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FOREWORD

In dune 1978, the University of Missouri-Columbia received a research
contract {EM-78-5-02-4935) from the U.5. Department of Energy to investi-
gate the feasibility of HCP (Hydraulic Container Pipeline)}* as a viable
means of freight transport that conserves emergy. HCP is a particular type
of freight pipeline which transports cargoes in containers moving through
pipelines filled with liquid--usuallywater. It is a new concept of freight
transport originated in Canada in the 1560's. Potential advantages of this
new mode of transport includas (1) energy conservation, {2} pollution free,
{3} reduction of highway and railrpad accidents, (4) automation {5} no
interruption by adverse weather, and (6) protection of environment.

The four tasks of the contracted research are: (1) assessment of
gnergy censervation value of HCP as compared to other modes of freight
transport such as trucks, railroad, and slurry pipeline, {2} assessment
of the market of HCP for coal transportation, {3) development of design
concepts on HCP for transpurting':uai, and {4} design and construction
of a small HCP system for the demonstration of the concept of HCP trans-
portation. This report deals with the first taskonly. Another report,,
"Transportatian of Coal by Hydraulic Container Pipeline (HCP}--A Feasibility
Study,” will be prepared to deal with the other tasks.

This research was funded through the Non-Highway Program, Division of
Transportation Energy Conservation, Office of Conservation and Solar
Applications, U.S. Department of Energy. Encouragement and guidance
provided by Mr. Richard Alpaugh of the funding agency is greatly apprecia-
ted. The research reported herein was performed by M. Assadollahbaik--
the research assistant of the project. -

%&Wﬂdﬁ

KHenry Liu, F.E., Ph.D.
Frofessor of Civil Engineering
University of Missouri-Columbia
Principal Investigator

*

Hydraulic container pipeline is usually referred to as "hydraulic capsule
pipelina" or simply “capsule pipeline.” In this report the terms "capsule”
and "container" will be used as synonyms.
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ABSTRACT

The purpose of this spomsored research is to assess the feasibility and the
potential value of HCP (Hydraulic Centainer Pipeline) as a new mode of freight
transport. The tasks of the study involve {1) assessment of the energy conser-
vation value of HCP as compared to other modes of freight tramsport such as
truck, rail and slurry pipeline, (2) assessment of the market of HCP for coal
transportation, {3) develepment of design concepts on HCP system for transport-
ing coal, and {4} design and construction of 4 smal) HCP system for the demon-
stration of the comcept of HLP transportation.

Te date, the first three of the four aforementioned tasks have heen com-
pleted; task 4 has just begun. This report deals with the first task nn]y:
Another report, entitled "Transportation of Coa)l by Hydraulic Container Pipe-
line (HCP}=-A Feasibility Study," deals with tasks 2 and 3.

It is shown in this report that HCP possesses high potential for conserving

gnergy used in freight transport and reducing U.5. reliance on oil.
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Energy Conservation Value of Mydraulic Container Pipeline (HCP)

I. PURPOSE QF 5STUDY ARD METHODGOLOGY

The purpose of this study is to determine the energy conservation value
of HCP (Hydraulic Container Pipeline) as a new mode of freight transport. To
accomplish this, the EI {Energy Intensiveness) and the ECI {Energy Cost In-
tensiveness)* of HCP are compared to the E] and ECI of other modes of freight
transport such as slurry pipeline, truck, rail, waterway, airplane, and PCP
{Pneumatic Container Pipeline), Then, the potential of HCP for conserving
energy 1nlthE transportation industry is assessed. The val9e of HLP as a

means to reduce dependence on oil 1s also discussed.

II. SUMMARY OF FINDINGS

From a comparison of the EI and ECI of different modes, it is concluded
that under most conditions HCP uses far less energy than slurry pipeline and
trucks. Large systems of HCP also use less energy thanlrai1 and waterways.
Therefore, the development of HCP for commercial use can produce great saving
of energy (trillions of Btu's per year) and oil {billions of gallons per year),
resulting primarily from reduced usage of truck, rail, and slurry pipeline.

Although HEP also uses less energy than PCP, and much less energy than
air-freight, no saving is expected here because both PCP and air-freight are
needed for fast delivery of special cargoes.

While the greatest market for HCP seems to be 1ntercity transport of freight--

the same freight now being transported mainly by trucks--the most immediate

*see Section 1I1 for the definition and significance of El and ECI:



application of HCP seems to be transportation of coal over Aistances in the

range between 29 and 300 niles.

[11. SIGNIFICANCE OF EI AND ECI

Energy Intensiveness {EI} is the energy consumed in the transport of
unit weight of cargo over unit distance. It is an index of the energy effi-
ciency of transportation systems. A common unit of EI is Btu/TM.* Quite a
bit of controversy exists in the use of E[. For instance, Zandi and Kim [1]**
criticized some common usage of EI based on national averages: "(1) It re-
present: an almost useless average value, and (2) it signifies energy con-
sumption in only a portion of the system." Oue to these controversies, an
analysis of the significance and limitations of EI is provided as follows:

First, consider the fact that EI represents only a portion of the energy
used. Hirst [2] gave the valuve of EI of different modes of freight transport

as shown in Table 1. These values of £I were computed by using a

TABLE 1 - Energy Intensiveness (EI} for Varjous Modes of
Freight Transport {[Approximate Values for mid-1960's}

MHode EI {Btu/TM)
Air Freight 37,000 |
Truck {Intercity) 2,300
Railroad 680
Waterway J 640
Pipelines [0il) 450

tTH stands for ton-mile.
*
Numerals in [ ] refer to corresponding items in APPENDIX 1 - REFERENCES.



somewhat arbitrary standard. For nstance, the value of EI for truck
given in TabYe 1 was obtained from thke energy of the diesel fuel used
for transporting one tom of cCargo over opne-mile distance. The energy of the
fuel is that released from combustion; it does not include the energy needed
for producing the fuel (drilling, pumping oil from underground, refining, etc.),
and for transporting the fuel over long distances to the filling station., This
arbitrariness s perfectly acceptable when comparison of EI is made between
truck and train, for both use the same kind of fuel for propulsion and hence
consume the same amount of energy in drilling, refining, etc. No matter whether
those additional consumptions are included or not, the difference in EI between
the two modes (truck and train) remains the same. Therefore, the fact that
El represents the energy consumed by only a portion of the system is harmless
when £1 15 used to compare two modes based on the same fuel or energy scurce.
However, when comparing the Ei of pipeline with that of truck and train,
the situation s much more complex. Because pipeline uses electricity which
usually is not generated from oil, the difference in EI between pipeline and
truck (or tfain} is aimost impossible to ascertain. The difference depends
not only on whether one includas the extra energy used in the preparation and
transportation of 011, but alse on what to include for the gnergy consumed in
the generation of electricity., Assuming the electricity to be generated from
coal, one should include for instance the energy lost in generation and dis-
tribution of electricity, and the energy needed to mine, prepare, and trans-
part coal to power plants., Even so  the comparison of EI between the two
madas would still be of guestionable value because one Btu of energy from ail

costs more than one Btu of energy from coal.



To provide a meaningful comparison of the energy conservation value of
twe modes of transport based on different fuels, a new guantity similar to
El, but taking into account the price of fuels, must be defined., This can be
seen from the following example:

Suppose a particular HCP system kas a value of EI = 1,000 Btu/TM, based
on the enerqy of the coal used in generating electricity. How do we compare Lhe
energy conservation valye of this system with an alternate railroad system
having £1 = 500 Btu/TM?

Assume the electricity used in the HCP system is generated from coal,
whereas the EI for rail comes from diesel fuel. The price of one Btu energy

coming out from coal is

- ) (1}

where P, = unit price of coal ($/ton};

E, = energy content of caal (Btu/ton)

Likewise, the price of one Btu energy released from diesel fuel is

P2
where P2 = unit price of diesel ($/gal);
E, = energy content of diesel (Btu/gal).

Based on current price and average conditions, we have approximataely:

Py = $30 per ton, P, = $0.5 per ga), E, = 2.5x10" Btu/ton and
E, = 1.4x10° Btu/gal,



Substituting the above values into Egs. 1 end 2 yields &, = 51.2x1ﬂ-ﬁfﬂtu
from coal, and EE = $3.ﬁxlﬂ'ﬁ!Etu from diesel. This shows one Btu from
diesel is about three times as expensive as one Btu from coal.

Now, define 'energy cost intensiveness', abbreviated as 'ECI', to be the
fuel cost in dollars for fransporting one tan of cargy over a ¢ne-mile dis-
tance. Since the EI for the HCP system is 1,000 Btu/TH, the ECI for the sys-
tem is

(EC1), = €4(E1}, = 1.2x107°x1000 = $1.2x107%/TH = 1.2 milis/™M,

Likewise, for the alternate rail system,

iEEI]E = CE{EI}E = 3.6x107%x500 = $I.Ex1ﬂ'3!TH = 1.8 mills/TH,

This shows even though the EI for the HCP system is twice as high as that for
rail, the ECI for HCP sti11 turns out less than for rail. This of course is
due to the fact that the price of energy from diese! i5 three times as high as
that from coal.

The above example shows that a meaningful comparison of the energy effi-
ciency of tramsportation systems based on different fuels is possible provided
that ECI s wsed in lieu of EI. Therefore, henceferth, comparisen of HCP
with slurry pipeline which also uses electricity will be based on EI, where-
as comparison of HCP with truck, trains, waterways, etc. which use diesel or
other petroleum products will be bhased on FECI.

Next, consider the matter of the variation of EI and ECI within each mode,
The values of EI listed in Table 1 for various modes are the average values
for the nation. A large variation of El within each mode is expected when
pertinent conditions vary. For exemple, trucks consume much more energy when

traveling on winding roads in the mountains than on superhighways on the



prairie. Thererore, when for instance considering a particular road which
crosses a peak of the Rocky Mountains, the value of EI for such a roaﬁ is bound
te be much greater than the 2,300 Btu/TM given in Table 1. This does not

mean that the values given in Table 1 are meaningless; it only means that

they must be taken in proper perspective and used in a correct manner, For
instance, a meaningful conclusion one can reach from the values given in Table
1 is that on the averdge trucks use much more energy than trains. There may

be exceptions to this rule in particular instances, but on the average this is
expected1tn hold. In the case of pipelines, although EI varies greatly with
pipe diameter and the speed of the flow, again the average value given in Table
1, if interpreted correctly, can be rather useful., The figures in Table 1
indiéate that generally pipelines used commercially for long distance trans-
port of 0il {this is usually in the diameter range of 1 to 3 feet and speed
range of 1 to 10 feet per secand] have a mych lower value of EI and hence use
less energy than trucks to transport the ail, .

The above shows that nothing is wrong in the basic concept of ET or ECI;
they just need to be used carefully, and the results interpreted correctly.
Indiscriminate use of EI or ECI can of course result in misleading or in
correct conclusions. This report attempts to compare the EI and ECI of dif-
ferent modes of freight transport with HCP only when a comparison is meaning-
ful. The reader should read the report carefully to avoid misinterpretation

of results or taking i1solated statements out of context,



I[¥. ET ARD ECI OF VARIOUS MODES OF FREIGHT TRANSPORT
A. Hydraulic Container Pipeling (HCP}

1. Frictional Loss Along HCP and Energy for Pumping

The frictional loss along HCP depends on many complicated factors such
as capsule geometry, capsule-pipe diameter ratio, capsule-fluid density ratio,
capsule speed, capsule material, pipe material and roughness, etc. To date,
it s not yet possible to predict the frictional loss along HCP from these
factors, Accurate prediction of frictional loss is possible only for specific
capsules under conditions tested before. Most of these tests were conducted
in Canada by Alberta Research Council; a summary of the test results iz con-
tained in [3]. The EI for HCP can be determined from test data of frictiona)l
Toss in the following manner:

Refer to APPENDIX 2 for the definitions of symbols used in this report.
The bulk discharge {i.e., the discharge including both capsules and the fluid)
is

0y = = {1

2

in which we may use cfs, ft™ and fps respectively for the units of Qb, A and

”c' The powar required to overcome frictional loss along unit length of the
pipe is

When 5f is in psi/ft and P in Btu/sec-mile, Eq. 2 must be rewritten as

A S . Ay 5
pe—< £ {”4;?;3’3} - 977 —-E—'i (2a)




The number of capsules going through the pipe per second is
1_!'
L
n=uo (1)
L

The discharge of capsules through pipe is

0, = ah_ V. (4)

C

The throughput of carge is

= = !
W=©E~xys [}c EQLYS ACIE (5)
If the units of W, AE and Ut are respectively tonsssec, ftE and fps, and if
¥ = 62.4 Ibs/ft3 {water), then Eq. 5 becomes
_ (B2.4 -
W {3555 ous ALY, = 0.0312 eas AV, (5a)
From the above, for H{P which uses water as fluid, the energy intensiveness
1%
P "3 S
El = 4 = {3.13x107) 5 {6}
Fosy K

where Sf is in psi/ft, and EI is in Btu/TM. The quantities e, . %, v and %

}

Eq. & may be used to compute the EI of HCP. Note that the largest HCP

are all dimensionless,

ever tested is a 10-inch pipeline in Camada by Alberta Rasearch Center [3].
Therefore, test results from this pipeline will be used as the data source
for computatian of €1 from Eq. 6. Since in future applications of HCP, all
systems should run near optimum conditions, the EI computed in this report
will be hased on nearly optimum conditions.

Fig. 1 is a reproduction of Figs. 3-73 of [3]; it is for a 10-inch

pipeline with capsule shape and dimensions as indicated in the figure., The



PRESSURE GRADIENT, psi /ft.

CAPSULE

o
x

-
"

{ | | | I [ | ]

r
0 as indicated |

-
=

0,125"

&

:ﬂ 1 1 ] ] ] ] | ] l.

o 1 ‘2 2 4 5 rS 7 B ? W
CAPSULE VELOCITY, K ft./sec.

K

D= 10.02 in. L= 20 ft. | . ¥a 10 .cs
k= 0.9 bz 5 P=1.0

Polyken tope covered steel cylinders with Polyken tope bands in
steel pipe. Effect of 5, G. g

Fig. 1 - Energy Loss Along Hydraulic Capsule Pipeline
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aoptimum condition for this pipeline is to use capsules with specific gravity
gqual to 1.1 approximately, and with capsule speed in the neighborheod of 5
fps. This results in & minimuom capsule energy gradient {i.e., head 19ss per
length of pipe) of 0.00%0 psi/ft. Suppose for reasons other than saving
enargy it is desirable to run a T0-inch HCP at a ¢lightly higher spead--say
6 fps. From Fig, 1 the enerqy gradient is 0.0054 psifft. Other pertinent
properties of the system are vﬂ = 5 fps, ¢ = 1.1, k=09, =075,

a =1, and v = 1.* For this system, Eq. 6 yields

0.0050x0.0059
0,75x121.1x1x0.9

El = 3,13::1'04 o

5 T 253 Btu/TM

The above wvalue ef El was derived solely from pipeline frictional loss;
it does not include Tosses encountered in the pumping process. To get the
value of EI at the supply end of the pump, the above value must be divided by
pump efficiency. From Professor E. R, Laithwaite's preliminary assessmentxv,
the expected efficiency of electromagnetic pumps {Yinear motors) for HCP is
in the neighborhood of 50%. Therefore, to compute the EI for HCP at the
supply end of the pump, the above value should be divided by 0.5, yielding
€l = 506 Btu/TM.

Now that the value of El for a 10-inch HCP is known, how do we predict
EI for larger pipes under similar conditions? Approximately, this can be
done by assuming the head laoss of HCP to be linearly proportional to the
head loss of an equivalent ordinary liquid pipeline{i.e. an ardinary liquid

pipe flow having the same velocity and pipe diameter}.

* y=] is a good assumption as long as k is mot greater than 0.95.

hk
Professer Laithwaite i5 the world's foremost authority om linear motors.
His assessment of the expected efficiency of linear motors for pumping
capsules in HCP is given in [4].
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The head loss for ordinary ligquid pipelina may be computed from the

Darcy-Weisbach formula as follows:

?
LW
he = f 5 75 (7)

Where f-~the resistance factor--may be found from Moody diagram given in
standard texts. Assuming water of viscosity I.2x1D‘5 ftEIsec flows at 6 fps

fn a 10-inch steel pipe, the Reynolds number is 4.2x10°

« and the resistance
factor is f=0.0155. Eq. 7 ylelds a head Toss of 55 ft opver a distance of

one mile. Since head loss for liquid pipeline is the energy spent in trans-
porting liquid of-unit weight over unit distance, it is physically the same

a5 EI. The EI for ardinary iliquid pipeline is

€1 = (5592) hy = 2.57 n, (8)

where the units of EI and he are respectively Btu/TM and ft/mile.

From Eq. 8, the EI corresponding to the 55 ft head loss in the T0-inch
pipe is 141 Btu/TM. If pump efficiency for ordinary Viquid pipeline is
assumed to be 80%, the £1 for the 10-inch Yine based on power supplied to
the pump must be 176 Btu/TM,

The abave procedure may be used to calculate the EI for any liguid pipe-
line of any diameter and velocity., For instance, for a 1Z-inch water line r
with water flowing at 6 fps, the EI based on power supply to the pump calcu-
lated in this manner is 143 Btu/TM. Now that the EI of the 12-inch water line
is known, the anticipated EI for an equivalent HCP system {i.e., an HCP of

1Z-inch diameter and B fps speed) is

EI for TO" HCP _
E] for agquivalast 10" water line

%gg ¥ 193 = 411 Btu/TM.

EI for 12" HCP = x EY for 12" water line
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Using the above projection technique, the EI for HCP based on pump
enerygy consumption has beea computed for linefill from 70% to 100% and for
pipe diamaters up to 12 feet. The result is presented in Table 2. The
corresponding throughputs may be found from Table 3. The wvalues in Table 2
are computed from Eqs. 3 and 5. MNote that 12 feet has been chosen as the
upper limit of HCP since at that diametar any cargo that can be fransported

by truck can be placed inside a capsule.

2. Energy Consumed at HCP Terminals

The bulk of energy needed in the gperation of HCP is that used in pumping.
Terminal gperations [sealing capsules, transporting capsules within terminal
buildings, capsule injection, building lighting, heating and air-conditioning,
etc.) require much less energy. They can be estimated as Tollows:

It is expected that after capsules have been filled with cargo, they will
be sealed by a spring-loaded compression cap. To compress the cap into posi-

tian in order to sezal each capsule requires an énergy egual to:

Erergy for Sealing Capsule = Force to compress the spring

% Change of Spring Length,

The force to compress the spring is assumed to be 1,000 1bs which is
on the conservative side. The change of spring length (i.e,, distance
shortened) i5 assumed to be 3 inches for 1-ft-diameter HCP, and proporticnally
longer for larger pipe. Thus, for capsules going through a 1-ft pipe, the

energy for sealing per capsule is

1,000 x % = 250 ft-1b = 0,321 8ty



TABLE 2 - El for HCP Based on Power Consumed by Fumps
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- — i —

[ El (Btu/TH)

Pipe o . HCP o Equivalent
Diameter o =10  o=0.9 a=08  o=0. Hater Line
10" 506 562 633 723 176

" 4711 457 514 587 143

16" 253 281 316 361 88

2 176 196 220 251 61

3" 107 119 134 153 38

Y 78 87 98 M 28

Y 61 68 77 88 2]

6 49 54 61 70 17

7 a0 44 50 57 14

g 34 38 43 49 12

9! 29 33 37 az 10

10* 78 31 35 40 9

K 27 30 13 38 9

12 24 27 30 34 8 .
Note: Uc = u =6 fps, k =0.9, 5 = 1.1, € = 0.75, ;;mp afficiency f;:u*—
HCP = 0.5, pump efficiency for water line = 0.8},




TABLE 3 - HCP Throughput {100% Linefill}

I

*Assyme the pipeline is operational) 360 days per year.

Capsule Throughput 1 Carge Thro:_g_lj_gu_t__ e :l Water
Pipe No. Per ~ No. Per No. Per Tong Per ons Per  Tons Per Throughput |
_Ih' ameter Minute Hour day Second Day Year* ofs
v % 5,760  1.38x10° 0.068 5.80x10°  2.12x10° 0.62
1 80 4,800  1.5x0° | 0.0 8.88x10°  3.05x10% 0.90
16" bo53 3,200 7.68x10° ' 0.2 191008 6.87x10° 2.01
2 a0 2,400  5.76x10° 0.393 3.39x10°  1.22x707 3,58
3 27 1,600 3.84x70° 0.884 7.64x10°  2.75x107 8.06
4" 20 1,200 2.88x10° 1.571 1.36x10°  2.89x707 14.3
5 16 950  2.30x10° 2.46 2.12x10°  7.64x107 22.4
60 | 13 goo  nazxi0® | 3.54 3.05¢10°  1.10x70° 2.2
7 oM 685  l.gsx10t ' 4.1 2.16x10°  1.50x70% 43.9
Y 19 500 1.4ax10° | 6.28 5.43x10°  1.9510° 57.3
g 8.9 533 tl.eaae? | 7.5 6.87x10°  2.a7x10° 72.5
10" 8.0 480 1.15x0% 9.82 8.48x10°  3.05x10° 89.5
1 7.3 436 1.05x107 1.9 1.030°  3.70x108 108
12! 6.7 400 9.60x10° ; 14.1 1.22x10°%  4.a0x108 129
e o O
Note: ¥ =¥ =6 fps, k =0.9, 5= 11, e=0.75 b = 5.0,

L
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Table 3 shows that for «=1.0, there are 1.15x1ﬂ5 capsules entering the pipe
every day. If «=0.7 (i.e., 70 line fil11}, the numher is raduced to 8.05x

1ﬂﬂ capsulas/day. To seal these capsules will require an energy of 0.321x

8.05x10% = 2.58x10% Btu/day.

The enargy required to move each capsute within terminals is assumed
to be the same as the work performed by 1ifting each capsule for a height of
100 ft. For the T-ft HCP at a=0_7, this requires a total work of 2.91105
Btu/day.

The enerqy neaded for lighting, heating and air-conditioning the termi-
nals is assumed to be 3 watts!ftz. Assuming the area of each terminal build-
ing is 100 ftx10D0 ft, the total aenergy needed to light, heat or air-condition
the two terminals of each HCP for one day is 3x2x100x100x294 = ].44xluﬁ watts-
hr which is equivalent to

3

144108288000 - 4 93 x 105 Beusday

From the above, the total energy consumed at terminals is
2.58x10% + 2,9x10% + 4.93x10% = 7.86x10% Btusday

The above results ave listed in Table 4, together with results computed for
pipes up to 12-ft diameter,

Te convert the results in Table 4 to EL, pipe length must be tpecified.
For instance, for a 1-ft HCP, Table 4 gives the total energy consumed at the
terminals as ?.9x1ﬂ5 Btu/day. The throughput at 70X Tinefil) is, from Table 3,
0,7x8.48x10° = 5.94x10% tons/day. If the pipeline is 50 miles long, the EI

for terminals is
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TABLE 4 - tstimated Energy Comsumption at HCP Terminals (70% Linef111)

T Energy Consumed (8tuzday) |
Pipe e e+ et e mm e e o ot e e i aee e -]
Diameter Eaps-._ﬂe | Capsy]e Traqspmrt Lighting, Ijlea_utir?g Total

.| Sealing | Within Terminals | and Air-Conditionies | . _

o | 260”1 1.4x10° a.9x10° | 6.3x108

C | 2.exio? i 2 ox10° 4.9x10° " 7.9x108
e | 2.6000 4.6x10° | a.9x10° tg.5x10°
E 2+ | 2.6x10 §.4x10° 5.9x10° ERRNY
o3 | 2exa0? 1.8x10° ' 4.9x10° i 2.3x07

a | 2.6x10? 3.3x107 a.9x10° i 3.8x107

s | 2.6x10° 5. 1x107 ! 2, 9510 o 5.6x107

6 | 2.6x10° 7.72107 a.9x10° i §.2x107

7 | z.ex10® . 9.8x10’ 2,9x10° | 1.0x108

g | 2.6x10° E 7.3x70° aox10® T 1 aaef

o | zex10® | 1.7x10° a.9x10% oy 7x008

w0 | 260" o 20008 1.9x108 2.0¢0%

i o2.exio 2,5x10° 4.9x108 2.5x708

120 | 2.6x10° 2.9x108 4.9x10° 2.9x108
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._H‘;_mén__ = 26.0 Btu/TH
5.94x107 x50

Using the above approach, the values 1n Table 4 were transformed to EI as

given 1n Table 5.

3. El for HCP System

Adding the EI far pumping to that for terminal operation gives the
total EI for the HCP system. For instance, from Tables 2 and 5, the lotal

El for a 100-mile long one-foot diameter HCP system at 70% linefill is

R87+13 = 600 Btu/TM. This is the EI based on the electrical power supplied
to the HCP system. Since power generation from coal and subsequent distri-
bution of electricity have a cembined efficiency--the electric grid effi-
ciency--of approximately 22%, the El based on the energy released from coal
1 powar generation is 600/0.22 = 2,727 Btu/TM. Using this approach, the

El for HCP based on the enargy releasad from coal was computed under various
conditions, and the results were sumnarized in Tabla &. These vajues of EI

will be considered as the basic EI values for HCP. They will be comparad

to corresponding values for slurry pipeline in the next section.

B. 5lurry Fipeline

Slurry pipeline has been used with success to transport minerals aver
long distances in many parts of the world, An existing slurry pipeline is
the Black Mesa line in the U.5. to transpart coal. In slurry pipelining of
coal, the coal is pulverized first, and then mixed with water to form the
slurry which contains approximately 50% water and 50% coal by weight. Then

the slurry is pumped through pipeline at a speed in the neighborhood of 6
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TABLE 5 - EI Based on Energy Consumed at HCP Terminals (70% Linefill)

EI (Btu/TM)

—

Pipe Pipe Length R
Oiameter l=01] T00 200 300 500 700 1,000
Mites Miles Milas Milas Miles Miles Miles
10" 3 15 8 5 3 Z 2
1 27 13 7 4 3 2 L
1'6" 14 7 4 2 1 1 1
2' 16 8 3 Z 1 1 1
3! 3 4 2 ? 1 3 0
q' 8 4 Z 1 1 ] 0
5! 8 4 2 1 1 1 0
6* 8 4 4 ] 1 [ 0
7 7 3 2 1 1 0 0
8' 7 3 2 1 1 0 D
9! 7 3 2 1 1 0 0
10 7 3 2 1 | 0 0
HE 7 3 2 1 i ] 0
12! 7 3 2 1 1 0 0




TABLE 6 - Basic EI Values for HCP* (70% Linefill)

158

*The basic EI values are those based on the energy released from coal in
generating the electricity needed to power the HCP system.

0.75, pump efficiency for
0.22

Note: Hc =¥ =8fps, k=0.9,%=1.1, ¢
HCR = 0.5, electric grid efficiency

_

) T ET (Btu/TH) 1
Pipe __ _‘!;i;e Length
Dianeter 50 100 200 300 500 700 1,000 o

Miles Miles Miles Miles Miles Miles Miles Miles
io" 3,430 3380 3,320 3,30 3,300 3,290 3,290 3,290
1 2,790 2,730 2,700 2,690 2,680 2,675 2,670 2,670
16" 1,700 1,670 1,660 1,65¢ 1,645 1,645 1,645 1,640
2 1,190 1,770 1,185 1,150 1,145 1,145 1,145 1,140
3 736 714 705 700 700 700 695 695
4" 541 523 514 508 509 509 505 505
5 436 418 409 405 405 405 400 400
&' 355 336 327 323 323 323 318 318
7! 291 273 268 264 264 259 259 259
a' 255 236 232 227 227 223 223 223
9! 223 205 200 195 195 191 191 191
10" 214 195 191 186 186 182 182 182
! 205 186 182 177 177 173 173 173

|- 186 168 164 159 159 155 155 155 .
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fps. An analysis of the energy consumption of ¢gal slurry pipaline now

fallows;

1. Frictiona) Loss aleng Slurry Pipeline and Energy for Pumping

How to compute slurry pipeline frictignal loss can best be illustrated
through an example, as given below.

Consider a coal slurry pipeline of 10" diameter and 6 ft/sec velocity.
From Mitchell [5], the specific gravity of coal varies from 1.28 to 1.70.
A common value used for the specific gravity of coal is 1.4, same as that
used herein. Siace slurry is assumed to contain 50% solid by weight, the
specific gravity and the density of the slurry mixture should be respectively

. 0.65x1.4 + 0.5x1.8_ _ 4.5

n 1 and

1.2x1.98 = 2,33 slug/ft> .

o)
Ll

As discussed in Goyier and Aziz [6]. the slurry behaves 1ike Bingham
plastic fluid. The coefficient of rigidity* of coal slurry with Sﬂﬁ
solids by weight is approximately ;=28 centipoises. In English unit, this
is 5.84x107Y Tp-sec/ft?,

Knowing the values of the slurry dEnsity'pm, and the coefficient of

rigidity, r, the Reynolds number of the slurry pipe flow is

DUnm %g x 6 x 72.33 p
(Re)gyyrry * yai e = 2.0 x 10

*
Coefficient of rigidity, ¢, for slurry, s the counterpart of the
dynamic viscosity, p, of Newtonian fluid.
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As explained by Zandi in [3], this $lurry Reynolds number may be used
in standard fraction factor Reynolds numher Charis, such as the Moody or
the Faming diagram, to determine head loss. With Re=Z.0 x 10% and

e/0 = 000018 (=

L0005 for steel pipel, the resistance factor from the

Mhody diagram s f = (.026. Therefare, the head loss per mile is

2
E V- _ 280 3B _ .
f ﬁ -z-g' = 0.026 W X m 2.1 ft.ﬂ'ﬂl'l

-
i

The corresponding pressure drop is
Ap = 1.2 x B2.4 x 92.1 = 6900 psf

The power usad per myle is

P = ubﬂp = 3,27 % 6900 = 22,600 ft-1b/fsec-mile = 29 Btu/sec-mile
The solid throughput is

W= ths x 50% = 3.27 x 62.4 x 1.2 x 0.5 = 122 1bs/sec

G.0672 tons/fsec.

Thus, the EI of the slurry pipeline caused by frictional loss is

El = E - n—.%? = 474 Btu/TM.

The above value of EI is that at the pipeline level. Assuming slurry pumps
are 70% efficient, the EI at the pump level is 474/0.7 = 677 Btu/TM.
Following the above approach, the values of EI for slurry pipeiine at dia-

meters 14, 1'6", 2', and 3' were computed and listed in Table 7. HNo attempt



. TABLE 7 - Computation of EI from Frictional Loss Along Slurry Pipeline

specific gravity of slurry mixture = 1,2, slurry coefficient of rigidity =
slurry pump efficiency = 70%,

5.85x10"" 1b-sec/fi,

Fipe Pipe Bulk Feynolds [ ReTative | Friction [ Headloss | Pressure Fower Thr oughput
‘Diameter, Area ischarge Ho., Roughness| Factor, _h} Orop Consumed EI{Btu/TM) |of Coal
0 A, O Re €/0 f (ft/mite)| , 2P ’ .
(nchy | 12y | qefs) ooty | 0% ™) (psf} | (Beussec. o) 1 pipe. T pump | {ton/sec)
. 1 Tine | Level|.
level
0 0.545 1.27 2.0 18 26 93 6,900 29 474 ) 77 0.061
12 0.785 4.1 Z.4 15 25 74 5,540 A 386 551 0.088
18 1.767 10.6 3.0 10 21 45 3,370 46 232 i 0.198
24 3,143 18.85 4.8 78 21 i) 2,320 56 157 224 0.383
36 7.069 |42.4 7.2 50 20 19 1,420 78 998 | 140 i 0.794
Note: V¥ = § fps, steel pipe, 50% coal by weight, specific gravity of coal = 1.4,

2
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was made to calculate the EI for slurry pipelines with diameter greater than
3 feet because no c¢oal Slurry pipeline that large will be needed in the

future.

L]

2. Energy Consumed at Slurry Pipeline Termimals

The energy consumed at slurry pipeline terminals may be itemized as

follows:

Oewatering Coal

A large amount of electrical energy is used in dewatering the coal coming
out from siurry pipeline, From information extracted from [7], the electricity
consumed for this purpose is approximately 9.3 Kw-Hr gr 32,000 Btu per ton
of caa] extracted. According to Banks [8], the electrical enargy consumed
for dewatering coal is E.Bﬁxlﬂﬁxﬂ.zz = 1.511105 Btu/ton of coal for the Black
Mesa Pipeline {old techﬁnlngy}, and 2.ﬂ1x1ﬂ§xﬂ.22.= d,42xlﬂ4 Btu/ton of coal
for the ETSI Pipeline (new technology). This means the value of 32,000

Btu/ton should be considered as a minimum,

Slurry Preparation

$lurry preparation (pulverizing coal)] also requires a large amount of
electrical energy. From [7], the energy used for this purpose is approx%-
mately 7.8 Kw-Hr o 2.?x?ﬂ4 Btu per ton of coal. Some slurry pipeline ex-
perts contend that pulverizing coal i3 necessary fer burning the coal at -
power plants, and hence the energy used for pu]yerizing coal should npt be
charged to slurry pipeline. Investigation shows this arqument is only
partially true. HNot ail power plants burn pulverized coal, and for those
that do, the ¢oa) particies do not have to be as fihe as that for slurry

pipeline operation. Therefore, at least a large portion of the energy used

*5Turry pipeline from Wyoming te Arkansas proposed by the Energy Tramsportation
Systems, Inc. (ETSI).



28

in pulverizing coal should be charged to <lurry pipeline  Somewhat arbitrarily,
two-thirds of the energy consumed in pulverizing coal will be charged to slurry
pipeline in this apalysis. This means the value of 2!3x2.?x1ﬂ4 = I.Bxiﬂq

Btu per ton of coal) will be used for slurry preparation.

Water Supply

Slurry pipeline requires a constant supply of water which may or may not
be available from a nearby source Qwing to the fact that most proposed coal
slurry pipelines in the U.5%. are for transporting coal from arid states such
as Wyoming and Utah to other parts of the npation, water supply will be a -
major problem in the development of these pipelines. Instead of getting
water from distant places, these pipelines may use local ground water which,
in those states, may exist several thousand feet below ground surface.

Suppose the water supply must come from a ground water table 2,500 ft below
ground, To 1ift it 2,500 ft with a pump B0¥ efficient will require a minimum
enargy of-

2500 X 2300 . 5,033 stu/ten of water.
Fince the cgal-water ratic of slurry is 1 to 1 by weight, this means the
slurry pipeline will consume 8,033 Btu of electrical energy for every ton of
coal transported. This figure, when divided by an eleciric grid efficiency
of 22%, becomes very close to the 36,000 Btu/ton of coal calculated by Banks

[73 for the Black Mesa line--the only slurry pipeline now in use in the U.S,

Lighting, Heating., Air-Conditioning, Etc.

Lighting, heating or air-conditioning of terminal buildings of 5lurry
pipelines should be about the same as for HCP. This means the approximate

figure o% 51105 Btu/day wsed for HCP will be applicable to slurry pipeline.
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However, since this is a smal) amount as compared to the energy used in
slurry preparation, dewatering, and water supply, it can be neglected with-

put noticeable error.

summary of Energy Consumed at Slurry Pipeline Terminals

The above shows that the energy consumed at slurry pipeline terminals,
due primarily te slurry preparation and dewatering and water supply, is
approximately equal to 32,000 + 12,000 + 8,000 = 58,000 Btu/ton of coal.
Bividing this figure by the length of pipeline in miles yields the EI in
BEtu/TH as shown in Table B,

TABLE 8 - EI Based on Energy Consumed at Slurry Pipeline Terminals

Pipe Length
(Miles) 50 106 200 300 500 700 1,000 ™
1 1,160 580 290 193 M8 83 58 0
{Btu/TM)

Comparing valuss of EI in Table 8 with those in Table 7 indicates

that the EI for sturry pipeline terminal may be graater than the EI
for frictional loss along slurry pipelines when the pipeline is short and

when the pipe diameter is large.

3. EI for Slurry Pipeline System

Adding the corresponding values of EI in Tables 7 and 8, and dividing
each number by the electric grid efficiency of 22%. yields the valges of El
for entire slurry pipetine systems based on the energy released from coal

in generating the electricity needed to power the slturry pipeline systems,
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These values of EI, termed "basic EI for slurry pipeline,” are summarized

in Table 9,

C. Comparison of HCP with 5lurey Pipeline

Since both HCP and slurry pipelines use mainly electrical energy to
power their systems, @ direct comparison of the basic values of Ei for
slurry pipelines {(given in Table 9} and HCP {given in Table 6) is meaningful,
To facilitate comparison, results in Tables 9 and 6, for pipg'diameter from
10 inches to 3 feet, are summarized in Table 10. It can be seen from Table
10 that for any pipeline less than one thousand miles long, HCF consumes
less energy than slurry pipeline. The shorter the pipelire is, the greater
the advantage of HCP over slurry pipeline. For instance, for a 3-ft pipe
50 miles long, HCP uses only about one-eighth the energy used by slurry

pipeline,

D. Comparison of HCP with Trucks,Trains, Waterways, Afr-Freight, and
PCP (Pneumatic Capsule Pipeline]

Table 1 lists the average valvue of EI for air-freight as 37,000 Btu/THM
which is much higher than the EI for HLP or any pther mode of ground or
water transportation system. However, a comparison of the EI of HCP with
air transport would be entirely meaningless because air transport is needed
for speedy delivery af special cargoes. The two modes of transport belong
to different market places.

A comparison of HCP with PCP is also meaningless bhecause, as described
by Liu [9], PCP is practical anly for distances much shorter than that

practical for HCP. Again the two belong to different markets.



TABLE 9 - Basic EI Values for Slurry Pipeline*
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El (Btu/TM)

Pipe Plpe Length
Diameter 50 100 200 300 500 700 1,000 e
Miles Miles Miles Miles Mitex Miles Miles Miles
10" 8,350 5,710 4,400 3,950 3,600 3,350 3,340 3,080
1! 7,780 5,140 3,820 3,380 3,030 2,880 2,770 2,500
1'g" 6,780 4,140 2,820 2,380 2,030 - 1,830 1,770 1,500
2! 6,290 650 2,340 1,500 1,550 1,400 1,280 1,020
Eh 5,810 3,270 1,950 1,510 1,160 1,010 900 636

system,

electric grid efficiency = 22%.

*
The basic EI values are those based on the energy released from coal
in generating the electricity needed to power the slurry pipeling

dote: V¥ =6 fps, steel pipe, 50% coal by weight, specific gravity of coal
= 1.4, specific gravity of slurry mixture = 1.2, slurry coefficient
of rigidity = 5.851TG'&'1h-secfft2, sturry pump efficiency = 70%,




TABLE 10 - Comparison of Basic EI Yalues between Slurry Pipeline and HCP

For Slurry: 50% coal by weight, specific gravity of coal

For both systems:

= 1.4, pump effrciency = J0%.
¥ = 6 fps, steel pipe, electric grid efficiency = 22%.

El {(Btu/TH]
Type e
Pipe qf Pipe Length
Oiameter Pipe 50 100 200 300 500 700 ),000 w
Miles Miles Miles Miles Miles Miles . Miles Miles
0" HCP 3,430 3,350 3,320 3,310 3,300 i 3,290 3,290 3,290
Slurry 8,350 5,710 4,400 3,950 3,600 3,450 3,340 3.G80
. —-— — — . i . - ———— ——— r
1 KCP 2,790 2,730 Z,700 2,690 7,680 . 2,675 2,670 2,670
Slurry 7,780 £, 140 3,820 3,380 3,030 2,880 2,??Q 2,500
1'6" HCP 1,700 1,670 1,660 1,650 1,645 1,645 1,645 1,640
Slurry 6,780 4,140 2,820 2,380 2,030 1,880 1,770 1,500
2" HCF 1;19U 1,170 1,155 1,150 1,145 1,145 1,145 1, 140
Slurry 6,290 3,650 2,340 1,900 1,550 1,400 1,280 1,020
3 HCP 736 714 705 700 700 700 635 695
Slurry 5,910 3,270 1,450 1,510 1,160 1,410 300 636
Kote: For HCP: Linefill = 70%, k = 0.9, s = 1.1, € = .75, pump efficiency = 50%.

8Z
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Most types of cargaes normally transported by trucks, trains and water-
ways can be transported by HCP. Therefore, it makes sensa to compare HCP
with these three modes of transports. However, just to compare EI is not
good esnough because while the EI for HCP ic based on the energy derived from
coal, the EI's for trucks, traing and waterways are those based on the engrgy
derived from 0il {diesel fuel, more specifically). To compare one Btu from
coal to one Bty from diesal is like comparing one pound of qranges with one
pound of grapes: they have different economic values. For this reason, in-
stead of comparing the EI of HCP with that of truck, train, and waterways,
the values of E€CI should be compared, as discussed previously.

Assuming the prices of coal and diesel to be respectively $30.00/ton
and 3$0.50/gal, the prices of energy derived from coal and diesel become
respectively 1.2x10™° $/Btu and 3.6x10°% $/Btu. This shows the price of
angrgy from disgsel is approximately three times that from coal.

The EC[ of HCP can now be obtained simply by multiplying the values of
EI given in Table 6 by the price of energy from coal which is 1.231D'E
$/8tu, The results are listed in Table tl1. On the other hand, hased on
the average values of EI listed in Table 1| and the price af energy from
diesel which is 3.51?&’5 $/Btu, the ECI for truck, train and waterways is
respectively 8.28, 2.45 and 1.94 mills/TM.

Comparisan of the values of ECT listed above for truck, train and
waterways with those given in Table 11 for HCP indicates that even for HCP
as small as 10 inches in diameter, one gets twice as much fuel aconomy by
using HCP than trucks. For HCP greater than 3 feet in diameter, the ad-

vantage in Tuel economy over trucks is more than ten times. This shows the



TABLE 1) - ECI VYalues for HCP {208 Linefill)
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L ECI {Mills/TM}
Fipe Pipe Length
Drameter 5 100 200 300 500 700 1,000
Miles Miles Miles Miles Miles HMiles Miles Miles
10" 4:1 4.0 4.0 4.0 4.0 3.9 3.9 3.9
1 3.3 3.3 3.2 3.2 3.2 3.2 3.2 3.2
1'6" 2.0 20 2.0 2.0 2.0 2.0 2.0 2.0
2! 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
3! 0.88 0.86 .85 0.84 0.84 0.84 0.81 0.83
4 (.65 D.63 G.62 0.61 0.6] g.61 D.61 0.61
5! 0.52 0.50 0.49 0.49 0.49 0.4%  0.48 0.48
6! 0.43 0.40 (.39 0.39 0.39 0.3% 0.38 0.38
7! 0.3 0.33 032 032 0.3 0.3 03 0.31
§' 0.31 0.28 0.28 027 0.27 0,27 0.27 0.27
9! 027 0.25 0.24 0.23 0.23 0.23 0.23  0.23
10 0.26 0.23 0.23 0.2z Q.22 0.2z 0.2z 0,22
1 0.25 0,22 0,22 021 0.2 4.21 .2  0.2)
12 022 0.20 0.20 @9 0.1% 0.19  0.19  0.19
Note: ?c =¥ =5fps k=09 5=1,1, ¢ =0.79,

pump efficiency of HCP = 0.5, electric grid efficiency = 0.22,

3

price of energy from coal = 1.2x10° " mill/Btu.
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tremendous advantage of H{P over trucks as far as fuel economy goes.
Comparison of HCP with train shows that HCP gives better fuel economy
than train when the pipe diameter is larger than one foot approximately.
When the pipe diaméter is greater than 5 feet, HCP gives more than five
times better fuel economy than train. Finally, HCP alsg gives better fugl

geconomy than waterway when the pipe diameter is greater than about 1.5 feet.

£. Comments on {omparisans

The foregoing compariscons of HCP with other modes of freight transport
must be viewed in proper perspective. The following important facts muest
be borre in mind:
1. The analysis of the frictional 1oss of HCP was based on optimum
conditions. If a system is not operating under optimum conditions, either
due to poor design or poor management, the system can consume much more
energy. 0On the other hand, future research may find ways to reduce frictional
loss along HLP, either through the use of drag reducing chemicals such as -
polymers, through improved capsule design, or through other means. [If this
happens, further improvement of the energy efficiency of HCP will be realized.
2. The assumed efficiency of HCP pump is 50%. ATthough this is what
experts in linear motor feal can be accomplished, it should be emphasized
that to date no experiment has héen conducted to determine the efficiency
and the characteristics of HCP pumps. Research in this area is badly needed,
3. The values of EI and ECI for HCP was computed from the assumption of
70% Vinefill. Although there is no technical difficuity to achieve this de-
jree of linefill, guestions remain whether there is enough cargo to attain

70% linafill. In the case of HCP spacifically built for coal franspnrtation,
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there should be no problem in getting more than 70% 1inefill through proper
design. A deliberate under-design of the pipeline may even give the sys-
tem a Yinefill! close to 100%. However, in the case of HCP built for in-
tercity transport of general cargoes, the system may have ta be over-designed
s0 that the pipeline will be large enough for transporting large size cargoes.
In such a case, linefill may be much less than 70%. Of course, no HCP should
b built with such a low Tinefill that makes the system uneconomical. Al-
though what is an economical linefil!l rate cannot be determined in general,
it can be calculated in the design of specific systems.

4, The values of EI and ECI were computed for two-way freight transport.
This will be the case for intercity transport of general cargoes. However,
far HCP built specifically for transporting coal, the return pipeline may
be carrying only empty capsuies. When this happens, the values of EI for
HCP listed in Table 10 should be doubled. Although this decreases con-
siderably the competttivenass of HCP over slurry pipeline, at distances
shorter than 100 miles HCP st511 uses less energy tham Slurry pipeline. More-
over, the EI for sturry pipeline was computed based on the assumption of
availability of water from local sources. This is net necessarily true for
Western coal. For instance, in the case of the proposed Wyoming-to-Arkansas
coal slarry pipeline, strong opposition has been encountered in plamning to
use local water [7]. An alternative is to pipe water all the way back to
Wyoming from Arkansas. If that must be done, the EI values for slurry pipe-
line in Table 10 alsc must be increased.

Furthermore, éven for HCP designed primarily for tramsporting coal,

through proper planning it may be possible to use at least some returning
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capsules o transport cargoas. If no other cargo can be transported, one
cold at least use the returning capsules to carry fly ash or solid waste
to f117 mine pits, This would solve both the solid waste disposal prablem
and the problem of restoring the contowrs of mine fialds--two problems of
increasing concern to the nation. Of course, study is needed to determine
the possibiTity of water pollution by filling mine pits with fly ash ar
soilid waste,

. The values of £CI computad are based on current prices of coal and
petroleum. Based on these prices, it was found that one Btu derived from
petroleum (diesel, more specifically} is épprnximate?y three times as ex-
penzive as one Btu derived from coal. This ratio actually varies somewhat
with geographical locations, due to the fact that the price af coal varies
somewhat with lecation; less variation of price with location exists for
petroleum products. This ratio of three is also axpected to change in the
future. However, due to the fact that coal is a natural resource much more
abundant than ail, the price of petroleum products is expected to ingrease

faster than that of coal. This means in the future gne Btu from diesel may

become more than three times expensiva than from ceal, Such a trend further en-

hances the attractivensss of HCP.

V. ENERGY CONSERVATION POTENWTIAL OF HCP

The foregoing analyses showed that, under a wide range of conditions,
HCP is more energy effictent than slurry pipeline, trucks, trains and even

waterways.
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The greatest contribution HCP can make in the fyture in emergy conser-
vation is when competing with trucks for market. According to [10], in the
U.5. in 1974, trucks consumed approximately 27% of the fuel used in trans-

portatigon, This amounts to 4.3x1015 Btu per year or 3.leﬂ1u

gallons of
diesel per year. If eventually HCP can cut in 10% of the market of trucks,
it would mean the saving of 3 billion gallons of oil per year-~-a subsiantial
decrease in U.5. reliance on o0tl. Of course, mere coal or uranium must be
consumed to generate the additiona) electrical energy to power the HCP.

Even if one assumes the electricity to power HCP s generated from oil,
there is still a considerable saving in oil because the EI for large systems
of HCP {see Table 10) is less than one-half the value af EIl for trucks (sea
Table 1}, This means a saving of more than one billion gallons of il per
year could be achieved if 10% of the truck freight in the U.5. s shifted to
HCP, even if in doing <o the electricity to power HCP had to come from oil-
fired power plants.

Of course, substantial energy saving may also he accomplished by the
replacement of a portion of the market of railroad, waterway, and slurry
pipeline by HCP. For instance, if instead of building a slurry pipeline 2
feet in diameter and 100 miles long, one uses an HCP of the same size and
length, Table 10 indicates that EI will be reduced from 3,650 te 1,170 Btu/
TM--a reduction of about 2,500 Btu/THW, From Table 7, the throughput of coal
for the system is 0.353 ton/sec. This means the saving in Btu's per year

for this pipeline alene will be approximately
2,500 x (.353 x 100 x 360 x 24 x 360D = 2.7 x ID]E Btu per year.

This 35 eguivalent to the saving of 100 thousand tons of coal per year, or

20 million gallons of oil per year. The saving in mangy from fuael cost in
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40 years--the expected Tife span of the pipeline system--1is over 100 million
dollars. Even if ope assumes the return pipeline of this HCP system cannot
be utilized and the slurry pipelire has a nearby water source, the saving

in money for this HCP system would sti1) be more than 50 miltlion dollars.
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APPENDIX 2 - SYMBOLS

A = pipe area {nﬂefﬂl;

Ac = capsule area {nDE!#};

b = capsule length ratio {chﬂgj;

D = pipe diameter (I.D.);

Dc = capsule diameter (0.0.);

e = pipe foughnéss (ﬂ.ﬂﬁﬂlé ft for steel);
€l = energy intensiveness,

EC1 = energy cost intensiveness;

f = Darcy-Weisbach resistance factor;

g = gravitational accelerdtion {32.2 ft!seczl;
hf = head loss along pipeline;

HCP = hydraulic capsule {container) pipeline;

k = capsule diameter ratio (DCID};

L = pipe length;

LC = capsule length;

n = number of capsules going through pipe per second;
P = power consumed along wnit length of pipeline;

Ap = pressure drop a1ﬁng pipeline;

PCP = pneumatic capsule {container) pipeline;

Q = gischarge of water, in ¢fs;

Q, = bulk discharge (including both water and solids or causu1és}, in cfs;
Uc = gischarge of capsules, fn cfs;

Re = Reynolds number;

5 = specific gravity of loaded cahsules;

5 = specific gravity of slurry mixture;
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frictional slope or energy gradient (i.e., head loss per unit
tength of pipe);

velocity of water in pipe (Q/A};

bulk velocity {including beth water and s01ids or capsules);
capsule velogity;

capsule velocity ratio (V /¥, };

carge throughput {i.e., weight of cargo transported im unit time);

Tinefill {i,e., length of pipe filled with capsules divided by
total iength of pipe);

capsule Tead factor (i.e., weight of cargo inside a capsule divided
by weight of filled capsules);

specific weight of fluid (62.4 Ibs/ftS for water);

density of slurry mixture;

coefficient of rigidity of slurry mixture.
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