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EXECUTIVE SUMMARY
After five years of extensive R&D sponsored by government and industry, the coal log
pipeline (CLP) technology for transportation of coal has been sufficiently developed through
laboratory tests to warrant large-scale pre-commercial demonstration and testing. Meanwhile, a
national sUlVey of electric utilities and coal companies has produced fourteen potential CLP
demonstration sites. A preliminary evaluation of the sites determined that .at least seven of the
fourteen sites are economically promising. The purpose of this EPRI-TC proposal is to conduct a
large-scale pre-commercial test/demo of CLP to pave the way for commercial demonstration.
Completion of this pre-commercial test/demo project in two years will enable construction of the
first commercial CLP with minimum risk involved and with maximum success.
The CLP technology involves compaction of coal into logs (large circular coal cylinders),
and the transportation of such logs by an underground pipeline to the user--a power generation
station. It is an innovative new coal pipeline system that can effectively compete with railroads
and truck transportation. The economics of CLP has been thoroughly examined in 1995. It was
found that the CLP is economically competitive with train for distances greater than about 100
miles, and competitive with truck for distances greater than about 30 miles. As compared to coal
slurry pipeline, the CLP has the following advantages:
(1) CLP transports twice as much coal than a coal slurry pipeline of the same
diameter can. The cost of coal transportation by CLP is substantially lower
than by slurry pipeline.
(2) Dewatering coal logs is much simpler than dewatering slurry.
(3) CLP can be restarted readily after lengthy shutdown. It has no restart
problem.
(4) CLP uses less energy than slurry pipeline for transporting the same amount of
coal.
(5) Coal log fuel is most versatile. Upon crushing it can be burned in any type of
combustors--pulverized-coal, cyclone, fluidized-bed, or stoker.

(6) Storage of coal logs is much simpler than storage of coal slurry.
(7) CLP uses only 1/3 to 1/4 of the water used by slurry pipeline. This makes
CLP more feasible than slurry pipeline in regions of water shortage.
Development of the CLP technology will benefit electric utilities by reducing coal
transportation cost--not only through use of CLP, but also due to the competition fostered which
will cause rail rates and truck rates to keep within bounds.
The pre-commercial test/demo project proposed herein contains four major components
or tasks: (1) construction of a 6-inch-diameter, 3,000-ft-long coal pipeline for testing coal logs
under conditions similar to those of future commercial CLP; (2) construction and testing of a coal
log machine that can rapidly manufacture coal logs to supply coal log pipelines; (3) conducting a
site-specific application study for each participating utilities; and (4) conducting an economic
analysis of future commercial CLP systems using information gained in this study, and following
EPRI cost guidelines.
The project is for two years at a total cost of $825,960 of.which $500,000 is requested
from EPRI and participating utilities.

As an EPRI Tailored Collaboration project, each

participating utility is asked to contribute a total of $60,000 over two years (with equal matching
from EPRI) to support this project. The targeted amount from utilities and EPRI for this project is
$600,000 of which $100,000 is indirect cost to be used by EPRI to administer this project. This
targeted amount can be achieved with five electric utilities participating. The project will also be
cost-shared with $325,960 of the existing funds of the Capsule Pipeline Research Center (CPRC).
Currently, the CPRC has insufficient funds to carry out this project without support from EPRI
and some additional utility companies.
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INTRODUCTION
Coal log pipeline (CLP) is a promising new technology for transportation of coal
compressed into log form--the coal logs.

As will be seen from later discussions, CLP has

economic advantages over conventional modes of coal transportation, including unit train, truck,
and slurry pipeline, as well as numerous ancillary benefits. It has profound implications to electric
utilities in terms of lower delivered costs of coal, increased plant reliability,

~maller

storage of coal

required, greater transportation safety, and improved environment.
The technology of CLP has been developed by a government/industry/university
consortium, but it needs to be demonstrated at a sufficiently large scale before it can be used
reliably in commercial operations. The purpose of this proposed Tailored Collaboration (TC)
project is to seek the needed financial resources from EPRI member utilities that are interested in
the CLP technology to support a pre-commercial demonstration/test of CLP at a scale sufficiently
large to provide data for commercial use of this technology.

Once this pre-commercial

demonstration/test is completed, it will greatly reduce the technical and economic risks and insure
the success of commercial demonstration. In short, the project is a necessary step before
commercial deployment of the CLP technology.
commercial deployment.
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Without this step, it is risky to embark on

ADVANTAGES OF CLP
A detailed economic analysis of the CLP technology [1 f has shown that it is more cost
effective to transport coal by CLP than by unit trains and trucks over a wide range of conditions.
Therefore, CLP has the potential of reducing coal transportation cost to participating utilities.
Once it is fully developed and ready for commercial use, CLP will become an alternative mode of
coal transport and will pose serious competition to railroads and trucks. Participants will benefit
directly from the demonstration of this new technology.
CLP has far-reaching implication to electric utilities for the reduction of coal
transportation cost. At present, between 113 and 2/3 of the cost of coal (delivered price) is
transportation charges. With competition generated by CLP, rail and truck charges will respond
by reducing rates to CLP candidate sites. It is estimated that the use of CLP in the future may
reduce coal transportation cost in excess of 10%, thereby saving each major utility many million
dollars a year. Companies sponsoring this TC project will be the first and the most to benefit
because they are more likely to be involved in the early use of CLP, and will be wooed by
railroads and trucking companies for reduced rates. They will also be the pioneers instrumental to
the commercialization of the CLP technology--an emerging technology that is both cost-effective
and environmentally friendly.
A detailed analysis CLP economics for transporting coal was conducted in 1995 [1]. The
basic approach involves calculating the unit coal transportation costs (both in dollars per ton-mile
and dollars per ton) as a function of throughput and transportation distance, and then comparing
the costs with those charged by railroads (unit trains) and trucks. To determine the unit costs of
CLP transportation of coal, the capital cost of a new coal log pipeline system (including coal log
manufacturing, injection, pumping, ejection, log crushing, effluent water treatment, etc.), and the
operation/maintenance (DIM) costs of the system (including salaries, energy, binder, water, etc.)
were first calculated for CLP of different diameters and lengths. Then, adding 37% corporate
income tax, 2% property tax, 0.5% insurance and 15% profit (after-tax rate of return), the lifecycle cost of the pipeline system (assumed to be 30 years) was calculated and used to determine
the present-value (1995-value) mean annual cost.

This mean annual cost divided by the

• Numerals in [ ] corresppond to numbers in REFERENCE on page 29.
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throughput of the coal transported in tons per year yields the mean unit cost in dollars per ton

(Srr). Dividing this figure by the pipeline length yields the unit cost in dollars per ton-mile
(SrrM). These costs are then plotted as a function of distance and compared to the existing
tariffs of railroads and trucks--see Figures 1 and 2.
Figure 1 shows that the unit cost of coal transportation by CLP in SrrM (dollar per tonmile) decreases with increasing pipeline length (transportation distance) and increasing throughput
(pipe diameter). This makes CLP most cost competitive at large throughput and for long-distance
transportation of coal. For instance, while the cost for transporting 3 million tons of coal per year
over 100 miles is about 55 mils per ton mile, transporting 18 million tons a year over a distance of
1,000 miles reduces to about 11 mils per ton-miles.
Figure 2 compares the cost of coal transportation by truck and train with that by a 20inch-diameter CLP. Each data point (black diamond) is a rail rate charged in a given case across
the nation as reported in Coal Transportation Report [2]. It can be seen from the figure that
large-diameter CLP is more economical than truck and train in most situations. The large amount
of coal transported by a large-diameter CLP can be shared by several power plants near the
pipeline route, connected to pipe branches.
Note that the true economic advantage of CLP is even greater than that reflected in
Figures 1 and 2, for the following reasons:
( 1) Pipelines generally travel straight -line distances.

They are often more than 30%

shorter than the distance traveled by trains or trucks. Therefore, when comparing aI, OOO-mile
distance by train in Fig. 2, it should be compared with the cost of 700 miles of CLP, not 1,000
miles.
(2) The costs of CLP in Figures 1 and 2 are based on the construction of new pipeline. In
contrast, the costs of rail and truck are based on existing roads. Should new roads or rails be
required in any application, the cost of trucking or rail would be much higher than those shown in
Fig. 2.
(3) Some utilities are required to build or maintain a spur (short railroad), and to buy or
rent the railroad cars. Such additional costs are not included in the rail tariff shown Fig. 2. In
contrast, the CLP cost shown in Figures 1 and 2 includes the costs for the entire system, including
crushing coal logs and treating water effluent at power plants.
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Fig. 2. Comparison of Coal Transportation Costs by Truck and Unit Train
with a Large-Diameter (20") Coal Log Pipeline
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In addition to the aforementioned economic benefits, the use of CLP also benefit electric
utilities in the following ways:
1. Improvement of Reliability, Cleanness and Service

The reliability of coal pipelines has been demonstrated by the Black Mesa Coal Slurry
Pipeline which has an availability of over 98%. That pipeline provides least-cost dependable
supply of coal to the Mohave Power Generation Station of the Southern California Edison
Company. It also keeps the power plant clean--free of coal dust. Much is the same for CLP.
Being underground, automatic, and unaffected by the weather and labor strikes, It is far more
reliable to use CLP

than trucks or trains for transporting coal. Using CLP instead of truck to

transport coal will also reduce the need for storing large quantity of coal at power plants. Finally,
the use of CLP is also expected to prompt railroads to innovate, improve services, and reduce
price, resulting in benefits to the entire power industry.

2. InDation Resistant
Pipelines being high in capital cost and low in operation/maintenance cost are less affected
by inflation than rail and truck are. Thus, escalation of transportation tariff is expected to be
lower for pipeline than for train and truck.

3. Reduction of Coal Fines
Coal fines are blown into air by wind and washed away by rain from trucks and trains en
route to power plants, and at power plants during unloading and storage. It is not only an
economic loss to the power industry, it also causes air and water pollution. Coal logs greatly
reduce the coal fine problem.

4. Reduction of Traffic Congestion and Improved Public Relation
Coal trucks and coal trains cause severe traffic problems including fatal accidents, traffic
jams, air and noise pollution, and damage to highway and streets-the last is by trucks carrying
coal. The problems are especially severe near power plants. The use of underground CLP to
transport coal completely eliminates such problems, resulting in a better and safer environment.
Power plants that switch from rail or truck to CLP will be well appreciated by area residents. It
will increase public acceptance of coal-fired power plants, and reduce the "not-in-my-backyard"
syndrome.
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5. Increased Competitiveness
Electric utilities that use CLP will be more competitive

In

a future deregulated

environment. Saving a dollar for each ton of coal transported means millions of dollars of saving
each year for the company.

Utilities that support this TC project will place themselves in a

privileged position with special know-how and reduced royalty rates pertaining to the use of the
CLP new technology not available to other companies that are not supporting this project.

6. Potential Export Opportunities
CLP will be in much demand in countries without well developed rail and highway
infrastructures.

Utilities interested in possible future overseas investment opportunities may

consider supporting this project for this reason.
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BRIEF REVIEW OF CONCEPT AND STATE OF DEVELOPMENT
CLP (Coal Log Pipeline) involves the agglomeration (extrusion or compaction) of coal
into log (cylinder) shapes--the coal logs, and hydraulic transport of such logs through an
underground pipeline having an inner diameter 5 to 10% larger than the log diameter.

The

pipeline is nonnally operated at a water velocity slightly below the lift-off velocity of the coal
logs--around 10 ftlsec. At lift off, the hydrodynamic lift force on a log is so great that the log
becomes totally levitated (suspended) by the water in the pipe. However, once totally levitated,
the coal logs become unstable due to turbulence and they impact on the pipe wall frequently. The
optimum condition to operate a CLP is between 80% and 90% of the lift-off velocity.
The technology of CLP was invented at the University of Missouri-Columbia (UMC) in
1985 [3], and the University owns the only U.S. patent on this technology [4]. In 1990, six
companies fonned a CLP Consortium to research and develop this technology. The effort was
rewarded by the National Science Foundation (NSF) in 1991 when the agency funded the
establishment of a Capsule Pipeline Research Center (CPRC) at UMC, and when the Missouri
Department of Economic Development (MOED) provided equal matching funds. The Pittsburgh
Energy Technology Center of the U.S. Department of Energy (DOE) also provided additional
funds.

The current mission of the CPRC is to develop the coal log pipeline technology for

commercialization. Funding of the Center for the current year is $250,000 from NSF, $250,000
from MOED, and $250,000 from industry including four pipeline-related companies, several
equipment manufacturers and three electric utilities-the Associated Electric Cooperative, Inc.
(headquartered in Springfield, Missouri), the Union Electric Company (headquartered in St.
Louis, Missouri), and the Southwestern Public Service Company (Amarillo, Texas).
As a result of the establishments of the CLP Consortium and the Capsule Pipeline

Research Center, the CLP technology has been under intensive research and development at both
UMC and UMR (University of Missouri-Rolla) in the last five years, resulting in rapid
development of the CLP technology. Major accomplishments of the last five years include the
following:
1. Reduced the amount of binder (asphalt) for making good coal logs at room temperature to
less than 3% [5,6].

This greatly enhanced the economic attractiveness of the coal log

technology .
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2. Developed a binderless coal log compaction method that can nlake strong coal logs without
binder [7,8]. However, this process requires preheating coal to 1500 C approximately.
3. Advanced the hydrodynamics of CLP--developed a set of hydrodynamic equations for
prediction of the pressure drop along CLP, the coal-log velocity in pipe, the lift-off velocity,
the incipient velocity of coal logs, and the lift and drag on coal logs in pipe [9-11]. The
equations will be used for designing commercial systems of CLP.
4. Completed a detailed laboratory investigation of the coal log wear (abrasion) in pipeline
[ 12, 13]. The study determined the various factors affecting coal log wear in pipe, and the
mechanisms of such wear. .Various strategies for minimizing coal log wear, such as using
optimum mold shape for compacting strong coal logs, using rear-end beveled logs, and
running the logs at 85% lift-off velocity, have been developed.
5. Completed the design and assessment of the pumping system (the pump-bypass) and the coallog injection system of CLP. Analyzed the transient pressure (water-hammer effect) in coal
log injection system of CLP. Analyzed the transient pressure (water-hammer effect) and coal
log oscillation in pipe due to rapid valve switching. Found ways (valve stroking strategies) to
minimize water hammer and optimize CLP system operation [14-16].
6. Completed the study of a computer-controlled automatic system for operating CLP. Tested
and demonstrated the system in the laboratory [17-19].
7. Assessed the coal-log handling system and the effluent-water treatment system for any power
plant that receives coal from a CLP. This project was sponsored by EPRI. The study found
that coal-log handling and effluent-water-treatment systems are rather straight-forward and
inexpensive [20-21].
8. Tested the effectiveness of using certain polymers such as polyethylene oxide to reduce drag
and energy consumption in CLP. It was found that dilute concentration of such polymers can
greatly reduce the energy consumed for pumping coal logs through pipelines [22]. However,
the rate of degradation could not be correctly determined from the laboratory tests due to the
use of short recirculating pipes (closed loops).

A long and large pipeline is required to

determine the degradation rate correctly for commercial CLP. At present, CPRC does not
have such a facility. Funding of this TC project will make it possible to have such a facility for
running this important test.
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9. Completed a detailed economic assessment of the CLP technology. It was found that it is
more economical to use CLP to transport coal than to use truck or train under a wide range of
conditions [1, 23]. A brief description of the results has been presented on pages 2 and 3 and
in Figures 1 and 2; hence it is not reiterated here.

The validity of this economic analysis has

been substantiated through an independent evaluation by an outside firm [24].
10. Completed a detailed assessment of various legal issues related to coal pipeline, such as the
eminent domain right, water right, right to cross railroads, etc. It was found that many socalled legal problems of CLP are often misconceptions or exaggerations. F or instance,
contrary to popular belief, no state can legally bar a pipeline from acquiring water rights from
other users, or prohibit a pipeline from transporting water across state boundaries and
watersheds. The U.S. Supreme Court ruled that anti-water-export laws are unconstitutional.
Also, courts in various states have come to the same conclusions on rail crossing: No railroad
company can legally bar a pipeline from crossing the railroad without a good cause. Those
railroad companies that engaged in illegal anti-pipeline activities in the ETSI Pipeline case
were sued for violation of antitrust laws, resulting in huge fines and settlements. It cost the
railroads close to one billion dollars which should serve as a deterrent to similar future illegal
anti-pipeline activities [25].

Genuine legal issues were identified and ways to overcome

certain impediments were proposed [26].
11. In September 1994, a field test of CLP was conducted in a 5-mile-Iong existing commercial
underground pipeline in Conway, Kansas. The test not only generated a wealth of information
on coal log behavior in a commercial pipeline, it also demonstrated the robustness of certain
types of coal logs. For instance, the binderless coal logs had less than 1% weight loss through
this pipeline which had a relatively rough interior [27].
Great advancements in the coal log pipeline technology have taken place in the last five years,
and this emerging technology is rapidly approaching commercialization. The time has come to
seek a commercial demonstration project of CLP, organized in a way similar to the Clean Coal
Demonstration projects funded jointly by industry and the U.S. Department of Energy (DOE).
Other federal agencies such as the National Institute of Standards and technology (NIST) may
also be interested in partial funding of the development of such a new technology that enhances
U.S. competitiveness in the world.

9

In preparation for a commercial demonstration project, the Capsule Pipeline Research
Center (CPRC) has sent a questionnaire to more than 100 electric utilities and about 50 coal
companies, asking each to consider submitting a suitable potential demo project for evaluation.
Stringent standards were set on the types of projects that can be submitted in order to insure that
the projects are suitable for demonstration. For instance, each submitted project must have a coal
throughput between 1 and 5 million tons a year, and a transportation distance less than 100 miles.
Such restrictions make the first demo projects not too costly because the pipeline is not very large
and long, yet large and long enough to be economically competitive with trucks and trains.
So far, six electric utilities, three coal companies and one government agency (TVA) have
submitted a total of fourteen projects for evaluation. A preliminary evaluation of the projects
determined that seven of the fourteen projects appear economically feasible. More detailed
assessment of the seven finalists is being conducted by the Williams Technologies, Inc., a
company that has extensive experience in such assessment studies. The most promising project
will be selected to pursue commercial demonstration.

However, before such commercial

demonstration can be successful, certain important experiments that cannot be done by using
currently available facilities must be conducted. The TC proposal is written to address this need.
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PROJECT PURPOSE AND TASKS
The purpose of this TC Project is to conduct certain crucial tests that cannot be conducted
with current facilities and under current funding for the Capsule Pipeline Research Center
(CPRC). Such tests are vital to the success of the first commercial demonstration of the CLP
technology. More specifically, the TC project will have three major components or tasks: (1)
construction of a special pipeline facility to test coal logs under conditions similar to those
encountered in future commercial coal log pipelines; (2) construction of a coal log fabrication
machine that can rapidly manufacture coal logs to supply the logs for testing in the pipeline
constructed under task 1; (3) conduct an economic analysis of future commercial CLP systems
using information gained in tasks 1 and 2, and using EPRI cost model. Details of each of the
three tasks are described next.

Task 1: Construct a special pipeline facility to test coal logs.
Even though the field test conducted at Conway, Kansas, September 1994, was quite
successful and has given further confidence in the CLP technology, the test was conducted under
conditions very different from those offuture commercial CLP, in the following respects:
(a) Due to physical limitation of the pipeline system, only three logs were inserted into the
Conway pipeline for each test. In commercial CLP, approximately one thousand logs will travel
butt-to-butt in a train. Coal log trains behave differently from a single log or short series of logs.
(b) The maximum water velocity of the Conway pipeline was 6 ftlsec. To test coal logs at lift-off
in that pipe would require 9 ftlsec. The Conway pipe velocity could not be increased to 9 ftlsec
by adding another pump to the pipeline. To do so would almost double the maximum pressure in
the pipe which was 250 psig.

Because the pipeline already had leak problems caused by

corrosion, to pump the water at 9 ftlsec would generate 500 psig maximum pressure and would
damage the pipeline in many places.
(c) The Conway pipeline was designed for conveying water, not coal logs.

As such, it has

ordinary welded joints with weld protrusion into the pipe in many places-this is common to all
welded steel pipelines. Such weld protrusions cause rapid damage to coal logs. For coal log
pipelines, a special technique to smoothen the interior of welded joints of steel pipe during

11

construction is described in Appendix 1. The proposed pipeline will be constructed in such a
manner to minimize coal log abrasion in pipe.
It is not possible to accurately determine the wear rate of coal logs and other key
information for future commercial CLP by the Conway pipeline or any other existing pipeline,
even if we were allowed to use and make limited modifications of such pipelines. On the other
hand, laboratory tests of coal logs in a recirculating loop are even more dissimilar to commercial
CLP due to the existence of bends and jet pumps that coal logs must pass through hundreds of
times during each wear test. This means there are certain important tests of coal logs that cannot
be conducted either by using existing laboratory test facilities at CPRC, or by using existing
commercial pipelines even if they were made available for testing coal logs. The time has come
for constructing a relatively large, straight, and long new pipeline with smooth interior that
simulates the conditions of future commercial coal log pipelines.
The pipeline to be built should have a minimum diameter of 6 inches (nominal), and a
minimum length of 112 miles. It should have welded steel joints with interior smoothened in the
manner described in Appendix 1. Note that welded steel pipe is needed due to the high pressure
requirement of any commercial CLP--over 1,000 psig. A train of coal logs containing a minimum
of 100 logs can be pumped through the proposed pipeline repeatedly to get a realistic evaluation
of the coal log abrasion rate in commercial coal log pipelines. Other tests that can be realistically
conducted in this pipeline but not in any existing pipelines include: coal log train behaviors,
pressure surges (water hammer effect) generated by valve switching in coal log pipeline, and the
degradation of drag-reducing polymers in coal log pipeline. They all require relatively long and
straight test sections. Although laboratory studies at CPRC have demonstrated that the use of
long-chain polymers such as polyethylene oxide can produce large drag reduction (energy
savings) for coal log pipelines [22], the polymer degrades rapidly in the laboratory pipe due to
recirculation of the polymer through the pump. Only when tested in a long pipeline such as the
proposed can the polymer degradation rate be realistically assessed.
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Task 2: Construct machine for rapid production of coal logs
Several processes to make water-resistant and wear-resistant coal logs have been
developed at CPRC. However, making coal logs in the laboratory is very slow; it often takes
longer than 10 minutes to produce a single coal log in a given mold.

The process must be

automated so that a log can be manufactured in less than 2 seconds by each machine. Such an
automated rapid producing machine for 8-inch-diameter logs has been designed but has not been
built and tested due to high cost--slightly over $1 million for each machine. It is proposed that a
less costly semi-automatic machine be built to demonstrate the feasibility of compacting coal logs
rapidly. The test machine has been designed [28]; it will make 5.4-inch-diameter logs at the rate
of three logs per minute. The logs compacted must also be tested in a long pipeline with smooth
interior surface, described in Task 1, to determine the quality (water-resistance and wearresistance) of such rapidly-compacted coal logs.
Task 3 Application study for participating utilities
Each sponsoring company of the EPRI-TC project will be encouraged to submit one or
more sites (particular projects) for consideration as potential future commercial CLP projects.
The Capsule Pipeline Research Center will help the utility to plan and screen possible projects in
order to determine the most feasible project. Then, the Center will run a detailed cost analysis of
the project so that the company can decide whether to pursue the project or not in the future.
Such studies will be done in close cooperation with the company participating in the TC project
and submitting the potential sites for study, and results will be held confidential.
Task 4: Economic analysis of CLP using EPRI cost model
The economics ofCLP has been analyzed in 1995 [1]. The analysis, though very detailed,
was based on an untested machine design and an assumed coal-log production rate for each
machine. Likewise, the abrasion rate of coal logs was based on laboratory test results which may
be quite different from the abrasion rate in commercial coal log pipelines. Once the experiments
proposed under Tasks 1 and 2 have been completed, there will be more realistic information and
data on coal-log production rate, machine cost, coal-log abrasion rate and polymer degradation
rate, all of which will contribute to a more accurate evaluation of the total life-cycle cost of a
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commercial coal log pipeline system. The cost analysis will be prepared in conformity with utility
analysis procedures.

Completion of this task will enable the determination of the cost of

transporting coal by CLP in a form that can be compared with current rates charged by railroads
and trucks. The cost for transporting a unit weight of coal (in dollars per ton), will be plotted as a
function of distance (miles) and throughput (million tons per year), as in the 1995 report [1]--See
Fig. 1 on page 4. The only difference here is that the analysis will be based on latest research and
hence will be more accurate than those in the 1995 report, and will follow cost analysis
assumptions consistent with EPRI guidelines.
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TEST FACILITIES
A. Pipeline
The pipeline to be built will use Schedule 40 steel pipe of 6-inch nominal diameter. The
pipeline will be 3,000 ft long, mostly underground. The Schedule 40 pipe has an inside diameter

(ID) of 6.065 inches, an outside diameter (00) of 6.625 inches, and a thickness of 0.28 inch. The
pipe will have welded joints with weld protrusions into the pipe eliminated during construction
using a special grinding process described in Appendix 1.
For simplicity in operation and for reduction in cost, the pipeline will be a loop with the
pipe originating from and terminating at the same reservoir--see Fig. 3. This allows the use of the
same pump to move the flow and the logs back and forth through the loop. With valves 1, 3, 5
open and 2, 4 closed, wat.er enters Line 1 and leaves Line 2 as shown by arrows marked in Fig. 3.
The direction of the flow can be reversed by opening valves 2 and 4, and closing valves 1, 3, and
5, simultaneously. The loop also includes a V-turn; it allows determination of the behavior of coal
log trains around a bend, and the associated pressure drop and wear rate.
Coal logs will be injected into the pipe by a conveyor belt at the pipeline inlet before the
pump is started. This allows the formation of a dense train (train with coal logs following each
other with practically no spacing between the logs in the train) at the pipe inlet for testing. A
maximum of 100 logs will be tested in each train. With valves 1, 3, 5 open and 2, 4 closed, the
pump can be started to convey the water and the coal logs from Line 1 into Line 2. Before the
logs have reached the exit of Line 2, the pump is stopped so that the logs can remain in the pipe.
Then, the valves are switched and the pump is restarted to convey the logs back in the reverse
direction. By repeating the foregoing sequence of operation, the logs can be pumped back and
forth through the pipeline, never having to leave the pipe or encounter the pump. This enables
testing of coal logs over any desirable distance.
Note that two reservoirs in Fig. 3 are needed not only to hold more water for filling and
emptying the pipeline, but also to maintain a constant water level in Reservoir 1 for tests.

A

separate low-head pump will be used between the two reservoirs to pump water from one
reservoir to the other in order to raise the level of Reservoir 1 quickly before each test.

15

1,500'
Reservoir

No.2
(Holding Pond)

0\

~

10'

Line 2

Vel
VS (on vertical line)

~

Line 1

Pump 1 (Centrifugal)

Fig. 3 EPRI Pipeline forTesting Coal Logs (Note: l. Schedule 40, 6-inch steel pipe with smooth interior; 2. All valves are
heavy-duty, full-bore ball valves; 3. Both water reservoirs have the same dimensions of 6' depth x 10' width X 10'
length).

The entire system will be equipped with many sensors such as pressure transducers to
measure the pressure in the pipe at various places, laser-photocell sensors to detect the presence
of coal logs at strategic locations, an acoustic flowmeter to measure the volumetric flow rate of
water through the pipe, and water-level sensors to regulate the water levels in the two reservoirs.
All the transducer signals will be connected to a computer which will automatically control the
pipeline. A separate computer (IBM-PC) will be used for data acquisition.

A.1. Design Considerations:
The coal logs used in the tests will have a diameter ratio (i.e., coal-Iog-diameter-to-pipediameter ratio), k, of 0.9, and an aspect ratio (i.e., coal-Iog-Iength-to-diameter ratio), a, of 1.6 to
2.0. This means the diameter of the coal logs will be Dc = 0.9 x 6.065" = 5.46". The length of the
longest coal logs (with a

= 2.0) will be Lc = 2.0 x 5.46" = 10.92".

For a dense coal log train with

100 logs having no spacing between the logs, the train length will be 91 ft.

From this, the

distance AB in Fig. 3 is selected to be 120 ft.
The lift-off velocity can be calculated from [29]:

(1)

where VL is the lift-off velocity; S is the specific gravity of the coal logs; g is gravitational
acceleration; a is the aspect ratio; k is the diameter ratio; and D is the inner diameter of the pipe.
Using S

= 1.30, g = 32.2 ftlsec 2, a = 2, k = 0.90 and D = 6.065" (0.505'), Eq.

1 yields VL = 9.3

ftlsec. On this basis, the maximum operational velocity of this pipeline is selected to be V

= 10

ftlsec.
Because there will be only 100 coal logs in the pipe at any time, only 91 ft of the 3,000 ft
of the pipe will be occupied by coal logs. Due to this, and due to the fact that at lift-off the
pressure gradient along coal logs is only about 20% higher than that for the pipe with water only,
the total pressure drop along the pipeline is estimated from the Darcy-Weisbach formula to be 72
psi which is equivalent to 166 ft of water head.

17

The maximum discharge through the pipe is:

Q = VA = 10 x 0.2006 = 2.006 cfs
The power output of the pump is:
Power =

r Q H = 62.4 x 2.006 x 166 = 38 HP
550

550

The highest pressure in the pipe under steady-state operational condition is estimated to be
approximately 80 psi, the maximum discharge is 2 cfs (cubic feet per second), the maximum mean
velocity in the pipe is 10ft/sec, the required pump pressure at 2 cfs is 72 psi, and the brake horse
power of the pump should be about 38 HP, assuming a pump efficiency of 80%.

A.2. Site and Construction
This pipeline test facility and the coal, logs manufacturing facility will both be built at the
same place--the Holstein Farm near Columbia, Missouri. Note that the Holstein Farm is owned
by the University of Missouri. It is located within I5-minute driving distance from the campus.
Permission to construct the facility on the Holstein Farm has been granted by the College of
Agriculture, Food and Natural Resources.
Design and construction of the facility will be coordinated by the Principal Investigator
with input and advice from industrial sponsors such as Williams Pipe Line Company, Williams
Technologies, Inc., and Willbros Engineers, Inc. Design will be done prior to the funding of this
EPRI project, so that as soon as money is available, bids for construction can be issued.
Construction will be done by a pipeline company that has extensive experience in pipeline
construction--such as the William Pipeline Company which is co-sponsoring the Center's coal log
pipeline research.

B. Coal Log Manufacturing Machine
A coal log manufacturing machine for fast compaction of 8-inch-diameter coal logs has
been designed by Professor Yuyi Lin and his students, Department of Mechanical and Aerospace
Engineering, University of Missouri-Columbia. This design has been reviewed and critiqued by an
industrial consultant, and improvements suggested.

A revision of this machine has been

completed recently. The revised design [28] incorporates the reviewers' suggestions and latest
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information learned from coal log testing in laboratories. The coal log manufacturing machine to
be built and tested under this EPRI project is based on this revised design. It is a semi-automatic
machine that can produce 5. 4-inch-diameter coal logs at the rate of three logs per minute. When
fully automated, the machine should be able to make one log in less than a second. Because this
is a test/demo project, only one semi-automatic machine will be built and tested.

The logs

produced by this machine will be tested for various properties including wear resistance (weight
loss), water absorption rate, tensile strength, etc.
The coal log manufacturing machine will be built and housed at the same site where the
pipeline facility described in the previous section is located, so that the coal logs manufactured can
be readily tested in the pipeline. Shop drawings for the machine are complete and bids have been
solicited. A contract will be issued to the bid winner in July and then the machine will be built. If
things proceed according to schedule, the coal log machine will be installed and ready for testing
as soon as this EPRI-TC project starts officially in January 1997. The cost for constructing this
machine, estimated at $200,000, will be paid by the CPRC (Capsule Pipeline Research Center)
from its existing and future operation funds. It will be part of the Center's agreed contributions to
the TC project.
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STATEMENT OF WORK
A. Pipeline Experiments
A.1. Coal Log Abrasion (Wear) Test
The most important function of the proposed 6-inch pipeline facility is to assess
realistically the rate of wear (abrasion) of coal logs in commercial coal log pipelines. Previous
experiments indicate that while the erosion of pipelines by coal logs is negligibly small, there is
significant abrasion (wear) of coal logs in the pipe which must be kept to a minimum of no more
than 3% weight loss. Because the proposed pipeline will be relatively long and straight and
constructed with the kind of welded smooth joints prepared in the same manner future
commercial coal log pipelines (CLP) will be prepared, realistic assessment of the coal log wear
rates in commercial CLP is possible by using this new pipeline facility.
Two main goals of the wear test are the following:
1. To assess the wear resistance of coal logs manufactured by the rapid-production coal
log machine using different coals supplied by different utility companies participating in
this project. The logs will be considered satisfactory if they can travel the test pipe over a
distance of 100 miles with less than 3% weight loss. This is so because initial applications
of coal log pipelines are expected for distances less than 100 miles.
2. Fabrication of coal logs will be done under various conditions using molds of different
exit shapes in order to determine the optimum conditions and mold exit shapes. Again this
will be done for coals of different types supplied by participating companies. To minimize
the number of tests required in each case to determine the optimum, the tests will be
guided by knowledge gained from previous tests conducted with smaller size (1. 9-inchdiameter) coal logs.
Prior to each wear test, the logs will be immersed in the entrance region of the pipe in Fig. 3
under static condition at 500 psi pressure for an hour to insure that the logs are saturated. By
doing this, the logs will not absorb additional water while being tested for wear. This makes it
possible to determine coal log wear rates by simply weighing the logs before and after each wear
test. The decrease in weight is thus due to wear alone and is unaffected by water absorption.
This is a standard procedure used in previous and current laboratory tests of coal log wear. The
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high pressure under no flow condition can be obtained easily by usmg a small positivedisplacement pump.
The coal logs tested in this pipe will have five diameter ratios k

= DJD = 0.85,

0.875,

0.90, 0.925 and 0.95, and three aspect ratios a = LdDc = 1.6, 1.8 and 2.0. Both the coal log wear
rate and the pressure drop along a long train of coal logs will be determined. The coal log wear
rate will be determined by periodic stoppages of the flow and removing the logs from the pipe for
weighing each time when the logs reach one end of the pipeline. The percent weight loss of the
coal log train can be plotted as a function of travel distance as shown in Fig. 4. Note that the
distance is plotted in logarithmic scale due to the large range covered. From Fig. 4, one can
determine the anticipated percent weight loss due to wear as a function of travel distance or
pipeline length.

Coal-Log
Weight Loss

3~----------------------------------------'

(%)

2

100

10

1000

Distance (miles)

Fig. 4. Wear of Coal Log Train in Pipe
Note that the coal log wear rate is not only a function of the pipe roughness and flow
conditions, but also a function of the properties of the coal logs, such as the type of coal used
(whether bituminous or subbituminous), compaction pressure, compaction temperature, type and
amount of binder used, and coal log geometry (aspect ratio a, diameter ratio k, and whether the
edges of logs are beveled or not). It is not possible to test all different combinations of variables

in this project. Fortunately, much is known about the optimum conditions through previous tests
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conducted in the laboratory at small scale [12]. Therefore, only what are known to be optimum
or nearly optimum in previous laboratory tests will be tested, and only the types of coal to be used
in the selected commercial demonstration project and the industrial sponsors' projects will be
used. This greatly reduces the number of different test conditions.
In each test run, one hundred (100) coal logs made from the same batch of coal under
identical compaction conditions will be used. All the logs will be compacted with beveled ends
because previous studies such as [12] found that logs having slightly beveled ends suffer much
less weight loss from wear than do the flat-end (sharp-edged) logs. The coal logs will be tested at
a range of velocity between 70% and 100% lift-off velocity. From previous laboratory tests, it is
anticipated that the optimum velocity of coal log pipelines is within this range.

A.2. Coal Log Train Behavior Test
The behavior of coal logs in a long coal-log train is another area that could not have been
simulated accurately in previous tests using short laboratory recirculating loops. Therefore, the
same pipe and the same coal logs used in the proposed wear test (A. 1) will be used to study the
behavior of long coal-log trains in pipe. This requires the measurement of pressure drops along
the pipe both in the straight section and along the bend, the measurement of the fluid (water)
velocity, and the measurement of the capsule location and capsule velocity at various places along
the pipe.
The goal of this study is to determine whether equations derived from small-scale
laboratory tests in 2-inch-diameter CLP can accurately predict the behavior (pressure drop,
capsule velocity, etc.) of coal log trains in a much larger (6-inch-diameter) CLP.

If the data

obtained are within 10% of that predicted from equations, the equations will be considered as
satisfactory. Otherwise, modifications of the equations will be made to improve their accuracy.
The sensors used for the test will be the same as used in previous laboratory tests: acoustic
flowmeter for determination of the volumetric flow rate (discharge) and the cross-sectional mean
velocity of the water in the pipe, pressure transducers for monitoring the pressure change along
strategic locations along the pipe (including inlet, outlet, bends and straight test sections), and
laser-photocell sensors for detecting the presence of coal logs and determination of the coal-log
velocities. All the transducer signals will be connected to a computer (PC) for data acquisition
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and analysis. A separate PC will be used for automatic control of the system--pumping the coal
logs back and forth through the pipe which requires periodic switching (closing and opening) of
valves.

Such data acquisition and control systems have been perfected through previous

laboratory tests.

A.3. Polymer Drag Reduction Test

Polymers such as polyethylene oxide can cause large reduction of drag and reduction of
energy loss in turbulent flow.

Commercial long-distance pipelines such as the Trans-Alaska

Pipeline use polymers to conserve energy and reduce operation cost. The same is expected for
coal log pipelines operating at or near the lift-off velocity.
In our laboratory investigation [22], it was found that the use of a very small amount of
Polyox (trade name for the polyethylene oxide manufactured by Union Carbide), of25 ppm (parts
per million) concentration, can cause maximum drag reduction of 75%. Although this result
appears very promising, in the laboratory tests the Polyox degraded rapidly and lost effectiveness
over short distances due to recirculation of the flow in the laboratory test loop. The same is not
expected for long pipelines with long distances between booster pumps, but this needs to be
proved by experiments. The proposed pipeline being 3,000 ft long is ideal for testing the rate of
polymer degradation in coal log pipelines.
The test of drag reduction in CLP will be conducted in the same manner and using the
same system described in A. 1 and A.2, except for the fact that Polyox of various concentrations
will be injected into the flow. The Polyox will be injected continuously at a constant rate at a
fixed station approximately 200 ft downstream of the pump. Injection will start as soon as the
flow has reached a steady state but before the coal-log train is released or launched. Injection of
Polyox continues as the coal-log train passes through the pipe and reaches the pipe end. Then,
Polyox injection will stop. Pressure transducers along the pipe will measure the coal-log pressure
gradients at various locations in the pipe. From such pressure gradients, the drag reduction at
various distances along the pipe can be determined, from which the degradation rate of polymer
can be ascertained. The measuring techniques and procedure will be the same as that used in a
previous experiment [22].
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A.4. Water Hammer & Unsteady Flow of Coal Logs
A theory for predicting pressure surges (water hammer effect) and unsteady flow of coal
logs have been developed [30]. However, so far the theory has not been tested under conditions
similar to those encountered in commercial CLP involving a long and relatively straight pipe. The
proposed pipeline facility is ideal for conducting such tests. The tests will include starting and
stopping of pumps and closing and opening of valves.

The pressure surges created by such

unsteady flows will be monitored at various key locations, and coal-log motion in the pipeline
affected by such surges can be monitored by the laser-photocell system discussed in A.2. The test
results will be compared with theoretical predictions to determine the accuracy of the theory
under conditions similar to those encountered by future commercial CLP systems.

The same

sensors and equipment for the tests described in A.l through A.3 will be used for this study.
Previous studies at CPRC developed an instrumentation system that can measure the fast response
(variation) of pressure and flow transients.

B. Coal Log Machine Tests
B.I Evaluation of Machine Performance
One of the main objectives of this project is to construct, test and demonstrate a semiautomatic machine that can manufacture three coal logs per minute. The machine will be tested
for its speed (whether it can produce one log in every 20 seconds as called for in the design) and
for its quality (whether the logs produced can travel through the pipe over 100 miles with less
than 3% weight loss). Because the first CLP demonstration project will be relatively short (less
than 100 miles), it is believed that logs that lose less than 3% weight due to abrasion through the'
test pipe for 200 cycles (equal to distance of 100 miles) will be satisfactory for the demonstration
project.
By making a large number of coal logs with this machine, other performance criteria of the
machine, such as heat buildup due to continued use, wear of machine parts and need for frequent
maintenance, will all be evaluated. Results of this test will be used in the design of the final
machine for coal log manufacturing in the first commercial (demonstration) project.
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B.2. Test of Different Types of Coal Logs
The same machine will be used for making coal logs having different properties such as
aspect ratio, diameter ratio, compaction pressure, compaction temperature and binder
(Orimulsion) concentration.

This will allow optimization of the coal logs produced for the

commercial demonstration project. The logs made by this machine will be used for the tests
described in A. 1 through A.4.

C. Site-Specific Application Study
As explained in Task 3, the Center will help each participating utility plan for one potential
CLP project. Initially, more than one potential project may be submitted by each participating
utility.

Upon evaluation of their respective feasibilities, the most promising project will be

identified. Then a more detailed planning of the selected project will be conducted, and the cost
of the project will be estimated by using the Center's cost model. Finally, the type of coal used
for this particular project will be tested in the laboratory for making coal logs. This study will be
carried out in close cooperation with the participating utility. The information generated will be
held confidential and given only the utility whose project is involved.

D. Cost Analysis of CLP
A detailed analysis of the economics of CLP for transporting coal was conducted in 1995
[1]. The analysis was based on a similar approach used by the Office of Technology Assessment
(OTA), U.S. Congress [31], for assessing

the economics of the coal slurry pipeline and

comparing it with rail and trucks. The approach involves calculating the unit coal transportation
costs (both in dollars per ton-mile and dollars per ton) as a function of throughput and
transportation distance, and then comparing the results with those computed for or charged by rail
(unit trains) and trucks.
To determine the unit costs of CLP transportation of coal, the capital cost and the
operation/maintenance (OIM) costs ofCLP of various diameters and lengths were first calculated.
Then, adding 37% corporate income tax, 2% property tax, 0.50/0 insurance and 15% profit (aftertax rate of return), the life-cycle cost of the pipeline system (assumed to be 30 years) was
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calculated and used to determine the present-value (1995-value) mean annual cost. This mean
annual cost divided by the throughput of the coal transported in tons per year yields the mean unit
cost in dollars per ton (Srr). Finally, dividing this figure by the pipeline length yields the unit cost
in dollars per ton-mile ($rrM). An example of the results is give in Fig. I which plots the unit
transportation cost in S/ton of coal as a function of transportation distance in miles, for eLP of
different diameters or throughputs.
The 1995 cost analysis [1] will be modified to be consistent with a generic utility model,
EPRI Technical Assessment Guide (TAG) [32]. The general objective of the EPRI-T AG is to
provide standard economic theory and general financial assumptions to be used in cost estimations
relating to electric utility technologies. Results of the cost analysis will be compared with coal
transportation costs by unit train (for long distances) and trucks (for short distances).
The economic analysis to be performed will also be more accurate than the 1995 analysis
for two reasons: First, based on the study described in B.l, more accurate knowledge about the
machine speed of future commercial coal log pipelines will be available. This will enable the
estimation of the coal log manufacturing cost more accurately than in the 1995 study. Secondly,
the wear tests described in A.I will enable the determination of more accurate abrasion (wear)
rates of coal logs of various types used in future commercial operations. This again contributes to
greater accuracy in cost analysis. This shows that the proposed economic analysis not only will
conform to EPRI guidelines but also will be more accurate than the current (1995) economic
analysis.
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SCHEDULE OF ACTIVITIES
The project will be completed in two years (24 months), during the period January 1, 1997
through December 31, 1998. The schedule of main activities is listed in Table 1.
The coal log machine will be constructed during the six months prior to the beginning of
the project, using money cost-shared by Capsule Pipeline Research Center (CPRC). As soon as
two utility companies have confirmed participation, hopefully before September 1, 1996, the
pipeline test facility will also be constructed so that it will be ready for use by January 1, 1997-the project starting date. Moving the schedule of these construction activities ahead buys extra
time for the project, making it possible to have more work accomplished during the two-year
project.
All the tests planned, including the coal log wear test, coal log train behavior test, polymer
drag reduction test, water hammer and unsteady-flow test, and the coal log machine test, are to be
carried out simultaneously over the 24 months of the project. This is not only possible but also
desirable, as different graduate students (Research Assistants) are responsible for conducting
different tests. Extending each test over a two-year period will eliminate haste and produce
thorough results and good knowledge needed for optimum design of the first commercial coal log
pipeline system--the demonstration project. Scheduling the tests will be done carefully so that
sharing of the same test facility for different tests is possible. In some cases, two or three tests
can be conducted on the same day, through careful planning and coordination.
Each site specific application study can be completed within 3 months. They will be
carried out in series so that the same person can evaluate and compare all projects. A maximum
of eight projects can be carried out in two years, listed in Table 1 as S-I, S-2, ..... and S-8.
The economic study will be conducted during the last six months of the project. It will be
done toward the end of the project for it relies on the data and information gathered from the
tests.
Finally, the mid-term and the final reports will each be prepared during a two-month
period at the end of the first and second years, respectively.
Completion of the project according to the foregoing schedule will enable the first
commercial demonstration project of CLP to take place in 1999, as soon as the EPRI-TC project
is completed.
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Table 1. Schedule of Main Activities
Official Starting
(- Date of Project

<- 1996->

ACTIVITY

(MONTH)

I<

.....

1997
(MONTH)

Official Ending
Date of Project
>

I<

1998
(MONTH)

~

>

7 8 9 10 II 12 I 2 3 4 5 6 7 8 9 10 II 12 I 2 3 4 5 6 7 8 9 10 11 12 1

Construction of Coal Log Machine
Construction of Pipeline Facility
Coal Log Wear Test
N
(X)

Coal Log Train Behavior Test
Polymer Drag Reduction Test
Water Hammer & Unsteady Flow Test
Coal Log Machine Test
Site-Specific Application Studies
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Economic Analysis

............................................................................................................······1···············································........................................................................................................................... .

Prepare Mid-Term Report
Prepare Final Report
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Research Institute, Palo Alto, California.

31

QUALIFICATIONS OF INSTITUTE AND PROJECT PERSONNEL
A.

QUALIFICA TIONS OF INSTITUTE
The Capsule Pipeline Research Center (CPRC), University of Missouri, is uniquely

qualified to do this project. This is demonstrated by the fact that the University has done five
years of extensive research and development in the CLP technology, sponsored jointly by the
National Science Foundation, Missouri Department of Economic Development, and an industry
consortium consisting of three electric utilities, four pipeline related companies, two coal
companies, and six small business companies. The U. S. Department of Energy and EPRI have
also funded studies at the Center. The University has the most experienced researchers and the
best facilities in CLP related studies, including a well-equipped coal-log fabrication laboratory, a
one-of-its-kind capsule pipeline test facilities on the Columbia Campus, and a first-class Coal
Science Laboratory on the Rolla campus. Both campuses are engaged jointly in CLP research and
development.

B. QUALIFICATIONS OF KEY PERSONNEL
B.I. Principal Investigator: Henry Liu (Ph.D. Colorado State University 1966)
Dr. Henry Liu is James C. Dowell Professor of Civil Engineering and Director of Capsule
Pipeline Research Center, University of Missouri-Columbia (UMC).

He served on several

national committees in various capacities including: Chairman, Aerodynamics Committee, ASCE
(1976-80); Chairman, Executive Committee, Aerospace Division, ASCE (1988-89); Chairman,
Pipeline Research Committee, ASCE (1991-1994); and President, International Freight Pipeline
Society (IFPS).
Liu has published a total of more than 100 papers in various journals and proceedings, was
the chairmen and organizer of two pipeline-related international conferences, was the co-editor of
FREIGHT PIPELINES--an Elsevier Science Publication, and authored a book, WIND
ENGINEERING: A HANDBOOK FOR STRUCTURAL ENGINEERS (prentice Hall, 1991).
He received two national awards (Bechtel Pipeline Engineering Award, ASCE, 1992; Aerospace
Science and Technology Award, ASCE, 1983), one international award (Distinguished Lecture
Award, IFPS, 1982), one state award (Missouri Energy Innovation Award, 1988), and two UMC
awards (Outstanding Researcher Award, 1992; Faculty/Alumni Award, 1993). He is the recipient
of three U.S. patents on capsule pipeline technology.
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At the University of Missouri-Columbia, Liu teaches both graduate and undergraduate
courses in fluid mechanics and pipeline engineering. His current research is focused on coal log
pipeline. In addition to his unique knowledge in capsule and coal log pipelines, Liu also has
extensive experience in engineering planning and design.

For instance, he taught Civil

Engineering Senior Design twice, each time involving a comprehensive real-world project that had
to be planned and designed. He was the group leader ofa major project funded by the U.S . Corps
of Engineers to assess the environmental impact of a pumped storage hydroelectric system, has
extensive consulting expertise (consulted for about 20 companies/organizations), and is a P .E.
(professional Engineer) registered in Missouri. This shows that the P.I. is uniquely qualified to
lead this project.
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LIST OF PERTINENT PUBLICATIONS

Ten related publications, with emphasis on most recent publications, are given as follows:
1. Cheng, C.C., and Liu, H., "Tilt of a Stationary Capsule in Pipe," Journal of Hydraulic
Engineering, Vol. 122, No.2, Feb., 1996, pp. 90-96.

2. Lin, Y., and Liu, H., "Zeta Potential of Subbituminous Coal and Its Effect on Particle
Agglomeration," Minerals and Metallurgical Processing, SMME., February, 1996. pp. 3438.
3. Liu, H., Lin, Y. and Marrero, T.R., "Effect of Zeta Potential on the Strength of Compacted
Coal Logs," Industrial & Engineering Chemistry Research, Vol. 35, No.1, January 1996, pp.
263-268.
4. Li, Y., Liu, H. and Rockabrand, A., "Wall Friction and Lubrication During Compaction
of Coal Logs," Journal of Powder Technology, (accepted for publication).
5. Liu, H. and Richards, J. L.,. "Hydraulics of Stationary Capsule in Pipe," Journal of Hydraulic
Engineering, American Society of Civil Engineers, Vol. 120, No.1, 1994, pp. 22-40.
6. Liu, H .. "Pipeline," invited article published in the 1994 McGraw-Hill Yearbook of Science &
Technology, 1994, pp. 305-307.
7. Liu, H .. "Hydraulic Behaviors of Coal Log Flow in Pipe," Freight Pipelines, (Editor: G. F.
Round). Elsevier Science Publishers, 1993, pp. 215-230.
8. Liu, H. "Freight Pipelines," invited article published in the 1993 Encyclopedia Britannica, pp.
861-864.
9. Davis, P. N., and Liu, H., "Coal Pipelines Crossing of Railroads: Legal Issues," paper
accepted for presentation at the Specialty Conference on Pipeline Crossings, American
Society of Civil Engineers, Burlington, Vermont, June 16-19, 1996, II pages.
10. Liu, H., and Marrero, T.R., "Coal Log Pipeline Technology: An Overview," Proc. Of the 8th
International Symposium on Freight Pipelines. Pittsburgh, Pennsylvania, Sept. 1995, pp.
169-178.
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B.2. Co-Investigator: Thomas R. Marrero (Ph.D. University of Maryland 1970)
Dr. Marrero is an Associate Professor of Chemical Engineering, University of MissouriColumbia. He has been a faculty member of the University since 1979, after years of service with
industries, including the Nuclear Energy Division of the Martin-Marietta Corporation, the
Research Center of the W. R. Grace Company, the Research and Development Division of the
Babcock and Wilcox Company, and the Nuclear Power Division of the General Electric
Company. He was one of the first University Research Associates of the Electric Power Research
Institute (EPRI).

Dr. Marrero's knowledge and experience in chemical engineering,

compaction/agglomeration, and power-plant technology is essential to the success of this project.
He has been doing research on coal logs for the last eight years and is the Associate Director of
the Capsule Pipeline Research Center (CPRC).
A list often of Dr. Marrero's pertinent recent publications is as follows :

1. Liu, H., Lin, Y. and Marrero, T. R., "Effect of Zeta Potential on the Strength of Compacted

Coal Logs," Ind. Eng. Chern.

Research~

Vol. 35, No. 1, January 1996, pp. 263-268.

2. Wilson, J. W. and Marrero, T.R., "Coal Log Pipeline Economics for the Transport of Coal
Over Short Distances," The Mining Journal. (Journal of the Institute of Mining Engineers,
United Kingdom), (1996, in press).
3. Sun, S. H. and T. R. Marrero, "Experimental Study of Si~u1taneous Heat and Moisture
Transfer Around Single Short Porous Cylinders During Convection Drying by a Psychrometry
Method," International Journal of Heat and Mass Transfer, (1996, in press).

4. Marrero, T. R. and Liu, H., "Drag Reduction in Coal Log Pipelines," Proc. of the 21st
International Technical Conference on Coal Utilization & Fuel Systems, March 18-21,
1996, Clearwater, Florida, pp. 667-678.
5. Liu, H. and Marrero, T. R. (1995), "Coal Log Pipeline Transportation of Western Coal:
Future Potential," 21st Annual Meeting, Western Coal Transportation Association, Denver,
Colorado, 10 pages.
6. Marrero, T. R. and Liu, H., "Methods of Compacting Coal Logs for Pipeline Transport of

Coals," Institute of Briquetting and Agglomeration, 24th Biennial Conference, Philadelphia,
PA., 1995.
7. Marrero, T. R., Liu, H. and Burkett, W. J. (1994). "Coal Log Fabrication: State-of-the-Art
for Pipeline Transportation," 11th Annual International Pittsburgh Coal Conference 1994, pp.
841-847.
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8. Marrero, T. R. and Burkett, W. 1. "Basic Experimental Studies Related to Binderless Coal
Compaction," Proceedings of the Institute of Briquetting and Agglomeration, Seattle,
Washington, Vol. 23, 1994, pp. 159-174.
9. Marrero, T. R., Burkett, W.J., Berg, D.M. and Nika, K., "Coal Log Fabrication by
Extrusion." Proceedings of the 4th International Conference on Bulk Materials Storage:
Handling and Transportation and International Symposium on Freight Pipelines, Wollongong,
Australia, 1992 pp. 227-231.
10. Marrero, T. R., Burkett, W.J., and Berg, D.M.,

"Extruded Coal Log Perfonnance
Characteristics," Proceedings of the 17th International Conference on Coal & Slurry
Technologies, 1992, p. 687-691.
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BUDGET:(2 Years 1/l/97-12/31/98}
1. Funding from EPRI

1st Year
A. PERSONNEL
1. PI (Liu)
1 ay mo./yr.
2. Co-Investigators
Marrero (1 ay mo./yr.)
Lin (1 ay mo./yr.)
3. Post Doctoral Fellows
(0.8 FTElyr.)
Subtotal A

2nd Year

($)

($)

2 Years

($)

11,744

12,449

24,193

7,788
6,229

8,255
6,603

16,043
12,832

28,000
53,761

29,600
56,907

57,600
110,668

B. OTHER PERSONNEL
1. Research Assistants (2, half-time)
2. Undergrad. Help (part-time)
Subtotal B

27,720
3,000
30,720

29,383
3,000
32,383

57,103
6,000
63,103

C. FRINGE BENEFITS
1. 25% of A
2. 8% ofB
3. Tuition for B 1
Subtotal C

13,440
2,458
5,922
21,820

14,227
2,591
5,922
22,740

27,667
5,049
11,844
44,560

3,000
130,000

3,000

6,000
130,000
0
5,000
10,000
4,000
2,217
375,548
124,452
500,000

D. TRAVEL (Visit Sponsors)
E. SUBCONTRACT (Const. Pi~eline)
F. EQUIPMENT
G. MATERIALS (Machine Frame)
H. CONSULTANTS
I. COMMUNICATIONS (~honea FAXa mail a etc.)
1. MISCELLANEOUS (print reports, ofc. supplies etc.)
DIRECT COST (A through J)
UNIVERSITY INDIRECT COST (46% ofMTDC)
PROJECT COST
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°5,000
10,000
2,000
1,217
257,518
70,158
327,676

°°
°0
2,000
1,000
118,030
54,294
172,324

BUDGET (2 Years: 1/1/97-12/31/98)
2. Cost-Share by CPRC

1st Year
A. PERSONNEL
1. PI (Liu)
1 s.s. mo./yr.
2. Co-Investigators
Marrero (1 ss mo ./yr. )
Lin (l ss mo ./yr. )
3. Post Doctoral Fellows
(0.8 FTE/yr.)
4. Technicians (0.5 FTE/yr.)
5. Secretary (0.5 FTE/yr.)
Subtotal A
B. OTHER PERSONNEL

2nd Year

($)

C. FRINGE BENEFITS
1. 25% of A
2. 8% ofB
3. Tuition for B 1
D. TRA VEL (National Conference)
E. SUBCONTRACT
F. EOUIPMENT (Coal Log Machine)
G. MATERIALS (Machine Frame)
H . CONSULTANTS
I. COMMUNICATIONS (uhonea F AXa mail a etc.)
J. MISCELLANEOUS (print reports, ofc. supplies etc.)
DIRECT COST (A through J)
UNIVERSITY INDIRECT COST (None)
PROJECT COST
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2 Years

($)

($)

11,744

12,449

24,193

7,788
6,229

8,255
6,603

16,043
12,832

0
12,000
9,500
47,261

0
13,000
10,000
50,307

0
25,000
19,500
97,568

0

0

0

11,815
0
0
2,000

12,577
0
0
2,000
0
0

24,392
0
0
4,000

°

200,O~0

0
0
0
0
261,076

°0
0
0
64,884

°261,076 °64,884

°200,000
°°
0
0
325,960

°325,960

BUDGET {2 Years: 1/1/97-12/31/98}
3. Total Budget {EPRI plus CPRC Cost-Share}

EPRI
A. PERSONNEL
1. PI (Liu)
2. Co-Investigators
Marrero
Lin
3. Post Doctoral Fellows
4. Technician
5. Secretary
Subtotal A

CPRC
Cost-Share

Total

($)

($)

($)

24,193

24,193

48,386

16,043
12,832
57,600
0
0
110,668

16,043
12,832
0
25,000
19,500
97,568

32,086
25,664
57,600
25,000
19,500
208,236

B. OTHER PERSONNEL
1. Research Assistants
2. Undergraduate Help
Subtotal B

57,103
6,000
63,103

0
0
0

0
57,103
6,000
63,103

C. FRINGE BENEFITS
D. TRAVEL
E. SUBCONTRACT
F. EQUIPMENT
G. MATERIALS
H. CONSULTANTS
1. COMMUNICATIONS
1. MISCELLANEOUS
DIRECT COST (A through J)
UNIVERSITY INDIRECT COST (None)
PROJECT COST

44,560
6,000
130,000
0
5,000
10,000
4,000
2,217
375,548
124,452
500,000

24,392
4,000
0
200,000
0
0
0
0
325,960
0
325,960

68,952
10,000
130,000
200,000
5,000
10,000
4,000
2,217
701,508
124,452
825,960
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Budget Explanation
1. All rates charged are standard rates of the University of Missouri-Columbia. The indirect rate
that the University charges to research projects is 46% of the modified total direct cost (MTOC).
The MTDC excludes equipment cost, and includes only the first $25,000 of subcontracting cost.

2. The subcontract of $130,000 is for constructing the pipeline system shown in Fig. 3. (p. 16),
including the 3,000 ft pipe, two pumps, two reservoirs (10 ft x 10 ft each), eight valves, and
precision bending pipes.

The system will be designed by CPRC but contracted out for

construction. As mentioned in (1), only the first $25,000 of the subcontract is subject to indirect
cost.

3. The $200,000 is the estimated cost for equipment which is for construction and installation of
the semi-automatic coal log manufacturing machine that can produce three coal logs of 5. 5-inch
diameter in every minute. The estimated cost includes materials, parts, labors, installation and
automatic control equipment, but not the building to house the machine. Detailed cost estimate
for this machine is contained in a design report [28]. Should this estimate be exceeded by the
actual cost, the CPRC will contribute additional amount to make up for the difference.

4. Consultant fees are for reviewing design details and helping the Center to conduct the planning
and evaluation of the site-specific applications study (Task 3).

5. Over the two years of the project, a total of $300,000 will be generated from five participating
electric utilities, and another $300,000 from EPRI matching fund . However, with EPRI indirect
cost being $100,000, the amount received by the University of Missouri is $600,000 - $100,000 =
$500,000. The total indirect cost charged by the University is $124,452 which is slightly more
than that charged by EPRI. With this amount of indirect cost charged by the University, the
Capsule Pipeline Research Center (CPRC) will receive for research $500,000 - $124,452
$375,548.
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6. The total cost of the project, including the indirect cost charged by the University, is $825,960.
This includes $500,000 requested from EPRI, and the remaining $325,960 cost-shared by CPRC.
This means the EPRI and CPRC contributions to the project are respectively 60% and 40%. The
CPRC is willing to meet this substantial cost-share because the project is central to the mission of
the Center for the next two years (1997-98).

The cost-share will come out of the general

operational fund of the CPRC, estimated to be $1.5 million for the next two years.

7. The amount ofEPRI funding requested ($500,000) is based on five electric utilities signing up
for the TC project. Should the number of participants be different from five, the budget requested
from EPRI and the indirect costs from EPRI and the University will all be prorated. For instance,
if only 1 instead of 5 utilities choose to participate, then the amount requested from EPRI and the
participating companies will be $100,000, and the EPRI and University indirect costs will be
$20,000 and $24,890, respectively. As will be explained in the next section, no more than six
utility companies will be accepted for this project. Therefore, the maximum possible funding level
to be received from EPRI for this project is $600,000.
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UTILITIES PARTICIPATION & ARRANGEMENTS
The target amount of money to be raised for this EPRI-TC project is $600,000 in two
years--$300,000 from EPRI, and the other $300,000 from electric utilities that are EPRI
members. It is proposed that each participating utility pays $30,000 per year for two years. This
means five companies are needed to raise the $300,000 utility participation over two years. A
maximum of six (6) companies will be accepted for participation in this TC project. Acceptance
will be based on first-come basis. The project starting date is January 1, 1997, and the project
expiration date is December 31, 1998. Participating companies will be entitled the following
privileges and benefits:

1. After a company has fulfilled its financial obligation (i.e., having paid $120,000 including the

EPRI matching fund), the company will be granted a non-exclusive, non-transferable license
to use all pre-existing and future patents developed by the University of Missouri (UM)
needed for coal log pipeline application, at the reduced cumulative royalty rate·· not to
exceed $0.30 per ton of coal transported by CLP. This is at least $0.20 less (per ton) than
paid by companies that have not supported CPRC.
2. Royalty-free usage of all new patents developed during the period of support of this EPRI
project.
3. Receive non-proprietary as well as proprietary up-to-date information on CLP research,
development and technology transfer. This includes but is not limited to receiving CPRC's
annual reports, quarterly reports, ten copies of newsletters and so on.
4. Participation in the Center's Industrial Advisory Board (lAB), and attending the two lAB
meetings each year.
5. Receive a site-specific CLP application study, and test coal logs with coal made from
participating utilities as explained in Task 3 .

•• Cumulative royalty rate is the total rate paid for all UM patents needed for the practice of coal log pipeline.
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INTELLECTUAL PROPERTY RIGHT & PATENTS

It should be realized that this EPRI project is based on previous results and existing

intellectual property rights of CPRC. Besides, the project will be heavily subsidized by other
existing sponsors ofCPRC and·the University--see budget sheet for CPRC matching fund or costshare. To be fair to all involved, the same rights on intellectual properties must apply to all
participants. Therefore, a copy of the contracting document (Agreement) with existing CPRC
new industrial members is attached to the Appendix for reference purpose. Each of the company
participant of this EPRI project will have all the rights mentioned in this proposal including those
stated in the Agreement.

Since the EPRI matching fund has been counted as part of the

participating company's contribution, EPRI has no intellectual property rights other than using the
project completion report in any manner EPRI wishes--including reprinting the report as an EPRI
report and selling and distributing it to anyone that EPRI chooses. All existing sponsors of CPRC
will also get a free copy of the same report.
All the company participants and EPRI must protect proprietary information provided to
them with no less care than they do with proprietary information of their own company. This
must be done for a period of five years from disclosure date. University researchers must also do
their utmost to protect not only University generated proprietary information but also company
proprietary information. Proprietary information sent to company sponsors and EPRI will be
marked "Proprietary." Companies and EPRI should not reveal any proprietary information of
their own to University researchers unless and until requested by the CPRC Director for execution
of the project. In such a case, all the proprietary information supplied should be clearly marked

"Proprietary" and treated as such.
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APPENDICES

1. Document on Preparing Smooth Welded
Joints for Steel Pipe.
2. CPRC's Contract Document (Agre~ment) with
Existing Industrial Sponsors.
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