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MATERIALS, NEEDS, OPPORTUNITIES AND PROBLEMS 

ACCORDING TO THE DESIGNER 

W.C. Raisbeck 

The Ralph M, Parsons Company 

Pasadena, California 

The Ralph M. Parsons Company is actively assisting the Energy Research and 

Development Administration (ERDA) in its program to develop viable commercial 

plants for the conversion of coal to clean fuels, There are two distinct 

parts involved in this role: 

I, Preliminary design services in which Parsons develops conceptual 

designs and economic evaluations for commercial coal conversion 

plants. At present we are developing designs for a Fischer-Tropsch 

plant, an Oil/Gas plant, a Coal-Oil-Gas (COG) multiproduct 

facility, a commercial solvent refined coal (SRC) facility and a 

multi-unit demonstration plant. Each of these designs will include 

captive coal mines. 

, Parsons also supplies technical evaluation services to assist ERDA 

in monitoring certain liquefaction development programs. 

Equipment 

I have been asked to speak today on material needs from a designer's 

viewpoint. The treatment of materials problems for the designer is an 

extremely broad subject. In an effort to condense the subjec t into the 

available time, we will only be able to give detailedattention to limited 

areas of design. Each designer's point of view is dependent upon a specific 

process or area of work 

I 581 



All conversion processes will require a gasifier in producing a liquid or 

gaseous product from coal. Because of the primary role of the gasification 

program, we will concentrate on this program's material problems. Within the 

area of gasification, the material closest to the process is the refractory. 

We will place our greatest emphasis on the design problems of refractories 

today. 

Various conversion plants have been proposed, including one which could 

consume up to I00,000 tons of coal per day. These quantities may seem at 

first a little overwhelming, but a closer analysis reduces many of the 

problems to those of logistics and scaling up of existing equipment which 

will not require extensive research into materials. 

For a gasification system to be economically justifiable, a high degree of 

reliability must be developed. Failure to produce a plant with high 

reliability would result in system redundancy at very high cost. Usually 90% 

or higher onstream availability is set as a goal. To provide the required 

availability, we need to know the most probable failure point for each piece 

of equipment in the system. Knowing the probable failure points enables the 

designer to provide the plant operators with acceptable procedures for 

handling the equipment outage. We must either have equipment designed for 

replacment of parts "on-the-fly" or with a high operating factor built in. 

Let's look at the individual components of the system requiring materials 

development. 

Co@l Handlin~ and Preparation Areas 

With major steel and power companies currently processing up to about 33,000 

tons of coal per day at one site, the proper equipment is available now from 

the designer's viewpoint. The coal handling and preparation systems will only 

require that slightly oversized equipment be provided to allow stockpiling 

during normal operations such that the plant can run on stockpiled coal 

during any outages. 
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Charging Systems 

Two basic methods have been developed to introduce the coal in to high 

pressure systems (slurry and lock hoppers). 

1. Slurry Systems 

In slurry systems the coal is pumped to pressure with a carrier 

liquid, normally oil or water, Once pressurized, the coal slurry 

may be injected directly into the gasifier or may be dried prior to 

injection, 

Slide i is a slurry with Typical Flash Dryer 

Slide 2 is a slurry with Fluidized Bed Dryer 

Slide 3 is a slurry with Lift Dryer 

The problems of pumping abrasive coals up to the pressure are well 

recognized and considerable work is being done to solve these 

problems, 

2, Lock Hoppers (Slide 4) 

Lock hoppers, which pressurize the coals directly or in stages, 

will present unique materials problems, High differential pressures 

must be maintained across seals and valves that handle tons of 

abrasive coal while maintaining the required operating factor. 

Considering a commercial systemwhich must handle over 30,000 tons 

of coal per day, the materials community cannot be asked to provide 

the sole means necessary to produce the 90% availability required. 

The equipment designer, working with the materials engineer, must 

develop equipment with the highest operating factor economically 

possible. With the lock hopper system it may be necessary to 

provide some redundancy within the system to allow quick 

replacement of high wear parts (valves, seals, etc.) without 

interrupting the process. 
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Of the two systems currently getting most of the attention, slurry systems 

may be more reliable because of the~development work done on comercial coal 

slurry transport programs and the work underway at the pilot plants. 
r 

A third system, direct mechanical injection, may be favored when developed, 

due to possible energy savings over slurry systems which require energy for 

vaporization of the slurry medium and over lock hoppers due to flow 

monitoring problems. 

Injection Systems (Slide 5) 

A second, and possibly as great a problem as the charging system for some 

processes, may be the final injection of coal, steam and oxygen into the 

gasifier. The injection step may produce as many material problems as the 

pressurizing systems for a commercial unit. In the steel mill blast furnace 

all the air nozzles (blow pipes into tuyeres) are designed for quick 

replacement. Quick change injection nozzles on the gasifiers may be a major 

design requirement. 

Gasifier 

The gasifier, because of cost and size, should ultimately be the piece of 

equipment in the process train that limits the length of the run or campaign. 

Because of this, the gasifier must have a high operating factor designed into 

the unit. The gasifier vessels vary greatly depending upon which process is 

employed. The steel vessels being designed today follow ASME, Section VIII, 

Division 1 or Division 2. There are some questions concerning suitability of 

these two sections and this point will be reviewed in a later discussion. 

The success of a commercial gasifier will depend upon the correct blending of 

vessel materials, cooling system, and refractory selection. Pilot plant 

experiences have been helpful in developing pumps, valves, and other 

equipment items, however, these experiences have not necessarily been 

meaningful in understanding a refractory system for a commercial gasifier. 
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Pilot plant vessels are small, castable lined, and have run only inter- 

mittently for short duration. 

A number of factors must be considered in the gasifier design: metals to 

stand up to corrosive condensates, erosion at high temperatures, thermal 

efficiency of the wall design, and the residual lining thickness of 

refractory. Hopefully, we will be able to use materials which are 

commercially available at reasonable cost, 

The designer does not have the freedom to consider materials and their 

problems independently, but must employ materials to build a unit which will 

meet all the needs of the total gasifier environment. The gasifier is a piece 

of equipment operating at high temperatures with a corrosive and erosive 

environment. Of all the materials in the gasifier, the refractory lining will 

be the component to come directly in contact with the severe environment, We 

would like to take a closer look at the refractory systems and their 

influence on wall design. One point of view presented by Koenig and repre- 

sented by the "Residual Thickness of Refractory Lining of Blast Furnace Bosh" 

equation, tells use that we must consider the cooling as well as threshold 

temperature of reactions between the lining and some portion of the coal ash 

or slag, Research on slag refractory erosion traditionally has not 
v 

incorporated the value of water cooling and may not be valid for those 

gasifier designs which will be water cooled. Laboratory experiments must not 

only reflect the environment but also must consider the wall design with the 

water cooling if used. 

Slide 6 

The equation, in its present form, is not completely correct for gasifiers. 

Each wall design requires a separate modification to the equation; however, 

Koenig's form of the equation is useful in examining the value of water 

cooling. The second half of the equation represents the resistance to heat 

transfer for the heat enclosure. The term i/a 2 represents the resistance of 
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the cooling water (which may be vaporizing). As this term gets larger, as it 

would in a system which relied on the outside air for cooling, the equation 

gives progressively thinner lining at equilibrium until it predicts failure. 

The equation presents a strong case for water cooling of refractories even 

for temperatures which are normally considered to be less than the maximum 

service limits for the refractory. Most designers to date have only 

considered the original wall design and not the equilibrium lining which will 

represent the real life situation. 

Slides 7 and 8 

The steel mill blast furnace represents a piece of equipment that is water 

cooled even though much of the refractory system is below 2000°F on the hot 

face. If we assume a low TC, the equation predicts poor performance for 

systems which are not water cooled. Also, as others have pointed out, the 

residual thickness is directly proportional to the K factor if all other 

values are constant. 

If equations of this type are to be used, we need considerable additional 

information. The value'of some parameters currently are based largely upon 

speculation. The designer must have accurate values for the thermal 

conductivities of slags and various refractories. These are available, but 

there is some question as to their accuracy. More important, the values for 

T C and T S must be accurately defined and these values must come from the 

materials community. 

Like all equilibrium equations, what the Koenig equation does not do is 

recognize reaction rates or other outside effects such as erosion and 

abrasion. It may be that the rate of reaction is sufficiently slow to render 

the residual thickness analysis unimportant. Until empirical data has been 

developed from operating units or lab tests which will accurately duplicate 

the environment, many designers will follow the conservative water cooling 

approach to g a s i f i e r  design. 
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~nere is a definite condensation problem in high pressure gasifiers, and it 

s necessary to use either some weld overlay at approximately $100/sq. ft. or 

water cooling system which will allow you to predetermine the wall 

temperatureand maintain it above dew point by controlling the cooling water 

temperature, In the case of some low pressure gasifiers, weld overlays or hot 

shells may not be the only choices available. The Steel Mill Blast Furnace 

represents a piece of process equipment which has an operating environment 

similar to a low Btu gasifier with a carbon steel shell maintained at 

temperatures well below the dew point. The similarities of the two units 

should be looked at closely by the materials people to see if long term 

experience has already been generated. 

Slide 9 

As mentioned earlier, we may not be defining the optimum refractory design 

for con~nercia! gasifiers in today's pilot plants. To date, we would estimate 

that 80% of the literautre on refractories for coal gasification deals with 

castab!es; we question the emphasis being placed on the use of castables at 

this time. Let us consider corrosive and erosive conditions and how each will 

influence the designer: 

A. Hydrogen 

B. Steam 

C. CO Disintegration 

D. Slag 

E. Alkali 

F. Erosion 

Slide i0 

Two of these, hydrogen and steam, were previously considered problems only in 

stea~ methane reforming for the production of H 2. The reforming process is 

considered clean with respect to the other forms of corrosion. With gasifi- 

cation all of these forms of corrosion must be considered simultaneously. 
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We may have reached a point of apparent contradiction. Up to now most of the 

work has concentrated on the selection of the proper castables. For a 

commercial gasifier, not only must the correct chemistry be identified for 

the refractory, but also the correct physical form (brick or castable). 

Consider each of the corrosive forms and the direction a designer will be led 

in handling the problem. 

H dr_~- will attach Si02. This has been studied in detail by 

Crowley and the system is fairly well understood. There is some question 

concerning the reasons for selective attack by hydrogen on bricks but 

not on castables, Fortunately, this does not present us with a design 

problem. Hydrogen attack is effectively stopped if water vapor is 

present in small quantities. The gasifiers usually will have a 

H2/H20 mole ratio of 1.2 to 1.5 in the main gasifier, and under thse 

conditions we would not expect any problems from hydrogen attack. 

Steam-as mentioned above, has the positive effect of suppressing 

hydrogen attack; on the other hand, steam itself may present a most 

unique design problem. Researchers have established a number of problems 

associated with steam corrosion: 

l, 

2. 

3. 

SiO 2 leaching 

Loss of strength of high alumina brick 

Possible rehydration of calcium aluminate cements 

A l l  t h e  i n f o r m a t i o n  on s t e a m  i s  i n c o n c l u s i v e .  T h e r e  have  been  few 

f a i l u r e s  o f  r e f r a c t o r i e s  a t t r i b u t e d  d i r e c t l y  to  s t e a m .  Steam may have  

been responsible for attack on refractories but not properly identified 

as the cause. The biggest question is, how important is steam corrosion 

relative to the other corrosive gases in the system? We need not only 

understand steam as a mechanism, but must also establish a quantative 

measurement of corrosive rates. Related research should also try and 

identify any possible retarding agents which may be in the gasifier raw 

materials or may be added to them. Steam may favor castable as a 

designers choice. 
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CO - will react in the presence of iron impurities in the refractories 

to form CO 2 and carbon. The carbon builds up on the refractories, 

producing disruptive forces in the ~efractory body. CO-CO 2 has been 

studied for years by both the refining and steel industries. The 

guidelines for the designer have been quite simple: 

I. Use refractory systems which are low in iron. The iron which 

is present must be in a nonreactive form (Fe or FeO being 

reactive). 

, The CO reaction with iron acting as a catalyst is easily 

poisoned by sulfur; the sulfur present in the coal may be 

sufficient to block this reaction. 

Refractories formulated to keep the iron in a nonreactive form are 

available, The designer can use low-iron fired briek where the iron 

present has been reacted with the glassy silica phase of the brick. 

Castables on the other hand are produced in a crushing, grinding, and 

blending operation which allows iron impurities to be picked up during 

manufacture. During installation, the premixing and pneumatic placement 

adds additional iron to the refractory castable. 

The 2CO = CO 2 + C reaction is one which is favored by high pressure. 

Most of the work has been done at low pressures; therefore, additional 

infor~etion should now be developed relative to CO problems in a high 

pressure unit. Brick would be favored over eastable for resistance to 

CO - CO 2 attack. 

Slags - have only been considered from an equilibrium point of view in 

our earlier discussion of residual lining thicknesses. ~ne very 

important effect of erosion rates on refractories must also be 

discussed, The designer's guidelines requiring refractories with low 

porosity and low permeability at operating temperatures lead us to a 

brick design, Where slag must be contained, the designer will either use 
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a frozen slag layer or brick compatible with the specific coal to be 

handled. Considerable work is still required in the area of slag erosion 

of refractories for various coals available in the United States. 

Alkalis - from various sources entering the gasifier will present 

definite problems if they tend to concentrate in the unit. The Steel 

Mill Blast Furnace has contended with alkali problems for years. The 

solutions have affected both the design and operation of the furnace. 

Alkali bursting and fluxing must be studied relative to their effects on 

the gasifiers and ancillary equipment downstream. 

Slide Ii 

Each of the above corrosive and erosive conditions will have an influence, 

but the conditions are specific for each gasifier and coal. The designer must 

be provided with a means of selecting the proper refractory to provide the 

optimum service for each set of conditions. The data should consist of 

empirical guidelines that can be applied directly to a given process. If 

design curves similar to the Nelson curves for hydrogen attack on metals 

could be developed for each important corrosive gas, the application of 

refractories in coal gasification service could be greatly simplified. 

Slide 12 

Erosion of refractories by particles in the gas stream in the main gasifier 

should not be a major problem for processes with low gas velocities (25 to 50 

feet/second). Processes which employ a heat transfer material (dolomite, 

refractory balls, ash) requiring dense phase conveying may have erosion 

problems even with low velocity. In general, erosion resistance of 

refractories increases with increasing modulus of rupture. 

I t  i s  s t i l l  n e c e s s a r y  to produce good q u a n t i t i v e  c o r r e l a t i o n  fo r  s p e c i f i c  

cha r s  and a s h e s .  B r i c k s ,  with t h e i r  h igh modulus of  r u p t u r e ,  g e n e r a l l y  have 

e x c e l l e n t  e r o s i o n  r e s i s t a n c e  p r o p e r t i e s .  S u i t a b l e  e r o s i o n  r e s i s t a n t  m a t e r i a l s  
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are readily available and at reasonable cost. Improvement in our materials 

selection skills may be all that is required for the gasifier proper, The 

limits of each material must be known if the most economical design is to be 

produced, We are trying and must continue to try to optimize our designs 

considering both cost and erosion resistance, 

The materials community can make a major contribution for the design of 

equipment downstream of the gasifier, Currently velocity of gases leaving the 

gasifier are usually in the range of 25 to 50 feet/second. The design 

velocity is limited by erosion resistance of lining materials and allowable 

pressure drop. The designer wants the most economical erosion resistant 

refractories giving the required service while using pressure drop limitation 

to control line sizing. 

~nough there are questions concerning the best choice of refractories when 

considering a commercial ga§ifier, bricks are favored over castable. We must 

define the optimum combination of chemistry, physical form and cast levels 

for the refractory system designers. High Fired Super Duty Bricks may prove 

to be the optimum refractory except for a few special cases. 

Considering materials cost, Slide 13 shows High Fired Super Duty Bricks are 

favored ~%en considering materials cost only, Installation cost of various 

refractory forms (brick, castables and plastics) must also be considered. The 

results of a cost study showed comparable cost for insulation of Brick and 

Castables in a Steel Mill Blast Furnace. Using a complete reline as the base 

case, no cost or time advantages could be shown for either brick or castable 

lining. The study is now dated and we should again take a close look at this 

point of economics for the design of commercial plants, 

Ancillary Downstream Equipment 

With some low Btu processes it would be advantageous to have a high 

temperature heat exchanger to maximize energy conservation, Ideally, all the 

raw materials will be preheated using the sensible heat from product gas, 
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In an air blown system we would want to achieve the highest air preheat 

temperature possible. Slide 14 represents the type of design anticipated. 

Metal heat exchangers may not have sufficient long-term creep strength 

required for this service. Ceramics could easily handle the temperature but a 

gastight system is also a major requirement. Keep in mind the heat exchange 

will be occurring between a high temperature fuel and air being heated to a 

high temperature. This exchanger represents a design challenge in materials 

engineering. 

The gasifier and its ancillary equipment require ongoing major materials 

development. Other portions of the coal conversion system, gas purification, 

shift reaction and methanation, have already been research in petrochemical 

materials technology and will demonstrate the high reliability required with 

little need of further development. 
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MAJOR REFRACTORY CONSIDERATIONS 

A. HYDROGEN ATTACK 

B. STEAM ATTACK 

r J  C. SLAG CORROSION 

D. CO DISINTEGRATION 

E. ALKALI ATTACK 

F. PARTICLE EROSION 
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ateriai Considerations 
Coal Liquefaction 

By J. B. O'Hara, W. d. Lochmann, and N. E. dentz 

THE OEVELO~MENT of viable co~ liquefaction methods is a 
nationa! high-priority objective. ERDA-FE (Energy 
Research and Development Administration-Fossil Energy) 
has a prime responsibility in th~s area. It is being assisted in 
its program by Ralph M. Parsons Co., Pasadena, Calif. A 
key ~pect oftNs work involves the selection and develop- 
ment of adequate construction materials for large commer- 
cial plants. 

Coal liquefaction is not new; i t  has been and is being 
practiced industrially, Germany produced most of its avia- 
tion ~asoHne from coat during the later stages of World 
War II. The hydrogenation process accounted for most of 
this pi'oduction. Germany's materials problems were 
severe, but the plants still managed to turn out about 80 00(3 
bbl t12 720 m ~) of liquids per day. 

Another process now under consideration (Fischer- 
Tro~sch indirect liquefaction technology) was also used in 

The SASOL plant in the Republic of South 
ich has b~n  in operation since 1955, is based on 

this proems. 2 
However, such existing technology most probably will 

not be adopted in this country. It is felt that our synfuel 
plants must be large, efficient, simple, and reliable to be 
competitive with other fuels. Current thinkingJs that such a 
plant will be in the billion dollar class and process 10 ~ to 

40 000 tons (90C0 to 36 0C0 Mg) of coal per day. Target 
dates for startup are in the 1980's. 

• P r o c e s s e s  D i c t a t e  M a t e r i a l s  

Liquefaction processes under development in the United 
States may be somewhat arbitrarily aligned into four clas- 
sifications: hydrohquefaction, extraction, pyrolysis, and in- 
direct liquefaction. Their operating conditions are spelled 
out in Table I. 

In hydrofiquefaction, a slurry of coal in a coal-derived 
liquid is contacted with a hydrogen-rich stremm at elevated 
temperatures and pressures. As a result, the hydrogen to 
carbon ratio of the coal f e d  stock is increased, producing 
liquefaction. 3 Hydroliquefaction can rake place with or 
without an added hydrogenation catalyst. 

In extraction, a hydrogenated coal-derived liquid con- 
tacts the feed coal at elevated temperature and pr~_su~, ex- 
tracting a major portion of the carbonaceous coat con- 
stituents. ( The hydrogenated coal=derived liquid serves 
as a hydrogen carrier to the extraction stage, which ~ be 
operated at a lower pressure than the hydroHquefaction 
process. 

In pyrolysis, feed coal is heated to an elevated 
temperature, producing a gas, a tar, and a char. 5 The 

Fig. I--SimplLqed flow die-ram for hydroliquefactlon process. 
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Fig. 2--Simplified flow diagram for extraction process. 
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char may be gasified to produce a mixture of carbon 
monoxide and hydrogen--known as syngas--which in turn 
can be used as a feedstock for substitute natural gas (SNG), 
ammonia, methanol, or liquid hydrocarbon production; 
the gas can also be used as fuel for electric power genera- 
tion. The tar can be hydrotreated to produce a low sulfur 
syncrude. 

In indirect liquefaction, feed coal is gasified to produce a 
syngas, which is purified and reacted to produce liquid 
products. This is the Fischer-Tropsch technology? 

A key point: every coal liquefaction plant incorporates a 

gasification operation; but a plant producing SNG from 
coal does not necessarily include companion liquefaction 
operations. In a sense then, liquefaction technology 
development represents a broader challenge to scientific 
and engineering communities than gasification. 

Materials for Hydroliquefaction Process 

Key steps in one version of a hydroliquefaction process 
are shown in Fig. 1. Processing con'ditions are summarized 
in Table I. Typically, the dissolving or liquefaction coal 
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Table I -  Summary of Operating Conditions for Liquefaction Processes 

F(C) P,:c::', P,=~s~ st~ps 
Hydroliq~%~n 
Bon~t~lTlic -- $HC . . . . . . . . . . . .  Coal dissolving 800-800 

(425480) 

Ptas'~m% psi2 Rc=-p~a~ 

1000-20C0 Thre~-phas~ (liquid, 
(7-14) gas, and solid) 

upfla':z; low linear 
velacR7 

C~t~_l~c . . . . . . . . . . . . . . . . . . . . .  Co~l dissol'~in~ 800-800 30C04~00 
Cat~l~c hydrogenation (425-4~0) (21-28) 

E~mN~n - -  CSF pNc~;s . . . . . . . .  Donor solvent 8C0-9C0 4~0 
Coal dissol'Ang (4254~0) (2.7) 

$ol's~nt hydro~nat~on 800+ 3000-4000 
(425+) (21-28) 

800-I150 10-15 
(425-620) (0.06-0.I0) 

PTr:lTsis -- COED . . . . . . . . . . . . .  PyrolTsis 

Char con'~o.reion 18C0 5-10 
(~0) (0.03-0.0~) 

Ir~ir~.~t-- Fisch~r-Tropsc5 ....... Uqua~cUon (syn~.osis) 600 400 
(315) (2.7) 

Thr~-phas~ (liquid, 
ps, and solid) upflo'a 
throuzh pach~d cata- 
lyst bed 

0il-coal slurr]- 
a ~ d  

Thr~.phas~ (liquid, 
hydro~n, and ca~lyst 
pa~cles) low ve- 
Iocit7, upflo':/ 

Ruid bed; coal and/or 
char gas from pyrolysis 

Ruid h~l; char syn- 
gas product;, steam 
and ox'lg~n feed 

Gas phas~ 

Coal fin~s; coaM~-fiv.,d 
aramaic solvent of hi~ 
sulfur and nih'og~.n con- 
tent. Gas~s with H2, CO, 
CO 2, H2S, ttH 3, HC~, 
and H20. 
Coal fines; coaMefi,zed 
solvent wi~ hi~ aramaic, 
sulfur, end nit~o~n content 

(]round coat; ¢~al4~fived 
solv.-nt which has bP.n 
enrichad ~ It 2. 

Hydm~n-fich g~'~ ,~th 
H25, BH 3, and H20. Coal- 
darived ar6mddc liquid of 
high sulfur and ninon 
con~nL 

Ground c~al ondlor char. 
Unn~mt'~ p~,mlTsis 
vapors c~m]:os~l of tar, 
1t20, unsdmm*ad gas. 
1125, CO2, ~]H3, COS, HC;I, 
anit char fines. 

Char fines; s'.m.~-~ ~m- 
posed of H 2, CO, CO 2, 
H20, 112 S, F]H 3, COS, CS 2, 
11OF], and enL~in~] ~ar. 

Syncs of hii~ purl/7 plus 
producta; por'a~n hvztro- 
e~0rm, 0rl~naL-~d com- 
pounds, C02, a~'d H20. 

Fig. 4--Simplified flow diagram for t i I~: ' ~ ' g ~  t => 
indirect liquefaction process (Fischer-Tropsch). 

1 

steam , oxy.:en [ I ' ° n l . l  . _ _ _ _  

conversion step takes place at about 800 to 850 F (425 to 
455 C) and 1580 to 2C00 psi (10 to 14 MPa). 

Erosion-corrosion of equipment handling coal slurries is 
a general current problem which can be severe. Operators 
of  coal conversion plants, it's reported, have yet to fred a 
commercially available pump for slurries which performs 
satisfactorily for extended periods. 

Another problem: service life of  the pressure letdown 
valve for process slurries after the liquefaction step. In 
German plants, which were operated at higher pressures 
than U.S. plants, service life ranged from 56'0 to 1500 h. 

Similar results are being obtained in this country's pilot 
plants; but there is evidence that a tile of  20C0 h can be ob- 
tained with the proper use of tungsten carbide trim. 

It 's difficult to predict attack by erosion-corrosion. 
Relatively little is known about the mechanisms. Available 
data have b e n  derived primarily from empirical test results 
and analysis of  service experience. 

In some noncorrosive environments, there appears to be 
a relationship beb,v~n such factors as the size, speed, and 
hardness of  a substance and its erosive effects on a par-  
ticular material. But opinions on the subject differ. 

Continued on p. 36 
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At this time, it is not possible to predict material loss 
from erosion or erosion-corrosion with reliability. Current 
designs are based on material exposure experience under 
actual or simulated operating conditions. 

A number of materials have been tested in pilot plant 
pumps handling coal slurries. They include carbon steel, 
300 series stainless steels, Ni-Hard, and coated carbon steel. 
Coatings range from chromium, ceramics, and plastics to 
elastomers and hard surfacing materials such as fused 
systems containing nickel, chromium, boron, and silicon. 
It's understood that service lives on the order of 700 to 2000 
h have been obtained with coatings, but no pumps have 
been entirely satisfactory. 

Proper mating of materials and design is necessary in 
centrifugal slurry pumps. Low speed (around 1500 rpm) 
and a pump with proper head-volume characteristics will 
tend to reduce erosion. Careful attention should be given to 
impeller and volute geometrical design. Long-term objec- 
tives include the following material characteristics: easy 
castability; weldability; small grain size; ability to maintain 
erosion-resistant smooth surfaces; resistance to high- 
temperature, high-pressure H:S-H 2 environments; im- 
munity to stress-corrosion cracking; inherent toughness 
and ductility. 

ERDA has a Solvent Refined Coal (SRC) pilot plant at 
Ft. Lewis (Tacoma), Wash., which is operated by the Pitts- 
burg & Midway Coal Mining Co., Div. of Gulf Oil. A 
smaller SRC unit in Wilsonvitle, Ala., is funded jointly by 
the Electric Power Research Institute and Southern Ser- 
vices. With units of this type, slurry preheaters were an 
original concern. Feed coal slurry and hydrogen are heated 
from about ambient temperature to 800 F (425 C) in helical 
coils. The Wilsonvill¢ coil is made of type 316 stainless steel, 
while lncoloy 800 was chosen for the Tacoma coil. 

So far, performance has been satisfactory - -  operation 
of the Wilsonville coil exceeds 350 days, that of the Tacoma 
coil more than 300 days. However, new problems are an- 
ticipated at the commercial level. A design and flow pattern 
different from that for helical coils will be used. 

Problems with erosion have been encountered in check 
valves for the coal slurry plunger feed pumps to the high- 
pressure dissolver section. A combination of material selec- 
tion and valve design has solved the problem. It appears 
that a spherical, hardened chromium steel ball on a 
tungsten carbide seat provides adequate performance. 
Check valve life has been lengthened from as little as 4 h to 
as long as ! 600 h. 

Materials used in the product recovery section (frac- 
tionating columns and reboilers) have had to be replaced. 
Example: failure of carbon steel U-tubes in reboilers distill- 
ing intermediate coal-derived fractions at temperatures in 
the range of 400 to 700 F (200 to 370 C). Carbon steel has 
been replaced by type 304 stainless steel. Another example: 
type 410 stainless steel fractionating trays failed after about 
150 days at temperatures of the order of 600 F(315 C). The 
replacement: type 304. 

Corrosion m/e,/n./) 'r (mm/yr) 
0 .2_  
(5) 

0.! 
(2.5) 

0O4 
(I] 

OO2 
(O.5) 

00 /  
(0.25) 

OO04 
(0.10) 

0 0 0 2  
(o.O5) 

0001 
(0.025) 

0.O004 
(00/02 

00002 
(0.0062 500(2602 600(J/6) 700(z;'/) 800(427 

Tempero/ure, F ( c ) 

Fig. 5---Corrosion rates of various alloys in H2S-H 2 
mixtures. Source: National Assn. of Corrosion Engineers. 

The dissolver, where the coal slurry is hydrogenated, is 
exposed to a corrosive environment. To date, the Tacoma 
pilot plant mentioned previously is getting satisfactory per- 
formance from a 2.25Cr-lMo alloy overlaid with type 347 
stainless steel. Potential troublemakers in dissolvers in- 
clude sulfur compounds and hydrogen (see Table I). 

Sulfur and Sulfur Compounds 

Coal, especially that found in the eastern part of the 
United States, contains substantial sulfur. During process- 
ing, it is converted to hydrogen sulfide (H2S) which 
becomes increasingly corrosive to carbon steel at 
temperatures greater than 450 to 550 F (230 to 290 C). 
Hydrogen (H2) is also present. Here we can draw upon the 
experience of petroleum refineries with H2S corrosion at 
temperatures from ambient to about 1000 F (540 C) and 
operating pressures to 3500 psi (24 MPa). 

The combination of H2S and H2 is particularly 
troublesome. The 5Cr-0.5Mo and 9Cr-lMo alloys com- 
monly used to resist moderately high temperature sulfur 
and sulfur compound corrosion show little improvement 
over carbon steel in corrosion resistance to H2S-Hz at- 
mospheres. A chromium content of at least 12% is required. 
The 300 series of austenitic stainless steels (minimum 18Cr- 
8Ni) have excellent resistance and are normally specified 
for the H2S-H 2 environments found in petroleum refineries. 
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Extensive corrosion data and experience at temperatures to 
about 1(3C0 I: (540 C) have been accumulated (Fig. 5). 7 

~t temperatures between 8C0 and 1550 F (425 to 845 C) 
austenitie stainless steels tend to precipitate carbides 

(sensitization) along grain boundaries. In the case of 
process upsets, it is conceivable that the dissolver 
temperature could exceed 850 F (455 C). 

This sensitization tendency may be mitigated by reducing 
the amount of carbon initially present, or by tying up the 
carbon with small amounts of strong carbide-forming ele- 
ments (stabilization) such as columbium, tantalum, or 
titanium. Welding and fabricating problems are increased 
by the alloying additions; and reduced carbon content does 
not eliminate the possibility of polythionie and chloride 
cracking problems at low temperatures. 

Petroleum refinery experience has demonstrated that 
austenitic stainless steels resist high-temperature HaS dur- 
ing operation, but they may be susceptible to stress- 
corrosion cracking when the plant is shut down. Strict shut- 
down procedures, which include circulation of protective 
solutions, must be followed during downtime to prevent 
cracking. 

In large equipment, such as pressure vessels, such 
procedures are impractical. The vessels are not made of 
solid stainless st~l ~ because of cost and also to prevent 
catastrophic failure due to cracking. Clad or weld overlay 
construction is recommended because the polythionic and 

ride cracking phenomena are not known to propagate 
the commonly used ferritic alloy b~icking materials. 

A ttack by Hydrogen 

Hydrogen at temperatures greater than 450 F (230 C) and 
at pressures greater than 2C0 psi (1.3 MPa) will cause 
carbon steel to decarburize and to form methane at internal 
interstices. The resulting internal pressure forms blisters, 
causing failure. Adding molybdenum and chromium sup- 
presses this tendency because of their strong carbide- 
forming characteristics, allowing these alloys to be used at 
higher hydrogen pressures and temperatures. Molybdenum 
is also particularly beneficial in improving creep and stress- 
rupture stren~hs. 

Carbon steel, carbon-molybdenum steel, ,and tl-~ 
chromium-molybdenum alloys are commonly used as the 
pressure retakning material for equipment experiencing 
metal temperatures to about 10C0 F (540 C). s Data on these 
materials, based on more than 50 years of experience with 
failures and successes, are being maintained and updated 
by the American Petroleum Institute Committee on 
Refinery Equipment for Corrosion. 

ChIorides: Stress-Corrosion Cracking 

Chloride concentrations in the range of 100 ppm can be 
exlzected in the dissolver with a companion moisture con- 
tent in the range of 1.5%. To date, there are no reported 

problems with stress-corrosion cracking in the SRC pilot 
plants. 

However, the Project Lignite Process development unit 
at Grand Forks, N.D., suffered catastrophic failure of its 
316 stainless steel preheater and general stress-corrosion 
cracking in the high pressure area when processing lignite in 
an SRC-type process. Chlorinated hydrocarbons had been 
used to clean some of the equipment prior to failure. 
Analysis indicated chlorides were the cause of failure. 

The Extraction Process 

The process is outlined in Fig. 2; conversion-extraction 
conditions are given in Table I. 

In comparison with the hydroliquefaetion process, initial 
extraction takes place at a lower pressure (about 400 psig 
[2.7 MPa]), reducing material requirements at that stage for 
resistance to high pressure-temperature Ha attack. 
However, both processes have common shortcomings, in- 
cluding handling problems, pressure reducing valve ero- 
sion, sulfur compound corrosion, and a potential for 
chloride stress-corrosion cracking of austenitic steels. 

A number of material and engineering problems were 
defined during operation of the Office of Coal Research 
(OCR) sponsored Consol Synthetic Fuel (CSF) pilot plant 
program during the 1963-1970 period. Some results of this 
program are summarized in the following paragraphs. 

Centrifugal pumps handling slurries with an initial ser- 
vice life of 80 to 100 h were coated with an electrodeposited 
hard chromium platihg, increasing their lives more than 
400%. In another case, hard chromium plating was applied 
to the bottom of hydroclones used for solid liquid separa- 
tions from a slurry containing approximately 50% solids. 
The objective was to eliminate a spiral wear pattern, which. 
became noticeable after about 100 h of operation. After 
plating, 18130 h of service were obtained. 

Ni-Hard pump components have been used with some 
success in slurry systems; but because of their brittle nature, 
they are suspect in case of fire and dousing with water. 

No really satisfactory materials-designs were defined to 
give long maintenance-free life for valves in slurry service. 
Ball valves are used at lower temperatures, and open port 
construction is preferred. Tungsten carbide has been the 
most successful fiaaterial for seating surfaces on control 
valves. 

However, tungsten carbide in pressure letdown valves 
can be destroyed within 500 h of operati6n--the pressure 
drop is several hundred or even thousands of pounds. 

Operating lives of up to 2000 h can be obtained with 
proper material procedures. The method of forming the 
tungsten carbide valve seat can account for considerable 
differences in performance. A needle type seat can be used 
with the flow reversed from nornaal practice. 

Because of the critical nature of valve performance in 
eoai conversion plants, a program to develop improved 
valves is underway at the ERDA facilities in Morgantown, 
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W. Va. Additional work to investigate materials for 
improving valve performance is underway at Bureau of 
Mines units in College Park, Md.; Rolla, Mo.; and Albany, 
Ore.; plus an EPRI program at Battelle-Columbus. 

The Hydrogenation Step 

Hydrogenation takes place in a reactor at pressures up to 
4000 psig (28 MPa) and temperatures in the range of 775 to 
850 F (410 to 455 C) in the presence of hydrogen and a 
catalyst. The catalyst and coal extract mixture is main- 
tained in a fluidized or ebullient state. 

Two equipment items are critical: the reactor and recir- 
culating pumps. Type 347 stainless steel was used for the 
contact metal for the hydrogenation reactor in the CSF 
pilot plant. It performed satisfactorily, but the operating 
time was too short to provide a meaningful test. As with 
hydroliquefaction, such factors as performance in contact 
with H2S-H2 mixtures would be considered during design of 
commercial units. Currently, we would suggest 2.25Cr- 
lMo reactor weld overlays with type 347 or 308L stainless. 

The technology for large pressure-retaining reactors-- 
about 10 ft (3 m) in diameter by 40 ft (12 m) long, a wall 
thickness of about 12 in. (305 mm), and operating 
temperatures of 850 F (455 C}---has been fairly well- 
established for hydrocracking process reactors. 

Some success was experienced with canned pumps to 
provide the ¢bullating bed effect; but it appears that more 
experience is needed in material performance to assure 
reliable operation in commercial scale units at 3000 psi (21 
MPa) and 850 F (455 C). 

The Pyrolysis Proce~.~ 

A block flow diagram for a COED-based pyrolysis plant 
is shown in Fig. 3; reaction conditions are summarized in 
Table I. Results of materials testing in the pilot plant were 
reported by J.J. Jones and B.D. McMunn in a paper, 
"Materials Performance in Coal Pyrolysis and Coal Oil 
Hydrotreating," at the Corrosion/73 Forum, Anaheim, 
Calif., March 1973, sponsored by the NACE. 

In COED pyrolysis, coal is heated in fluid bed reactors in 
successive stages over a temperature range of 600 to 1100 F 
(315 to 595 C) at a pressure of 10 psig (70 kPa). Char gas- 
ification can take place at temperatures up to 1800 F (980 
C). No serious material problems were experienced at the 
COED Pilot Plant during the course of its operation (1970- 
74) at Princeton, N.J. For a commercial unit, the higher 
temperature char gasification vessels would be refractory- 
lined carbon steel. 

The hydrotreating process used for the coal oil produced 
in pyrolysis is similar to that for first-stage hydrocracking 
of petroleum stocks in the petroleum industry. There is one 
exception: operating conditions in the former are more 
severe. Potential problems with sulfide corrosion and 
hydrogen attack would apply here; and again, a type 347 
stainless steeI weld overlay design should be satisfactory. 

Indirect- Liquefaction Process 

A block flow diagram for a version of a Fischer-Tropsch 
indirect liquefaction plant is shown in Fig. 4. Synthesis 
reaction conditions are summarized in Table !. The coal 
gasification section, a major part of a Fischer-Tropsch 
plant, is outside of the scope of this discussion. 

Material problems for the liquefaction section of a 
Fischer-Tropsch plant are not severe. Reason: the feed to 
this unit is a mixture consisting largely of carbon monoxide 
and hydrogen, which is produced by gasification and gas 
purification. The particulate matter and sulfur values have 
been removed, so conditions are similar to those en- 
countered in petrochemical operations. 

In summary, the material technology for the process con- 
ditions is considered adequate; greatest experience rests 
with SASOL in the Republic of South Africa. 

For More Information: You arc invited to contact the authors 
directly by telephone or letter. Dr. O'Hara is manager, Energy 
Dept.; Mr. Lochmann is chief, materials application engineer, 
Engineering Dept., and Mr. Jentz is chief process engineer, 
Petrochemical Div,, Ralph M. Parsons Co., 100 W. Walnut St., 
Pasadena, Calif. 91124. Telephone: 213/440-2501. This article is 
based on a paper, "Coal Liquefaction: Materials Systems Design," 
presented at a recent conference, "Materials for Coal Conversion 
Systems Design," sponsored by the Power Activity, ASM 
Materials Systems and Design Division. 
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The design, fabrication, and operation of equipment for coal processing plants is 
enting challenging problems to corrosion, materials and design engineers. 1 
conversion and its utilization imposes more severe requirements on process 

equipment than that generally experienced in the chemical, petroleum refining, steel 
and power generation industries. More than ever before, an interdisciplinary team 
effort is required between the materials community and designers to improve reli- 
ability and decrease costs of process equipment. Simple upgrading of materials for 
existing designs may no longer be adequate for desired equipment serviceability. 
Interdisciplinary action is needed to resolve material problem areas where operating 
conditions are so severe that they exceed satisfactory performance of materials 
currently available or economical. 

BACKGROUND 

Coal conversion and its utilization is emerging as a potential major industry. Al- 
though many of the basic technologies for converting coal into "clean" liquid, solid, 
and gaseous fuels have been around for half a century or more, they have been devel- 
oped only to a limited extent in the United States because the availability of natural 
gas and the plentiful supply of petroleum have made it uneconomical to do so. For 
the past decade or so, the sources of energy in the U.S. have bee~ predominantly 
oil and gas (44 and 31 percent respectively) with coal accounting for 21 percent and 
all other sources, including hydroelectric and nuclear plants, accounting for four 
percent. In contrast, coal accounts for 75-80 percent of the nations fossil fuel 
resources. 

In respect to the total U.S. energy picture, it is important to note that a near- 
arm improvement in the U.S. oil position will occur this Spring, when oil and gas 
iroduction facilities on Alaska's North Slope will be completed ahead of schedule. 
Parsons serves as Managing Contractor for all production facilities in the east side 
of this production field at Prudhoe Bay. 
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Unlike oil, coal, because of its content of sulfur, ash and other poll~Itants, is 
considered to be a dirty fuel. The principal objective in coal conversion is to 
transform coal from its "contaminated" solid form to "clean" liquid, gaseous, or" 
low-ash solid products which meet environmental standards. Conversion of "dirt>"' 
coal into "clean" fuels is expensive. In the U.S., a number of advanced processes 
are under development for more economical conversion of coal to clean burning gaseous, 
'liquid, or solid fuels. Over the last decade, a number of processes have reached 
the pilot plant stage. The new developments are moving toward three main objectives. 
As shown in Figure I, one plan is to replace much of the natural gas, fuel oil, and 
raw coal now burned in electric power plants with a cheap "power" gas that would 
have a rather low heating value [4-25 MJ/m 3 (100-600 BTU/CF)] but would be capable 
,~f attaining high generating efficiencies. As indicated in Figur~ 2, another 
development is to produce a gas of high heating value [30-40 MJ/m (900-1000 BTU/CF)] 
to supplement natural gas in the nation's pipelines. Figure 3 shows a third objec- 
tive which is to produce a range of synthetic-oil products, from crude to gasoline. 

The Energy Research and Development Administration (ERDA) in its 1976 plan 2 for 
"Creating Energy Choices for the Future" estimated 20-140 coal gasification or 
liquefaction plants [8000 m3/day (50,000 bbl/day oil equivalent each)] will be po- 
tentially required by the year 2000. 

Because it is expensive to gasify and liquify coal, a key objective is the develop- 
ment of large, simple, minimum-cost plants. With such capital intensive plants, 
operating reliability is a primary concern. 

In the anticipated large plants, loss of plant production can amount to a significant 
loss in revenue. Therefore, emphasis is made by designers for the highest possible 
on-stream time factors (90 percent or better), in other process industries, pre- 
cautions such as the following have sometimes been incorporated to avoid emergency 
shutdowns and have the plant shut down only for planned maintenance. 

° Sparing of critical equipment when necessary. 

° Better quality materials such as higher alloys to obtain lower 
corrosion rates and longer service life. 

° Additional quality control, including non-destructive examination, 
testing and inspection to assure proper material usage, and to 
avoid injurious defects. 

Economic analysis, however, shows that required selling prices are highly sensitive 
to fixed capital investment. Therefore, it follows that reliability improvement 
should be obtained by efficacious design/materials interfacing to minimize overall plant 
costs. 

CORROSION ENGINEER/DESIGN INTERFACE 

Although coal conversion processes are in many ways similar to present coke-oven 
gas production, petroleum refinery operations and coal fired power boilers, there are 
many factors unique to coal conversion ~. 

These c o n d i t i o n s  a r e  summarized in  Tab l e s  I and I I .  For v i a b l e  coa l  c o n v e r s i o n  
p l a n t s  t o  be c o n s t r u c t e d  and o p e r a t e d  r e l i a b l y ,  t he  c o r r o s i o n  e n g i n e e r  w i l l  be 
c h a l l e n g e d  as in  few o t h e r  i n d u s t r i e s .  S imple  s u b s t i t u t i o n  o f  more c o r r o s i o n  
r e s i s t a n t  m a t e r i a l s  in  c u r r e n t l y  d e s i g n e d  equ ipment  i s  no l o n g e r  a d e q u a t e .  

For improved reliability, new uses of m~terials, new design, and new fabricating 
techniques must be utilized. 



i 

For various equipment items, the following overview presents programs proposed 
or already underway in which corrosion engineers and designers interface for 
the construction of coal conversion plants. 

Gasifiers, Liquefaction Reactors, and Other Lar~ePressure Vessels 

These vessels are very large and may contain pressures to 35 ~a (5009 psi) 
and temperature over 1650aC (3000°F). Field construction may be required. 
Current thinking is that these vessels will be designed to Section VIII 
Division 1 or 2 of the AS~ Code. 

In the case of coal hydroliquefaction, the reaction step of adding hYdrogen to 
the coal to form liquid products requires pressures from 7 MPa to 35 MPa (1000 to 
5000 psig) and temperatures in the range of 425 to 650°C (800 to 1200°F). Because 
of residence time requirements~ these reaction vessels are likely to have diameters 
in the order of 5 to 8 m (15 to 25 feet), lengths of 25 to 40 m C80 to 120 feet) 
and wall thicknesses of 250 to 300 mm (i0 to 12 inches). These heavy wall vessels 
will: 

° Increase the possibility of brittle fracture during vessel manufacture and during 
plant start-up and doom time. Sufficient toughness must be incorporated into 
the pressure envelope and appropriate operating procedures adopted to avoid fail- 
ures. 

Increase exposure times for radiographing welds. For field construction of 
vessels, more powerful radioactive sources will require larger isolated radiation 
areas causing work scheduling problems. 

gasifiers the temperatures range from about 800°C to over 1650~C CI500°F to over 
90~F)= with pressures ranging from atmospheric to over i0 MPa (1500 psi). Because 

of the temperatures, most new processes have gasifier vessels that utilize an 
internal refractory lining. This lining must withstand erosive and chemical attack 
from gases~ slags and coal and ash solids. Because the refractory forms a shield 
to protect the pressure envelope from disastrously high temperatures, it must have 
a vet Z high degree of reliability. 

Refractory anchors must be attached to the pressure~envelope and consideration must 
be given to anchors being lost during operation or refractory replacement. Welding 
of anchors directly to the pressure envelope may cause material degradation requiring 
postweld heat treatment. Because of the presence of hydrogen at" high temperatures 
and pressures and potentially corrosive condensates in coal gasifiers, the corrosion 
engineer must give careful consideration to his selection of refractory anchor and 
shell materials. 

In cold shell gasifiers, corrosive condensates may require protective cladding or 
weld overlay of the pressure envelope. Consideration must be given not only to 
corrosion prevention, but also to avoidance of material~design combinations-, 5 that 
could result in mechanical failure of the vessel. For example, Figure 4 shows a 
material/design combination that failed in a petroleum refinery application. Although 
T>~e 347 Stainless Steel has been used extensively as an overlay material, its greater 
propensity for cracking has resulted in the specification of a protective overlay 
composition equivalent to that of 304 L Stainless Steel for many vessels in petroleum 
refinery service. 

_Aping 

The large size and high pressure of some coal conversion plantswill require piping 
with diameters as large as 1830 mm (72 inches] and wall thickness of 75 to 125 mm 
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( t h r e e  to  f i v e  i n c h e s ) .  S tandard  bends ,  Tees ,  and o t h e r  f i t t i n g s  may not  be a v a i l -  
a b l e ,  and mi t e r ed  elbows may be r e q u i r e d .  M a t e r i a l s  to r e s i s t  e r o s i v e  and c o r r o s i v e  
f low c o n d i t i o n s  must be c o n s i d e r e d  in t h e i r  d e s i g n .  

Some common p i p i n g  des ign  p r a c t i c e s  may have to  be avoided  in coal  c o n v e r s i o n  p l a n t  
l i n e s  t h a t  c o n t a i n  s o l i d s  in the  form o f  c o a l ,  char  or ash .  These s o l i d s  can be q u i t e  
e r o s i v e  in  bo th  gas and l i q u i d  s t r eams .  Any p r o t u b e r a n c e s  or  gaps i n c r e a s e  metal  
l o s s .  For example,  3 F igure  5 shows the  mushrooming e r o s i o n  e f f e c t  r e s u l t i n g  from the  
gap in  a carbon s t e e l  s o c k e t  weld in a l i q u i d s / s o l i d s  l i n e  from one o f  the  p i l o t  p l a n t s .  

Valves 

Erosion, corrosion, wear and abrasion are the damaging mechanisms to satisfactory 
valve operation. Valving is perhaps the most severely attacked equipment subsystem. 
Valves are required to perform pressure regulation, flow diversion, process mixing 
and disposal, as well as tO provide positive shut off. Let-down valves in which 
pressures are dropped 7 MPa (i000 psi) or more have been a particularly troublesome 
area. A satisfactory valve to withstand the combination of a two or three phase gas- 
solid-liquid stream, high pressure drop and high temperature has yet to be developed. 
While valves have been designed for any one of the above conditions, valve life under 
combination of conditions may be only two weeks to 90 days. Material substitution 
alone, i.e., use of harder, more durable materials, has not been adequate. For example, 
increased use of tungsten and cobalt carbide materials has not achieved satisfactory 
valve life. 

Programs a re  c u r r e n t l y  underway to  deve lop  s u i t a b l e  v a l v e s  by c l o s e r  i n t e r a c t i o n  
between v a l v e  d e s i g n e r s  and m a t e r i a l s  e n g i n e e r s .  Also programs a re  underway to  
d e v e l o p  and e v a l u a t e  s i n g l e - p h a s e  m a t e r i a l  such as h i g h - p u r i t y ,  dense ,  f i n e - g r a i n  
o x i d e s ,  c a r b i d e s ,  b o r i d e s ,  and n i t r i d e s  p r e p a r e d  by s i n t e r i n g  or  h o t - p r e s s i n g ,  and 
two-phase  cermet  t ypes  o f  m a t e r i a l s .  

Var ious  wa te r  ba se  s l u r r i e s  c o n t a i n i n g  c o a l ,  o r e ,  or  o t h e r  m a t e r i a l s  a t  ambient  tem- 
p e r a t u r e s  have been s u c c e s s f u l l y  pumped f o r  y e a r s .  However, t h e r e  i s  r e l a t i v e l y  l i t t l e  
e x p e r i e n c e  wi th  pumping hydrocarbon  based  s l u r r i e s  a t  e l e v a t e d  t e m p e r a t u r e s .  

Eros ion  problems c o n t i n u e  to  occu r  in c e n t r i f u g a l  s l u r r y  pumps wi th  h igh s u c t i o n  
p r e s s u r e s  and low d i f f e r e n t i a l  p r e s s u r e s .  Mechanical  s e a l s  c o n t i n u e  to  f a i l  in 
c e n t r i f u g a l  s luTr~ pump s e r v i c e .  There i s  a d e f i n i t e  need f o r  a r e l i a b l e  c e n t r i -  
fuga l  pump to  handle  s l u r r i e s  a t  h igh t e m p e r a t u r e s  and p r e s s u r e s .  

C u r r e n t l y ,  p o s i t i v e  d i s p l a c e m e n t  pumps a re  be ing  used f o r  h igh  d i f f e r e n t i a l  p r e s s u r e  
s l u r r y  pumps. Both p l u n g e r  and p o s i t i v e  d i s p l a c e m e n t  r e c i p r o c a t i n g  pumps have 
been used  wi th  s u c c e s s .  However, t h e s e  pumps a r e  l i m i t e d  in  s i z e  and r e q u i r e  f r e -  
quent  ma in tenance .  As p l a n t s  i n c r e a s e  in s i z e ,  the  number o f  r e c i p r o c a t i n g  pumps 
r e q u i r e d  imposes s e v e r e  space  r e q u i r e m e n t s .  In one s t u d y  by the  Ralph M. Parsons  
Company, i t  was de t e rmined  f o r  one p a r t i c u l a r  a p p l i c a t i o n  t h a t  one c e n t r i f u g a l  pump 
cou ld  r e p l a c e  f i v e  r e c i p r o c a t i n g  pumps a t  20 p e r c e n t  o f  the  c o s t .  C u r r e n t l y ,  s t u d i e s  
a re  underway t o  deve lop  m u l t i - s t a g e ,  modera te  rpm, h igh p r e s s u r e  c e n t r i f u g a l  pumps. 

C e n t r i f u g a l  pumps f o r  t r a n s p o r t i n g  s l u r r i e s  a t  low p r e s s u r e s  have a l s o  e x p e r i e n c e d  
p rob lems .  To reduce  wear,  we t t ed  p a r t s  have been coa t ed  or  h a r d - f a c e d .  For a b r a s i v e  
s l u r r i e s ,  s e v e r e  e r o s i o n  i s  e x p e r i e n c e d  a t  3600 rpm pump speeds .  Proper  mat ing o f  
m a t e r i a l s  and d e s i g n  c o n s i d e r a t i o n s  i s  n e c e s s a r y  in s l u r r y  c e n t r i f u g a l  pump a p p l i -  
c a t i o n s .  A low speed ,  o f  the  o r d e r  o f  1500 rpm, w i l l  t end  t o  r educe  e r o s i o n ,  as 
w i l l  u se  o f  a pump wi th  p r o p e r  head-volume c h a r a c t e r i s t i c s .  Ca re fu l  a t t e n t i o n  should 
be g iven  to  i m p e l l e r  and v o l u t e  g e o m e t r i c  d e s i g n .  
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Yurbines 

The limitations of current turbine materials are related to cleanliness of the 
inlet gases. Alkali metal impurities, vanadium, sulfur, char, and ash seriously 
impair the us~ of conventional gas turbines. Therefore, the cleaner the gas, 
the hi~her the allowable inlet temperature to the turbine. For clean gas, this tem- 
perature currently is about 650°C (1200°F) for power recovery turbines and 1040aC 
(tgO0°F) for power generation turbines. 

Currently, there are no high temperature particulate removal devices in commercial 
service capabl® of removing small (<2~) particulates at the required efficiency. 
It has been postulatedthat cyclones, followed by granular bags of fabric filters 
m~de of high-temperature resistant materials would be capable of better than 99 
percent removal of particulates to the 2 ~ level and 90% or more in the 2 ~ to 
submicron range. Indications are that low levels of small particulate matter may be 
tolerated in turbine inlet gas streams. As an alternate to "cleaning" hot inlet 
gases to turbines, the materials and design engineers are being challenged to develop 
equipment that will tolerate corrosive/erosive particulates. Excellent success with 
hot "dirty gases in turbine expanders has been achieved in petroleum refinery fluid 
catalytic cracking units. These units use single stage power recovery units that 
may be used at inlet pressure up to about 350 KPa (50 psi). Hot gas expanders have 
be~n used up to 850 KPa (125 psi) with clean gas. What is needed are advanced super 
alloys, cooling technolosy , and multi-stage turbine designs for high pressure, high 
temperature inlet gases. Less efficient design considerations utilizing heavier 
v~nes, slower tip velocities, and lower blade path gas velocities may have to be devel- 
oped to provide increased service life. 

Heat Exchangers 

Coal gasification and liquefaction plants will use heat exchange equipment such as 
shell and tube, double pipe, finned rub'e, air coolerso and direct water injection 
coolers. The principal heat exchange problem areas in coal conversion plants are: 

- High pressure and high temperature closures 

- Erosion in solid containing fluids 

- Fouling and plugging 

- Corrosion 

- Prediction of heat transfer rate 

- Uniform flow distribution 

~n example of material/design.interfacing in heat exchanger design is the tech- 
que of extending tubes several inches beyond the tubesheet at the inlet end for 
erosive service. In one case, the life of tubing was practicaily doubled by 
increasing tube-length i00 mm (four inches). Theprotruding tube ends were 
attacked, but operation was not affected. 

Fired Heaters 

Fired heaters are used to heat feed streams in coal liquefaction plants. Heater 
coils for two and three phase flow containing solids are subject to erosion~ Low 
stream velocities can result in plugging or coking. "Pilot plants have used spiral 
coils with little erosion losses. Plants that have used return bends have experi- 
enced severe erosion. Some success has been obtained by providing wear resistant 
surfaces such as ceramic liners in the return bends. More materials experience is 

48/5 621 



r e q u i r e d  with the  use  o f  h a i r p i n  tubes .  

I n s t r u m e n t a t i o n  

In a d d i t i o n  to  the  s t a n d a r d  i n s t r u m e n t a t i o n  r e q u i r e m e n t s  f o r  a p rocess  p l a n t ,  coal 
c o n v e r s i o n  p l a n t s  p r e s e n t  the  f o l l o w i n g  c h a l l e n g e s ;  o n - l i n e  comp~si t ion  mon i to r i n g  
o f  p r o c e s s  s t r e a m s ,  and measurement of  mass fiow r a t e s  o f  mixed phase s t r eams ,  l e v e l s  
o f  f l u i d i z e d  beds ,  and t e m p e r a t u r e s  in  r e a c t i o n  v e s s e l s  and on v e s s e l  w a l l s .  

Flowmeters such as venturi meters which rely on differential pressure measurements 
for determining mixed phase mass flow are unsatisfactory because of plugging of the 
pressure taps. Flowmeters such as orifice and turbine meters which have obstructions 
in the flow stream are subject to excessive erosion. However, ultrasonic techniques 
for flow measurements appear promising. 

Measurement of very small particulate matter in gas streams is extremely important 
for protection of turbines in pressurized fluidized-bed combustion systems. Parti- 
cle sizes are generally less than a few tenths of a micron; the loading is 
usually less than 23 g/m S (10 grains per standard cubic foot) of gas; temperatures 
are in the range of 900 to II00°C (1600 to 2000°F) or greater; and pressures may be 
as high as 31MPa (4500 psi). 

Design/materials considerations are in obtaining samples and reclosing the system 
in the presence of high temperature, high pressure, and the abrasive properties of 
the process material. 

Measurement of temperatures up to as 1650°C (3000°F) or greater is a problem in 
gasifier and combustion systems. The higher temperature systems tend to be those 
for which temperature fluctuations must be detected and responded to rapidly and 
a heavy thermowell introduces a delay in response. Thermowells must be capable 
of surviving severe temperature, pressures, corrosive and erosive conditions. 

Hydroclon,es and C~clones 

Hydroclones are simple separators in which there are no moving parts. They have 
been used in coal liquefaction plants for solids/liquids separation. Because of 
high tangential velocities, erosion resistant materials are required. However, 
at higher temperatures, high thermal stresses in the nozzle area can cause failure 
of erosion resistant materials because of their brittleness. In multicone units, 
differential expansion between the metal housing and the ceramic hydroclone bodies 
has occured. Designs must allow for thermal growth, or suitable materials must be 
developed. Hard chrome plating of stainless steel feed and body sections has had 
some success, but has provided only mediocre service. 

Cyclones are similar except that separation is to remove solids from gas or vapor 
streams. The environmental conditions are similar to those found in gasifiers, 
except velocities may be 20 to 50 m/s (70 to I00 feet per second) in the internals. 

SUMMARY AND CONCLUSIONS 

The technology for more extensive utilization of the nations coal resources is 
available now. Many of today's advanced processes for coal conversion are viable 
with existing state-of-the art materials and design concepts. However, there is 
a fertile field awaiting the corrosion engineer and equipment designer; by com- 
bining their talents, greater strides can be made to improving plant reliability 
and overall hardwear costs than can be made by individual discipline efforts alone. 

6 2 2  A o / ~  



REFERENCES 

(i) W. J. Lochmann, "The Materials Problems in Coal Gasification and 
Liquefaction", presented at TheMetallurgical Society, American 
Institute of Mining, Metallurgical and Petroleum Engineers (TNS- 
AIME), Niagra Falls, New York, September 22, 1976. 

(2) Wo G. Dupree Jr. and J. S. Corsentino, "United States.Energy 
Through the Year 2000 (Revised)", Bureau of Mines. U.S. 6epart- 
ment of the Interior, December 1975. 

(s) J. B. O'Hara, W. J. Lochmann and N. E. Jentz, "Coal Liquefaction 
Materials SystemsDesign" presented at American Society for Metals 
Symposium on Materials for Coal Conversion System Design, Pittsburgh, 
Pa, April 26, 1976. 

(4) S. Mima, J. Watanabe, Y. Nakajo and Y. Murakami "Design and Mate- 
rials Problems of Direct Desulfurization Reactors" presented at 
the International Joint Pressure Vessel & Piping and Petroleum 
~lechanical Engineering Conference, Mexico City, September 19-24, 
1976. 

(5) J. Watanabe, et al "Investigation in a Failure of a Direct Desul- 
furizing Reactor During its Field Repair Work", presented at the 
International Joint Pressure Vessels & Piping and Petroleum 
Mechanical Engineering Conference, Mexico City, September 19-24, 
1976. 

(6) F. L. Robson, W. A. Blecher and A. J. Giramonti, "Combined-Cycle 
Power Systems", presented at Symposium on Environmental Aspects 
of Fuel Conversion", Hollywood, Florida, December 1968. 

48/7 62S 



Table  1 - G a s i f i c a t i o n  P r o c e s s e s  
Examples o f  Env i ronmen ta l  C o n d i t i o n s  

Area Mezhods C o n s t i t u e n t s  Problems 
I ! 

I Coal P r e p a r a t i o n  A, Dry G r i n d i n g  Coal 6 Low 0 2 Air  

I I  Coal Feed 
I n s p e c t i o n  

I l l  G a s i f i c a t i o n  

B. Wet G r i n d i n g  

A. Lock Hoppers 
Lurgi 
CO 2 Acceptor 

B. S l u r r y  Feeding  
6 V a p o r i z i n g  
IGT Hy-Gas 
BCR Bi-Gas 

C. Mechanica l  
I n s p e c t i o n  

A. Moving Bed 
Lurgi 
Wellman 
General Electric 

GE Gas 

B. Fluidized Bed 
IGT Hy-Gas 
Agglomerating Ash 
CO 2 Acceptor 
Synthane 
Winkler 
Exxon 

C. E n t r a i n e d  Flow 
BCR Bi-Gas 
Kopper s -To tzek  
Texaco 
B6W-DuPont 
Combustion 

E n g i n e e r i n g  
F o s t e r - W h e e l e r  

Coal & Water 

Coa l ,  P r e s s u r i z i n g  
Gas 

Coal with e i t h e r  Oil  
o r  Water 

Hea t ing  medium i s  
p r o c e s s  Gas Con ta in -  
ing CO, H2, H2S, C02, 
H20 , CHw, and possi- 
bly Oils & Tars 

P u l v e r i z e d  Coal 

Coal ,  Char ,  CH W, CO, 
C02, H2S , COS, T a r s ,  
O i l ,  H20 , NH 3, Ash 

Same as Above 
Plus  I n e r t  S o l i d s  f o r  
CO 2 Accep to r  
(Ca lc ined  Dolomi te )  

Same as Above 

Mois tu r e  5 502 in s t r eam of  
f l u e  gas .  s u l f u r  in c o a l ,  
e r o s i o n  

Tempera tu r e s  fo r  d u s t  removal 
a r e  l i m i t e d  by bag m a t e r i a l b  
(can use  V e n t u r i s  f o r  wet 
s c r u b b i n g )  

C o r r o s i o n  - S u l f u r  in coal  
a t t a c k i n g  m e t a l s  

Erosion - Solids 

V a l v e  wear due to  e r o s i o n  

Pump wear due to  e r o s i o n  
P ip ing  wear due to e r o s i o n  
Flow m e t e r i n g  - e r o s i o n  
GaS v e l o c i t y  - 35 to  100 f t / s e c  
Liquid  v e l o c i t y  - 6 to  10 f t / s e c  
E r os ion  w i t h i n  i n j e c t o r  

E ros ion  
C o r r o s i o n  
T e m p e r a t u r e s  - 1700 to  2600"F 
P r e s s u r e s  - Atmos to 450 p s i g  

Erosion 
C o r r o s i o n  
T e m p e r a t u r e s  - 1500 to  2100°F 
P r e s s u r e s  - Atmos t o  1200 p s i g  

Eros ion  due to  char  ~ ash 
p a r t i c l e s  

C o r r o s i o n  
Also p o s s i b l e  s l a g  a t t a c k  

Tempera tu r e s  2500 to  ove r  3000°F 
P r e s s u r e s  - Atmos to  1200 p s i g  
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Table 1 - Gasification Processes 

Examples'of Environmental Conditions (Contd) 

IV 

Area 

Ash Removal 

Dust Removal 

VI S u l f u r  Re~ovaI  

Methods 

A. Lock Hopper (Dry) 

B. Lock Hopper 
(Slurry) 

C. Slurry with Let- 
dowm Valves 

A. Dry - 
Electrostatic 
Dust Bag 
Cyclones 
Sand Filters 

B. Wet - 
S c r u b b i n g  Columns 
Venturi 

A. Absorption 

Physical 

Chemical 

Constituents 

Ash, Inert Gas 

Ash~ CI, Water, 
H2S , C02, CO 

Same as B, Above 

High Solids Loadings 
Same Gas as in 
Gasifier 

Same msA 

CH~, CO, C02, H2S, 
COS, H20 , HCN, Plus 
Solvent 

Problems 

Valve wear due t o  erosion 
Temperatures t o  120OAF 
Pressures t o  450 psig 

Valve wear 
Temperatures to 500°F 
Pressures to 1200 psig 

Valve wear - Plashing 
across valves 

Temperatures to SO0°P 
Pressures to 1200 psig 

Erosion 
Inlet temperatures to 1700°F 
Pressures to 1200 psig 

Corrosion - CO z in H20, 
HzS , H2, chlorides 
High velocity through 
Venturi throats 

Corrosion - These processes 
are in commercial use, 
"satisfactory materials of 
construction have been 

B. 

At Low to Moder- 
ate Temperatures 

High Temperature 
Sulfur Removal 
Processes 
(1200 to I800°F) 

Same Gases as above 
with a strong alkali- 
based reactive agent 
either as a solid or 
a liquid 

e s t a b l i s h e d  

Corrosion - Caused by 
alkalis and sulfur compounds 
Erosion - By solids 
Temperature 
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T a b l e  2 - L i q u e f a c t i o n  P r o c e s s e s  

E x a m p l e s  o f  E n v i r o n m e n t a l  C o n d i t i o n s  

Process 

[ I )  H y d r o l t q u e f a c t l o n  
(a) Noncataly~ic - SRC 

(b) Cata l y t i c  

(2) Ex t rac t ion  - CSF 
process 

{3) P y r o l y s i s  - COED 

(4) lndlroct  - Fischer- 
Tropsch 

Process  Steps 

Coal d i s s o l v i n g  

Coal d i s s o l v i n g  
C a t a l y t i c  hyd rogena t i on  

Donor Solvent 
Coal d i s s o l v i n g  

Solvent  hydrogenation 

Pyro lys is  

Char Conversion 

L iquefact ion (synthesis) 

Tmp 
( 'F) 

800-900 

800-900 

800-900 

gO0* 

g00-11S0 

1800 

600 

Pressurg 
(ps i l )  

1000-2000 

3000-4000 

400 

3000-4000 

10-1S 

S-lO 

400 

Environment 

Flow/Phase 
Condit.ions 

Three -phase  ( l i q u i d .  
sea. and s o l i d )  
upflow - lov  l i n e a r  
v e l o c i t y  

Three -phase  ( : i q u i d ,  
grin, and aol ld)  upflow 
through packed cata- 
l ys t  bed 

O i l - c o a l  s lu r ry -  
agi ta ted 

Three -phase  ( l i q u i d .  
hydt'olen, m~l ca ta lys t  
p a r t i c l e s )  low v e l o c -  
i t y ,  upflow 

F lu id  bed; coa l  and/  
o r  char  gas f ro~  
p y r o l y s i s  

F lu id  bed - cha r  
Syngas product  
Steam and oxygen 
feed 

Gas phase 

Const i tuents 

Coal f ines,  coal-der ived 
aromatic solvent o f  high 
su l fu r  and ni t rogen con- 
ten t .  Gases with H~, CO, 
CO2. H2S, NH 3 , HCN, and 
H~O 

Coal fnnes, coal-derived 
s o l v e n t  with h igh  aro lmt lc ,  
su l fu r ,  and ni t rogen content 

Ground c o a l ,  c o a l - d e r i v e d  
s o l v e n t  which has been 
en r i ched  wi th  H 2 

H ydr ogen - r i ch  gas wi th  H2S , 
14143 and H20. C o a l - d e r i v e d  
a r o B t i c  l i q u i d  o f  h i g h  s u l -  
f u r  and n i t r o g e n  con ten t  

Ground coa l  a n d / o r  cha r .  
Unsaturated pyro lys is  vapors 
couposed o f  t a r ,  H~0. 
unsaturated gas, H2S, CO 2, 
NH3. COS, H(~, end char fLnes 

Char f i b  
Synsas cmnposM o f  H?, CO, 
a)  2, H20, H2S , Nil3. 
COS. CS2, IL'N, and entrained 
c M r  

SJmgas o f  h i l h  p u r i t y  p lus  
products: p a r a f f i n  h y d r o c a r -  
bons.  ozygenated compounds, 
CO2. and H20 

.I*.., • ,÷, 

i~lnzf s tau~ I ~ n o i m  
.- . smNINrlm 

uslm-~uas!  
I nn~mN ~1 m ~ s u  

FIGURE 1 - L o w - B t u  gas f o r  e l e c t r i c  p o w e r  
g e n e  ra  t | o n .  

f.a;~ s,n¢ e l i t i s m  
qr.amN momolnad dues ImmNls TO I 1 ~  

FIGURE 2 - H i g h - B t u  g a s .  
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FIGURE 3 - Synthetic oii and gas. 
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FIGURE 4 - Schematic of pressure vessel 
internal attachment. 

FIGURE 5 - Illustration of pipe erosion 
(SRC pilot plant). 
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B,{ate  a s cha!!er ges 
of cos1 ] quefacfio= 

Planned units face such adversities as 

erosion, high-temperature degradation, 

sulfur and hydrogen attack, and 

stress-corroslon cracking. 

j .  B. O'Hara, ~I': J. Lochmann and N E. Jentz, 
The Ralph M. Parsons Co. 

[ ]  To compete with aiternative fuel sources, coat li- 
quefaction plants must be reliable, available and easily 
maintained. A key effort, needed to reach this ~oal is 
the development and selection of materials for com- 
mercial plants that *~dll be large, efficient, and highly 
capital intensive. (Plants processing 20,000 to 40,000 
tons of coal per day will likely be in the billion-dollar 
cla~.) 

In ma~,~nitude, the materials problems facing coal- 
process designers compare with those of Alaska's North 
Slope project, for which modular oil and gas produc- 
tion units had to be transported by long ocean voyage 
from the mainland U.S. to regions where temperatures 
drop to -50T .  

Previews of the size and layout of commercial coal- 
conversion plants that we might see within the next 
1 O-15 years are revealed in conceptual desi~xs and eco- 
nomic studies being developed and published under 
EV.DA (Fossil Ener~,) sponsorship [1,2,3,4]. These de- 
signs indicate that the equipment will be large and sub- 
jcct to hostile servicm where most, but not all, problems 
have been solved. Equipment size and materials may 
well be rmtricted by the manufacturers' ability to fabri- 
cate and erect it--in addition to operational con- 
straints. 

Liquefaction process types 
German), produced most of its aviation gasoline 

from coal during the latter part of World War "Of, with 
the major portion of this production being done by hy- 
drogenation. Though materials problems were severe, 
t~,esc plants still produced approximately 80,000 bbl of 
[iquids/d [5]. 

There is renewed interest in the U.8. in Fischer- 
Tropsch indirect liquefaction technolo~m/', also used in 

Germany, and still used in the Republic of South Af- 
rica's 8ASOL plant. The latter is reported to have an 
85% operational availability record [6]. 

Liquefaction processes under development in the 
U.S. may be somewhat arbitrarily grouped into four 
classifications: hydroliquefaction, extraction, pyrolysis, 
and indirect liquefaction. Operating conditions and 
stream descriptions are summarized, in Table I. 

In hydroliquefaaion units, coal slurried in a coal-de- 
rived liquid is contacted with a hydrogen-rich stream 
at elevated temperatures and pressures to increase the 
hydrogen-to-carbon ratio of  the coal feedstock, and 
yield a liquid product [ 7]. 

In extraction processes, a hydrogenated' coal-derived 
liquid contacts the feed coal at elevated temperature 
and pressure to extract a major portion of the carbo- 
naceous coal constituents [8]. The hydrogenated, coal- 
derived liquid serves as a hydrogen carrier to the ex- 
traction stage, which can be operated at a lower pres- 
sure than the hydroliquefaction process. 

In pyrolysis, feed coal is heated to an elevated tem- 
perature to produce a gas, a tar, and a char [9]. The 
char may be gasified to produce a mLxture of carbon 
monoxide and hydrogen known as syngas, which in 
turn can be used as a feedstock for SNG, ammonia, 
methanol, or liquid hydrocarbon production. The gas 
can also be used as fuel for electric p6wer generation. 
The tar can be hydrotreated to produce a low-sulfur 
syncrude. 

In indirect liquefaction, feed coat is gasified to produce a 
syngas, which is purified and then reacted to produce 
liquid products. Examples include Fischer-Tropsch 
techniques [10], and methyl-fuels production. 

Hydroliquefaction materials needs 
Process conditions for one version of a hydro- 

liquefaction conversion process are described in Table 
I. Typically, the dissolving (or liquefaction) step takes 
place a t  about 800-850°F and 1,500-2,000 psi& 

A prevalent problem that  can be quite severe is ero- 
sion/corrosion of equipment during the handling of 
coat slurries. Operating plants continue to seek a com- 
mercially available centrifugal pump to perform saris- 
factorily for extended periods while pumping coal 
slurries. 

Another problem is pressure-letdown valve service 
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Operating condit ions encountered in four coal-l iquefaction services 
i 

Temperature, Pr~sure, 
Process Procesi m o F pslg 

Coal dissolving 800-900 1,000-2,000 Hydroliquefaction 
(a) Noncatalytic 

(SRC~ 

(b) Catalytic Coal dissolving 800-900 3.000-4,000 
Catalytic hydro- 
genation 

Extraction (CSF) Donor solvent 800-900 400 
Coal dissolving 
Solvent hydro- 800+ 3,000-4,000 

genation 

Pyrolysis (COED) Pyrolysis 800-1,150 10-15 

Environment 
Flow/phase 
conditions 

Three-phase 
(liquid, gas. 
solid). Reactor 
upflow at low 
linear velocity 

Three-phase. Up- 
flow through pack- 
ed catalyst bed 
Oil-coal slurry 
Agitated 
Three-pha~ (liq- 
uid, hydrogen, and 
catalyst particle=). 
Low-veloclty 
upflow 
Fluid bed; coal 
and/or char gas 
from pyrolysis 

Char conversion 

IndireCt (Fiacber- Liquefaction (wn- 
Trop~h) tha i l }  

1~]00 5-10 

6 0 0  400 

Fluid bed han- 
dles char. Syngas 
product. Steam 
and oxygen filed 
Gas phaze 

Table I 

Con~Itua~ats 
Coal fines; coal-derived aro- 
matic solvent of high sulfur 
and nitrogen content. G ~  
with H2, CO, CO 2, H2S, NH 3, 
HCN, and H20 
Coal fines; coal-dierived Ioi- 
Vent with high aromatic, sul- 
fur, and nitrogen content 
Ground coal; coal-derived sol- 
vent enriched with H 2 
Hydrogen-rich 9a1 with H2S, 
NH 3 and H20.  Coal-derived 
aromatic liquid of high sul- 
fur and nitrogen content 

Ground coal and/or char, Un- 
satursted pyrolysis vapors com- 
pond of tar, H20  , unsaturatld 
gaB, H2S, CO 2. NH 3, COS, 
HCN, and char fine= 
Char f inn 
Syngas composed of H 2, CO, 
CO2, H20,  H2S, NH 3, COal! 
CS2. HCN. and entrained char 
Syng~l of hig;'l purity plus.pro, 
ducts: p4u'affl~, oxygenated 
compounds, CO2, H20 

for process slurries after the l iquefaction step. In the 
older German coal-hydrogenat ion plants (which oper- 
ated at higher pressures than do U.S. units), pressure 
letdown valves had an operat ing life of 500 to 1,500 h 
[11]. Current  U.S. pi lot-plant  experience has demon- 
strated a similarly modest life span but indicates that 
3,000 h may be reached with improved designs and 
ma te r i a l s - fo r  example,  the use of mult iple letdown 
valves in series, and tungsten carbide trim. 

Severe metal loss tends to occur in high-velocity re- 
gions, with erosion concentrated at the seat, plug, and 
the exit downstream of the seat. Sintered tungsten car- 
bide appl ied to seats and plugs has met with some suc- 
cess. However, in many instances extreme wire-drawing 
has resulted in loss of positive shutoff functions in a 
mat ter  of weeks. 

Little is known about  the mechanisms of ero- 
sion/corrosion attack. Existing da ta  have been derived 
pr imari ly  from empirical  test results, and from analysis 
of operat ing experience. 

For some'noncorrosive services, there appears to be a 
relationship between a slurry particle 's size, speed and 
hardness and its erosive effect on a part icular  material.  
But opinions differ. It is not now possible to reliably 
p r e d i c t  m a t e r i a l  loss d u e  to e r o s i o n  or  ero- 
sion/corrosion. Current  designs depend heavily upon 
da ta  gathered on materials  exposed to actual  or si'mu- 
lated operat ing conditions. 

A common design guideline for t ransport  of slurries 
is to use a velocity of  7-10 ft/s. Litt le erosion may  o c -  
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cur where flow is laminar.  However, substantial toss 
may occur at elbows and tees where flow is turbulent. 

A number  of materials have been tested in pilot- 
plant  centrifugal pumps handling coal slurries. These 
materials include carbon steel, 300-series stainless steels, 
Ni-hard,  and coated carbon steel. Coatings that have 
been tried include chromium, ceramics, plastics, elasto- 
mers. and hard surfacing materials such as fused coat- 
ings that contain nickel, cadmium, boron and silicon. 

The pumps have performed moderately well in 
many instances, wi th  erosion occuring most often at the 
impeller periphery, balancing holes, and other areas in 
the casing. Metal  losses tend to be localized, and have 
not been quantified yet on a mils-per-year basis. Ser- 
vice lives in the range of 700-2,000 h have been at- 
tained, but  not without maintenance difficulties. 

(As an illustration of the type of at tack that  can oc- 
cur in centrifugal pumps, Fig. 1 shows the effects of ero- 
sion on the discharge port  of a pump that  handled a 
slurry bearing 10-15% solids. This pump,  constructed 
of 12% Cr steel and used to transport  a slurry to the fil- 
ter at the Tacoma SRC plant,  is of the high-head, low- 
flow type which operates near shutoff on the pump 
curve. Evidence indicates that  considerable internal re- 
circulation enhanced the erosive action of the slurry.) 

Proper mat ing of materials  and design is essential in 
centrifugal pump slurry applications. A reduced impel- 
ler speed of about  1,500 rpm, with adequate  head-vol- 
ume characteristics, will tend to lessen erosion. Adjust- 
ments can also be made to impeller pitch and volute 
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geometry. For long-re.n= senqce, materials should be 
ductile; easily cast and welded; sin.all grained; able to 
retain an erosion-resistant smooth surface; resistant to 
high-temperature, high-pressure HeS/H.., attack; and 
immune to sires-corrosion cracking. Most likely candi- 
date.< are chrome-mo[y alloys with and without protec- 
tive ccatin.~s. 

The slu_-ry preheater proved a concern in the two 
U.S. sRc pilot plants located in Tacoma, 'vVash., and 
~Vilsonville, .~da. Ir~ these plants feed-coal slurry and 
hydrogen are heated from approximately ambient tem- 
perature to 80~)°F in helical coils. The Wilsonville coil 
is made of Type 316 stainless steeI, the Tacoma coil of 
ineoloy 800. Both are still in operation--the Wilsonville 
coil having passed 350 days of operation and the Ta- 
coma one 300 days. Commercial-scale plants "are ex- 
pected to use different coil geometry, which may pose 
new obstacles for the multiphase s!urry-preheating step. 
t f  U-bend tubes are employed, erosion wiil be en- 
hanced. 

Problems have also cropped up with check valves in 
the plunger-type feed pumps preceding the high-pres- 
sure dissolver section. A combination of materials sdec- 
lion and valve desig-a has extended the life of these 
componerlts. Use of a spherical, hardened chromium- 
steel ball on a tungsten carbide seat has raised check 
valve life from 4 h to as Iong as 1,600 h. 

Currently, positive-displacement pumps are being 
employed for high-differential-pressure slurry feed 
pure ps. Both plunger and positive-displacement recip- 
rocating pumps have been used with success. However, 
these pumps are limited in size and require frequent 
maintenance. As plants increase in size, the number of 
reciprocating pumps required imposes extreme space 
requirements. In a Parsons study, it was found that in 
one particular application, a single centrifugal pump 
could replace five reciprocating pumps at 90% of the 
cost. Currently, studies are underway to develop mul- 
tistage, modera te - rpm,  high-pressure centrifugal 
pumps for this application. 

Other materials difficulties occur in fractionating 
columns and reboilers in the product recovery section. 
Carbon-steel U-tubes in reboilers that distill inter- 
mediate coal-derived fractions at temperatures in the 
range of 400-700°F have been replaced with Type 304 
stainless steel. In another unit, Type 410 stainless steel 
failed alter about I50 d at temperatures near 600°F 
and were replaced with Type 304 stainless construc- 
tion. The latter has since been replaced with Type 316, 
which has likewise proved marginal. Sample tubes of 
Incotoy 800 have so far incurred negligible corrosion. 

The dissolver, where the coal slurry is hydrogenated, 
is exposed to a corrosive environment. Potential trou- 
blemakers are sulfur compounds, hydrogen, and such 
other compounds as are shown in Table I. 

S u l f u r  a n d  s u l f u r  c o m p o u n d s  

~al, especially that found in the Eastern part  of the 
contains substantial sulfur. During processing, 

much of this is converted to hydrogen sulfide (HAS), 
which becomes increasingly corrosive to carbon steel at 
temperatures ~m'eater than 450-550°F. Hydrogen is also 
present. Here we can draw upon the experience of pc- 
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Centrifugal pump handling coal slum! suffered 
erosion damage in discharge section Fig. 1 

troleum refineries, which have collected extensive dam 
on H2S corrosion at temperatures from ambient to 
about 1,000°F, and at operating pressures to 3,500 psi. 

The combination of HaS and H2 is particularly trou- 
blesome, since the 5 Cr-V2 Mo and 9 Cr-1 Mo steels 
commonly used to resist sulfur corrosion at moderately 
high temperature show little improvement over carbon 
steel in their resistance to HaS /H  2 atmospheres. A 
chromium content of at least 12% is required. The 300 
series of austenitic stainless steels (minimum 18 Cr-8 
Ni) have excellent resistance and are normally specified 
for the HaS/H 2 environments found in petroleum re- 
fineries. Extensive corrosion data [12] have been devel- 
oped for various stainless steel materials in HaS /H  2 
atmospheres at temperatures to about 1,000°F. 

At temperat.ures between 800°F and 1,550°F, the 
austenitic stainless steels tend to sensitize and precipi- 
tate carbides along grain boundaries. In the event of 
process upsets, it is conceivable that the dissolver tem- 
perature could exceed 850°F. The tendency toward sen- 
sitization may be diminished by  reducing the alloy's 
carbon assay, or by tying up the carbon by adding 
small amounts of stabilizing elements such as colum- 
bium, tantalum or titanium. Welding and fabricating 
problems are compounded by the alloying additions; 
and a reduced carbon content, though beneficial, does 
not eliminate the possibility of  potythionic and chlo- 
ride cracking problems at low temperatures. 
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Corrosion rate of stainless steels when 
exposed to mixtures of H2 and H2S Fig. 2 

Petroleum refinery experience shows that although 
the austenitic stainless steels resist high-temperature 
HzS during operation, they may be susceptible to 
stress-corrosion cracking when the plant is shut down. 
Therefore, strict precautionary shutdown procedures, 
which include circulation of protective solutions, must 
be followed during downtime to prevent cracking. 

In large equipment, such as pressure vessels, where 
these procedures are impractical, the vessels are made 
of  other than solid stainless steel; such construction not 
only prevents catastrophic failure of the vessel due to 
cracking, but also saves money. Clad or weld overlay 
construction is recommended because polythionic and 
chloride cracking are not known to propagate into the 
commonly used ferritic-alloy backing materials. 

H y d r o g e n  a t t a c k  

Hydrogen at temperatures and pressures greater 
than 450~F and 200 psi will cause carbon steel to de- 
carburize, forming methane at the interstices and 
building up internal pressure to induce blistering and 
failure. Adding molybdenum and chromium as alloy- 
ing additives suppresses this tendency because of their 
strong carbide-forming characteristics, and permits the 
use of these alloys at higher hydrogen pressures and 
temperatures. Molybdenum also improves the creep 
and stress-rupture strengths. 

Performance of carbon steel, carbon-molybdenum 
steel and the chromium-molybdenum alloys in hydro- 
gen atmospheres has been well documented in empi- 
rical curves prepared by the API's Committee on Re- 
finery Equipment for Corrosion [13]. These metals are 
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commonly used as the pressure-retaining materials for 
equipment in which metal temperatures approach 
1 , 0 0 0 ° F .  

C h l o r i d e s  a n d  s t r e s s - c o r r o s i o n  c r a c k i n g  

Chloride concentrations in the range of 100 ppm, 
with a companion moisture content in the range of 
1.5%, can be expected in the hydroliquefaction dissol- 
ver. The potential for stress-corrosion cracking in the 
SR(' pilot plants has recently received attention. 

The Project Lignite process development unit at 
Grand Forks, N.D., has suffered failure of its Type 316 
stainless-steel preheater, and general stress-corrosion 
cracking in the high-pressure area, when processing lig- 
nite by an SRC-type technique. Chlorinated hydro- 
carbons had been used to clean some of the equipment 
prior to failure. Analysis indicated the cause of failure 
was chlorides. A conclusive explanation of the mode of 
chloride failure is being sought in view of the successful 
materials performance record of the two SRC pilot 
plants. 

E x t r a c t i o n  p r o c e s s e s  

Extraction s tep--Processes  using extraction, where hy- 
drogen is transferred to the coal by a donor solvent, en- 
counter most of the problems previously described for 
hydroliquefaction. The initial extraction takes place at 
a lower pressure than in hydroliquefaction (about 400 
psig), which reduces the material requirements at that 
stage for resistance to high-pressure, high-temperature 
H e attack. However, both processes have a number of 
problems in common, including slurry handling, let- 
down valve erosion, sulfur-compound corrosion, and 
the potential for chloride stress-corrosion cracking of 
austenitic stainless steels. 

A number of materials and engineering problems 
were pinpointed during the operation of the OCR-spon- 
sored Consol Synthetic Fuel pilot-plant program at 
Cresap, W. Va., over the period 1966 to 1970. Some 
conclusions drawn from this program are summarized 
here: 

Centrifugal pumps handling slurries had an initial 
service life of 80 to 100 h before they were coated with 
an electrodeposited, hard-chrome plating• This action 
increased the service lives of these pumps by more than 
400 percent. 

In another instance, hard chrome plating was ap- 
plied to the bottom of hydrodones used for separating 
solids from a slurry containing approximately 50% sol- 
ids. The objective of this treatment was to eliminate a 
spiral wear pattern, which showed up after approxi- 
mately 100 h of operation. After plating, 1,800 h of ser- 
vice were obtained. 

Ni-hard pump components have been used with 
some success in slurry systems, but because of their 
brittle nature are vulnerable to thermal shock if they 
are doused with water during a fire. 

No really satisfactory answers were found for length- 
ening maintenance-free life of valves in slurry service. 
Ball valves are used at lower temperatures and open- 
port construction is recommended. Tungsten carbide 
has proved the most successful material for pressure-let- 
down valve seating surfaces. However, even tungsten 
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carbide can be destroyed within 500 h of  operation, al- 
though as much as 2,000-3,000-h sen, ice has been 
reached, The considerable differences in performance 
are influenced by the method used to form the tung- 
sten-carbide valve seat. 

Because of  the critical nature of valve performance 
in coa!-conversion plants, a prog-ram to develop im- 
proved valves is undenvay at the ERDA facilities in 
Morgantown, VV. Va. Additional work to investigate 
materials for improving valve performance is under- 
way at Bureau of  Mines units located in College Park, 
Md.. Rotla, Mo., and Albany, Ore.; and also at Bat- 
telle Laboratories in Columbus, Ohio, under EPRI 
sponsorship. 

[Ird~,,.~,~mlion stq0-lIydrogenation of  coal extract i.~ 
done at pressures up to 4,000 psig and at temperatures 
in the range of 775-850~F in the presence of  hydrogen 
and a catalyst. Two equipment items are critical: the 
reactor and the recirculating pumps. Type  347 stainless 
steel w ~  used as the contact metal for the hydro- 
genation reactor in the Cresap pilot plant. It performed 
satisfactorily during the operating time it had, which 
v,,~ too short to provide a meaningful test of  material 
peMbrmance. 

For hydrogenation, factors such as performance in 
contact with H2S/H e mixtures must be considered dur- 
ing dmigm of commercial units. At present, we recom- 
mend 2',~ Cr-I Mo reactor weld overlaid with Type 347 
o r 3 0 8  L stainless steel. 

The technolo D, of large pressure-retaining reactors-  
approximately 10 ft dis. and 40 ft long, with a wall 
thickness of  about 12 in., and operating at tempera- 
tures of 850~F-has been fairly well established for hy- 
drocracking process reactors in the petroleum industa T. 

Some success was attained with canned pumps used 
to provide an ebullating bed effect at the Cresap plant, 
but it appears that more experience is needed in mate- 
rial performance to assure reliable operation in com- 
mercial-scale units at 3,000 psi and 850°F. 

P)~olysis 
Reaction conditions in a COED (Char-Oil-Energy-De- 

velopment) pyrolysis plant are summarized in Table I. 
The results of  materials testing in the pilot plant [14], 
and recommendations for materials in a commercial 
plant [4], have a!readv been published. 

In COED pyrolysis, coal is heated in fluidized-bed re- 
actors in successive stages over a temperature range of  
600 to 1,100T at a pressure of 10 psig. Char  gasifica- 
tion takes place at temperatures up to 1,800°F. No 
serious material problems were experienced at the 
COED pilot plant during the course of  its operation in 
1970-74 at Princeton, N.J. In a commercial unit, how- 
ever, the higher-temperature char-gasification vessels 
should Le of refractory-lined carbon steel. 

The hydrotreating process used for making coal oil 
~,- . . . . .  lysis is similar to that used for first-stage hydro- 

of petroleum stocks in the petroleum industry, 
exception that 6perating conditions are more 

severe. Previous comments regarding sulfide corrosion 
and hydrogen attack are applicable, and again, designs 
using a Type 347 stainless steel weld overlay are recom- 
mended. 
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Indirect liquefaction 
As indicated by the experience of  South Africa's SA- 

SOL, material problems for the liquefaction section of  a 
Fischer-Tropsch plant are not severe. This is because 
the feed to this unit is a mlxture_consisting largely of  
carbon monoxide and hydrogen, which is produced by 
gasification and gas purification. (The gasifying sec- 
tion, a major part of  the plant, is beyond the scope of  
this discussion.) The particulate matter  and sulfur val- 
ues have been reduced, so tile feed presents character- 
istics similar to those encountered in petrochemical op- 
erations. It  is, however, necessary to design carefully to 
handle the organic acids produced during the synthesis 
step. These should be neutralized as formed. 
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I n  

$L791=. suI~u~J~z~ of moz~ c o z z ~ k ~  

ev~_rv]~w of w ~ ' s  fa~Jng d ~ z ~  

W .  J. Le:~m:nn and !it, D. N='~,-=]]~ The Ralph M. 
Patens Co., Pasadena, Calif. 

Fo~ wanr_~ coal conversion plants to be constructed 
and operated reliably, the corrosion engineer will be 
challenged as in few other industries. Simple substitution 
of more corrosion resistant materials in currently designed 
equipment is no longer adequate. 

'arious equipment items, the following overview 
programs proposed or already tmderway in 

:crrosion en~neers and designers interface for 
the construction of coal conversion plants. 

IDr.=~-ur- ~ v - ~ M ~  wilt be vet 7 large and may contain 
pres3ur~ to 35 MPa (5,000 psi) and temperatures over 
1,6.50 ° C (3,000 ° F). Field construction may be required. 
Current thinking is that these ves~Is will be designed 
to Section VI I i  Division 1 or 2 of the ASME Code. 

In coal l i q u e f a c t i o n ,  the reaction step (adding 
hydrogen to form liquid products) requires pressures 
from 7 MPa to 35 MPa (1,000 to 5,000 psig) and tem- 
pera tu res  in the  range  of 425 to 650°C (800 to 
1,200 ~ F). Because of residence time requirements, these 
reaction ve.~sels are likely to have diameters.in the order 
of 5 to 8 m (15 to 25 feet), lengths of 25 to 443 m (130 
to 120 feet), wall thicknesses of 250 to 300 mm (10 to 
12 inches) and will weigh up to 2,500 tons. These heavy 
wall vessels ~ l I :  

© Increase the possibility of .brittle fracture during vessel 
fabScation, plant startup and downt ime .  Sufficient 
toughn~s must be incorporated into the vessel shell and 
appropriate operating P rocedures  adopted to avoid 
failures. 

• Increase exposure times for radiographing welds. For 
~nstrucfien of vessels, more powerful radioactive 
will require la~er isolated radiation areas causing 

:heduling problems. 

In gasifiers the temperatures range from about 800 ° C 
to over 1,650° C (1,500° F to over 3,000°F), with pres- 
sures ran~mg from atmospheric to over 10 MPa (1,500 
psi). Because of the temperatures, most new processes 
• have gasifier vessels that include an internal refractory 
lining. This lining must withstand erosive and chemical 
attack from gases, slags, coal and ash solids. Because 
the refractory forms a shield to protect the pressure vessel 
from disastrously high temperatures, it must have a very 
high degree of reliability. 

Refractory anchors must be attached to the pressure 
vessel and consideration must be given to anchors being 
lost during operation or refractory replacement. Welding 
anchors directly to the pressure vessel may cause material 
degradation requiring postweld heat treatment. Because 
of the presence of hydrogen at high tempera~res and 
pressures and potentially corrosive condensates in coal 
gasifiers, the corrosion engineer must give careful con- - 
sideration to his selection of refractory anchor and shell 
materials. 

In cold shell gasifiers, corrosive condensates may re- 
quire proteofive cladding or weld overlay. Although Type 
347 Stainless Steel .has been used extensively as an over- 
lay material, its greater propensity for cracking has r e  
sulted in the specification of a protective overlay composi- 
tion equivalent to that of 304 L Stainless Steel for many 
vessels in petroleum refinery service. 

i~i/~]nNo The large size and-high pressure of somecoal 
conversion plants ~411 require piping with diameters as 
large as 1,830 mm (72 inches) and wall thickness of 75 
to I25 mm (3 to 5 inches). Standard bends, Tees and 
other fittings may not be available, _and _mi_'t_e!e_d elbows 
may be required. Materials to resist erosive and corrosive 
flow conditions must be considered in their desig-n. 

Some common piping design practices will have to be 
avoided in coal conversion plant lines that contain solids 
in the form .of coal, char or ash. These solids can be 
quite erosive in both gas and liquid streams. Any pro- 
tubexances or gaps increase metal loss. 

Vc~]'~es. Erosion, corrosion, wear and abrasion are the 
damaging mechanisms to satisfactory valve operation. 
Valving is perhaps the most severely attacked equipment 
subsystem. Valves are required to perform pressure red-e- 
lation, flow diversion, process mixing and disposal, as 
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well as to provide positive shut off. Let-down valves 
in which pressures are dropped 7 MPa (1,000 psi) or 
more have been a particularly troublesome area. A satis- 
factory valve to withstand the combination of a two or 
three phase gas-solid.liquid stream, high pressure drop 
and high temperature has yet to be developed. While 
valves have been designed for any one of the above  
conditions, valve life under combination of conditions 
may be only two weeks to 90 days. Material substitution 
alone, i.e., use of harder, more durable materials, has 
not been adequate. For example, increased use of tungsten 
and cobalt carbide materials has not achieved satisfactory 
valve life. 

Programs are currently under way to develop suitable 
valves by closer interaction between valve designers and 
materials engineers. Also programs are underway to 
develop and evaluate single-phase material such as high- 
purity, dense, fine-grain oxides, carbides, borides and 
nitrides prepared by sintering or hot-pressing, and two- 
phase cermet types of materials. 

Pumps. Various water base slurries containing coal, ore 
or other materials at ambient temperatures have been 
successfully pumped for years. However, there is rela- 
tively little experience with pumping hydrocarbon based 
slurries at elevated temperatures. 

Erosion problems continue to occur in centrifugal slur~, 
pumps with high suction pressures and low differential 

BACKGROUND 
Coal conversion and Its use is emerging as a potential 

major industry. Although many of the basic technologies 
for converting coal into "clean" ,liquid, solid, and gase- 
ous fuels have been around for half a century or more, 
they have been developed only to a limited extent in the 
United States because the availability of natural gas and 
the plentiful supply of petroleum have made it uneco- 
nomical to do so. For the past decade or so, the sources 
of energy in the U.S. have been predominantly oil and 
gas (44 and 31 percent respectively) with coal account- 
ing for 21 percent end all other sources, including" hydro- 
electric and nuclear plants, accounting for four percent. 
In contrast, coal accounts for 75-80 percent of the na- 
tions fossil fuel resources. 

Unlike o11, coal, because of its sulfur content, ash and 
other pollutants, is considered to be a dirty fuel. The 
principal objective In coal conversion Is to transform 
coal from its "contaminated" solid form to "clean" 
liquid, gaseous, or low-ash solid products which meet 
environmental standards. Conversion of "dirty" coal into 
"clean" fuels is expensive. In the U.S., a number of 
advanced processes are under development for more 
economical conversion of co~,l to clean burning gaseous, 
liquid, or solid fuels. Over the lest decade, a number of 
processes have reached the pilot plant stage. The new 
developments are moving toward three main objectives. 
One plea Is to replace milch of the natural gas, fuel oil, 
and raw coal now burned in electric power plants with 
a cheap "power" gas that would have • rather low 
heating value [4-25 MJ/m 3 (100-600 Btu/cf)] but would 
be capable of attaining high generating efficlencles. 
Another development is to produce • gas of high heat- 
lag value [30-40 MJ/m 3 (900-1000 Btu/cf)] to supplement 
natural gas In the nntlon's pipelines. A third objective Is 
to produce s range of synthetic-oil products, from crude 
to gasoline. 

pressures. Mechanical seals continue to fail in centrifugal 
slurry pump service. There is a definite need for a reliable 
centrifugal pump to handle slurries at high temperatures 
and pressures. 

Currently, positive displacement pumps are being used 
for high differential pressure slurry pumps. Both plunger 
and positive displacement reciprocating pumps have been 
used with success. However, these pumps are limited in 
size and require frequent maintenance. As plant* in- 
crease in size, the number of reciprocating pumps re- 
quired imposes severe space requirements. In one study 
by the Ralph M. Par,runs Co., it was determined for one 
particular application that one centrifugal pump could 
replace five reciprocating pumps at 20 percent of the cost. 
Currently, studies are underway to develop multi-stage, 
moderate speed, high differential pressure centrifugal 
pumps. 

Centrifugal pumps for transporting slurries at low 
pressures have also experienced problems. To reduce 
wear, wetted parts have been coated or hard-faced. For 
abrasive slurries, severe erosion is experienced at 3,600 
rpm pump speeds. Proper mating of materials and de- 
sign considerations is necessary in centrifugal slurry pump 
applications. A low speed, of the order of 1,500 rpm, will 
tend to reduce erosion, as will use of a pump with proper 
head-volume characteristics. Careful attention should be 
given to impeller and volute geometric design. 

Turbines. The limitations of current turbine materials 
are related to cleanliness of the inlet gases. Alkali metal 
impurities, vanadium, sulfur, char and ash seriously 
impair the use of conventional gas turbines. Therefore, 
the cleaner the gas, the higher the allowable inlet tem- 
perature to the turbine. For clean gas, this temperature 
currently is about 650 ° M (1,200 ° F) for power recovery 
turbines and 1,040 ° C (1,900 ° F) for power generation 
turbines. 

Currently, there are no high temperature particulate 
removal devices in commercial service capable of re- 
moving small (less than two microns) particulates at 
the required efficiency. It  has been postulated that 
cyclones, followed by granular bags of fabric filters made 
of high-temperature resistant materials would be capable 
of better than 99% removal of particulates to the 2 
micron level and 90% or more in the 2 micron to sub- 
micron range. Indications are that low levels of small 
particulate matter may be tolerated in turbine inlet gas 
streams. As an alternate to "cleaning" hot inlet gases to 
turbines, the materials and design engineers are being 
challenged to develop equipment that will tolerate cor- 
rosive/erosive particulates. Excellent success with hot 
"dirty" gases in turbine expanders has been achieved in 
petroleum refinery fluid catalytic cracking unit,. These 
units use single stage power recovery units that may be 
used at inlet pressure up to about 350 KPa (50 psi). Hot 
gas expande[s have been used up to 850 KPa (125 psi) 
with clean gas. What is needed are advanced super alloys, 
cooling technology and multi-stage turbine designs for 
high pressure, high temperature inlet gases. Leas efficient 
design considerations using heavier vanes, slower tip 
velocities and lower blade path gas velocities may have 
to be developed to provide increased service life. 

H e a t  Exchangers .  Coal gafification and liquefaction 
plants will use heat exchange equipment such as shell 
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and tube, double pipe. finned tube, air coolers and direct 
water injection coolers. The principal heat exchange 

roblem areas in coal conversion plants are: 

High pressure and high temperature closures 

® Erosion caused by solid containing fluids 

• Fouling and pluggqng 

© Corrosion 

© Prediction of heat transfer rate 

Uniform flow distribution. 

.am example of material/design interfacing in heat 
exchanger design is the techque of extending tubes several 
inches beyond the tubesheet at the inIet end for erosive 
ser,,ice. In one case, the fife of tubing was practically 
doubled by increasing tube-Iength 100 rum (4 in.). The 
protruding tube ends were attacked, but operation was 
not affected. 

F i r s t  h ~ _ ~ r a  are used to heat feed streams in coal 
liquefaction plants. Heater colts for two and three phase 
rio:,,- containkng solids are subject to erosion. Low stream 
velocities can result in plug~ng or coldng. Pilot pla2ats 
have used spiral coils with little erosion losses. Plants 
that have used return bends have experienced severe 
erosion. Some success has been obtained by providing 
wear resistant surfaces such as ceramlc liners in the return 
bends. More materials experience is required with the use 
of huh'pin tubes. 

on. In addition to the standard instrn- 
. . . .  ~Arements for a process plant, coal con- 

version plants present the following challenges: on-line 
composition monitoring of process streams and measure- 
ment of mass flow rates of mixed phase streams, levels 
of fluldized beds and temperatures in reaction vessels 
and on ~,essel ,walls. 

Flowmeters such as venturi meters which rely on 
differential pressure measurements for determining mixed 
phase mass flow are unsatisfactory because of plugging 
of the pressure taps. Flm~cmeters such as orifice and tur- 
bine meters which have obstructions in the flow stream 
arc subject to excessive erosion. However, ultrasonic 
techniques for flow measurements appear promising. 

Measurement of very small particulate matter in gas 
str ~eams is extremely important for protection of turbines 
in pressurLzed fluldized-bed combustion systems. Particle 
~-~zes are gene_~Mly Iess than a few tenths of  a micron; 
the toadh'~g is usually less than 23 g /m a (i0 grains per 
standard cubic foot) of gas, tempemtttres are in the 
r a n ~  of 900 to 1,100 ° C (1,600 to 1,900 ° F) or greater; 
and pressures may be as high as 31 MPa (4,500 psi). 

Design/materials considerations are in obtaining sam- 
ply, anti recIosing the system in the presence of high 
temperature, high pressure and the abrasive properties 
of the process material. 

bleasurement of tempera~n'es up to as high as 1,6500 C 
~F) or greater is a problem in gas2fier and com- 

s?~tems. The higher temperature systems tend 
=hose for which temperature fluctuations must he 

detected and responded to rapidly and a heavy thermo- 
well introduces a delay in response. Thermowells must 
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be capable of surviving severe temperature, pressures, 
corrosive and erosive conditions. 

Hydr==~on~s ©n:~ ¢y=1=nes. Hydroclones are simple 
separators in which there are no moving parts. The)- 
have b~en used in coal liquefaction plants for solids/ 
liquids separation. Because of high tangential veIocities, 
erosion resistant materials are required. However, at 
higher temperatures, high thermal stresses in the nozzle 
area can cause failure of erosion resistant materials be- 
cause of their brittleness. In  muiticlone units, differential 
expansion be~veen the metaI housing and the ceramic 
hydroclone bodies has occured. Desig-ns must allow for 
thermal growth, or suitable materials must be developed. 
Hard,  chrome plating of stainless steel feed and body 
sections • has had some success, but has provided only 
mediocre service. 

Cyclones are similar except that separation is to re- 
move solids from gas or vapor streams. The environ- 
mental conditions are similar to those found in gasifler% 
except velocities may be 20 to 30 m/s  (70 to 100 f ~ t  
per second) in the internals. 

C © n ~ l u ~ n .  Many of today's advanced processes-for 
coal conversion are technically feasible with existing state- 
of-the art materials and design concepts. However, there is 
a fertile field awaiting the corrosion engineer and equip- 
ment designer; by combining their talents, greater strides 
can be made to improving plant reliability and over-all 
hard-wear costs than can be made by individual discipline 
efforts alone. 
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