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ABSTRACT

A technique is presented for the economic selection of 
a slurry pipeline with the aid of a computer. Mathematical 
models for the flow of slurries are utilized. Only the 
pipeline and its prime movers are considered.

Slurry flow properties are first obtained from rheology 
and/or pipeline data measurements. A mathematical model is 
selected for homogeneous suspensions from rheology data 
whereas a mathematical model is developed for heterogeneous 
suspensions from pipeline data. It must be emphasized that 
the accuracy of the method is affected by the accuracy of 
the slurry flow-property data. Rheological models for homo
geneous slurries are utilized in this dissertation. The pro
cedure for the analysis of heterogeneous slurries is similar.

Approximate cost parameters may be selected from data 
for plain and lined pipes, centrifugal and positive dis
placement pumps, motors and engines. Cost data for the 
purchase, operation, and maintenance of slurry pipelines 
are also included. A total cost equation for the ownership 
and operation of a slurry pipeline system is then established.
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The complexity of the equation is a function of the mathe
matical model selected to describe the slurry. The equation 
is solved with the aid of a computer for several combinations 
of pipeline diameters and throughputs to yield minimum total 
annual cost for the system. A transportation cost in cents 
per ton-mile is obtained, incorporating straight-line depre
ciation and the time value of money concept.

A mean velocity is computed to give the required through
put. The velocity is constrained by an upper and lower bound. 
A high velocity is undesirable from an energy consumption 
viewpoint and if pipeline wear is possible. On the other 
handy the velocity must exceed the deposition velocity for 
a heterogeneous suspension or the critical velocity for a 
homogeneous suspension. There is no guarantee that the 
velocity computed by this method will lie within the con
straints applied, nor that the constraints are even known.
This is particularly true for heterogeneous slurries.

An important feature of the method is the ease with 
which the variables can be adjusted to measure the sensitivity 
of the total cost to the variables.

v
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NOMENCLATURE

BHP = Brake horsepower of pump.
CE = Cost of electrical energy, $/KW-hr.

CENTS = Transportation cost, C/ton-mile.
CF = Annual cash flow, $/year.

CMOTOR - C Motor = Annual motor cost over whole pipe 
length, $/year.

CPIPE = C Pipe = Annual fixed cost over whole pipe 
length, $/year

CPM = Cost of prime movers (pumps + motors), $/year
CPUMP = C Pump = Annual pump cost over whole pipe 

length, $/year.
CPMPNG = C Pumping = Annual operating cost over whole 

pipe length, $/year.
CTOTAL = C Total = Annual total cost over whole pipe 

length, $/year.
CV = Concentration by volume, decimal fraction
CW = Concentration by weight, decimal fraction
Cl = Intercept on a plot of weight per foot 

versus price per foot of pipe, $
C2 = Intercept on a plot of BHP versus cost 

of the pump, $
C3 = Intercept on a plot of hp versus cost 

of the motor or engine at hp less than 
800, $

C4 = Intercept on a plot of hp versus cost 
of the motor or engine at hp greater 
than 800,$

xiii
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DIA = Internal pipe diameter, inches
E = Pipe absolute roughness, feet

EFFCNC = Efficiency of pump and motor expressed 
as a fraction

EP = Efficiency of the pump expressed as a 
fraction

F = Fanning friction factor
FACTOR = Inflation factor for each future invest

ment of prime movers (5 allowable), 
dimensionless

FPIL = Single payment counpound amount factor
FRl = Ratio of the total cost for fittings 

and installation to total purchase 
cost of pipe, dimensionless

FR2 = Ratio of the total cost for fittings 
and installation to total purchase 
cost of pump, dimensionless

FR3 = Ratio of the total cost for fittings
and installation to total purchase cost 
of motor, dimensionless

2G = Gravitational acceleration, feet/sec .
GAMDOT = y= slurry shear rate, 1/sec.

GR = Annual gross revenue, $/year
R = Hours of pipeline operation per year, 

hours/year.
hp = Motor or engine horsepower
HP = Total dynamic head developed by pumps

INT = Annual cost of capital expressed as a 
fraction

K = Consistency index from rheology data, 
dynes-secn/cm^.
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LENGTH = L = Pipe length, feet
MASS = Mass flow rate, pound-mass/hour

MC = Annual maintenance cost, $/year
Ml = Slope of a line on a plot of weight 

per foot versus price per foot of 
pipe, $/foot

M2 = Slope of a line on a plot of BHP versus 
cost of the pump, $ /B H P

M3 = Slope of a line on a plot of hp versus 
cost of the motor or engine at hp less 
than 800, $/hp.

M4 = Slope of a line on a plot of hp versus
cost of the motor or engine at hp greater 
than 800, $/hp

N = n = Flow behavior index, dimensionless 
PAT = Annual profit after taxes, $/year 

PFIL = Single payment present worth factor 
PIPEL = Operating life of the project, years 

PSIMIL = Pressure drop per mile, PSI/mile 
PUMPL = Operating life of the prime movers, years

Pi = Pressure at the entrance of the pipe, 
pound - force/foot^

P2 = Pressure at the exit of the pipe, 
pound-force/foot^

RE = Reynolds number of slurry flow, 
dimensionless

RHOP = Density of the pipe material, pound- 
mass/foot^

S = Specific gravity of the solids, 
dimensionless

xv
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SCPM = Salvage value of prime movers, $/year
SETL = Time required for the construction of 

the pipeline system, years
SL = Specific gravity of the liquid, 

dimensionless
SLD = Straight-line depreciation over project 

life, $/year
SM = Specific gravity of the mixture, 

dimensionless
SMC = Factor for maintenance cost expressed 

as a fraction
SP = Salvage value factor for the pipe 

expressed as a fraction
SPIPE = Salvage value of pipe, $/year

SPM = Salvage value factor for the prime 
movers expressed as a fraction

SUMLOS = Sum of the flow losses
T = Pipe-wall thickness, feet

TAU = t = Slurry shear stress, dynes/cm^
TAUY = Ty = Slurry yield stress, d y n e s / c m ^

TEMP = Slurry temperature, degrees celsius
TI = Taxable income, $/year 

TONHR = Flow rate, dry short tons/hour
TR = Tax rate expressed as a fraction 
V = Average slurry flow velocity, feet/sec.

VC = Critical velocity which delineates laminar
flow from turbulent flow (RE=210Q), feet/sec.

xvi
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Zl = Vertical distance above an arbitrary
horizontal datum plane at the entrance 
of the pipe, feet

Z2 = Vertical distance above an arbitary 
horizontal datum plane at the exit 
of the pipe, feet

U = Slurry dynamic viscosity, cp.
=2 = Kinetic energy correction factor at point 1
cc2 = Kinetic energy correction factor at point 2
p = Density of the fluid, pound-mass/foot^

xvii
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INTRODUCTION

With the gradual depletion of the more accessible ore 
reserves and the increasing demand for minerals throughout 
the world, the vital role of economical and efficient trans
port systems has continued to receive greater recognition 
in the mineral industry. In the past, exploitation of rea
sonably rich deposits was abandoned due to excessive trans
portation cost involved in delivering mineral commodities 
to the market. Thus, the profitability of mineral ventures 
is significantly affected by well-designed transport systems 
as aids to operational effectiveness and costs.

The competitive role of alternate modes of transporta
tion such as rail, truck, conveyor belt, barge, cableways, 
pipeline, and combinations of these is an important consid
eration in the planning and development of mineral resource 
projects. A technique is presented in this thesis for the 
economic selection of a slurry pipeline with the aid of a 
computer. c

Likely candidates for large scale transportation of 
solids are coal, iron ore concentrates, potash, phosphate,

1
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sulfur, copper concentrates, limestone, and waste tailings 
from mineral processing plants. The carrier fluid will gen
erally be water, although in some special cases, it may be 
convenient to use hydrocarbon fluids.

There are a few commercial slurry pipelines in existence 
throughout the world and many more are planned. As more pre
cise knowledge of solid-liquid flow mechanisms and success
ful experience with constructed pipeline facilities is avail
able, it is anticipated that pipeline transportation of min
erals will assume a greater role than it has in the past.
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STATEMENT OF THE PROBLEM

With the surge of growth that slurry pipelining is ex
periencing , more and more technical and economic evaluations 
are being conducted to determine the feasibility of pipeline 
transportation of mineral commodities. These evaluations are 
frequently based on data which are less precise than those 
associated with the more conventional materials-handling 
methods, and this uncertainty frequently leads to the re
jection of the slurry pipeline concept.

Techniques similar to the one proposed in this study 
have been used for the design of oil and gas pipelines. 
Recognizing the complexity of slurry flow, it should still 
be possible to develop a similar tool for the flow of slurries 
in pipes. Cruz, Brison, and Engle (1) have developed a com
puter-based design system for slurry pipelines which pro
vides information concerning piepline hydraulic characteris
tics, pipé selection, power requirements, and pump-station 
siting. The economics of pipeline transportation of slurries 
were not considered. Skelland (2) has presented an equation 
for Newtonian and non-Newtonian liquids which gives a total
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annual cost per foot of pipe length. The equation includes 
a pumping cost and the pipe cost, but excludes the cost of 
the pumps and motors. The method presented herein, equally 
valid for both Newtonian and non-Newtonian slurries, includes, 
in addition to Skelland's method, the cost of the prime 
movers in determining the optimum economic pipe diameter 
and then computes the necessary velocity from the continuity 
equation to deliver the required throughput.

Unfortunately, where slurries are concerned, the complex 
flow patterns may be difficult to analyze. This is why the 
accuracy of any evaluation technique is affected by the ac
curacy of the slurry data. Furthermore, the slurry pipe
line equipment may be subjected to severe wear by the solids 
phase. Costs for operation and maintenance of existing 
slurry pipelines are sparsely documented, and the economic 
impact of slurry wear may only be estimated.

At the present time, past experience and rules of thumb 
play a major role in the design of slurry pipelines. A 
method by which- an economic slurry pipeline can be selected 
with the aid of a computer is required to fill this gap in 
preliminary slurry pipeline design. To the author's know
ledge , a computer technique capable of handling both the 
technical and economic considerations has not been developed 
to date. The computer program allows various transport aspects
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to be systematically investigated to determine their technical 
and economic merits. The technique developed herein considers 
only the transportation portion of the total cost. Only the 
pipeline and its prime movers (pumps and motors) are consid
ered. Other unique investments in slurry pipeline facilities 
such as the slurry preparation plant, slurry separation plant, 
right-of-way, instrumentation and controls are not included 
in the system evaluation. According to Aude, Thompson, and 
Wasp (3), a typical breakdown of costs for a long distance 
slurry pipeline is as follows : Fixed-70%, Power-15%, and
Labor & Supplies-15%. The general statistics indicate that 
slurry pipelines are capital“intensive.

The advantages of this method are several-fold. Al
though the initial output from the computer program is by 
no means a final design, it gives a good starting point for 
a detailed engineering study. With better input, the method 
can be used to give a final design. Indeed, the method could 
be altered to include some of the unique features such as 
right-of-way costs. A wide range of system costs is generated 
quickly with a minimum of input. An additional feature of 
the method is the ease with which the variables can be ad
justed to measure the sensitivity of the total cost to 
changes in the variables. The purpose of the sensitivity 
analysis is to identify those critical variables that, if
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changed, can considerably affect, the total cost. Mathemat
ically, individual variables are changed and the effect of 
such a change on the annual total cost is computed. But 
from a designer's point of view, individual components in 
the system are changed to study their effect on the annual 
total cost. A change in one component of the system may in
volve a change in one or more variables. For example, the 
replacement of a steel pipe by a smooth-lined pipe will change 
the pipewall roughness and wall thickness as well as purchase, 
operating, and maintenance costs.
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THEORETICAL AND ECONOMIC CONSIDERATIONS

For any given set of flow conditions, the use of an 
increased pipe diameter will cause an increase in the fixed 
costs (capital costs) for the piping system and a decrease 
in the pumping costs (operating costs). Therefore, an opti
mum economic pipe diameter must exist. The value of this 
optimum diameter can be determined by combining the princi
ples of fluid dynamics with cost considerations. The optimum 
economic pipe diameter is found at the point where the sum of 
pumping costs and fixed costs based on the cost of the piping 
system is a minimum.

Fig. 1 illustrates a typical situation. As the pipe 
diameter, D , increases, the friction losses and the related 
pumping costs decrease. However, the larger pipe diameter 
and associated equipment results in a greater fixed cost 
because of the larger investment. The sum of the fixed and 
operating cost curves results in a total cost curve whose 
minimum is the optimum pipe diameter for the system to be 
considered.

In accordance with the exceptions noted earlier, the 
total cost expression will comprise standard equipment only.
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Unique features that vary from one situation to another are 
not considered here. Thus, the annual total cost expression 
(C Total) for pipeline transportation of mineral commodities 
can be expressed as follows:

The first term on the right-hand side of Eq. (1) repre
sents the operating cost and the last three terms represent 
the capital and maintenance costs of the pipe, pumps and 
motors, respectively.

The starting point in the development of the total cost 
expression is the total energy balance between the source 
and terminal of the pipeline. The total energy balance for 
this system between point 1 near the entrance and exit point 
2 may be written as follows:

„ 2 „ 2 + P2-P1 + (Z2-Z1) 4- HP + SUMLOS = 0 (2)

The variables are defined in the Nomenclature section.
The total energy balance, thus, consists of five terms, 
namely the velocity head, the differential pressure head, 
the elevation gradient, pump input, and a term that includes 
all the losses in the system. The losses are due to entrance 
effects, pipe fittings, and the frictional loss in the pipe. 
Since the pipe is of constant diameter, V 2=V-^=V; also the 
energy coefficients «2. an<  ̂ oc2 are assumed to be identical.

C Total=C Pumping+C Pipe+C Pump+C Motor (1)

P
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Substituting the Fanning equation for head loss and using 
the continuity equation, we can arrive at an expression 
for the pumping cost. The Fanning equation can be written 
as

SUMLOS = 2FV2L (3)
GD

and the continuity equation can be written as
V = MASS (4)

SOOttD^p
The pipe cost is essentially a function of the weight of 

pipe material. Depreciation, maintenance, and the cost of 
fittings are incorporated into the expression for the pipe 
cost.

\

The pump cost and the motor cost expressions are a fun
ction of the pumping cost, in addition to the functional re
lationship of the type of pump and motor themselves. Here 
again, depreciation, maintenance, and the cost of accessories 
are incorporated in the final expression for the pump and 
motor.

Ratios of the total cost for fittings and installation 
to total purchase cost of the pipe, pumps, and motors are 
also incorporated in the annual total cost expression.

The complexity of the total cost expression is a function 
of the flow regime and the mathematical model selected to de
scribe the slurry. According to Govier and Aziz (4), many 
non-Newtonian homogeneous slurries can be defined by the
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general mathematical model T " T y  — Kyn . The generalized model 
reduces to simpler expression for other rheological models 
as follows:

1. Newtonian fluids t = yy; (n =1.0, K = y)
2. Bingham plastic

slurries t - t =Ky; (n = 1.0)
3. Pseudoplastic ^

slurries t = Kyn

The generalized model remains unchanged for a yield- 
pseudoplastic. Fig. 2 shows the general shape of the curves 
on a rheogram for different rheological models.

In order to utilize the models shown above, laboratory 
measurements must be obtained from the slurry being examined. 
These measurements will provide data which will yield values 
for Ty' T ' Y ' K, and n. From these data, the slurry Reynolds 
number may be determined, and then, by means of a Moody dia
gram, the friction factor. The friction factor is then used 
to compute the friction head losses by means of the Fanning 
equation.

The computer program used here is comprised of two parts, 
The first reduces the rheological data and computes all of 
the data necessary to design the pipeline. The second por
tion of the program computes the annual cost of the piping 
system. The emphasis in this study is on the second portion 
of the program.
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Figure 2. Flow Curves for Various Types of Time-Independent 
Fluids.
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The designer must be aware of the fact that few homo
geneous slurries are, in fact, truly homogeneous. Inevitably 
some coarse solids are present which can deposit on the invert 
of the pipe at low velocities. Therefore, such slurries are 
approximated by the models mentioned above and it is the 
duty of the designer to establish the accuracy of the mathe
matical model selected from rheological data.

The procedure for the analysis of heterogeneous slurry 
flow in pipes is similar to that for homogeneous flow. A 
computer program developed at the Colorado School of Mines 
is capable of handling heterogeneous slurries. Viscometers, 
whether rotational or capillary, cannot provide precise 
rheological measurements for slurries containing particles 
coarser than about 65 mesh (0.20 mm). For this reason, 
pipeline loop studies are necessary to develop mathematical 
models for heterogeneous slurries.

The mathematical models are used to compute a friction 
factor for the slurries which, in turn, is used to determine 
the pumping costs. Capital cost data for plain and lined 
pipes, centrifugal and positive displacement pumps, motors 
and engines were collected from several domestic and foreign 
companies. The detailed data are presented in appendices II 
and III. Plain and lined pipe data showed a straight-line 
relationship for weight versus cost on rectangular coordinates.
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Centrifugal pumps were correlated by a straight line fit of 
brake horsepower versus cost on logarithmic plots and the 
positive displacement pumps showed straight-line relationship 
for the same two variables on rectangular coordinates. The 
mathematical model for logarithmic plots is Y=CXM , whereas 
the mathematical model for rectangular plots is Y=MX+C..
In these equations Y is the dependent cost variable, X is 
the appropriate independent variable, M is the slope and 
C is the intercept. The motors and engines showed good 
correlation of horsepower versus cost on rectangular co
ordinates. All the curves for pipes, pumps, motors and engines 
on rectangular coordinates were forced through the origin.
The coefficient of correlation for each of the plots was 
greater than 0.95.

Since the pump cost and the motor cost expressions in 
Eq. (1) are similar, they can be combined into one term. As 
a safety precaution, the horsepower of the motor or the engine 
is always selected higher than that required by the pump.
A service factor of 1.15 was recommended by manufacturers 
of the prime movers and is incorporated in the computer program.

Depreciation is a tax deduction allowed for obsolecence, 
wear and tear of the equipment or the property during its 
normal use in a business operation. Some of the most common 
methods of depreciation allowed by the Internal Revenue Service
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and implemented in the mineral industry are the straight-line 
method, the declining balance method, and the sum of the 
years-digits method.

The straight-line method is the simplest for computing 
depreciation. Under this method, the cost of the equipment 
or the property less its salvage value is generally deducted 
in equal annual amounts over the period of Its depreciable 
life. ,

The declining balance method applies a depreciation 
rate of up to twice the straight-line rate. This double 
declining balance method provides the most accelerated de
preciation method allowed by the Internal Revenue Service. 
Salvage value is neglected with declining balance method, 
although the total accumulated depreciation cannot exceed 
the purchase cost less the salvage value.

The sum of the years-digits method applies a different 
depreciation rate each year to the cost of the asset less 
its estimated salvage value. Therefore, a varying rate each 
year is applied*to a constant amount.

For simplicity, straight-line depreciation is assumed 
over the life of the slurry pipeline project in the case 
study analyzed. Also, since the throughput in a slurry 
pipeline is essentially constant over the life of the pro
ject, it is only logical to deduct straight-line depreciation 
for tax purposes.
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According to Rudawsky (5, 6 ),
...a very basic concept in economics is that 
money has a time value— a given sum of money 
now is normally worth more than an equal sum 
at some future date. An investor is ready
to give up some rights to present income only
if he can get more future income. Likewise, 
firms and individuals borrow money at present, 
to be repaid at a somewhat higher amount in 
the future.

The time lag between outlays of investment funds for a slurry
pipeline and the inflow of revenue once this pipeline becomes
operative necessarily implies that different values of money 
are under consideration because of the effect of time. The 
difference between the value of earlier availability rather 
than later availability of money is called the interest rate 
or the cost of capital. The interest rate is almost invari
ably positive and is usually expressed as a percent per unit 
time.

Cash flow measures the actual flow of funds into or 
out of a specific project. Net cash flow is the excess of 
inflows over outlays for operating costs and capital expendi
tures. Time value of money and cash flow are the basic con
cepts incorporated in many of the investment appraisal 
techniques.

The net present value (N.P.V.) method is the most common 
evaluation technique in use. A predetermined interest rate 
which represents the firm's cost of capital* is required for 
the analysis. Expected net cash flows throughout the life
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of the project, either negative or positive, are compounded 
or discounted to a given time period (usually the present) 
and summed up. A positive net present value indicates a 
favorable venture.

The discounted cash flow rate-of-return (D.C.F.) method 
determines that interest rate which makes the present value 
of the aggregate cash inflows equal to the present value of 
the combined investment outlays. The interest rate is deter
mined by trial and error.

Stermole (7) has presented several techniques for com
puting the net present value and the discounted cash flow 
rate-of-return analyses.
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PROCEDURE

Fig. 3 shows a flow chart of the computer program to 
determine optimum pipe diameter and approximate pipeline 
cost for homogeneous slurries.

The computer program for homogeneous slurries (as pre
sented in appendix I) is capable of handling constant through
put or constant velocity. Either a range of throughputs 
and pipe diameters or a range of velocities and pipe dia
meters may be specified. The continuity equation can be 
solved for the remaining unknown. Since it was desired to 
compare costs in different diameter pipes, a range of through
puts and pipe diameters was specified for the case study 
analyzed.

Input data including rheological parameters are read 
into the computer program for homogeneous slurries. The 
analysis for the heterogeneous slurries is similar where 
pipeline data are read into the computer program for hetero
geneous suspensions. Many non-Newtonian homogeneous slurries 
may be defined, for example, by the general mathematical model 
T-Ty=KŸn for yield pseudoplastic slurries.

18
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Figure 3. Flow Chart for the Computer Program
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The computer program determines the flow regime by 
checking the Reynolds number of flow. Conventional equa
tions for laminar flow, turbulent flow in smooth pipes, 
rough-wall turbulence, and fully rough-wall turbulent flow 
are included in the program. An annual total cost compris
ing the pumping cost (operating cost) and the capital cost 
of the pipe and the prime movers is then computed. Finally, 
a unit transportation cost in cents per ton-mile, incorpor
ating straight-line depreciation and the time value of money 
concepts, is obtained, using the net present value analysis. 
Comment cards are inserted in the economics section of the 
computer program to aid in the understanding of the step- 
by-step calculations for the net present value analysis in 
determining the unit transportation cost for a slurry pipe
line .

It must be pointed out that the net present value analy 
sis approach utilized in the computer program is an uncon
ventional method of solving problems in the mineral industry 
In most mineral, projects, the market price of the commodity 
is essentially fixed. Knowing the quantity sold, annual 
revenue can be calculated and the annual cash flow computed. 
But in the case study analyzed, the annual cash flow is cal
culated and the problem worked backwards to determine the 
unit transportation cost, incorporating the time value of 
money concept.
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CASE STUDY AND RESULTS

In order to evaluate the computer approach to pipeline 
selection, a case study was made. In this case study, data 
obtained from a Research Institute project were evaluated 
by the computer program to determine optimum pipe sizes and 
approximate pipeline costs. The results of the computer 
analysis were then compared with the results of a study 
based upon the same data as analyzed by an independent engi
neering firm.

The material-handling problem stated that fine lime
stone was to be transported at a rate of 200 dry short tons per
hour, in the form of a slurry, by a pipeline over a distance
of 11.74 miles. The quarry is located on a hill and the lime
stone slurry is pumped down to a cement plant. The pipeline
drops from the quarry which is located at an elevation of
2,660 feet down to 720 feet. The pipeline then rises over 
a ridge to an elevation of 1360 feet and finally drops to 
its terminus at 270 feet above sea level at the cement plant.

The computer program presented herein does not take into 
account the specific topography. Considered only are elevations

21
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at the entrance and the exit of the pipeline. For further 
detailed analysis, the computer program can be modified to 
include various topographic considerations.

The limestone is crushed at the quarry to a mean parti
cle size of 200 mesh and is mixed with water in a mixing 
tank. A centrifugal pump at the bottom of the mixing tank 
feeds a positive displacement pump, which— in turn— feeds 
the pipeline. At the terminus, the slurry is discharged into 
a storage tank.

As mentioned earlier, only the pipeline and its prime 
movers are considered in the evaluation of the transporta
tion cost. Other unique investments in slurry pipeline fa
cilities , such as the slurry preparation plant, slurry sepa
ration plant, right-of-way, coating and wrapping of the pipe, 
instrumentation and controls are not included in the system 
evaluation. Indeed, for a detailed analysis, the computer 
program could be expanded to include some or all of these 
unique features.

Since the limestone pipeline in the case study analyzed 
has a favorable gradient, some of the results given by the 
sensitivity analyses may be distorted. In order to show a 
range of costs, all the computer runs were repeated for an 
adverse gradient by switching the numerical values of the 
elevation gradient at the entrance of the pipe (Z1=2,600)
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and the elevation gradient at the exit of the pipe (22=270). 
The results for a favorable gradient and an adverse one are 
both summarized on the same tables. Numbers without paren
theses represent results for a favorable gradient, whereas 
numbers in parentheses are for an adverse gradient. The 
results for a horizontal pipeline transporting limestone 
will be somewhere in between the results for a favorable 
gradient and an adverse gradient.

A series of rheology studies were conducted in the 
Rheology Laboratory at the Colorado School of Mines on a 
200-mesh limestone. The rheological measurements were made 
with a Brookfield rotational viscometer for a slurry concen
tration of 66.4 percent by weight. The slurry was first 
mixed in a blender. The viscometer spindle was then lowered 
into the blender jar to obtain the readings. The slurry 
was agitated briefly prior to the recording of each value, 
but the measurements were made in a quiescent slurry under 
controlled temperatures. In addition to the rheology 
measurements, solids' specific gravity was determined. A 
value of 2.712 was obtained for the limestone. From the 
rheological studies, the slurry was found to be homogeneous 
and the mathematical model assumed for the slurry was yield- 
pseudoplastic. The results of these tests at the Rheology 
Laboratory were incorporated in the computer runs for the 
specific case study.
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The net present value method is utilized in the computer 
program to determine the unit transportation cost for a slurry 
pipeline. Dimensionless ratios for the total cost of fittings 
and installation to total purchase cost of the pipe, pumps 
and motors are also incorporated in the program. The numeri
cal values for these ratios are obtained by dividing the var
iable costs by the fixed costs. The advantage of using these 
ratios is that a sensitivity analysis can be easily performed 
to determine their impact on total or unit transportation 
cost. The time required for the construction of the pipeline 
is taken into account. Federal, state, and local taxes are 
incorporated in the form of an overall tax rate. Other fac
tors for pump and motor efficiency, slurry pressure at entrance 
and exit of the pipe, cost data from appendices II and III, 
elevation gradient, etc., are also included.

Slurry pressure at the entrance of the pipe is measured 
at the point where the centrifugal pump at the bottom of a 
mixing tank feeds the positive displacement pump. At the 
end of the pipeline, the slurry is discharged into a storage 
tank where the exit pressure is recorded.

Data for a study case of a limestone slurry pipeline 
are presented in Table 1.
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TABLE 1
Data For a Limestone Slurry Pipeline

CE = Cost of electrical energy, $/KW-hr
CW = Concentration by weight, decimal fraction
Cl = Intercept on a plot of weight per foot 

versus price per foot of pipe, $
C2 = Intercept on a plot of BHP versus 

cost of the pump, $
C3 = Intercept on a plot of hp versus cost

of the motor or engine at hp less than
800, $

C4 = Intercept on a plot of hp versus cost
of the motor or engine at hp greater
than 800, $

E = Pipe absolute roughness, feet
EFFCNC = Efficiency of pump and motor expressed 

as a fraction
EP = Efficiency of the pump expressed as a 

fraction
FACTOR = Inflation factor for each future invest

ment of prime movers (5 allowable), 
dimensionless

FRl = Ratio- of the total cost for fittings 
and installation to total purchase 
cost of pipe, dimensionless

FR2 = Ratio of the total cost for fittings 
and installation to total purchase 
cost of pump, dimensionless

FR3 = Ratio of the total cost for fittings
and installation to total purchase cost 
of motor, dimensionless

=  0.02 
=0.66 4

= 0.00

= 0.00

= 0.00

=4300.00
=0.00015

=0.675

=0.75

= 1 .0 , 0 .0 , .0, 0.0, 0.0

=1.32

=0.14

=0.36
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2G = Gravitational acceleration, feet/sec
H = Hours of pipeline operation per year, 

hours/year
INT = Annual cost of capital expressed as 

a fraction
K = Consistency index from rheology data 

dynes-secn/cm
LENGTH = L = Pipe length, feet

Ml = Slope of a line on a plot of weight per 
foot versus price per foot of pipe,
$/foot

M2 = Slope of a line on a plot of BHP
^ versus cost of the pump, $/BHP
M3 = Slope of a line on a plot of hp versus 

cost of the motor or engine at hp less 
than 800, $/hp

M4 = Slope of a line on a plot of hp versus
cost of the motor or engine at hp greater 
than 800, $/hp

N = n = Flow behavior index, dimensionless
PIPEL = Operating life of the project, years
PUMPL = Operating life of the prime movers, 

years
PI = Pressure at the entrance of the pipe, 

pound- - force/foot^
P2 = Pressure at the exit of the pipe, 

pound - force/foot^
RHOP = Density of the pipe material, pound - 

mass/foot^
S = Specific gravity of the solids, 

dimensionless

2 6

=32.1573

=7884.

= 0.10

= 57.2 
=62,000.

=0.1557

=96.25

=17.19

=11.43
=0.209
= 20.0

= 20.0

=7,200.

=2,880.

=491.

=2.712
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SETL = Time required for the construction
of the pipeline system, years = 1.0

SL = Specific gravity of the liquid,
dimensionless = 1.0

SMC = Factor for maintenance cost expressed
as a fraction = 0.1

SP = Salvage value factor for the pipe
expressed as a fraction = 0.0

SPM = Salvage value factor for the prime
movers expressed as a fraction = 0.2

T = Pipe-wall thickness, feet =0.0208
TAUY = Ty = Slurry yield stress, d y n e s / c m ^  =17.91
TEMP = Slurry temperature, degrees Celsius =20.6

TR = Tax rate expressed as a fraction =0.50
Zl = Vertical distance above an arbitrary

horizontal datum plane at the entrance
of the pipe, feet =2,600

Z2 = Vertical distance above an arbitrary
horizontal datum plane at the exit
of the pipe, feet =270.

Cost data for plain and lined pipes, centrifugal and 
positive displacement pumps, motors and engines were adjusted 
to June 1974 values, using Marshall and Swift's "all industries" 
equipment cost index (8 ). The indices are tabulated in 
Table 2.
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TABLE 2
Marshall and Swift Equipment Cost Index 

(Base: 1926=100)
Quarter All

Year Ending Industries Factor
1972 March 326.8 1 0 0 . 0 0

1972 June 330.6 101.16
1972 September 334.1 102.23
1972 December 336.7 103.04
1973 March 338.8 103.67
1973 June 342.9 104.93
1973 September 345.2 105.63
1973 December 349.5 106.95
.1974 March 362.2 110.83
1974 June 386.1 118.15

Primary Analyses
A wide range of pipe diameters (4-, 6-, 8-, 10-, and 

1 2-inch) was specified for the first set of computer runs. 
The purpose of these runs was to narrow the range of pipe 
diameters for the final study. The pertinent results from 
the computer output are presented in Table 3.

From Table 3, it will be seen that a minimum transpor
tation cost in cents per ton-mile occurs with an 8-inch dia
meter pipe. It also appears that a transport velocity of
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4.5 feet per second will be required to transport 200 tons 
per hour of dry solids, and that the favorable elevation 
gradient is great enough to overcome friction losses so 
that a pump is not needed. Note, however, that the operating 
velocity of 4.5 feet per second is less than the critical 
velocity of 5.0 feet per second and hence the design is un
feasible. Also note that the critical velocities, the oper
ating velocities, and the pressure drops to overcome wall 
friction are unaffected by the elevation gradient.

The two constraints usually applied in the economic se
lection of a slurry pipeline to transport a given throughput 
are that the operating velocity exceed the critical velocity 
which delineates laminar flow from turbulent flow and that 
the Reynolds number exceed 4,000. Laminar flow prevails 
for a Reynolds number less than approximately 2,100, whereas 
the transition flow exists between a Reynolds number of 2,100 
and 4,000. Due to erratic behavior in the laminar flow regime 
and the instability of pressure and velocity in the transi
tion flow regime, it is customary to operate in the turbulent 
flow regime. Operating in the turbulent zone will also prevent 
coarse particles from settling in the pipe.

Since the limestone in the case study considered is quite 
fine, only the constraint that operating velocity exceed the 
critical velocity was applied for subsequent runs.
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Secondary Analyses
A closer range of pipe diameters (5-, 6-, 7-, 8-, and 

9-inch) was specified for subsequent computer runs, whose 
results are summarized in Table 4. From these runs, it will 
be seen that, for a favorable gradient, a minimum cost of 
0.790 cents per ton-mile is obtained with a 7-inch pipe, and 
that a pump is required. The operating velocity of 5.8 feet 
per second does exceed the ciritical velocity of 5.1 feet per 
second.

For an adverse gradient, a minimum cost of 1.939 cents 
per ton-mile is obtained with a 8-inch pipe. However, the 
operating velocity of 4.5 feet per second does not exceed 
the critical velocity of 5.0 feet per second and hence the 
design is unfeasible. A 7-inch diameter pipe with a unit 
transportation cost of 2.944 cents per ton-mile would offer 
a feasible solution. The unit transportation cost for an 
adverse gradient is approximately 3.5 times that for a favor
able gradient, despite the fact that an identical 7-inch dia
meter pipeline ds recommended for each case. ^

In the case of a favorable gradient, for pipe diameters 
greater than 7 inches, the annual total cost for a given pipe 
diameter remains constant over the throughput range of 150 
to 250 dry short tons per hour because the gravitational 
force due to the elevation gradient is sufficient to permit
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slurry flow without the aid of prime movers. Thus, pumping 
cost, the pump cost, and the motor cost from Eq. (1) drop out 
and the total cost comprises pipe cost only. On the basis 
of these runs, a 7-inch pipe with a pump would offer the 
minimum cost for the transport problem outlined earlier.

The mine is located on a hill and water needed for the 
limestone slurry has to be pumped up to the mine site. A 
positive displacement type of pump is used to transport water. 
Multi-stage centrifugal pumps in several pump stations would 
offer a better design but for simplicity, a positive dis
placement type of pump was specified. The minimum annual 
cost for transporting 400 U.S. gallons of water per minute 
occurs when a 6-inch diameter pipe is used. The results are 
presented in Table 5.
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SENSITIVITY ANALYSES

The purpose of subsequent runs was to illustrate the 
value of the sensitivity analysis. It is conceivable that 
some of the variables in the study case for the limestone 
pipeline considered earlier may have large tolerances. This 
section attempts to identify those critical variables that, 
if changed, can considerably affect the slurry transportation 
cost. It must be pointed out that the results of the analyses 
cannot be generalized for every case study under consideration. 
The favorable gradient encountered here for the limestone 
pipeline has a very important impact on the energy consump
tion , frictional losses, and number of pump stations. The 
same pipeline system transporting the limestone slurry up
hill woiild show different results in the sensitivity analyses.

The following procedure may be a typical one that an 
engineer might follow in exploring the sensitivity of the 
variables.

, If a slurry under consideration happens to be abrasive 
and/or corrosive, it would be necessary to increase the 
pipe wall thickness or line the pipe. In one run, the pipe

35
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wall thickness was doubled from 0.25 inches to 0.50 inches 
and the effect of this change for a favorable gradient was 
to double approximately the pipe cost. The total costs are 
not exactly doubled, because the maintenance cost and the 
fixed cost of fittings were not adjusted accordingly due to 
insufficient data. Also, the cost of the prime movers re
mained unchanged. For an adverse gradient, the increase in 
cost is not very pronounced because the major contribution 
to the total cost comes from the operating costs and not 
from the capital cost. The results of these runs are pre
sented in Table 6 .

The manufacturers claim that the effect of lining a 
pipe with polyethylene is to double approximately the pipe 
cost and quadruple its expected life, due to reduced oxygen 
corrosion. The cost of a rubber-lined pipe is 3 to 4 times 
that of an unlined steel pipe and it gives up to 6 times 
the service life of an unlined carbon steel pipe. A new 
polyurethane-1ined steel pipe costs 3 to 4 times that of an 
unlined steel pipe and gives up to 20 times the service life 
of an unlined carbon steel pipe on abrasive slurry duties (9) 
For pipe diameters less than 8 inches, the cost of rubber- 
lined and polyurethane-lined pipes is 4 times that of an 
unlined steel pipe, whereas for pipe diameters greater than 
8 inches, the cost of rubber-lined and polyurethane-lined
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pipes is 3 times that of an unlined steel pipe. Of course, 
the type of pipe and the thickness of the lining play an im
portant role in cost determination. The long-life expectancy 
of the polyurethane-lined steel pipe has obviously spurred 
interest in the mineral industry despite its rather recent 
entry into the field of slurry pipelining.

In another run, the steel pipe with 0.2 5 inches wall 
thickness was lined with polyethylene to obtain a smooth wall 
The effect of lining the pipe was to double approximately the 
capital cost of the pipe. One of the variables in the compu
ter program is the density of the pipe material (RHOP).
Due to insufficient data, the density of the polyethylene- 
lined pipe was assumed to be the same as the API pipe. Also, 
it was assumed that the inside diameter of the pipe was not 
affected by the lining. The results of this run are sum
marized in Table 7.

Note that for a favorable gradient, the optimum pipe 
diameters for the lined pipe and the steel pipe are 5 inches 
and 7 inches, respectively. However, for an adverse gradient 
the optimum pipe diameter for both the lined pipe and the 
steel pipe is 7 inches. It is evident from Tables 6 and 7 
that lining the pipe with polyethylene is an economical al
ternative to doubling the pipe wall thickness.
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Another set of runs tested the sensitivity of the 
annual total costs as the rheological parameters K and n 
were both varied + 25% and + 50% from the design values.
The results are summarized in Tables 8 and 9. The constraint 
applied in each case for the desired throughput was that the 
operating velocity exceeds the critical velocity which de
lineates laminar flow from turbulent flow.

Tables 8 and 9 show that a decrease in K and n does 
not affect cost as much as an increase in these parameters. 
For a favorable gradient, this is attributed to the fact that 
no prime movers are required when K and n are decreased; the 
prime movers are required when K and n are increased. Also, 
in order to satisfy the constraints mentioned earlier, the 
pipe diameter is reduced to maintain a sufficiently high 
velocity when K and n are increased. Thus, for this parti
cular case study, the accuracy of the rheological parameters 
K and n is not extremely critical when the data are varied 
-25% and -50% from the design value. On the other hand, 
the accuracy of'the rheological parameters K and n is ex
tremely critical when the data are varied +25% and +50% from 
the design value. Likewise, for an adverse gradient, the 
accuracy of the rheological parameters K and n is not as 
critical when the data are varied -25% and -50% from the 
design value as when the data are varied +25% and +50% from 
the design value.
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A similar analysis was performed on the sensitivity of 
the annual total costs as the rheological parameter t was 
varied +25% and +50% from its design value. Since Ty does 
not appear in the equations for turbulent flow regime, these 
results remained unchanged from the design values.

In a slurry pipeline operation, the maintenance cost 
may comprise of routine checks along the pipeline route, 
pipeline repairs, lubrication of the prime movers, and 
regular maintenance of the pumping stations. Maintenance 
costs for existing slurry pipelines are sparsely documented 
and the purpose of the next run was to determine the impact 
of a +50% change in the maintenance cost on the annual total 
cost. The results are presented in Table 10.

The maintenance cost was assumed to be constant over 
the life of the project. But in reality, the maintenance 
cost changes over the years due to more wear and tear as the 
equipment ages. Also, the maintenance cost is a function of 
the type of slurry (homogeneous versus heterogeneous), type 
of pump (positive displacement versus centrifugal), climatic 
conditions and, above all, preventive maintenance schedules.

It can be seen from Table 10 that, for both a favorable 
and an adverse gradient, the annual total cost is relatively 
insensitive to the maintenance cost.

Table 11 shows the sensitivity of the annual total cost 
as the cost of capital is varied +25% and +50% from the
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TABLE 10

SMC
(%)

Sensitivity Analysis for 200 Dry Short Tons 
Per Hour of Limestone

10*

15

(Change Maintenance Cost Factor +50%)

Annual 
Total Cost 

($)
145,936 
(532,011)**
146,278
(545,018)
146,619
(558,026)

Cost
(C/ton-mile)
0.788
(2.873)
0.790
(2.944)
0.792
(3.014)

%
Change
in

Cost
-0.23
(-2.39)
0.00 (0.00)

+0.23
(+2.39)

TABLE 11
Sensitivity Analysis for 200 Dry Short Tons Per Hour

of Limestone
(Change Cost of Capital +25% and +50%)

INT
(%)
5.0

7.5

10.0*

12.5

15.0

Annual 
Total Cost 

($)
106,050
(475,261)**
125,020
(508,220)
146,278
(545,018)
169,668
(585,247)
195,025
(628,494)

*Design values

Cost
(C/ton-mile)
0.573
(2.567)
0.675
(2.745)
0.790
(2.944)
0.916
(3.161)
1.053
(3.394)

Change
in

Cost
-27.50
(-12.80)
-14.53
(-6.75)
0.00 (0.00)

+15.99
(+7.38)
+33.33
(+15.32)

**Values in parentheses represent results for an adverse 
gradient.
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design value. For a favorable gradient, a 25% reduction 
in the cost of capital decreases the cost by 14.53%, whereas 
an identical increase in the cost of capital increases the 
cost by 15.99%. For an adverse gradient, a 25% reduction 
in the cost of capital decreases the cost by 6.75%, whereas 
an identical increase in the cost of capital increases the 
cost by 7.38%. This difference is attributed to the fact 
that straight line depreciation is applied for each case 
and the cost of capital is compounded annually. Discrete 
interest factors are compounded or discounted annually be
cause taxes and depreciation are charged on an annual basis. 
Also, all the expenses and revenues are assumed to occur 
at the end of the year.

Table 12 shows the sensitivity of the annual total cost 
as the cost of electrical energy is varied +50% from the 
design value. For a favorable gradient, the power required 
for operating the pipeline is not significant and hence the 
annual total cost is not very sensitive to changes in the 
cost of electrical energy. The converse is true for a pipe
line with an adverse gradient.

Salvage value is the estimate, at the time of acquisition 
of an asset, of the amount of money that will be realized 
on its sale upon completion of use. Since the pipeline in 
the case study analyzed would normally be buried, its salvage
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TABLE 12
Sensitivity Analysis for 200 Dry Short Tons Per Hour

of Limestone
(Change Cost of Electrical Energy +50%)

CE
($/KW-hr)
0.01

0.02*

0.03

Annual 
Total Cost 

($)
142,523
(401,936)**
146,278
(545,018)
150,032
(688,100)

Cost
(C/ton-mile)

0.770
(2.171)
0.790
(2.944)
0.810
(3.716)

%
Change 
in Cost
-2.57

(-26.25)
0.00 (0.00)

+2.57
(+26.25)

TABLE 13
Sensitivity Analysis for 200 Dry Short Tons Per Hour

of Limestone
(Change Salvage Value Factor of Prime Movers +50%)

SPM
(%)

Annual 
Total Cost 

($)
10 

20*

30

* Design values

146,304 
(545,687) **
146,278
(545,018)
146,251
(544,350)

Cost
(C/ton-mile)
0.7903
(2.947)
0.7902
(2.944)
0.7901
(2.9^0)

Change 
in cost
+0.02
(+0.12)
0.00(0.00)

- 0.02(-0.12)

**Values in parentheses represent results for an adverse
gradient.
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value was assumed to be zero because at the end of the project 
it would be uneconomical to dig up the pipe. An in-plant 
pipeline could definitely have a salvage value since it might 
be dismantled readily at the end of the project and sold as 
scrap.

As can be seen from Table 13, the effect of a change 
in salvage value factor of the prime movers by + 50% from 
the design value is insignificant.

Numerical values for the ratio of the total cost for 
fittings and installation to total purchase cost of the pipe, 
FRl, were obtained from the Oil and Gas Journal (10). The 
data on existing crude oil and products pipelines indicate 
that FRl lies between 1.22 and 1.42. The average of the 
two numbers was used as a design value for the limestone 
pipeline. The numerical values for FR2 and FR3 were ob
tained from an engineering firm.

FRl/ FR2, and FR3 are the ratios of the variable costs 
to the fixed costs of the pipe, pumps, and motors, respec
tively. The numerator in each of the ratios comprises the 
cost of the fittings and the installation cost, whereas 
the denominator comprises the capital cost. The numerator 
may vary considerably, depending on whether it is an in-plant 
pipeline or a long-distance pipeline. The unit capital cost 
in the denominator will remain unchanged once the specific

r
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pipe, pumps, and motors are selected. In general, the nu
merical values of FRl, FR2, and FR3 may be lower for an in- 
plant pipeline as compared to a long-distance pipeline.
The cost of the fittings for an in-plant pipeline may be 
higher than that for a long distance pipeline. On the other 
hand, the installation cost for an in-plant pipeline may be 
substantially lower than that for a long-distance pipeline. 
Since the denominator remains unchanged, it is logical to 
assume that the ratios FRI, FR2, and FR3 may be lower for 
an in-plant pipeline as compared to a long-distance pipeline.

FRl may have a large range depending on the type of 
pipe used for slurry transportation. If a slurry under con
sideration happens to be abrasive and/or corrosive, it would 
be necessary to increase the pipe wall thickness or line 
the pipe. The increased wall thickness or lining of the 
pipe will substantially increase the total purchase cost of 
the pipe. The cost of the fittings may also increase slightly, 
but the installation cost should remain unchanged. Thus, 
the effect of increasing the pipe wall thickness or lining 
a pipe will be to lower the numerical value of FRl.

FR2 and FR3 may also have a large range depending on the 
types of pump and motor or engine. Also, the numerous op
tions on the prime movers for which the cost data are collected 
will play a significant role in determining the numerical 
values for the ratios FR2 and FR3.
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Tables 14, 15, and 16 show that the annual total cost 
is relatively insensitive to changes in FRI, FR2, and FR3.

Another run tested the sensitivity of the annual total 
cost as the pipe absolute roughness, E, was varied +25% and 
+50% from the design value. It is evident from Table 17 
that changes in E are not critical because the pressure drops 
do not change significantly and hence the effect on cost is 
insignificant.

Table 18 shows the sensitivity of the annual total cost 
to the installation of new prime movers in year 10 with an 
inflation factor of 2. For a favorable gradient, the pump
ing power required is negligible and hence the sensitivity 
of the annual total cost to the life expectancy of the prime 
movers is not critical. The converse is true for a limestone 
pipeline with an adverse gradient.

If the throughput is anticipated to change during the 
life of the project, it is desirable to measure the sensi
tivity of the cost in cents per ton-mile as a function of 
throughput before the final design is made. The results 
for this run are summarized in Table 19. The constraint 
applied here was that the operating velocity exceeds the 
critical velocity for the desired throughput. For a favor
able gradient, when the throughput is decreased by 25 percent 
from the design value, the capital cost of the pipe decreases
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TABLE 14
Sensitivity Analysis for 200 Dry Short Tons Per Hour

of Limestone
(Change FRl)

Annual %
Total Cost Cost Change

FRl ($)______ (<=/ton-mile) in Cost
1.22 140,507 0.759 -3.95

(539,248)** (2.912) (-1.06)
1.32* 146,278 0.790 , 0.00

(545.018) (2.944) (0.00)
1.42 152,048 0.821 +3.95

(550,789) (2.975) (+1.06)
TABLE 15

Sensitivity Analysis for 200 Dry Short Tons Per Hour 
-x of Limestone

(Change FR2 +50%)
Annual %

Total Cost Cost Change
FR2 ($)______ (C/ton-mile) in Cost
0.07 146,107 0.789 -0.12

(538,507)** (2.908) (-1.20)
0.14* 146,278 0.790 0.00

(545.018) (2.944) (0.00)
0.21 146,449 0.791 +0.12

(551,530) (2.979) (+1.20)
*Design values

**Values in parentheses represent results for an adverse
gradient.
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TABLE 16
Sensitivity Analysis for 200 Dry Short Tons Per Hour

of Limestone
(Change FR3 +50%)

Annual %
Total Cost Cost Change

FR3 ($ )______ (C/ton-mile) in Cost
0.18 146,170 0.789 -0.07

(542,514)** (2.930) (-0.46)
0.36* 146,278 0.790 0.00

(545,018) (2.944) (0.00)
0.54 146,386 0.791 +0.07

(547,523) (2.957) (+0.46)
*Design value

**Values in parentheses represent results for an adverse 
gradient.

because of the smaller pipe diameter, but the operating cost 
increases, resulting in a 44.18 percent increase in cost per 
ton-mile. When the throughput is increased by 25 percent 
from the design value, the capital cost of the pipe increases 
because of the larger pipe diameter, but the operating cost 
goes to zero, resulting in a 16.71 percent decrease in the 
transportation cost. The results for an adverse gradient 
are also summarized. Table 19 shows the economy of scale—  
the more the material to be transported, the cheaper it is 
in cents per ton-mile. Thus, a big mineral deposit and a 
large market are essential ingredients for the economic 
feasibility of the slurry pipeline concept.
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TABLE 18
Sensitivity Analysis for 200 Dry Short Tons Per Hour

of Limestone
(Install New Prime Movers After 10 Years)

Life 
Expectancy 

of Prime Movers 
(years)_______
20*

10

Annual
Total
Cost
($)

146,278
(545,018)**
150,930
(664,049)

Cost 
(<:/ton-mile)
0.790
(2.944)
0.815
(3.586)

Change
in

Cost
0.00 (0.00)

+3.18
(+21.84)

* Design value
**Values in parentheses represent results for an 

adverse gradient.
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DISCUSSION OF RESULTS

The computer selection technique upon which the disser
tation is based selected a 7-inch diameter pipe for the lime
stone slurry transport problem postulated. On the basis of 
the hydraulic and system data, a positive displacement pump 
was recommended. The author has presented similar analyses 
for limestone slurries in previous publications (1 1 , 1 2 ).

The analysis performed by the engineering company was 
a portion of a larger study designed to provide total plant 
costs. The engineering firm recommended a nominal 5-inch 
diameter pipe for the transport system and a positive dis
placement type of pump.

Although the engineering study was based in part on the 
same data as the computer study, the engineering firm in
cluded considerations not evaluated by the computer program. 
One of these was the topography. The pipeline will drop 
2,390 feet from its beginning, and will then rise over a 
ridge before reaching its terminus. The engineering con
tractor was faced with the alternative of very high pipe 
pressure in the low portion of the line or a pump station.
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The contractor also felt that a total gravity system was un
desirable because of the lack of control in such a system.
He, therefore, recommended a single pump station at the start 
of the line and heavy pipe wall thickness to stand the hy
draulic pressures.

The sensitivity analyses revealed the importance of 
those critical variables that, if changed, could considerably 
affect the total cost. The results of the sensitivity analy
ses for a favorable and an adverse gradient are summarized 
in Tables 20 and 21, in their decreasing order of importance.
Note that the ranking for a favorable and an adverse gradient 
is different. The annual total cost is sensitive to changes 
in the rheological parameters and the pipe-wall thickness 
for both a favorable and an adverse gradient. The unitj
transportation cost is insensitive to changes in the salvage 
value of prime movers, pipe absolute roughness, FR2, and 
FR3 for both a favorable and an adverse gradient. The cost 
of electrical energy is an important factor for an adverse 
gradient, but it is unimportant for a favorable gradient.
The annual total cost is sensitive to the cost of lining 
the pipe with polyethylene for a favorable gradient, but 
it is insensitive for an adverse gradient.

The major limitation of the computer technique presented 
herein is that only part of the transportation cost is evaluated
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TABLE 20
Results of the Sensitivity Analyses 

(Favorable Gradient)
Pipe %
I .D. Cost Change Prime

Variable Value (in. ) (£/ton-mile) in Cost Movers
x0.105 7 0.723 -8.47 No
0.157 7 0.723 -8.47 No

n 0.209* 7 0.790 0.00 Yes
0.261 6 1.793 +126.95 Yes
0.313 6 1.964 +148.56 Yes
28.6 7 0.723 > -8.47 No
42.9 7 0.723 -8.47 No

K 57.2* 7 0.790 0.00 Yes
71.5 6 1.775 +124.62 Yes
85.8 6 1.895 +139.83 Yes

T 0.25* 7 0.790 0.00 Yes
0.50 7 1.563 +97.85 Yes

API 5L 
Polyethylene

(rough)* 7 0.790 0.00 Yes
lined (smooth) 5 1 . 2 2 1 +54.55 Yes

150 6 1.139 +44.18 Yes
Throughput 2 0 0 * 7 0.790 0.00 Yes

250 8 0.658 -16.71 No
5.0 7 0.573 -27.50 Yes
7.5 7 0.675 -14.53 Yes

INT 1 0 .0* 7 0.790 0.00 Yes
12.5 7 0.916 +15.99 Yes
15.0 7 1.053 +33.33 Yes
1.22 7 0.759 -3.95 Yes

FRl 1.32* 7 0.790 0.00 Yes
1.42 7 0.821 +3.95 Yes

Life expec
tancy of 2 0* 7 0.790 0.00 Yes
prime
movers

10 7 0.815 +3.18 Yes



T-1707 58

Table 20 continued
Pipe %
I.D. Cost Change Prime

Variable Value (in. ) (C/ton-mile) in Cost Move]
0.01 7 0.770 -2.57 Yes

CE 0 .0 2* 7 0.790 0.00 Yes
0.03 7 0.810 +2.57 Yes
0.000075 7 0.787 -0.37 Yes
0.0001125 7 0.789 -0.19 Yes

E 0.00015* 7 0.790 0.00 Yes
0.0001875 7 0.792 +0.19 Yes
0.000225 7 0.793 +0.37 Yes
5 7 0.788 -0.23 Yes

SMC 1 0* 7 0.790 0.00 Yes
15 7 0.792 +0.23 Yes
0.07 7 0.789 -0.12 Yes

FR2 0.14* 7 0.790 0.00 Yes
- 0.21 7 0.791 +0.12 Yes

0.18 7 0.789 -0.07 Yes
FR3 0.36* 7 0.790 0.00 Yes

0,54 7 0.791 +0.07 Yes
10 7 0.7903 +0.02 Yes

SPM 2 0 * 7 0.7902 0.00 Yes
30 7 0.7901 -0.02 Yes

*Design values
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TABLE 21
Results of the Sensitivity Analyses 

(Adverse Gradient)
Pipe %
I.D. Cost Change Prime

Variable Value (in.)(4/ton-mile) in Cost Movers
0.105 8 2.511 -14.70 Yes
0.157 7 2.871 — 2.46 Yes

n 0.209* 7 2.944 0.00 Yes
0.261 6 3.947 +34.07 . Yes
0.313 6 4.117 +39.87 Yes
28.6 9 2.368 -19.56 Yes
42.9 8 2.534 -13.92 Yes

K 57.2* 7 2.944 0.00 Yes
71.5 6 3.928 +33.45 Yes
85.8 6 4.048 +37.53 Yes
0.01 7 2.171 -26.25 Yes

CE 0 .0 2* 7 2.944 0.00 Yes
0.03 7 3.716 +26.25 Yes

T 0.25* 7 2.944 0.00 Yes
0.50 7 3.716 +26.22 Yes

Life Expec
tancy of 2 0* 7 2.944 0.00 Yes
prime 10 7 3.586 +21.84 Yes
movers

150 6 3.292 +11.82 Yes
Throughput 2 0 0* 7 2.944 0.00 Yes

250 8 2.671 -9.27 Yes
5.0: 7 2.567 -12.80 Yes
7.5 7 2.745 -6.75 Yes

INT 10.0 7 2.944 0.00 Yes
12.5 7 3.161 +7.38 Yes
15.0 7 3.394 +15.32 Yes
5 7 2.873 -2.39 Yes

SMC 1 0* 7 2.944 0.00 Yes
15 7 3.014 +2.39 Yes
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Table 21 continued
Pipe I %
I.D. Cost Change Prime

Variable Value (in.)(C/ton-mile) in Cost Movers
API 5L (rough)* 7 2.944 0.00 Yes
Polyethylene -

lined (smooth) 7 3.007 +2.14 Yes
0.07 7 2.908 -1.20 Yes

FR2 0.14* 7 2.944 0.00 Yes
0.21 7 2.979 +1.20 Yes
1.22 7 2.912 -1.06 Yes

FRl 1.32* 7 2.944 0.00 Yes
1.42 7 2.975 +1.06 Yes
0.18 7 2.930 — 0.46 Yes

FR3 0.36* 7 2.944 0.00 Yes
0.54 7 2.957 +0.46 Yes
10 7 2.947 +0.12 Yes

SPM 2 0* 7 2.944 0.00 Yes
30 7 2.940 -0.12 Yes
0.000075 7 2.941 -0.10 Yes
0.0001125 7 2.942 -0.05 Yes

E 0.00015* 7 2.944 0.00 Yes
0.0001875 7 2.945 +0.05 Yes
0.000225 7 2.947 +0.10 Yes

*Design values
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by the program. Only the pipeline and its prime movers 
are considered. Unique investments in slurry pipeline 
facilities, such as the slurry preparation plant, slurry 
separation plant, right-of-way, instrumentation, and con
trols are not included in the system evaluation.

A total plant cost, including all the factors mentioned 
above, must be evaluated before the unit transportation cost 
for a slurry pipeline operation can be compared with the 
unit transportation costs for alternate modes of transpor
tation such as trucks, barges, or unit-trains.

There are some other unique factors that need to be con
sidered in determining the total unit transportation cost for 
any mode of transportation. If, for example, the material 
being transported in a pipeline has to be crushed for further 
processing at the terminus, the crushing charges should be 
attributed to the process and not to the pipeline, although 
crushing during slurry preparation will reduce pipeline 
transportation cost. On the other hand, if it is required 
to dry the material at the terminus, drying cost should be 
attributed to the pipeline. In the case study analyzed, water 
needed for the limestone slurry had to be pumped up the 
hill to the mine site. The transportation cost for water 
should be attributed to the slurry pipeline. Similarly, 
if a highway or a railroad track has to be built specifically
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for the transportation of any commodity, the cost of building 
a highway or a railroad track must be included in computing 
the appropriate total unit cost of transportation.

The market requirements also play a significant role 
in determining the transport mode selected. Certain markets, 
such as coking coal for steel mills, require a somewhat 
coarser product than the coal-fired thermal electric generating 
stations. If the pipeline transportation of coal for steel 
mills results in substantial particle degradation, the 
slurry pipeline concept may have to be rejected despite its 
economic feasibility over other modes of transportation.
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CONCLUSIONS

This investigative study revealed the following general 
conclusions :

1. For a required throughput, the optimum pipe 
diameter and estimated minimum annual total 
cost can be computed for a slurry system com
prising a pipeline and prime movers only.

2. A wide range of system costs is generated 
quickly with a minimum of input.

3. An important feature of the method is the 
ease with which the variables can be adjusted 
to measure the sensitivity of the annual 
total cost to changes in the variables.

4. The technique presented herein is an excellent 
tool for the preliminary design of pipelines, 
transporting homogeneous or heterogeneous 
slurries.

5. The slurry data upon which the evaluation is 
based will govern the reliability of the tech
nical analysis, and similarly the cost data 
will govern the reliability of the economic 
analysis.

The computer approach to the selection of the limestone 
slurry pipeline revealed the following specific conclusions:

1. The engineering firm recommended a 5-inch
diameter pipe, whereas the computer technique 
selected a 7-inch diameter pipe. The dis- 
crepency may be explained by the fact that 
the computer program takes into account the
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average elevation gradient and not the 
actual topography. Also, the engineering 
firm had taken into consideration the 
properties of three different types of 
limestones from the quarry being pumped 
to the cement plant for the manufacture 
of different types of cement.

2. Both the engineering firm and the computer 
technique recommended a positive displacement 
pump for the limestone slurry transport 
problem postulated, despite the presence
of a favorable elevation gradient.

3. The unit transportation cost of limestone 
slurry pipeline for a favorable gradient

ic is 0.790 cents per ton-mile whereas the 
unit transportation cost for an adverse 
gradient is 2.944 cents per ton-mile 
based on a 10 percent rate of return 
after taxes.
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RECOMMENDATIONS

Because of the strong potential of using such a computer 
technique as a design tool for slurry pipelines, this pre
liminary study should be extended in several areas :

1. Accurate rheology data for homogeneous 
slurries and pipeline data for hetero
geneous slurries should be obtained for 
several mineral slurries.

2. The accuracy of the computer program should 
be verified for existing slurry pipelines
if the raw data can be obtained from private 

v companies.
3. Several analyses should be performed to 

provide total plant costs. In addition to 
the costs considered in the computer program, 
costs for slurry preparation, slurry separa
tion, right-of-way, instrumentation, and 
controls should be included in the system 
evaluation.

4. If several alternate modes of transportation 
are to be compared, a discounted cash flow 
rate-of-return or a net present value analysis 
should be. preformed to determine the economic 
feasibility of pipeline transportation of 
mineral commodities. The same net present 
value technique utilized in the computer 
program for the economic selection of a slurry 
pipeline can be applied to any other mode
of transportation, provided the appropriate 
capital and operating costs are made available.
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C THE FOLLOWING PROGRAM IS CODED IN FORTRAN IV LANGUAGE,
C
C PLYBRK ECONOc
C PROGRAM PLYBRK (POWER LAW YIELD BROOKFIELD) PREDICTS PIPELINE ENERGY 
c REQUIREMENTS FOR YIELD PSEUDOPLASTIC SLURRIES using
C YIELO»PQWER LAW EQUATION, TAU ” TAUY = K » GAMQQT #» N
C PROGRAM ECONO EVALUATES TOTAL ANNUAL AND UNIT PIPELINE TRANSPORTATION
C COSTS,
C NOTE! PROGRAM COMPUTES IN SI UMTS, SOME OUTPUT DATA ARE IN ENGLISH 
C UNITS,
C SLURRY TEMPERATURE SAME FOR RHEOLOGY AND PREDICTED PIPELINE DATA 
C PIPE ROUGHNESS -= (EPSILON) 5 E IN FEET

DIMENSION M(479),R(,|0),TID1(6>,TID2(6),TID3(4),DIA<20)
DIMENSION ReA0AT<U>,FAcTGR<9!,LIFE<5),,cPK<5} ,SlocpM<5>,SLoTOT<5) 
DATA END.G.PI.X/5HEND ,32Ït573,3,1415926,,1/

C DENSITY TABLE FROM "CHEMICAL ENGINEERS' HANDBOOK" BY JOHN H, PERRY,
C PAGE 3-70 (NOT REPRODUCED HERE)',

INTEGER COUNT,PIPEL,PUMPL,SETL
REAL K,Ki.KWHTM,LENGTH,LHS,LOW,LOKX,Ml,Mg,M3,M4,MASS,N,INT,INVEST, 

1MC
1000 READ(1,1001)VARBLE,(START,IFINSH,INMENT
1001 FORMAT(Ag,31)
1 READ<1,2)TIq1,TId2,TID3,cW»TeMP,S,SL,TaUY,K,N,E, 

1C1,C2,C3,C4,CE,EFFCNC,EP,Fr1,Fr2,Fr3,H, 
2LENGTH,Ml,M2,M3,M4,Pl,P8,T,2l,Z2,RH0P.
3FLAG,FLAGS,PIPEL,PUMPL,SETL,'SP,SPM,SMC,TR.JNT,FACTOR

2 F0RMAT(l6A5,/,8F,2(/,llF),(/,2F,3I,6F),</,4F)>
NAYANAs'l1
IF(S.LT,lV>G0T0999 
READ ! 1,2001)OI A

2001 FORMAT(20F)
DO 2002 NUMDÎAf-1,20
IF (Dl A (NUMOIA ) ’. EQ ,0 , ) GOTO2003

2002 CONTINUE
2003 NUMDIA=NUM0IA-l 

CV=SL*CW/(s-CWe($-SL>)
KlsK" ( (3'>N+1, )/(4,:*N) )**N 
GAMMA=K1»8,»«(N-l,)
$M=S*CV/CW
L=TEMP»l0 ,
a=m(l>
SW=,99*A/1,E*07 
GAMSM*62V42796»Ŝ*SM 
DO 22 I SI,NUMOIA 
DS I sD I A( I >*2,54 
RELRUFsE»t2V/0IA(I)

COMPUTE CRITICAL. VELOCITY
VCsI = (2100',«GAMMA/DsI*»N/sM)##(l,/<:2,. = N) )
VCsVCSI/30.48
WRI TE ( 61 4) NAY AN A ,D IA < I ), T103 ,.E ,'RELRUF, VC
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4 FORMAT(/,/,ai#' DlA =',F7,S,' INCHES PIPE TYPE - ',4A5,' E =',F9 
1,6,' FEET E/0 =',F9.6,• VC =' ,F5,2,' EPS',/)
WRITE(3.40 >0IA< I) ,T1-03,E.REVRUF«VC

40 F 0 R M A T(/,» 0 IA =',F7,3,' INCHES 'PIPE TYPE =• ',4A5,/, ' E =i,F9,6,i 
1 FEET E/D # • , F9 « 6,* VC =',F5,2«' FPS',/)
NAYANA-1 !
WRITE(6,4i?

41 FORMAT(t VELCTY GEN FANN TAUHAL SHRaTE FRICTION-PO
1WER.REQUIRED THROUGHPUT QOUNT MOUNT REG REK ANNUAL TOT*0
4 CENTS/',
2/,' FT/SEC RE F DYNES/CM/CM 1/SEC PSI/MILE KwH/T
30N/MILE ORY-TONS/HR'«29X,'COST ($)',6X,'TON-MILE'/)
WR$TE(3,42)

42 FORMAT(' VELCTY GgN PR IcTION-POWeR-RESUIREO THROUGHPUT',/,'
i ft/sec re ps$/mile kwh/ton/mile ory-tons/hr' ,/>
00 22 IVsISTART,IFINSH,INMENT 
IFIVARBLEVEQ.'CSTT ')GO TO 44 
V=lV
GO TO 45

44 TONHRe IV 
MASS=2000,#TONHR/CW
VELsTQNHR»576,/(1,8#PI*0IA(I)*#2,»CW*GAMSM)
V4VEL*30','48

45 RE9V**(2',-N)*0S;**N*SM/GAMMA 
REKS0,
IFIRE,GTV2100,)GO TO 10 

Q FOLLOWING EQUATIONS ARE FOR LAMINAR FLOW 
COUNTsi 
Fee,
LHSag,»V/DSI 
REG=3HLAM

C SHEAR STRESS AT PIPE WALL CTAUW) INITIALIZED 
TAuW=4,«K*LHS

5 X=TAUY/TAUW
RHSB = TAUW»£l,-4,»X/3,*X*»4/3', )/(4,»K)
ERRORaABS(RHSB-LHS)
ifierror.'leV.odgo TO 6
OQUNTscOUNT*!
TAUW=TAUW«ehS/RHSB 
GO TO 5

6 TAUW=,25»TAUW 
014(1,* N j'/N 
02=(l.*2.»>j)/N 
D3=(1,*3',»N)/N 
HIGH=10000,
KOUNTai
LOW?,00i

7 DTsTAUW-TAUYIF < DT , GT','0. ) GO TO 9 WRI TE £ 6,8 > OT W RITE(3,8)DT
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6 PORMAT(' TAUW »• TAUY s ' , iPEje,3)
GO TO 22

9 R H S P L Y = O T » e D l / K » # ( l i / N ) e ( o T * 0 T 7 O 3* 2i »T A UY # DT /O 2 *T A U Y # » 2 / D l > / T A U W * *  
13
ERR0R=A8S(LHS«RMSPLY)
1F(ERROR,LE',,01)GO TO 20 
IFUHS.UT.RhSPIYJHIGHsTAUK 
IFCLHS,GTVRHSRLY)L0H t̂aun 
KOUNTsKOUNT*!
TaUWs<HIOH+LOW)/2,
GO to 710 REPUC-RE«»((lt+3i#N}/(4,*N))*«N 
JFfE.GT,0,)GO TO 14

C
C
C FOLLOWING EQUATIONS ARE FOR TURBULENT FLOW IN SMOOTH PIPES 

8=4,53ZN 
GOUNT=0 
ERR0R2=l.
FSWs,004 
KOUNT=0 

100 HI GH=,02
LOWS,00g

11 FSWNEWsta.ôg/N^.ÇSf-BsALOGiafi.-XitgeALOGiaeREPLCwSQRTC (FSWiesia.-
lN! ) )*,66/N«(5,eN=8. > )#SQRTtFSk»«3)
COUNTsCOUNT*!
ERRORlsABS(FSwiFSWNEw)
IFiERRORl'.LE, .00001)00 TO 12
IF(FSW,LT,FSWNEW)HIOHsFSW
IF(FSW,GT,FSWNEW)LOWsFSW
IF((HIGHbLOW).LE.,00001)00 TO 12FSWe(HIGH*L0W)/2.
GO TO 11

12 !F(ERRQR2','LE. ,01)60 TO 13 
DO 120 JF1«10 
KOUNTsKOUNT*!
As J
X=(A*1, î Z10
FSNNEW=(2,69ZN«2,95*B»ALOG10il,-X)*B#ALOGl0<REPLCeSQRT((FSW)»*(2,̂  

.IN) ) > + ,68ZN*<5,*N-8'.') >*SQRT<fSW*#3)
TAUW sFSWNEW*SM*V*VZ2,
XlsT AUYZTAUW 
R(J!=ABS(XnXi)
IF(U,EQ,l)pO TO 120 
IFCRU) ,GE.R(U*1> >GQ TO 121120 CONTINUE

121 IF(X.EQ,,l)Xs,2 
Y s X », 2
00 122 Jsl> 40 
KOUNTsKOUNT*l
As J
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XsY-MA-l, i/200,
FSWNEW=(2'.69/N-2.95*e»AI„OGl0il,-X)*B»AI.OGl0(REPLCPSQRT< (FSWiw-tg.- 

lN) i i*,68/N#(5,«N̂8,))»sORT(FsWee3)
TAUW =F5WNEW»SMeV#V/2,
XisTAUY/TAUW 
R t J > =ABS(XeXl>
IF < J,EG,1> GO TO 122 
IF<R(U).GE.RiJ-l)>G0 TO 123

122 CONTINUE
123 ERRORi=ABS(FSW-FSWNEW)

X=Xe,005
ERR0R2SABS(X «XI )
IF<ERRORl,GT, ,00001,OR,ERRORS ,GT >,01)GO TO 100

13 FsFSWNEW 
REsREPlC 
REObSHSwT 
GO TO 20c

0
C FOLLOWING EQUATIONS ARE FOR ROUGH WALL TURBULENCE
14 COUNT=0 

KOUNTsB 
FOB I » i 025

16 FOBSi*l,/(2.'»ALOGi0(E»30,48/081/3,7*2,51/(RERLC*SQRTiFCBI)!)))#«2 
TEST-ABS(FCBleFCB)
IF(TEST,LE. .'0001)00 TO 17 
FCBl=(FCBl*PCB)/2,
GO TO 16

17 FRWsFCB/4,
REKsE630,4 8/OSI*REPLC»SQRT(FRW /2,)
I F ( REK , GT , 7es, ) GO TO 19 
F-FRW
re=replo
REGfSHRwT
TAUW=FRW#SM#V»V/2,
GO TO 20

C FOLLOWING EQUATIONS ARE FOR FULLY ROUGH WALL TURBULENT FLOW,
19 RHS=4,07»ALOGl0(DS$/60,96/E!*6,-2,65/N 

FFRW = 1 ,/RHS**2
FsFFRW
REG=3HFRT
TAUW = FFRW»SH*V*V/2.'

20 SHRATE38V®V/DSI*!1,*3,*N)/C4,«N)
V?V/30,48
PDrOP=4,«TAUW/DSI
PSIMILsP0R0P#2.335784
KWHTMsPSIMIL»,108465/<CW«GAMSM)
SUML0Sf24,#F»LENGTh«V»V/(G4DIA( 11 )
HPs(P2*P1)/gAMSH*<Z2«Z1)*SUML0S



JFtVARBU'.ES,'CSTT ' >60 TO 28001
T0NHR = l,9#V»PI«0IA< Ii«OlA(I>«CW«GAM5M/576.
MaSS=2000,*TONHR/CW 

C ECONOMICS SECTION,
30001 CPMPNG=3.766E»7#CE»MASSeH«MP/EFFCNC 

ÎF(HP,l»T,0, >CPMPNG?0,
CPIPE - <FRi*i , > *L,ENGTH*< Ml*P I'«RHOp* < 01A £ I >712 ,*T + T*T> *C1>
SPIPE=SP#çPlPE
Si,Os<CPIpE = SPIpE)/PIPEle HP sM A SS « SM #HP/(l,98E6eEP>
5CPMTTS0V 
IMaXePIPEL/PUMPL 

C COMPUTE CAPITAL COSTS OF PRIME (MOVERS 
00 222 11=1,IMAX 

C IF FLAG e 0, EQUATION FOR COST VS, BMP IS LINEAR
C IF FLAG » i, EQUATION FOR COST 'VS, BMP IS CURVILINEAR 

IF{FLAG,GT,V5>G0 TO 200 
CPUMP = FACTOR ! 11 > *(FR2+1, !* ; M2*BHP*.C2 >
GO TO 201

200 CPUMPfFACTORUI i»(FR2*l, >«;C2*BHP»*M2>
201 IF !BHP,LE,808,)GO TO 20082
C ASSUME PLOT OF HP VS, MOTOR COST IS FOR DELIVERABLE POWER.

C3 = C4 
M3=M4

20002 CMQTORfPaCTQR(I I)«(FR3*1,)«(1,15*M3«BHP + C3>IF(HP,LTV0.>CPUMP=0,IFtHP.LTVa,>CMOTOR=0,
life;i i>=;ii- i.>*pumpl
CPM<II)=cPUMP+cM0TOR 

C COMPUTE SALVAGE VALUES OF PRIME MOVERS,
scpm=spm»cpm;i i>

c all salvage values of prime movers discounted to operation start-up, 
SCPMTO=SCPM»(i,Vtl.>INT>**(II«PUMPL>>
SCPMTTbSCPMTO*SCPMTT 

222 SLOCPM;11! = <CPM; 11>=SCPM)/PUMFL
C ALL SALVAGE VALUES OF PRIME MOVERS DISTRIBUTED EVENLY OVER 
0 OPERATING LIFE OF PROJECT,

SCPTTTfSCPMTT*; INT»! <1,'*INT>»»PIPEL> 37( £ ( 1, * INT > **P IPEL ?«1, >
C COMPUTE FUTURE COST OF PRESENT VALUE OF PIPE,

FPIL2=<l,*INT>**SETL 
FCPIPE=CPIPE»FPIL2 

C qOST OF PIPE SPREAD EVENLY OVgR OPERATING LIFE OF THg PROGEcT,
tfcpipsfcpipe»; int»u,*int>**pipel>/; ; ;i',*int>»*pipel>«i', >
JNVESTS0',

C COMPUTE PRESENT WORTH OF FUTURE COSTS (PRIME MOVERS)
DO 111 11=1,IMAX
PFILsd./i (i, + INT3»«LlFE( II ) ) )«C?MUI )

111 INVEST=PFIL*INVEST
C ALL CAPITAL COSTS OF PRIME MOVERS SPREAD EVENLY OVER OPERATING LIFE 
C OF PROJECT,

SINV-(INT*<1,*INT)»»PIPEL>/((<1,*INT)»»PIPEL)=1,)*INVEST
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ANNUAL»SiNV+TFCPlP
C COMPUTE DEPRECIATION OF EQUIPMENT,

DO 333 5 1*1, 1 MAX 
333 SUOTOK 11 )fSLD*SI„OCPMU I )

DEPTOT=0.
DO 444 1 1 = 1 , IMAX 
DO 444 JJ=1,PUMPE 
K2 = < 5 I-1,')*PUMPUJJ 

C COMPUTE DEPRECIATION DISCOUNTED TO OPERATION START=UP 
PFtLiei./C £i,*INT)»eK2) 
oepset=sl.otot( m#pFiu

444 DEPTOTaOEPSET+DEPTOT
C ALL DEPRECIATION SPREAD EVENLY iCVER OPERATING LIFE OF PROJECT, 

DEPsDEPTqT»<INT»(l,*INT>»ePIPEL)/(<(l,*INT)*»PIPEL)-’l , ) '
C COMPUTE PRESENT WORTH OF FUTURE SALVAGE VALUE OF PIPE AND SPREAD 
C EVENLY OVER OPERATING LIFE OF THE PROJECT,

PFIL3 = <1',V< <l,*INT>»ePiPEL) i «SPlPE
SSPIPEat !NT»(l,*irm»*PIFELi/< < U,*INT;»#PIPEL>*1, )»PFIL3 SAL=ScPTTT*SSPlPEC F s ANNUAL+DEP+SAL
PATsCF-OEP
TlsPAT/tiV-TR)
GRbTI+DEP 
MCaSMO»CPMPNG 
CTOTALsGR*CPMPNG*MC 
NOPUMPa! *
IF(HP,LT',0, )NOPUMP='e'
CENTS=CTOTAL*1O0,/(TONHR*LENGTH/5280,*H)
WRl T£ {«, 21 )V,Rf«Fi TAUW, ShRATe. P5.I;MIL*KWHTM, tONHR, COUNT, KOUNT, REGi R 

IEK.CtOtAL.NOPuMP•CENrS21 FORMAT<F6,1,F10,O,F8,4,F10,:2,F11,2,F10,-2,F11,3,F14,1, I8«!7,4X,A3,F
17,1,F14,0,IX,A1,F7,33 
WRlTEt3,210)V,RE,PS$MIL,KWHTM,TONHR 

210 'FORMAT(F6.1,F10,0,F10,2,FIE,;3,F12,1)
22 CONTINUE

WRI TE(6,23)
23 FORMAT(1H15 

IF(FLAG2',EQ',9. )GO TO 1000 
GO TO 1

999 STOP 
END

CSTT 50,400,50
LIMESTONE (BASIC DESIGN) STEEL
,664 20,6 2,712 iV 17,91 57,2 ,209 ,00015 
0, 0, 0, 4300, ,02 ,675 .75 1,32 ,14 ,36 7884,
62000, .1557 96.25 17,19 11,43 7200, ,14400,0208 2660, 270, 491,
0, 0, 20 20 1 0, .','2 ,1 ,5 ,1 1.
0 . 0. 0, 0 ,
5, 6, 7. 8, 9,
END
0 ,
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Data for plain and lined pipes were collected from 
several manufacturers. The data showed a straight-line 
relationship for weight versus cost on rectangular coordinates. 
Thus, the pipe cost is essentially a function of the weight 
of pipe material. The data are presented in Figs. 4, 5, 6 ,
7 and 8 .

All the cost data are adjusted to June 1974 in Table 22, 
using price indices from Table 2.

TABLE 2 2 
Cost Data for Pipes

Figure Prices ($/lb) Adjusted
N o . Prices ($/lb)As Of  to 6/30/74_________
4 1/1/73 0.1379 0.1581
5 1/1/73 0.1358 0.1557
6 1/1/73 0.1400 0.1605
7 11/1/72 1.1110 1.2740
8 1/1/73 0.6220 0.7133

Table 22 shows that the cost of a polyurethane-lined pipe 
is approximately 4 times that of an API pipe, whereas the 
cost of the ultra-high molecular weight high-density poly
ethylene pipe is approximately 8 times that of an API pipe.
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figure 4. Weight Per Foot Versus Price Per Foot of Seamless 
Steel Pipe

Slope = $0.1379/lb
Intercept = $0.00
Prices as of January 1, 197 3
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Figure 5. Weight Per Foot Versus Price Per Foot of 
of API 5L Pipe

Slope = $0.1358/lb
Intercept = $0.00
Prices as of January 1, 1973
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Figure 6. Weight Per Foot Versus Price Per Foot of 
API 5LX Pipe

7

Slope = $0.1400/lb 
Intercepts = $0.00 
Prices as of January 1, 1973
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Figure 7. Weight Per Foot Versus Price Per Foot of 150

PSI Pressure Pipe ( Ultra-High Molecular Weight 
High Density Polyethylene).

Slope = $1.1110/lb 
Intercept = $0.00
Prices as of November 1, 1972
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Pumps

Capital cost data for centrifugal and positive displace
ment pumps were collected from four manufacturers. Centri
fugal pumps were correlated by a straight-line fit of brake 
horsepower versus cost on logarithmic plots and the positive 
displacement pumps showed straight-line relationship for the 
same two variables on rectangular coordinates. The data are 
presented in Figs. 9, 10, 11, 12 and 13.

The pump cost data were adjusted to June 1974 in Table 2 3 
using price indices from Table 2.

TABLE 2 3 
Cost Data for Pumps

Figure Prices ($/BHP) Adjusted
No. Prices ($/BHP) As Of to 6/30/74__________

9 5/10/73 85.48 96.25
10 10/1/73 29.21 32.27
11 10/1/73 29.17 32.23
12 3/30/73 36.20 41.25
13 6/1/73 24.21 27.26
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Figure 9. Pump BHP Versus Cost for Triplex Mud Pumps

Slope = $85.4 8/BHP 
Intercept = $0.00 
Prices as of May 10, 1973

4 1612 142 6 8 100
BHP x 102
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Figure 10. Pump BHP Versus Cost for Rubber-Lined Plunger- 
Type Slurry Pumps.

Slope = $29.21/BHP
Intercept = $0.00
Prices as of October 1, 1973
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Figure 11. Pump BHP Versus Cost for Ni-Hard Plunger-Type 
Slurry Pumps.

Slope = $29.17/BHP
Intercept = $0.00
Prices as of October 1, 1973
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Figure 12. Pump BHP Versus Cost for Soft Rubber-Lined—  
Closed Impeller Centrifugal Pumps

Slope = $36.20/BHP 
Intercept = $340.00 
Prices as of March 30, 1973
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Motors and Engines

Cost data for motors and engines were collected from 
two manufacturers. They showed good correlation of horse
power versus cost on rectangular coordinates. The cost data 
are adjusted to June 1974 in Table 24, using price indices 
from Table 2.

TABLE 24
Cost Data for Motors and Engines

Figure 
N o . Prices ($/hp) As Of

Prices ($/hp) Adjusted 
to 6/30/74________

14
15

5/10/73
12/31/73

20.91
15.56
10.35
75.00
68.75

23.54
17.19
11.43
84.45
77.41

16
17

5/30/73
5/30/73

Note that the motors are considerably cheaper than the 
engines.
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Figure 14. Motor hp Versus Cost for 1200 RPM Motors 
' v ' (Three Phase, 60 Hertz, Totally Enclosed,

Fan Cooled).

Slope = $ 20,91/hp 
Intercept = $60.00 
Prices as of May 10, 1973
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Figure 16. Engine hp Versus Cost for Gas Engines

Slope = $75.00/hp 
Intercept = $0.00 
Prices as of May 30, 1973
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Figure 17. Engine hp Versus Cost for Diesel Engines

Slope = $6 8 .75/hp 
Intercept = $0.00
Prices as of May 30, 197313 -
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