coal No. 6 is used for this coal,
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Because this coal has about 25 percent passing 325 mesh, the
centrifugal dryers will recover only 75 perpént. The remain-
ing 25 ﬁercent (75 tph) comes_ out with the effluent aﬁd‘is
discharged into a& 80-ft-diameter thickaﬁér.

The slurry from this thickener ié pumped iﬁto thréé
Eimco vacuum filtéré (12 x 6" x 15)’and 069 (8' x 10" x 10)
(53). The third filter is needed to cover for the extra 900
sq ft of filtration area,

A summary of the capijtal cbsté of the above-déscribed

equipment is shown in Table 23,

Miscellaneous Slurry Separation Equipment

In addition to the slurry separation eQUipméét discussed
above, other equipment such as slurry holding tanks and surge
tanks, agitators, conveyor belts, pumps, and pipes are needed,

Slurry holding tanks, which are usually located at the
‘terminal of the pipeline, are equipped with agitators to
keep the coal particles in suspansioﬁ. They hold the slurry
until it is needed for dewatering. These tanks may vary in
Eabacity. depending on the throughput of the pipeline and
the number of hours of surge capacity needed for the tanks
to deliver water to the dewatering plant if a problem is
developed with the pipeline. 1In addition to these tanks,
there is always an emergency storage pond. For example, the

Mohave power plant at the terminal of the Black Mesa.pipeline
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Table 23, Capital Cost of Slurry Separation
Equipment, December 1975

Screen & 1 9 9
* Thickeners®® Filters“* Total

Coal Cent. Dryers

Coal No. 1 $100,C00 812,000  JAp— $112,000
Eastern

Coal No. 2 126,000 25,000 ———- 151,000
Penn. '

Coal No. 3 196,000 30,000 c——— 226,000
Ww. va,

Coal No., & 220,000 40,000 c—ne 260,000
Poca., Seam .

Coal No. S 442,000 45,000 350,000 837,000
Poca.

‘Coal No. 6 460,000 50,000 350,000 860,000
W. Can., CN :

Coal No. 7 460,000 55,000 431,000 946,000

We Can, Kaiser

1. Cm1 (52)
2., Eimco (53)

has a 15-day emergency storage with a capacity of 90 million
gallons. This emergency storage pond is a part of the power
plant, and its cost does not enter into the slurry separa-
tion costs. l

ARTHUR CAKES CIBRARY.
{COLORADO SCHOOL of MINES

- GOLDEN, COLORADO 80408
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Slurry surqe tanks receive coal slurry from the pipe-
line or from the holding tank and deliver it to ths dewater-
ing equipment., The tanks are equipped with an agitator.to
keep the coal particles in suspension.

Conveyor belts are used to transport the coal from the
centrifugal dryers and filters to a storage area near the
power-plant boilers.

Centrifugal slurry pumps, in a coal-slurry dewatering
plant, are usually used to pump coal slurry, effluent, and
thickened slurry in the following areas of the plant:

1. coal slurry from slurry dump tank to slurry hold-

ing tank. |

2. coal slurry from the coal-slurry 5unge tanks to

dewateriﬁg screens and centrifugal dryers,

3. the effluent from the centrifugal dryers to the

thickeners, and

4, the thickened\Fine.slurry from the thickeners

either to the disc filters or to the boilers
in the power plant,

Based on the specified slurry concentration for this
study (50% solids by weight), and the specified capacity
(300 tph), centrifugal pumps of various sizes were selected
to be used in this section.

Plant pipes include pipes of various sizes, elbouws,
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valves, and fittings. For this type of plant, pipes, elbows
and fittings costs are usually 25 percent aof the purchased
costs (41). |

This miscellaneous equipment and the capital costs are
listed in Table 24. Table 25 shows the pump requirements
and costs. The total capital investment costs for a coale
slurry separation (dewatering) plant with a 300-tph capacity
for different coals were shown earlier in Table 10,

Based on these capital investment costs (Table 10) and
the operating and maintenance costs, the total coal-slurry
separation cost per ton was found for different coals. These

costs were also shown earlier in Table 11,
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Table 25. Coal-Slurry Separation Pump Requirements
and Cost For Different Coals
‘December 197%

Coal Centrifugal Pumb Requirements Pump and Motor
Number Size (in.) Motor(hp) Numberle Cost
1 10 100 21 $ 77,142
6: 50 2
13 5 2 77,142
2 10 100 4
6 50 2
2% 20 2 77,922
3 10 100 4
6 50 2
4 20 2 81,870
4 10 100 4
6 50 2
4 20 2 81,870
5 10 100 4
6 S0 2
4 20 2 81,870
6 10 100 4
-6 50 2
4 ~ 25 2 81,960
7 10 100 4
’ 6 50 2 : ,
4 25 2 81,960

l. The number of pumps is doubled for spares.
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