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ABSTRACT 

The engineering economics of an integrated coal- 

to-methanol conversion system and coal-in-methanol trans- 

portation system are examined, under the circumstances of 

the western coaltields, ie, long distances from major markets 

and scarcity of water in the vicinity of the mines. The 

transportation economics are attractive, indicating tariffs 

of approximately 40 cents per million Btu per thousand miles 

for the coal-methanol pipeline vs 60 cents via coal-water 

pipelines and upwards of a dollar via rail. Enexgy consumption 

is also less in the coal-methanol pipeline than in the coal- 

water pipeline, and about equal to rail. 

It is also cuncluded that, by a proper marriage 

of the synthetic fuel (methanolization) plant to the 

slurrification plant, most, and in some cases all, of the 

water required by the synthetic fuel process can be supplied 

by the natural moisture of the coal itself. Thus, the only 

technology which presently exists and by which synthetic fuel 

from western coal can displace petroleum in the automotive 

fuel market is the integrated methanol conversion and trans- 

portation system. The key element is the ability of the 

methanol slurry pipeline to accept and to dcliver dry 

(1 to 5% moisture) coal, allowing the natural coal moisture 

to be used as synthesis feedstock in satisfaction of the 

large water requirement of any synthetic fuel plant. By virtue 

of these unique properties,this integrated system is seen as 

the only means in the foreseeable future whereby western coal 

can be converted to synthetic fuel and moved to distant 

markets. 



1.0 Introduction 

1.1 Motivation for the Study 

The motivation for this study rests upon the axiom 

that it is essential to the security and economic stability of 

the United States to achieve independence from foreign energy 

sources. Therefore, in the time -frame of the 1980's and go's, 

it is important to accomplish, or at least to make major 

progress toward accomplishment of a number of measures, 

including 

(a)  Conservation of enersy, 

and 

(b) Development of adequate resources within 

the United States to eliminate the pre- 

sent dependence upon foreign petrolem. 

Since coal is the only energy resource presently 

known to exist in quantities sufficient for the purpose, measure 

(b) is further defined to mean the use of coal in lieu of 

petroleum. 

While it is of course important that these measures 

be taken wherever practicable in all areas of the economy, 

this study examines an integrated system to accomplish both 

objectives. The known.deposits in the western coal fields are 

sufficient to furnish the nation's energy needs for at least 

many years at the current consumption rate for both solid and 

liquid fuels, but in general, the sources are a long distance 

from the major markets. The system presented here satisfied the 

requirement fur both types of fuel as well as economical trans- 

portation to market in terms of both cost and energy conservation. 

In this study, however, it is primarily the transportation 

system that is examined. 

In simplified terms, measure (a) means that ways 

must be found to accomplish present results with more energy- 

conservative methods, eg, new technology, changing consumption 



patterns, etc. Accomplishment of measure (b)'means that in 

round numbers, the production and consumption of coal should 

double again in the go's, which in turn presents two problems: 

(1) In the non-transportation markets, in which 

fuel can be consumed in the solid form, oil-burning plant$ 

should convert to coal. This massive conversion constitutes a 

major problem in itself, and it also presents a major trans- 

portation problem in the movement of coal, and in particular 

in the movement of western coal to distant markets. Problem 

1, then is the transport of western coal to distant markets. 
(2) In the transportation markets, where fuel 

can only be consumed if it is in the liquid form, synthetic 

liquid fuels (synfuels) which are derived from domestic coal 

should be used in lieu of petroleum fuels. This conversion 

to synthetic fuels raises a major industrial-environmental 

problem. Instead of extracting energy resources from foreign 

ground and refining them on foreign ground, thereby confining 

the resulting pollution to foreign ground, the resource must 

be extracted and refined on its home ground. Problem 2, then, 

is the construction and operation of gigantic new coal mines 

and synfuel plants in an environmentally acceptable way. 

The solution to each of these problems in turn 

requires the solution ofa,multitude ofsub-problems. In the 

case of Problem 1, the transportation problem is not only the 

movement of much greater quantities of coal, but also over 
much greater distances, because most of the increased coal 

production must come from the western fields, which are 

generally a thousand miles and more from their markets. The 

possible use of pipelines to move some of this coal to market 

in the form of a water slurry is already the subject of a well- 

publicized controversy (Banks, 1978). 

Turning now to Problcm ( 2 ) ,  how to build and 

operate the large industrial complex so that coal can displace 

petroleum in the automotive fuel market, the principal question 

to be addressed in this study is whether the slurry pipeline 

solution to Problem (1) can provide, or at least assist in, the 

solution of Problem (2), or vice versa. 



' . 1.2 Objective 

The central question to be addressed in this study 

can now be stated by paraphrasing what has just been said. It 

is this: . Is there any innovation which solves the transporta- 

tion problem (Problem 1); and at the same time provides a 'key 

to the solution of the industrial-environmental problem (Prob- 

lem 2)? 

The fundamental objective of this study is to devel- 

op a,preliminary answer to this question through an assessment 

of the econodcs, energetics, and potential reduction in petro- 

leum .consumption of a combined coal-to-methanol conversion plus 

coal-in-methanol transportation system. .The reasons for the 

focus upon methanol are given later in Section 1.4 below. 

1.3 Limitations 

Having said what this study is intended to bccom- 

plish, it is also welltonote some of the things that it is 

not intended to do. 

First, no original contribution to the technology 

or the literature of coal conversion is attempted, nor even 

any in-depth analysis of prior work in this area. This 

study sifts the work of,others.for possible , keys to synergism 

between coal conversion and coal transportation. 

Second, this study does not attempt to advance 

the fundamental scientific knowledge of coal or of coal 

slurries. While the study included a significant experimental 

program, that program was limited to the generation of engi- 

neering information for use in the systems analysis. 

Third, this is not a study.of technical feasibility. 

Rather, this study assumes technical feasibility. and then asks, 

For any given coal mining-conversion-transportation 

complex, does that syste~ 

(1) Save any energy? 

(2) Make any money? 

( 3) Displace any 

If, and only if, the answer 'to at least one of these questions 

is strongly affirmative, then it is to be recommended that 

feasibility be assessed and the research, development, and 



: demonst ra t ion  ( R ,  D & D) t o  b r i n g  it t o  f r u i t i o n  be  under- 

taken .  

1 . 4  Study' P lan '  

A t  t h e  beginning  o f  t h i s  s tudy,  it was planned t o  

:proceed through t h e  fo l lowing s t e p s .  

(1) S e l e c t  a r e f e r e n c e  p i p e l i n e  system 

( 2 )  S e l e c t  a re ference '  c o a l  

( 3 )  I n  t h e  l a b o r a t o r y ,  c h a r a c t e r i z e  t h e  rheology 

o f  t h e  r e f e r e n c e  c o a l  i n  s l u r r i e s  formed w i t h  s e v e r a l  coa l -  

d e r i v e d  s y n t h e t i c  f u e l s . '  

( 4 )  Employ e x i s t i n g  mathematical  models, p r e s e n t l y  

o p e r a t i o n a l  on computers,  t o  e s t i m a t e  t h e  p r e s s u r e  drop f o r  

t h e  range  of p i p e  s i z e s ,  c a r r i e r  l i q u i d s ,  and flow regimes 

o f  i n t e r e s t .  

( 5 )  Develop a p i p e l i n e  c o s t  model, by updat ing  

an  ear l ier  model. 

( 6 )  C a l c u l a t e  and compare t h e  c o s t  and energy 

consumption of t h e  v a r i o u s  systems. 

For  comparison purposes,  it was necessary  t o  recog- 

n i z e  two b a s i c  system types .  One system (des igna ted  type  1 

f o r  convenience) t r a n s p o r t s  only  b o i l e r  f u e l .  The r e f e r e n c e  

system o r  comparison b a s e l i n e  f o r  t h i s  t y p e  i s  t h e  convent ional  

coa l -water  s l u r r y  p i p e l i n e .  The o t h e r  b a s i c  system type  

(des igna ted  t y p e  2 system) d e l i v e r s  both  b o i l e r  f u e l  and engine 

f u e l .  The r e f e r e n c e  system f o r  t h i s  type  i s  a p a i r  o f  p i p e l i n e s ;  

a convent ional  coal-water  s l u r r y  p i p e l i n e ,  and a convent ional  

petroleum products  p i p e l i n e .  

The f u e l s  o f  i n t e r e s t  are 

(1) Alcohols 

( 2 )  S y n t h e t i c  l i g h t  f u e l s  ( g a s o l i n e ,  d i e s e l ,  

jet, and other. f u e l c )  

( 3 )  S y n t h e t i c  c rude  and t h e  h e a v i e r  f u e l s  

( 4 )  L i q u i f i e d  gases  

A s  t h e  s tudy  progressed ,  i t s  focus.  became concen- 

t r a t e d  on methanol, f o r  s e v e r a l  reasons .  The f i r s t  reason i s  

t h a t  it i s  e a s i l y  s e p a r a b l e  from c o a l .  



It was soon concluded that, for any system to be 

interesting, it is necessary to separate the coal from the 

liquid, so that the liquid can be sold on the premium fuel 

market. It does not make economic sense to degrade an expensive 

liquid fueld by contaminating it with coal unless the liquid 

can be restored to its premium value at-the pipeline terminal. 

The options for consumption and marketing of the delivered 

fuel are discussed in Section 1.5. 

It is necessary to immediately emphasize that this 

conclusion relates to long-distance.pipe1ining of coal in 

coal-derived synthetic engine fuels. It does not relate to 

the introduction of coal into natural fuel which is 

currently being burned in existing stationary power plants. 

In the latter case, coal is being substituted for oil which 

is already being consumed in stationary markets. In the 

former case, coal-derived engine fuels are restored to their 

premium state after pipelining and then displace highly refined 

petroleum derivatives in mobile markets. 

The synthetic light fuels may be readily separated 

thermally. However, nothing is known about their rheological 

behavior, and therefore their performance as carriers in a 

slurry are unknown. Also, the process of thermal separation 
Pi 

will .in effect be a fractional distillation with unknown 
, i' 

problems. Therefore, the synthetic light fuels cannot be 

considered within the scope of this study. 

Synthetic crude (syncrude) and other heavy oils 

may be produced by several coal liquefaction processes now 

under development, although none has reached a state of 

development adequate to provide the design basis for a full- 

scale plant. (P- thought treated also under reasontwo below)) 

The syncrude may be slurried directly with the coal, or it may 

,be refined to a f~~e ' l .  nil which is then sluxried. The slurrifi- 

cation step is similar to the methanol slurrification step, 

though both capital and operating costs are expected to be 

,higher because of the higher viscosity of the oil. 



A t  t h e  t e r m i n a t i o n  of t h e  p i p e l i n e ,  t h e  o i l  

s l u r r y  must be  burned d i r e c t l y  a s  power p l a n t  f u e l ,  because 

t h e r e  i s  no known p r a c t i c a l  way t o  s e p a r a t e  t h e  c o a l  and t h e  

o i l .  I n  a s e a r c h  o f  a v a i l a b l e  l i t e r a t u r e  o f  t h e  l a s t  30 t o  

6 0  y e a r s ,  very l i t t l e  i n  t h e  way o f  R and D i n  t h i s  a r e a  was 

d i scovered .  Moreover,. t h e r e  i s  no program now underway t o  

develop  t h a t  technology.  Therefore  syncrude and o t h e r  heavy 

o i l s  a r e  n o t  f u r t h e r  cons idered .  

The f o u r t h  f u e l ,  l i q u e f i e d  gases ,  would be e a s i l y  

s e p a r a b l e ,  a p p a r e n t l y  almost  i d e a l  i n  t h i s  r e s p e c t .  A l s ~ ,  

t h e r e  may w e l l  be  some u s e f u l  a p p l i c a t i o n s  t o  hea t -absorp t ive  

p r o c e s s e s  such a s  r e f r i g e r a t i o n ,  a i r  c o n d i t i o n i n g  or o t h e r  

c o o l i n g  requi rements  i n  f u r n i s h i n g  t h e  h e a t  r equ i red  t o  r e t u r n  

t h e  l i q u i d  f u e l  t o  i t s  gaseous s t a t e .  However, t h e  problems 

t o  be  expected i n  c ryogenic  p i p e l i n e s ,  and i n  p a r t i c u l a r  t h e  

development o f  c o s t  e s t i m a t e s ,  a r e  beyond t h e  scope o f  t h i s  

s tudy .  L iquef i ed  gases ,  t h e r e f o r e ,  cou ld  n o t  be f u r t h e r  

cons ide red  i n  t h i s  s tudy .  

The second reason f o r  t h e  e a r l y  focus upon methanol 

w a s  t h a t  it i s  t h e  on ly  s y n t h e t i c  f u e l  f o r  which t h e  convers ion  

techology p r e s e n t l y  e x i s t s .  

The t h i r d  reason was t h a t  when u n a n t i c i p a t e d  

d i f f i c u l t i e s  were encountered i n  t h e  program, t h e  a d d i t i o n a l  

funding  which was needed t o  t r e a t ' t h e m  could n o t  be ob ta ined .  

It t h u s  became necessa ry  t o  narrow t h e  focus i n  o r d e r  t o  develop 

any conc lus ive  r e s u l t s  a t  a l l .  

D i f f i c u l t i e s  were encountered i n  two a r e a s .  F i r s t ,  

t h e  exper imenta l  p o r t i o n  of  t h e  program y i e l d e d  r e s u l t s  t h a t  

w e r e  i n c o n s i s t e n t  among themselves and a l s o  i n c o n s i s t e n t  w i t h  

some e a r l i e r  work. Second, t h e  r heo log ica l  computer :model 

y i e l d e d  o u t p u t s  t h a t  i n  some i n s t a n c e s  d i d  no t  appear  t o  be reason- 

a b l e .  These two problem a r e a s  i n  t u r n  produced two nega t ive  

r e s u l t s .  The f i r s t  o f  t h e s e  was t h a t  much time and money was 

consumed i n  i t e r a t i n g  between t h e s e  two problem a r e a s  b e f o r e  

t h e  n a t u r e  of t h e  d i f f i c u l t i e s  was f u l l y  understood. The 

second nega t ive  r e s u l t  was t h a t  it became necessary  t o  broaden 

t h e  exper imenta l  program t o  i n c l u d e  a d d i t i o n a l  c o a l s .  This  

was done, b u t  a t  g r e a t  expense t o  t h e  systems a n a l y s i s ,  s o  t h a t  

1- 6 



i n  t h e  end t h e  s t u d y  addressed  o n l y  t h e  coal-methanol system. 

That  i s  t h e  system t h a t  i s  d i s c u s s e d  i n  t h e  remainder o f  t h i s  

r e p o r t .  

1.5 Marketing Options 

The m a r k e t a b i l i t y  o f  a c o a l  s l u r r y  i s  dependent 

upon t h e  s e p a r a b i l i t y  o f  t h e  c o a l  from t h e  carrier  l i q u i d .  I n  

t h i s  r e s p e c t ,  t h e  w a t e r  and o i l  c a r r i e r s  r e p r e s e n t  o p p o s i t e  

ends o f  t h e  spectrum. At:orie extreme,  t h e  unsepara ted  w a t e r  

s l u r r y  i s  u s e l e s s ;  t h e  c o a l  must be  s e p a r a t e d  from t h e  wa te r  

b e f o r e  it can  b e  burned. A t  t h e  o t h e r  extreme, t h e  o i l  s l u r r y  

cannot  be  s e p a r a t e d  and hence can  on ly  be d i r e c t l y  burned a s  

f u e l .  Between t h e s e  extremes f a l l s  t h e  methanol s l u r r y ,  which 

can be  burned whole, o r  i t s  s e p a r a t e d  components can be  burned 

s e p a r a t e l y  and t h e  degree  o f  s e p a r a t i o n  may be  complete o r  o n l y  

p a r t i a l  w i thou t  compromising c o m b u s t i b i l i t y .  Thus t h e r e  i s  a 

broad spectrum o f  market ing o p t i o n s  a v a i l a b l e  a t  t h e  methanol 

p i p e l i n e  t e r m i n a l .  

1 .5 .1  Direct Combus,ion o f  Methanol S l u r r y  

Many c e n t r a l  s t a t i o n  b o i l e r s  which a r e  p r e s e n t l y  

bu rn ing  pe t ro leum o i l s  a r e  under p r e s s u r e  t o  c o n v e r t  t o  c o a l ,  

which is an expens ive  p rocess .  Recognizing bo th  t h e  i n c e n t i v e  

and t h e ' p r o b l e m ,  t h e  ERDA, a DOE p redecesso r ,  i n i t i a t e d  a r a t h e r  , 

e x t e n s i v e  R ,  D,  .and D program i n  c o a l - o i l  s l u r r y  combustion t o  

de te rmine  whether  t h e  s l u r r y  can  b e  burned i n  t h e  e x i s t i n g  o i l -  

f i r e d  b o i l e r s  w i t h o u t  major m o d i f i c a t i o n .  

. I f  t h e  necessa ry  combusion R,  D ,  and D i s  s u c c e s s f u l l y  

completed,  a s i g n i f i c a n t  market f o r  combust ib ie  s l u r r i e s  w i l l  be 

c r e a t e d .  The coal-methanol s l u r r y  cou ld  ve ry  p o s s i b l y  p e n e t r a t e  

t h i s  market.  However, it appea r s  u n l i k e l y  t h a t  t h e  movement t o  

s y n t h e t i c  f u e l s  would b e n e f i t .  



The s l u r r y  cou ld  a l s o  be used d i r e c t l y  a s  

p i p e l i n e  f u e l .  When burned i n  a gas t u r b i n e  w i t h  a  bottoming 

eng ine ,  t h e  o v e r a l l  e f f i c i e n c y  o f  t h e  pumping process  would 

t h e n  be approximately 50% g r e a t e r  than  t h a t  o f  t h e  e l e c t r i -  

c a l l y  d r i v e n  prime movers. The d i r e c t  use of  t h e  s l u r r y  a s  

prime mover f u e l  would render  t h e  s l u r r y  p i p e l i n e  t h e  most 

e n e r g y - e f f i c i e n t  of  a l l  c o a l  t r a n s p o r t a t i o n  modes i n s o f a r  as 

t h e  consumption o f  mechanical pumping energy is concerned. 

However, because of  t h e  s i g n i f i c a n t  R and D t h a t  would be  

r e q u i r e d ,  t h i s  o p t i o n  w a s  n o t  f u r t h e r  cons idered .  

1.5.2 Combustion o f  Separa ted  Methanol 

The s l u r r y  may be s e p a r a t e d  i n t o  powdered c o a l  

and methanol, and t h e  l a t t e r  may provide  f u e l  f n r  s ~ v ~ r a l  

a p p l i c a t i o n s .  A s  noted  e a r l i e r ,  t h e  degree  o f  s e p a r a t i o n  

may be complete o r  o n l y  p a r t i a l .  

1.5.2.1 Powdered Coal 

The combustion o f  t h e  pu lve r i zed  c o a l ,  a f t e r  

i t s  s e p a r a t i o n  from t h e  methanol, i n  power p l a n t  b o i l e r s  i s  

an  obvious ly  v i a b l e  approach. A v a r i a t i o n  i s  t o  s l u r r y  t h e  

c o a l  i n - n a t u r a l  o i l s  f o r  combustion i n  o i l  burning  p l a n t s ,  

t he reby  reducing  t h e  petroleum demand o f  t h o s e  p l a n t s .  

T h i s ,  o f  course ,  i s  t h e  o p t i o n  t o  which t h e  DOE program i s  

d.i.rectsd. 

Another o p t i o n  i s  t h a t  t h e  powdered coal, a f t e r  

s e p a r a t i o n  from t h e  s l u r r y ,  may be  used a s ; f e e d s t o c k  f o r  low- 

Btu gas  p l a n t s  i n  a r e a s  where wa te r  f o r  t h e  g a s i f i c a t i o n  is 

a v a i l a b l e ,  o r  f o r  s y n t h e t i c  n a t u r a l  gas  p l a n t s  or'ammonia p l a n t s .  

1.5.2.2 Separa ted  Methanol 

The s e p a r a t e d  methanol c o n s t i t u t e s  a  premium f u e l ,  

whose u s e s  depend upon t h e  degree  of s e p a r a t i o n .  Four l e v e l s  

o f  s e p a r a t i o n  and t h e i r  a p p l i c a t i o n s  a r e  d i scussed  below. 

(1) A t  t h e  low end o f  t h e  s e p a r a t i o n  spectrum i s  

t h e  methanol from s l u r r y  which has  only  been s u b j e c t e d  t o  t h e  

i n i t i a l  d e c a n t a t i o n .  This  methanol c o n t a i n s  f i n e  c o a l ,  a long  



with some of the very fine mineral matter and perhaps some 

of the volatiles which were originally present in the coal. 

It is not expected that these latter substances will signif- 

icantly affect the combusion properties of the separated 

methanol. However, they may have adverse effects in terms 

of pollutant emission and thus limit thebreadth of the 

available market. 

(2) From the marketing point of view, the next 

level of separation is that at which a sufficient portion of 

the mineral and coal content has been removed from the methanol 

to permit its combustion in open-cycle gas turbine engines. 

It is important to recognize two points about this potential 

garket penetration. 

First, gas turbines presently burn only petroleum 

or natural gas fuels. The penetration of this market by coal- 

derived methanol thus represents a conversion from consumption 

of those precious fuel forms to coal. This step will represent 

a significant achievement. 

Second, the gas turbine market is constituted of a . 

larger number of smaller units than the central station boiler 

market. Moreover, these units are nore widely distributed 

geographically, so that a distribution system will be needed, 

although it need not be either elaborate or extensive. Only 

a terminal with tankage and loading pumps, and a small fleet of 

tanker trucks, will be required. 

(3) The next higher level of methanol separation 

is that at which sufficient mineral matter and potential pol- 

lutants have been removed to permit combustion in reciprocating 

engines. The market opportunity thereby created, ie,the auto- 

motive fuel market, is far beyond the capacity of any single 

pipeline to supply. Since the present purpose is only to 

identify that market and not to analyze it in depth, only a 

few descriptive comments are in order. 

First, the market possibilities include displacement 

of gasoline, and possibly diesel, as engine fuel. 



- .  

Second, as Nierenberg (1976) has  observed i n  t h e  

foreword t o  B a r r  and Parke r  (1976) r ega rd inq  i n t r o d u c t i o n  

o f  methanol as a  f u e l ,  methanol i s  t h e  only. non-petroleum 

v e h i c u l a r  f u e l  which q u a l i f i e s  f o r  b o t h  massive and e a r l y  

i n t r o d u c t i o n .  I t  i s  t h e  United S t a t e s '  s o l e  oppor tun i ty  f o r  

ach iev ing  complete independence from OPEC i n  t h e  t w e n t y - f i r s t  

c e n t u r y .  Th i s  i s  n o t  t o  say  t h a t  Nierenberg and o t h e r  

methanol proponents ,  eg ,  Reed and Lerner  (1973) ,  a r e  t o t a l l y  

c o r r e c t  i n  t h e i r  b e l i e f  t h a t  methanol i s  ready f o r  immediate 

and massive i n t r o d u c t i o n .  As t h e  opponents,  eg ,  Freeman e t  

a1 (1976) p o i n t  o u t ,  t h e r e  a r e  p r a c t i c a l  o b s t a c l e s  t o  immediate 

i n t r o d u c t i o n .  But overcoming such o b s t a c l e s  i s ,  o r  should be ,  

p r e c i s e l y  t h e  mission of  t h e  DOE and i t s  Divis ion  of Trans- 

p o r t a t i o n  Energy Conservat ion.  

T h i r d ,  i f  one looks ahead t o  t h e  t i m e  i n  t h e  

t w e n t y - f i r s t  cen tu ry  when f o s s i l  f u e l s  a r e  s o  d e p l e t e d  t h a t  

t h e y  must be d i s p l a c e d  by o t h e r  sources ,  t h e r e  a r e  on ly  t h r e e  

pre-eminent c a n d i d a t e s  f o r  l i q u i d  ( v e h i c u l a r )  f u e l s :  hydrogen, 

methanol and s y n t h e t i c  g a s o l i n e .  Regardless  o f  which one of  

t h e s e ,  o r  some o t h e r ,  u l t i m a t e l y  p r e v a i l s ,  a  g r e a t  d e a l  of R 

and D must b e  performed i n  o r d e r  t o  even make an i n t e l l i g e n t  

d e c i s i o n .  Thus, by under taking  now an R,  D ,  and D program on 

coal-methanol s l u r r i e s ,  t h e  n a t i o n  w i l l  s imul taneous ly  be 

developinq  some of t h e  informat ion  needed f o r  t h a t  langer-  

t e r m  dccisiun. 

( 4 )  The h i g h e s t l e v e l  of s l u r r y  s e p a r a t i o n  which 

i s  of  i n t e r e s t  i s  t h a t  i n  which t h e  methanol i s  p u r i f i e d  t o  

t h e  s t andard  f o r  i n d u s t r i a l  methanol and sold as suoh r a t h e r  

t h a n  a s  f u e l .  The spnt p r i c e  was about  40 t o  45C/gallol1 i r i  

e a r l y  1 9 8 ~ w h i c h  may be  compared w i t h  t h e  approximately 80C-$1 

per g a l l o n  f o r  g a s o l i n e  ( s e e  Sec t ion  3.2.3.2 be low) .  With an 

energy c o n t e n t  (low h e a t  va lue )  of 18,900 Btu p e r  pound 

(118,200 Btu p e r  g a l l o n )  f o r  g a s o l i n e  and 8,570 Btu p e r  pound 

(56,900 Btu p e r  g a l l o n )  f o r  methanol, t h e  energy c o s t  r a t i o  

o f  methanol is l e s s  t h a n  twenty p e r c e n t  above t h a t  of  gasol ine ,  

s o  t h a t  it seems u n l i k e l y  t h a t  t h e  a d d i t i o n a l  c o s t  of  p u r i f i -  

c a t i o n  t o  i n d u s t r i a l  grade would be j u s t i f i e d .  



1.5.3  Leve l s  o f  Market P e n e t r a t i o n  

The p r e c e d i n g  d i s c u s s i o n  h a s  i d e n t i f i e d  f o u r  

l e v e l s  o f  market  p e n e t r a t i o n  a v a i l a b l e  t o  methanol a f t e r  

i t s  s e p a r a t i o n  from t h e  c o a l ,  i e ,  b o i l e r  f u e l ,  ga s  t u r b i n e  

f u e l ,  r e c i p r i c a t o r  f u e l ,  and i n d u s t r i a l  a l c o h o l ,  a n d ' h a s  

shown t h a t  t h e s e  p r o g r e s s i v e  l e v e l s  o f  market  p e n e t r a t i o n  

a r e  , a s s o c i a t e d  w i t h  f o u r  p r o g r e s s i v e  l e v e l s  of  s e p a r a t i o n  

o f  t h e  methanol from t h e  c o a l  and i t s  subsequent  p u r i f i c a -  

t i o n .  The market  o p p o r t u n i t y  a s s o c i a t e d  w i t h  e i t h e r  o f  t h e  

f i r s t  two .of t h e s e  l e v e l s  ( b o i l e r  f u e l  and t u r b i n e  f u e l )  i s  

s u f f i c i , e n t  t o  s u p p o r t  s e v e r a l  p i p e l i n e s ,  each  moving 25 

m i l l i o n  t o n s / y e a r  o f  c o a l  o r  more. The p o t e n t i a l  market  

a s s o c i a t e d  w i t h  t h e  t h i r d  l e v e l  o f  s e p a r a t i o n ,  i e ,  t h e  marke t  

f o r  i n t e r n a l  combustion eng ine  f u e l  i n c l u d i n g  t h e . a u t o m o t i v e  

f u e l  market  i s  v a s t  and f a r  exceeds  any o f  t h e  o t h e r s ,  o r  a l l  

o f  them combined. 

1.6 P r o p r i e t a r y  P r o c e s s e s s  

M r .  Leonard J. KeUer i s  t h e  i n v e n t o r  o f  U . S .  

P a t e n t  4,045,092,  "Fuel  Composition and Method o f  Manufac ture , "  

which d i s c u s s e s  a coa l -methano1 ,mix ture  t h a t  i s  g iven  t h e  

r e g i s t e r e d  p r o p r i e t a r y  t r a d e  name "Mathacoal ."  The a b s t r a c t  of  

t h i s  p a t e n t  i s  shown i n  F i g u r e  1.6-1. Methacoal  i s  d e s c r i b e d  

as  d i s t i n c t  from and s u p e r i o r  t o  common s l u r r i e s ,  i n  t h a t  it 

i s  a  " s t a b l e  suspenso id"  which does  n o t  s e t t l e ,  i e ,  t h e  c o a l  

does  n o t  s e p a r a t e  from t h e  methanol d u r i n g  i n d e f i n i t e  s t o r a g e .  

Table  1 .6-1 l i s t s  some K e l l e r  p a t e n t s  r e l a t i n g  t o  c o a l .  

M r .  K e l l e r  i~ p r e s i d e n t  of t h e  Kell.er Corpora t ion  

and t h e  Methacoal Corpora t ion ,  which a r e  t h e  companies th rough  

which he and h i s  a s s o c i a t e s  a r e  promoting t h e  commerc i a l i za t ion  

o f  Methacoal .  The Methacoal Corpora t ion  coope ra t ed  i n  many 

ways w i t h  Engineer ing  Management and Development, I n c  t h roughou t  

t h i s  program; however, t h e  r e s u l t s  which are p r e s e n t e d  i n  t h i s  

r e p o r t  do n o t  re la te  t o  Methacoal .  To avo id  i n f r i n g e m e n t ,  care w a s  

t aken  t o  i n s u r e  t h a t  t h e  mix tu re s  t h a t  were e x p e r i m e n t a l l y  

c h a r a c ' t e r i z e d  i n  t h i s  program were made by c o n v e n t i o n a l  g r i n d i n g  

and mixing.  These common s l u r r i e s  w e r e  f u r t h e r  d i s t i n g u i s h a b l e  

from Methacoal  i n  n o t  b e i n g  " c r i t i c a l l y  s i z e d  and shaped"  and 
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United States Patent [I91 

Keller 
[Ill 4,045,092 
[45] Aug. 30, 1977 

[54] FUEL COMPOSITION AND -OD O F  
MANUFACI'URE 

1751 inventor: Lea& J. ~ l l l e r ,  Dallas,'Tex. 

[73] Assignee: The Keller Corporation, Dallas, Tex. 

[21] Appl. No.: 615,697 

[22] Filed: Sept. 22, 1975 

[51] Int. Cl .2  ......................... B65G 53/j0, ClOL 1/32 
(521 US. Cl. ........................................ 302/66; 137/13; 

4415 1 
(581 Field of Seveh ................. 44/5 1; 302/66; 137/13 

[561 Refereaces Cited 
U.S. PATENT DOCUMENTS 

............................. 1,623.241 4/1927 Greenstreet 44/51 
1,681,335 8/1925 Griessbach et al. ..................... 44/51 
2,131,308 9/1938 Blummer ..... : ............................ 44/91 
2.461.580 211949 Wiczer et al. ........................... 44/51 
3.389.714 6ii9d8 ~ u g h c s  et al. ......................... 137113 
3.926.203 12/1975 Marsden, Jr. et al. ..... : .......... 302/66 

Primary fiaminer--Daniel E. Wyman 
Asristant Examiner-Mrs. Y. Hams-Smith 
Attorney, Agent, or Firm-James C. Fails 

4~ economical fuel composition that can be readily 
t r a n s ~ r t e d  and stored and that has good nonpollution 
properties characterized by a combustible, pseudo-thix- 
otropic liquid-did suspensoid including a critical pro- 
portion of coal particles having a critical settling veloc- 
ity substantially uniformly dispersed in a solution of 
methyl fuel including methanol, water and other alco- 
hol-soluble constituents of the coal. The critically sized 
and shaped coal particles are worked in the presence of 
the methyl fuel to become wet along all surfaces, such 
that the coal particles are maintained in suspension by 
even low intensity stirring in storage and do not sepa- 
rate out upon flow through a pipe line. The suspensoid 
has shear thinning rheological properties so as to be 
pumpable with a lower apparent viscosity than its at rest 
viscosity. 

13 Claims, 2 Drawing Figures 

METHYL 
/9.- - F U E L  

OVERSIZE 2 5 1 -  \ - 2 7  

PULVERIZER 

STORAGE f H ICKENER 

RAILROAD TANK CAR 
TANK TRUCK 

Figure  1 . 6 - 1  Abs t r ac t  of  Methacoal P a t e n t  
. . 
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Table 1.6-1 

Keller Patents and Disclosures Related to Coal 

Number Date - Title 

Method of making available fuels 

from artic environments 

A method. of preparing low-sulfur, 

low-ash fuel 

Fuel  omp position and method of 

manufacture 

Stabilized suspension of carbon 

in hydrocarbon fuel and method of 

preparation 

Method of converting combustion 

from hydrocarbonaceous fuel to 

carbonaceous fuel 

Vethod of removing gangue 
materials from coal 

Method of Producing Pulverulent 

carbonaceous Fuel 



i n  t h a t  t h e y  were n o t  s t o r a b l e ;  upon s t a n d i n g  f o r  a t i m e ,  

t h e  c o a l  s e t t l e d  i n t o  a hard  plug.  

Thus, whi l e  s t r i c t l y  speaking t h e  conclus ions  o f  

t h i s  s tudy  apply  o n l y  t o  common s l u r r i e s ,  v i r t u a l l y  a l l  of  

t h e  f avorab le  conc lus ions  can a l s o  be drawn w i t h  r e s p e c t  t o  

Methacoal, excep t  t h a t  t h e y  can be  s t a t e d  even more favorably .  

I n  o t h e r  words, when t h e  claimed s u p e r i o r  p r o p e r t i e s  of 

Methacoal have been v e r i f i e d ,  it can be assumed i n  g e n e r a l  

t h a t  whatever can be done wi th  t h e  common s l u r r i e s  can be done 

b e t t e r  w i t h  Methacoal. There i s  one excep t ion  t o  t h i s  r u l e ,  

i n  t h a t  t h e  s u p e r i o r  s t a b i l i t y  o f  Methacoal can be expected 

t o  r ender  it less r e a d i l y  s e p a r a b l e  by mechanical means than  

would be t h e  c a s e  w i t h  a common s l u r r y .  However, a s  t h e  

s e p a r a t i o n  p l a n t  des ign  t u r n s  o u t ,  most of  t h e  s e p a r a t i o n  i s  

done the rmal ly ,  which i s  independent of t h e  mechanical 

s t a b i l i t y  of  t h e  suspension.  Even i f  t h e  mechanical separ-  

a t i v e  work were doubled i n  t h e  c a s e  of  Methacoal, t h e  e f f e c t  

upon t h e  system economics would be smal l  and would t end  t o  

be o f f s e t  by t h e  advantages of  t h e  Methacoal 's  s t a b i l i t y .  



2.0 Methanol as a Slurry Carrier Liquid 

2.1 Superiorities of Methanol as Carrier Liquid 

At the outset, it was known from prior work 

(Banks and Horton, 1977) that methanol possesses a number 

of attractions, at least in principle, as a slurry carrier 

liquid for long-distance coal transportation. Therefore, al- 

though other candidate liquids had been identified which 

deserved consideration, first attention was addressed to 

methanol systems. Methanol deserves this primary emphasis by 

virtue of several attractions. 

First is the ready d,eparability of methanol from 

coal, at the pipeline terminal, a characteristic which makes 

it superior to both water and the oils as a carrier. 

Second is the ability of methanol to accept bone-dry 

coal at the head of the pipeline and deliver the coal in the 

same condition at the terminal. This characteristic also makes 

it superior to both water and oil as a carrier. The superiority 

to oil results from the alcohol-water intersolubility, which 

does not exist between water and oils. 

Third is the potential of methanol to permit most of 

the water requirement for the conversion-transportation complex 

to be supplied by the native bed moisture of the coal, thus 

reducing the amount of the scarce western water supply that 

must be consumed. To convert coal to the hydrocarbon fuels 

requires a much greater water-to-coal ratio at the conversion. 

plant intake than does methanpl conversion. Thus, this char- 

acteristic makes methanol superior to both water and to the 
hydrocarbon fuels as a carrier liquid. 

Fourth is the simple fact that the transportation 

load in the dry-coal methanol pipelinetas compared to other 

forms of coal transportation, is much less. If, for example, 

the as-mined moisture is 30 percent, then the dry-coal pipeline 

must transport only 1400 pounds, whereas the.other transporta- 

tion modes must transport a full ton. 



Fifth is the fact that drying the coal in conjunc- 

tion with the coal-to-methanol conversion process permits 
conversion of low-grade heat to high-grade heat, in apparent 
defiance OF thq second law of thermodynamics. The reason is 
that the moisture must be thermally evaporated from the coal 

in the power plant boiler if it has not been removed earlier. 
While the sensible portion of this heat can be partially re- 
covered in the steam,cycle, the latent portion cannot even be 
made available.to the steam cycle if there is any sulfur or 
other corrosive element in the coal which prevents cooling 

the stack gas s;ufficiently to condense the water vapor. There- 
fore, when the coal is dried in the boiler, more than 90 per- 
cent of the energy to dry the coal is unrecoverable in t h e  steam 

cycle. This penalty is about 300 to 400 BTU per pound, or 3% 
to 5 percent of the heat contenL of the coal itself, for a 
typical western coal. If the drying were done at the mine 
with coal which was burned only for that purpose, the penalty 
would be the same as in the case when the drying is done in 
the power plant boiler, and there would be no net gain for the 
total conversion-transportation-power system. But when the 
coal is slurried in a coal-derivative fuel which is synthesized 

.at the mine-mouth, the drying process can use that heat which 
would otherwise be wasted from the fuel synthesis plant. 

The question may properly be asked whcther this 
energy saving should be credited to the efficiency of the 
power plant or to the efficiency of the coal conversion plant, 
The answer is clear: to neither, because the saving cannot be 

achieved by either of the two acting alone, L-~ur by the two 
acting together. The saving can only be realized with the 
methanol slurry pipeline, ie, this saving is only possible 
when the transportation system is a slurry pipeline in which 
the carrier liquid is a synthetic fuel derived from coal. 

Stated differently, the transportation system receives the 
credit because without the transportation system there is no 
credit. 
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It is further interesting to observe that the effect 

of this is the converskon of low-grade heat into high-grade 

heat, which, as has been noted, is in apparent defiance of 

the second law of thermodynamics. Low-grade heat (at a few 

hundred degrees F) which'would otherwise be wasted is taken 

from the coal liquefaction plant and re-appears a thousand 

miles away in the power plant boiler at 3000 F. This energy 

has not only been upgraded but has been transported free. 

These attractions make methanol the superior 

choice for a carrier liquid. They are recapitulated in 

Table 2.1-1. 

2.2 Inferiority of Methanol as Carrier Liquid 

Contrary to indications from earlier work (Banks 

and Horton, 1977), this study finds that pressure drops'in 

coal-methanol pipelines are generally higher than in ,coal-water 

systems. However, the advantages of .methanol described above 

.more than offset this disadvantage, so that the' methanol 

system is superior to the water system, in terms of both 

economics and energetics. 



Table 2.1-1 

Attractions of Methanol as Slurry Carrier Liquid 

.1 Ready separability from the coal 

2 Ability to accept and deliver virtually bone-dry coal 

3 Potential reduction/elimination of the. system water 
requirement. 

4 Reduction of the transportation load 

5 .Increase of total system thermal efficiency 



3.0 The System Model 

3.1 The Reference System 

As.a prelude to discussion of the system model, 

it is first necessary to identify the system which is being 

modeled. For this analysis, the reference pipeline system' 

which. is summarized in Table 3.1-1 was selected for purposes 

of comparison and analysis. It accepts . typical "estern 

sub-bituminous coal and conveys that coal across the 

relatively gentle terrain of the central great plains to a 

distant market to the east and/or south. Such markets are 

,usually about 5,000 feet lower in elevation than the coal mine, 

and the benefit of this significant free fall is recognized in. 

the model. This reference system is similar to the line being 

p.romoted by Energy Transportation Systems, Inc. (ETSI) and to 

several other currently proposed systems. 

Studies by several authors have shown that the pipe- 

line is only competitive with the railroad at relatively long 

distances, approximately a thousand miles, and at large capa- 

cities, 20-25 milliontons/year. Accordingly, a throughput of 

25 million tons of as-mined coal per year (TAM/yr), equal to 

2,000 tons of dry solids per hour (TDS/hr) is used. 

The reference methanolization plant is taken to 

be of the appropriate size to supply the amount of methanol 

required to carry the 2000 TDS/hr. Thus, 'the plant output 

might be as large as 3000 Tons/hr for a slurry concentration 

of 40% by weight or as low as 1333 Tons/hr for a concentration 

of 60%. It will be seen later that most cases of interest 

involve concentrations above the middle of this range, be- 

.cause of the desirability of conserving energy and water. 

This latter factor is of great importance here, since the 

western coalfields are .in arid regions. This question of con- 

servation of water, is diacus~ed further in Section 6.0 below. 



Table 3.1-1 

Reference Pipeline System 

Length 

Free Fa l l  

Throughput 

(1) Tons Dry Solids 

( 2 )  Tons As-mined 

LOO0 Miles 

5000 Feet 



3.2 'The Subsystem Models 

The complete system.mode1 consists of a set of models 
(submodels), as shown in Figure 3.2-1. In the rheological lab- 
oratory, slurries are prepar.ed of a given coal and li.quid, and 

viscometer measurements are made for series of concentrations. 
The raw ,-aboratory data are processed by the rheological model, 
which calculates the pressure drop for a specified range of 
pipe diameters and flow speeds. 

The output of the rheological model is input to the 
pipeline cost model. A set of cases whose sp,eed and Reynolds 
Numbers are.acceptable is selected,. and the pipeline cost. 
model calculates the construction.and operation costs of the 
pipeline. In the process, the energy consumption is calculated 
and printed as a separate output. The pipeline cost model 
output is input to the3tariff model, which calculates the tariff 
tn dollars per million BTU transported per thousand miles.' 

The synergism model takes as its starting'point 
the methanol plant model which was developed by B.adger Plants., 
Inc. , (Badger 1978) (See Section '3.3 below) . -It .also accepts 
output of the pipeline cost model. The Badger methanol plant 
is modified in several respects in .order to marry:it with the 
pipeline   reparation (slurrification) plant. The cost of the 
methanol from the plant is the output. This model is r,ot com- 
puterized; it is a methodology rather than an algorithm. Since 

it involves design modifications, it is not amenable to com- 
puterization. 

Each of these models is briefly discussed in the 
sections to follow. 

3.2.1 The Rheologiaal Model 

The rheological model used in this study is that . 

which was developed by Dr. Robert Faddick of the Colorado School 
'of Mines. The model accepts as input the raw data generated 
in the rheological laboratory by the rotational viscometer, ie, 
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angular  speed of  t h e  r o t a t i n g  t h e  element and t h e  angu la r  
o f f s e t  o f  t h e  s t a t i o n a r y  element cup a g a i n s t  ' t h e  to rque  o f  

i t s  r e t a i n i n g  s p r i n g ,  a long  wi th  t h e  q u a n t i t i e s  which 
c h a r a c t e r i z e  t h e  c o n f i g u r a t i o n  o f -  t h e  viscometer .  Alterna-  

t i v e l y ,  measurements of  w a l l  shea r  stress and s h e a r  s t r a i n  

r a t e  ob ta ined  by o t h e r  means can be accepted .  Measurements 
a r e  made over  a  range o f  c o n c e n t r a t i o n s ,  u s u a l l y  t h r e e  t o  

f i v e .  With t h e  Brookf ie ld  viscometer  which i s  i n  t h e  labora-  

t o r y  a t  Colorado School of Mines, a  range of  about  t e n  i n  

s h e a r  s t r a i n  r a t e  i s  covered. 
I n  t h e  Faddick model, t h e  d a t a  a r e  f i t t e d  t o  a  

y ie ld -pseudop las t i c  curve ,  an approach which r e q u i r e s  c a u t i o n  

t o  ensure  t h a t  t h e  s h e a r  r a t e s  i n  t h e  p ipe  do n o t  exceed t h o s e  

i n  t h e  l a b o r a t o r y  ins t ruments .  However, i n  t h e  cases p resen ted  
he re ,  t h i s  w a s  n o t  t h e  c a s e ,  i e ,  t h e  s h e a r  r a t e s  i n  t h e  p ipe  
f a l l  w i t h i n  range o f  t h e  labora to ' ry  measurements, and use 

o f  t h e  pseudop las t i c  model i s  j u s t i f i e d  by t h e  f a c t  t h a t ,  over  
t h e  range of  s h e a r  r a t e s  t a s t e d ,  it gave t h e  b e s t  f i t  t o  t h e  
d a t a .  This  o f  course  i s  t o  be  expected ,  s i n c e  t h e  y i e l d -  
pseudop las t i c  i s  a  three-parameter  model, wh i l e  t h e  o t h e r  two 
common models (Power Law and Bingham P l a s t i c )  a r e  only  two- 
parameter  models. 

Next, f o r  a  s p e c i f i e d  p ipe  diameter  and speed of  
flow, t h e  model c a l c u l a t e s  t h e  g e n e r a l i z e d  Reynolds number 
(Metzner and Reed, 1955) and o t h e r  d imensionless  c h a r a c t e r i z a -  

t i o n s  a s  needed, determines t h e  flow regime, and c a l c u l a t e s  
pressure drop i n  t h e  line.. The equa t ions  and c o r r e l a t i o n s  
used a r e  taken  from t h e  l i t e r a t u r e .  An e x c e l l e n t  summary i s  
given i n  Chapter 5  of Govier and Aziz (1972) .  There a r e  more 

than  two dozen o p t i o n s  i n  t h e  model, a t  w h i c h . s e l e c t i o n s  be- 

t w e e n > . a l t e r n a t e  c o r r e l a t i o n s  a r e  chosen according  t o  c r i t e r i a  
which g e n e r a l l y  r e s p e c t  t h e  op in ions  o f  t h e  o r i g i n a l  exper i -  

. , 

menter who e s t a b l i s h e d  t h e  correlat . j , 'nn.  



This model has some advantages and disadvantages. 

Its advantages include the fact that it is comprehensive and 

that it has been validated for a fair number of cases. Its 

disadvantages include the fact that it has not been validated 

for the coals which were studied in this program. It has been 

validated for other mineral slurries in pipes up to 36 inches 

diameter. Also, the model has not been published and so has 

not had the benefit of peer review and validation. However, 

there is nothing else available in the public domain which 

approaches this model in scope and in extent of validations 

with other slurries. 

3.2.2 The Pipeline Cost Model 

The pipeline cost model was first developed by 

Pipe Line Technologists, Inc. (PLT) in 1976, under an earliez 
DUE contract. For this study, the earlier model was updated, 

including escalation to 1979 dollars. As was noted earlier, 

the model consists of four submodels: line, pump stations, 

preparation plant and separation plant. They are summarized 

in Table 3.2.2-1 and are discussed below. 

3.2.2.1 The Line Cost Model 

Three pipe diameters were selected, 2411, 30" and 

40", which would bracket the range of interest, and line costs 

(without pump stations) were estimated. It was recoqnized that 

the intermediate sizes, 32", 34", etc., could not be reliably 

estimated by simple interpolation between the three calculated 

values, or even by a sophisticated interpolation for that 

matter. The three baseline sizes were chosen because they are 

in a sense standard. For example, while there is nothing to 

distinguishthe mill price of 34" pipe from that of 30" in terms 

of cost as.it relates primarily to weight, as well as to other 

variables such as diameter and thickness, there are important 

differences in construction methods and construction equipment 

such as mandrels. The result is that a fair amount of construc- 

tion-site improvisation is often necessary for the non-standard 

sizes. 
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Table 3'. 2.2-1 

Pipeline Cost Model 

(1979 $1 

Pipeline Proper 

14 Inch - 
30 Inch - 
40 Inch - 

Pump Stations 

5 Pumps 

10 Pumps 

15 Pumps 

Preparation Plant 

Separation .Plant 

(1) Varies with concentration 



For t h i s  s tudy ,  it w a s  decided t o  d i s r e g a r d  

t h e s e  s u b t l e t i e s  and employ a smoothed c o s t  curve  through 

. t h e  t h r e e  basic p o i n t s .  The r a t i o n a l e  f a r t h i s  approach 

i s  t h a t  f o r  t h i s  s t u d y  it i s  much more impor tant  t o  p roper ly  

d i s c e r n  t h e  c o s t  t r e n d s  . than a t t empt  t o  estimate a b s o l u t e  

v a l u e s  wi th  p r e c i s i o n .  

3.2.2.2 The Pump S t a t i o n  Cost  Model 

The.pump s t a t i o n s  w e r e  designed around t h e  

Wilson-Snyder pump, which i s  t h e  pump used i n '  Black Mesa 
p i p e l i n e .  Q u o t a t i o n s  were ob ta ined  from t h e  Wilson-Snyder 

d i v i s i o n  of U.S. S t e e l  Corpora t ion ,  and s t a t i o n s  were c o s t e d  

f o r  5 ,  1 0 ,  and 15 pumps, from which a  s m ~ o t h e d  c o o t  curve  

was der ived .  
The model t a k e s  t h e  i n p u t  c h a r a c t e r i s t i c s  o f  t h e  

s l u r r y ,  a long w i t h  t h e  diameter  and a l lowable  p r e s s u r e  i n  t h e  
p i p e ,  and c a l c u l a t e s  t h e  r e q u i r e d  number of  pump s t a t i o n s  and 

t h e  number o f  pumps p e r  s t a t i o n .  A s p a r e  pump i s  added a t  each 
s t a t i o n  and t h e  c o s t  o f  t h e  s t a t i o n  is t h e n  t aken  from t h e  c o s t  

curve.  

3.2.2.3 The Separa t ion  P l a n t  Cost  Model 

The s e p a r a t i o n  p l a n t  was f i r s t  designed t o  separ-  

a te  t h e  c o a l  from t h e  methanol thermallly, y i e l d i n g  9 9 . 4 %  

methanol recovery with five flash s t a g e s .  The energy pena l ty  
i s  3.1% of  t h e  s l u r r y  c o n t e n t ,  which can however be reduced 

t o  0 .4% when t h e  h o t  ( f r e s h l y  s e p a r a t e d )  c o a l  i s  f e d  immediately 
t o  t h e  power p l a n t  b o i l e r ,  a s  would o r d i n a r l y  be t h e  c a s e ,  s i n c e  
the s e p a r a t i o n  p l a n t  would be l o c a t e d  n e x t  t o  t h e  power p l a n t .  

T h i s  economy cannot  be  achieved 100% of t h e  t ime,  however, 
because  t h e r e  a r e  t i m e s  when some of t h e  a r r i v i n g  c o a l  i s  be ing  
s t o c k p i l e d ,  A t  t h o s e  t imea ,  t h e  heat i n  t h e  s t o c k p i l e d  c o a l  

w i l l  be  l o s t .  F u r t h e r  s tudy  showed t h a t  s i g n i f i c a n t  economies 

cou ld  be achieved by i n i t i a l  c e n t r i f u g a t i o n  followed by f l a s h  
evapora t ion ,  and t h a t  des ign  was adopted. The es t ima ted  cost 

o f  t h e  s e p a r a t i o n  p l a n t  i s  $125,788,000 f o r  a  s l u r r y  w i t h  s o l i d s  

c o n c e n t r a t i o n  of 60% by weight .  A t  o t h e r  c o n c e n t r a t i o n s ,  t h i s  

f i g u r e  is s c a l e d  accord ing  t h e  six-tenths-power law. 
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3.2.2.4 The Preparation Plant Cost Model 

The preparation plant was designed in two stages. 

First the basic wet-rodmilling slurry preparation process of 

the Black Mesa Pipeline was modified to include hoods for re- 

tension and recovery of methanol vapors. The modification, 

though simple in concept, involves significant expense. The 

requirement is not simply the economic one of the preventing 

loss of valuable vapor, but also one of protecting against 

serious hazard. The basic design approach is to provide good 

ventilation and extensive automation so that human operators 

are near the mills during operation only for occasional 

maintenance, for which they are adequately protected. 

The second stage of preparation plant design is 

its marriage with the methanolization plant. This requires 

that hot methanol vapors from the methanolization plant be 

taken from the process stream at the intake to the methanol 

dryers, conducted to the slurrification plant, passed through 

the incoming coal to remove its moisture and returned to the 

methanol plant, where it enters a second battery of dryers and 

continues on through the process-stream path. The estimated 

cost is $93,800,000. 

3.2.3 The Methanolization Plant Cost Model 

The basis of the methanolization plant model is 

the design study of a coal methanoliztion plant which was done 

by Badger Plants, Inc. (Badger 1978), and upon two reviews of 

their results (Salmon et a1 1979 and Kermode et a1 1980) . For 

the purpose of this study, it was necessary to make adjustments 

in the physical design of the Badger plant and in the calcu- 

lation of the price of methanol. 

3 . ? , 3 , 1  'Design Changes and Capital Cost Adjustments 

The two adjustments which involve changes in the 

capital cost result from changes in the design of the plant so 

that it forms a proper mate for the pipeline system. One such 

design change has been described in the preceding section, ie, 

use 'of the.. raw methanol process stream to. dry the incoming 



c o a l ,  and t h e r e b y  conserving  c o a l  and us ing  t h e  n a t u r a l  

mois ture  i n  t h e  c o a l  t o  s a t i s f y  a p a r t  o r  a l l  o f  t h e  p l a n t  

wa te r  requirement .  This  change adds $382 m i l l i o n  t o  

p l a n t  c o s t .  

The second adjustment  invo lv ing  des ign  'change 

i s  t h e  change from w e t  c o o l i n g  towers t o  t h e  d ry  type , '  

t he reby  e l i m i n a t i n g  by f a r  t h e  l a r g e s t  element o f  t h e  

p l a n t  wa te r  requirement .  The Badger des ign  employs t h e  

w e t  t y p e  because i t s  nor the rn  Alabama s i t e  possessed 

p l e n t i f u l  wa te r  and . t h e  wet towers a r e  cheaper .  However, 

t h e  Badger r e p o r t  p o i n t s  o u t  t h a t  f o r  a wes tern  s i t e  t h e  

d r y  type  would he p r e f e r r e d  .and that: the p l a n t  des ign  

c o u l d  be  modif ied accordingly .  Th i s  change adds $208 

m i l l i o n  t o  t h e  p l a n t  c o s t .  

The Badger cost estimate was $3105 m i l l i o n .  A 

v a l i d a t i o n  s tudy  o f  t h i s  e s t i m a t e  was performed by t h e  

Army Corps o f  Engineers ,  r e s u l t i n g  i n  a f i g u r e  o f  $3489 

m i l l i o n .  Both f i g u r e s  a r e  i n  t h e  l a t e  1977 d o l l a r s .  For 

conservat i sm t h e  h igher  f i g u r e  w a s  used f o r  t h i s  a n a l y s i s ,  

s o  t h a t  t h e  ad . jus ted  b a s e l i n e  c a p i t a l  c o s t  becomes $4079 

m i l l i o n .  

3.2.3.2 Methanol P r i c e  Adjustments 

The Badger s tudy  i n c l  i~ded  s e n s i t i v i t y  c a l c u l a -  

t i o n s  and curves ,  which were used i n  t h i s  a n a l y s i s  t o  a d j u s t  

t h e  p r i c e  o f  methanol t o  t h e  c o n d i t i o n s  o f  t h i s  s tudy.  

An impor tant  element i n  t h e  economics i s  p l a n t  

l i f e .  The fundamental. l i m i t a t i o n  upon bhe l i f e  of a s l u r r y  

p i p e l i n e  i s  t h e  c o r r o s i o n  allowance. The p i p e l i n e  was de- 

s i g n e d  f o r  a t h i r t y - y e a r  l i f e ,  v h i l e  i n  t h e  Badger s tudy  

t h e  methanol p l a n t  l i f e  was taken  a s  twenty y e a r s .  Accord- 

i n g l y ,  ad jus tments  must be made i n  t h e  methanol p l a n t  de- 

p r e c i a t i o n ,  bond l i f e ,  and maintenance s e t - a s i d e  t o  a d j u s t  

t o  a t h i r t y - y e a r  l i f e .  This  l a t t e r  element was c a l c u l a t e d  by 

assuming t h a t  maintenance c o s t  dur ing  the ten-year  l i f e  

e x t e n s i o n  would be double t h e  va lue  used by Badger i n  t h e  



twenty-year c a l c u l a t i o n s .  When a  twenty-year . s inking  fund 

a t  1 2 %  ( t h e  i n t e r n a l  r a t e  of  r e t u r n  f o r  a l l  t h e  c a l c u l a t i o n s )  

i s  e s t a b l i s h e d ,  t h e  p r i c e  .of  methanol over  t h e  t h i r t y - y e a r  

p l a n t  l i f e  i s  inc reased  by 0.09C/gallon. 

For t h i s  a n a l y s i s ,  t h e  i n t e r e s t  r a t e  was i n c r e a s e d  

t o  15% t o  b e t t e r  r e f l e c t  c o n d i t i o n s  i n  1980, a s . c o n t r a s t e d  

wi.th.'.the 1977 condi t i ,ons  (9% i n t e r e s t )  used i n  t h e  Badger 

s tudy.  

The Badger s tudy used25  $/ton f o r  t h e  c o s t  o f  c o a l ,  

a  f i g u r e  which was f i x e d  by t h e  c o n t r a c t .  For t h i s  a n a l y s i s  

s e v e r a l  mines i n  t h e  Powder River  b a s i n  of  Wyoming were ' a sked  

f o r  q u o t a t i o n s  f o r  2 5 , m i l l i o n  tons /year  on a  t h i r t y - y e a r  

c o n t r a c t .  The consens.Ls was t h a t  .a buyer o f  25 m i l l i o n  tons  

p e r  y e a r  on a long-term c o n t r a c t  would o b t a i n  a p r i c e  w e l l  

below 6  $/ton. For cpnservat ism,  8  $/ton was used i n  t h e  

a n a l y s i s .  

The e f f e c t  o f  s c a l e  upon ' the p r i c e  o f  t h e  product  

i s  recognized by a d j u s t i n g  t h e  c a p i t a l  c o s t  i n  t h e  r a t i o  o f  

p l a n t  c a p a c i t i e s ,  taken  t o  t h e  power 0.73, which i s  t h e  

exponent suggested f o r  t h i s  purpose by Kermode (1979).  The 

Badger s e n s i t i v i t y  r a t i o s  a r e  then  ised t o  c o r r e c t  f o r  t h e  

inc reased  c o s t  p e r  g a l l o n  -from t h e  smal l e r  p l a n t .  

The Badger s tudy  concluded t h a t  t h e  p r i c e  o f  

methanol a t  t h e  p l a n t  g a t e  would be 33.6C/gal i n  1987, t h e  

f i r s t  f u l l  y e a r  of f u l l  product ion ,  based upon an annual  

i n f l a t i o n  r a t e  o f  6% d u r i n g  t h e  t e n  y e a r s  from 1977. D e -  

f l a t i n g  t h a t  p r i c e  back t e n  y e a r s  a t  an annual r a t e  o f  s i x  

pe rcen t  y f e l d s  a p r i c e  of  18.8C/gal iii .1977, which i s  t h e  

base  p r i c e  t h a t  i s  used i n  t h e  Badger p r e s e n t a t i o n s .  

However, t h e  p r i c e  c a l c u l a t e d  i n  t h i s  way i s  n o t  i n  terms 

of  t r u l y  c o n s t a n t  1977 d o l l a r s .  The d o l l a r s ' w h i c h  flow 

i n t o  t h e  p r o j e c t  i n  1986 f o r  example, a r e  i n f l a t e d  only  

once t o  b r i n g  them up t o  1987, b u t  then  they  a r e  d e f l a t e d  

t e n  t imes  t o b r i n g  them back t o  1977. Thus, t h e  c o n t r i b u t i o n  



d f  t h e s e  d o l l a r s  t o  t h e  18.8$/gal p r i c e  i s  t o o  .low by a  f a c t o r  

o f  ( l .06)- '  = 0.592, o r  4 1  percent ,  

Salmon e t  a 1  (1979). and Kermode e t  a 1  (1980) have 

r e c a l c u l a t e d  t h e  p r i c e  o f  methanol from t h e  ~ a d g e r p l a n t  i n  

t r u l y  c o n s t a n t  1977 d o l l a r s ,  a r r i v i n g  a t  24.5C/gal and 24.2C/ 

g a l  r e s p e c t i v e l y .  T h i s  l a t t e r  va lue  i s  ob ta ined  by l o g a r i t h -  

mic i n t e r p o l a t i o n  of  Table I V  i n  t h e  r e fe rence .  For t h i s  

a n a l y s i s ,  t h e  h i g h e r  o f  t h e s e  two f i g u r e s  was taken a s  t h e  

b a s e l i n e  p r i c e  o f  methanol a t  t h e  p l a n t  g a t e  i n  c o n s t a n t  

1977 d o l l a r s .  Th i s  b a s e l i n e  , f i g u r e  is t h e n  a d j u s t e d  for  i n -  

f l a t i o n  by a f a c t o r  of  1.225, which t u r n s  o u t  t o  be almost 
i d e n t i c a l  t o  t h e  i n f l a t i o n  e f f e c t  shown by Kermode e t  a 1 . h  

t h e i r  Table IV. Then, us ing  t h e  Badger s e n s i t i v i t y  cu rves  t o  
allow f o r  t h e  f a c t o r s  l i s t e d  i n  Table 3.2.3.2-1, t h e  coef-  

f i c i e n t s  and adjus tment  amounts shown t h e r e  were der ived .  

The f i n a l  a d j u s t e d  p r i c e  i s  seen  t o  be 26.6 $/gal lon.  

On t h e  b a s i s  o f  BTU c o n t e n t ,  t h i s  i s  e q u i v a l e n t .  

t o  about  60e/gal  f o r  g a s o l i n e , ' w i t h o u t  t a k i n g  c r e d i t  f o r  t h e  

improvement i n  engine  e f f i c i e n c y  which i s  r e a l i z e d  w i t h  

methanol a s  compared t o  g a s o l i n e .  For  comparison, s p o t  p r i c e s  

f o r  un1,eaded g a s o l i n e  a t  t h e  end o f  February 1980 w e r e  quoted  

i n  t h e  O i l ' a n d '  Gas J o u r n a l  a s  fo l lows:  

New York 81.00-98.50 +/ga l  

Lo6 Angefcs ., , c . 91.25-lO.l,OOt/yal 

ch icago  93.50-96 . O O  C/qal 

It  must, o f  course ,  be  recognized t h a t  s p o t  p r i c e s  

do n o t  r e f l e c t  c o n t r a c t  p r i c e s ,  b u t  it seems c l e a r  t h a t  t h e  

technology i s  a t  hand t o  produce engine  f u e l  from western  c o a l  

a t  p r i c e s  t h a t  a r e  competi t ive ' .  The remaining major unknowns 

a r e :  

(1) How t o  o b t a i n  t h e  l a r g e  q u a n t i t y  of w a t e ~  

t h a t  i s  needed f o r  t h e  coal-to-rilethan01 convers ion  process, and 

( 2 )  How t o  reach  t h e  market. 



Adjustment 
Factor - 

Table 3'. 2.3'. 2-1 

Adjustments' to Methanol Price 

6 
Capital Cost, 10 $ 

6 Scale, 10 T/yr 

Price of coal, $/Ton 

Interest rate, % 

Inflation from 

plant' life, yrs 

Bond life, yrs 
6 Maint.enance, 10 $/yr 

Baseline Adjusted Adjustment 
Value Value Coeff/Amount 

3489 4079 

19.4 15.6 

25 8 

9 15 

Nov 77 to March 80 

20 30 

20 30 
11.3 16.95 

Adjysted price = (24.5 x 1.056 x 1.102 x 1.225 x 1.0792 x 

. . 0.915 x 0.983) - 7.2 + 0.1 
= 26.8 $/qaA 



The coal-methanol slurry Pipeline provides a,large 

part of the answer to each of these questions, provided of 
course that the pipeline itself proves to be economic. The 
economics will be treated later, in Section 4.0. 

3.3 The Tariff Model 

The inputs to the tariff model are the outputs of 
the rheological model and ,of the pipeline cost model along 

with the same system specification that was input to those 
models. The principal output of the tariff model is, of 
course, the tariff, calculated in dollars per million BTU 

of net heat value (lower heating; value) for a thousand-mile 

distance. In the course of this calculation, the pumping 
energy consumed is calculated and printed. An annual capital 
charge of twenty percent of total.initia1 investment is used. 
The cost of electric power is taken as 3~lkwhr. Operations 
and,maintenance expenses are taken as 3% of the initial invest- ' 

. . 
ment . 

3.4 The Synerqism Model 

The concept of pipelining coal as a slurry in syn- 
thetic fuels immediately-raises the question of the &elation- 

ship between the ewo basic processes of coal liquefa~tion and 
coal transportation. It .may not be obvious .to :all readers 
that the cost of a liquefaction plant,cannot be justified 
solely as part of a transportation system, but earlier studies 
(Banks and Davidson, 1978) have shown that it quickly becomes 
apparent upon analysis. For example, the cost of a thousand- 
mile pipeline to convey 25 millior, tonslyear 'of coal is of the 
order of a billion dollars. The cost of a liquefaction plant 
to provide the liquid synfuel to pipeline the coal is about 
five times as much. Thus, if the liquefacti~n process were 
regarded as only a part of the transportation process, ie, if 
the slurry were to be sold as boiler fuel'j'ust as though it 
were coal, then the capital cost of the system would be in- 
creased by a factor of about six. there are off- . 



setting benefits fram the use of non-water carrier liquids, they 
do not approach the magnitude of this large capital, cost penalty. 

It follows that the total system will only be econo- 
mically viable if the liquefaction subsystem and the transporta- 
tion subsystem. are each economicall'y viable in their own right. 
That is, each system must compete successfully in its own 
market, independently of the other. 

The next question, then, is .whether there is any 
fundamental interaction between the two processes such that 
the benefits of the whole system are greater than the sum of 

the benefits of the two separate systems when operated in- 

dependently of each other. That is, given for example a coal- 

to-methanol plant that undersells competing fuels, is there 
any further advantage in transporting the product to market 
as a slurry carrier liquid, 2s opposed to simply pipelining 
the neat methanol? The existence of such an advantage would 

. constitute what is meant by the term synergism in this dis- 
cussion. 

In addressing this question of the possible existence 
of synergism, several rather obvious observations can be made 
at the outset. First, to exploit the potential superiorities 
of methanol as the carrier liquid which were discussed in 
Section 2.1 above, it is necessary to dry the coal, using 

otherwise wasted heat from the methanolization plant and to 
use the native water from the coal in the methanolization 
process. This means that the pipeline slurrification facil- 
ity must be located immediately adjacent to, and may be 
viewed as a part of, the methanolization plant. This marriage 
of the two systems has been recognized in the models of the 
methanolization plant and of the pipeline, as has been de- 
scribed above. 

Second, having also concluded thatthe concept is 
viable only if the output of the methanol plant is strongly 
competitive in the engine fuel market, the question arises 
as to the effect upon the methanol fuel properties of the 



passage through the pipeline. This means that the deslur- 
rification facility at fhe.pipeline terminal must return 
the methanol to acceptable fuel-grade quality. As discussed 
in Section 3.2.2.3, it was necessery to include this capability 
in the separation plant model. 

Thus, if synergism exists, it must involve a mar- 
riage of the methanolization plant with the slurrification 
plant at the pipeline, and it must impose a purification penalty 

upon the pipeline terminal facilities. Between the 'two ends, 
the design of the pipeline proper 'and of its pumping stations 
are unaffected by the source of the methanol. 



4.0 System Economics 

4.1 Analytical Procedures 

The"point of departure for discussion of the analys'is. 
will be the laboratory data. The analyt.ica1. procedure . . will 

be described, using an example 'set of calculations for 'the par- 
ticular coal upon which more experimentation was done than 
upon 'any other. single type. 

By definition, a fluid is a substance which cannot 
, . 

resist shear stress and' remain at rest. .The 'slurries considered 
in this program, when allowed to come to rest,do.not meet this 
criterion. Like fresh concrete made with very little water, they' 
initially resist shear stress. without flowing. However, when 
the applied shear stress exceeds some va1ue;called the yield 
stress, the slurry begins to..flow. As it flows, it undergoes 
.shear strain and the time rate at which it is being strained 
during the flow is ref erred to as the strain rate. In simple ' 

liquids such as water, which are called Newtonian fluids, the 

stress and the strain rate;are linearly proportional to each 

other,, but in a slurry (Non-Newtonian fluid) they have a more 
complicated relationship. The nature of this relationship 
is called the rheological behavior of the substance and the' 
study of such behavior is a branch of knowledge called rhe- 

, ology. One of the ways in which the relationship is often 
represented (mathematically modeled) is: 

.. ..T - r = KGN. 
' Y 

or, in computer language 
TAU - TAUY = KY*GDOT**NYP 

where 
T = TAU = Shear Stress 

T = TAUY = Yield Stress 
y .  
K . =  KYP = Flow Consistency Index . . 

G .= GDOT = Shear Strain Rate 
N = NYP =   low Behavior .Index 

This relationship is called the yield-pseudoplastic 

flow model. It is the form to which the experimental data was 
fitted, as was discussed in Section 3.2.1 above. 



The f i r s t  s t e p  i n  t h e  a n a l y s i s ,  then  i s  t o  f i t  t h e  

l a b o r a t o r y  d a t a  t o  t h i s  flow model. F igure  4 .1-1A p r e s e n t s  

an example o u t p u t  o f  such a c a l c u l a t i o n .  This  c a l c u l a t i o n  

is  t h e  f i r s t  p a r t  o f  t h e  r h e o l o g i c a l  model t h a t  was de- 

s c r i b e d  i n  S e c t i o n  3.2.1 above. The f i r s t  column of  numbers, 

headed RPM, g i v e s  t h e  angu la r  speed of t h e  r o t a t i n g  element 

o f  t h e  viscometer .  The second column, headed DIAL, g i v e s  

t h e  d i a l  r ead ing  o f  t h e  viscometer .  Th i s  r ead ing  g ives  t h e  

s p r i n g  f o r c e  necessa ry  t o  hold t h e  s t a t i o n a r y  element of t h e  

v iscometer  a g a i n s t  t h e  shea r ing  s t r e s s ; w h i d . h i s  t r a n s m i t t e d  

t o  it through t h e  f l u i d  from t h e  r o t a t i n g  element.  The t h i r d  
2 

column, headed STRESS, i s  t h e  s h e a r  s t r e s s ,  i n  dynes /cm , which 

i s  c a l c u l a t e d  from t h o s e  two readings .  The o t h e r  columns a r e  

s t r a i n  r a t e s  and r e l a t e d  q u a n t i t i e s  which are c a l c u l a t e d  by 

s e v e r a l  o f  t h e  v a r i o u s  formulae which have been developed f o r  

t h e  viscometer .  Two of  t h e s e  y ie ld -pseudop las t i c  parameters ,  

KYP and NYP, are p r i n t e d  i n  t h e  l a s t  l i n e .  The o t h e r  parameter,  

t h e  y i e l d  stress (TAUY) i s  p r i n t e d  d i r e c t l y  above t h e  column 

headed OMEGA. 

The informat ion  from F igure  4 i . l - 1 A  is then  used 

t o  c a l c u l a t e  t h e  p r e s s u r e  drop  t h a t  would be  expected i f  t h e  

f l u i d  were f lowing through a  p ipe .  Example r e s u l t s  a r e  shown 

i n  F i g u r e s  4 . 1 - 1  through 4.1-5. Sheet  A o f  each f i g u r e  d i s p l a y s  .". 
t h e  informat ion  j u s t  d i scussed ,  s h e e t  B p r e s e n t s  p r o p e r t i e s ,  

and s h e e t  C p r e s e n t s  t h e  r e s u l t s  of  t h e  c a l c u l a t i o n s .  A t  t h e  

t o p  o f  s h e e t  C i s  a n o t a t i o n  t h a t  throughput i s  t h e  same f o r  

a l l  c a s e s  a t  2000 t o n s  of d ry  s o l i d s  (TDS) p e r  hour.  The 

f i r s t  column on s h e e t  C i s . t h e  i n s i d e  p ipe  d iameter  i n  inches .  

The d iamete r s  o f  i n t e r e s t  are l i s t e d  below. 



FOIJR OATA POINTS 
SLURRY: EMO-WYO-BA-S2 CUAL(MC= ~ . ~ $ ) ' - M E T H A N O L -  5 3 %  1 -22 -79  
I R C ' < C M )  RSCCM) RAT(1)  .LN(RAT< I)) C W < % )  C V ( % )  
2 4.0000 0.5128 7.8003 2.0542 53.3 37.1 

R P M  D I A L  S T R E S S  BROGAH ALVGPrvl O M E G A  L.N<OMEGA) LN<STRESS) 
10. 18.2 129.50 6 73 6.73 1.0472 0,0461 4,8636 
20. 25.2 179.25 13.46 3 3 - 4 6  2,0944 0.7393 5.1888 
50. 32.9 233.69 33.65 . 33.65 5.2360 1.6556 5 0 4 5 4 0  

100. 37.6 267.24 67.30 67.30 10.4720 2.3487 5,5881 

K = 75.34 N = 0.311 KYP = 36.58 NYP = 0.438 RYP = 0,9769 

LPST T H R E E  O A T A  POINTS 
SLURRY: EMD-WYO-BA-S2 COAL.(MC= 1.4%)-METHANOL- 5 3 %  1-22-79 
I R C < C M )  KS(CM) R A T C I )  L N < R A T ( I ) )  CW<%l C V ( % )  
2 4.0000 0.5128 7.8003 2,0542 53.3 37.1 

R P M  O IAL  STRESS BROGAM ALVGAM O M E G A  LN(0MEGA) LN.<STRESS) 
1 0 0  1R.2 1 2 9 6 5 0  6.73 6.73 1 0 0 4 7 2  0.0461 4 .8636 
20. 2 5 . 2  179.25 13.46 13.46 2 . 0 9 4 1  0.7393 5,1686 

; 5 0 .  32.9 233.69 33.65 33.65 5.2360 1.6556 5 l 45.4 0 
, 100. 37 .6  267.24 67.30 67.30 10.4720 2.3487 f i e 5 8 8 1  

Figure 4.1-1A Rheological Data and Calculations 

53.3% CW (Laboratory Data) 



S Y S T E M  PROPER.T .1ES 

MIFIE.RAL --- E M O - W Y O - B A - S 2  C O A L C M t =  1.4%)-M.ETHANOL'-  53% 1-22-79. 
A V E R A G E  S O L I D  S P E C I F I C  G R A V I T Y  < S  --- 1.527 
L I Q U I D  P H A S E  SPECIFIC GRAVITY C S L )  --- 0.789 
S L U R R Y  S P E C I F I C  G R A V I T Y  ( S M )  --- 1.063 , 

S L U R R Y  CONCENTRATION B Y  WEIGHT -ow 0.533 
S L U R R Y  C O N C E N T  R A T I O N  .BY V O L U M E  --- 0.371 
A B S O L l J T E  P I P E W A L L  R O U G H N E S S ' . ( € : #  F E E T  --- 0~0001'5000~ 
G R A V I T A T I O N A L  A C C E L E R A T I O N  --- 32.1573 F E E T / S E C / S E C  
S L U R R Y  T E M P E R A T U R E  ( T E M P )  # D E G R E E S  C E L S I U S  go- 24.6 
P I P E  \ T Y P E  --- 
P I P E  S L O P E  --- H O R I Z O N T A L  

M E S H  P E R C E N T  SUM 'P 

1 /PAN 0.00 010 
T O T A L  = 0 e O  

WEIGHTEO M E A N  0 1  A H E T E R  =0~~0000E+00 
C O E F F I C , I E N T  OF Y A R I A T I O N  =. 0.00000 S E T T L I N G  R E G I M E  = 
O R P G  C O E F F  O F  C lETGHTEO M E A N  O I A '  = 0.000 V I S C O S I T Y  ' F A C T ~ R '  = 0.8 
R E Y N O L O S  N U M B E R  OF S E T T L I N G  = om00 
R O S I N  - RAHHLE'.R E Q U A T I O N :  . R  ' =  100 E X P C - ( 0 1  0.000000) ** 0.00000'0) 
S b O P E  O.eO00000 I N T E R C E P T  8 = 0~00000000000 M I  L L I H E T E R S  
C O R R E L A T I O N  C O E F F .  = 00~00000 . 050 = 0 e O O . M I L L I M E T E R S  

K I P  = 36.58 NYP = 0.438 T A U Y ~  52.516 
SM T H E O R Y  

Figure 4.1-18 Rheological Data and Calculations 

53.3% CW (System Properties) 



D I A  R E L R U F  V C L  V C T  V L , U Y :  . SHRATE ' REYNOLDS F M  
I N .  E / D I A  F P S  F P S  F P S  . . l / S E C  .NUMBER M I X  

. . 

T I ~ R O U G H P U T  = 2 0 0 0 .  SHORT . T O N ~ / H R  

K I L W - H R  
T O N - M I  

Figure 4.1-1C Rheological Data and Calculations 

53 .,3%. CW (Calculations) 



FOUR O A T A  POINTS 
SLURRY: END-MYO-BA-S2 COAL<MC= 1.4%)-METHANOL- 51% 1-22-79  
I RC<CM) R$<CM) R A T < I )  LN<RAT< I ) )  CW(%) CV(g) 
2 4oOOOO 0 0 5 1 2 8  7,8003 2,0542 50.7 3407 

'RPH'  O I A L  STRESS 8ROGAM , A L V G A M  OMEGA L N < o M E G A ~  LN<ST RESS) 
100  1 1 0 6  82.30 6 0 3 6  6.36 1.0472. 0 0 0 4 6 1  4.4104 
20. 1 5 0 8  112.15 1 2  0.72 12.72 2.'0944 0.73.93 4'.7199 
50.  20.7 147.33 31.81 31.81 5,2360 1,6556 4,9927 

1'000 25 .0  17'7.68 63.61 63.61 10.4720 2.3487 5.1800 

K = 46.41 N = 0.329 K V P  = 31.97 NYP = 0.394 R Y P  = 0.9.911 

Figure 4.1-2A Rheological Data and Calculations 

5 0 . 7 %  CW (Laboratory Data) 



SYSTEM PROPERTIES 

MINERAL --- EMD-WYO-BA-SZ COAL(MC= 1.4%)-METHANOL- 51% 1-22-79  
A V E R A G E  SOL ID SPECIFIC G R A V I T Y  ( S  1 --- 1.527 
L IQUID  PHASE SPECIFIC G R A V I T Y  (SL)  --- 0.789 
SLURRY SPECIFIC G R A V I T Y  ( S M )  --- 1 0 0 4 5  
SLURRY CONCENTRATION BY UEIGtiT -0- 0.507 
SLURRY CONCENTRATION BY VOLUME --- 0.347 
ARSOLUTE PIPEWALL ROUGHNESS ( E l ,  FEET --- , 0 ~ 0 0 0 1 5 0 0 0  
GRAVITATIONAL ACCELERATION --- 32 , 1573 FEET/SEC/SEC 
SLURRY TEMPERATURE <TEMP), DEGREES CELSIUS --- 25.4 
PIPE TYPE --- 
PIPE SLOPE --- HORIZONTAL 

MESH PERCENT SUM & 

1 /.P A N  0.00 0.6 
TOTAL = 0.0 

WEIGHTED MEAN DIAMETER =0~0000E+OO 
COEFFICIENf OF VARIATION = 0 0 0 0 0 0 0  SETTLING REGIME = 
O R A G  COEFF 0.F WEIGHTED MEAN. DIA 0,000 VISCOSITY FACTOR 0.8 
REYNOLDS NUMBER 'OF SETTL.ING = 0 060 
ROSIN - RAMMLER EQUATION: R = . I 0 0  t .EXP<-<D/ 0.000000) * *  O a , O O O O O O )  
SLOPE = 0.000000 INTERCEPT 8 = O . O O O O O O O ~ O O O O O  MILLIMETERS 
C O R R E L A T I O N  COEFF. = 00000000  050 = 0.00 MILLIMETERS 

KYP = 31.97 NYP = 0.394 TAUY = 19.384 
S F  THEORY 

Figure 4.1-2B Rheological Data and Calculations 

50.7% CW (System Properties) 



* .  

I R E L R U F  V C L  V C T  V L C T Y '  S H R A T E  R E Y N O L D S  FM PSI  K.ILU-HR 
I N .  E I O I A  F P S  FPS FP S  l / S E C  N U M B E R  M I X .  M I  T O N - M  I 

TtiKLIl IGHPUT = 2 0 0 0 -  ' S H O R T  T O N S / H R  

Figure 4.1-2C ~heological.~ata and Calculations 

50.7% CW (calculations). 



FOUR D A T A  POlNTS 
SLURRY: EMO-WYO-BA-S2 C O A L ( M C =  1 .41O-IETHANOL- 4 7 %  1-22-79 
. I R C ( C M )  R S ( C M . )  R A , T < I )  LNCRATCI) )  CW($) CV(.%) 

1 4.0000 0.9421 4.2458 ' 1.4459 47.1 31.5 

R P M  DIAL . ' S T R E S S  B R O O A M  ALVGAM OMEGA LN(0MEGA) LNCSTRESS) 
10. 34.0 ' 58.4'5 .ll 90 11 e90 ' 1 e.0472 Oa.0461 . 4 * 0 6 8 1  
20. 38.2 ' 65.70 23e.81 . 23 .81 ,  2.0944 0.739'3 4,1852 
51). 46.1 79.34 59.52 59.52 5.2360 1.6556 4.3738 

'100. 50.4 86.69 119.04 119.04 10.4720 '2.3487 4.4623 

K = 37.86 N = 0.176 K Y P  = 30.39 NYP = 0.200 RYP = 0.9964 

Figure 4.1-3A Rheological Data and Calculations 

47.1% CW (Laboratory Data) 



S Y S T E M .  PROPE.RTIES 

MINERAL --- EMD-WyO-8A-SZ COAL(MC= 1. 4%)-METHANOL- 47% 1-22-79 
A V E R A G E  SOLID SPECIFIC G R A V I T Y  ( S  1 --- 1.527 
L IQUIO  PHASE SPECIFIC G R A V I T Y  ( S L )  --- 0'. 7  89 
SL!lRRY SPECIFIC G R A V I T Y  (SM) --- 1.022 
SLURRY CONCENTRATION 8Y WEIGHT o w -  0,471 
SLU&RY CONCENTRATION BY VOLUME. --. 0.31s 
At3SOLIJTE PIPEWbLL ROUGHNESS ( E ) ,  FEET --- O~OOGl50OO 
~ A V  ITATIONAL A C C E L E R A T I O N  --- 32.1573 F E E T / S E C / S E C  

.SLU2KY TEMPERATURE (TEMP), D E G R E E S  CELSIUS --- 2 4 . 9  
P I P E  T Y P E  -.- 
P I P E  SLOPE --- HORIZONTAL 

M E S H  PERCENT SUM % 

AEIGHTED M E A N  DIAMETER =0.0000E+00 
COEFFICIENT OF VARIATION = 0  . 0  0'0 00 SETTLING REGIME = 
D R A G  COEFF OF WEIGHTEO M E A N  D IA  = 0.000 V I S C O S I T Y  FdCTOR = 0.8 
REYNULOS NUMBER OF SETTLIhG = 0.00 
ROSIh - R.AMMLER EQUATIOb: I? = 1 0 0  * E X P < - ( O /  0.0000003 ** 0.000000) 
SCOPE = 0.000000 INTERCEPT B = 0 ~ 0 0 0 0 0 0 0 0 0 0 0  MILLIMETERS 
C O R R E L A T I O N '  COEFF.  = 0.000000 050  = 0.00 MILLIHETERS 

SYP = 30.39 NYP = 0.200 TAUY = 8.669 
S M  T H E O R Y  

Figure 4.1-3B Rheological Data and Calculations 

47.1% CW (System Properties) 



. D I A  9 E L R U F  V C L  V C T  V L C T Y  
I Pi . E f D I A  F P S  F P S  - F P S  

S H R A T E  REYNOLDS FY P  S 1 K I L W - 1 t R  
l / S E C  NUMBER M I X  M I  TON-MI  

Figure 4.1-3C Rheological Data and Calculations 

47.1% CW (Calculations) 

4-11 



C i J l l d  OAT4 POINTS 
S L U R R Y :  EMD-WYO-BA-S2 ,COAL(MC= 1.49)-METHANOL- ,458 1 - 2 2 - 7 9  

I R C ( C M )  R S ( C f l )  R A T ( 1 )  L N ( R A T < I ) )  C W ( % )  CV(%)  
1 ' 4 a O O O O  0 .9421  4.245.8 '1 .4459 45.2 29.9 

2 P n  D I A L  STRESS S R O G A M  ALVGAM OMEGA LNCOMEGA) LNCSTRESS) 
10 .  23.0 39.59 12.51 12 .51  1.0472 0 .0461  3,6787 
20. 26.2 45.12 25.02 25.02 2.0944 0.7393 3.8092 
5 0 .  29.5 5 0  a69 62.54 62.54 5.2360 1 .6556 3.9257 

100. 34.3 59.08 125.09 125.09  10 .4120 2.3487 4.0789 

K = 25.9'8 N = 0.167 K.YP = 22.20 N I P  = 0.184 R V P  = 0 .9949 

Figure 4.1-4A Rheological Data and Cafculations 

4 5 . 2 %  CW (Laboratory Data) 



SYSTEM PROPERTIES 

MINERAL --- EMD-WYO-8A-S2 CO.AL,(MC= 1.4%)-METHANOL- 4 5 1  1-22-79 
A V E R A G E  SOL10 :SPECIFIC G R A V I T Y  ( S  --- 1.527 
L IQUIO PHASE SPECIFIC G R A V I T Y  <SL)  --- 0.789 
SLURRY SPECIFIC GRAVITY < S H )  --- 1.0 1'0' 
SLURRY CONCENTRATION 8Y UEIGHT r r i  0.452 
S C U R R Y  CONCENTRATION BY VOLUME --- 0.299' 
A B S O L U T E '  PIPEWALL R~OUGHNESS (E), F E E T  --- 0. 00015000  
G K A V I ~ A T I O N A L  ACCELERATION --- 32.1573 FEET/SEC/SEC 
S.LURRY T E M P E R A T U R E  (TEMP), DEGREES' CELSIUS --- 25.3 

'P  I P E  TYPE --- 
P I P E  SLOPE ,--- HORIZONTAL 

M E S H  P E R C E N T  sun ' t '  

l / P A N  0.00 Om0 
TOTAL = 0.0 

W E I G H T E D  M E A N  DIAMETER =0.0000E+00 
COEFFICIENT OF VARIPTION = O e O O O O O  SETTLING'REGIME = 
D R A G  COEFF OF WEIGHTED WEAN O I A  = Oe000 VISCOSITY FACTOR = 0.8 
REYNOLDS NU,MBER OF SE,TTLIEJG = 0.00 
R O S I N  - RAMMLER EQUAT1,Oh: R = 1 0 0  * E X P < ~ < D /  0.000600) * *  0.600000) 
S L O P F  = 0 . 0 0 0 0 ~ 0  1NTER.CEPT B = 0.00000000000 HILLIMETERS 
CORRELATION COEFF.  = 0e000000  050 = 0.00 MILLIMETERS 

K Y P  = ' 2 2 . 2 3  NYP = 0.184 TAUY, = 4,351 
S M  THEORY 

Figure 4.1-4~ Rheological Data and Calculations 

45.2% CW (System Properties) 



O I A ,  R E L R Y F  V C L  VCT VLCTY SHRATE R E Y N O L D S  F H  P S I  KILIJ-HR 
IN. E / D I A  F P S  F.P'S F P S  1 /SEC NUMBER M I X  M I  TON-M I 

THROUGHPUT '=2000.  SHORT TONS/HR. 

0 . 0 0 0 0 8  
i) . 0 0 0 0 8  
0.00GO7 
0 . 0 0 0 0 7  

. O m  0 0 0 0 7  
3 .  0-0007 
0 . 0 0 0 0 7  
0 . 0 0 0 0 7  
0. 0 0 0 0 7  
3 , 0 0 0 0 6  
0  OOGO6 
0 . 0 0 0 0 6  
0 . 0 0 0 0 6  
0 . 0 0 0 0 6  
0 . 0 0 0 0 6  
0  . 0 0 0 0 6  
0 .04006  
0.0'0006 
0 . 0 0 0 0 6  
0. 0 0 4 0 5  

0 . 0 0 ' 0 0 5  
0. 0 0 0 0 5  
0 . 0 0 0 0 5  
0 . 0 0 0 0 5  
0 . 0 0 0 0 5  
0 .  0 0 0 0 5  
0 . 0 0 0 0 5  
0. 0'0005 
0 . 0 0 0 0 5  
G .00'005 
0 .00005  
2 . 0 0 0 0 5  
0  . 0 0 0 0 5  
O.OObO4 
o.,. 0 0 0 0 4  
0  . 0 0 0 0 4  

F i g u r e  4 .1-4C R h e o i o g i c a l  D a t a  a n d  C a l c u l a t i o n s  

4 5 . 2 %  CW ( C a l c u l a t i o n s )  



P M  D I A L  S T R E S S  B R O G A M  A L V G A H  OMEGA L N C O H E G A )  L N ( S T R E S S )  
10. 15.0 25.85 12. 1 5  l2e15 1.0472 0.0461 3.2524 
20. 16.7 28.69 24.29 24.29 2,0944 0,7393 3,3565 
j'l. 19.2 33.06 60.74 60.74 5,2360 1.6556 3.4983 
C O O  22.5 38.70 121.47 121.47 10,4720 2,3487 3.6558 

= 1'6.64 P( = 0.172 KIP = 14.38 N Y P  = 0,188 R Y P  ,= 0.9958 

Figure 4.1-5A Rheological Data and Calculations. 

4 2 . 7 %  CW (Laboratory Data) 



S Y  SfEM PROPERTIES 

MINERAL --- EMU-wYO-BA-SZ COAL(MC= 1.4%)-METHANOL- 43P 1-22-79 
PvERALE SOL10 SPECIFIC G R A V I T Y  (S --- 1.527 
L I O I J  I D  P H A S E  SPECIFIC G R A V I T Y  (SL) --- O i  789  
SLURRY SPECIFIC GRAVITY ( S M )  --- 0.994 
S L U R R Y  CO.NCENTRhT I O N  B Y  WEIGHT --- 0.427 
SLURPY CONCENTRATION BY VOLUME -9- Gm2713 
ABSOLUTE PIPEWALL ROUGHNESS ' ( € 1 9  FEET --- (ioOO015000 
GRAVITATIONAL ACCELERATION . --- 32. 1573  F E E T / S E C / S E C  
SLURRY T E M P E R A T U R E  (TEMP), DE-CREES CELSIIJS C-- 25.4 
PIPE TYPE --- 
PIP,€ SLOPE --- .HORIZONTAL 

M E S H  PERCENT SUM' 4: 

l / P A N  0.00 0.0 
T O T A L  = 0.0 

w E I G H T . E O  MEAN DIAMETER =0.0000EtO0 
COEFFICIENT OF V A R I A T I O N  = 0.00000 SETTLING R E G I ~ E  = 
DRAG CClEFF OF WEIGHTED M E A N  O I A  = 0.060 VISCOSITY FACTOR = 00.8 
REYNOLDS NUMBER OF SETTLING = 0 0 0 0  
R O S I N  - RAMNLER EQUATION: R = 1 0 0  * EXP<-C0/ 0.000000) ** 0.000000) 
S L O P E  = o.oooooo I N T E R C E P T  8  = o m o o o o o o o o o a o  M ~ L L I M E T E R S  
C O R R E L A T I O N  COEFF. = 0.000000 050  = 0.00 MILLIMETERS 

K Y P  = 1 4 . 3 8  NYP = 0.188 TAUY = 2.614 
j M  T H E O R Y  

'Figure 4.1-5B Rheological Data and Calculations 

42.7% CW (System Properties) 



D T A  RELR'UF' VCL VCT VLCTY 
1 N .  E / O I A  F P S  F P S  FPS 

THROIIGHPUT = 2 0 0 0 .  SHORT ~ O N S / H R  

2 3 . 1 2 4  
2 3 0  7 5 0  
2 4 0  1 2 5  
2 4 . 6 2 5  
2 5 . 1 2 4  
2 5 e 5 0 0  
2 6 . 0 0 0  
2 7 . 0 6 2  
2 7 . 5 0 0  
2 n . o c o  
2 8 . 5 0 0  
2 9 . 0 6 0  
79.5GO 

' 30 .000  
3 0 . 5 0 0  
' 30 .876  
3 1  - 5 0 0  
32 .  C O O  
3 2 . 5 0 0  
32 .0876 
3 3 . 5 0 0  
34  .::a ou  
3 4 . 3 7 5  
34e .750  
' 3 5 . 1 2 5  
.76*OOO 
36 .375  
36.  7.50 
3 7 . 3 7 5  
3 8 . 0 0 0  
3 9 . 6 2 5  
3 8 . 7 5 0  
3 9 . 6 2 5  
4 0 . 0 0 0  
4 0 . 3 7 5  
4 0 . 6 2 4  

SHRATE R E Y N O L D S  '.FH PSI . K I L W - H R  
l / S E C  'NUMBER M I X  H I  T O N - M I  

F i g u r e  4 . 1 - 5 C  R h e o l o g i c a l  D a t a  and C a l c u l a t i o n s  

4 2 . 7 %  CW ( C a l c u l a t i o n s )  



I n s i d e  
Diameter,  

Inches  

Outs ide  
Diameter,  

Inches  

The f i f t h  column o f  each C f i g u r e ,  headed VLCTY, 

i s  t h e  speed o f  f low. The s i x t h  column (SHRATE) is. t h e  

maximum s h e a r  r a t e ,  which o c c u r s  a t  t h e  p i p e  w a l l .  . The 

s e v e n t h  column i s  t h e  g e n e r a l i z e d  (MetznerdReed) Reynolds 

number. The n i n t h  column i s  t h e  p r e s s u r e  d rop  i n  psi p e r .  

m i l e ,  and t h e  t e n t h  column i s  t h e  f r i c t i o n  work done on t h e  

f l u i d .  

The example c a l c u l a t i o n s  i n  t h e  f i g u r e s  were 'done  

on sub-bituminous c o a l  from t h e  B e l l e  Ayr mine o f  t h e  Amax 

Coal  Company n e a r  G i l l e t t e ,  Wyoming. From t h e  f i g u r e s  

d e s i g n a t e d  -B, it i s  seen  t h a t  c o n c e n t r a t i o n s  by weight  vary 

from 0.533 down t o  0.427. The l a b o r a t o r y  procedure  i s  t o  

f i r s t  make t h e  s l u r r y  as t h i c k  a s  t h e  v iscometer  can measure, 

and t a k e  a  measurement. A f t e r  each  of a  success ion  of  

d i l u t i o n s ,  a n o t h e r  measurement i s  taken .  Thus, F igure  3.4-1 

shows l a b o r a t o r y  d a t a  and r h e o g l o c i a l  c a l c u l a t i o n s  f o r  t h e  

s t i f f e s t  mix ture ,  w h i l e  4.1-6 i s  f o r  the most dilute. 

For each  p i p e  s i z e ,  t h e s e  r e s u l t s  a r e  c r o s s - c o r r e l a t e d  

a g a i n s t  c o n c e n t r a t i o n ,  and c o n c e n t r a t i o n s  a r e  i d e n t i f i e d  by 

i n t e r p o l a t i o n  which y i e l d  Reynolds numbers o f  2100 ( l amina r  

f low)  and 4200 ( t u r b u l e n t  f l o w ) .  Simultaneously,  t h e  a s s o c i a t e d  

p r e s s u r e  d rops  a r e  a l s o  i d e n t i f i e d  from t h e s e  c o r r e l a t i o n s .  

The v a l u e  o f  t h e  Reynolds number o f  t h e  lower bound 

o f  t u r b u l e n t  f low i s  u s u a l l y  t a k e n  a s  4000. However, it has  

been po in ted  o u t  by Hanks (1979) t h a t  t h e  Metzner-Reed 

g e n e r a l i z e d  number i s  n o t  v a l i d  f o r  t r a n s i t i o n a l  o r  t u r b u l e n t  

f low i f  t h e  f l u i d  p o s s e s s e s  a  y i e l d  stress, a s  i s  t h e  c a s e  



with the slurries which were tested in this program. Accord- 

ingly, it was judged that some small margin of conservatidm was 
warranted, and the upper-transition criterion of 4200 was used. 

From the total 1000-mile pressure drop and the 
allowable pipe pressure, the number of pump stations and 
the number of pumps per station are calculated, and the total 
cost of pumps and stations is found from the pump station 
cost model.. This result is combined with.the results of the 
line cost model for the particular pipe size and of the end- 
of-line facilities cost which is appropriate to the slurry 
being pumped to yield the total investment cost in 1979 dollars. 

This cost is that of what is ,called the instant 
plant, ie, the effects of inflation during construction are 
not taken into account. The interest cost during construction 
is included however; it is only the effect of inflation that has 
been disregarded. If, for example, inflation during construe- 

' tion should double.the capital and operating costs of the system, 
then the calculated tariffs would approximately double. One 

.' then must estimate whether the prices of competing systems will 
also double over the same perio,d, or will grow by some other 
factor. The reader who is concerned with such questions is 
left'to apply his/her own favorite factors to the results. 

Returning now to the calculation sequence, the capi- 
tal cost estimate is used by the tariff model to calculate the 
tariff, ie, cost to the shipper. Table 4.1-1 presents the 
results for the set of cases which was displayed in Figures 
4.1-1 through 4.1-5. 

.It is seen first that, over a range of several 
percentage points of concentration, the tariff varies less 
than .does the. concentration. Between the 32-inch and 38-inch 
pipe diameters, concentration varies over a range of 6.9% and 
5.6% for the laminar and turbulent cases, respectively, while 
the corresponding tariff variations are only 1.0% and 4.7%. 
In the turbulent regime, in which it 'is possible to choke the 
flow into the smaller pipes, the tariff rises rapidly to the 
limiting concentration for turbulent flow. In this case, the 



Pipe 

~ i a ( ~ )  

Table 4.1-'1 

Tariffs(,') for Belle Ayr Coal ( 2  ) 

Laminar Flow 
Weight 

3 4 )  Conc Tariff (I) 

Turbulent Flow 
Weight 

(1) $ per lo6 BTU net heat value for a 1000-mile pipeline 

(2) Dried, ground, then mixed into methanol 

(3) Nominal (outside) diameter 

(4) Fraction of dry solids (DS) 

(5) Not pumpable at 2000 TDS/hr 



cutoff diameter is between 28 and 26 inches. In laminar flow, 
the limiting concentration is reached somewhere between 32-inch 
and 30-inch pipes, but the tariff is virtually constant, ie, 
variations are in the third significant figure, even when closely 
approaching the limiting concentration. The conclusion emerges 
that once a decision is made (in the face of the known operat- 
ing difficulties to operate in the laminar region, the economic 
incentive is to operate at high concentrations, near the maxi- 
mum. In turbulent flow, the economics favor a concentration 
farther below the limit. 

This insensitivity of tariff to concentration is due 
to the fact that by far the largest element of capital cost is 
in the pipe. For the fixed dry-solid~throughput, smaller pipe 
requires higher concentration and consequently higher cost of 
pump stations. However, in the high-concentration region, this 
higher cost is offset by the reduction in pipe cost. To examine 
the effect of higher pump station cost, the calculations for the 
turbulent flow cases were repeated for pump station costs which 
were increased by 20 percent from the previous case, the results 
being shown in Table 4.1-2. Over the range of diameters 
from 32 to 38 inches, the same insensitivity is seen. However, 
as the limit of pumpability is approached, the rise in tariff: 
is slightly steeper than for the base case. 

Another observation to be made is that there is not 
a single minimum-tariff (economically optimum) point in either 
laminar or turbulent flows, because of the near-balance of pipe 
cost against pumping cost which occurs as the maximum pumpable 
concentration is approached, as has just been discussed. As 
also noted, these variations are so small that they are not re- 
garded as significant. However, the effect is seen with all 
of the coals that were experimentally characterized in the pro- 

gran, as Table 4.1-2 shows, and thus it is not merely an 
idiosyncrasy of the model. Thus, the general form of the 
tariff function is as shown in Figure 4.1-6. 



Pipe 
Dia 
13 - 

Table 4.1-2 

Sensitivity to Pump Station Cost 

Conc 

Tariff 
Cost Cost 

Coal: Belle Ayr, dry-mixed, turbulent flow 



Tariff 

Concentration 
Limiting 

Concentration 

Figure 4.1-6 General Form of Tariff vs Concentration (Not to Scale) 



Table ; ~ . ' i - 3  

T a r i f f s  f o r  S e v e r a l  Western Coals i n  Methanol 

Weight 
conc , 
Ds (23 

Flow 
Regime, 

L/T ( 3, 
T a r i f f  (1) Coal 

.i ( 4 )  
B e l l e . A y r ,  'WM 

Belle Ayr, WM ( 4 )  

B e l l e  Ayr, DM (5 )  

B e l l e  Ayr, DM ( 5 )  

Thunder Basin 

Thunder Basin 

Thunder Basin 

Thunder Basin 

Black Mesa 

Black Mesa 

f ~ n i g h t  

Knight 

Carbon King 

Carbon King 

6 (1) ' $ p e r  10  Btu n e t  h e a t  v a l u e  p e r  thousand miles 
(2 )  Dry S o l i d s  

. ( 3 )  L = Laminar, T = Turbulent  

( 4 )  W e t  mixed, ie ,  rodmi l l ed  i n  MeOH 

(5 )  Dry mixed, ie ,  ground d r y  then  mixed i n t o .  EleOH 



Although the tariffs shown in Table 4.1-2 

appear to favor operating in the laminar flow regime, it 

should be recognized that there are operating complexities 

associated with this mode. Whenever there is any settling 

in laminar flow, there is no way that the fluid can recover 

the settled material and re-introduce it into the slurry. 

Therefore, the system must be cleaned occasionally, possibly, bv 

pigging or perhaps by reducing concentration and operating 

in the turbulent flow regime for a while'. This, of course, 

is an annoyance at least and probably an additional cost. 

In this study however, no assessment is made of these oper- 

ating complexities. 

.Returning now to the analysis leading to Tables 

4.1-1 and 4.1-2, when that analysis is extended to the other 

coals that were rheologicaJly characterized, the results are 

as summarized in Table 4.1-3. In the case of the Belle Ayr 

coal, two pairs of values are presented. The coal for the 

wet-mixed. (WM) slurry was crushed, dried, and then rodmilled 

in the methanol to emulate the Black Mesa slurrification 

process. The coal for the dry-mixed (DM) slurry was crushed, 

ground, dried, and then simply mixed into the methanol. 

The tariffs shown in Table 4.1-3 are not those 

which correspond to the maximum pumpable concentration, but to 

somewhat lower concentrations approximately relating to the 

the local minimum tariff,-although no claim is made to having 

optimized any of the systems. The model is 'not, as yet, 

sufficiently refined, nor are the inputs sufficiently precise. 

for the results to have any significance in the third signi- 

ficant figure except to indicate probable trends, 

Each pair of values in the table was salcctcd by 

first taking the local-minimum value for laminar flow. Then, 
the turbulent case having the concentration nearest to that of 

the laminar flow case was taken for comparison. In almost all 

cases, lower tariffs for the turbulent cases can be realized 

by further reducing the concentration into the region indicated 

, 



on Figure 4.1-6 by the dashed line to the left end of the 

curve. This effect is because it is cheaper to move Btuls 

in the form of MeOH than in the form of the thicker slurry. 

However, these dilute slurries are not of interest in this 

study for reasons that will be developed in Section 5.0 be- 

low. There, it will be seen that a major obstacle to the 

liquefaction of western coal is the scarcity of water in 

the west, and the integrated coal methanolization and coal- 

in-methanol pipeline system offers a uniqueopportunity to 

solve that problem. But the solution requires relatively 

highly -concentrated slurries. Hence it is of primary in- 

terest to compare the laminar and turbulent cases on the 

basis o'f equal or near-equal concentrations. 

The approximate .magnitude of the difference in- 

tariffs between the lower and-higher concentrations may be 

seen from the second pair of values for the Thunder Basin 

coal. 
Two significant conclusions emerge .from the in- 

formation just presented. First, it is seen that the cost of 

transporting a million BTu over a thousand miles in the form 

of a coal-methanol slurry lies in the,range of 35 to 40 cents. 

Moreover, this cost is not sensitive' to either concentration or 
to type of coal, ie, bituminous or sub-bituminous. 

It i~ wcll to elaborale, lest this Stat'ement re- 

garding sensitivity be misinterpreted. If, for example,a type 

ofdoal, pipe diameter, and flow regime are fixed, it will be 

found that the tariff results are indeed rather sensitive to 

solids concentration. Hgwever, and this is the observation 

that is being made here, the optimum concentration and pipe size 

for a given type of coal will result in a tariff that is not 

greatly different between laminar and turb111ent regimes nor 

from the optimum result for another coal. 



4.2 Economic Comparisons 

The fundamenhal economic v a r i a b l e  i n  t h e  economic 

comparison is, of  course,, t h e  t a r i f f ,  i e ,  t h e  c o s t  t o  t h e  

s h i p p e r  f o r t r a n s p o r t i n g  energy v i a  t h e  coal-methanol s l u r r y .  

p i p e l i n e  v s  t h e  c o s t  v i a  coal-water  p i p e l i n e  o r  v i a  r a i l .  

Th i s  comparison embraces two t y p e s .  o f  systems. 

The f i r s t ,  (Type 1 System) t r a n s p o r t s  both  a b o i l e r  f u e l  (coal) 
and an engine f u e l  (methanol) . This  product  mix may be 

accommodated i n  e i t h e r  o f  two ways. The f i r s t  way i s  v i a  t h e  

coal-methanol s l u r r y  p i p e l i n e ,  which r e p r e s e n t s  t h e  innova t ion  

t h a t  i s  t h e  s u b j e c t  o f  t h i s  s tudy.  The o t h e r  way is  t h e  con- 

v e n t i o n a l  way, .ie, t r a n s p o r t i n g  t h e  c o a l  via  a wa te r  s l u r r y  

p i p e l i n e  and t r a n s p o r t i n g  t h e  methanol v i a  a neat"methano1 

p i p e l i n e .  

The Type 2 System is  a system which d e l i v e r s  b o i l e r  

f u e l  only .  The convent ional  Type 2 System i s  t h e  coal-water  

s l u r r y  p i p e l i n e ,  which d e l i v e r s .  on ly  c o a l  f o r  b o i l e r  f u e l .  

The i 'nnovative Type 2 System i s  t h e  coal-methanol s l u r r y  

p i p e l i n e ,  w i t h  t h e , s l u r r y  be ing  d i r e c t l y  f i r e d  i n  t h e  b o i l e r  . . 

wi thou t  s e p a r a t i o n .  A s  has  been noted e a r l i e r  i n  Sec t ion  l . 4  

above, a c l e a n ,  premium engine . f u e l  such as .methanol i s  n o t  

an economic boi1,er f u e l .  Coal, a t  a p r i c e  o f , 8 $ / t o n  ( S e c t i o n  

3.2.3) and a n e t  h e a t i n g  va lue  o f  about  17,000,000 Btu/ton 

c o s t s  about  $0.47/mil l ion,  Btu. Methanol, which can be s o l d  

a s  a premium f u e l  f o r  about  $0.30/gal ( s e c t i o n  3.2.3) and h a s  

a n e t  h e a t i n g  va lue  o f  56,900 Btu/gal  c o s t s  about  $5.17/mill ion 

Btu. Also,  t h e  energy consumed by t h e  methanol iza t ion  p rocess  

i s  a p e n a l t y  a g a i n s t  t h e  system. Type 2 Systems t h u s  r e c e i v e  

no f u r t h e r  c o n s i d e r a t i o n  here .  

Turning now t o  t h e  econonics  o f  t h e  water  system, 
, -  

. B e l l e  Ayr c o a l  was used a s  t h e  r e f e r e n c e  water-system c o a l  f o r  

comparison w i t h  t h e  methanol system, f o r  t h e  reason t h a t  o f  t h e  

f i v e  c o a l s  exper imenta l ly  c h a r a c t e r i z e d ,  more exper imenta t ion  

and more a n a l y s i s  was done w i t h  it than  wi th  t h e  o t h e r s .  Typica l  

r e s u l t s  a r e  shown i n  Table 4.2-1, f o r  t h r e e  va lues  of  d ry  s o l i d s  

c o n c e n t r a t i o n  and f i v e  p ipe  d iameters .  The genera l  conclus ion  

which emerges i s  t h a t  t h e  c o s t  t o  t h e  s h i p p e r  is  about  s i x t y  

c e n t s  p e r  m i l l i o n  Btu f o r  a thousand-mile cdal-water  p i p e l i n e .  

4-27 



Conc ,  

' T a b l e  4 . 2 - 1  

T a r i f f s  for B e l l e  A y r  C o a l  i n  Water 

P i p e  D i a m e t e r  36" 

P i p e  

D i a  

T a r i f f  (1) 

S o l - i d s -  C o n c e n t r a t i o n  0 . 4 5 6  

T a r i f f  ( 1) 
3 $ / 1 0 6 ~ t u - 1 0  M i  

0 . 5 6 0  

0 . 5 5 5  

0 . 5 5 7  

0 . 5 9 5  

0 . 5 9 7  

(1) $ p e r  l o 6  B t u  n e t  heat v a l u e  for a 1 0 0 0 - m i l e  p i p e l i n e  

( 2 )  ~ r y  s o l i d s  



Although t h i s  s tudy  d i d  n o t  address  t h e  c o s t s  of  
t r a n s p o r t i n g  c o a l  by r a i l ,  it is  of i n t e r e s t  t o  compare r a i l  
t a r i f f s  wi th  t h e  c o s t s  v i a  p ipe l i ne .  Ra i l  t a r i f f s  vary a  
g r e a t  dea l ,  b u t  i n  view of t h e  exper ience  o f  the '  c i t y  of  San 
Antonio (1976) and o t h e r s ,  it seems extremely un l i ke ly  t h a t  
any f u t u r e  c o n t r a c t s  w i l l  be s igned f o r  less than a  d o l l a r  
per  m i l l i o n  Btu f o r  a  thousand m i l e s .  Thus, a  good f i r s t  
o r d e r  e s t ima t e  o f  t h e  comparative economics of c o a l  t r a n s p o r t  

v i a  r a i l ,  wa te r  s l u r r y  and methanol s l u r r y  is obta ined by 
comparing t h e  thousand-mile t a r i f f s  p e r  m i l l i o n  Btu of  n e t  
h e a t  value.  

Taking f o r  t h i s  comparison t h e  above r a i l  t a r i f f  
and t h e  p i p e l i n e  tar iffs  shown i n  Tables  4.1-3 and 4 . 2 - 1  

y i e l d s  : 

R a i l  - 
Coal-Water Coal-Methanol 

P i p e l i n e  P i p e l i n e  

The economic , . a t t r a c t i v e n e s s  of  t h e  methanol system i s  c l e a r .  



5.0 System Energetics 

5.1 Energy Consumption in Coal-Water Pipelines 

Coal that is transported by rail.or other conven- 

tional means is normally burned in the boiler in its as- 

received condition, so that its moisture content entering 

the boileris the same as 'it was when it came out of the 

ground except as modified by weather. or other conditions 

':incidental to. its transportation and storage. Its moisture 

content when consumed may be higher or lower than as-mined, 

but unless it is just too wet to burn, it is simply dried 

in the boiler and, as mentioned earlier in Section 2.1, the 

evaporation of the moisture .kg the boiler is a loss of energy. 

Much coal is routinely burned at its native bed moisture 

content of about 30%, although many coals are much dryer. 

In any case, an energy loss that is inherent to the nature 

of the transport system is a penalty that must be charged to 

that system, and therefore, an increase in moisture content 

in the as-received condition over the as-mined condition 

because of the treatment which it receives by the transpor- 

tation system is a penalty that.must properly be assessed 

against the transportation system. 

To appreciate the many ways in.which a slurry pipe- 

line consumes energy requires some rather detailed discussion 

(Banks, 1977)" It is to be noted that the total pipeline 

system, including its end-of-line (EoL) facilities, consumes 

energy in ,a great many ways other than in simply pumping the 

fluid .through the pipe.3.ine. :.loreover, at the head 02 the line, 

energy is consumed irproviding the water and in the slurrifi- 
cation process. Additionally, energy is consumed at the 

terminal in the deslurrification process.' 

Some of this deslurri'fication energy is mechanical 

and some is thermal. An appreciation for the diversity and. 

complexity of the mechanical processes may be acquired by 

perusal of Table 5.1-1, which lists the power consuming 

equipment which partially separates the coal from the water 

at the terminal of the Black Mesa Pipeline. 



Table 5.1-1 

Energy-Consuming Des l l l r r i f i ca t ion  Equipment 
(Black 'Mesa P ipe l ine )  

Active' 'S to'r'a ge 

Booster pumps t o  a c t i v e  s to rage  
Ag i t a to r s  
S l u r r y  t r a n s f e r  pumps' 
Water pump to '  primary treatment 
water  pump t o  evaporat ion pond 

Boi'ler' Fu'el' Prepara' t  ion  

Centr i fuges  
Pu lver ize r  1t11lls 
C l a r i f l o c c u l a t o r  a g i t a t o r s  
Underflow pump 
Underflow i n j e c t i o n  pump 

Reslur'ry' 'from Iila'cti've 'Storage 

Conveyor ' motors 
Vibra tor  motors 
Reslurry pump,' pl- i~tary 
Reslurry  pump, f i n a l  



The thermal  energy o f  s e p a r a t i o n  i s  t h e  h e a t  t h a t  

i s  necessary  t o  d r y  t h e  c o a l  u n t i l  i t s  mois ture  c o n t e n t  i s  t h e  
same as it was when t h e  c o a l  came o u t  o f  t h e  ground. Taking 

. aga in  t h e  Black Mesa P i p e l i n e  a s  an example, t h e  mois ture  
c o n t e n t  of  t h e  as-mined c o a l  i s  about  11%, b u t  when it e n t e r s  

t h e  power p l a n t  b o i l e r ,  it c o n t a i n s  about  32% moisture .  The 
21% d i f f e r e n c e  must be thermal ly  removed by t h e  b o i l e r ,  and 

t h e  h e a t  r equ i red  t o  do t h i s  cannot  be used t o  genera te  

e l e c t r i c i t y ,  s o  t h a t  t h e  t r a n s p o r t a t i o n  process  mus t .be  

charged wi th  t h a t  l o s t  energy. 
I n  t h e  c a s e  o f  t h e  Black Mesa, t h i s  'energy p e n a l t y  

i s  l a r g e  because o f  t h e  l a r g e  d i f f e r e n c e  i n  m o i s t u r e . c o n t e n t s  
between t h e  s l u r r i f i c a t i o n  feedpo in t  and t h e  b o i l e r  f eedpo in t .  
I f  t h e  as-mined mois ture  of t h e  Black Mesa c o a l  were 32%, as 

i s  i n  f a c t  t h e  c a s e  w i t h  some western  c o a l s ,  t h e r e  would be no 

pena l ty  f o r  thermal  s e p a r a t i o n .  

Table  5.1-2 i l l u s t r a t e s  how t h e s e  f a c t o r s  work 
o u t  f o r  t h e  Black Mesa P i p e l i n e ,  which i s  t h e  only  o p e r q t i n g  

c o a l  s l u r r y  p i p e l i n e  i n  t h e  U . S .  

It i s  seen  t h a t  t h e  l a r g e s t  element of  energy 
consumption i s  t h e  mois tu re  c o r r e c t i o n  t h a t  has  j u s t  been d i s -  

cussed. A s  no ted  above, t h i s  element i s  l a r g e  because t h e .  

as-mined Black Mesa c o a l  w i t h  e leven pe rcen t  mois ture  i s . o n e  
of  t h e  d r i e s t  wes tern  c o a l s .  T h i s ,  of  course ,  i s  p a r t l y  r e -  
spons ib le  f o r  t h e  energy i n t e n s i t y  (EI)  be ing  s o  h igh .  The 

o t h e r  reason t h a t  t h e  EI i s  h igh  i s  t h a t  t h e  p . ipe l ine  i s  r e l a -  

t i v e l y  s h o r t  and the l a r g e s t  energy'consumption P s  a t  t h e  t e r -  
. m i n a l  and, t h u s ,  i s  a  f i x e d  q u a n t i t y ,  independent of  p i p e l i n e  

l eng th .   he e f f e c t  of  s t r e t c h i n g  t h e  l i n e  t o  a thousand mi les  
i n  l e n g t h  w i l l  be  seen  . s h o r t l y .  



Table 5.1-2 

Znetgy Consumption in the Black Mesa Pipeline 
(Btu/Ton of Fuel) 

Slurry Water Supply 24,000 

Pipeline Operation 

Pumping Energy 

Other Operations 

Deslurrification 

Initial Separation 205,000 

Moisture Correction 710,000 

Total 

Lengrh of Pipeline, mi 

Energy Intensity, BtuITon-mi 



5 . 2  Energy Consumption in the Synergistic System 

The methanol system enjoys a double advantage 

over the water system in regard to coal moisture. First, 

since the methanol system does qot add any water to the coal, 

it does not have to take any away, so that the moisture cor- 

rection to return the coal to its as-mined moisture is zero. 

Even more significant, however, is the fact that virtually all 

of the as-mined moisture itself can be removed and used in 

the methanolization process, as has been discussed earlier. 

The energy benefit of this .utilization. of other- 

wise wasted heat from the methanolization process is real.ized 

in the power plant boiler, where the energy that is normally 

wasted in evaporating, the native moisture in the coal,and is 

thus lost in the stack..effluent,instead goes into steam which' 

generates electricity. Thus, besides not suffering the penalty 
for moisture correction, the methanol system also reaps a 

large additional benefit from the dry coal. 

Table 5.2-1 shows how all the factors discussed 

above may work out for three systems. The first system is the" 

Black Mesa, water-slurry pipeline, stretched to a thousand 

mile length. The second system is the water-slurry pipeline 
that is beinq prornoted by Energy Transportation Systems,, 

Inc. (ETSI). Its main trunk will be approximately a thousand 

miles. It will transport Wyoming coal whose moisture con- 

tent at the slurrification facility is expected to be about 

26 percent, so that the moisture correction is much less than 
was the case with Black Mesa. The third system is the refer- 
ence coal-methanol system which was described earlier in 

Section. 3.1.- 

Table 5.2-1 does not present the three systems 

upon an unbiased comparative basis, for the obvious reason 

that they are different in important respects other than the 

water-methanol difference. Table 5.2-2 presents results- for 
water and methanol systems (the Reference Systems discus'sed 

earlier), which are otherwise the same. 
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Table 5.2-1 

Comparison of Energy Consumption 

(Btu/Ton of Fuel in 1000-Mile Pipeline) 

Stretched 
Black Mesa - ETS I 

Slurryewater Supply 24,000 25 , 000 

MeOH 

Pipeline Operation 

Pumping . . Energy 441,000(~) , 539,000 30n,i?00 

Other Operakions 47,000 ( 2 )  47,000 30,000 

488,000 586,000 330,000 

Deslurrification 

Initial Separation 205,000 65,000 240,000 

Moisture Correction 710,000 136,000 -0- 

Credit for Dry Coal -0- -0- (580,000) 

915,000 201,.000 (340,000. 

Total 1,427,000 812,000 -0- 

Energy Intensity, 

Btu/Ton-Mile 

Energy Intensity, 

' ~ t u / 1 0 ~  Btu-Mile 

(1) ~djusted for 1000-mile length and 5000-foot free fall 
(2) Adjusted for 1000 mile length 



T a b l e  '5'. '2'- 2 

Summary of Energy Consumption, :5H20 vs MeOH 

(Btu/Ton of F u e l  i n  1,000-Mile P i p e l i n e )  

S l u r r y  Water 
Supply  

H 9 8  MeOH 

25,000 10,000 

P i p e l i n e  O p e r a t i o n  
Pumping Energy 400,000 300,000 
O t h e r '  O p e r a t i o n s  4'0', '0'0 0 30,000 

440,000 330,O~OO 

D e s l u r r i f  i c a t i o n  
I n i t i a l  s e p a r a t i o n  300,000 240,000 
Moi s tu r e  C o r r e c t i o n  -0- -0- 
C r e d i t  f o r  Dry Coa l  -'O'-' (580,000)  

100,000 (340,000)  

T o t a l  665,000 -0- 

Energy I n t e n s i t y  
Btu/Ton-Mi l e  

Energy I n  e n s i t y  
Btu/lo' a tu -Mi le  



It is apparent from this table, of course, that 
the methanol system is potentially an extremely attractive 
system from the view?oint of energy conservation. The con- 
clusion is that the energy materials, coal and methanol can 
be transported for Long distances, ie, hundreds of miles 
and sometimes a thousand miles and more, with energy that 
would otherwise be wasted. 

Now, having arrived at this pleasantly surprising 
conclusion, it is pecessary immediately to add and to em- 
phasize two reservations. First, the comparison is grossly 
unfair in that it repeats the usual practice of comparing 
paper systems with steel-and-concrete systems. Unfortunately, 
when studying concepts wi-th limited sesuurr.rls, fhc nituatfun 
cannot L J ~  avoided; nevertheless, it must be continually 
recognized as a deterrent topremature nver-opthdm, Black Mesa 
ekists, and the values presented here are based upon operat- 
ing information which was provided by the Black Mesa Pipeline, 
owner and operator of the system. The ETSI system is not yet 
steel and concrete, of course, but its preliminary design is 
based upon the currently operating equipment in Black Mesa. 
Additionally, the Bechtel engineering staff has devoted much 
more effort to the design of the system than could be accomplished 
in this study. Thus, the comparison just presented suffers 
from a wenlcness which, unfortunately, can only be cured by de- 
signing and building the system. It must be remembered that 
as systems move from concept to reality they inevitably lose 
a significant portion, and sometimes all, of their initial 
attractiveness. 

The second reservation 1s that the amount of the 
credit for dry coal, which represents energy that would other- 
wise be wasted, is a sensitive function of two variables - 
the concentration of the slurry and the moisture in the coal 



when it enters the system. These variables work agaixst each 

other, in that coals which have a high bed moisture content 
generally have lower limiting concentrations beyond which they 
become unpkpable. Thus, there are systems in which the dry 

coal credit is not large enough under any circumstances to 
achieve zero net energy consumption. However, if the net energy 
consumption is not zero for a 1000 miles it is still zero for 
some hundreds of miles, so that some saving as compared with 
other systems is always available, and it is always significant 
in magnitude as compared to the other energy uses in the system. 



6.0 System Water Usage 

6.1 The Politics of Western Water 

In the controver'sy between the proponents and 

the opponents of federal eminent domain for slurry pipelines, 
the issue of water usage bas been explo.ited by the opposition., 
The opposition disregards the fact that, even in the arid 
states, some allocation is made of water for industrial 
use. To the outside bystander, it would seem:best that it be 

left to the people of the affected state to decide whether 
they want to assign.some portion of that industrial alloca- 
tion to slurry pipelines or to some other industrial use. 
Seen in this light, the question of water usage by slurry 
pipelines would appear to be completely independent of the 
eminent domain issue. It is sometimes argued by the slurry 
pipeline proponents that water problems should not even be 
considered in debating the issue of federal eminent .domain 
in slurry lines. The states historically managed their own 

water, so the argument goes, and there is no reason why 
they should riot do so in the case of slurry pipelines. 
Parenthetically, it may be noted that that is precisely what 
happened in the case of the ETSI line. ETSI made arrange- 
ments with Wyoming for the necessary water. Therefore, the 
argument continues, there is no reason for the federal govern- 
ment to take a position one way or another regarding the pro- 
priety of usingwater for slurry pipelines vis-a-vis using 
the same water in 'some other industry. 

C 

However, the question still has some bearing upon 
the issue of federal eminent domain. If the Congress, with 
full knowledge of the problems and issues surrounding water 

supply, endows the slurry lines with federal eminent domain 
without any recognition of the water issue, that action could 

be construed by many, including the courts, to.whoxn ~11% qucs- 
tion of congressional intent is always a central question, 
as a congressional endorsement of the principle of using 
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water for slurry lines in the arid West. The oniy way to avoid 
such an implied endorsement and thereby settle the political 
question would appear to be.by an explicit statement.in the 

\ 

act that the water questions must be resolved by the state 
involved in each case, and that has not been proposed. In 
the absence of such a provision in the act, water will re- 
main a political issue that every proposed western pipeline 
must face and overcome. And any system, such as the coal- 
methanol system, which requires less water than the coal- 
water system will 'enjoy a political advantage. It is well 
to further observe that political opposition has probably 
killed far more projects than technical obstacles. Politi- 
cal advantages should not be disparaged. 

6.2 Water Requirements for Coal-Water Slurries 

When water is cheap, coal-water slurries generally 
operate most economically at'mixtures of about hal?water and 
half dry solids by weight. At this concentration, every 
million tons of dry solids that is slurried requi-res 736 acre- 
feet of water. If the coal going into the slurrifier has 
a total moisture content of 30 percent, 515 acre-feet of 
water are required. Since water is held by coal in three 
different ways, it is necessary to identify the retention mode 
to which reference is being ma.de. 

The first mode is ca.lled surface moisture and, qs:-. 
the name implieslit is the moisture which ismn the exterior 
surface of the coal. In dry air, this moisture readily evap- 
orates., Usually about ten 'percent or less by weight of 
freshly mined coal is surface moisture. 

The moisture which is so closely held inside 
the coal chunks that it does not produce wetness on the 
surface is called by several nameo, ie , bed moisture, 
seam moisture, inherent moisture, etc. In Section 5.0 above, 

pending the explanation which is how to be presented, this 



moisture was referred to as the as-mined or n'ative mois- 
ture. This moisture consists of water which is contained 
in the interstices, as minute droplets or adsorbed film, 
and does not readily evaporate, although in dry air at room 
temperature, this water migrates slowly to the surface of 
the chunk and is evaporated. Conversely, dry coal in satu- 
rated air gradually takes moisture from the air until it 
attains its natural bed moisture -content. ' The bed moisture 
is measured by a process (AsTM Specification D1412) of equili- 
bration in saturated air, and it is therefore also referred 
to as equilibrium moisture. 

The third mode of retention is by water of cry- 
stallization and other weak chemical bonds which can be broken 
with gentle heat, as for example breakdown of carboxyl radicals 
or oxidation of hydroxl radicals. Under the ASD1 test pro- 
cedures, any moisture that is released at a temperature of 
105.Cor less is considered bed moisture., Thus, in.discussing 
coal-water slurries, reference to dry solids means coal with- 

*.  

out the moisture that is released below 105 C under the pge- 
scribed ASTM conditions. 

Taking now an example, if a million tons of 

dry coal, bereft of its 30% bed moisture, were nixed with 736 
acre-feet of water, the resulting slurry would be 50 percent 
dry solids by weight. Three hundred fifteen acre-feet would 
be absorbed by the coal in reaching its equilibrium (bed) 
moisture content of 30 percent and 421 acre-feet of water 
would be carrying the 1,429,000 tons of wet coal. Thus, de- 
pending upon the bed moisture content, each million cons u1 
as-mined coal requires between 500 and 700 acre-feet of water 
so that if a 100 million tons of coal per year were exported 
from the coal fields of Wyoming and Montana, via water slurry 
pipeline, something like 60,000 acre-feet of  water per year 
would also be exported. Quite naturally, there is widespread 
concern about the prospect of long-term commitments for such 
export quantities. 
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6.3 Water Economics 

The influence of water cost upon slurry pipeline 
water requirements has ,been examined by Palmer et a1 (1977). 
Their results are preser~ted in Table 6.3-1. If the water 
were free, the economic optimum for their particular reference 
system would operate at about 52 percent concentration. If 
the water cost were $2500 per acre-foot, the optimum design 
would operate at about 58.5 percent concentration and consume 
76.5 percent as much water as would the free-water system. 
There is little of what the economists term elasticity of 
demand in this situation. The water slurry pipeline is a 
thirsty system, and even quite high prices for the water do not 
modify that habit pattern very much. 

6.4 Water Requirements for Coal-Methanol Slurries 

In Section 5.0 abuve, It was seen that if the 
coal-methanol pipeline and the coal methanolization plant 
are integrated into a single system, so that waste heat from 
the methanolization plant is used to dry all of the incoming 
coal, then otherwise-wasted energy is released in'the power 
plant boiler and used to generate electricity. If additionally 
the water that is driven from the coal in the drying process 
is collected and fed into the methanolization process, the 
water feedstock that is required far that process is reduced 
proportionatelay. 

The Concept that was originated in this study for 
.accomplishing this reduction of both energy and water req'uire- 
ments is summarized below. The flow of the raw methanol stream 
in the methanoliaation process is interrupted after passing 
through the drying columns which remove the water that has sur- 
vived the process to that point, This hot methanol'is then 
conducted out of the methanoliantion plent to the coal dryers 
in the next-door slurrification plant, where the vapor is 
passed through the incoming coal, absorbing its moisture. The 



Table 6.3-1 

Water Demand Function for Water Slurry Pipelines 

Cost of Water 

( $  /acreof oot) 

Relative 

Quantity of 

Water Demanded 

Source: Palmer et al. (1977) 



now-wet methanol. vapor is returned to .the methanolization ---- 
plant, passed through an additional, identical set of dryers 
which remove the water that was taken fro= the coal. Like 
the other water that is processed elsewhere in the methanoliza- 
tion plant; this water is recovered and used in the plant. 
For environmental reasons, the methanolizat'ion plant is already 
designed to recover and reuse virtually al.1 of its water, 
rather than release it to the environment. 

Basically, the water feedstock to the methanoliza- 
tion process supplies the four atoms of hydrogen that combine 
with an atom of .carbon from the coal and an atom of oxyg:en 

to form a molecule of methanol. Stoichiometrically, 12 pounds 

of carbon combine with 4 pounds of hydrogen and 16 pounds of 
oxygen to form 32 pounds of methanol. If the coal contained 
no hydrogen, 36 pounds of water would be required to produce 
the 32. pounds of methanol. However, .the coal contains some 
inherent hydrogen, typically five or six percent on a dry basis, 
and this hydrogen is reacted in the gasifier and so contributes 
toward the satisfaction of the total hydrogen requirement. 
The remainder of the, requirement is supplied in.the form of water. 

The only native (coal-bound) hydrogen that can con-' 
tribute to the methanol-hydrogen requirement is that hydrogen 
contained in the coal which enters the gasifier. However, in' 
the integrated-system (synergistic) concept described here, all 
of the coal which enters the plant is dried and the collected 
water contributes this hydrogen to the methanol synthesis pro- 
cess, so that coal which is consumed in the methanolization 
plant but outside of the gasifier also contributes its water 
to the methanolization process. Likewise, the coal which is 
destined to move down the pipeline also contributes its water. 
The result is that the water requirement of the system is 
greatly reduced and in some cases eliminated. 

Some general insight into the magnitude and sensi- 
tivity of the potential water reduction is provided by Figure 



6 . 4 - 3 ,  which displays the excess hydrogen above the stoichio- 

metric water requirement 'which is contained in typical western 
coals. Dry-basis carbon end hydrogen contents are taken as 

70% and 5I respectively, and the hydrogen excess is pl~tted 
for the 30% and 15% mbistures which typically characterize 

i 
sub-bituminous and bituminous western coals. The excess is 

plotted against weight concentration of dry solids in the slurry. 
The results are sensitive to this variable, since a high con- 
centration means that a large quantity of pipeline coal con- 
tributed its natural water to the methanolization process. 

The postdlated conversion efficiencies are shown 
on the figure, and ard approximately equal to those of the 
Badger design. The postulated 90% efficiency for water re- 
covery is, of course, only a guess, since as noted earlier the 
drying facility could hot be designed within the resources 
of this study. ~owevek, the reader will recall from Section 
3.2.3 that a generous allowance for the cost of the facility 
was included in the economic analysis. 

The conclbsion which emerges from Figure 6.4-1 
is that from 50 to 100% and more of the required water may be 
taken from the coal itself. To test this hypothesis, calcu- 
lations were performed for the actual constitutions of the 
six coals which were ana1yze.d in the laboratory as a part of 
this study. Figure 6 . 4 -  presents the results for the three 
sub-bituminous coals and Figure 6.4-3 presents the results 
for the three bitminod8 results. Within the significance 
of the sample size, the hypothesis is indeed confirmed, al- 
though it must be recognized that constitution of coals varies 
and the generality of the conclusion is accordingly limited. 
At the same time, it is clear that the concept has great merit 
in many situations. 
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Figure 6.4-2 Hydrogen Excess for Three 
Sub-bituminous Western Coals 
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7.0. Summary of the Ex~erimental Program 

This is a study of the engineering economics of 
an integrated coal methanolization .and transportation system. 
It was never the intent of this study to engage in either basic' 
research or engineering development. As has been explained 
.earlier, technical feasibility has been assumed because the 
overriding question is the economics. Only if the economics ' . 

- .appear favorable will it be worthwile to begin any research 
and development. 

Now, this appr0ach.i~ straightfoward -when the 
physical constants characterizing the system are available 
in engineering handbooks or,elsewhere in the open litera- 
ture. However, it was not possible to perform this study 
without laboratory experimentation, because some necessary 
basic elements of engineering information did not exist, 

ie, information characterizing the rheological behavior 
in methanol of the various coals 'of interest. Accordingly, 
from the inception of the project an experimental program 
was planned. 

The planned approach was to select a reference 
coal and develop rheograms experimentally from which the 
Faddick pipeline model described in Section 3.2.1 above, could 
be used to calculate the pressure drop. This was to be done 
over a range of concentrations. The coal from the Belle Ayr 
mine of the Amax Coal Company was selected for several rea- 
sons, one being that it was thought to be typical of the sub- 
bituminous coals from the Powder River basin of Wyoming, 
another being that Amax generously provided abundant samples 
of their coal. The laboratory measurements in methanol and 
in water were conducted at the Colorado School of Mines (CSM) 

under the supervision of Professor Robert Faddick, a well- 
known slurry specialist, using a Brookfield viscometer. 

The results were disappointing in that they 
failed to confirm prior expectations which had been based upon 



some very limited measurements of the behavior of Utah coal 

in methanol. Moreover, the results displayed wide variability 
and some inconsistencies among themselves. To resolve the 
.difficulty, the experimental program was expanded to include 
several additional coals and additional variables, and work 
was stopped on all systems other than methanol. Additional 
measurements were made of the behavior of the same coal under 
different conditions of preparatory treatment, eg, moist vs 
dry, air-dried vs oven-dried, washed vs dirty, dry-mixed 
vs wet-mixed, and of different coals vis-a-vis one another. 
Additional Powder River (sub-bituminous) coals were provided 
by the Thunder Basin Coal Company of Arco and by the Cordero 
mine of Sunedco. Also, three bituminous coals were measured. 
Some of these coals were shtpped to the Texas A C M University. 
chemical engineering laboratory, where measurements were made 
on the rheogoniometer under the supervision of Dr. Ronald 
Darby, Professor of Chemical Engineering. In some cases, 
measurements were made in the two different laboratories on 
the identical slurry. The results were widely variable and 
sometimes inconsistent between themselves, and it became clear 
that the experimental program would have to be expanded again 
if resolution was to be achieved. An attempt was made to 
obtain the necessary funding, but the attempt was unsuccess- 
ful, and the remaining resources were then applied to simply 
doing only those things which were necessary to develop some 
definitive conclusions for this report. 



8.0 Conclusions 

The general conclusion that emerges from this study 

is that an integrated coal methanolization and transportation 

facility offers an extremely attractive opportunity to 

accomplish several very beneficial results: ' 

(1) An import-balance benefit in the displacement 

of petroleum imports by clean, premium-quality engine fuel 

from coal. 

( 2 )  A financial benefit by the transportation of 

the energy contained in western coal to distant markets at 

much lower tariffs than can be achieved in any other way. 

(3) .An energy benefit in that the net energy 

cost of transportation is far less than by any other mode, 

and can in some cases even b.e reduced to zero or below. That 

is, by this system approach, and only by this approach, sig- 

nificant amounts of energy that would otherwise be wasted 

can be recovered as useful electric power at the busbar of 

the generating station. This energy recovery may be as much 

as is required to transport the coal and liquid fuel for a 

thousand miles or more. 

( 4 )  A social benefit in that most and sometimes 

all, of the.water that is required by the system can be taken 

from the fresh as-mined coal .itself, reducing or eliminating 

the need for imposition upon the scarce western water resource. 

(5) An environmental benefit in that large amounts 

of bulk commodity freight can be taken off the surface rail 

system and moved underground, where it is out of sight and 

its environmental impact is negligible (Faddick 19791, 



9.0 Recommendations 

The recommendations which emerge from the conclusions 

just stated are of two kinds: those relating to policies of 

the DOE and the nation, and those relating to the technical 

program of research, development, and demonstration (R, D & D) 

which is necessary to realize the potential benefits which 

have been identified. 

9.1 Technical Recommendations 

As with other DOE development programs, the end 

purpose of the technical program recommended here is a demon- 

stration of the concept which will lead to commercialization. 

To that endr the following recommendations are mad.e. 

(1) Jointly with Badger Plants, Inc., the systems 

integration of the methanolization plant and the slur~ification 

plant which has been proposed here should be assessed in depth. 

This integration is the only serious question that remains un- 

answered, but it is critical. If that answer is affirmative, 

then the additional work to be described below should be per- 

formed . 
(2) Additonal coals should be characterized 

rheologically; using tube-flow measurements in addition to 

viscometry. 

(3) The relationship between rank of a coal and 

its rheological behavior is a mystery. While the only major 

variables discernible from the standard laboratory analyses 

that correlate with rank are moisture and oxygen content, 

this study has shown that rheological behavior in methanol 

correlates rather well with rank, but not at all with moisture 

content. The effects of oxygen content have not been examined. 

These relationships should be explored and explained. 

(4.)  An engineering model of coal slurry pipeline 

pressure drop is l~redcd in tkc publio domain. 

(5) The pipeline .cost model, particularly the 

end-of line facilities, should be refined. 



(6) Engine'tests should be conducted on methanol 

which has been slurried and passed through a simulated pipeline. 

It seems quite certain that there will be no discernible 

effect upon engine performance. The effect upon emissions, 

however, could be detrimental and should be determined. 

( 7 )  Although the economics do not vary much be- 

tween. pipelines operating in the laminar and turbulent regimes, 

the former is much moreiattractive for conse.rvation of' both 

energy and water. Accordingly, the techniques for maintaining 

clean pipe in laminar flow unde.r actual pipeline operating 

conditions need to be verified. 

9.2 Policy Recommendations 

It is recommended that U.S. energy policymakers 

(1) Recognize the attraction of transporting energy 

a thousand miles for forty cents per million Btu. 

( 2 )  Recognize the several attractions of slurry 

pipelines as supplemented energy carriers. 

(3) Recognize the importance of water conservation 

in the arid west. 

( 4 )  Recognize the attraction of transporting energy 

over long distances, possibly a thousand miles, with zero net 

energy consumption, ie, with energy that would otherwise be 

wasted. 

(5) Recognize the attraction sf methanol as an 

engine fuel. It is the only synthetic fuel which is techno- 

logically ready for early and massive introduction to the market. 

(6) Initiate and support the technical program of 

R, D, and D on the integrated methanolization-pipeline system, 

(7) Because methanol is the only oynthetic fuel 
that is technologically ready, maintain the methanol program 

as the baseline against which all other approaches are t.o be 

assessed. 



(8) Recognize the desirability of resolving the 

remaining questions that were presented in the preceeding 

section, in order to have a proven and practical plan of ac- 

tion for immediate implementation, once a decision has been 

made or the necessity has been forced upon us by external . 

forces. 



BIBLIOGRAPHY 

-- Badger P l a n t s ,  I n c o r p o r a t e d ,  "Conceptual  Design o f  a Coal  t o  
Methanol Commercial P l a n t ,  f i n a l  r e p o r t  under  C o n t r a c t  
EX-76-C-01-2416, February  1978. 

B a r r ,  W J . a n d  F A P a r k e r ,  "The I n t r o d u c t i o n  o f  Elethanol as a 
New Fue l  i n t o  t h e  Uni ted States Economy", p u b l i s h e d  by 
t h e  Foundat ion f o r  ~ c e a n ' ~ e s e a r c h ,  San Diego, C a l i f o r n i a ,  
March, 1976. 

Banks, W F, NTIS Report  No, SAN-1171-2, D e c  31, 1977. 

Banks, W F and J K Davidson, Comparison o f  Methanol-Coal and 
O i l - C o a l  S l u r r i e s ,  Report  No. R-813, 2 1  A p r i l  1978, 
Eng inee r ing  Management and Development, I n c ,  P .O.Box 
80145, San Diego, C a l i f o r n i a .  Prepared  f o r  Department 
o f  Energy, D i v i s i o n  o f  T r a n s p o r t a t i o n  Energy Conse rva t ion ,  
Washington, DC. 

Banks, W F and J H Horton,  NTIS Report  No. SAN-1171-4, 1977. 

Banks, W i l l i a m  F (1978) " S l u r r y  Pipelines-Economic and P o l i t -  
i ca l  I s s u e s  - A Review" Report  EMD-R-802, Eng inee r ing  
Management and Development, I n c ,  P 0 Box 80145, San Diego, 
~ a l l f o r n i a  92138. 

B r i e f  o f  I n t e r v e n o r  - Respondent, submi t t ed  t o  t h e  E igh th  
C i r c u i t  Cour t ,  N o .  76-1899, San Antonio (1976) .  

Dina, M L (1976) , "Opera t ing  Exper iments  a t  t h e  1580 Mw Coal  
S l u r r y  F i r e d  Mohave Gene ra t ing  S t a t i o n , "  p r e s e n t e d  t o  
I n t e r n a t i o n a l  Conference on S l u r r y  T r a n s p o r t a t i o n ,  
Ba t t e l l e  Memorial I n s t i t u t e ,  Columbus, Ohio, February .  

Dina, M L; P r i v a t e  Communication, February 22, 1977. 

Freeman, J H et a l ,  "Alcohols  -- A Techn ica l  Assessment of  
T h e i r  A p p l i c a t i o n  as F u e l s , "  P u b l i c a t i o n  N o .  4261, 
American Petroleum I n s t i t u t e ,  J u l y  19 76. 

Govier and Aziz , '  The Flow' o'f 'Complex Mis tures '  i n  P i p e s ,  Van 
Nostrand n he in hold Company, New York, 1972. 

Hanks, R W, The N a t ' S o  "Genera l ized"  Reynolds Number, 4 t h  
I n t e r n a t i o n a l  Techn ica l  Conference on S l u r r y  Transpor-  
t a t i o n ,  Las Vegas, March 1979. 



Kermode, R I, A F Nicholson, and J E Jones, Jr, Chemical 
Engineering, February 25, 1980, p 111. 

Levings, Gary W, "Progress Report on the Black Mesa, Arizona, 
Ground-Water Monitoring Program," Proceedings of the 
Second International Technical Oonference on Slurry Trans- 
portation, Las Vegas, Nevada, March 2-4, 1977. 

Metzner, A B, and Reed, J C, AICHEJ, V1, pp 434-440, December 1955. 

Montfort, J G and E J Wasp, 'Coal' Tra'n'spor'tation' Economics, 
Bechtel Inc, . May 1974. 

Montfort, John G, Private Communication, February 12, W.77. 

Oil and Gas Journal, "Ref ined-Products Prices, " August 1.4, 1972 ,- 
Page 151. 

Oil and Gas Juunal, "Pipeline Economics," August 22, 1977, Pages 
73-91. 

Palmer, R N, I C James, and R M Hirsch, "Comparative Assessment 
of Water Use and Environmental Inplications of Coal Slurry 
Pipelines," Symposium on Critical Water Problems and Slurry 
Pipelines, 25-26 August 1977. 

Reed, T B and R M Lerner, "Methanol: A Versatile Fuel for Im- 
mediate Use," Science, Vol 182, No 4119, December 28, 
1973, Page 1299. 

Salmon, R, H F Hartmen, B Nieman, W R Gambill, M S Edwards, 
J R Horton, W R Reed, J F Fisher, and D A Canconico, "A 
Review of the Badger Report FE-2416-24, Conceptual Design 
of a Coal to Methanol Commercial Plant, February 1978", 
ORNL 5558, October 1979. 

*U.S. GOVERNMENT PRINTING OFFICE: 1980-740-145/874 




